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SUMMARY

Some low-valent, three-coordinated B-diketiminato heavy group 14 metal complexes
have been synthesised and their reactions examined. Initially, our attention is focused
on several B-diketiminatolead(Il) alkoxides. The lead(Il) alkoxides show different basic
and nucleophilic reactivities from transition metal analogues. For example, the reaction
between the lead(Il) tert-butoxide and methyl iodide proceeds only under forcing
conditions to give the lead(Il) iodide and methyl fert-butyl ether. However, facile

reversible carbon dioxide insertion into the lead-oxygen bond is observed.

To investigate the steric effect of the bulky B-diketiminato ligand, compounds with
various aromatic groups attached to nitrogen have been made. When either
[(BDIpy)PbCI] (BDIpy = [HC{C(Me)N(CeHs)}2] ) or [(BDIpp)PbCl] (BDIpp =
[HC{C(Me)N(4-"PrC¢Hs)},]") was treated with potassium tert-butoxide, the reactions
gave the unexpected bis[p-diketiminato]lead(Il) complexes. However, treatment of
[(BDIpmp)PbCI] (BDIpmp = [HC{C(Me)N(2,6-Me,CsH3)}2] ) with AgOTT led to the
expected B-diketiminatolead(Il) triflate. These results suggest that the ortho-substituent
on the N-aryl groups in the B-diketiminato ligand plays an important role in influencing

the formation of bis[B-diketiminato]lead(Il) complexes.

A series of B-diketiminato heavy group 14 metal phosphanides was synthesised. The
phosphorus is pyramidally coordinated in the compounds containing diphenyl- or
dicyclohexylphosphanido ligands. In contrast, the geometry at phosphorus is planar in
the germanium(Il) and tin(II) bis(trimethylsilyl)phosphanides. The phosphorus in the
lead(IT) bis(trimethylsilyl)phosphanide is pyramidally coordinated. The observed

conformations may be explained by the steric congestion from the B-diketiminato ligand
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and electronic effects in the phosphanido ligand. Reactions of the phosphanido
complexes with one equivalent of elemental chalcogen give phosphinochalcogenoito
complexes. Further reaction with elemental chalcogen gives phosphinodichalcogenoato
complexes. In contrast, treatment of the germanium(Il) dicyclohexylphosphanide with
elemental chalcogen leads to the formation of germanium(IV) chalcogenide. The
presence of NMR-active nuclei in these complexes makes possible detailed

spectroscopic analysis.
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In this thesis, most of the compounds are supported by a bulky B-diketiminato ligand. A

series of P-diketiminato heavy group 14 metal complexes containing various

substituents were synthesised. Since there are several ways of naming these compounds,

the nomenclature used in this thesis is set out as below in Table i/

Table i. Nomenclature of the compounds synthesised in this thesis, where L = (BDI), M = Ge,

Sn or Pb
Structure Nomenclature Abbreviated name
[LMCI] B-diketiminatometal(ll) chloride metal(ll) chloride
[LMBr] B-diketiminatometal(ll) bromide metal(ll) bromide
[LMI] B-diketiminatometal(ll) iodide metal(ll) iodide
[LMOPr] B-diketiminatometal(ll) isopropoxide metal(ll) isopropoxide
[LMO'Bu] B-diketiminatometal(ll) tert-butoxide metal(ll) tert-butoxide

(I (I

[LMOCgH;Bu»-2,4]
[LMOCO,Pr]
[LMOCO,'Bu]

[LMN(Ph)CO,Pr]
[LMOT]

[LML]

[LMPPh,]

[LMPCys,]

[LMBu]

[LMSePCy;]
[LMSeP(Se)Cys]

[LM(Se)PCys,]
[LMSP(S)Cy2]

[LM(S)PCy]

B-diketiminatometal(ll) 2,4-tert-
butylaryloxide

B-diketiminatometal(ll)
isopropoxycarbonate

B-diketiminatometal(ll) fert-
butoxycarbonate

B-diketiminatometal(ll) carbamate
B-diketiminatometal(ll) triflate
bis[B-diketiminato]metal(ll)

B-diketiminatometal(ll)
diphenylphosphanide

B-diketiminatometal(ll)
dicyclohexylphosphanide

n-Butyl(B-diketiminato)metal(ll)

B-diketiminatometal(ll)
bis(trimethylsilyl)phosphanide

B-diketiminatometal(ll)
dicyclohexylphosphinoselenoite

B-diketiminatometal(ll)
dicyclohexylphosphinodiselenoate

B-diketiminatometal(1V) selenide

B-diketiminatometal(ll)
dicyclohexylphosphinodithioate

B-diketiminatometal(1V) sulfide

metal(ll) aryloxide

metal(ll) isopropoxycarbonate

metal(ll) tert-butoxycarbonate

metal(ll) carbamate

metal(ll) triflate
bis[B-diketiminato]metal(ll)
metal(ll) diphenylphosphanide

metal(ll) dicyclohexylphosphanide

metal(ll) alkyl

metal(ll)
bis(trimethylsilyl)phosphanide

metal(ll)
dicyclohexylphosphinoselenoite

metal(ll)
dicyclohexylphosphinodiselenoate

metal(IV) selenide

metal(ll)
dicyclohexylphosphinodithioate

metal(IV) sulfide
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Structure Nomenclature Abbreviated Name

[LMSeP(S)Cy,] B-diketiminatometal(ll) metal(ll)
dicyclohexylphosphinoselenothioate dicyclohexylphosphinoselenothioate

[LM(Se)P(SiMeg);]  B-diketiminatometal(IV) selenide metal(IV) selenide

[LMSeSiMej3] B-diketiminatometal(ll) metal(ll) trimethylsilylselenide

trimethylsilylselenide

i. Leigh, G.J.; Nomenclature of inorganic chemistry. Blackwell Scientific Publications.:
Oxford, England, 1990
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Compound Compound No. Chapter
[(BDlpipp)H] 1 2
[(BDIpipp)PbCI] 2 2
[(BDIpipp)PbOPY] 3 2
[(BDIpipp)PbOBU] 4 2
[(BDIpipp)PbOC(CH;3),CH=CH,] 5 2
[(BDIpipp)PbOMe] * 6 2
[(BDIpipp)PbOET] * 7 2
[(BDIpipp) PDOCH,CH=CH,] * 8 2
[(BDIpipp)PbOCeH;Bu,-2,4] 9 2
[(BDIpipp)POCCPh] 10 2
[(BDIpipp)Pbl] 11 2
MeO'Bu 12 2
[CeHsCH=C{C(CH3)N(2,6-Pr,CeHs)}2] 13 2
[(BDlpipp)PbOCO,Pr] 14 2
[BDIpipp)PbOCO,'Bu] 15 2
[(BDIpipp)PbO*CO,Pr] 16 2
[(BDlpipp)PbO*CO,Bu] 17 2
[(BDIpipp)PbN(Ph)CO,Pr] 18 2
[(BDIpn)H] 19 3
[(BDlipp)H] 20 3
[(BDlpmp)H] 21 3
[(BDlpy)PbCI] 22 3
[(BDIpp)PbCI] 23 3
[(BDIpup)PbClI] 24 3
[(BDlpn)2Pb] 25 3
[(BDlipp)2Pb] 26 3
[(BDlpy)Li] 27 3
[(BDIpwp)PbO'BU] 28 3
[(BDlpup)PbOTH] 29 3
[(BDlpp)Pbl] 30 3
[(BDIpipp)GeCl] 31 4
[(BDIpipp)SNCI] 32 4
[(BDIpipp)GePPhy] 33 4
[(BDlpipp)SnPPhy] 34 4
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Appendix 3

Remarks:

(BDlpipp) = [HC{C(Me)N(2,6-ProCeHa)}o]”

BDlpp) = [HC{C(Me)N(CgHs)}2]

(
(BDlipp) = [HC{C(Me)N(4-PrCeHa)}s]”

(BDlpwp) = [HC{C(Me)N(2,6-Me2CsH3)}.]

# = attempted synthesis
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Synthesis and reactions of B-diketiminato heavy group 14

metal alkoxides and phosphanides



1. Introduction

1.1 History. Environmental and health implications of lead chemistry

Metallic lead has been used by humans since at least 6500 BC.!'! It is ideal for
applications such as water pipes, coatings and paint.”* In the modern era, the use of
tetraecthyllead as an anti-knocking additive in gasoline to improve automotive engine
performance and the huge demand for lead-acid batteries led to persistent growth in lead
consumption.”® According to a report published by the United States Geological

Survey, more than 8.6 million tones of lead were consumed worldwide in 2008.”)

The extensive use of lead gives cause for concern over human health. One of the biggest
sources of lead pollution is emission from automotive vehicle exhausts onto roadside
soil in the form of lead bromidechloride (PbBrCl).”> *''' The lead enters into the
ecosystem and the food chain, which results in a rise of blood lead levels in human
beings."”! Lead is mostly accumulated in the skeleton, and is slowly released to other

[12

parts of the body.!"”! Since lead can affect the central nervous system, early symptoms

of lead poisoning include headaches, restlessness and memory loss. In severe cases,

[

. 12-13 . . .
reduced consciousness and death may occur.'">"’! High concentrations of lead in

children may also cause reading disability, hyperactive behaviour, and lower academic

1419 International efforts to introduce unleaded gasoline and tighten

achievement.|
controls in lead contamination in food have significantly reduced the average blood lead
level to the Centre for Disease Control’s recommendation of 10 pg/dL in the developed

17-18

world.!"""*! However, lead pollution remains as a health concern in the developing

world. For instance, China has become the centre of the international lead market in the

past 15 years.[""*!]

1.2 Low-valent heavy group 14 metal complexes

Since the chemistry of heavy group 14 metals, germanium, tin and lead, is relatively
less studied, we decided to investigate the reactivities of some low-valent heavy group
14 metal complexes. Over the years, a lot of effort has been devoted to the search for
supporting ligands.*** As the focus of these studies is on the chemistry of metal-

oxygen or -phosphorus bonds, the metal centre needs to be stabilised by a mono-anionic



ligand. For example, Leung ef al. reported the synthesis of a lead(II) complex supported
by a pyridyl-1-azaallyl ligand.*™ Treatment of the pyridyl-1-azaallyllithium compound
[Li{N(SiMe;)C(Ph)C(SiMes)(CsH4N-2)} ], with two equivalents of lead dichloride gave
the lead(II) chloride complex i in 69% yield (equation 1).

SiMes
Ph
| A X Messi\
N. N-SiMe Ph. _N—Pb
g L!i e | ' (Eq. 1)
L THF - : N a-
Me38i—N N~ | -90 to 25 °C Me3S| | N
18 h 7
PR YN
SiMe3 .
i, 69%

A bulky ligand is also required to protect the heavy group 14 metal ions from

dimerisation, oligomerisation, or polymerisation. One example of a dimeric lead(II)

2'[26]

complex is illustrated in equation The amidinato ligand ii was lithiated and treated

APa

N >—’B

%

Cyclic ligands have been used extensively in applications such as molecular recognition

with lead dichloride to form the lead(Il) dimer iii.

1.) n-BuLi/THF

Pr 2.) PbCl, ’Pr

(Eq. 2)
iPr

ii iii, 43%

and catalysis.”’>"! Vaid et al. synthesised the germanium(II) porphyrin complex iv in
moderate yield by treatment of the lithiated ligand with one equivalent of

[GeCl,-(dioxane)] in THF (equation 3).5"



[GeCl,-(dioxane)]

THF
22°C,12h

In contrast, the phthalocyanine ligand in the lead(II) compound v was generated in situ

by refluxing four equivalents of phthalonitrile with PbO in the presence of 1-chloro-

naphthalene to give the lead(IT) complex v (equation 4).°'~!

N
/:</ I~ ;
C///N 1-chl hthal / N\ /N \
+ ppo _\-chloronap thalene N PE N
c reflux N/ \N (Eq. 4)
SN T \\
N

Vv, 16%

Other cyclic ligands, such as crown ethers or other multidentate ligands, can be used to
stabilise low-valent heavy group 14 metal centres. For example, treatment of Pb(ClO4),
with 1,10-dithia-18-crown-6 in benzonitrile in a 1:1 ratio gave the lead(Il) complex vi,
which showed a distorted octahedral geometry around the lead atom, with the two

(OCl03)” anions occupying axial positions (equation 5).”

OCIO
‘/\8/\ = 3

O @)
o o benzonitrile /S\ piye x
[ ] + Pb(CIO,), —Denzonitrle P sy
(0] O “

s/ OCIO,



The use of the tetradentate Schiff base salen (N,N-
bis(salicylaldehyde)ethylenediamine) ligands has also been explored. Barrau et al.
synthesised a series of salen complexes with germanium(II), tin(Il) or lead(II) ions.*
Treatment of Hjsalen with the corresponding bis[bis(trimethylsilyl)amino]metal in
pentane at room temperature gave the metal complexes vii (equation 6). These were

stable under dry oxygen in the solid state. Unfortunately, they were insoluble in non-

polar or aprotic solvents, which hindered their purification.

N Ne pentane =N_ N=
+ [M{N(SiMeg)olol — p5°C M
dOH Hob 10t0 16 h o o (Ea-©)

-2 HN(S|M63)2
vii, M = Ge, Sn or Pb

N\

The use of amidinato ligands has been extensively explored in the last 20 years. This
type of ligand contains a conjugated m-system and acts as a Lewis base for various
metal ions.”> Gibson ef al. synthesised a series of three-coordinate tin(II) complexes
supported by an amidinato ligand.”® After lithiation of amidine viii with n-BuLi, the
addition of tin dichloride gave the three-coordinate tin(Il) chloride complex ix in 70 %
yield. Reaction of compound ix with lithium isopropoxide gave the tin(Il) isopropoxide
complex x (Scheme 1). X-ray crystallography showed that these tin(Il) complexes

adopted a distorted pyramidal coordination geometry at the metal centre.

Scheme 1. Synthesis of the amidinate tin(ll) alkoxide x%!

LiO'Pr
—_—

viii ix, 70%

A similar conjugated m-system is found in the aminotroponiminato ligand, which
contains a delocalised C;N,M ring. Synthesis of the tin(Il) chloride complex xii was

achieved by lithiation of the aminotroponimine xi with n-BuLi, followed by the addition



of tin dichloride at 0 °C in diethyl ether (equation 7)."! The solid state structure showed

an intermolecular Sn---Cl interaction (3.558 A).

Pr Pr
/ 1.) n-BulLi /
_N 2)SnCl, [N\ = N\s
n
NH  ELO.0°C R N (Eq.7)
Cl
\ \
Pr Pr
xi xii, 89%

The previous section demonstrates that low-valent heavy group 14 metal complexes can
be synthesised. Although the conjugated ligand systems (Scheme 1 and equation 7) can
be used for the synthesis of heavy group 14 metal complexes containing terminal
alkoxide or phosphanido ligands, they suffer several structural and synthetic drawbacks.
First, with amidinato ligands, dimeric metal complexes are commonly obtained. Coles
et al. suggested that a bulky substituent at the amidinate carbon might prevent dimer
formation by forcing the nitrogen substituents towards the metal ion, thus providing
additional steric protection for the metal ion.”® To the best of our knowledge, no
known mono lead(Il) amidinato complex has been reported, even with a bulky

substituent, such as dicyclohexylamide, on the amidinate carbon .’

Secondly,
compounds containing the aminotroponiminato ligand are extremely sensitive to air and
moisture, suggesting that the highly delocalised heterocyclic ring may not provide
enough steric protection for the heavy group 14 metal ion.””! No aminotroponiminato

lead(IT) complex has been reported.
1.3 B-Diketiminato (BDI) ligands

To synthesise heavy group 14 metal complexes with enhanced steric protection and
synthetic flexibility, we utilised the bulky B-diketiminate anion [HC{C(Me)N(2,6-
"Pr,CsH3)}2]” (BDIppp), which incorporates two 2,6-diisopropylbenzene groups, to

stabilise an array of three-coordinate heavy group 14 metal complexes (Figure 1).*"!



Figure 1. Structure of B-diketiminate anion [HC{C(Me)N(2,6-iPr2C6H3)}2]' (BDlpipp)

(BDlpjpp)

One of the greatest advantages of the -diketiminate framework is the ease with which
the substituents on the a-nitrogen and  and/or y carbon atoms may be modified. Thus
can be used to fine-tune the structural and/or electronic properties of the B-diketiminate

anion. Some examples are given in Figure 2.

Figure 2. Examples of B-diketimines[41'45]

98

H H
NN AN W Ar= (26-Pr,Catty
r=(2,6-'Pr.
N HN | N HN ’ 2ve6'13
Ar Ar Ar” “Ar Ar Ar
xiii Xiv XV
H R! R’ H
W Tbt = W R® = Me, Et, Pr
N HN. 1 N HN_ or allyl
Tbt” R2 R R3 R3

R1 = CH(SIMG3)2
R2 = Ph, o-Tol or Mes

XVi Xvii

The general synthetic route to (BDIpwpp)H (xiii) is a one-pot reaction involving
treatment of 2,4-pentanedione with two equivalents of 2,6-diisopropylaniline in ethanol
(equation 8).*" Compound xiii can be stored under ambient conditions for several

months with no sign of decomposition.

NH, 1.) conc. HCI \H\(
O (@) iPr iPr 2) N32C03 |
EtOH “Ar (Eq- 8)

reflux, 72 h
) (BDlpjpp)H
Ar = (2,6-'PraCgHg) xiii, 73%

+
N
|
=
\
=z
T
Pz



The B-diketimines can also be synthesised in other ways; some are presented here.
Treatment of compound xiii with #-Buli, followed by the addition of
chlorodiphenylphosphine gives the p-diketimine xiv (Scheme 2).** Burford et al.
proposed that the reaction proceeds via nucleophilic attack by the C—C m-electrons in
the  delocalised  PB-diketiminate ring on the phosphorus atom in

chlorodiphenylphosphine. This is followed by a proton migration to give compound xiv
in 82 % yield (Scheme 3).1**!

Scheme 2. Synthesis of the 3-diketimine xivi*?

H H L
\N n-Buli \%\\( CIPPh, \HP\/
| X

N HN THF N_ _N toluene
Ar” SAr 25°C Ar” CLiT CAr 25°C,12h HN

Ar = (2,6-Pro,CqHa) Ar” “Ar

Xiii Xiv, 82%

Scheme 3. Proposed mechanism for the formation of B-diketimine xiv!*?

H Cl-PPh, PPh, ©\P
+ N - CI W
Li Lol - ' HJ - W

N “N _N ¥N_
Ar” s Ar Ar Ar Nl HN
Ar” ~Ar
(BDlpjpp)Li xiv

Unlike the one-pot synthesis discussed previously, an alternative stepwise synthetic

[46

route may be required when a bulky substituent is present at the p-C atom.**! This type

of synthetic route can also be used to synthesise asymmetrically substituted diimines.

Synthesis of the B-diketimine xv is illustrated in Scheme 4.1*



Scheme 4. A stepwise synthetic route for the synthesis of compound xvi*!

i Oy _Bu
P t oY PCls, /p?'\(tB“
NH; Cl.__Bu DCM NH benzene NH
+ —_ —_— >
P 0 reflux, 1.5 h 25°C,1h
r — HCl ipr - POClg Py
MelLi
Et,O |- LiCl
ol Bu 25°C,3h
H. H PrY i ]
Bu Bu NH ¥ , Bu
LU T iPr K(tBu BuLi o
_ n-BulLi
N N Pr |N n-hexane N
-t
o —LiCl 25 °C, 24 h .
Pr 'Pr ipr Pr
n-BulLi
Et,0, 25 °C
H H
B Bu B ,
Pr UW Yipr ipr X Bu Pr
Ho0 !
N. _N _er N HN
Li — LiOH
Pr Pr Pr Pr
Xv

The bulky substituents, such as the fers-butyl group in compound xv, on the 3-C atom
force the substituents on the a-N atom towards the metal centre to enhance steric
crowding. This effect was demonstrated by Holland er al. in their study of low-
coordinate iron(I) complexes.'*”! In the presence of an excess of CO, a novel four-
coordinate iron(I) complex xviii was obtained when a fert-butyl group was present at
the B-C position, whereas a five-coordinate iron(I) complex xix was formed when a

methyl group was present (Figure 3).
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Figure 3. Iron(l) complexes, xviii and xix, with different -diketiminato Iigand[‘m

Ar Ar
N co N co ,
H < Fe_ H Fe-CO Ar = (2,6-'ProCgHs)
N CO N CO
Ar \Ar
xviii Xix

Tokitoh et al. developed the use of TiCl, as acid catalyst to facilitate the condensation
reaction between amines and sterically hindered carbonyl groups (Scheme 5).* The B-

diketimine xvi was synthesised in near quantitative yield in the final step under reflux.
Scheme 5. Synthesis of the asymmetric -diketimine xvit**!

NH, 1.) HCI/Et,0 R! R!
O O R1 = toluene, reflux, 8 h

M 2)NaHCOg (aq) M

R' = CH(SiMe3),» Ar'NHy, | toluene
TiCl, | reflux

R! R!
when:
_Ar'  Ar'=Ph, 95%
NH N Ar' = o-Tol, 96%

R! M Ar' = Mes, 94%

With a less bulky substituent on the a-N atom, an effective and solvent-free synthesis
was demonstrated by Bradley et al.'*! The presence of dimethyl sulfate, which acted as
a strong electrophile, activated oxygen as the leaving group. As a result, the carbonyl

group was converted into an imino group to give the f-diketimine xvii (Scheme 6).

Scheme 6. Synthesis of the B-diketimine xviit*®!

O O RNH, O NHR 1.) dimethyl sulfate NR NHR  when:
M - /U\/\ 2.) RNH, " M R = Me, 46%

R=Et, 72%
3.) NaOMe/MeOH H R = Pr, 79%

R = allyl, 86%

XVii
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1.4 Examples of pB-diketiminatometal complexes. Applications and

reactions

The previous section demonstrated that p-diketimines can be synthesised with
functionality to meet a variety of specific requirements. Some important examples are

examined.

A review by Lappert et al. summarised the various bonding modes observed in metal [3-
diketiminates (Figure 4).1*! Mode (a) and (b) are the common binding modes. In mode
(¢), two metal B-diketiminates form a binuclear complex. Another metal ion can also be
coordinated to the two nitrogen atoms in the B-diketiminate backbone as observed in
mode (d). In mode (e), there is a m-interaction between a second metal ion and the
delocalised NCCCN fragment in the B-diketiminate framework. Alternatively, a metal
ion may be bound to the y-C of the B-diketiminate ring as shown in modes (f) and (g).
In modes (h) and (i), the B-diketiminate acts as a terminal ligand in which metal atoms

coordinate to nitrogen.

Figure 4. Bonding modes in metal B-diketiminates[48]

(b)

(a)

N/ M—NZM N N
. M —N
w7 e
<<:N/ N C N H™ \=
(d) (e) () (9)

M-NAAN-M MNAAN
(h) (i)

Alkali metal B-diketiminates are important precursors in the synthesis of f-
diketiminates of other metals (Scheme 7). For example, alkali metal B-diketiminates can
be used as ligand transfer reagents, in the presence of metal precursors such as metal

halides.**! The B-diketiminatometal halide can react further with various alkali metal
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salts, such as potassium tert-butoxide or lithium diphenylphosphanide, to attach another

functional group to the metal.

Scheme 7. General reaction scheme for the synthesis of metal 3-diketiminates

Ar KH, NaH Ar Ar Ar
—N or N N N
-Bul L M'—X } M-R \
e, ( M e ( M-Xoy——( M-R + M-X
N\ N\
Ar

N NH N OMX
\ \
Ar Ar Ar
M =K, Na or Li R = OBu or PPh;, etc
X =Cl,Brorl

M' = other metals

This methodology can be demonstrated by the synthesis of [HC{C(CH3)N(2,4,6-
Me;CeHs)}2VMe;] (xxii).[43] Treatment of the B-diketimine xx with n-BuLi; followed
by the addition of vanadium trichloride gave the vanadium(IIl) B-diketiminate complex
xxi. Further reaction with two equivalents of methyllithium gave the dimethyl

vanadium(III) complex xxii.

Scheme 8. Synthesis of the dimethyl vanadium(lll) B-diketiminate xxiit*!

N,Ar 1.) n-BuLi N/Ar N/A'
= 2.) VCl, . ,Cl 2 MelLi . Me

H—Q ———— H<( V. ——— 1< ¥
NH THF N Cl N Me

\Ar \Ar \Ar

XX xXi, 56% xXii, 64%

Ar = (2,4,6'M€3C6H2)

Alkaline earth metals form compounds in which the metal is in oxidation state +2.
However, Stasch et al. utilised the p-diketiminato ligand to stabilise the Mg,*" fragment
in complex xxiv.[* The compound [Mg(BDIppp)], (xxiv) was generated in 56% yield
by treatment of the B-diketiminatomagnesium iodide xxiii with potassium metal in
toluene (equation 9). An X-ray crystallographic study revealed that the coordination at

magnesium centre was planar and a long Mg—Mg bond (2.8457(8) A) was present.
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Ar  Et Ar Ar
N, N, N
o, ¥ Et K %, o
H C N Mg\ toluene H C N/Mg I\/Ig‘N ) " (Ea-9)
. Ar = (2,6-Pry,CgHa) “Ar A
xxiii XXiv, 56%

The reactions of the dimeric magnesium complex xxiv were investigated (Scheme 9).*’
1 The complex xxiv doubly reduced the carbodiimide (CyN=C=NCy) to form the
complex xxv. Similarly, compound xxiv reacted with cyclooctatetraene (cot) or

azobenzene (PhN=NPh) to form the products, xxvi and xxvii, respectively.

Scheme 9. Reactions of the dimeric B-diketiminatomagnesium complex xxiv!**>"

)/:( C
4; “Mg \ /Ar |y Ar\

N o, N N N
H—( N/Mg{%/Mg‘N )

\Ar cl;y Ar/
xxvii, 63% XXV, 75%
PhN=NPh CyN=C=NCy
N/Ar Ar\N
H C /o..Mg_Mg,\\ H

N/ ‘N )

\ /

Ar Ar

XXiv

Ar = (2,6-Pr,CgHs)

1.) cot
2.) THF
Ar THF
N
gH
xxvi, 62%

Transition metals supported by B-diketiminato ligands have been extensively explored
over the last decade. Theopold et al. synthesised the dinuclear chromium(II) iodide

[(BDIppp)Cr(u-I)], (xxviii) by treatment of the B-diketimine xiii with n-BuLi, followed
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by the addition of chromium diiodide.”"! Further reaction of compound xxviii with dry
Nz (1 atm) in the presence of Mg turnings gave [ {(BDIpwpp)Cr}2(u-N2)] (xxix) in good
yield (Scheme 10). The compound xxix is the only known chromium(I) complex

featuring a side-on bonding of No.

Scheme 10. Synthesis of the chromium(l) B-diketiminate xxix®"!

Ar

/ ) n-BuLi
=N Cr|2 |||
H \ \H EZO Cr\/ S / Cr— Cr
\ -30 °C
Ar

xiii Xxviii, 87% xxix, 67%

Ar = (2,6-ProCgHy)

The work on compound xxix suggests that the N, ligand can be replaced by various m-
acids or removed by oxidation. For example, a four-electron oxidative addition of
dioxygen to the chromium(I) centre was observed when complex xxix was treated with

dioxygen to give [(BDIppp)Cr(0);] (xxx) in good yield (equation 10).

Ar

/
N O
N,/
12 H /Cr—|||—Cr pomfane = n—( e
25°C,6h N/ \O (Eq. 10)
Ar = 26 Pr206H3) \Ar
XXixX XXX, 81%

Recently, Schaper et al. reported the use of a chiral zinc(Il) B-diketiminate to promote
polymerisation of rac-lactide to form the polylactide (PLA) (Scheme 12).°* The
catalysts xxxiii and xxxiv were synthesised by treatment of the corresponding B-

diketiminatozinc(I) amides, xxxi and xxxii, respectively, with isopropanol (Scheme

11).
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Scheme 11. Synthesis of the B-diketiminatozinc(ll) isopropoxides xxxiii and xxxiv'®

R R R
>—Ph MegSis.  -SiMes )—Ph Sire. PTOM )—Ph
=N | n-hexane N, SV hexane N""'Z o
H \ + Zln —»25 C H C /Zn—N\ . —»25 P C v n r
N;_ MegSi~ SiMeg 1210241 N>~ SiMes 1210 20 N>~
Ph 3 3 Ph Ph
R R R
R=M H
eor xxxi, R = Me, 76% xxxiii, R = Me, 55%
xxxii, R = H, 89% xxxiv, R = H, 70%

They are active initiators in the polymerisation of rac-lactide in dichloromethane
(DCM). Both complexes demonstrated a strong preference for inserting RR- and SS-
enantiomers in an alternating manner to form heterotactic PLA as the major product

(Scheme 12).5%23

Scheme 12. Polymerisation of rac-lactide to form heterotactic PLA with the 8-
diketiminatozinc(ll) isopropoxides xxxiii and xxxivt®25e

R
)—Ph
N..
H—( _zn-ofr
N
0 o)
e L )—Ph o o o o
o) 07 R
)Yo 0 xxxiii, R = Me; xxxiv, R=H_ fo%o\nﬁ\OQX\o\‘%}Lo;
R vS DCM : =
o) o)

. Heterotactic Poly(Lactic Acid)
rac-lactide (PLA)

L-Zn--0 o L-Zp--.

, e - B e
/ \ i
08~08~0-P 0 O\H%\O\S‘)LO\S)\O—P

\J

B-Diketiminato ligands have also been used to support the p-block main group
elements. As heavy group 14 metal B-diketiminates will be examined in detail in
subsequent chapters, our focus here will be on group 13 and 15 compounds. Recently,
Cowley et al. reported the first synthesis of an oxoborane via an ion exchange
reaction.”* Treatment of B-diketimine xxxv with MeAICl, gave the aluminium(III)
dichloride complex xxxvi in good yield. Further treatment with BCl; gave the salt

[HC {C(Me)N(C¢Fs)}.BCI] TAICl,]” (xxxvii) in almost quantitative yield. Further
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reaction with one equivalent of H,O gave the AICl; adduct of the oxoborane xxxviii

(Scheme 13).

Scheme 13. Synthesis of the oxoborane B-diketiminate xxxviii®*!

Ar Ar Ar +
—N N Cl N
MeAICI BCI _
H —2 < A, — = h—<  ’B-ClI| [AlCL]
\ NH n-hexane N” Yl pentane N/
\ 25°C, 24 h \ 25°C, 24 h \
Ar Ar Ar
XXXV XXXVi, 83% XXXVii, 95%
Ar = C6F5 H O
2
DCM
Ar
N/
H—( :BZO—>AICI3
N
\
Ar
xxxviii, 10%

Cowley et al. also reported the B-diketiminatophosphenium salts xI and xl1i.”> The
reaction between compound xxxix and trimethylsilyl triflate (TMSOTf) resulted in
Me;SiBr elimination to give the boromophosphenium salt x1 (Scheme 14). The *'P{'H}
NMR spectrum of xI showed a singlet at dp 102.2 ppm. X-ray crystallographic study
showed that the geometry at phosphorus was pyramidal. Treatment of compound xI

with NaOH in toluene gave the hydroxyphosphenium salt xli (Scheme 14).1¢!

Scheme 14. Synthesis of the hydroxyphosphenium salt xli®®!

Br, Me * Me i
Me P—Br
W TMSZTf /\ [OTf ]— t|\l|f:lOH /’\ [OTf ]—
- MegSiBr _N_+_N_ oluene _N_ENL
Ar/N N\Ar Ar”PT A 25 °C Ar” P A
Br OH

Ar = (2,6-Pr,CgHg)
XXXIX xl, 62% xli, 20%

The B-diketiminato ligand has also been used in lanthanide chemistry. Hessen et al.
synthesised the p-diketiminatolanthanum(IIl) dibromide xlii by treatment of the
potassium P-diketiminate with LaBry(THF)s (Scheme 15).°7' Further reaction of
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compound xlii with two equivalents of KCH,Ph at room temperature led to dibenzyl -
diketiminatolanthanum(III) xliii in 46% yield. However, when the latter reaction was
performed at 80 °C, a coordination  polymer of {[u-n"n"-
ArNC(Me)CHC(CH)NAr],La[K(THF)4]} (xliv, Ar = (2,6-Pr,CsH3)) was observed.
The authors suggested that the formation of compound xliv could be explained by
deprotonation of the methyl substituents in the NCCCN ring of xliii by the benzyl

groups attached to the lanthanum.

Scheme 15. Synthesis and reactions of the lanthanum(lll) dibromide complex xlii®”

Ar
N\

H—~( K + LaBrg(TH),
N

\

Ar

THF

THF Br THF
N-La-, 2 KCH,Ph N2, 2 KCH,Ph NALaN—Z K
H—C e "X VY | < S T
N THF N THF THF h . P N
25°C N 80 °C AR THF THF

‘
Ar Ar

Ar = (2,6-Pr,CgHs)
xliii, 46% xlii, 76% xliv, 70%

In summary, B-diketiminato ligands have been used extensively in supporting various
metal ions. The sterically bulky and electron-rich properties of the B-diketiminato
ligands have enabled chemists to probe unusual oxidation states, rare coordination

environments, and reactivities towards small molecules.
1.5 B-Diketiminato heavy group 14 metal complexes

Before discussion of heavy group 14 metal B-diketiminates, some general comments on
the elements are necessary. Divalent lead has an electronic configuration of
[Xe]4f'*5d'%6s>. The electrons in the 6s orbital do not hybridise with those of the 6p
orbital to a significant extent due to relativistic contraction and energetic stabilisation of
the 6s orbital.°®! Hence, the pair of electrons in the lead(IT) ion remains in the 6s orbital
and is described as “inert”." ! The amount of 6s and 6p orbital mixing can be

61-63]

calculated.! The NBO analysis performed by our group to investigate the
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hybridisation of the heavy group 14 metal lone pair in the compounds [(BDIppp)MCI]
(M = Ge, Sn or Pb) suggests that the lone pair has an s-character ranging from 82-92%
with the corresponding p-contribution between 8—18% (Table 1).1 The metal lone pair

is present in hybridised orbitals (sp’* for Ge, sp”'® for Sn and sp” for Pb).

Table 1. NBO analysis of M(ll) ion in LMCI (L = (BDlpjpp); M = Ge, Sn or Pb)®?

Natural electron Lone pair NBO on M Hybridisation
configuration

LGeCl Ge: 45(1.68) s[81.58%] sp®®
4p(1.23) 5p(0.01) p 0.23 [18.42%]

LSnClI Sn: 5s(1.75) s[86.09%] sp®'®
5p(0.98) p 0.16 [13.91%]

LPbCI Pb: 6s(1.85) s[91.79%] sp®%®

6p(0.86) 7p(0.01)

p 0.09 [8.21%]

The directionality of this lone pair of electrons has been debated over the years. Glusker
et al. examined the effect of this lone pair of electrons on the geometry of the ligands
coordination around the lead(I) centre.”’! They divided the structures of lead(Il)
complexes into two categories, namely hemidirected, where the ligands coordinate only
at one side of the lead(Il) ion; or holodirected, where the ligands coordinate anywhere

around the lead(II) ion (Figure 5).

Figure 5. Hemidirected and holodirected coordination modes in lead(ll) complexes[sﬂ

coordination sphere

~

Hemidirected Holodirected

The coordination at a lead(Il) centre may also be described by the coordination number.
Glusker et al. suggested that in the hemidirected case, the coordination number is < 6,

whereas in the case of holodirected coordination, a higher coordination number (> 8) is
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required.®" ®! In this classification, B-diketiminatolead(IT) complexes with coordination
number 3 are hemidirected with the lone pair of electrons in the 6s orbital playing little

part in the bonding.

B-Diketiminato ligands have been used to support the heavy group 14 metal centres,
germanium, tin and lead, in their +2 oxidation state. Since complexes containing
terminal alkoxide or phosphanido ligands will be examined in subsequent chapters,
other examples, such as -diketiminato heavy group 14 metal amide or alkyl complexes,

will be illustrated in this section.

B-Diketiminato heavy group 14 metal halides are one of the key precursors for the
synthesis of other novel heavy group 14 metal complexes. Our group synthesised the
first three-coordinate P-diketiminatolead(IT) halides xIv—xlvii (equation 11).[
Treatment of B-diketimine xiii with n-BuLi generated [(BDIppp)Li]. Addition of the
corresponding lead dihalide gave [(BDIppp)PbX] (xlv, X = CI, xlvi, X = Br and xlvii, X
= 1) in good yields. The 'H NMR spectra of these complexes revealed two important
signatures: the singlet (o ~ 4.9 ppm) assigned to the y-CH, and two septets (g ~
3.0—4.0 ppm) assigned to the tertiary protons in the isopropyl group (CHMe,) of the N-
aryl substituents in the P-diketiminate ring. All the B-diketiminatolead(Il) halides

adopted a pyramidal geometry around the metal centre as shown by solid state structure

determinations.
Ar 1.) n-BuLi Ar
=N 2.) PbX; N
H \ > H C AN
NH THF N~pp
nr 25°C, 24 h Ar <|:| (Eq. 11)
Ar = (2,6-Pr,CeH
xiii ( 2CeHo) xlv, X = Cl, 56%
xlvi, X = Br, 65%
xlvii, X = I, 59%

Other B-diketiminato heavy group 14 metal halides were synthesised using a similar

6691 Roesky and

synthetic methodology. Some examples are illustrated in Figure 6.!
Power synthesised various B-diketiminatogermanium(Il) and -tin(II) halides xlviii—1.[>
571 Other examples of germanium(II) and tin(IT) halide complexes containing various B-
diketiminato ligands, are also known. For instance, Dias et al. reported the use of

[HC{C(Me)N(2,4,6-Me;CcH>)}2] to stabilise the germanium(Il) and tin(Il) chloride
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complexes, li and lii, and Lappert et al. synthesised the tin(Il) chloride complex liii

containing a phenyl group on the y-C in the p-diketiminate backbone.[®* ]

...... [65-69]

ﬁr f\r’ ,IAr
N N N Ar = (2,6-Pr,CgHs)

H H )

il}l:M iNEM Q—?[\dl\s,., Ar' = (2,4,6-Me3CgHy)
| o I
Ar X Ar cl Ar cl
xlviii, M = Ge, X =Cl li, M =Ge liii
xlix, M =Sn, X =Cl lii, M = Sn
I, M=Sn, X =1

The metal-halide bond in these B-diketiminato heavy group 14 metal compounds can be
further functionalised by treatment with various alkali metal salts, such as potassium
alkoxide or lithium phosphanide. For example, our group reported the synthesis of [3-

12 Treatment of the lead(Il) chloride xlIv with one

diketiminatolead(Il) amide liv.
equivalent of KN(SiMes), at room temperature gave [(BDIppp)PbN(SiMes),] (liv)
(Scheme 16). Alternatively, this compound could be obtained when the B-diketimine

xiii was treated directly with [Pb{N(SiMes),}.] under reflux in n-hexane.

Scheme 16. Synthesis of the B-diketiminatolead(ll) amide liv'®?

ﬁr ﬁr lAr
o KN(SiMeg)y | SN ~ [PB{N(SiMeg),},] =N
NP THE NQpp mhexane A\
b 25°C, 1 h L 90°C, 12 h NH
Ar CI Ar N Ar
Ssit sl

Ar = (2,6-Pr,CgHs)
xlv liv Xiii

Several B-diketiminatolead(II) alkyls were synthesised by a similar synthetic
strategy.’”) Treatment of the p-diketiminatolead(I) chloride xlv with the appropriate
lithium alkyl at =78 °C gave the B-diketiminatolead(Il) alkyls Iv—lvii in good yields
(equation 12). Compounds lv and lvi were sensitive to air and moisture; however

complex lvii could be exposed to air for a short time without decomposition.
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Ar Ar
N . toluene N
+ LiR >
HiNlpb -78°C,3h H{Nlpb
\ ]
Ar Ar = (2,6-Pr,CgHs) Ar & (Eq. 12)
xlv lv, R = Me, 88%

Ivi, R = CCPh, 88%
Ivii, R = Ph, 82%

B-Diketiminatogermanium(Il) and -tin(Il) hydrides lviii and lix were recently reported
by Roesky et al.’!! Treatment of the p-diketiminatogermanium(II) or -tin(Il) chlorides,
xlviii or xlix, with AIH3-NMe; gave the corresponding B-diketiminatogermanium(II)
and -tin(II) hydrides lviii and lix in good yields (equation 13). The germanium(II)
hydride lviii was stable at room temperature, whereas the tin(II) hydride lix must be
stored at low temperature. In the '"H NMR spectra, the hydride proton resonances were
at oy 8.08 and 13.83 ppm for compounds lviii and lix, respectively. The B-
diketiminatolead(II) hydride has not yet been reported.

7’\r f\r
H<C T\ + AHgNMe; —tauene - & ™
N=m —4°C =M (Eq. 13)
Ar é' Ar = (2,6‘iPr206H3) Ar |l| 4
xlviii, M = Ge lviii, M = Ge, 60%
xlix, M = Sn lix, M=S8n, 91 %

The reactions between the germanium(Il) or tin(IT) hydrides, lviii or lix, and alkynes
resulted in a 1,2-proton transfer from the terminal hydride to the carbon-carbon triple
bond to give compounds Ix and Ixi (Scheme 17).1"*7! The reactions between the metal
hydride complexes and carbon dioxide were also reported. Treatment of compounds
Iviii or lix with carbon dioxide gave the B-diketiminato heavy group 14 metal formates,

Ixii or Ixiii, in good yields.!””
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Scheme 17. Reactions between the B-diketiminatogermanium(ll) or -tin(ll) hydrides, lviii-lix,
and unsaturated molecules”?”®!

H O
Ar Ar Ar
BN - ‘ co m
N7/~ HC=CCO,Et N N7/~
H{/Q H L HO=COOAE H&\ _ 0, Hﬁf_/ 0" H
I\{ CO,Et toluene l\‘lsM oluene r\{
Ar Ar |1| Ar
Ar = (2,6-PryCgHs)
IX, R = Ge, 85% lviii, M = Ge Ixii, R = Ge, 90%
IxXi, R = Sn, 72% lix, M = Sn Ixiii, R = Sn, 95%

B-Diketiminato heavy group 14 metal complexes with terminal alkoxide or phosphanido

ligands will be discussed in subsequent chapters.
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2. Lead(ll) alkoxide complexes and their reactivities

2.1 Chapter remarks

This chapter describes a concurrent work by the author (ECYT), Dr. Nicholas C.

Johnstone (NCJ) and Dr. Lorenzo Ferro (LF) on the synthesis and reactions of the [-

diketiminatolead(I) alkoxides 3 and 4. To indicate the overlap between the

collaborators, the primary investigator of each reaction is indicated in Table 2. The

experimental results will be discussed in detail.

Table 2. Summary of the reactions reported in Chapter 2 and the associated primary
investigator (Legend: NCJ, Dr. Nick C. Johnstone; LF, Dr. Lorenzo Ferro and ECYT,

Eric C.Y. Tam)
Primary
Pg. Caption Reactions/Compounds Investigator
42  Scheme 30 A nBuLi A Ar NCJ
=N THF N PbCl, &N
H —————H L —————— H \
\ NH 25 °C, 45 min N 25°C,20h “."ﬁ’b
Ar Ar = (2,6-Pr,CoHy) Ar Arci
1 2, 79%
42  Figure 9 /Pb N’Pb\ . NCJ
{ & / o Ar = (2,6-PryCgHg)
3 4
43 SCheme 31 N NaOR? N{-\r NaOR'! NA,Pb ECYT
~§: / O R =—X——— H& \ & / o R?
toluene ’)“Tb toluene
Ar 25°C,20h Ar cl 25°C,20 h Ar
6, R2 = Me 2 5, R! = C(CHj3),CH=CH,, 87%
7,R?=Et i
8, R2 = CH,CHCH, Ar = (2.6-PraCeHo)
46 Eq.32 . . . ECYT
N7 ™\ D6 N7 “\
_ ————=H
H&N/ oR * p——r ~§\§N oi >—€
Ar ~HOR Ar
2: ? - ',';L Ar = (2,6-Pr,CqHg) 9
46 Eq. 33 3or4 H ECYT
S e (D

3 days
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Primary
Pg. Caption Reactions/Compounds Investigator
47 Eq. 34 Ar Ar ECYT
N;Pb\ CeDs N
H -R * H-C=C-Ph ———> H
&N‘ O-R 25°C, 1 h < l)lspb
Ar - HOR Ar
Ar = (2,6-Pr,CgHs) | |
. Ph
3,R="Pr 10
4,R=11Bu
47 Eq. 35 Ar Ar ECYT
q e N;Pb\ + Mo toluene H—C '\i\ + Me k
o < 40 °C, 7 days l\d~F|>b )¢
Ar Ar = (2,6-PryCgHa) Ar |
4 11, 41% 12
48 Eq. 36 {N;Pb\ CSDG & )< ECYT
Aé g 2510 60 °C N‘F’b g
8 days Ar X
4 Ar = (2,6- PrzCGHS)
X = BrorCl
48 Eq. 37 Ar ECYT
/Pb :
N/ \ toluene =N
_—
& < )J\ 25°C, 50 h B
Ar = (2,6-PryCgHa) N\Ar
4 13, 60%
52 Scheme 32 o ECYT
v
Ar S
N;Pb\
H*ﬁEN O-R
Y
Ar
MeCN
,\N /\,\>
NAIPJb/ \T v oo NEty g
H{N/ 0-R ~——X—— Hi/ oa+—H{/ 0-R
Ar
=(2,6- ’Pr CgH
%N//\Nk 2C6H3)
>\\ \—/ 4,R="Bu O
AN
J&
ar )T
N/Pb\ /Pb
Hﬁ%_N/ 0-R “o-R
¥ \
Ar Ar
53 Eq. 38 NCJ
Arpb toluene Arpb (0]
NN or toluene-dg N- )J\
H / R + ex.CO, =—— H /7
i%—N_ O-R ? T25°C,24h Cl\{ 0o
Ar Ar

Ar = (2,6-Pr,CqHy)
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Primary
Pg. Caption Reactions/Compounds Investigator
53 Eq. 38 ECYT
Aer toluene Arpb (o)
NN or toluene-dg N~ )J\
H—~<C ¢/ “o-R + ex.CO, ==—= H<( 7/
&l\i © 2 To5°C, 24h N Yoo
Al . Al
' Ar = (2,6-Pr CeHs) d
4,R=Bu 15, R = Bu
55 Scheme 33 A/Pb tol-di ' Pb *Co. Moy Q NCJ
Ar Ar = (2,6-PryCqHa) A
3,R=/Pr 14,R = Pr 16, R =Pr
55  Scheme 33 e, Mep D ECYT
&N/ o-R + CO, & / e J\ _R C E/ \o)*ko’
Ar i Ar
4,R="Bu = (26PrCof) 15, R=Bu 17,R="Bu
56 Eq. 39 Aer Pb ECYT
H{Z/ )< + LPbOPr —» & J\ + LPbOBu
Ar
15 3 4
Ar = (2,6-PryCgHa)
L = (BDlpjpp)
7 heme 34 o e ECYT
ST Sonemedt i (rece, g_ A LT LW W
25 ° 25°C,2h
f Ar=(2,6- ’PrZCSHS) -CO, A’
3 14 18
57  Scheme 35 Y ECYT
ot i cs, o }N c= N{ /Pb }o
H{N/ N o e v N/ Yo-R T——X——H 7w
;\v’ 25 9(?!3264h Ar 50(3?:?65(1 A’ A
R='ProrBu Ar = (2,6-PryCgHg)
R=Bu
Ar (0]
57  Scheme 35 Yopb, PINGO 1A NCJ
HC ¢ oR — = HXC N~ 0"

N
N CeDs N
Ar 25°C,24 h Ar
Ar = (2,6-PryCgHg)

18, R = Pr, 53%*
(* work by NCJ)
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2.2 Introduction

2.2.1 Lead(ll)-induced hydrolysis of RNA

Although the chemistry of transition metal alkoxide complexes has been extensively
explored, the reactivities of lead(Il) analogues have been less well studied. As mobile
lead(IT) compounds have deleterious effects on human health due to the lead(Il)-induced

cleavage of RNA, the biological system is briefly discussed.

Generally, RNA cleavage occurs in loops or bulges, presumably allowing the lead to
coordinate to one strand in order to access and cleave the opposite strand.”’” Klug ez al.
proposed a mechanistic pathway for lead(Il)-induced hydrolytic cleavage of the sugar-
phosphate in yeast phenylalanine RNA (Scheme 18)."” In this system, the major
cleavage site is between residues D17 and G18. Initially, a lead(Il)-hydroxide
deprotonates the proximal 2'-OH of ribose D17 in the backbone. The deprotonated
alcohol then undergoes an intramolecular nucleophilic attack at the phosphate in residue

G18, resulting in cleavage between the residues D17 and G18."™

Scheme 18. Proposed mechanism of the lead(ll)-induced hydrolytic cleavage of RNAY""®!

o. D17 o. D17
o ,O. 0._.0 H
0-p=g Mo L 00 +0-Pb
9 O-Pb ¥
Gig HO G18
0 0

Other metal ions, including manganese(II), cobalt(Il), or zinc(II), have exhibited similar

7% However, Farakas et al. showed that lead(II) ion is far more efficient in

reactivity.!
inducing cleavage, in terms of reaction time, than other metal ions.™” This may
attribute to the low pK, value of hydrated lead(Il) in aqueous solution (pK, = 7.71,

equation 14)."'" In contrast to the other hydrated metal ions which have higher pK,
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values, significant concentration of (Pb—OH)" can be formed at physiological pH (Table
3).%

Table 3. Selected acid dissociation constants (pK.) of hydrated metal ions'®?

K

M2 4+ HyO S——fe= (M_OH)* + H* (Eq. 14)
M2+ pKa
Pb* 7.71
Zn** 8.96
Co** 10.20
Mn>* 10.59

There are two other aspects which contribute to the lead(Il)-induced hydrolysis of RNA
(Figure 7). % First, the lead(II)-bonded hydroxyl group is in a favourable orientation
at approximately 6 A from the proximal 2'—~OH group in the D17 residue. Secondly, the
region around the D17 residue is sufficiently flexible to allow the reacting atom to adopt

a favourable orientation.®”

Figure 7. Key features which encourage the lead(ll)-induced hydrolytic of RNAL"7 82:83]

Legend:
i): Lead(ll) has pK, = 7.71, which leads
to the formation of Pb?*—~OH at

(
D17 neutral pH
o oO. (i) (if): Pb-O---H-0O distance (ca. 6.0 A) is
— D H\ short enough for the deprotonation
O-P=0 R
! O-Pb to occur
o H o ()
18
) (i)

: The flexibility of the region around
D17 residue allows it to adopt a
favourable orientation for the
reaction to occur

From a biological perspective, lead(Il) hydroxides are important intermediates.
However, only biochemical mechanistic studies have been performed on the lead(Il)-
induced RNA hydrolysis; molecular studies on the lead(I) hydroxide complexes have

not been made. Hence, there is limited knowledge on the actual reactivity of lead(Il)
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hydroxide complexes. In fact, this is due to the lack of soluble divalent lead hydroxide
complexes. Thus we decided to investigate the chemistry of divalent lead alkoxides in
order to further understand the chemistry of the Pb—O bond, and perhaps gain insight
into the mechanism of lead(Il)-induced RNA cleavage.

2.2.2 Transition metal hydroxide, alkoxide and aryloxide complexes

There have been a number of studies on the chemistry of transition metal alkoxide and
aryloxide complexes. Pérez et al. reported a series of molybdenum and rhenium
hydroxide complexes, which act as nucleophiles towards organic molecules (Figure 8
and Scheme 19)."** Complexes Ixiv and Ixv both reacted with maleic anhydride to give
the ring-opened products Ixvi and Ixvii. Similarly, metal complexes Ixviii and Ixix
containing lactyl-lactato as ligand were formed when the hydroxide complexes Ixiv and
Ixv reacted with rac-lactide. Treatment of the hydroxide complexes Ixiv and Ixv with
phenyl(ethyl)ketene gave compounds Ixx and Ixxi via insertion of the ketene into the

O—H bond.

Figure 8. Molybdenum and rhenium hydroxide complexes Ixiv and Ixv®"

. co —
MeTS co Pee N W= ¢ /; 2/ )
N—Mo—OH '—Ré—OH \_ W=
G\ Cn? |
Cco co — —
7\ =
Ixiv Ixv N" N \ N/ \N /
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Scheme 19. Reactions of complexes Ixiv and Ixv®*

Et o [I\I/I]
o H )=C=0 OVO o__oH
Mi—0 t Ixiv, M = Mo H 0]
Ixv, M = Re H
Ixx, M = Mo, 85% Me Ixvi, M = Mo, 83%
Ixxi, M = Re, 74% o Ixvii, M = Re, 86%
0227 0]
(0]
Me
Me
OH
(0]
Me 0]
(0]
[M]—O

Ixviii, M = Mo, 80%
Ixix, M = Re, 78%

Similar reactions were observed in a series of low-valent metal hydroxides."> ™" For
instance, Bergman et al. synthesised a coordinatively saturated iridium hydroxide
complex [Cp*(PMes)Ir(Ph)OH] (Ixxii, Cp* = 1,2,3,4,5-pentamethylcyclopentadienyl)
(Scheme 20).*7 Treatment of compound Ixxii with maleic anhydride or phenyl acetate
gave the corresponding hydrogen maleate complex Ixxiii and acetate complex Ixxiv,
respectively. The hydroxide complex Ixxii reacted with dimethyl acetylenedicarboxylate

(DMAD) to give the insertion product Ixxv.
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Scheme 20. Reactions of the iridium hydroxide complex Ixxii®®”

/%Oﬁ
Ir

MesP” Ph
KOCMe3
or
CsOH
T % ~Cr° 4%
DMAD OH
/\Ir\)\/COZMe P \ Ir/o
Mesp Ph OH Me3P Me3P Ph O
Ixxv Ixxii Ixxiii
PhOAc
%OAC
/Ir\
MesP  Ph
Ixxiv

Insertion of heterocumulenes, for example carbon dioxide and carbon disulfide, into
metal-oxygen bonds in metal alkoxide complexes is well known. This is demonstrated
by Bergman’s iridium alkoxide complex Ixxvi, which reacts with various
heterocumulenes, including carbon dioxide, carbon disulfide and phenyl isocyanate, to

give the insertion products Ixxvii-Ixxix (Equation 15).1*!

%oa X=C=Y %x\ _OEt
I AVt . e

7 I
MesP H MezP  H Y (Eq. 15)
Ixxvi Ixxvii, X =0
Ixxviii, X Y =S

Ixxix, X = O, Y = NPh

Vahrenkamp et al. reported the insertion of carbon dioxide into a metal-oxygen bond."*”!
Treatment of the pyrazolylborate zinc alkoxide complex [(Tp™"™*)ZnOMe] (Ixxx,
(Tp™M¢) = hydridotris(3-phenyl-5-methylpyrazolyl)borate) with an excess of carbon
dioxide at room temperature gave [(TpPh’Me)ZnOCOZMe] (Ixxxi) in good yield (equation

16).
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H H
Me Me B Me Me Me B Me
N/ S N// ™~
/ N{N ’Tj N ex. CO, / N{N ’Tl N
— ,N N\ » — ,N N\
\Z / benzene/DCM (1:1) v
@ " 25°C, 6 h Zn (Eq. 16)
O, O
Me o
O,
Me
Ixxx Ixxxi, 82%

A proposed mechanism for the formation of Ixxxi is illustrated in Scheme 21.1%%
Initially, the oxygen from the alkoxide ligand interacts with the carbon in carbon
dioxide and the zinc ion is weakly coordinated to O1, leading to the formation of a four-
membered Zn—O—C—O ring. This is followed by the formation of the C—O3 bond and
weakening of the C=0O1 bond. The final step involves the formation of a new Zn—O1

bond and breaking of the Zn—0O3 bond to give the complex Ixxxi.

Scheme 21. Proposed mechanism for the formation of compound Ixxxil®%%!

Me Me
/
(TpPh,Me)Zn_OSMe (TpPh,Me)Zn_o3 (TpPh,Me)Zn _____ 0/3 (TpPh'Me)Zn
Ixxx 01:C 61 ----- C/ (|)1 03
* Nek o2 T Me
0'=C=0? 02

(TpPhMey = hydridotris(3-phenyl-5-methylpyrazolyl)borate

Pérez et al. reported an unusual reaction between the molybdenum or rhenium
hydroxide complexes Ixiv or Ixv and carbon disulfide.”"! Treatment of the compounds
Ixiv or Ixv with one equivalent of carbon disulfide gave the hydrosulfide metal
complexes Ixxxii and Ixxxiii, as well as carbonyl sulfide as by-product (equations 17
and 18). The 'H NMR spectra of compounds Ixxxii and Ixxxiii showed singlets at Jg

—0.60 and —2.43 ppm, respectively, assigned to the proton in the S—H group.

Me <; _co cs, Me <} _co
N—Mo—OH > N—Mo—SH + COS
N | _DCM N (Eq. 17)
6]0) 25°C, 10 mins CO

N-N = phenanthroline

Ixiv Ixxxii, 87%
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CcoO CcO
|/CO CS, |/CO
N'—Re—OH > '—Re—SH + COS
N | DCM o (Eq. 18)
CcO 25 °C, 10 mins CO
N'-N' = 2,2'-bipyridine
Ixv Ixxxiii, 84%

It was suggested that the formation of the metal hydrosulfido complexes Ixxxii and
Ixxxiii were initiated by nucleophilic attack of the hydroxyl oxygen atom on to the
electrophilic carbon atom of carbon disulfide (Scheme 22).”*! The resulting zwitterionic
intermediate underwent rearrangement to give the final product. This mechanism was

further supported by theoretical calculations.

Scheme 22. Proposed mechanism for the formation of the metal hydrosulfido complexes Ixxxii
[92]

and Ixxxiii
H.
H H.* i \('c') H
ok 0-Cog s>Cg s
| SZCZVS — | ‘/ — | —_— | +COS
(M] (M] [M] (M]
Ixiv, M = Mo Ixxxii, M = Mo
Ixv, M = Re Ixxxiii, M = Re

2.2.3 Heavy group 14 metal alkoxide complexes

Examples of heavy group 14 metal complexes containing terminal alkoxides are rare.
Hoffman et al. reported that treatment of [Pb{N(SiMe;),},] with hexafluoroisopropanol
(RfOH) and 4-(dimethylamino)pyridine (p-Me,NCsHsN) gave the neutral lead dimer
[Pb(u-ORp)(ORp)(p-Me;NCsHyN)],  (Ixxxiv, Ry = CH(CF3),) (equation 19)*! 1In
contrast, treatment of [Pb(NMey),] with R/ OH gave the salt [{Pb(u-
OR¢)(OR¢)2}2][MeaNHz ], (Ixxxv) containing a dimeric anion (equation 20). The solid
state structures of these compounds showed weak intermolecular interaction between
the lead atom and the terminal alkoxide in the neighbouring unit (Pb—0O'=2.716(6) A in
Ixxxiv, and 2.659(5) A in Ixxxv).
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/
—N
N R Rs
N\ N | f o/
[Pb{N(SiMes),},] + 2 R{OH + | _— Et:0 . "-Pb__“\ol,,,_Pb/ (Eq. 19)
s f -78t0 25 °C O/ ~o” N )
/N\ Rf/ F|{f /y \
Rt = CH(CF3), = N
Ixxxiv, 67% /
2_
Rf\ Fﬁf /Rf
[Pb(NMey),] + 3 ROH F120 O\Pb"“‘o""~ Pb/o 2[Me,NH,|
e + > e
2 f -78t0 25 °C O/ ‘(l)’ \o 27z (Eq. 20)
P X
= CH(CF3), R Ry R
Ixxxv, 61%

Lappert et al. synthesised a dimeric tin(I) alkoxide [Sn(O'Bu)(x-O'Bu)], (Ixxxvi) by
treatment of [Sn{N(SiMe3),},] with two equivalents of zert-butanol (Scheme 23).”* X
ray crystallographic study showed that the dimeric complex had a four-membered,
almost planar Sn,O, ring with the terminal fert-butoxide groups in trans-configuration.
As with other three-coordinate divalent tin and germanium complexes (vide infra), the
ligands were coordinated with a pyramidal geometry around the metal centres. The
monomeric two-coordinate germanium(Il) and tin(Il) alkoxide complexes Ixxxvii and
Ixxxviii were obtained by the use of bulkier (tri-fert-butyl)methoxide substituents.
These monomeric complexes adopted a V-shaped geometry around the metal centre, for

instance the O—Ge—O bond angle in compound Ixxxvii was 85.9(4)°.

Scheme 23. Synthesis of the heavy group 14 metal alkoxide complexes Ixxxvi— Ixxxviii'®*

Y

By
\\OI, / 2 tBUOH . (tBU3C OH tBU tBU
<« [M{N(SiM —>
s s ———— [M{N(SiMeg)z)p] — ﬁ\ ~o- <
: /’\ M = Sn M = Ge or Sn
Ixxxvii, M = Ge, 31%
Ixxxvi, 95% Ixxxviii, M = Sn, 40%

A series of cyclopentadienyl heterobimetallic alkoxide complexes was synthesised by
Veith and co-workers.”>®® Treatment of CpSnCl (Cp = cyclopentadienyl) with
KM(O'Bu); (M = Ge or Sn) at room temperature gave the heterobimetallic alkoxide
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complexes [CpSn(z-O'Bu),M(O'Bu)] (Ixxxix, M = Ge and xe, M = Sn) (Scheme 24).
However, when CpSnCl was treated with KPb(O'Bu); under the same conditions, the
cyclopentadienyl group was transferred from tin to lead to give [CpPb(u-
O'Bu),Sn(0'Bu)] (xci).”™ The solid state structures of these complexes were reported.
Like Lappert’s dimeric tin(Il) alkoxide Ixxxvi (Scheme 23, Page 33), compounds Ixxxix
and xc¢ have nearly planar M,O, rings. However, the terminal ligands adopt a cis-
configuration with respect to the ring. The geometry around the metal centres is

pyramidal.

Scheme 24. Synthesis of the cyclopentadienyl heterobimetallic alkoxide complexes
[95-96]

Ixxxix—xci
@\ 0. O KM(O'Bu)s KPb(O'Bu)s @ w0, P
~M <« CpSnCl —@@@™> b SN
0] toluene toluene (@)
/‘\ 25°C, 24 h 25°C, 24 h /ﬁ\
M = Ge or Sn
Ixxxix, M = Ge, 81% XcCi, 85%

xc, M = 8n, 82%

Jutzi et al. reported the use of 2,4-di-fert-butyl-6[(dimethylamino)methyl]phenyl ligand

BT Treatment of the

to stabilise a series of germanium(Il) alkoxide complexes.
germanium(Il) chloride complex xcii with an excess of the sodium alkoxide in the
presence of 15-crown-5 gave the germanium(Il) alkoxide complexes xciii—xcvi in good
yields (equation 21). The solid state structures of these compounds showed that a three-

coordinate germanium atom was present, with an additional N—Ge dative bond.

Me Me
7/ Ve
N\ N\

Me 15-crown-5 — L Me
Ge, + NaOR tqueV:e A, Ge,

Cl O—R
(Eq. 21)
xcii xciii, R = Bu, 68%

xciv, R = Pr, 65%
xev, R = Et, 67%
xcvi, R = Me, 53%
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2.2.4 B-Diketiminatometal alkoxides and aryloxides

The use of p-diketiminato ligand [HC{C(Me)N(2,6-iPr2C6H3)} 2] (BDIppp) in
supporting terminal M—O bond has been explored with both transition metals and some
main group metals. However, the reactivity of these B-diketiminatometal alkoxides and
aryloxides has not been examined extensively. Chisholm et al. reported the synthesis of
B-diketiminatomagnesium(Il) and -zinc(II) isopropoxides.”™ Treatment of the p-
diketiminatometal amides xevii and xcix with fers-butanol gave the corresponding metal

isopropoxide complexes xeviii and ¢, in near quantitative yields (equations 22 and 23).

Ar AT THF
N, ) BUOH N..

C N/ THF ( N/ ? (Eq. 22)
\ ; 25 °C, 10 min \
Ar ,. Ar THF
. = (2,6' Pr206H3)
xcvii xcviii, 93%
Ar Ar
o, BuOH
_ > "z
H C /Zn N toluene H ( / n- Eqg. 23
N : (Eq. 23)
\ -78 °C, 15 min
Ar . Ar
. Ar = (2,6'/PFQCGH3)
XcCix c, 92%

A three-coordinate B-diketiminatochromium(Il) aryloxide cii was synthesised by
Mindiola et al.”” Treatment of the dimeric B-diketiminatochromium(II) chloride ci with
[NaOC6H3iPr2-2,6] in THF gave the monomeric B-diketiminatochromium(Il) aryloxide

cii (equation 24). No further reaction of the aryloxide cii was reported.

Bu /Ar Ar\ Bu
N Cl N
v, SN
12 H i Cl. )—H
N
C A Y

By \Ar Ar/ Bu
ci 3510 25 °C 12h (Eq. 24)
+
ONa Ar = (2,6-Pr,CgHs) B

cii, 42%
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The chemistry of the B-diketiminatoaluminium(III) hydroxide civ has been explored.!'*"
"% The p-diketiminatoaluminium(IIT) hydroxide civ was synthesised by treatment of
[(BDIppp)AIEt(Cl)] (ciii) with water in the presence of 1,3-diisopropyl-4,5-
dimethylimidazol-2-ylidene [C:], which acted as an HCI acceptor (equation 25). The
solid state structure of civ showed that the coordination geometry at aluminium was

tetrahedral. The "H NMR spectrum showed a single resonance at dy; 0.63 ppm, assigned
to the hydroxyl proton.

N, Et N toluene N... Bt
v,/ Mo > y
H—( AL T HO +>IN,C- 351025°C,12h 1 C N/Al\OH (Eq. 25)

\ - CItClI- \
A )\ [H:CJ*Cl Ar
Ar = (2,6'iPr206H3)
ciii [C1] civ, 73%

Reaction of compound civ with Cp,ZrMe, (Cp = cyclopentadienyl) gave the u-O
bridged heterobimetallic oxide complex [(BDIppp)AlEt(u-O)ZrMeCp;] (cv) with
evolution of methane (equation 26). Similarly, treatment of compound civ with one
equivalent of various rare earth metal derivatives of CpsM (M = Yb, Er, Dy or Y) in
THF gave the heterobimetallic oxo-bridged complexes evi—cix with elimination of

cyclopentadiene (HCp) (equation 27).

/Ar Ar
/
y ( N""‘Al/Et \ Me toluene H C N"«.AI/Et ,Q
7N 100 °C 7 N, _—-Zr—Me (Eq. 26)
N” “oH % Me _CH, N o N q
Ar ) Ar
Ar = (2,6"P|’2C6H3)
civ cv, 66%
/Ar /Ar
N, N, Et
H C oo,Al/ + M‘O THF H C 4.,AI/ /Q
7 o ~25°C 7 N _M—THF
N N 0]
\ - HCp \ =2
Ar Ar (Eq. 27)
Ar = (2,6' Pr206H3)
civ cvi, M =Yb, 42%

cvii, M =Er, 21%
cviii, M = Dy, 28%
cix, M =Y, 44%
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Linti et al. reported the synthesis of the B-diketiminatogallium(IIl) alkoxide exi and

1192 These compounds were accessible via the facile oxidative addition

hydroxide exii.
of ethanol or water to the p-diketiminatogallium(I) complex c¢x to form
[(BDIppp)GaH(OEt)] (exi) and [(BDIppp)GaH(OH)] (exii), respectively. An X-ray
crystallographic study on compound cxi showed that the ligands were coordinated in a

distorted tetrahedral geometry around the gallium atom.

Ar Ar
N N H
\ toluene N
H Ga + H-R - H Ga
C N 7810 25 °C C N g
\ 18 h \ (Eq. 28)
Ar Ar = (2,6-Pr,CqHs) f
cX cxi, R = OEt, 44%

cxii, R = OH, 34%

2.2.5 B-Diketiminato heavy group 14 metal alkoxides and aryloxides

Examples of B-diketiminato heavy group 14 metal alkoxides and aryloxides are rare and
their reactions have not been explored extensively. Driess et al. reported the synthesis of
the B-diketiminatolead(Il) aryloxide cxiii by treatment of the lithium B-diketiminate
with lead diphenolate (Scheme 25).""! Subsequent reactions of the lead(I) aryloxide
cxiii with [LiN(SiMes),] or [LiP(SiMes), (DME)] (DME = 1,2-dimethoxyethane) gave

the corresponding lead(IT) amide cxiv or phosphanide cxv complexes.

Scheme 25. Synthesis and reactions of the B-diketiminatolead(ll) aryloxide cxiiil'®

Ar
N/
H—<( L
N
\
Ar
Pb<0Ar'>z|2';'98Xi%eh
f\r Ar Ar |
DN o [LNGiMegs o Nipb\ (LiP(SiMeg)OMEN | > N;Pb\P,S(
N~pp n-hexane N 0 n-hexane N 3
7"';11 25°C, 48 h Ar 25°C,2h Ar /SII\
NAc 'V ar
Si” Si

Ar = (2,6-PryCgH3)
cxiv, 88% Ar' = (2,6-Bu,CgHs) cXV, 79%
cxiii, 83%
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Gibson et al. reported the synthesis of the B-diketiminatotin(II) isopropoxide exvi.[*"

Treatment of the PB-diketiminatotin(II) chloride xlix with lithium isopropoxide gave
[(BDIppp)SnO'Pr] (exvi) (Scheme 26). The complex was also accessible by the

alcoholysis of the B-diketiminatotin(IT) amide exvii with isopropyl alcohol.

Scheme 26. Synthesis of the B-diketiminatotin(ll) isopropoxide cxvit?!

A 1.) "BuLi Ar
=N 2.) SnCl, N
H=N\ i = H=C Nl\
NH Ar = (2,6' Pr206H3) A ?n
N Ar
Ar Cl
xiii xlix
Sn(NMejy), LiOPr
f\r Ar
N i ’/ Sn
H 'PrOH N7\
&ﬁn . Hﬁf_N/ o~
Ar .
N. A
Me” "Me '
CXVii cxvi

Roesky et al. synthesised a series of B-diketiminatotin(Il) alkoxides exviii—exxii via

[73. 104 Eor instance,

nucleophilic hydride addition to the carbonyl carbon of ketones.
treatment of the p-diketiminatotin(Il) hydride lix with ketones gave the -

diketiminatotin(II) alkoxides cxviii—cxxii in good yields (equation 29).

f\l’ Ar R1
N o toluene N/Sn H
HC N+ I e C 7/ \o)< R2
I}]nsn R1 R2 l\i
Ar |l| Ar
lix cxviii, R' = R2 = Ph, 82% (Eq. 29)
: : 1_R2_ o
Ar = (2,6-ProCqHa) CXiX, F%1 = R= = 2-Py, 728 Yo .
Py - C5H4N CXX, R' = 2-C4H3S, R= = CF3, 85%

cxxi, R' = H, R? = C4Fs, 74%
cxxii, R' = Ph, R? = 4-C¢H,F, 82%

The B-diketiminatogermanium(Il) and -tin(II) complexes containing a terminal triflate
ligand were synthesised by Roesky er al.[® %) Treatment of the p-diketiminatometal

chlorides xlviii or xlix with silver trifluoromethanesulfonate gave the monomeric
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compounds [(BDIppp)M(OTH)] (exxiii, M = Ge; exxiv, M = Sn) in good yields with

elimination of silver chloride (equation 30).

f\r Ar o
N AgOTf N-MO T
H&N: — AgCl il @vd "0-5-CFs
N g N o) (Eq. 30)
Ar Cl Ar = (2,6‘1Pr206H3) Ar
xlviii, M = Ge cxxiii, M = Ge, 90%
xlix, M = Sn cxxiv, M = Sn, 80%

The reaction of the germanium(II) triflate exxiii was explored."'”! Addition of 1,3-di-
tert-butylimidazol-2-ylidene led to the formation of the cyclogermylene exxv, in which
one of the backbone methyl groups was deprotonated, so that both N-aryl nitrogen

106) Treatment of

atoms were bound to the metal centre as anionic ligands (Scheme 27).!
the cyclogermylene exxv with phenol or pentafluorophenol led to the formation of the

germanium(II) aryloxides exxvi and exxvii in good yields.

Scheme 27. Synthesis of the B-diketiminatogermanium(ll) aryloxides exxvi and cxxviil'%!

By
+ o A
A o \ ' A
N/9C Bu \ ROH N>€
O-S- > > “o-R
H‘?N/ o g CFs toluene, 25 °C A\ N/Ge toluene, 25 °C HiN/ O
[N
Ar ) \ Ar
Bu Ar
cxxiii cxxv, 90% cxxvi, R = CgHs, 82%
) - H| -OTf cxxvii, R = C4F5, 80%
Ar = (2,6"P|’206H3)
By

Metal hydroxide complexes are generally rare and difficult to synthesise. However,

Roesky et al. did manage to synthesise the B-diketiminatogermanium(Il) hydroxide

exxviii via hydrolysis of organohalogermanes./'"”

Treatment of the f-
diketiminatogermanium(II) chloride xlviii with degassed water in the presence of 1,3-
dimesitylimidazol-2-ylidene gave [(BDIppp)GeOH] (exxviii) (Scheme 28).
Alternatively, the hydroxide complex exxviii was synthesised via a reaction between the

108

B-diketiminatogermanium(II) hydride Iviii and nitrous oxide.!'® The germanium(II)

hydroxide cxxviii was also accessible via the reaction between cyclogermylene exxv
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and water at room temperature.!'” The 'H NMR spectrum of the germanium(I)
hydroxide exxviii showed a singlet at oy 1.65 ppm, assigned to the terminal hydroxyl
proton."®! An X-ray crystallographic study on the germanium(Il) hydroxide exxviii

revealed that the complex existed as a dimer in the solid state.

Scheme 28. Synthesis of the B-diketiminatogermanium(ll) hydroxide cxxviiit'%% 107 108!
Ar
/
N\
H \ ﬁe
\
Ar
CXXV
Mes toluene
+ :
f‘r f\r f\r
N Mes N N>O N
H—C N\ + H0 = H<C N\ = —— <\
N*Ge toluene, 25 °C I}l~(|;e toluene, 25 °C I}l~(|;e
+
Ar & Mes Ar OH Ar y
xlviii N bl o cxxviii lviii
Ar = (2,6-Pr,CgHs)
MeS = (2,4,6'M€3CGH2) Mes

Treatment of the germanium(Il) hydroxide exxviii with Cp,MMe, (Cp =
cyclopentadienyl, M = Zr or Hf) gave the heterobimetallic oxide complexes cxxix and
exxx (Scheme 29).1'%"''% The 'H NMR spectra of exxix and exxx showed single
resonances at dg 5.39 and 5.33 ppm, respectively, for the protons in the Cp group. The
ligands were coordinated in a tetrahedral geometry around the transition metal centre as
shown by the solid state structures. Similarly, when compound exxviii was treated with
CpsM (M = Yb and Y), the heterobimetallic complexes cxxxi and exxxii, possessing a

germanium-oxygen-lanthanide linkage, were obtained (Scheme 29).

Scheme 29. Reactions of the B-diketiminatogermanium(ll) hydroxide cxxviiit' %1%

@ Me Ar @
! M
oo S Qv e o =
H<C ¢/ oM—Me « — N\ —, / o-M—THF
A 25°C @
Ar

N 2> Et,0, -4 °C =Ge ThHF,
’ " OH
Ar - CH, - CpH

_ _I
exxix, M = Zr, 50% Ar = (2,6-PrzCeHa) cxxxi, M = Yb, 25%
cxxx, M = Hf, 51% cxxviii cxxxii, M =Y, 22%
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The synthesis of the B-diketiminatotin(Il) hydroxide was more complex. Attempts were
made to make it by treatment of the B-diketiminatotin(Il) chloride xlix with water, in the

"1 Unfortunately, this reaction led to the p-

presence of an N-heterocyclic carbene.!
diketimine xiii and an intractable mixture. However, by protecting the tin centre with a
bulky Lewis acid [Fe(CO)4], the monomeric -diketiminatotin(Il) hydroxide exxxiv was
synthesised by addition of one equivalent of degassed water to the tin(Il) amido
precursor [(BDIppp)Sn(NMe,)Fe(CO)4] (exxxiii) (equation 31). A single resonance at
u 1.66ppm was ascribed to the hydroxyl proton in the '"H NMR spectrum of compound
cxxxiv. An X-ray crystallographic study revealed that exxxiv was monomeric and that

the ligands were coordinated in a distorted tetrahedral geometry around the tin centre.

Ar  Fe(CO), Ars JFe(CO),
{ SN’ 1—-Sn’
N7Z7=0N THF NZ=0N

H 7/ “NMe, + H0 P < 7/ “oH

&,\1 2 2 ~60 °C N (Eq. 31)
Ar - Me,NH Ar

Ar = (2.6-PraCqH) CXXXiV, 73%

cxxxiii
In summary, the bulky B-diketiminato ligand provides steric protection for the heavy
group 14 metal centres to make possible the synthesis of a variety of alkoxide
complexes. But little work has been done on their reactions.!"'?! Prior to our studies, p-
diketiminatolead(Il) alkoxides were unknown, thus making both the synthesis and

reactivity studies of such complexes an attractive area of research.
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2.3 Results and discussion

2.3.1 Synthesis of B-diketiminatolead(ll) alkoxides

The B-diketimine, (BDIppp)H (1), and B-diketiminatolead(Il) chloride [(BDIppp)PbCI]
(2) were synthesised according to the literature procedures.*" ® The B-diketimine 1
was lithiated and added to a THF slurry of lead dichloride to give the lead(Il) chloride 2
(Scheme 30).

Scheme 30. Synthesis of the B-diketiminatolead(ll) chloride 2'°?

A n-Bui A Ar
=N THF N PbCl, N
1\ Ny 25°C. 45min : (N'L' 25°C,20h H%CZNlpb
A Ar = (2,6-ProCeHg) “Ar Ar
1 2, 79%

The p-diketiminatolead(II) isopropoxide 3 and tert-butoxide 4 were synthesised
previously by Dr. Nicholas C. Johnstone (NCJ) (Figure 9), but little information about

their reactions was obtained.['’*!

In the first part of this chapter, the synthesis and
characterisation of a third alkoxide is described. In the second part, the information at
present available on the reactivity of this class of compounds is brought together and
compared with those obtained previously on transition metal analogues. Contributions

from individuals are shown in Table 2 (Page 23).

Figure 9. Previously reported B-diketiminatolead(ll) alkoxides 3 and g1
Ar A
N/Pb\ N” Pb\ '
HiN/ O‘< / O*é Ar = (2,6-'PraCgHs)
Ar Ar
3 4
The newly synthesised B-diketiminatolead(II) alkoxide

[(BDIppp)PbOC(CH3),CH=CH3] (5) is accessible by treatment of the lead(II) chloride 2
with sodium 2-methyl-3-but-3-ene-2-oxide in toluene at room temperature (Scheme 31).

The '"H NMR spectrum shows three doublets of doublets centred at dy 5.70, 4.59 and
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4.53 ppm with a ratio of 1:1:1, as well as a singlet at oy 0.95 ppm, with an intensity of 6
protons, for the —OC(CH3),CH=CH, fragment. A single lead resonance is found at dpy,
1685 ppm in the **’Pb NMR spectrum. This is downfield from that of the parent lead(II)
chloride 2 (Jp, 1413 ppm).’" Elemental analysis is in good agreement with the
calculated values. In contrast, syntheses of the lead(Il) complexes of primary alkoxides
6-8 were not successful (Scheme 31). Such reactions led to an intractable mixture,
including the B-diketimine 1. This decomposition may due to the inability of the less

bulky primary alkoxide substituents to stabilise the low-coordinated lead atom.

Scheme 31. 3-Diketiminatolead(ll) alkoxide 5 and the attempted syntheses of compounds 6-8

Ar Ar Ar

NN NaOR? N NaOR'! PN
H&N/ O-RE =— X HL \2 L oR

N toluene A Pb toluene N

Ar 25°C,20h Ar ¢ 25°C,20 h Ar
6, R2 = Me 2 5, R = C(CHg3),CH=CH,, 87%

7, R2 = Et

Ar = (2,6-Pr,CgH
8, R2 = CH,CH=CH, (2,6-ProCeHy)

Yellow single crystals of [(BDIppp)PbOC(CH3),CH=CH,] (5) were obtained by
recrystallisation from toluene at =30 °C. ORTEP drawings of 5 are shown in Figures 10
and 11. Selected bond lengths and angles are given in Table 4, and selected
crystallographic data in Table 5. The ligands are coordinated in a pyramidal geometry
around the metal centre with the sum of bond angles 266°. The lead atom is displaced
from the mean NCCCN plane in the B-diketiminate ring by 0.874 A. The Pb—O bond
distance (2.150(2) A) in 5 is similar to those found in [(BDIppp)PbO'Pr] (3, Pb—O =
2.135(3) A) and [(BDIppp)PbO'Bu] (4, Pb—O = 2.126(3) A).!"'* The Pb—O—C(16) bond
angle (115.4(2)°) in compound 5 is also similar to those in complexes 3 and 4 (Pb—O—C
=118.0(2)° and 121.4(2)°, respectively).!''*!
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Figure 10. ORTEP diagram of [(BDIppp)PbOC(CH3).CH=CH,] (5). H atoms are omitted and C
atoms in the N-aryl groups in the B-diketiminate ring are minimised for clarity. The
ellipsoid probability is shown at 30%

-~ C17

Figure 11. ORTEP diagram showing the side-on view of [(BDIppp)PbOC(CH3).CH=CH,] (5). H
atoms are omitted and C atoms in the N-aryl groups in the B-diketiminate ring are
minimised for clarity. The ellipsoid probability is shown at 30%
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Table 4. Selected bond lengths (A) and angles (deg) for [(BDlppp)PbOC(CH3),CH=CH,] (5)

Pb-N(1) 2.3151(16)
Pb-N(2) 2.315(2)
Pb-O 2.150(2)
0-C(16) 1.404(4)
C(16)-C(19) 1.398(10)
C(19)-C(20) 1.318(9)
Pb—NCCCNpjane 0.874

N(1)-Pb-N(2i) 80.13(8)
N(1)-Pb-O 92.87(6)
N(2)-Pb-O 92.87(7)
Pb-O-C(16) 115.4(2)
C(16)-C(19)-C(20) 121.9(7)
NCCCNipjane—NPBNjane 29.2

> bond angle around Pb 266
DOP of Pb (%) @ 105

2 Degree of pyramidalisation (DOP, %) = [(360 — Zyona angie) / 0.9] '™ When a DOP is 100%, it is equivalent to a
sum of bond angles of 270°, whereas a DOP of 0% indicates a planar geometry at the central atom; Symmetry
transformation used to generate equivalent atoms: (i) x, -y + 1/2, z

Table 5. Selected crystallographic data for compound 5

[(BDIpipp)PbOC(CH3),CH=CHj] (5)

chemical formula
molecular mass
temperature (K)
wavelength (A)
crystal system
space group

Peaica (Mg m™)

6 range (deg)

abs coeff (mm™)

measd/indep reflns/R(int)

reflns with /> 20(/)
data/restraints/param

goodness of fit on F*

final R indices [/ > 20(/)]

R indices (all data)

largest diff peak and hole (e A™)

Cs4Hs50N2OPb
709.95

173(2)

0.71073
orthorhombic
Pnma

16.7481(2)
21.1755(3)
9.3249(1)

90

90

90

3307.07(7)

4

1.43

3.41-27.47

5.13

48 777/3866/0.052
3608

3866/0/194

0.913

R1=0.019, wR2 = 0.051
R1 =0.021, wR2 = 0.052
0.65 and -1.46
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2.3.2 Reactivity of B-diketiminatolead(ll) alkoxides

2.3.2.1 Basicity

Transition metal alkoxides have highly polarized M—O bonds. This is exemplified in the
case of ruthenium-hydroxides, which can reversibly deprotonate toluene (pK, = 43 in
DMSO0).* 1 Hence, we decided to investigate the basicity of our lead(I) alkoxide
complexes by exposing them to a range of acids. Treatment of the f-
diketiminatolead(II) alkoxide [(BDIppp)PbO'Pr] (3) or [(BDIppp)PbO'Bu] (4) with 2,4-
di-tert-butylphenol results in alcohol exchange to form the B-diketiminatolead(Il)
aryloxide 9 (equation 32). However, decomposition of compound 9 occurs in the
presence of free isopropanol or tert-butanol to form the B-diketimine 1 and a white
precipitate, possibly [Pb(OR)(x-OR)], (R = ‘Pr or ‘Bu), after 24 hours. The '"H NMR

spectrum of the resulting aryloxide 9 is the same as that found previously.!''”

Aer Aer
~ CeDs N-
DOATE SRS V2
‘ HO 25°C,2h |\£ (Eq. 32)
Ar _HOR Ar
3,R='Pr i 9

_ _
4 R= IBU Ar = (2,6 PrchHs)

Fluorene is easily deprotonated at the C-9 position to form a stable aromatic fluorenide
anion, as shown by its relatively low pK, in DMSO (pK, = 22.6).""*'"! However,
treatment of the alkoxides 3 or 4 with one equivalent of fluorene does not give evidence
for the formation of the fluorenide anion, even at 40°C for three days, suggesting that

the alkoxides have a relatively low basicity (equation 33).

3or4
CeDs

Q'Q G
3 days

Treatment of the B-diketiminatolead(Il) alkoxide 3 or 4 with phenylacetylene in toluene
gives the ligand exchange product [(BDIppp)PbCCPh] (10) (equation 34). The 'H NMR

(Eq. 33)

spectrum of the mixture reveals a singlet at oy 4.88 ppm, assigned to the y-H, and two
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septets at oy 4.09 and 3.30 ppm, assigned to the tertiary protons of the isopropyl groups
(CHMe;) in the B-diketiminate ring. Depending on the starting alkoxide, proton
resonances assigned to isopropanol (dg 4.09 and 1.21 ppm) or fert-butanol (dg 1.42
ppm) are found, indicating the presence of free alcohol. The B-diketimine 1 and
insoluble white precipitates are also observed, probably from reaction of the free
alcohol with either reactants or product. During our studies, Roesky et al. generated
compound 10 by treatment of the B-diketiminatolead(Il) chloride 2 with LiCCPh in

[70

toluene.””) The NMR spectroscopic data for Roesky’s compound are in good agreement

with those we obtained.

N7\ _ CeDs N
HiN‘/ O-R *+ H-C=C-Ph m’ H C |}|>Pb
Ar - HOR Ar (Eq. 34)
AI‘ = (2,6"Pr206H3) | |
3, R="Pr Ph
4, R=Bu 10

2.3.2.2 Nucleophilicity

Transition metal alkoxides generally react readily with aliphatic electrophiles,
exemplifying their nucleophilicity.* Hence, in a small scale study in an NMR tube, we
treated alkoxide 4 with methyl iodide. No reaction was observed at room temperature.
However, after seven days at 40 °C, conversion to the expected nucleophilic substituted
products, the known B-diketiminatolead(Il) iodide [(BDIpwpp)Pbl] (11) and methyl zert-
butyl ether 12, were observed (equation 35).1°”! The photosensitive lead(Il) iodide 11
was obtained in 41% yield when the reaction was performed on a larger scale. The

NMR spectroscopic data for this compound are consistent with those reported in the

literature. ¢!
o N
N~ toluene N
H (/\o + Me—lI > H—(C .\ +M9\J<
N < 40 °C, 7 days hd*l?b © (Eq. 35)
Ar Ar=(2,6'iPr206H3) Ar I

4 11, 41% 12
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However, treatment of the lead(Il) zert-butoxide 4 with benzyl bromide or chloride gave
an intractable mixture of products (equation 36). The small scale NMR study did not

show any evidence for the formation of the B-diketiminatolead(Il) halide or benzyl-zert-

butyl ether.
/Pb Cst
e T e e
25 to 60 °C (Eq. 36)
8 days Ar X
4 Ar = (2 6- IPrchHs)
X = BrorCl

2.3.2.3 Reaction with an unsaturated electrophile

The reaction of the p-diketiminatolead(Il) tert-butoxide 4 with an unsaturated
electrophile was also examined. Addition of benzaldehyde to the lead(II) fert-butoxide 4
resulted in the formation of a white precipitate, and two compounds in a 1:1 ratio. One
was identified as B-diketimine 1. The second was separated by washing the crude
product with pentane. An X-ray crystallographic study showed that it was the diimine
13 (equation 37).

/Pb )J\ toluene . —N
25°C,50 h (Eq. 37)

. =N
Ar = (2,6"Pr206H3) \Ar

4 13, 60%

Single crystals of 13 were obtained by recrystallisation from THF at —30 °C. ORTEP
drawing of 13 is shown in Figure 12. Selected bond lengths and angles are given in
Table 6, and selected crystallographic data in Table 7. The C(2)—C(30) bond length is
1.337(2) A, similar to the C=C bond distance (1.379(2) A) in Mair’s B-triketimine
[ArN(H)C(CH3)C {C(CH;3)NATr},] (Ar = (2-'PrCsHy)).1"*" Both N(2)-C(3) (1.273(2) A)
and N(1)—-C(1) (1.281(2) A) in 13 are shorter than the N—C bond lengths (1.318(3) and
1.341(3) A) in the PB-diketimine 1, indicating that formal N=C double bonds are
present."*!] The bond distances for C(1)—C(2) and C(2)—C(3), 1.486(2) and 1.508(2) A

[122]

respectively, are in the range for C—C single bonds. Dihedral angles:
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C(6)-N(1)-C(1)—-C(2) = —-176.9(1)°, N(1)-C(1)-C(2)-C(30) = —178.7(1)°, and
C(1)—-C(2)—C(30)—C(31) = —176.3(1)°; as well as bond lengths: C(1)—C(2) = 1.486(2)
A and C(2)-C(3) = 1.508(2) A show that there is conjugation between one of the imine
groups and the C(2)—C(30) double bond, but not the other.

Figure 12. ORTEP diagram of compound 13. The ellipsoid probability is shown at 30%

C32
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Bond lengths (A)

Table 6. Selected bond lengths (A) and angles (deg) for compound 13
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Table 7. Selected crystallographic data for compound 13

[PhCH=C{C(CH3)N(2,6-Pr,CsHs)}2] (13)

chemical formula CasHasN2
molecular mass 506.75
temperature (K) 173(2)

wavelength (A) 0.71073

crystal system monoclinic

space group P24/c (No. 14)

a (A) 13.2095(3)

b (A) 8.8710(2)

c(R) 26.1615(5)

a (deg) 90

B (deg) 91.691(1)

y (deg) 90

Vv (R 3064.31(11)

Z 4

Peaica (Mg m™) 1.10

6 range (deg) 3.42-26.02

abs coeff (mm™) 0.06

measd/indep reflns/R(int) 20 035/5950/0.048
reflns with /> 20(/) 4443
data/restraints/param 5950/0/353
goodness of fit on F° 1.008

final R indices [/ > 20(/)] R1 =0.051, wR2 =0.120
R indices (all data) R1 =0.074, wR2 = 0.134
largest diff peak and hole (e A™%) 0.19 and -0.23

The 'H NMR spectrum of the diimine 13 showed two septets at dy 2.83 and 2.67 ppm,
assigned to the tertiary isopropyl protons (CHMe), as well as four doublets centred at
o 1.14, 1.13, 0.95 and 0.82 ppm, assigned to the methyl protons in the isopropyl
substituents (CHMe,) in the N-aryl groups. The four doublets are consistent with a
structure, in which the two N-aryl substituents are inequivalent in solution. The methyl
groups within each isopropyl group are also inequivalent. As there is no further
separation of the isopropyl resonances, there appears to be no restricted rotation about

the N—aryl bond.
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2.3.2.4 Ligand coordination

In the insertion of CO; into the metal-oxygen bond, it is sometimes claimed that the
initial step involves the coordination of CO, to the metal centre (Scheme 36, Page
58)."%121 In order to investigate whether this is likely in the case of the B-
diketiminatolead(Il) alkoxides, we looked in a series of NMR experiments at the
interactions of the lead(Il) tert-butoxide 4 with some monodentate and bidentate ligands
(Scheme 32). No evidence of coordination was observed when acetonitrile, THF, or 1,3-
di-tert-butylimidazol-2-ylidene was added to the lead(Il) tert-butoxide 4. Similarly,
upon addition of the bidentate ligand, tetramethylethylenediamine (TMEDA), the 'H
NMR spectrum did not show any changes of the chemical shifts for either TMEDA (dn
2.36 and 2.12 ppm) or the lead(Il) tert-butoxide 4 (o 4.57 ppm for y-H; dy 3.83 and
3.12 ppm for CHMe,). Furthermore, crystallisation of 4 from a 1:1 mixture of n-hexane

and acetonitrile solution resulted in the formation of pure, unsolvated crystals.

Scheme 32. Attempted reactions of the B-diketiminatolead(ll) tert-butoxide 4 with monodentate
or bidentate ligands in C¢Dg

Me
.C
N/
ekl
N7 ™\
Hi / O-R
N
\
Ar
MeCN
/\>
A/NﬂN A /N/\
r
N/Pb \ TMEDA /Pb NEt, NP
Hi'\‘/ 0-R <——X—— H / 0-R —X—=H CN/ O-R
[\ )
Ar Ar Ar

Ar = 2 6- IPrQCSHs)
NN
\—/ 4,R=1Bu / \
T
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2.3.2.5 Reactions with CO»

Concurrent work with NCJ in our group showed that treatment of the p-
diketiminatolead(Il) isopropoxide 3 with an excess of CO, gave the isolable B-
diketiminatolead(II) isopropoxycarbonate [(BDIppp)PbOCO,'Pr] (14) (equation 3g8).1113
An X-ray crystallographic study by NCJ confirmed its connectivity."'¥ The '"H NMR
spectrum of the carbonate 14 showed a broad resonance at oy 3.33 ppm for the tertiary
CHMe; proton in the terminal carbonate ligand. The characteristic carbonyl resonance
(5c 160.9 ppm) was shown in the "C{'H} NMR spectrum. The **’Pb NMR spectrum,
acquired by NCJ, showed a single resonance at dp, 809 ppm which is upfield from that
in the lead(II) isopropoxide 3 (dp, 1500 ppm).'"*! A carbonyl stretching absorption was

t.[''* The formation of the

observed at 1695 cm ' in the IR spectrum in CCly as solven
lead(II) isopropoxycarbonate 14 appeared to be irreversible, as reduction in pressure did
not lead to the formation of the parent lead(Il) isopropoxide 3. However, when “CO,
was added to a solution of 14, the resonance at dc 160.9 ppm in the “C{'H} NMR

spectrum increased in intensity, indicating that *CO, was exchanging into 14.

Ar toluene Ar o)
1—Pb | -d 1—Pb
NN or toluene-dg N7 2 )J\ R
H / 0-R + ex.CO H—C 7 -
{N‘ O-R > T25°C, 24h N o ° (Eq. 38)

Ar Ar = (2,6-Pr,CgHa) Ar

3,R="Pr 14, R="Pr

4, R=mBu 15,R=Bu

The insertion of CO, into the lead(Il) fert-butoxide 4 is described in this thesis.
Treatment of 4 with an excess of carbon dioxide gives the corresponding carbonate
[(BDIppp)PbOCO,'Bu] (15) at room temperature (equation 38). Formation of
compound 15 is shown by a singlet at dc 160.3 ppm in the ’C{'H} NMR spectrum and
by an absorption at 1731 cm ™" in the IR spectrum in CCly as solvent, which is indicative
of the carbonyl functionality.!**'** In contrast to the isopropoxycarbonate 14, the B-
diketiminatolead(Il) zerz-butoxycarbonate 15 was converted into the parent lead(Il) tert-
butoxide 4, when the pressure of the CO, atmosphere was reduced. Furthermore, we
were unable to isolate the lead(Il) tert-butoxycarbonate 15 from the reaction. This is

partially due to loss of CO, and degradation to an intractable white solid, even at —30



54

°C in solution (equation 38). The lead(Il) tert-butoxycarbonate 15 shows a resonance at
Spy 817 ppm in the *’Pb NMR spectrum, upfield from the lead(I) fert-butoxide 4 (Spy
1713 ppm).

The 'H NMR spectrum of the lead(Il) fert-butoxycarbonate 15 shows a singlet at Jy
4.78 ppm assigned to the y-H, as well as a broad resonance at dy 3.32 ppm assigned to
the tertiary isopropyl protons of the N-aryl group (CHMe;). In addition, two resonances
at oy 1.27 and 1.14 ppm are assigned to the methyl protons in the isopropyl group
(CHMe,). The broadness of the CHMe, resonance suggests that rotation about the
N—aryl bond in 15 at room temperature is faster than that in the parent alkoxide 4,
possibly due to a reduced crowding around the metal centre. The spectrum of the
lead(IT) tert-butoxide 4 shows two septets at oy 3.84 and 3.14 ppm assigned to the
CHMe, resonances, and four doublets centred at dy 1.66, 1.26, 1.21 and 1.16 ppm,
assigned to the CHMe, resonances at room temperature, indicating that rotation is
restricted about the N—aryl bond on the NMR timescale in the alkoxide 4.1 ¥ To
investigate whether rotation would be restricted in the carbonate 15, a variable
temperature (VT) 'H NMR study of 15 in toluene-ds showed that upon gradually
decreasing the temperature, the broad tertiary isopropyl proton resonance (CHMe;)
became even boarder at 20 °C and on further cooling separated into two broad
resonances at oy 3.64 and 2.94 ppm with Ady 280 Hz at —80 °C (Figure 13). However,
we were unable to measure the barrier of rotation about the N—aryl bond. The facile
decomposition of 15 at high temperature prevented measurement of the upper

coalescence temperature.
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Figure 13. VT-'H NMR spectra (400 MHz, toluene-ds) of [(BDIppp)PbOCO,Bu] (15), where A =
y-H and B = CHMe;

4 44 40 36 32 28 24 20 16 12 08
The lead(Il) tert-butoxycarbonate 15 was generated in situ by the addition of one
equivalent of CO; to the lead(Il) fert-butoxide 4, and its formation was confirmed by 'H
NMR spectroscopy (Scheme 33). Then one equivalent of “CO, was added. The
BC{'H} NMR spectrum of the mixture revealed that the carbonyl resonance at dc 160.3
ppm had increased in intensity. The fert-butoxycarbonate 15 thus behaved like the
isopropoxycarbonate 14 (studied by NCJ), to give the corresponding carbonate 17.1''

Several attempts were made to determine the rate of ?CO, exchange by C-EXSY

experiments, but we were unable to obtain reproducible data.

Scheme 33. 13C-Iabeling study on the lead(ll) carbonates 14 and 15

A ob Aop @ Aop  Q
N-Pb, tol-d NP Il g "CO: N7 2 R
H<( ¢ o-p+C0, =—=HX( 7/ - H—<(C /7 ~0”
_g:N o) 2 g N 0~ "o o5 G N (C)N©;
Ar Ar=(2,6-Pr,CeHy) Ar
3,R=Pr 14,R = Pr 16, R = Pr

4,R=Bu 15, R = Bu 17, R = Bu
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The relative stabilities of the carbonates 14 and 15 were further investigated by a
competition study between the two lead(Il) alkoxides and carbon dioxide. The lead(II)
tert-butoxycarbonate 15 was generated in situ and one equivalent of the lead(Il)
isopropoxide 3 was added (equation 39). The 'H NMR spectrum of this mixture showed
complete conversion to the lead(Il) isopropoxycarbonate 14 and the lead(Il) tert-
butoxide 4 after 24 hours at room temperature. There was no indication of the presence
of the lead(II) isopropoxide 3 in solution. This suggested that [(BDIppp)PbOCO,Pr]
(14) was formed preferentially.

Aer Q Aer Q
- ) - J\
C E/ \O)J\OJ< + LPbOPr 25602 > H C E/ \OJJ\O + LPbOBu

Ar Ar (Eq. 39)
15 3 14 4
Ar = (2,6-Pr,CgH3)
L = (BDIpjpp)

This result can be attributed to both steric and electronic factors. First, the bulk of both
of the B-diketiminato and the terz-butoxide ligands in [(BDIppp)PbO'Bu] (4) may make
the oxygen atom less available for coordination with carbon dioxide, than that in the
lead(II) isopropoxide [(BDIppp)PbOPr] (3).'*™ Secondly, work by Bryndza and co-
workers on a series of late transition metal complexes showed that there is a correlation
between the stability of the transition metal alkoxide and the basicity of its
corresponding alcohol; the metal alkoxide is more stable when the pK, of the

1291 1f the lead(I) alkoxides show a similar trend, we

corresponding alcohol is higher.
can expect the lead(Il) zert-butoxide 4 to be more stable than the lead(Il) isopropoxide
3, based on the pK, of the corresponding alcohols (c.f. pK, of tert-butanol in DMSO =
32.2; pK, of isopropanol in DMSO = 30.2)."**"** Further evidence for this hypothesis
was gained by a combined experimental and theoretical study on the isostructural tin
system (performed by Dr. Lorenzo Ferro (LF) in collaboration with Dr. Hazel Cox).!"*"
The reaction between the lead(Il) isopropoxycarbonate 14 and phenyl isocyanate was
also investigated. The carbonate 14 was generated in situ and treated with phenyl

isocyanate in C¢Dg to give almost exclusive formation of the known lead(Il) carbamate

[(BDIppp)PbN(Ph)CO,'Pr] (18) after 2 hours at room temperature (Scheme 34). The 'H
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NMR spectrum of compound 18 is identical to that in the literature.!''*! This suggests

that there is a thermodynamic preference for the formation of the lead(Il) carbamate 18.

Scheme 34. Reaction of the lead(ll) isopropoxycarbonate 14 with phenyl isocyanate

Ar
P CeD /Pb J\ PhNCO Ve J\
N/ Yo + ex. CO,—2 = |y J\ N/ N J\
25 °C, 1 h 25°C, 2 h
Ar A= @6PrCHy) A _co, Ar @

3 14 18
2.3.2.6 Reactions with other heterocumulenes

Although the clean insertion of carbon disulfide into transition metal-oxygen bonds has
been reported in literature, treatment of the lead(Il) alkoxides 3 or 4 with carbon
disulfide resulted in the formation of an intractable mixture of products (Scheme 35).1**
126. 1331 No reaction was observed when the lead(Il) fert-butoxide 4 was treated with

N,N’-diisopropylcarbodiimide in CgDe.

Work by NCJ showed that treatment of the lead(Il) isopropoxide 3 with phenyl
isocyanate in toluene gave the isolable insertion product, the lead(II) carbamate 18, in
53% yield."'¥ However, the analogous reaction between the lead(II) fert-butoxide 4 and

phenyl isocyanate gave an intractable mixture.

Scheme 35. Reactions of the B-diketiminatolead(ll) alkoxides with heterocumulenes

R = Pr or Bu

CS, CeDs
25°C, 24 h

0 N=C= N4<
/Pb /Pb /Pb 0.
N PhNCO NLN >7 \ }
& 7/ D J\O R<C—D {N/ O-R ~§t N
66 C<D
Ar 25°C, 24 h W 50 g % g
Ar = (2,6-PryCgHa)

18, R = Pr, 53%* 3, R="Pror4, R="1Bu R=Bu
(* work by NCJ)
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2.3.3 Mechanism of CO: insertion into the lead(ll) alkoxides 3 and 4

The results described above show that the insertion of CO; into the Pb—O bond in our
lead(IT) alkoxides is reversible. In his mechanistic study of the tin analogues, LF
considered that the initial coordination of carbon dioxide can proceed via two different
pathways (Scheme 36).'*" First, due to the minimal reactivity with aliphatic
electrophiles, a reaction pathway that avoided a nucleophilic attack by the oxygen atom
was examined. It was postulated that the carbon dioxide coordinated to the metal centre
in #*-fashion to form a three-membered M—C—O cyclic transition state (TS?, pathway
A). This led to insertion of carbon dioxide into the M—O bond. The second pathway was
the traditional nucleophilic pathway, in which the lone pair on the oxygen from the
metal alkoxide interacted with CO, to form a four-membered transition state (TSP),
leading to the formation of a new C—0O2 bond, and weakening of the C=01 bond. This
is followed by the formation of a new M—O1 bond and breaking of the M—O2 bond to

form the metal carbonate complex (pathway B).

Scheme 36. Two pathways for carbon dioxide insertion into a MO bond!"®!

o) T
Il 0]
L,M—OR + CO; =—= C\o L”M\OJ\O’R (Pathway A)
L.M. __R
e
TSA
R4 o
LnM ..... QZ )J\
L,M—OR + CO, =—= 01_0\ B L”M\O O,R (Pathway B)
\03
TSB

A study by LF using density functional theory (DFT) showed that the energy of the
transition state TS* for the p-diketiminatotin(Il) isopropoxide in pathway A is AG* =
237.0 kJ mol ', significantly higher than the transition state TS® in pathway B (AG* =
69.5 kJ mol ").l"**! Furthermore, the pathway from TS* to the final carbonate was not
found. My experimental results show that the reluctance of the lead centre to coordinate
various monodentate or bidentate ligands also suggests that the initial coordination of

CO; to the metal centre, as in pathway A, is unlikely (Section 2.3.2.4, Page 52).
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The reactions between the B-diketiminatolead(Il) alkoxides, 3 and 4, and aliphatic
electrophiles are generally slow or give an intractable mixture, for example the reaction
of the lead(Il) fert-butoxide 4 with methyl iodide only proceeds under forcing
conditions. This is in contrast to the reactions of transition metal alkoxides. For
example, the oxygen of the alkoxide ligand in Pérez’s rhenium alkoxide
[Re(OMe)(CO)s(bipy)] (bipy = 2,2°bipyridine) behaves as a nucleophilic centre, which
reacts with methyl iodide to give [Re(I)(CO)s(bipy)] and dimethyl ether.'**! The
rhenium alkoxide also reacts with CS, to give the corresponding insertion product
[Re{SC(S)OMe}(CO);(bipy)]. More importantly, Vahrenkamp’s pyrazolylborate-zinc
methoxide complex  [(Tp"™™¢)ZnOMe] ((Tp™™¢) = hydridotris(3-phenyl-5-
methylpyrazolyl)borate) acts as a nucleophile and reacts readily with methyl iodide to
give the corresponding zinc iodide and dimethyl ether.*” However, the zinc complex
only reacts with CO; under forcing conditions. Several variables, such as differences in
the Lewis acidity of the metal centre and the steric hindrance from the ligands around
the metal, prevent direct comparisons between the lead(Il) alkoxides, 3 and 4, and
Vahrenkamp’s zinc alkoxide. However, based on the experimental results reported in
this thesis, it is reasonable to suggest that the oxygen atom in the lead(Il) alkoxides 3

and 4 is only weakly nucleophilic.
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2.4 Conclusions

B-Diketiminatolead(Il) alkoxides were synthesised and their reactions towards various
organic substrates were examined. The experimental results reported demonstrate that
the oxygen in the alkoxide ligand in the lead(Il) alkoxides 3 and 4 is neither basic nor
nucleophilic towards the organic substrates tested. Although insertion of CO, into the
Pb—O bond is observed in both the lead(Il) isopropoxide 3 and the tert-butoxide 4 to
form the corresponding carbonates 14 and 15, we were unable to study the kinetics of
these reactions with CO; in greater detail as the reactions were too fast. Subsequent
studies by LF on the isostructural tin system proved to be more fruitful because the tin
system reacted a lot slower with CO,, and the equilibrium between the tin alkoxides and
the corresponding carbonates could be measured using an atmosphere of CO,."** A
similar trend with regards to the different alkoxides was observed in the tin system. The
differences in the reactivity with CO, are attributed to a combination of steric and
electronic effects. Our failure to observe coordination of an additional ligand to the lead
centre in the alkoxide 4 supports our hypothesis that insertion of CO, into the Pb—O

bond proceeds via a four-membered transition state, as for the tin analogues.
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3. Structure and characteristics of lead(ll) complexes with various -

diketiminato ligands

3.1 Introduction

3.1.1 Metal complexes with less bulky [-diketiminato ligands than BDIprp

In recent years, the use of B-diketiminato ligands to stabilise various metal centres has
expanded rapidly across the periodic table.!**! The variety of possible substitution
patterns, as described in Chapter 1, to accommodate different metal ions is one of the
major advantages of this ligand system. The B-diketiminate anion with a bulky N-aryl
substituent [HC{C(Me)N(2,6-"Pr,CsH3)}2]” (BDIppp) has been widely used to support

(62,70, 112, 114, 117 1341 The advantage of the (BDIppp) ligand is

heavy group 14 metal ions.
that the isopropyl groups are thought to provide enough bulk to prevent coordination of
more than one ligand to the metal centre. To the best of our knowledge, the only other
example of a compound with B-diketiminato ligand, other than (BDIppp), attached to
lead is [(BDIpms)2Pb] (BDItvs = [HC{C(Me)N(SiMes)}2] ), in which the (BDIrums)
ligand is smaller, so that two P-diketiminato ligands may be bound to the metal

centre.ms]

There are a few examples of monomeric germanium(Il) and tin(II)
complexes, supported by B-diketiminato ligands with less sterically demanding N-aryl
groups, such as [CH{C(Me)N(C¢Hs)}.GeR] (R = Me or Cl) and [CH{C(Me)N(2,6-
CH,CH3)},SnOPr].1*" 317 We wished to examine the influence of the N-aryl group
in the B-diketiminato ligand on the coordination geometry and chemistry of the lead(II)
complexes. Hence, we focused our attention on the synthesis of complexes containing
less sterically demanding B-diketiminato ligands: [HC{C(Me)N(2,6-Me,CsH3)},CH]
(BDIpmp), [HC{C(Me)N(4-PrC¢H,)}2] (BDIpp) and [HC{C(Me)N(C¢Hs)}2] (BDIpy)
(Figure 14).

Figure 14. 3-Diketiminate anions used in this study

H H H

sdbsioah osBlioaine

(BDIpyp) (BDlypp) (BDlpp)



62

The effects of substituents at the ortho-position of the N-aryl groups in the [-
diketiminate framework are illustrated by the space-filling models of two -
diketiminatotin(IT) chlorides xlix and exxxv (Figure 15).1° 1*%1 The space-filling model
of [(BDIpwpp)SnCl] (xlix) shows that the tin(I) centre is partly surrounded by the
isopropyl groups of the N-aryl substituents. However, the tin(Il) centre in [(BDIpp)SnCl]

(exxxv) is more exposed than that in complex xlix.

Figure 15. Space-filling models of [(BDIppp)SnCI] (xlix, top-right) and [(BDlp,)SnCI] (exxxv,
bottom-right).’®> ** The tin, chloride and nitrogen atoms are represented in purple,
green and blue, respectively

P

er, iPr
H C /Sn\ Cl

N ipr
Dy

[(BDIpjpp)SnCl]
xlix

[(BDlp,)SNCI]
CXXXV

The (BDIpy) anion has also been used to generate germanium(Il) complexes. Barrau and

co-workers reported the synthesis of [(BDIp,)GeOMe] (exxxvii) by treatment of the -
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diketiminatogermanium(Il) chloride [(BDIpy)GeCl] (exxxvi) with lithium methoxide

(equation 40).1"*” The solid state structure of compound exxxvii was not reported.

f’h f’h
H&N\ + LioMe —1oMere H&N\
hE SO
Cl N
© Me
CXXXVi CXXXVii, 87%

Gibson et al. synthesised the p-diketiminatotin(Il) alkoxides exxxix and cx1.1*

Treatment of the PB-diketiminatotin(Il) chlorides, exxxv or cxxxviii, with lithium
isopropoxide gave the tin(Il) isopropoxides cxxxix or e¢xl (equation 41).
[(BDIp,)SnOPr] (exxxix) was isolated as a yellow solid in good yield, whereas
[(BDIpmp)SnO'Pr] (exl) was obtained as an impure oil. However, washing the crude
product with cold heptane gave pure exl in 17% yield. An X-ray crystallographic study
showed the geometry around the tin centre was pyramidal. The solid state structure of

[(BDIp,)SnO'Pr] (exxxix) has not been reported.

;Ar f\r
N ‘i toluene N
+ LiO'Pr »
H&NESH -7810 25 °C H‘?NESH
b 18 h o
Ar cl Ar 0 (Eq. 41)
cxxxv, Ar = (CgHs) cxxxix, Ar = (CgHs), 76%
cxxxviii, Ar = (2,6'M€2C6H3) cxl, Ar = (2,6'M9206H3), 17%

Dias et al. described the germanium(Il) and tin(Il) azide complexes cxli and exlii,
supported by [HC{C(Me)N(2,4,6-MesCsHa)}2]” (BDIryp) anion.[® Treatment of the B-
diketiminatometal chlorides li or lii with sodium azide gave the corresponding metal
azide complexes [(BDIrmp)MN3] (exli, M = Ge; exlii, M = Sn) (equation 42). The IR
spectra of these azide complexes showed N3 asymmetric stretching vibrations at ~2060

cm . The X-ray crystallographic studies showed the azide group was almost linear with

the N—N—N bond angle 176.3(6)° for cxli and 176.0(7)° for cxlii.
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f\r Ar
!
N toluene N
HiN: + Nals 25°C.24h H&N\
NIt ’ NI (Eq. 42)
Ar g Ar = (2,4,6-Me3CgH>») Ar Ng
li, M =Ge cxli, M = Ge, 83%
lii, M =Sn cxlii, M = Sn, 89%

Lappert et al. reported a five-coordinate tin(IV) B-diketiminato complex exliv formed
upon addition of lithium B-diketiminate exliii to SnCl,Me; (equation 43).1"** The solid
state structural analysis showed that the ligands were coordinated in a distorted
bipyramidal geometry around the metal centre, with chloride and one of the nitrogen

atoms occupying axial positions.

Ph R on R Me
N 1—Sn—Cl
n-hexane N v
H C Sl + SnClMe, - > H{ 7/ WMe
N/ 25°C,48h PH I\{ (Eq. 43)
PH R R = SiMes R
cxliii cxliv, 49%

Examples of compounds of transition and other main group metals coordinated to [-
diketiminato ligands containing less sterically demanding N-aryl groups than those in
(BDIppp) are known. Treatment of the lithium [-diketiminate exlv with [(176-

391 X _ray structural

CsHsCF3)RuCl, ], gave the unexpected product exlvi (equation 44).
analysis showed that the y-carbon of the B-diimine ligand was bound to the para-
position of the #°-arene fragment to give a 5’-cyclohexadienyl ligand that was

coordinated to the ruthenium centre.

/?\r
Ny_-CHs
Li N $
NN
AI’\ / I\ /Ar DCM Ar Q CF3
N N 4 0.5[(n8-C4HsCF3)RUClly —————> CHj '
M 25°C, 36 h A BU A (Eq.44)
N N
H Ar = (2,6-M6206H3) U
H

cxlv cxlvi, 42%
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It was suggested that the formation of compound exlvi was initiated by nucleophilic
attack of the y-carbon in the lithium B-diketiminate on the coordinated 5°-arene
fragment of the ruthenium complex cxlvii. The final step involved the elimination of

lithium chloride from compound exlviii to give complex exlvi (Scheme 37).

Scheme 37. Proposed mechanism for the formation of compound cxlvit'*!

Ar__ /LI\ _Ar :él,@
N N 0.5 [(n®-CgHsCF3)RUCl,),

M - LiCl - Ar A N A
N cIN
H Ar = (2,6-M6206H3) )\%\

H
cxlv cxlvii

CHs,
N H H
NN
Ar Q CFs Ar”

CHj3 ' - - CHs3
AF\N/RU\N/Ar - LiCl Ar\ /‘ \ /AI'
)\% )\/k
H
cxlvi cxlviii

Song et al. reported the synthesis of some mononuclear palladium p-diketiminato
complexes.!'*! Treatment of the dimeric B-diketiminatopalladium chloride exlix with an
excess of pyridine gave the monomeric palladium complex ¢l in near quantitative yield
(Scheme 38). Further reaction with methyllithium gave the palladium alkyl complex cli.
The direct reaction of the dimeric [B-diketiminatopalladium chloride exlix with
methyllithium led to the formation of palladium metal and an intractable mixture of

products.
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Scheme 38. Reactions of the B-diketiminatopalladium chloride exlix!*”

ph ( \
/ N=
; N
ex. pyrldlne MeLi H ( ,""Pd/
_—
\ / \ ~ bom / \ Et,O/THF N/ N\
25 °C, 15 mins -60°C, 2h \ Me
Ph
cxlix cl, 97% cli, 40%

Uhl et al. reported the synthesis of the B-diketiminatoaluminium alkyl peroxide cliv.!"*!!

Treatment of the dihydride clii with [Li{CH(SiMes),}] in cyclopentane gave the
aluminium alkyl complex [(BDIpy)AI(H)CH(SiMes),] (cliii) in good yield (Scheme 39).
Further reaction with tert-butyl hydrogen peroxide in n-hexane gave compound cliv,
with evolution of H, gas. This aluminium complex is a rare example of a compound
with both a reducing Al—C function and an oxidising peroxo group in close proximity in

a single molecule.

Scheme 39. Reactions of the B-diketiminatoaluminium dihydride clii"*"’

Ph Ph Ph

N,, H [L{CH(SiMej))] N,. CH(SiMes), HOOCMe .. CH(SiMes),

< oml ————Ze < Al (.

N7 “H cyclopentane N/ H n-hexane N 0O,
\ ~40t0 25 °C \ -40to -10 °C \ CMeg
Ph 16 h Ph 1h Ph

-H
clii cliii, 74% 2 cliv, 61%

3.1.2 Four-coordinate lead(ll) complexes

Despite several attempts, the synthesis of [(BDIppp),Pb] has not been successful. To
the best of our knowledge, Lappert et al. reported the only bis(B-diketiminato) heavy
group 14 metal complex.!"* Treatment of lead diiodide with two equivalents of lithium
B-diketiminate clv gave the bis[B-diketiminato]lead(Il) clvi in 72% yield (equation 45).
Formation of this compound is possible, presumably because the SiMe; groups are
smaller than the 2,6-diisopropylphenyl groups in (BDIppp). The structural analysis of
the complex showed that the two B-diketiminato ligands were on one side of the central
lead atom. The N—Pb—N bond angles indicated a distorted disphenoidal coordination

geometry at lead.!'*
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Ph R
N _THE b / R
Il," . N Ph
2 H Li + Pbl, - Ph
C N "25°C,24h %, \\)}H (Eq. 45)
Ph R R Ph
clv, R = SiMe; clvi, R = SiMes, 72%

Other bidentate ligand systems are known to form bis-complexes with lead. Treatment
of amidine clvii with n-BuLi, followed by the addition of one equivalent of lead
dichloride gave the complex clviii (equation 46).*°) The solid state structure showed
that the ligands were coordinated in a pseudo-bipyramidal geometry around the lead

centre with one vacant site, similar to that observed in clvi.

l
) P'H_<NH 1) nBulimHE L NN AN
pr. N2 POk Pr. N7 N JPr (Eq. 46)
I o
clvii clviii, 40%

When the proton on the amidinate backbone was changed to a bulkier group, such as
tert-butyl, or when a guanidinato ligand was used, then only one bidentate ligand could
coordinate to lead. Treatment of amidines or guanidines with lead dichloride under the
same conditions gave the dimeric lead(IT) chlorides iii, clix and clx (equation 47). These
dimers were the sole products observed from these reactions even when the ratio of the

. 143
reagents was varied.!'*!

o R

'PrR_\<NH 1) -BuLi/THF PrR_< \Pb/ “p5” >_R
b N, 2)PbCh o N
(Eq. 47)

iii, R = Bu, 23%
clix, R = NCy,, 29%
clx, R = (N(H)CgHsPry-2,6), 30%
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Bis-lead(I) complexes were obtained with other ligand systems (Figure 16).!'*+'

Compound clxi was accessible from the reaction between
[Li{CH(SiMes3)P(Ph),=NSiMe,}] and lead dichloride in a 2:1 ratio. The synthesis of
clxii involved the reaction between N-ethylcyclohexylamine and lead dichloride in the
presence of an excess of carbon disulfide. The octa-coordinate lead(Il) complex clxiii
was synthesised by treatment of PbCO;3 with 1,10-phenanthroline and 2-fluorobenzoic
acid. The X-ray structural analyses of compounds clxi and clxii showed that the ligands
were coordinated in a hemidirected coordination mode (Figure 5, Page 18) with a

11 1 contrast, the four bidentate

[61]

pseudo-bipyramidal geometry around the lead centre.

ligands in clxiii adopted a holodirected coordination mode around the lead centre.

Figure 16. Bis-lead(ll) complexes!'** ¢!
™S TMS ¢ 7~ \ F
— w /_ - )
//N\ )N\\ N_< \\Pb" >—N Q\N\ /N/O
PhoPC_Pb_ _PPhy " o0
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T™MS TMS - ( \
o obl clxiii

3.1.3 Other bis(B-diketiminato)metal complexes

A variety of metal centres have been able to support by more than one B-diketiminato
ligand. For instance, treatment of [CrCl;(THF);] with lithium B-diketiminate clxiv gave
the B-diketiminatochromium(III) dichloride eclxv."*’! Further reaction with lithium
alkyls, for example Me;SiCH,Li or MeLi, gave the wunexpected bis[p-
diketiminato]chromium(Il) complex clxvi and a homoleptic chromium(IV) alkyl, either

Cr(CH,SiMe3)4 or CrMey, respectively, as a by-product (Scheme 40).

Scheme 40. Synthesis of the bis[B-diketiminato]chromium(ll) complex clxvil'"”!

Ph /Ph Ph Ph

/ / 3
N N - No )
~.. . [CrCl3(THF)g] ~ 2 RLi ~_ N
- & —_—
H—( N/Ll e H—( N/CrCIZ(THF)Q o H N/Cr‘N )—H + CrRy
\ /]

| _30°C,3h - -30°C, 4h o
Ph R = CH,SiMes or Me Ph

clxiv clxv, 87% clxvi, 35%
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Theopold et al. suggested that the unstable B-diketiminatochromium(IIl) alkyl
[(BDIpp)CrR;] (elxvii, R = CH,SiMe;s; clxviii, R = Me), disproportionated to give bis|[[3-
diketiminato]chromium(II) clxvi and the chromium(IV) alkyl (CrR4) (Scheme 41).1'*"!

Scheme 41. Proposed reaction pathway for the formation of compound clxvil'”!

/Ph /Ph /Ph Prl
N . N R N N
AN 2 RLi N S NA S
" C N/CrC|2(THF)2T> " C N/Cr\R - CrRy " N/Cr\N ) H
Ph ~80°C, 3N Ph Ph PH
clxv clxvii, R = CH,SiMey clxvi

clxviii, R = Me

Alternatively, the bis[p-diketiminato]chromium(I) complex eclxvi was accessible in
84% yield by lithiation of the B-diketimine clxix with methyllithium, followed by
addition of chromium dichloride in THF (equation 48).

N/Ph 1.) MeLi N/Ph PR
= 2.) CrCl, «_ N
2 H - H cr’ H
\"_NH THF N~ N ) (Eq. 48)
. ~30to 25 °C, 24 h \
Ph Ph Ph
clxix clxvi, 84%

Itoh et al. reported a study on the role of N-substituents in the B-diketiminato ligand in

the control of the formation of some copper(Il) complexes.!'*"!

Treatment of B-
diketimines eclxx—clxxii with cupric acetate in methanol gave the bis[p-
diketiminato]copper(Il) complexes clxxiii—clxxv under ambient conditions (equation
49). The B-diketiminato ligands are coordinated in a distorted tetrahedral geometry

around the metal centre.

Ar Ar Ar
N/ N/ \N
= MeOH
. —_—— »
R—Q + Cu(OAC)H0 —pei rR—( _cu__ )R
Nl’| N\ N
Ar Ar A (Eq. 49)
clxx, R = CN, Ar = Ph clxxiii, R = CN, Ar = Ph, 94%
clxxi, R = NO,, Ar = Ph clxxiv, R = NO,, Ar = Ph, 88%

clxxii, R = NO,, Ar = (3,5-Bu,CgHs) clxxv, R = NO,, Ar = (3,5-Bu,CgH3), 95%
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The steric effects of the ortho-substituents in the N-aryl group were also examined.!'*"
Treatment of p-diketimines eclxxvi and eclxxvii with cupric acetate gave the

corresponding di(u-hydroxo)dicopper(Il) complexes elxxviii and clxxix (equation 50).

Ar

/
=N
NEts ,
NC \ \H + Cu(OAc), MeOH 4; / \ / \ }CN
reflux, 48 h
by (Eq. 50)
clxxvi, Ar = (2,4,6-MezCgH>) clxxviii, Ar = (2,4,6-Me3CgH,), 73%
clxxvii, Ar = (2,6-Et,CgHg) clxxix, Ar = (2,6-Et,CgH3), 73%

Treatment of cupric acetate with the B-diketimine elxxx in the presence of triethylamine
gave the monomeric B-diketiminatocopper(Il) acetate elxxxi in 77% yield (equation
51).1"*) This complex showed a distorted square planar geometry around the metal

centre with the acetate fragment coordinated in a bidentate fashion.

/Ar /Ar
—N N o
NEt n, S
NC—( + Cu(OAC),*H,0 3 - nc—<( cu >\C—CH3
NH MeOH N/ N7 Eq. 51
\ reflux, 48 h 0 (Eq. 51)
Ar . Ar

Ar = (2,6"P|’2C6H3)

clxxx clxxxi, 77%

A series of bis(p-diketiminato) alkaline-earth metal complexes were synthesised by
Harder."*! Treatment of the alkaline-earth metal diiodide or dibromide with two
equivalents of the potassium B-diketiminate clxxxii gave the corresponding bis(f-
diketiminato)metal complexes clxxxiii—clxxxvi in good yields (equation 52). X-ray
crystallographic studies showed that the ligands were coordinated in a distorted
tetrahedral geometry around the metal centre. The average C—N—C bond angle between
the aryl group and the B-diketiminate backbone increased down the group, with clxxxiii,
M = Mg (115.1(2)°) < elxxxiv, M = Ca (117.6(1)°) < elxxxv, M = Sr (118.5(2)°) <
clxxxvi, M = Ba (119.0(2)°). This finding was attributed to the increase in ionic radii
down the group (c.f Mg*", 0.57 A; Ca®™, 1.00 A; Sr*", 1.18 A; Ba*", 1.35 A), which
relieved crowding around the metal.” C—H:--n interactions between the isopropyl
group from one ligand and the aromatic ring from another ligand were observed.

Similar observations were found in other bis(B-diketiminato)metal complexes.!>'"**
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Ar
N/
THF
2 H K + MX »
C N ? 25 °C, 24 h
\ .
Ar Ar = (2,6-Pr,CgH3)
chaoxxii M = Mg, Ca, Sr or Ba

X=Brorl

Lithiation of [-diketimines, eclxxxvii

tetrabromonickelate
[153]

tetraecthylammonium

complexes clxxxix or exc (equation 53).

Ar

/\\ll\l/\

Nl ~
Ar 2

clxxxvii, Ar = (4-MeCgH,)

clxxxviii, Ar = (4-PhCgHy)

N/
2 H \ +{3r N| Br]

or clxxxviii,

gave the

_nBuli _ BulLi
THF

N/Ar Ar\N
C "..M.»‘ > H
N N
\ /
Ar Ar
clxxxiii, M = Mg, 62%
clxxxiv, M = Ca, 52%

clxxxv, M = Sr, 54%
clxxxvi, M = Ba, 43%

(Eq. 52)

followed by addition of
bis[B-diketiminato]nickel(II)

Ar
& } (Eq. 53)
Ar

clxxxix, Ar = 4 MeCGH
cxc, Ar = (4-PhCgHy)

Treatment of [Pd(acac);] (acac = acetylacetonate) (exci) with two equivalents of

[Li(BDIp)] (BDIp = [HC{C(Me)N('Pr)}2] ) in an one-pot reaction gave [Pd(BDIyp),]
(excii) (Scheme 42).1"° Treatment of [Pd(acac),] (cxci) with one equivalent of the
lithium B-diketiminate in diethyl ether gave [Pd(BDIp)(acac)] (exciii), and addition of
more lithium B-diketiminate gave excii, indicating that the one-pot reaction proceeded

in a stepwise manner.

Scheme 42. Synthesis of the bis[B-diketiminato]palladium(ll) complex cxciil'®”

! \
@ @ 2 [Li(BDI;p)] N N
~_ = ~_ ~
H < O/Pd\o ) H Et,0 = H ( N/Pd\N ) H
-78°C, 24 h S

cXci CXCii

[LI BD||p

Et,0 Et,0
~78°C, 4 h ’ ~78°C, 24 h

cxciii

(BDIp)Li
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3.2 Results and discussion

3.2.1 Synthesis of B-diketimines 19-21

The condensation of acetylacetone with 2,6-diisopropylaniline in the presence of
concentrated hydrochloric acid and ethanol under reflux reliably gave (BDIppp)H (1) in
good yield."*"! However, this approach gave poor yields of other substituted anilines.
Good yields of (BDIpy)H (19), (BDIpp)H (20) and (BDIpmp)H (21) (78%, 51% and

42%, respectively) were obtained from reactions in concentrated hydrochloric acid at

room temperature (equation 54).'>>"%%!
1.) conc. HCI N/Af
o 9 2.) Na,CO —
I+ 2 HaNA )NaCos
25°C, 24 h \
Eq. 54
‘Ar (Eq. 54)

19, (BDIpy)H, Ar = (CgHs), 78%
20, (BDl|pp)H, Ar = (4'IPrCGH4), 51%
21, (BDlpyp)H, Ar = (2,6-Me,CqHs), 42%

B-Diketimines 19 and 21 were obtained as white solids that were purified by washing
with cold methanol. In contrast, (BDI;pp)H (20) was obtained as a viscous brown oil.
The 'H NMR spectrum of the oil showed very few impurities; hence it was used
without further treatment. The known compounds 19 and 21, and the newly synthesised
B-diketimine 20, were characterised by 'H and “C{'H} NMR spectroscopy.!'>>"*®! The
'H NMR spectra show two distinctive singlet resonances, assigned to the N-H (Jy ~
12.7 ppm) and the y-H (dn ~ 4.8 ppm) protons. In (BDIpp)H (20), the tertiary proton of
the isopropyl group (CHMe,) is shown by a septet at oy 2.87 ppm with an integration of
two protons. A downfield resonance at approximately dc 160 ppm is assigned to the B-C
in these compounds. This is consistent with the signal at dc 161.4 ppm in the f-

diketimine (BDIppp)H (1).1*!
3.2.2 Synthesis of B-diketiminatolead(ll) chlorides 22—-24

The B-diketiminatolead(Il) chlorides 22—24 were synthesised in moderate yield (46—
65%) by lithiation of the B-diketimines 19—21 with n-BuLi, followed by addition of the
generated lithium B-diketiminate to a THF slurry of lead dichloride (Scheme 43).
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Scheme 43. Synthesis of the B-diketiminatolead(ll) chlorides 22—24

Ar Ar Ar

N " N PbCl N
= THF y
H ———> H<(( L —ez— H<C N\
\ Ny 25 °C, 30 mins N 25 °C, 24 h N~pp

\ \ Ar |

Ar Ar Cl
19, Ar = (CgHs) 22, Ar = (CgHs), 46%
20, Ar = (4-PrCgH,) 23, Ar = (4-PrCgH,), 57%
21, Ar = (2,6-Me,CgHs) 24, Ar = (2,6-Me,CgHg), 65%

The lead(Il) chlorides 22—24 are sensitive to air, moisture and light. [(BDIp,)PbCl] (22)
and [(BDIwpp)PbCl] (23) are virtually insoluble in common aromatic or non-polar
organic solvents, but are readily soluble in chlorinated solvents. Hence, purification can
be conveniently achieved by washing with pentane, which removes the undesired
lithium B-diketiminate and B-diketimine from the crude solid. [(BDIpmp)PbCI] (24) is
more soluble in common aprotic organic solvents, so purification is achieved by
washing the crude solid with cold pentane and recrystallisation from a concentrated

toluene solution at —30 °C.

These compounds were characterised by multinuclear NMR spectroscopy and elemental
analyses. The proton resonance for the y-H in the B-diketiminate backbone is at oy 4.74,
4.77 and 4.83 ppm for compounds 22, 23 and 24, respectively. These values are similar
to those in the B-diketimine counterparts (oy ~ 4.8 ppm). In compound 23, a septet
centred at dy 2.68 ppm (*Jun = 7.2 Hz) is assigned to the tertiary proton in the isopropyl
group (CHMe,).

The "H NMR spectrum of [(BDIpwp)PbCl] (24) displays a broad resonance at oy 2.31
ppm, assigned to the protons in the methyl group at the ortho-position of the N-
substituted aryl fragment (0-CH;) in the B-diketiminate ring. The broad signal is
indicative of restricted rotation about the N—aryl bond and is in contrast to the sharp
singlet resonances observed for the protons in the ortho-methyl groups (o-CHs) in two
previously reported B-diketiminato heavy group 14 metal chlorides [(BDIpvp)MCI]
(BDItyvp = [HC{C(Me)N(2,4,6-MesCsHz)}2]; M = Ge or Sn).[* %81 However, the
broad signal for the ortho-methyl substituents (o-CHs) in the "H NMR spectrum of the
B-diketiminatomagnesium(Il) iodide [(BDItmp)MgI(THF)] is similar to that in
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compound 24.1°71 No explanation was provided for the broadness of the resonance in

the magnesium compound.

The restricted rotation about the N—aryl bond in [(BDIpmp)PbCI] (24) was investigated
by a variable-temperature (VT) 'H-NMR spectroscopic study (Figure 17). With
decreasing temperature, the ortho-methyl proton resonance (0-CHz) becomes broad and
it is resolved into two singlets at oy 2.66 and 1.96 ppm (Adn 296 Hz) at —80 °C. At 60
°C, sharpening of the signal at dy 2.28 ppm indicates the approach to the fast-exchange
limit. From the coalescence temperature (—10 °C), the barrier of N—C bond rotation is
estimated to be AG* = 49.9 kJ mol ' (Appendix 4, Page 341).'*® All the resonances
separate into two uneven doublets from —20 to —30 °C, but further investigation
indicates that this is due to an unresolved shimming problem of the NMR instrument,
currently under investigation by Dr. lain J. Day, the NMR specialist at the University of

Sussex. !>

Figure 17. 'H VT-NMR spectra (400 MHz, toluene-ds) of [(BDIpwp)PbCI] (24), where A and B
are signals from o0-CHj protons, C is toluene residue and D is toluene-ds

a I o
U _ A\

A B

48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14
ppm
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The y-C resonance is found at oJc 100.5, 1054 and 103.7 ppm for the B-
diketiminatolead(Il) chlorides 22, 23 and 24 respectively, i.e. downfield from signals in
the parent B-diketimines (d¢c 97.6, 97.1 and 93.6 for (BDIpy)H (19), (BDIpp)H (20) and
(BDIpmp)H (21), respectively). This suggests that the electrons in the NCCCN
framework are delocalised in the B-diketiminato ligand. A single lead resonance at Jpy,
1228, 1220 and 1388 ppm for 22, 23 and 24 respectively, is found in their **’Pb NMR
spectra. These resonances may be compared to that for [(BDIpwpp)PbCl] (2, dpp 1413
ppm)."%! Elemental analyses of these compounds are in good agreement with the

calculated values.

The poor solubility in common organic solvents and extreme air- and moisture-sensitive
of [(BDIpy)PbCI] (22) and [(BDIpp)PbCl] (23) made the isolation of single crystals for
X-ray crystallographic studies difficult. Although single crystals of compounds 22 and
23 could be obtained from concentrated dichloromethane solutions at —30 °C, none of
these crystals (despite being obtained from several different samples) gave well-defined
diffraction patterns. This may be due to immediate decomposition upon removal of
crystals from the mother liquor. However, single crystals of [(BDIpy)PbCl] (22) were
adventitiously obtained after 48 hours from a NMR tube fitted with a Young’s tap and
containing C¢Dg as solvent at room temperature. Single crystals of [(BDIpmp)PbCl] (24)

were obtained by recrystallisation from a concentrated solution in toluene at —30 °C.

ORTEP drawings of [(BDIp,)PbCI] (22) are shown in Figures 18 and 19. Selected bond
lengths and bond angles are given in Table 8; and selected crystallographic data in
Table 10. The geometry around the lead atom is pyramidal with the sum of bond angles
around the metal centre 261.0°. This is similar to that in other B-diketiminatolead(II)
halides; for example in [(BDIpwpp)PbCl] (2), the sum of bond angles around the metal
centre is 267.2°.1°! The Pb—Cl bond length is 2.8081(11) A, which is significantly
longer than the Pb—Cl bond lengths in [(BDIppp)PbCl] (2) (2.5653(7) A), Smith’s
[PbC1{C(SiMes),(SiMe,CsH4N-2)} ] (2.647(3) A) and Leung’s
[Pb{N(SiMe;)C(Ph)C(SiMes)(CsH4N-2)}C1] (2.599(3) A).[?> ¢ 191 The Jead atom in
[(BDIp,)PbCI] (22) is only 0.112 A from the mean NCCCN plane of the B-diketiminate
ring. In contrast, the lead atom in [(BDIppp)PbCI] (2) is 0.683 A from the mean
NCCCN plane of the p-diketiminate ring and in other tri-coordinated p-
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diketiminatolead(II) complexes, it is approximately 0.25-1.25 A% 19 14 Tphe
electrons of the N-aryl substituents are not delocalised into the NCCCN ring in the -
diketiminato ligand, as shown by the dihedral angles (C(7)—C(6)—N(1)—Pb = —56.2(5)°
and C(17)—C(12)-N(2)-Pb = —49.6(5)°). The solid state structure of compound 22
comprises of a ‘polymeric-chain’ (Figure 19). The Pb—Cl' bond length (2.9928 (11) A)
is longer than the Pb—Cl bond length (2.8081(11) A) within a monomeric unit. The
CI-Pb—CI' and Pb—CI-Pb' bond angles are 167.42(2) A and 120.00(4) A, respectively.

Figure 18. ORTEP diagram of [(BDIp,)PbCI] (22). H atoms are omitted and C atoms in the B-
diketiminate ring are minimised for clarity. The ellipsoid probability is shown at 30%

Cl1

C6

c7

Cl

Figure 19. ORTEP diagram showing the polymeric chain of [(BDIpy)PbCI] (22). H atoms are
omitted and C atoms in the B-diketiminate ring are minimised for clarity. The
ellipsoid probability is shown at 30%




77

Table 8. Selected bond lengths (A) and angles (deg) for [(BDIpn)PbCI] (22)

Bond lengths (A)

Pb-N(1) 2.279(3) Pb-ClI(i)' 2.9928(11)
Pb-N(2) 2.285(4) N(1)-C(1) 1.328(5)
N(1)-C(6) 1.425(5) N(2)-C(3) 1.332(5)
N(2)-C(12) 1.419(5) C(1)-C(2) 1.399(6)
Pb-Cl 2.8081(11) C(2)-C(3) 1.402(6)
Pb—NCCCNjjane 0.112

Bond angles (deg)

N(1)-Pb-ClI 90.52(9) N(2)-Pb-ClI(i)' 83.40(9)
N(2)-Pb-Cl 85.78(9) Cl-Pb-CI(i)? 167.42(2)
N(1)-Pb-N(2) 84.68(12) N(1)-C(1)-C(2) 125.1(4)
Pb-CI-Pb(ii)" 120.00(4) N(2)-C(3)-C(2) 124.1(4)
N(1)-Pb-CI(i)' 82.10(9) C(1)-C(2)-C(3) 132.7(4)
> bond angle around Pb  261.0 NCCCNpiane—NPbNpiane 3.8
DOP (%) @ 110

Dihedral angles (deg)

C(7)-C(6)-N(1)-Pb -56.2(5) C(17)-C(12)-N(2)-Pb  —-49.6(5)

2 Degree of pyramidalisation (DOP, %) = [(360 — Zyond anges) / 0.9] '™ When a DOP is 100%, it is equivalent to a
sum of bond angles of 270°, whereas a DOP of 0% indicates a planar geometry at the central atom; Symmetry
transformation used to generate equivalent atoms: (i) —x + 1/2, y = 1/2, —z + 1/2; (i) -x + 1/2, y + 1/2, =z + 1/2

ORTEP drawings of [(BDIpmp)PbCl] (24) are shown in Figures 20 and 21. Selected
bond lengths and angles are given in Table 9, and selected crystallographic data in
Table 10. The ligands are coordinated in a pyramidal geometry around the lead atom
with the sum of bond angles 272.3°. The metal centre is 0.110 A from the mean plane of
NCCCN in the B-diketiminate ring. The electrons of the N-aryl substituents are not
delocalised on to the NCCCN ring in the B-diketiminato ligand as shown by the dihedral
angles (C(11)—C(6)-N(1)-Pb = 78.3(4)°, C(19)—C(14)-N(2)-Pb = —83.3(4)°). The
Pb—Cl bond distance (2.5757(11) A) is similar to that in [(BDIppp)PbCl] (2) (2.5653(7)
A The structure in the solid state is dimeric; the lead atom in any one molecule
interacts with an aryl group from a neighbouring unit, with the Pb---aryleenye distance
3.486 A (dotted lines in Figure 21). The reported distances for #°-interaction between
divalent lead and arene rings fall in the range of 2.85-3.83A.1'°"'%) Although a
relatively close interaction has been observed in [(776-1,2-Me2C6H4)Pb(AlCl4)2]
(Pb---(°-aryl) = 2.858 A), longer range interactions (Pb---arylenre = 3.06-3.83 A) are
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more common and generally only observed in the solid state.!'*''® The weaker
Pb---arylcentre interaction in the lead(IT) chloride 24 may be attributed to crowding from
the B-diketiminato ligand.

Figure 20. ORTEP diagram showing the monomeric structure of [(BDIpyp)PbCI] (24). H atoms
are omitted and C atoms in the B-diketiminate ring are minimised for clarity. The
ellipsoid probability is shown at 30%

Cl

Figure 21. ORTEP diagram showing the dimer unit of [(BDIpwe)PbCI] (24). H atoms are omitted
and C atoms in the N-aryl groups in the B-diketiminate ring are minimised for clarity.
The ellipsoid probability is shown at 30%
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Table 9. Selected bond lengths (A) and angles (deg) for [(BDIpwp)PbCI] (24)

Bond lengths (A)

Pb-N(1) 2.288(3) N(1)-C(1) 1.325(5)
Pb-N(2) 2.306(3) N(2)-C(3) 1.334(5)
Pb—Cl 2.5757(11) C(1)-C(2) 1.408(6)
N(1)-C(6) 1.439(5) C(2)-C(3) 1.397(6)
N(2)-C(14) 1.429(5)

Pb—NCCCNgjane 0.110 Pb—-Aryleentre 3.486
Bond angles (deg)

N(1)-Pb—ClI 93.49(8) N(1)-C(1)-C(2) 124.7(4)
N(2)-Pb—ClI 96.29(9) N(2)-C(3)-C(2) 124.7(4)
N(1)-Pb-N(2) 82.56(12) C(1)-C(2)-C(3) 130.8(4)
> bond angle around Pb ~ 272.3 NCCCNpiane—NPbNpjane 3.4
DOP (%) @ 97.4

Dihedral angles (deg)
C(11)-C(6)-N(1)-Pb 78.3(4) C(19)-C(14)-N(2)-Pb -83.3(4)

2 Degree of pyramidalisation (DOP, %) = [(360 — Zyona angie) / 0.9] '™ When a DOP is 100%, it is equivalent to a
sum of bond angles of 270°, whereas a DOP of 0% indicates a planar geometry at the central atom
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Table 10. Selected crystallographic data for [(BDIp,)PbCI] (22) and [(BDIpwp)PbCI] (24)

[(BDlpn)PbCI] (22)

[(BDIpmp)PbCI] (24)

chemical formula
molecular mass

C17H17CIN,Pb, 0.5(C-Hs)
538.03

1188.28

temperature (K) 173(2) 173(2)
wavelength (A) 0.71073 0.71073
crystal system monoclinic triclinic
space group C 2/c (No. 15) P1 (No. 2)
a (A) 23.4501(5) 8.3126(3)
b (A) 10.0070(2) 12.5001(4)
c(A) 16.7676(4) 12.9418(4)
a (deg) 90 112.537(2)
B (deg) 106.434(1) 94.850(2)
y (deg) 90 104.513(1)
V(A% 3774.02(14) 1177.65(7)
Z 8 1

Peaicd (Mg m™) 1.89 1.68

6 range (deg) 3.40-27.10 3.40-26.76
abs coeff (mm™) 9.09 7.289
measd/indep reflns/R(int) 29 205/4164/0.061 15 979/4989/0.056
reflns with /> 20(/) 3591 4563
data/restraints/param 4164/0/206 4989/0/239
goodness of fit on F* 1.009 1.038

final R indices [/ > 20(/)]
R indices (all data)

R1=0.027, wR2 = 0.056
A1 =0.037, wR2 = 0.059

A1 =0.027, wR2 = 0.060
A1 =0.032, wR2 = 0.062

largest diff peak and hole (e A®)  1.95 and -0.94 1.77 and -1.03

3.2.3 Reactions of the B-diketiminatolead(ll) chlorides 22—-24

Initially, we attempted to synthesise a series of B-diketiminatolead(Il) alkoxides
containing a range of substituents in the B-diketiminato ring. However, treatment of
[(BDIpp)PbCl1] (22) or [(BDIwpp)PbCl] (23) with potassium fert-butoxide at room
temperature did not give the corresponding lead(Il) fert-butoxides. Instead, the bis[f-
diketiminato]lead(Il) complexes [(BDIpp),Pb] (25) and [(BDIipp),Pb] (26), together with

an unidentified white precipitate, were obtained (equation 55).
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N,Ar Ar P AT
MOR
H%C:Nle tol g SN NG
\ oluene H y \ H
Ar 25°C, 24 h Al A (Eq. 55)
M =KorNa
22, Ar = (CGH5) R = tBU, iPr or C(CHg),CHCH, 25, Ar= (CGHS)’ 48%
23, Ar = (4-'PrCgHy,) 26, Ar = (4-'PrCgHy,), 71%

In a '"H NMR study of the reaction between [(BDIpy)PbCl] (22) and potassium tert-
butoxide, a singlet at oy 1.39 ppm was observed. This resonance was not observed in
the isolated bis[B-diketiminato]lead(Il) complex 25. It can be tentatively assigned to
[Pb(u-Cl)(O'Bu)],, but we were unable to verify this by isolating a pure sample.
Although the compound is not known, Buhro’s [Pb3(u-O'Bu)s] shows a single
resonance at oy 1.43 ppm, which may be compared to that in our product.!"*"! Bis[B-
diketiminato]lead(Il) complexes 25 and 26 are formed as described in equation 55, with
potassium tert-butoxide, potassium isopropoxide or sodium 2-methyl-3-buten-2-oxide.
However, treatment of [(BDIpy)PbCl] (22) with potassium methoxide did not give the
bis[p-diketiminato]lead(II) complex 25, instead a white precipitate and pB-diketimine 19

were obtained.

[(BDIpp),Pb] (25) is also accessible via treatment of lead dichloride with two
equivalents of lithium B-diketiminate [(BDIpy)Li] (27) at room temperature (equation
56). The 'H and C{'H} NMR spectra of the product were identical to those of the
product from equation 55. This finding contrasts with those from previous attempts to
synthesise [(BDIpwpp),Pb] by treatment of lead dichloride with two equivalents of
[(BDIppp)Li].l% This suggests that substituents at the ortho-position of the N-aryl
fragments cause congestion between neighbouring B-diketiminato ligands and prevent

the formation of [(BDIppp),Pb].

Ph
[ Ph b_ Ph
toluene

N NN
\. N N

o H—(( Li +PbCp, —ZFEE /\
, 25 °C, 24 h (N N Eq. 56
N H%’J W“H (Eq. 56)
Ph Ph Ph

27 25, 81%
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The bis[p-diketiminato]lead(Il) complexes 25 and 26 are soluble in common aprotic
organic solvents. They are stable in the solid state and can be stored in an inert
environment at —30 °C for several weeks without decomposition. Both complexes were
characterised by multinuclear NMR spectroscopy, elemental analyses and X-ray
crystallography. The 'H NMR spectrum of [(BDIpy),Pb] (25) shows resonances at Jy
4.85 and 1.85 ppm for the y-H and B-Me protons in the B-diketiminato ligand. The
BC{'H} NMR spectrum shows resonances at c 162.2 and 100.7 ppm for the p-Me and
v-C carbon atoms, respectively. These results show that the two B-diketiminato ligands
are equivalent in solution. Similar observations can be found in Lappert’s
[(""BDIrms)2Pb] (*"BDItys = [HC{C(CsHs)N(SiMes)}2]), as well as in other bis(p-
diketiminato) transition metal complexes, such as Schulz’s [(BDIrmp)2Zn] (BDIryp =
[HC{C(Me)N(2,4,6-Me;CsHy)}2]") and Song’s [(BDIpy),Pd].'*'%! The resonance at
Spy 454 ppm in the *’Pb NMR spectrum of [(BDIpy),Pb] (25) is considerably upfield
from that in the lead(II) chloride [(BDIpy)PbCl] (22, dp, 1228 ppm).

Similarly, the "H NMR spectrum of [(BDIipp),Pb] (26) shows signals at dy 4.90 and
1.92 ppm, for the y-H and B-Me protons respectively, in the B-diketiminato ligand. The
BC{'H} NMR spectrum shows resonances at dc 162.2 and 103.4 ppm for p-Me and y-C
carbon atoms, respectively. These resonances may be compared to those found in the
NMR spectra of [(BDIpn).Pb] (25). The isopropyl groups at the para-position of the N-
substituted aryl fragments in compound 26 give a septet at oy 2.76 ppm and a doublet at
ou 1.19 ppm assigned to the tertiary (CHMe,) and methyl (CHMe,) isopropyl protons,
respectively. This finding is similar to that in Roesky’s bis[B-diketiminato]zinc(Il)
complex [(BDImop)2Zn] (BDIyop = [HC{C(Me)N(4-(MeO)CeHa)}2] ), which shows the
para-methoxy substituents of the N-substituted aryl fragments are chemically

[167) Signals at dc 34.4 and 24.9 ppm are observed for the tertiary (CHMe;)

equivalent.
and methyl (CHMe,) isopropyl carbons in the *C{'H} NMR spectrum of [(BDIipp)2Pb]
(26). The lead resonance at dp, 476 ppm is obtained from the **’Pb NMR spectrum; the

shift is similar to that from [(BDIp),Pb] (25, dpy, 454 ppm).

Single crystals of [(BDIpy),Pb] (25) were obtained by recrystallisation from toluene at
=30 °C. ORTEP drawings of [(BDIpy),Pb] (25) are shown in Figures 22 and 23.
Selected bond lengths and angles are given in Table 11, and selected crystallographic
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data in Table 13. The ligands are arranged in a distorted disphenoidal geometry around
the metal centre.!"*”! Both Pb—N(1) (2.482(3) A) and Pb—N(4) (2.466(3) A) are longer
than Pb—N(2) (2.363(3) A) and Pb—N(3) (2.338(3) A). In addition, the N(1)-Pb—N(4)
bond angle (151.05(11)°) is significantly wider than the N(2)—Pb—N(3) bond angle
(89.87(11)°). The coordination is similar to that in Lappert’s [(PhBDITMs)sz] (PhBDITMS
= [HC{C(CsHs)N(SiMes)},] ), in which there are two different Pb—N bond lengths (ca.
2.609 and 2.313 A) and N-Pb—N bond angles of 166.20(10)° and 93.87(10)°.!"*"]
Density functional theory calculations on four-coordinate gas-phase lead(Il) complexes
performed by Glusker et al. suggest that the longer Pb—N bonds (avg. 2.620 A)
associated with wider N-Pb—N angles (avg. 156.8°) have more s-character than the
shorter Pb—N bonds (avg. 2.446 A) with smaller N-Pb—N angles (avg. 91.6°).°! In
[(BDIpp)2Pb] (25), one of the ligands does not lie directly below the other one (Figure
23). This asymmetry is shown in differences in Pb—N bond lengths and N—Pb—N bond
angles. In addition, there may be weak C—H--'m interactions between the ortho-
hydrogen of the N-substituted aryl group and the aryl ring from the other ligand (dotted
lines in Figure 22)!'"®" Two C-H--m interactions, with distances of
C(11)—H(1)---aryleenyre = 2.632 A and C(34)-H(34):--aryleentre = 2.647 A, are within the
range reported for C—H---m distances (< 2.90 A), for example in Harder’s
[(BDIppp),Ca] (avg. C—H--aryleenre = 2.696 A) and [(BDIppp),Sr] (avg.
C—H:--aryleentre = 2.761 A).[m] Furthermore, the lead atom is weakly solvated with a
toluene molecule which coordinates in #°-fashion with the metal centre
(Pb---toluenecenre = 3.616 A) in [(BDIpy),Pb] (25). This is slightly longer than that
observed in [(BDIpyp)PbCl] (24) (3.486 A), but within the range of other reported
Pb- - -aryleenye interactions (3.06—3.83 A).['¢!- 1631
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Figure 22. ORTEP diagram of [(BDIp)-Pb] (25). H atoms are omitted and C atoms in the B-
diketiminate ring are minimised for clarity. The ellipsoid probability is shown at 30%.
C—H--rtand Pb---toluenecenye interactions are shown by dotted lines

Figure 23. ORTEP diagram showing the side-on view of [(BDlp,)2Pb] (25). H atoms, CH---1t
interactions and the solvated toluene fragment are omitted, C atoms in the N-aryl
groups in the B-diketiminate ring are minimised for clarity. The ellipsoid probability is
shown at 30%
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Table 11. Selected bond lengths (A) and angles (deg) for [(BDIpp)oPb] (25)

Bond lengths (A)

Pb-N(1) 2.482(3) Pb-N(3) 2.338(3)
Pb-N(2) 2.363(3) Pb-N(4) 2.466(3)
C(11)-H(11)---aryleentre 2.632 Pb—-Aryliiuene 3.616

C(34)-H(34)*-arylcentre 2.647

Bond angles (deg)

N(1)-Pb-N(2) 73.44(10) N(1)-Pb-N(4) 151.05(11)
N(3)-Pb-N(4) 75.40(10) N(2)-Pb-N(3) 89.87(11)
N(1)-Pb-N(3) 85.01(10) N(2)-Pb-N(4) 85.22(10)

Dihedral angles (deg)
C(11)-C(8)-N(1)-Pb 64.9(5) C(28)-C(23)-N(3)-Pb 72.1(4)
C(17)-C(12)-N(2)-Pb 71.7(4) C(34)-C(29)-N(4)-Pb 64.0(4)

ORTEP drawings of [(BDIpp),Pb] (26) are shown in Figures 24 and 25. Selected bond
lengths and angles are given in Table 12, and selected crystallographic data in Table 13.
The bis[p-diketiminato]lead(I) complexes 25 and 26 share some common structural
features. The ligands are coordinated in a distorted disphenoidal geometry around the
metal centre.!'*”! Likewise, the two mean NCCCN planes of the p-diketiminato ligands
are not parallel (Figure 25). Two different sets of bond lengths are found. Pb—N(2)
(2.446(4) A) and Pb—N(3) (2.456(5) A) are longer than both Pb—N(1) (2.333(4) A) and
Pb—N(4) (2.348(4) A). N(2)-Pb—N(3) (155.86(12)°) is significantly wider than
N(1)-Pb—N(4) (90.33(13)°). Two C—H--‘m interactions, C(16)—H(16)--aryleenye (2.553
A) and C(34)-H(34) - -aryleente (2.790 A) are found (dotted lines in Figure 24). These
distances are similar to the C—H:---m interactions found in [(BDIpn),Pb] (25) (avg.
C—H--aryleenre = 2.640 A). There is no solvated toluene in [(BDI;pp),Pb] (26), possibly
because the isopropyl groups at the para-position in the N-substituted aryl groups

hinder access to the metal atom.
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Figure 24. ORTEP diagram of [(BDIpp)2Pb] (26). H atoms and C atoms in the (-diketiminate
ring are minimised for clarity. The ellipsoid probability is shown at 30%. C-H---1t
interactions are shown as dotted lines

Figure 25. ORTEP diagram showing the side-on view of [(BDlpp).Pb] (26). H atoms and
C-H---mtinteractions are omitted, C atoms in the N-aryl groups in the B-diketiminate
ring are minimised for clarity. The ellipsoid probability is shown at 30%
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Bond lengths (A)

Pb-N(1) 2.333(4) Pb-N(3) 2.456(5)
Pb-N(2) 2.446(4) Pb-N(4) 2.348(4)
C(16)—-H(16)*-arylcentre 2.553 C(34)-H(34)*-arylcentre 2.790
Bond angles (deg)

N(1)-Pb-N(2) 75.10(13) N(1)-Pb-N(4) 90.33(13)
N(3)-Pb-N(4) 76.71(13) N(1)-Pb-N(3) 87.03(13)
N(2)-Pb-N(3) 155.86(12) N(2)-Pb-N(4) 87.13(13)
Dihedral angles (deg)

C(7)-C(6)-N(1)-Pb 94.6(5) C(34)-C(29)-N(3)-Pb -51.9(5)
C(20)-C(15)-N(2)-Pb 83.2(5) C(39)-C(38)-N(4)-Pb -74.7(5)

Table 13. Selected crystallographic data for [(BDIpnh)2Pb] (25) and [(BDIpp).Pb] (26)

[(BDlpr)2Pb] (25)

[(BDlpp)2Pb] (26)

chemical formula Ca4H3zsN4PDb, C;Hg CaeHssN4PD
molecular mass 798.01 874.15
temperature (K) 173(2) 173(2)
wavelength (A) 0.71073 0.71073
crystal system triclinic triclinic
space group P1 (No. 2) P1 (No. 2)
a (A) 10.3923(2) 10.9335(3)
b (A) 11.5345(4) 12.1290(2)
c(A) 17.0319(5) 16.9989(4)
a (deg) 104.310(1) 85.690(2)
B (deg) 96.037(2) 73.900(1)
y (deg) 113.289(2) 74.641(1)
Vv (R 1769.24(9) 2088.50(8)
V4 2 2

Peaicd (Mg m™) 1.50 1.39

6 range (deg) 3.49-27.09 3.42-26.72
abs coeff (mm™) 4.80 4.07
measd/indep reflns/R(int) 31 069/7797/0.0548 30 694/8825/0.051
reflns with /> 20(/) 7106 8166
data/restraints/param 7797/0/420 8825/0/464
goodness of fit on F* 0.837 1.210

final R indices [/ > 20(/)]
Rindices (all data)

largest diff peak and hole (e A™)

R1 =0.029, wR2 = 0.069
R1 =0.037, wR2 = 0.073
0.91 and -1.44

A1 =0.034, wR2 = 0.079
A1 =0.039, wR2 = 0.080
1.12 and -1.49
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Treatment of [(BDIpwmp)PbCI] (24) with potassium tert-butoxide at room temperature
gives the p-diketiminatolead(Il) alkoxide [(BDIpyp)PbO'Bu] (28) in good yield
(equation 57). There is no evidence for the formation of the bis[B-diketiminato]lead(II)

complex [(BDIpmp).Pb].

Ar 7’-\r
N N
H C .\ + KOBu toluene > H{Nlpb
I}I~F|>b 25°C, 24 h A (Eq. 57)
Ar ¢ Ar = (2,6-Me,CgHs) 0
24 28, 72%

The B-diketiminatolead(Il) tert-butoxide 28 is soluble in common aprotic organic
solvents, such as toluene and n-hexane. It has a characteristic singlet at oy 1.05 ppm in
the "H NMR spectrum, assigned to the protons in the terminal rerz-butoxide ligand. The
chemical shift is similar to that found in [(BDIppp)PbO'Bu] (4, 5y 0.88ppm).I""*! Two
singlets of equal intensity at dy 2.67 and 2.16 ppm in the 'H NMR spectrum, and at d¢
20.5 and 19.2 ppm in the C{'H} NMR spectrum, are assigned to the methyl groups at
the ortho-position of the N-substituted aryl fragment. This suggests that the barrier of
rotation about the N—aryl bond is higher than that observed in [(BDIpmp)PbCl] (24). The
*7Ph NMR spectrum of the B-diketiminatolead(II) fert-butoxide 28 shows a single
resonance at dpp, 1513 ppm, in the range found in other -diketiminatolead(II) alkoxides

(dpp ~ 1500-1700 ppm)_[ll4, 117]

Single crystals of [(BDIpyp)PbO'Bu] (28) were obtained by recrystallisation from
toluene at —30 °C. ORTEP drawings of 28 are shown in Figures 26 and 27. Selected
bond lengths and angles are given in Table 14, and selected crystallographic data in
Table 15. The ligands are coordinated in a pyramidal geometry around the lead atom
with the sum of bond angles 267.4°. However, the lead atom lies close to the mean
NCCCN plane of the B-diketiminate ring (Pb=NCCCNppne = 0.001 A). This contrasts
with the previously reported [(BDIppp)PbO'Pr] (3, Pb—NCCCNpjane = 0.907 A) and
[(BDIppp)PbO'Bu] (4, Pb-NCCCNyjae = 1.021 A), which may reflect relief of

[114

crowding from the N-substituted aryl fragments."'¥ This provides additional space to

accommodate the lead atom in the NCCCN fragment of the B-diketiminato ligand. The
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Pb—O bond distance (2.154(3) A) is similar to that in [(BDIppp)PbO'Bu] (4, Pb—O =
2.126(3) A).l'4

Figure 26. ORTEP diagram of [(BDIpwp)PbO'BU] (28). H atoms are omitted and C atoms in the
B-diketiminate ring are minimised for clarity. The ellipsoid probability is shown at
30%

Figure 27. ORTEP diagram showing the side-on view of [(BDIDMP)PbO’Bu] (28). H atoms are
omitted and C atoms in the N-aryl groups in the B-diketiminate ring are minimised
for clarity. The ellipsoid probability is shown at 30%
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Table 14. Selected bond lengths (A) and angles (deg) for [(BDlpwe)PbO'BU] (28)

Bond lengths (A)

Pb-N(1) 2.311(3) N(2)-C(14) 1.429(5)
Pb-N(2) 2.322(3) N(1)-C(1) 1.329(5)
Pb-O 2.154(3) N(2)-C(3) 1.323(5)
0-C(22) 1.426(5) C(1)-C(2) 1.396(6)
N(1)-C(6) 1.441(5) C(2)-C(3) 1.404(6)
Pb—NCCCNyjane 0.001

Bond angles (deg)

N(1)-Pb-N(2) 81.32(11) N(1)-C(1)-C(2) 124.5(4)
N(1)-Pb-O 94.17(11) N(2)-C(3)-C(2) 124.9(4)
N(2)-Pb-O 91.92(11) C(1)-C(2)-C(3) 131.0(4)
Pb-0-C(22) 121.2(2)

> bond angle around Pb  267.4 NCCCNpiane—NPbNpjane 0.3
DOP (%) ° 103

Dihedral angles (deg)
C(11)-C(6)-N(1)-Pb 84.7(5) C(19)-C(14)-N(2)-Pb -80.7(4)

2 Degree of pyramidalisation (DOP, %) = [(360 — Spond angie) / 0.9] "™ When a DOP is 100%, it is equivalent to a
sum of bond angles of 270°, whereas a DOP of 0% indicates a planar geometry at the central atom
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Table 15. Selected crystallographic data for [(BDIpwe)PbO'BU] (28)

[(BDIpwe)PbO'BuU] (28)

chemical formula Cos5H34N-OPb
molecular mass 585.73

temperature (K) 173(2)

wavelength (A) 0.71073

crystal system triclinic

space group Pi (No. 2)

a (A) 12.0429(4)

b (A) 12.2155(4)

c(R) 18.6440(5)

a (deg) 70.951(2)

B (deg) 73.482(2)

y (deg) 88.626(1)

Vv (A% 2478.36(13)

V4 4

Poaicd (Mg m™°) 1.57

6 range (deg) 3.44-26.76

abs coeff (mm™) 6.824

measd/indep reflns/R(int) 30 981/10 379/0.057
reflns with /> 20(/) 8521
data/restraints/param 10 379/0/535
goodness of fit on F* 1.000

final Rindices [/ > 20(/)] R1 =0.030, wR2 = 0.067
R indices (all data) R1=0.042, wR2 = 0.072
largest diff peak and hole (e A™) 0.73 and -1.62

Treatment of [(BDIpwmp)PbCI] (24) with silver trifluoromethanesulfonate (AgOTY) in
toluene at room temperature gives the p-diketiminatolead(Il) triflate [(BDIpmp)PbOTT]
(29) in 61% yield (equation 58).

f\r
Ar
] N
N Q Hﬁ%_ D
H—C (N, + AgO-S-CF, loluene __,, \=Pb
\~Pb N 25 °C, 24 h A o (Eq. 58)
Ar Cl Ar = (2,6'M92C6H3) \/S\\O
FsC

24 29, 61%
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The 'H NMR spectrum of the lead(II) triflate 29 in CDCl; shows singlets at 5y 5.14 and
2.26 ppm respectively for the y-H and the ortho-methyl protons (o-CHs) in the N-
substituted aryl groups. This indicates that the methyl fragments are chemically
equivalent and the rotation about the N—aryl bond is not restricted. A single resonance
at dc 124.5 ppm (CDCIl;) assigned to the carbon in the CF; group is found in the
BC{'H} NMR spectrum. This shifft may be compared to that in Driess’
[(BDIppp)GeOTS] (CF3: dc 120.9 ppm in C¢Dg).!'" ** A single resonance at d¢ —78.0
ppm (CDCl) is found in the 'F NMR spectrum of compound 29, which may be
compared to that in Roesky’s [(BDIppp)PbOTS] (CF3: 5 —76.5 ppm in CsDs).”" The
297ph NMR spectrum of 29 shows a single resonance at dpy, 1154 ppm (CDCl3).

Single crystals of [(BDIpmp)PbOTH] (29) were obtained by recrystallisation from THF
at —30 °C. ORTEP drawings of 29 are shown in Figures 28 and 29. Selected bond
lengths and angles are given in Table 16, and selected crystallographic data in Table 17.
The ligands are coordinated in a pyramidal geometry around the lead atom with the sum
of bond angles 262.7°. The lattice of 29 comprises a polymeric chain with a triflate
fragment bridging between the monomeric units (Figure 29). The Pb—O(2)' bond
distance (2.733(3) A) and the O(1)-Pb—O(2)' bond angle (165.50(9)°) are similar to
those in Roesky’s [(BDIppp)PbOTH], in which the average Pb—O' bond distance is 2.624
A and the average O—Pb—0' bond angle 168.2°.7% In the monomeric unit of compound
29, the Pb—O(1) bond length (2.593(3) A) is significantly longer than the Pb—O bond
distance found in [(BDIppp)PbOC(CH;),CHCH,] (8, Pb—O = 2.150(2) A) and
[(BDIpymp)PbO'Bu] (28, Pb—O = 2.154(3) A). This is consistent with the view that the
lead(IT) triflates are more ionic than the lead(Il) alkoxides, i.e. the triflate is a better

leaving group.!™”!
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Figure 28. ORTEP diagram of the monomeric unit of [(BDIpyp)PbOTf] (29). H atoms are omitted
and C atoms in the B-diketiminate ring are minimised for clarity. The ellipsoid
probability is shown at 30%

D

Figure 29. ORTEP diagram showing the polymeric chain of [(BDIpup)PbOTf] (29). H atoms are
omitted and C atoms in the N-aryl groups in the B-diketiminate ring are minimised for
clarity. The ellipsoid probability is shown at 30%




94

Table 16. Selected bond lengths (A) and angles (deg) for [(BDIpwp)PbOTH] (29)

Bond lengths (A)

Pb-N(1) 2.266(3) C(22)-F(1) 1.337(5)
Pb-N(2) 2.282(3) C(22)-F(2) 1.313(5)
Pb-0O(1) 2.593(3) C(22)-F(3) 1.319(4)
Pb-0O(2i)' 2.733(3) N(1)-C(1) 1.335(4)
S(1)-0(1) 1.458(3) N(2)-C(3) 1.330(4)
S(1)-0(2) 1.432(3) C(1)-C(2) 1.397(5)
S(1)-0(3) 1.430(3) C(2)-C(3) 1.403(5)
Pb—NCCCNyjane 0.606

Bond angles (deg)

N(1)-Pb-N(2) 82.88(10) 0O(1)-S(1)-0(3) 113.94(18)
N(1)-Pb-0(1) 91.94(10) 0(1)-S(1)-C(22) 102.88(18)
N(2)-Pb-0(1) 87.90(9) S(1)-C(22)-F(1) 110.8(3)
N(1)-Pb-0(2i)' 91.86(10) F(1)-C(22)-F(2) 108.5(4)
N(2)-Pb-0(2i)' 106.45(10) N(1)-C(1)-C(2) 124.9(3)
O(1)-Pb-0(2i)' 165.50(9) N(2)-C(3)-C(2) 125.2(3)
Pb-0O(1)-S(1) 118.10(15) C(1)-C(2)-C(3) 129.3(3)
0O(1)-S(1)-0(2i) 114.25(18)

> bond angle around Pb  262.7 NCCCNpiane—NPbNpjane 20.4
DOP of Pb (%) @ 108

Dihedral angles (deg)
C(11)-C(6)-N(1)-Pb 99.3(4) C(19)-C(14)-N(2)-Pb -86.9(4)

& Degree of pyramidalisation (DOP, %) = [(360 = Zoong ange) / 0.9] ' When a DOP is 100%, it is equivalent to a
sum of bond angles of 270°, whereas a DOP of 0% indicates a planar geometry at the central atom; Symmetry
transformations used to generate equivalent atoms: (i) -x+ 1, y+ 1/2, -z + 1/2
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Table 17. Selected crystallographic data for [(BDIpwp)PbOTH] (29)

[(BDlpmp)PbOTH] (29)

chemical formula CooHasF3N2OsPbS
molecular mass 661.69
temperature (K) 173(2)

wavelength (A) 0.71073

crystal system monoclinic

space group P24/c (No. 14)

a (A) 11.4124(2)

b (A) 11.5990(3)

c(R) 20.5159(6)

a (deg) 90

B (deg) 117.144(2)

y (deg) 90

Vv (R 2416.63(10)

Z 4

Peaica (Mg m™) 1.82

6 range (deg) 3.49-26.72

abs coeff (mm™) 7.116
measd/indep reflns/R(int) 25 271/5100/0.056
reflns with /> 20(/) 4472
data/restraints/param 5100/0/295
goodness of fit on F° 1.046

final R indices [/ > 20(/)] R1 =0.028, wR2 = 0.053
R indices (all data) R1 =0.031, wR2 = 0.055
largest diff peak and hole (e A™%) 0.54 and -1.05

3.2.4 Reactions of the bis[B-diketiminato]lead(ll) complexes 25 and 26

Further '"H NMR reactivity studies were performed on the bis[p-diketiminato]lead(II)
complexes 25 and 26. Our primary objective was to probe functionality of the lone pair
on the lead atom. Initially, we attempted to convert [(BDIpy),Pb] (25) to the
corresponding B-diketiminatolead(I) alkoxide by treatment with potassium tert-
butoxide. Although we seemingly obtained a mixture of intractable products in C¢De,
the work-up of the reaction by washing the isolated solid with cold pentane revealed
two major products. The absence of the imine resonance (dy 12.69 ppm) in the '"H NMR
spectrum suggested that neither of these components was the B-diketimine 19. One of

the components was identified as the bis[p-diketiminato]lead(Il) complex 25 with
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resonances at g 4.85 and 1.85 ppm assigned respectively to the y-H and B-Me protons
in the p-diketiminate ring, identical with those obtained previously. The 'H NMR
spectrum of the remaining product suggested the presence of the lead(Il) terz-butoxide
[(BDIpp)PbO'Bu] with resonances at oy 4.71, 1.78 and 1.34 ppm assigned respectively
to the y-H, p-Me and O'Bu protons, with proton integration ratio of 1:6:9. Unfortunately,
a pure sample could not be isolated despite several attempts, for example by washing
the residue with various organic solvents or by cooling the solution to —30 °C.
Furthermore, a mixture, including the starting bis[p-diketiminato]lead(Il) complex 25,
was observed even after a prolonged period of time. For example, a mixture of 25 and

the other product was found in a 1.3:1 ratio after 5 days at 40 °C.

Preliminary studies on the reaction of the bis[B-diketiminato]lead(Il) complexes with
electrophiles were investigated. When [(BDIpy),Pb] (25) was treated with methyl
trifluoromethanesulfonate, an intractable mixture was observed. Treatment of
[(BDIpp)2Pb] (26) with methyl iodide in C¢Ds gave an intractable mixture at room
temperature. However, single crystals were obtained adventitiously from the mixture at

room temperature.

An X-ray crystallographic study revealed that the product is [(BDIpp)PbI] (30) as
illustrated in Figures 30 and 31. Selected bond lengths and angles are given in Table 18,
and selected crystallographic data in Table 19. Ligands are coordinated in a pyramidal
geometry around the lead atom with the sum of bond angles 263.9°. The lead atom
deviates from the mean NCCCN plane of the B-diketiminate ring by a distance of 0.229
A, in contrast to [(BDIppp)PbI] (11, Pb-NCCCN,pane = 0.846 A).”! The difference can
be explained by the reduced crowding around the metal centre due to the absence of
ortho-substituents on the N-substituted aryl groups. The lead(Il) iodide 30 has a
polymeric structure, with Pb—I bonds comprising the polymeric chain. Each lead atom
is bound to two iodide atoms, with one Pb—I bond (3.1928(3) A) shorter than the other
Pb—I' bond (3.5079(4) A). Both Pb—I bond lengths are longer than those found in
[(BDIppp)PbI] (11, Pb—I =2.9531(5) A) and Filippou’s [{Pb(2,6-Trip,CsH3)I},] (Trip =
(2,4,6-Pr3CeH,), avg. Pb—T = 3.1132 A).1°* 'l Furthermore, the Pb—I bonds in 30 are
also longer than the sum of covalent radii of lead and iodine (2.58 A), indicating the

bonding has a strong electrostatic component.'*
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Figure 30. ORTEP diagram of [(BDlpp)Pbl] (30). H atoms are omitted and C atoms in the B-
diketiminate ring are minimised for clarity. The ellipsoid probability is shown at 30%

Ct1

) b

Figure 31. ORTEP diagram of [(BDIlpp)Pbl] (30) showing the polymeric chain. H atoms are
omitted and C atoms in the N-aryl group in the B-diketiminate ring are minimised for
clarity. The ellipsoid probability is shown at 30%
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Table 18. Selected bond lengths (A) and angles (deg) for [(BDIpp)Pbl] (30)

Bond lengths (A)

Pb-N(1) 2.284(3) Pb-I' 3.5079(4)
Pb-N(2) 2.275(3) N(1)-C(1) 1.324(5)
N(1)-C(6) 1.431(5) N(2)-C(3) 1.335(5)
N(2)-C(15) 1.437(5) C(1)-C(2) 1.404(6)
Pb-| 3.1928(3) C(2)-C(3) 1.411(5)
Pb-NCCCNane 0.229

Bond angles (deg)

N(1)-Pb-N(2) 83.11(11) N(2)-Pb-I' 97.49(8)
N(1)-Pb-I 92.28(8) N(1)-C(1)-C(2) 124.9(4)
N(2)-Pb-| 88.47(8) N(2)-C(3)-C(2) 124.0(4)
|-Pb-I' 167.809(9) C(1)-C(2)-C(3) 131.0(4)
N(1)-Pb-I' 98.97(9)

> bond angle around Pb ~ 263.9 NCCCNpiane—NPbNpjane 7.7
DOP (%) ° 107

Dihedral angles (deg)
C(7)-C(6)-N(1)-Pb 65.5(4) C(20)-C(15)-N(2)-Pb 73.4(4)

2 Degree of pyramidalisation (DOP, %) = [(360 — Spond angies)/0.9] "' When a DOP is 100%, it is equivalent to a
sum of bond angles of 270°, whereas a DOP of 0% indicates a planar geometry at the central atom; Symmetry
transformation used to generate equivalent atoms: (i) -x + 1/2, y + 1/2, -z + 1/2
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Table 19. Selected crystallographic data for [(BDIpp)Pbl] (30)

[(BDlpp)Pbl] (30)

chemical formula
molecular mass
temperature (K)
wavelength (A)
crystal system
space group

Peaicd (Mg m-s)

6 range (deg)

abs coeff (mm™)

measd/indep reflns/R(int)
data/restraints/param

goodness of fit on F*

final R indices [/ > 20(/)]
Rindices (all data)

largest diff peak and hole (e A™)

CasHogINoPb, CsDe
745.69

173(2)

0.71073
monoclinic

C2/c

28.2581(5)
9.9106(2)
20.1416(3)

90

90.889(1)

90

5640.07(17)

8

1.76

3.50-27.10

7.10

44 103/6196/0.074
6196/78/328

1.084

R1 =0.031, wR2 = 0.056
R1 =0.045, wR2 = 0.059
0.72 and -0.87
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3.3 Conclusions

We have synthesised some lead(II) complexes containing a series of B-diketiminato
ligands. X-ray crystallographic studies on [(BDIpy)PbCl] (22) and [(BDIpp)PbI] (30)
show both structures are polymeric, whereas a dimeric structure is found for
[(BDIpMmp)PbCI] (24) in the solid state. These results contrast with other f-diketiminato
heavy group 14 metal halides, such as Fulton’s [(BDIppp)PbX] (X = Cl, Br or I) and
Barrau’s [(BDIpy)MCI] (M = Ge or Sn), in which well-defined molecular species are
apparent,[6% 136¢-137]
Although previous work demonstrated that treatment of [(BDIppp)PbCI] (2) with
potassium alkoxides gave the corresponding B-diketiminatolead(Il) alkoxides, the
analogous reactions of [(BDIpy)PbCl] (22) or [(BDIpp)PbCl] (23) led to the formation
of homoleptic bis[p-diketiminato]lead(Il) complexes 25 and 26. These results are
consistent with those proposed by Itoh, who suggested that the steric influence of
substituents at the ortho-position of the N-substituted aryl group played an important
role in controlling the formation of monomeric or dimeric B-diketiminatocopper(Il)
complexes (equations 49—51, Page 69—70).!'*!

Preliminary studies on the reactions of the bis[B-diketiminato]lead(I) complexes 25 and
26 with aliphatic electrophiles are intriguing. At present, we do not have any evidence
to suggest that the lead atom is the primary reaction centre for these reactions, which
proceeded with substitution rather than oxidative addition. Further studies are ongoing
to understand the reactions of the bis[B-diketiminato]lead(Il) complexes 25 and 26 with

other organic substrates and the reaction mechanism involved.
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4. B-Diketiminato heavy group 14 metal phosphanides and their reactions

with elemental chalcogens

4.1 Introduction

4.1.1 Overview of metal phosphanido complexes

Several B-diketiminato heavy group 14 metal complexes with terminal ligands, such as

67, 70, 170

amides, alkyls and alkynes have been synthesised.! I In this chapter, we discuss

the synthesis and chemistry of B-diketiminato heavy group 14 metal phosphanides.

Over the years, applications of metal phosphanides have rapidly expanded in areas such

[171-175

as catalysis and nanotechnology. I Examples of B-diketiminatometal phosphanides

are however extremely rare and the chemistry of these compounds has been little
studied. To the best of our knowledge, only B-diketiminatocalcium and -gallium

phosphanides are described in the literature, besides derivatives of heavy group 14

102, 176-177

metals.! I Burford et al. reported the first B-diketiminatogallium phosphanide

761 Treatment of [(BDIppp)Ga] (exeiv) with pentaphenylphosphinophosphenium

cXCv.
triflate gave the gallium phosphanido complex excv in 69% yield (equation 59). An X-
ray crystallographic study revealed a pyramidal geometry around the phosphorus atom.

The *'P{'H} NMR spectrum showed a singlet at Jp —57 ppm.

/Ar /Ar Ph
N, PhPh GFs benzene N. P
_p.pt &= “Ga’ Ph
+ . _Q=— —_—
H~( JGa + [Ph=p-P=Ph | 0-5=0 | Z=eat=H—<( 0 cF  (Eq.59)
N Ph N S "
N - PPhg \ S
Ar . Ar 00
Ar = 2,6-’Pr C H
cxciv ( 2Coft) cXxcv, 69%

Linti et al. reported a similar B-diketiminatogallium phosphanide exevi.!'®! Oxidative
addition of diphenylphosphine to the Ga(I) compound [(BDIppp)Ga] (cxciv) gave the
gallium phosphanide excvi in moderate yield (equation 60). An X-ray crystallographic
study showed that the ligands were coordinated in a pyramidal geometry around the

phosphorus atom. A singlet at 5p —61 ppm was found in the *'P{'"H} NMR spectrum.



102

Ar A Ph
/

H C N"""Ga + HPPh toluene C
v 2 _781025°C / (Eq. 60)

N 18 h '
\
Ar Ar = (2,6-Pr,CeHa) A
cXCiv cxcvi, 67%

Hill and co-workers synthesised the B-diketiminatocalcium(II) phosphanide cxeviii via
ligand  exchange  between [(BDIppp)CaN(SiMes)(THF)] (cxcevii) and
diphenylphosphine in benzene (equation 61).!'""! The calcium(II) phosphanide cxeviii
decomposed in solution and was thermally sensitive. The solid state structure of excviii
was found to be similar to those of the gallium phosphanides exev and cxevi, with a
pyramidal geometry around the phosphorus atom. A singlet at dp —21.3 ppm was found
in the *'P{'H} NMR spectrum.

/Ar sn\/le3 A Ph
C SlMe3 + HPPh, M, (
’ N rHE / (Eq. 61)
— HN(S|M63)2 A
Ar = (2,6 Pr2C6H3)
cxcvii cxcviii, 51%

A number of derivatives containing related ligand systems have been reported. Van
Koten et al. synthesised the monomeric platinum phosphanido complex cci containing a
tridentate aryldiaminato ligand [CcH3(CH2NMe;),-2,6], abbreviated as NCN (Scheme
44)"81 The ionic platinum complex cc was synthesised by reaction between
diphenylphosphine and complex cxcix. The geometry around the phosphorus atom in
the diphenylphosphine fragment of complex ce¢ was tetrahedral. The *'P{'H} NMR
spectrum showed a singlet at dp 5.2 ppm with platinum satellites ('Jpp; = 2028 Hz).
Treatment of complex cc with n-BuLi at —40 °C gave the highly air sensitive platinum
phosphanido complex cci (Scheme 44). The phosphorus was pyramidally coordinated in
the phosphanido complex cci. The *'P{'H} NMR spectrum of complex cci showed a
singlet at dp 0.11 ppm with platinum satellites ('Jpp, = 1305 Hz).
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Scheme 44. Synthesis of the platinum phosphanide ccil'”®

Me\ Me Me\ Me Me\ Me

T HPPh, N n-BuLi T
— acetone - Et,0
Pt+02H [BF4] W Pt"PHPh2 [BF4] W Pt—P\u,”Ph
10 mins 45 mins 1 Ph

/N\ H,O /N\ i N\

Me Me Rk Me Me ~ LiBF4 Me Me

L _ - - n-BuH

cxcix cc, 92% cci, 90%

Further work showed that the uncoordinated lone pair of electrons on the phosphorus
atom in cci was nucleophilic towards electrophiles (Scheme 45). Treatment of the
platinum phosphanide cci with the parent ionic platinum complex cxcix gave the
dinuclear diphenylphosphanido-bridged complex [(NCN)Pt(u-PPhy)Pt(NCN)][BF4]
(ccii). Similarly, treatment of the platinum phosphanide cci with [Pd(CsH4CH2NMe,-
2)(NCMe),][BF4] the [Pt(NCN)(p-

PPh,)Pd(CsH4CH,NMe,-2)(H,0)][BF4] (cciv) in 30% yield. The authors suggested that

(cciii) gave dinuclear complex

the H,O found in the solid state structure of cciv was due to the presence of water in the

polar solvent used during work-up and crystallisation.

Me\ Me Me Me
N \N/ +
Pt"OQH [BF4]_ ¢ _ —
Pt P\"'u [BF4]
| bobh MeCN~Pd~NMe,
\ N
Me Me A NCMe
cxcix . cciii
toluene cci toluene
-20°C, 2h -50°C,1h
B Me Me |7 B 1t
Me
Me\ | Ph Ph Me l\l/le
Y / 3 >N PR PR )
Pt/P_?t [BF,] \__P—Pd=NMe, | [BF4]
Pt
\N N; \ H20
/‘MeMe Me ’/\l\
Me Me Me
ccii, 94% cciv, 30%

Scheme 45. Reactions of the platinum phosphanide cci!'”®
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91 Treatment

Cowley et al. synthesised the first perphosphanido gallates and indates.!
of MCl; with four equivalents of lithium diphenylphosphanide gave the ate complexes
[M(PPh)4][Li(THF)4] (cev, M = Ga; cevi, M = In) in good yields (equation 62). The
authors suggested that the size of the phosphanido ligand played an important role in
stabilising these anionic complexes, since the maximum number of coordinated
phosphanido groups around the gallium or indium centre was three when bulky groups,
such as P'Buy, were used.!"®™ However, when gallium or indium trichloride was treated
with three equivalents of lithium diphenylphosphanide, an intractable oligomeric
product was obtained. X-ray crystallographic studies on complexes ccv and cevi
revealed that the four phosphanido ligands were coordinated with a tetrahedral
geometry around the metal centre, while the geometry at phosphorus was pyramidal.
The M—P bond lengths (cev, avg. Ga—P = 2.409 A; cevi, avg. In—P = 2.576 A) were as
found elsewhere for M—P single bonds. The *'P{'H} NMR spectra of complexes ccv
and ccvi showed singlets at dp —33.4 and —30.2 ppm, respectively, close to the value for

lithium diphenylphosphanide (dp —38.5 ppm).

PPh, | ( )
THE y v
MC|3 + 4 L|PPh2 W thp/ i"lPth CO_II_I_OG
@)

~ 3 LiCl PPh; ( 7

(Eq. 62)

cev, M = Ga, 75%
ccvi, M =1In, 82%

The use of metal phosphanides in catalytic reactions is of interest in both academic and

[

industrial communities.""®"*! Gladysz ef al. recently reported a series of electron-rich

ruthenium phosphanides, which acted as ‘ligands’ in palladium-catalysed Suzuki

1184 The cationic ruthenium complexes cevii—ceix were deprotonated

coupling reactions.
with KOBu or NaN(SiMes), to give the corresponding ruthenium phosphanides [(°-
CsHs)Ru(PEt;)2(PR,)] (cex, R = Ph; eexi, R = ‘Bu; and cexii, R = Cy) in good yields
(equation 63). However, these compounds were extremely sensitive to oxygen and
decomposed to give the corresponding phosphine oxides. Resonances for the
phosphorus in the phosphanido fragment were observed at dp 30.4 and 23.7 ppm, for

compounds cex and cexi respectively, with two-bond coupling to the neighbouring
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phosphorus in PEt; (*Jpp = 5 and 4 Hz, respectively). A broad resonance (dp 23.7 ppm)
was found for the phosphorus in the phosphanido fragment in compound ecexii, but the

coupling with the neighbouring phosphorus was not resolved.

+
NaN(SiMeg),
~RuL B(Arg)]~ or KOBu - TR + HB(Ar
EtgP" l! ) PHR, | (BT THF-dg Et;p*" | PRo (Arels
3 Arg = (3,5-(CF3)2CeHa) PEts (Eq. 63)
cevii, R = Ph ccx, R = Ph, 93%
ceviii, R = Bu ccxi, R = Bu, 80%
ccix, R=Cy ccxii, R = Cy, 95%

A simple palladium-catalysed Suzuki cross-coupling reaction between bromobenzene
and phenylboronic acid was used to investigate the ability of the ruthenium
phosphanides to act as ‘ligands’ to coordinate to palladium via the electron-rich
phosphanido group.!"**! The general conditions of the reaction are illustrated in equation
64. The results showed that the ruthenium phosphanides cex—cexii generally gave better
yields (> 90%) and reduced reaction time (entry 1-3, Table 20) than complexes without
the phosphanido ‘ligands’ (entry 4, Table 20).

Table 20. Suzuki cross-coupling reaction of bromobenzene with phenylboronic acid!®*

1% Pd(OAc),

2% ligand (Eq. 64)

Entry  Ligand/Pd Conversion (PhBr) Yield (by G.C.) Time
(%) (formation of Phy, %)  (h)

1 ccx / Pd(OAc), 96 94 32

2 ccxi / Pd(OAc), 100 96 2

3 cexii / Pd(OAc), 100 97 2

4 Pd(OAc), only 63 59 48

Other examples of metal phosphanido complexes are shown in Scheme 46 and Figure
32. Glueck et al. reported a platinum(II) phosphanide cexiii.'® In solution at room
temperature, the positions of the groups attached to the phosphorus were interchanged

rapidly on the NMR timescale, by a process that involved a combination of inversion
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about the phosphorus atom and rotation about the Pt—P bond (Scheme 46)."*1 A VT-
*'P{'"H} NMR study showed that the barrier of this fluxional process is ca. 54 kJ mol",

Scheme 46. The fluxional process in the terminal phosphanido ligand in cexiii'®®

ccexiil

Gladysz et al. reported the rhenium phosphanido complexes cexiv and cexv, which
showed the nucleophilicity of the lone pair of electrons on the phosphorus in the
phosphanido ligand (Figure 32)."®” For example, treatment of these compounds with
iodosobenzene gave the corresponding phosphine oxide complexes. Weber et al.
synthesised the chromium phosphanido complex ccxvi via a reaction between
phosphaalkene (PhC(O)P=C(NMes),) and [(Z)-cyclooctene-Cr(COs)] (Figure 32).['*
There was no evidence from the solid state structure for n-conjugation between the lone
pair of electrons on the phosphorus atom and the neighbouring carbonyl group. 1zod et
al. reported a rare example of a homoleptic unsolvated, alkali metal-free samarium(II)
phosphanido complex cexvii.'® An X-ray crystallographic study showed compound
cexvii to be monomeric in the solid state with ligands coordinated in a distorted

tetrahedral geometry around the metal centre.

Figure 32. Examples of metal phosphanido complexes cexiv—cexviil'®1¢)

ANVZ ANV
o N /N:Q
-Re. Sm
ON\\ ‘ PPh3 Ph)’LP/C(NMGQ)Z C§:P/ \P
rR7R ~&r(co) P
5 R "R R” R
ccxiv, R =Ph cexvi ccxvii, R = SiMeg

cexv, R = Bu

In summary, the lone pair of electrons on the phosphorus atom in metal phosphanido
complexes is generally nucleophilic towards electrophiles, and is able to coordinate to

other metal centres to form bimetallic complexes. Although the phosphorus atom is
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shown to be the main reaction centre as illustrated above, back m-donation from the
phosphorus lone pair to the metal is also observed. The bonding between the metal and

phosphanido substituent will be examined further in the next section.
4.1.2 Nature of the M—-P bond in metal phosphanido complexes

Two coordination modes have been distinguished (Scheme 47).'% % In the
‘phosphanide coordination mode’, the metal centre is coordinated to the phosphorus,
which acts as a one-electron 6-donor, resulting a metal-phosphorus single bond and a

pyramidal geometry around the phosphorus atom. In this case, the phosphanido ligand

is described as a PR, anion and exhibits nucleophilic characteristics due to the non-
coordinating lone pair of electrons. In the ‘phosphenium coordination mode’, the
phosphorus is a three-electrons n-donor, which gives a metal-phosphorus double bond

and a planar geometry around the phosphorus atom.

Scheme 47. Two different coordination modes of the phosphanido (PRy) Iigandms‘ 190]

% o oR
L-M-P., L-M=P_
1R R'
RI
Pyramidal Trigonal planar
Phosphanide Phosphenium

Marynick et al. summarised the characteristics of the two coordination modes (Table
21)."" For comparison, the coordination between a metal centre and a phosphine
ligand is also summarised. As expected, the M—P bond lengths in metal phosphanido
complexes are generally longer than in metal phosphenium complexes. The
uncoordinated phosphorus lone pair of electrons in the phosphanido ligand results in a
pyramidal geometry around the phosphorus, with a M—P—R bond angle smaller than
114°. In the phosphenium ligand, the geometry at phosphorus is planar and the M—P—R
bond angle is approximately 130°.
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Table 21. Physical observations of different coordination modes in metal-phosphorus bond™®"!

R
/ O o @® R
MCR., M—P.., M=P-:"
\ ‘R N'R \R
R R
Phosphine Phosphanide Phosphenium
PR, PR, PR,
lone pair coordinated to M lone pair localised on P multiple M-P bond
pseudotetrahedral about P pyramidal about P planar about P
long M-P bond length short M-P bond length
small M-P-R bond angle large M-P-R bond angle
(<114°) (~130°)

Generally, the inversion barrier for PH3 and its derivatives is higher than that for the
nitrogen analogues; for instance, the inversion barrier of PHs; is 126-147 kJ mol ™!,
whereas the inversion barrier of NHj is approximately 21 kJ mol ' .!"*>"** However, the
presence of silyl substituents at phosphorus decreases the inversion barrier as: (a) Si—P
bonds are more ionic and less strongly directional than C—P bonds; and (b) electron
density from the phosphorus lone pair may be delocalised into 6* or perhaps empty d

192, 1951971 The latter effect, through the n-system, is an example of

‘negative hyperconjugation’.["”*2%"!

orbitals on silicon.!

Some examples, which show various geometrical configurations at phosphorus, are
described below (Figure 33). The solid state structure of the hafnium phosphanido

9l The geometry about the P(1) atom

complex cexviii contained two P(C,Hs), ligands.!
in cexviii was pyramidal, whereas the geometry at P(2) was planar. The Hf~P bond
lengths differed by approximately 0.2 A; Hf-P(1) = 2.682(1) A and Hf-P(2) = 2.488(1)
A. These results indicated that one of the phosphorus lone pairs involved in the bonding

with the metal centre.**?

Similarly, the structure of the hafnium
bis(trimethylsilyl)phosphanide ccxix showed different geometries at phosphorus, one of
which had a pyramidal geometry at phosphorus, and the other one having a planar
geometry at phosphorus (c.f. Hf-P(3) = 2.654(1) A and Hf-P(4) = 2.553(1) A)."*! The
J'P{"H} NMR spectrum of eexix at 22 °C showed a single resonance at Jp —98.8 ppm in
CsDg, suggesting rapid exchange between the two phosphorus geometries, but separate

resonances corresponding to the two geometries were not observed even at low
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temperatures. In the hafnium monophosphanide ccxx, the geometry at phosphorus was

pyramidal. The *'P{'H} NMR spectrum of cexx showed a single resonance at Jp —141.9
ppm.

Figure 33. Hafnium phosphanido complexes cexviii—cexx and their ¥'P{'"H} NMR resonances
in C¢Dg at room temperature!'®® 201202

- SiMes SiMes
|

Q\Hf/'“v Q\l_”/PS‘SiM% Q\Hf/P\SiM%
%x\i\ %\\5,4&1%3 % NGHs

ccxviii, op 130.3 ppm ccxix, dp -98.8 ppm ccxx, 6p —141.9 ppm

Hillhouse et al. demonstrated that the phosphenium coordination mode can be
supported by an electron-deficient metal centre (Scheme 48).1°”*! Treatment of the
dimeric nickel chloride cexxi with lithium di-tert-butylphosphanide gave the nickel(I)
phosphanide cexxii. Oxidation of this compound with ferrocenium hexafluorophosphate
(Cp2FePF¢) afforded the ionic nickel(II) phosphenium complex cexxiii. The X-ray
crystallographic analysis revealed that the geometry at phosphorus was pyramidal in
cexxii, but the geometry at phosphorus was planar in cexxiii. Complex cexxii had a
longer Ni—P bond (2.2077(12) A) and a smaller Ni-P—C bond angle (116.7(1)°) than
those in complex cexxiii (Ni—P = 2.098(2) A and Ni—P—C = 124.1(2)°) (Table 22).
Unfortunately, NMR spectroscopic data were not available for cexxii, which was
paramagnetic. However, the diamagnetic nickel(Il) phosphenium complex cexxiii

showed a triplet at dp 348 ppm in CD,Cl, with a coupling constant of Jpp = 175 Hz.

Scheme 48. Synthesis of complexes cexxii and cexxiii™®

1/2 AE%EQCI:T\“%%; %’%@j P?i %egﬁ;_ [Pi:gi
e T =

cexxi cexxii, 71% cexxiii, 91%

[PFe|
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Table 22. Selected structural data for complexes cexxii and cexxiii®™

o

Ni—P (A) Ni—P-C (deg) Z Poond angle (deQ)
cexxii 2.2077(12) 116.7(1) 344
cexxiii 2.098(2) 124.1(2) 360

Baker et al synthesised a series of homoleptic early transition metal
dicyclohexylphosphanides which featured metal-phosphorus multiple bonding.***! For
example, treatment of molybdenum halides with four equivalents of lithium
dicyclohexylphosphanide in THF at —80 °C gave [Mo(PCy»)4] (cexxiv) (equation 65).
The solid state structure of cexxiv showed a distorted tetrahedral geometry at the
molybdenum centre and a planar geometry around the phosphorus atoms. The short
Mo—P bond lengths (avg. 2.265 A) and large P-Mo—P angles (avg. 123.1°) suggested

that the ligands were coordinated in the phosphenium coordination mode.

MoX, + 4 LiPCy, %» P—Mo=P

TR

(Eq. 65)

cexxiv

Treatment of hafnium  chloride with  five equivalents of lithium
dicyclohexylphosphanide in the presence of 1,2-dimethoxyethane (DME) gave complex
cexxv (equation 66).2°* The solid state structure showed that the phosphanido ligands
were coordinated in a distorted bipyramidal geometry around the metal centre. Both
pyramidal and planar geometries were found around the phosphorus centres. The
average Hf—P bond length to the phosphorus with a pyramidal geometry is 2.675 A with
an average Hf-P—C bond angle 119°. A shorter Hf-P bond length (avg. 2.504 A) is
observed to the phosphorus with a planar geometry, together with a wider Hf—P—C bond
angle (avg. 125°).
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R.__R
R%-p
P
DME RPNl
THF R MI—F-R
HCly + 5LiPCy, ————> g7 | | Me
~80°C A (Eq. 66)
R Po-Lli—0
R |
o)
Me”

ccxxv, R =Cy

4.1.3 Previous examples of B-diketiminato heavy group 14 metal phosphanides

Examples of -diketiminato heavy group 14 metal phosphanides are rare in comparison
to transition metal analogues. Driess ef al. synthesised the B-diketiminatogermanium(II)
and -lead(Il) phosphanides cexxvi and cxv (Scheme 49 and equation 67).!'% 1%
Treatment of the germanium(Il) chloride xlviii with [LiP(SiMes), (DME)] in diethyl
ether gave the B-diketiminatogermanium(Il) bis(trimethylsilyl)phosphanide cexxvi in
good yield (Scheme 49).** However, synthesis of the phosphanide cexxvi via
treatment of [(BDIppp)GeP(H)(SiMes)] cexxvii with trimethylsilyl triflate in the
presence of triethylamine was not successful. An X-ray crystallographic study showed
the geometry at phosphorus was planar in the germanium(II) phosphanide ecexxvi, and it
was suggested that this reflected crowding from the bulky pB-diketiminato and
trimethylsilyl ligands, as well as the low inversion barrier in the
bis(trimethylsilyl)phosphanido group.!** The *'P{'H} NMR spectrum of cexxvi

showed a resonance at dp —192.7 ppm.

Scheme 49. Synthesis of the B-diketiminatogermanium(ll) bis(trimethylsilyl)phosphanide
.[134]

CCXXVI

Ar [LiP(SiMEetS)OZ-(DME)] Ar MeétSilfl)Tf Are

N 2 N 3 N-Ge
H—C N\ > H—C  \ —x—H< /7 p-H

'}"Cf‘e -20 10 25 °C, 24 h '}l~c|ae N SiMe,

Ar g - LiCl, -DME " é‘r/P\S'M Ar

Ar = (2,6-Pr,CqHy) Gaol SlVes
xlviii ccxxvi, 89% ceXXxvii

Treatment of the B-diketiminatolead(Il) aryloxide cxiii with [LiP(SiMe;)>(DME)] in the
presence of diethyl ether gave the lead(Il) bis(trimethylsilyl)phosphanide exv in 79%
yield (equation 67).'! An X-ray crystallographic study showed the presence of
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pyramidally coordinated lead and phosphorus atoms. In contrast to other three-
coordinate B-diketiminato heavy group 14 metal complexes in which the C3N,;M ring of
the B-diketiminato ligand was nearly planar, the six-membered Cs;N,Pb ring in the
lead(IT) phosphanide cxv adopted a boat-shaped conformation. The angle between the
mean NCCCN plane and the NPbN plane in the B-diketiminate ring was 43.9°, wider
than those in other B-diketiminato heavy group 14 metal complexes, for example
[(BDIppp)PbOC(CH3),CH=CH,] (5, 29.2°) and Roesky’s [(BDIpwpp)SnN(SiMes);]
(12.2°).1" Driess attributed these findings to the strong o-donor ability of the
phosphorus atom in the bis(trimethylsilyl)phosphanido fragment.

Arpb [LiP(SiMes),*(DME)] Arpb
N, 2 Et,0 N~ X__SiMe
H / ! » H / - 3
&N OAr ~60 to 25 °C < N ZiMe
4 h 3
Ar Ar
_ LIOAr", -DME (Eq. 67)
cxiii cXV, 79%

Ar = (2,6-Pr,CgHs)
Ar' = (2,6'tBU2C6H3)

An upfield resonance (dp —116.6 ppm) with a large coupling constant ('Jpp, = 2852 Hz)
was found in the *'P{'"H} NMR spectrum of exv. The lead resonance was found at Jpy
—1737 ppm in the **’Pb NMR spectrum. It was suggested that these findings could be
attributed to the higher 3s-contribution from the phosphorus atom in the lead-
phosphorus single bond. In [(BDIppp)PbP=Si(Ar)Si'Bus] (Ar = (2,4,6-'Pr;CsH>)), the
more electronegative P=SiR, fragment made the phosphorus atom a weaker c-donor, so

that the **’Pb resonance was shifted to dp, 1068 ppm in the **’Pb NMR spectrum.!'?*!

Although the phosphorus resonances were both negative in the >'P{'H} NMR spectra of
the germanium(Il) and lead(Il) bis(trimethylsilyl)phosphanides cexxvi and exv (dp
—192.7 and —116.6 ppm, respectively), the geometry around the phosphorus atom in
these complexes was different (Table 23).'" **1 The solid state structure of the
germanium(Il) bis(trimethylsilyl)phosphanide cexxvi showed the geometry at
phosphorus was planar, with the sum of bond angles around the phosphorus atom
355.2°. However, a pyramidally coordinated phosphorus was found in the lead
derivative cxv, with the sum of bond angles around the phosphorus atom 305.7°. It was

suggested that the planar geometry at phosphorus in the germanium derivative cexxvi



113

was due to the low inversion barrier in the bis(trimethylsilyl)phosphanide group and

134

crowding from the p-diketiminato ligand.!**! However, a direct comparison between the

different geometries around the phosphorus atom in these complexes was not made.

Table 23. *P{'H} NMR spectroscopic and selected solid state structural data of
[(BDlpipp)MP(SiMes),] (cexxvi, M = Ge; exv, M = Pb) in CgDg'® %4

IP{'H} "Jem M-P M-P-Si 3 Phond angle
(e, ppm) (Hz) (A) (deg) * (deg)
CCXXVi -192.7 - 2.3912(8) 122.5 355.2
M = Ge
CXV -116.6 2852 2.715(2) 103.2 305.7
M =Pb

@ Average value

4.1.4 Complexes containing heavy group 14 metal-phosphorus multiple bond

Data from heavy group 14 metal complexes containing metal-phosphorus double bonds
are summarised in Figure 34—35 and Table 24—25. Such examples are extremely rare.
Escudié and co-workers synthesised the stannaphosphenes cexxviii and cexxix, as well
as the stannaphosphine cexxxi (Figure 34). %*?%! The tin resonances in cexxviii and
cexxix were found at ds, 658.3 and 499.5 ppm respectively, and the phosphorus
resonances at dp 204.7 and 170.7 ppm (Table 24). These complexes showed large tin-
phosphorus coupling constants ('Jspp > 2000 Hz), which the authors suggested that
these were indicative of tin-phosphorus double bonds. In contrast, the stannaphosphine
cexxxi, containing a Sn—P single bond, had a smaller tin-phosphorus coupling constant
119, » = 959 [{z,[204-205)

Scheer et al. recently reported an ionic tin complex cexxx (Figure 34 and Table 24).12%°!
The *'P{'H} NMR spectrum showed coupling constants assigned by the authors to

1Jp117s,n = 1735 Hz and lJp119sn = 2004 Hz, and taken as evidence for the presence of a tin-
phosphorus double bond. The published 'Jp!Vs,:'Jpl1%, ratio (1:1.155) was not correct

(the ratio should be 1:1.046), but it seemed to be clear that the coupling constant was

[207]

similar to those in other stannaphosphenes. In contrast, the aryl stannylene

phosphanide cexxxii, containing a tin-phosphorus single bond, showed a single
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—70.9 ppm with a smaller phosphorus-tin coupling constant 'Jp!%, =

934 Hz. However, the solid state structures of eexxviii—cexxxii were not reported.

Figure 34. Examples of stannaphosphenes and stannaphosphines

(Me3Si),HC %@
M638| 2HC

Ar_

[204-206]

_Sn=P Ar n
Ar Li
Ar
cexxviii CcCXXix CCXXX
Ar Sn—R
Ar \
F H Ar
, cexxxi coxxxii
Ar = (2,4,6"Pr306H2)
Table 24. Selected NMR spectroscopic data for cexxviii—cexxxii2*42%!
119gp 3p(1H) ! pti9g, ! e, NMR solvent
(Osn, PPM) (Sp, ppm) (Hz) (Hz)
cexxviii 658.3 204.7 2295 2191 CsDs
cexxix 499.5 170.7 2208 2110 not reported
CCXXX - 229.7 2004 1735 CeDs
CCXXXi -34.0 -115.8 995 954 not reported
cexxxii - -70.9 934 -4 CeDs

@ Data not reported

Several examples of germaphosphenes are known (Figure 35). The solid state structures

of Escudi¢’s germaphosphenes ccxxxiii and cexxxiv showed respectively, Ge=P—C
bond angles of 107.5(3)° and 103.1(4)° with Ge=P bond lengths of 2.183(3) and
2.143(4) A (Table 25).2%2% The Ge=P bond lengths were in good agreement with the

sum of covalent radii (2.12 A) of sp® germanium (1.12 A) and sp” phosphorus (1.00 A),

suggesting the presence of germanium-phosphorus double bonds.!

2081 The solid state
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structure of Sekiguchi’s germaphosphene cexxxv also showed a short Ge=P bond
(2.175(14) A), indicative of a germanium-phosphorus double bond.*'” The *'P{'H}

NMR spectrum of eexxxv showed a single resonance at dp 416.3 ppm.

Figure 35. Examples of germaphosphene®*®?'”

cexxxiii CCXXXiV CCXXXV

R =Bu

Table 25. Selected NMR spectroscopic and structural data for cexxxiii-cexxxv2®2'%

P{'H} (8p, ppm) Ge=P (A) Ge=P-C (deg) NMR solvent
cexxxiii -4 2.138(3) 107.5(3) not reported
cCxXxxiv -4 2.143(4) 103.1(4) not reported
CCXXXV 416.3 2.175(14) 109.9(16) CeDs

%P chemical shift not reported

4.1.5 Heavy group 14 metal phosphanido complexes

Several heavy group 14 metal phosphanides have been reported. Driess et al
synthesised a series of phosphanyl-substituted carbene analogues of heavy group 14
metal complexes.*'"! Treatment of the lithium phosphanides cexxxvi or cexxxvii with

metal dihalide in toluene at —78 °C gave complexes cexxxviii—cexli (equation 68).

R1
R1 MC|2 or M|2 \P
\ . toluene _ R27"\
/P—LI(THF)Z 78°C 12h R2_ /M
R2 ’ /P
R (Eq. 68)
cexxxvi, R! = Si(Ar),F cexxxviii, M = Ge; R = Si(Ar),F, 44%
cexxxvii, R = Si(Bu)(Ar)F cexxxix, M = Sn; R = Si(Ar),F, 75%
o i cexl, M = Sn; R = Si('Bu)(Ar)F, 58%
R*=SiPrg cexli, M = Pb; R' = Si('Bu)(An)F, 74%

Ar = 2,4,6'iPr306H2
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The phosphorus chemical shifts and their phosphorus-metal coupling constants of these
complexes are summarised in Table 26. The germanium and tin derivatives, cexxxviii,
cexxxix and cexl, showed resonances at dp —62.1, —102.5 and —121.3 ppm, respectively
(Table 26). The tin-phosphorus coupling constants for the tin analogues cexxxix and

cexl were 'Jp!%, = 1682 and 1628 Hz, respectively. The *'P{'"H} NMR spectrum for the

lead derivative cexli showed two broad resonances at dp —88.8 and —95.6 ppm in a 1:1
ratio with phosphorus-lead coupling constants 'Jpp, = 1995 and 1979 Hz, respectively.
Although these results indicated that two diastereomers were present for the lead
derivative, the authors were able to isolate only one from an X-ray crystallographic
study. The geometry around the phosphorus atom was pyramidal, with an average sum
of bond angles 320.9 and 320.5° for cexl and cexli, respectively. The ligands were
coordinated in a V-shaped arrangement about the metal centre, with a P-M—P bond
angle of approximately 98°. The average M—P bond length is 2.567 and 2.654 A for the

tin and lead derivatives, ccxl and cexli, respectively.

Table 26. Selected NMR spectroscopic (at 298 K) and solid state structural data for
cexxxviii-cexli®' !

¥p'Hy "o @ avg. M-P P-M-P
(8, ppm) (Hz) (A) (deg)
cexxxviii -62.1 N/A -b -b
(M = Ge)
ceXXXixX -102.5 1682 -° -°
(M =Sn)
cexl -121.3 1628 2.567 98.78(4)
(M =Sn)
cexli -88.8 and -95.6 1995 and 1979 2.654 97.84(4)
(M =Pb)

? the use of NMR solvent was not specified; ° crystallographic data not reported

Izod et al. reported a series of germanium(Il) and tin(II) phosphanido complexes which

(21225] Treatment of the lithium phosphanide

showed dynamic behaviour in solution.
cexlii with one equivalent of germanium or tin dichloride gave the heteroleptic metal
phosphanido complexes cexliii and cexliv. However, the reaction of tin dichloride with
two equivalents of the lithium phosphanide cexlii gave the homoleptic tin(II)
phosphanide cexlv (Scheme 50). In the X-ray crystallographic studies of these

compounds, the pyramidal coordination at phosphorus and the Sn—P bond lengths were
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indicative of the lack of metal-phosphorus double bonds. The heteroleptic phosphanido
complexes cexliii and cexliv decomposed on heating to give elemental metal and free

phosphine [ {(Me;Si),CH}(C¢Hs-2-CH,NMe,)PH].

Scheme 50. Synthesis of the heavy group 14 metal phosphanides cexliii-ccxIv?'?2'?!

MCl, @ 0.5 eq. SnCl, P NMe
- —_— . -0 -
THF THF (SiMeg),HC™ s 2

, _P_._NMe , _P_ _NMe
(SiMeg),HC™ "M 2 (SiMeg),HC™ Li 2 (Me;Si),HC
cl Me,N

ccexliii, M = Ge, 81% cexlii ccxlv, 78%

cexliv, M = Sn, 72%

Variable-temperature *'P{'H} NMR spectra and a >'P EXSY NMR experiment revealed
that these complexes underwent inversion about the metal atom. An inversion was also
observed in the tin(II) phosphanide cexlv. The authors suggested that the inversion in

ccexlv was via intramolecular exchange between the chelating and terminal phosphanido

ligands (Scheme 51).

Scheme 51. Inversion process in the homoleptic tin(ll) phosphanide cexIy?1Z21]
MesN

NMe, Mez ¥ 2 R
4 P
NMe, . CZPﬁJ _P -— P,ed

{ S R

R R MeZN N
Meg

cexlv

R= CH(SlMe3)2

Cowley et al. synthesised the novel di-tert-butylphosphanidotin(Il) and -lead(I)
complexes, cexlvi and cexlvii, which were analogous to the heteroatom-substituted
carbanions.”'*! Treatment of tin or lead dihalide with three equivalents of lithium di-
tert-butylphosphanide in the presence of THF gave complexes cexlvi and cexlvii. The
X-ray crystallographic studies of cexlvi and cexlvii showed pyramidally coordinated
metal centres with the sum of bond angles around the metal centre 308.5° and 304.4°,

respectively. A quartet resonance at ds, —1310 ppm and a tin-phosphorus coupling
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constant 'Js,p = 1360 Hz was observed in the ''*Sn NMR spectrum of the tin derivative.
The *'P{'H} NMR spectra of cexlvi and cexlvii showed single resonances at dp 47.2

and 71.5 ppm, respectively, with tin or lead satellites (cexlvi, 'Jp!l%, = 1360 Hz and
'Jpl%g, = 1300 Hz; cexlvii, 'Jpp, = 1770 Hz), suggesting that the bridging and terminal

P'Bu, groups were exchanging positions rapidly on the NMR timescale at room

temperature.
Bu, Bu
THF Bu K
MCl, + 3 Li(PBuy) —IHE M -+<j
2 (PBU) ——<rorPp tBu/P M\P/L| o) i
\ .
By Bu (Ea.69)

cexlvi, M = Sn
cexlvii, M = Pb

4.1.6 Reactions of heavy group 14 metal complexes with elemental chalcogens

Heavier chalcogens, selenium and tellurium, have found applications in organic
synthesis, catalytic reactions, and more recently in metal-organic chemical vapour
deposition (MOCVD).*"**""! Heavier chalcogen-substituted organic compounds, such
as ylides and heterocycles, have also been synthesised and compared with the analogous

(2202231 Although synthesis of the heavier chalcogen

oxygen-substituted compounds.
analogous of aldehydes and ketones remains challenging, Okazaki and co-workers
recently reported the synthesis of ‘heavy ketones’ which contained a multiple bond

).196 2241 Compounds of this type

between heavy group 14 and 16 elements (Figure 36
were accessible via several synthetic routes (Scheme 52), for example dechalcogenation
of 1,2,3,4-tetrachalcogenametallolanes with trivalent phosphorus compounds (route 1)

or chalcogenation of divalent heavy group 14 metal compounds (route 2).
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Scheme 52. General synthetic route to ‘heavy ketones’??*!

LOJE~E 3Php NN
ML — > M=E (Route 1)
Ll E/E - 3 Ph3P=E L'/
I'\ i L\ 1eq. E L\
Mi[ — M:| —> M=E (Route 2)
/ / /
L' Ph L' L'

M=GeorSn;E=S, SeorTe

Figure 36. Examples of ‘heavy ketones’®*"

Tbt\ Tbt\
Ge=E Sn=E E=SeorS
Tip/ Ditp’

1 wvuvv 1
D|tb R1 = 2-(CHM62)CGH5; R2 =H R R
Tbt: R'= R2 = CH(SiMey),
Tlp R1 = RZ = iPr
R2

Parkin et al. reported a series of heavy group 14 metal complexes with terminal
chalcogenido ligand supported by a tetramethyldibenzotetraaza[14]annulene dianion
(Meytaa)”. Oxidative addition of elemental chalcogen to heavy group 14 metal

225-226] The metal centre

macrocycles gave complexes cexlviii and cexlix (Figure 37)..
was displaced from the N4 plane, so the macrocyclic ligand adopted a saddle-shape
geometry. The metal-chalcogen interaction can be represented by the resonance
structures as shown in Scheme 53. X-ray crystallographic studies indicated that the
metal-chalcogen bond in these complexes could be described as an intermediate
between the 'M—E~ and M=E resonance structures. For example, in [(Mestaa)SnSe], the
Sn—Se bond length was 2.394(1) A, which was between that calculated for the Sn—Se

single bond (2.57 A) and that for the Sn=Se double bond (2.37 A).1***!

Figure 37. Heavy group 14 macrocyclic complexes with terminal chalcogenido Iigand[225'226]

T
M cexlviii,M = Ge; E=S, Se or Te
:@(N/ A S j@: cexlix,M =Sn; E =S or Se
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Scheme 53. Resonance structures of the metal-chalcogen bond!?2>22¢!

@ O o @
M—E M=E E=S, SeorTe

Roesky et al. reported a series of B-diketiminatogermanium(IV) complexes containing

terminal sulfido or selenido ligands by treatment of B-diketiminatogermanium(II)

) [227-231]

complexes with one equivalent of elemental chalcogen (equation 70). Likewise,

Barrau et al. synthesised two similar complexes, [(BDIpy,)Ge(E)CI] (E = Se or S), which

4.2321

were supported by a different B-diketiminato ligand. These complexes were

accessible by chalcogenation of the parent B-diketiminatogermanium(II) chloride.

A G ArG// .
/ e 1 eq. E -Ge Ar = (2,6' Pr206H3) or Ph
H& /R e i / R  R=Cl,F, CHsor OH (Eq. 70)
l\{ E=SeorS
Ar Ar

Roesky et al. demonstrated that the insertion may be followed by oxidative addition of
elemental sulfur in the case of the B-diketiminatogermanium(Il) hydride Iviii.l’"
Treatment of lviii with two equivalents of elemental sulfur gave [(BDIpwpp)Ge(S)SH]
(ccl) (Scheme 54). The solid state structure of cel showed that the ligands were
coordinated around the germanium(IV) centre in a distorted tetrahedral geometry. Two
different Ge—S bond lengths (2.0641(4) A and 2.2421(4) A) were observed, which
suggested the presence of Ge=S and Ge—S bonds, respectively. The authors suggested
that the elemental sulfur inserted initially into the Ge—H bond, followed by oxidative
addition of elemental sulfur to the germanium(Il) centre to give [(BDIpwpp)Ge(S)SH]

(ccl) in a stepwise process.

Scheme 54. Proposed stepwise process in the synthesis of [(BDlppp)Ge(S)SH] (ccl)[74]

A s G ArG //S
7€ 2eq.S N-2€ N-Ce
/ L N / VAL
toluene N
\
Ar Ar Ar
lviii ccl, 60%

Ar = (2,6'iPr206H3)
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4.1.7 Reactions of metal phosphanido complexes and related compounds with

elemental chalcogens

Reactions between phosphorus and elemental chalcogens (E) have been observed in a

).233 24 Tnitially, the phosphanido

variety of transition metal complexes (Scheme 55
fragment is oxidised by a chalcogen to form a pentavalent phosphorus chalcogenide
[L.MP(E)R;]. In the presence of excess elemental chalcogen, chalcogen is inserted into

the metal-phosphorus bond to form the metal phosphinodichalcogenoate

[L.MEP(E)R,].

Scheme 55. Reactions between metal phosphanido complexes [L,MPR;] and an excess of

elemental chalcogen (E)[233‘2341
E E
E I E =

LnM_PRQ > LnM—PR2 = LnM_E_PR2

E =S orSe

It was suggested that the pentavalent phosphorus chalcogenides [L,MP(E)R;] is in
equilibrium with the metal phosphinochalcogenoite [L,MEPR;] as illustrated in Scheme

56.*) However, there has been no systematic study to substantiate this suggestion.

Scheme 56. Proposed Equilibrium structures in the phosphorus chalcogenido complexes
[L.MP(E)R,]***

E=SorSe

Several coordination modes have been reported for the organophosphorus chalcogenido
derivatives (Table 27).1* #*l Mode (a) involves a direct chalcogen coordination at the
metal centre, as for example in Stephan’s titanium(IV) complex [Cp,Ti(SPCy»).] (ccli,

2% 1n mode (b), a chalcogen-phosphorus double bond is

Cp = cyclopentadienyl).!
formed and the metal centre is directly coordinated to the phosphorus atom, as
illustrated in Mastrorilli’s platinum complex celii.”>*! The P—E bond can also be
coordinated to the metal centre in #*-fashion (mode (c)). This coordination mode can be

illustrated in complex ccliii, which features a side-on interaction between rhodium
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[237

metal centre and the R,P=S group.'”’”! The phosphorus-chalcogen fragment can also act

as a bridge between the two metal centres as shown in mode (d) and illustrated in

Moise’s tantalum complex ccliv.!**!

Table 27. Coordination modes for phosphorus chalcogenides (-(E)PRz)

Coordination Mode Examples Ref.
Cy
L.M—E=PR., '
n \"R ﬁ\ S/P\C
R i/ y
N
monodentate coordination % S\p/Cy [236]
(via chalcogen) Cl)y
(a)
ccli
E
; N
LnM/ \'"IIR H / |t \
R O ey & [234]
monodentate coordination Yy s y
(via phosphorus)
cclii
ML,
t Phgp, HY~p-OY
N Rh—||
R PhsP S [237]
n?-coordination ccliii
(c)
ML,
L,M-E=F., L0
VR Ta o
i K. R wico)s [238]
bridging coordination Me Me
ccliv

Similarly, four different coordination modes are known for phosphinodichalcogenoato
complexes [L,MEP(E)R;] (Table 28).°°2** In the phosphinodichalcogenoate complex
cclv, the ligand is monodentate and the phosphorus-chalcogen double bond does not
participate in coordination with the metal centre (mode (e)). The delocalised E-M—E

fragment in mode (f) acts as an isobidentate ligand. The chalcogen can participate in
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non-covalent interactions with the metal centre, such as dative bonding in mode (g) or
secondary interaction in mode (h). This latter interaction is described as a “semi-
bonding interaction”, that is the M—E distance is between the sum of the covalent radii

and the van der Waals radii of the two atoms.

Table 28. Coordination modes for phosphinodichalcogenoate (-E(E)PR,)™ and related anions

Coordination Mode Examples Ref.
E
I Ph
L”M‘E’P("'R Sln ﬁe
; P s No2e 245
Monodentate coordination
cclv
(e)
Ph_ Ph
E /P\
L M/ .\\P.“‘\R SGAS
"IN T R \ /
E Se—In—Se 246
Ph—C & e b Ph [246]
Isobidentate coordination ‘I?—Se Se——l?’
(f) Ph Ph
cclvi

E R
LM Sp

n \E/ \R

Anisobidentate coordination
(dative bonding)

(9)

. M""E NG

n \E/ \R

Anisobidentate coordination
(secondary bonding)
h

Se s¢” COEt [247]

AN Sne N [248]
O 's l\llle S O
Me\© ®/Me
cclviii

Although  various  heavy

of phosphinodichalcogenoates (Figure 38).!

group 14  metal complexes  containing

phosphinodichalcogenoato ligands are known, the syntheses of these complexes often

involve treatment of heavy group 14 metal precursors with lithium or ammonium salts

243 247, 291 The germathiaphosphirane celxi
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was obtained by treatment of the germaphosphene cclix with one equivalent of

(201 Escudié ef al. suggested that the formation of celxi

elemental sulfur (Scheme 57).
was possibly via the germaphosphene sulfide intermediate cclx. However, attempts to

1solate and characterise this intermediate were not successful.

Figure 38. Examples of heavy group 14 metal complexes containing phosphinodichalcogenoato
and related ligands'®*> 247 241

Ph Ph
d i i Re EtO\P//SG\Pb/Se\P/Ph
Ph P8 o RocHy PPN\ R-0OEt NG TN D
P’ S CHy® pr’ Se OEt Ph™ "¢ se¢” OFEt
Scheme 57. Reaction between germaphosphene cclix and elemental sulfur®”
/Ar 1eq.S /Ar /Ar
Ge=pP 23>, Ge=P - - Ge—P
AN
S S
cclix cclx cclxi, 65%

Ar = (2,4,6-tBU2C6H2)

Several reactions between other main group or transition metal phosphanido complexes
and elemental chalcogens have been described. Davies et al. reported a series of anionic
selenophosphorus ligands by insertion of elemental selenium into Li—P bonds.**
Treatment of the lithium diphenylphosphanide ececlxii in the presence of
tetramethylethylenediamine (TMEDA) with elemental selenium gave the insertion
product [Ph,PSeLi‘TMEDA], (cclxiii) (Scheme 58). Further oxidation with another
equivalent of elemental selenium afforded the lithium diselenophosphinato complex

ccelxiv. The complex cclxiv was also accessible by treatment of the lithium

diphenylphosphanide cclxii with two equivalents of elemental selenium (Scheme 58).
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Scheme 58. Synthesis of compounds cclxiii and celxivi®®"

i | ©\Nﬁ
\N/ 1 eq. Se - v N
p-1iZ ] THF/toluene Rge
f \N -78t00°C I P

y

cclxii cclxiii

2 eq. Se
THF/toluene 1eq. Se
-78t0 0 °C

cclxiv

A solid state structural analysis showed that the dimeric lithium selenophosphinite
cclxiii contained a five-membered P—Se—Li—Se—Li ring. The selenophosphinite ligands
were coordinated in two different binding modes: (a) end-on bridging, which the
selenium atom was bound to two lithium atoms with P—Se = 2.233(1) A; and (b) side-on
bridging in which the selenium atom was bound to lithium, and phosphorus to the other
lithium atom with P—Se = 2.200(8) A. Both P—Se bond lengths were consistent with
phosphorus-selenium single bonds. A single phosphorus resonance (dp 5.1 ppm) with
'Jpse = 316 Hz was found at room temperature in the *'P{'"H} NMR spectrum. However,
at =70 °C, two phosphorus resonances (dp 3.8 and 4.8 ppm) reflected the different
coordination modes of the selenophosphinato ligands. These results suggested that
interconversion between the coordination modes is rapid on the NMR timescale at room

temperature.

The solid state structure of the lithium diselenophosphinato complex celxiv showed the
P—Se bond distances were 2.141(1) and 2.147(1) A, i.e. between those of phosphorus-

selenium single and double bonds, indicating that the electron were delocalised in the
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PSe, unit.®"1 A single resonance at Jp 20.7 ppm with phosphorus-selenium coupling

(' Jpse = 585 Hz) was found in the >'P{'H} NMR spectrum.

Treatment of cyclohexylphosphine with two equivalents of n-BuLi in the presence of
TMEDA, followed by the addition of three equivalents of elemental selenium gave the

dilithium triselenophosphonate eclxv (equation 71).

1.) n-BuLi, TMEDA Q
Se!| _Se?

H
. toluene/THF \ < /
R > INP —
\ ~—N= N (Eq. 71)
Q ., 2)3eq.Se N Li—d s-Li
N— —/N
cclxv

The solid state structure of cclxv showed the ligands were coordinated with a distorted
tetrahedral geometry around the phosphorus atom. Two different P—Se bond lengths
were obtained, with the P—Se' and P—Se” bonds (avg. 2.17 A) shorter than the P—Se’
bond (2.206(1) A). As in the lithium diselenophosphinate cclxiv, the P-Se bond lengths
in cclxv were indicative of electron delocalisation in the PSes unit. The *'P{'H} NMR
spectrum showed a single resonance at dp 7.27 ppm with selenium satellites ('Jpse = 477

Hz).

The indium complex cclxvii, supported by seleno-phosphorus ligands has also been
described.** Treatment of potassium diphenylphosphanide with two equivalents of
elemental selenium gave the potassium diselenophosphinate cclxvi. Further treatment
with indium trichloride gave the tris(diselenophosphinato)indium celxvii (Scheme 59).
Single crystals of cclxvii were obtained from a THF/toluene solution to give
cclxvii-THF or from toluene, in the absence of THF, to give celxvii-tol. Both solid state
structures showed that the metal centre had a distorted octahedral geometry, with the
diselenophosphinato ligands coordinated in a nearly isobidentate manner, forming four-
membered Se—P—Se—In chelate rings. The average P—Se bond lengths (P—Se = 2.174 A
in cclxvii-THF and P—Se = 2.175 A in celxvii-tol) were between those expected for
P—Se single (2.26 A) and double (2.06 A) bonds, suggesting that the electrons in the
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Se—P—Se unit were delocalised.**" The crystal packing revealed that the molecule

formed weak dimers with intermolecular Se---Se interactions. In cclxvii-tol, the Se---Se
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contact distances ranged from 3.5340(14) to 3.7958(14) A. However in cclxvii-THF,
only one Se---Se contact distance (3.8145(14) A) fell within the sum of the van der
Waals  radii (4.0 A)P* The °'P{'H} NMR spectra of these
tris(diselenophosphinato)indium complexes cclxvii‘tol and cclxvii-THF showed a

single resonance at dp 23.6 ppm with phosphorus-selenium coupling (' Jps. ~ 648 Hz).

Scheme 59. Synthesis of the tris(diselenophosphinato)indium complex!?*®!

Ph_ Ph
Se/fli\Se
2eqg. Se InCl3
PhoPK —THE [K(SesPPho)(THF),]o TR = Se—\ln/—Se
cclxvi L/ \ \
Ph\,lg(_Se Se=p-Ph
Ph Ph

cclxvii-tol, 40%
cclxvii'THF, 46%

Mastrorilli et al. reported a platinum phosphanido complex which underwent

sulfuration in a stepwise manner (Scheme 60).

Treatment of the platinum
phosphanide ceclxviii with one equivalent of elemental sulfur gave the platinum
thiophosphinito complex cclii. Further treatment with one equivalent of elemental sulfur
led to the dithiophosphinatoplatinum complex celxix. The *'P{'H} NMR spectrum of
celxix showed two resonances at dp 2.0 ppm (‘Jpp, = 3048 Hz) and 136.6 ppm (“Jpp =
151 Hz), assigned respectively to the monodentate PHCy, and the bidentate SP(S)Cy»
ligands. In the presence of 1,8-diazabicycloundec-7-ene (DBU), which acted as a proton
scavenger, compound celxix reacted further with one equivalent of elemental sulfur to
give compound celxx. The *'P{'H} NMR spectrum showed three signals at dp 38.9 ppm
('Jop. = 3977 Hz), 48.4 ppm ('Jep, = 2977 Hz) and 127.2 ppm (‘Jpp, = 137 Hz), assigned
to the PHCy», P(S)Cy» and S,PCy; ligands, respectively. Treatment of compound cclxx
with one equivalent of elemental sulfur gave the
bis(dithiophosphinato)platinumphosphine complex celxxi. The solid state structure of
this compound showed one of the S,PCy, groups acted as a monodentate ligand, and the
other was bound to the metal centre via both sulfur atoms. The *'P{'H} NMR spectrum
of celxxi showed three resonances at dp 2.5 ppm ('Jpp; = 355 Hz), 81.8 ppm and 124.8
ppm (“Jpp = 195 Hz), assigned to the PHCy,, monodentate S,PCy, and bidentate
S,PCy;, ligands, respectively.
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Scheme 60. Reactions of the platinum phosphanide cclxviii with elemental sulfur®!

Cy~ ! _Cy
Cl C P
Cy\ | / y 1eq.S Cy\ ?I /Cy 1eq.S I /Cy _
H—/P—IIDt—P\—H H—/P—I|3t—P\—H B %—Frt—P\—H Cl
Cy P Cy Cy P Cy _P=8S Cy
PR AN Cy—"\
Cy” Cy Cy" g Cy 7 Cy )
cclxviii cclii cclxix
DBU = 1,8-Diazabicycloundec-7-ene _Hcl |1¢€a. S
DBU
Cy
Cy</
P\ \II/
S// S C Cy P Cy Cy
| 1eq.S 4
§5—||3t—P—H S ||3t—P\—H
cy-R=s Oy cy-R=s Oy
Cy Cy
cclxxi cclxx

Given the range of coordination modes of ligands containing phosphorus and chalcogen
described in the literature, we considered that it would be interesting to explore the
reactions of [-diketiminato heavy group 14 metal phosphanides with elemental

chalcogens.
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4.2 Results and discussion

4.2.1 Synthesis of B-diketiminato heavy group 14 metal diphenylphosphanides
33-35

The B-diketiminato heavy group 14 metal chlorides were synthesised according to the

[62. 65 Treatment of the B-diketimine 1 with n-BuLi, followed by

literature procedures.
addition of the generated lithium B-diketiminate to a THF slurry of metal dichloride
gave the B-diketiminato heavy group 14 metal chlorides [(BDIppp)MCI] (31, M = Ge;

32, M = Sn; and 2, M = Pb) in 56-79% yields (Scheme 61).

Scheme 61. Synthesis of the B-diketiminato heavy group 14 metal chlorides!® !

N/Ar y AT Ar
= n-BulLi \ MCl, N
"N\ THF = T 25°C 20h H&N:‘M
\ 25 °C, 45 min \ A |
. Ar " Cl
Ar = (2,6'IPFQCGH3)
1 31, M =Ge, 73%
32, M = Sn, 56%
2, M =Pb, 79%

NMR spectroscopic analyses of these pB-diketiminato heavy group 14 metal chlorides
show several peaks attributed to the isopropyl groups.®” ®! For example, the 'H NMR
spectrum of the tin(IT) chloride 32 shows two septets (ouy 3.96 and 3.13 ppm) assigned
to the tertiary isopropyl protons (CHMe;) and four doublets centred at oy 1.45, 1.23,
1.20 and 1.07 ppm, assigned to the isopropyl methyl protons (CHMe,) in the N-aryl
groups in the B-diketiminato ligand. The results suggest: (a) that the methyl groups
within each isopropyl group are inequivalent as expected from the chirality of the
fragment to which the isopropyl group is attached; and (b) that the isopropyl groups at
the 2- and 6-positions of each aryl group (Ar) are inequivalent due to restricted rotation
about the N—aryl bond. Since all of the compounds described in this chapter show an
approximate plane of symmetry bisecting the B-diketiminato ligand (vide infra), it is
likely that the environments of the N-aryl groups on either side of this plane are the
same in solution. There are thus two CHMe, resonances and four CHMe, resonances.
The isopropyl groups on the same side as the terminal ligand are described as ‘adjacent’

and those on the other side as ‘opposite’ (Figure 41, Page 132).
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A close inspection of the "C{'H} NMR spectrum of the tin(II) chloride 32 revealed
previously unreported couplings between the tin atom and the tertiary isopropyl carbons
(CHMe,) or the isopropyl methyl carbons (CHMe,) as unresolved ''”''*Sn satellites. In
this thesis, the number of bonds between the coupling nuclei is indicated by the
superscript in the symbol J. For example, in the tin(Il) chloride 32, the coupling
between the tertiary isopropyl carbon (CHMe;) and the tin atoms, which are separated
by four bonds, is indicated as *Jesn. Considering that there is a 4- or 5-bond separation
between the carbon and tin atoms, we expect through-bond coupling to be weak. The
carbon-tin coupling constant (Jcsy) varies between each resonance (vide infra), hence
we assign these couplings as through-space. Previous examples of {"F—""F}, {'H-""F},
{'H-"H}, {""N=-"F}, {*'P-*'P}, and recently {"’F—''""""Sn} and {"’F-*""Pb} through-
space couplings are known.””**” The p-diketiminatotin(I) chloride 32 is the first
example of a compound showing {*C—'""""Sn} through-space coupling (*Jcs, and
5JCSH, Figure 40, Page 132). It demonstrates that this phenomenon may be observed

even with insensitive carbon-13 nuclei.

Before discussion of through-space coupling in the tin(Il) chloride 32, a brief
examination on the conformations of the B-diketiminato heavy group 14 metal
complexes in the solid state is necessary. Two conformations are observed (Figure
39)."1 In the endo conformation, the metal (M) and the terminal ligand (X) are on the
same side of the mean NCCCN plane of the f-diketiminato ligand. The terminal ligand
lies between the two N-aryl groups, with the M—X bond at approximately 90° to the
mean NCCCN plane. In the exo conformation, the metal (M) lies above the mean
NCCCN plane (i.e. on the ‘opposite’ side in Figure 41, Page 132), and the terminal
ligand points away from the (BDIppp)M core. The conformation adopted seems to
depend on the interaction between the terminal ligand and the N-aryl groups in the B-
diketiminato ligand. The endo conformation is preferred when the ligand, for example
halide or methyl, can be accommodated between the N-aryl groups or when it can adopt

)2.9% 7 1% When a larger ligand, such as fert-

a planar geometry, such as N(SiMe;
butoxide, is present, the exo conformation may be adopted to avoid congestion from the
N-aryl groups in the B-diketiminato ligand. Although endo and exo conformations are
observed in the solid state structures, solution phase spectroscopic measurements have

not, to date, differentiated between them.
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Figure 39. Endo and exo conformations in 3-diketiminato heavy group 14 metal complexes“m]

f\r f\r
-M Ar = (2,6-Pr,CgH
N NN r=(2,6-'ProCgHs)
H{NEM H<C\/ X M=GeSnorPb
A I\ X = terminal ligand
Ar X Ar
endo exo

Through-space coupling requires the nuclei to be in close proximity.”>>*°®! The
BC{'H} NMR spectrum of the tin(Il) chloride 32 shows resonances at 5¢ 29.6 ppm with
coupling *Jesn = 20 Hz, assigned to tertiary isopropyl carbon (CHMe,), and at d¢ 25.2
ppm with coupling *Jes, = 13 Hz, assigned to methyl carbons in the isopropyl groups
(CHMe,) (Figure 40). Within the resolution of the NMR instrument, only resonances
from one isopropyl group (ab,, Figure 40) couple to the tin atom as observed in the
BC{'H} NMR spectrum. In the solid state, the tin(II) chloride 32 adopts an endo
conformation (Figure 41).1°! The detection of through-space coupling between the tin
and some, but not all, of the isopropyl carbon nuclei suggests that the average structure
in solution is similar to that in the solid, with restricted rotation about Sn—N or N—C

bonds.
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Figure 40. BC{'"H} NMR spectrum of [(BDIlppp)SnCI] (32) showing the Jcsn; @ and a' are from
CHMe,; b and b' are from CHMe;,; ¢ is from NCMe. The ab, and a'b's indicate
resonances from different pairs of isopropyl groups

b bl
b' b
a a c
AJCSH SJCSH

T T T T T T T T T T T T
30.0 29.5 29.0 28.5 28.0 27.5 27.0 26.5 26.0 25.5 25.0 24.5 24.0
(ppm)

Figure 41. Schematic view of [(BDIppp)SnCI] (32) showing the relative distance between the tin
atom and the isopropyl substituents. H atoms are omitted. The distances are
obtained from the crystal structure data'®®

“Opposite”

Rt
PO
Pl -

B

/
/
/

“Adjacent”

Treatment of the B-diketiminato heavy group 14 metal chlorides 31, 32 and 2 with
lithium diphenylphosphanide at room temperature gave the B-diketiminato heavy group

14 metal diphenylphosphanides [(BDIppp)MPPh;] (33, M = Ge; 34, M = Sn; and 35, M
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= Pb) (equation 72). [(BDIppp)GePPh;] (33) was obtained after 30 hours as an indigo-
coloured solid in 83% yield. Roesky et al. reported the germanium derivative 33 about
the time this thesis was submitted.”® The tin analogue [(BDIppp)SnPPhy] (34) was
obtained after 18 hours as a deep purple solid in 75% yield. The lead derivative
[(BDIpipp)PbPPh;] (35) required the least reaction time (10 hours) and was obtained as
deep red solids in 61% yield. These compounds, particularly the lead derivative 35, are
extremely reactive towards air, moisture and light. Metallic precipitates were formed
after 24 hours when the lead(Il) derivative 35 was allowed to stand in toluene at room
temperature. The diphenylphosphanido complexes are soluble in aprotic organic
solvents such as benzene or toluene. The elemental analyses of these compounds are in

good agreement with the calculated values.

f\r Ar
‘M
N . toluene N7\ /®
+ LiPPh -
H&N:M ? 25°C,101030h H&,\( P
AI’ )I( - LIC' /‘A\I’
Ar = (2,6-PryCgHg) (Eq. 72)

31, M =Ge 33, M =Ge, 83%
32, M =Sn 34, M =Sn, 75%
2, M=Pb 35, M =Pb, 61%

4.2.2 X-ray crystal structures of the [-diketiminato heavy group 14 metal

diphenylphosphanides 33—-35

Single crystals of the solvent-free germanium derivative [(BDIppp)GePPh,] (33) were
obtained by recrystallisation from a concentrated n-hexane solution at =30 °C. ORTEP
drawings of compound 33 are shown in Figures 42 and 43. Selected bond lengths and
angles are listed in Table 29, and selected crystallographic data in Table 30. The
geometry around the germanium atom is pyramidal with the sum of the bond angles
around the metal centre 286.7°. The phosphorus atom is also pyramidally coordinated
with the sum of bond angles 300.0°. If the two phenyl groups are discounted, there is an
approximate plane of symmetry passing through the atoms C(2), Ge, and P, bisecting
the B-diketiminate ring (Table 29). The germanium(Il) diphenylphosphanide 33 has a
long Ge—P bond (2.4760(6) A) compared with other Ge""—PR, bond lengths, for
example in DuMont’s [Ge(P'Pr2)(u-P'Pr2)], (terminal Ge—P = 2.398(1) A), Izod’s
[[{Me;Si),CH}(Ph)P],Gel,"Et,O (Ge—P = 2.4151(13) A) and [[ {(Me3Si),CH}(CgHy4-2-
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CH,NMe,)P],Ge] (Ge—P = 2.4114(4) A).2"> 222 Oyr unit cell parameters for 33 are

in good agreement with those reported in Roesky’s recent publication.'*"

Figure 42. ORTEP diagram of [(BDIppp)GePPh,] (33). H atoms are omitted and C atoms in the
N-aryl groups in the B-diketiminate ring are minimised for clarity. The ellipsoid
probability is shown at 30%

Figure 43. ORTEP diagram showing the side-on view of [(BDIppp)GePPhy] (33). H atoms are
omitted and C atoms in the N-aryl groups in the B-diketiminate ring and phenyl
groups are minimised for clarity. The ellipsoid probability is shown at 30%

7\
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Solvent-free single crystals of the tin(Il) diphenylphosphanide [(BDIppp)SnPPh;] (34)
were obtained by recrystallisation from a concentrated n-hexane solution at —30 °C.
ORTEP drawings of compound 34 are shown in Figures 44 and 45. Selected bond
lengths and angles are listed in Table 29, and selected crystallographic data in Table 30.
The molecules of the tin(Il) diphenylphosphanide 34 and the germanium derivative 33
have almost identical structure. Compound 34 adopts an exo conformation, with the tin
atom 1.093 A above the mean NCCCN plane of the p-diketiminato ligand. A
pyramidally coordinated tin atom is found with the sum of bond angles around the metal
centre 281.7°. The geometry around the phosphorus atom is also pyramidal with the
sum of bond angles 295.3°. Like the germanium derivative 33, if the phenyl groups are
discounted, there is an approximate plane of symmetry passing through the atoms C(2),
Sn and P, bisecting the B-diketiminate ring. The Sn—P bond length (2.6307(9) A) is
similar to those in Cowley’s [Li(THF){Sn(P'Bu,);}] (Sn—P = 2.684(4) A), Wang’s
[Sn{P(Ph)C {C(H)Ph}P(Me),NSiMe;},] (Sn—P = 2.591(7) and 2.598(7) A) and Izod’s
[[{(Me3Si),CH}(Ph)P]3Sn][Li(THF)4] (Sn—P = 2.649(2) A).12!*260-2¢1]

Figure 44. ORTEP diagram of [(BDIppp)SnPPh,] (34). H atoms are omitted and C atoms in the
N-aryl groups in the B-diketiminate ring are minimised for clarity. The ellipsoid
probability is shown at 30%
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Figure 45. ORTEP diagram showing the side-on view of [(BDIppp)SnPPh,] (34). H atoms are
omitted and C atoms in the N-aryl groups in the B-diketiminate ring and the phenyl
groups are minimised for clarity. The ellipsoid probability is shown at 30%

D)

Solvent-free single crystals of [(BDIppp)PbPPhy] (35) were obtained by
recrystallisation from a concentrated n-hexane solution at —30°C. ORTEP drawings of
compound 35 are shown in Figures 46 and 47. Selected bond lengths and angles are
listed in Table 29, and selected crystallographic data in Table 30. The lead(Il)
diphenylphosphanide 35 adopts an exo conformation with the lead atom 1.018 A above
the mean NCCCN plane of the B-diketiminato ligand. The lead atom is pyramidally
coordinated with the sum of bond angles around the metal centre 284.4°. The sum of
bond angles at the pyramidally coordinated phosphorus is 289.7°. If the two phenyl
groups are discounted, there is an approximate plane of symmetry passing through the
atoms C(2), P and Pb (Table 29). The Pb—P bond length (2.720(2) A) is similar to the
terminal Pb"’-PR, bond lengths in Cowley’s compounds, [Li(THF){Pb(P'Bu,);}]
(Pb—P =2.766(7) A) and [Pb(u-P'Buy)(P'Buy)], (Pb—P = 2.781(4) A).121% 262
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Figure 46. ORTEP diagram of [(BDIppp)PbPPh,] (35). H atoms are omitted and C atoms in the
N-aryl groups in the B-diketiminate ring are minimised for clarity. The ellipsoid
probability is shown at 30%

Figure 47. ORTEP diagram showing the side-on view of [(BDIppp)PbPPh,] (35). H atoms are
omitted and C atoms in the N-aryl groups in the B-diketiminate ring and the phenyl
groups are minimised for clarity. The ellipsoid probability is shown at 30%
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Table 29. Selected bond lengths (A A) and angles (deg) for [(BDIppp)MPPh,] (33, M = Ge; 34, M
= Sn; and 35, M = Pb)

[(BDlpipp)GePPhy] [(BDIpipp)SNPPh,] [(BDIpipp)PbPPh]

33, M =Ge 34, M =Sn 35 M=Pb
Bond lengths (A)
M-P 2.4760(6) 2.6307(9) 2.720(2)
M-N(1) 2.0281(19) 2.226(3) 2.324(6)
M-N(2) 2.0071(19) 2.218(3) 2.347(6)
N(1)-C(1) 1.324(3) 1.325(4) 1.303(10)
N(2)-C(3) 1.343(3) 1.335(4) 1.297(9)
C(1)-C(2) 1.395(4) 1.406(5) 1.413(11)
C(2)-C(3) 1.385(4) 1.400(6) 1.410(10)
C(1)-C(4) 1.506(3) 1.517(5) 1.530(12)
C(3)-C(5) 1.517(3) 1.516(5) 1.526(10)
P-C(30) 1.842(3) 1.841(3) 1.845(8)
P-C(36) 1.847(2) 1.843(4) 1.818(9)
M-NCCCNppane 0.936 1.093 1.018
Bond angles (deg)
N(1)-M-N(2) 88.16(8) 84.06(10) 80.2(2)
N(1)-M-P 99.33(6) 97.35(7) 98.21(15)
N(2)-M-P 99.20(6) 100.32(7) 105.98(15)
M-N(1)-C(1) 119.66(16) 118.5(2) 121.2(5)
M-N(2)-C(3) 118.66(16) 117.6(2) 121.6(5)
N(1)-C(1)-C(2) 122.7(2) 124.2(3) 125.9(8)
N(2)-C(3)-C(2) 123.2(2) 124.0(3) 125.2(7)
C(1)-C(2)-C(3) 126.4(2) 128.5(3) 128.7(8)
M-P-C(30) 100.49(9) 96.12(11) 87.3(2)
M-P-C(36) 100.11(7) 97.82(11) 101.1(3)
C(30)-P-C(36) 99.38(11) 101.38(16) 101.3(4)
NCCCNpiane—NMNopiane 39.4 40.6 34.3
> bond angle around M 286.7 281.7 284.4
DOP of M (%) 81 87 84
> bond angle around P 300.0 295.3 289.7
DOP of P (%) @ 67 72 78
Dihedral angles (deg)
C(11)-C(6)-N(1)-M 78.7(3) 64.5(4) 78.7(8)
C(23)-C(18)-N(2)-M -69.7(3) -72.5(4) -73.7(9)

2 Degree of pyramidalisation (DOP, %) = [(360 — Zyona angie) / 0.9] '™ When a DOP is 100%, it is equivalent to a
sum of bond angles of 270°, whereas a DOP of 0% indicates a planar geometry at the central atom
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Table 30. Selected crystallographic data for [(BDIppp)MPPh,] (33, M = Ge; 34, M = Sn; and 35,

M = Pb)
[(BDlpipp)GePPhy]  [(BDIpipp)SnPPhy]  [(BDlpipp)PbPPhy]
(33) (34) (35)
chemical formula C41Hs1GeNyP C41Hs51NoPSn C41Hs1NoPPb
molecular mass 675.40 721.50 810.01
temperature (K) 173(2) 173(2) 173(2)
wavelength (A) 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic orthorhombic
space group P 24/c (No. 14) P2 (No. 4) 2¢cb (No. 45)
a (A) 17.2186(4) 11.2633(2) 15.9697(5)
b (A) 12.0952(3) 12.5856(3) 18.3168(6)
c(A) 18.0061(3) 12.9200(3) 25.8355(6)
a (deg) 90 90 90
B (deg) 99.289(1) 90.02 90
y (deg) 90 90 90
V(A% 3700.82(14) 1831.48(7) 7557.2(4)
V4 4 2 8
Poaica (Mg m™) 1.21 1.31 1.42
6 range (deg) 3.47-27 .11 3.54-27.11 3.43-27.09
abs coeff (mm™) 0.90 0.77 4.54
measd/indep refins/R(int) 57 250/8144/0.073 29 273/8017/0.053 24 237/8198/0.081
reflns with /> 20(/) 6099 7400 5814
data/restraints/param 8144/156/446 8017/1/408 8198/1/408
goodness of fit on F 1.027 1.008 0.986
final Rindices [/ > 20(/)] R1 =0.044, R1 =0.033, R1 =0.047,
wR2 = 0.087 wR2 = 0.073 wR2 = 0.085
R indices (all data) R1 =0.072, R1 =0.038, R1 =0.086,
wR2 = 0.097 wR2 = 0.076 wR2 = 0.096
largest diff peak and hole  0.49 and -0.38 1.69 and -0.48 0.68 and —-1.40

(e A%

4.2.3 NMR spectra of the B-diketiminato heavy group 14 metal diphenyl-
phosphanides 33—-35

Selected multinuclear NMR spectroscopic data for 33—35 are given in Table 31.
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Table 31. Selected multinuclear NMR spectroscopic data for [(BDIppp)MPPh,] (33, M = Ge; 34
M = Sn; and 35, M = Pb) in CsDs at 30 °C

[(BDlpipp)GePPhy] (33)

[(BDlpipp)SnPPh;] (34)

[(BDIbipp)PbPPh;] (35)

3 (ppm), J (Hz) *

3 (ppm), J (Hz) *

3 (ppm), J (Hz) ®

H
v-H 4.75 (s) 4.71 (s) 4.59 (s)
CHMe; 4.15 (d-septet) 4.08 (d-septet) 4.04 (septet)
® U =6.8;%Up=08  Un=68;Up=12 *Un=6.8
3.24 (septet) 3.16 (septet) 3.06 (septet)
8 Jun = 6.8 Jhn = 6.8 Jun = 6.8
13c{1H}
CHMe, 29.7 (d) 29.5 (d) 29.4 (d)
*Jep =9 ®Jep =6 °Jep=5
29.1 (s) 28.8 (s) 28.3 (s)
“Jesn = 36 “Jepo = 37
CHMe, 25.9, 25.6, 25.2 (s) 26.6 (d) 26.9 (s)
24.8 (d) *Josn = 43 25.5 (d)
®Jep =9 25.6, 25.0 (s) ®Jep =4
24.7 (d) 25.4, 25.0 (s)
®Jep =9
31 P{1H}
-36.0 (s) -30.8 (s) 7.3 (s)
' JpTig, = 978 ' Jppp = 1130
! JpT7g, = 937
Other Nuclei
- 5(''°sn) = 126 5(°’Pb) = 3011
9 0 = 966 ' Jppp = 1138

@Superscript indicates number of bonds between nuclei

4.2.3.1 The B-diketiminatogermanium(ll) diphenylphosphanide 33

The *'P{'"H} NMR spectrum of [(BDIppp)GePPh,] (33) shows a broad resonance at Jp
—36.0 ppm, upfield from Kornev’s [Ge(NPh-NPh-PPh;),] (dp 63.2 ppm) and Reddy’s
[Ph,PC {C(Me)N(2,6-Pr,CsHs)},GeCl] (5p 15.2 ppm) .22 The 'H NMR spectrum of

the germanium derivative 33 shows a doublet of septets centred at oy 4.15 ppm,

assigned to one of the tertiary proton resonances in the isopropyl groups (CHMe,)

(Figure 48). The through-bond proton-proton coupling (*Juu = 6.8 Hz) is further split by

a through-space proton-phosphorus coupling (*Jup = 0.8 Hz). The "H-"'P Heteronuclear

Multiple Bond Correlation (HMBC) NMR experiment shows correlations between the

phosphorus and one of the CHMe, resonances (oy 4.15 ppm), as well as between the
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phosphorus and two of the methyl proton resonances in the isopropyl groups (CHMe;:
ou 1.70 and 1.21 ppm) (Figure 49). These findings are not reported in Roesky’s recent
publication or in other p-diketiminatometal phosphanides, such as Linti’s

[(BDIpipp)Ga(H)PPh,] or Burford’s [(BDIppp)Ga(OTS)PPh,].[10% 1762381

Figure 48. 'H NMR spectrum (400 MHz, Cg¢Ds) of [(BDIppp)GeCl] (31, top) and
[(BDIlpjpp)GePPhy] (33, bottom), where A = y-H and B & C = CHMe, proton
resonances

[(BDI,-)GeCl] (31)

w
(@]

|
N J JLM )

[(BDI,,..)GePPh.] (33)

52 51 50 49 48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31
(ppm)

Figure 49. 'H-'"P HMBC NMR spectrum of [(BDIpipp)GePPh,] (33) in C¢Ds, with A = y-H; B & C
= CHMe;; D & E = CHMe, and F = NCMe. Impurities are designated by §

E—3
8
P (ppm)
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The “C{'H} NMR spectrum of [(BDIppp)GePPhy] (33) shows two doublets. One
centred at dc 29.7 ppm is assigned to a tertiary carbon resonance in the isopropyl groups
(CHMe;) and the other centred at dc 24.8 ppm is assigned to a methyl carbon resonance
in the isopropyl groups (CHMe,) (Figure 50). The through-space carbon-phosphorus
coupling is only obtained from resonances assigned to an isopropyl groups (a’'b’s,
CHMe,: *Jep = 9 Hz; CHMes: ®Jop = 9 Hz). This may be explained by the solid state
structure of 33 which shows the phosphorus is closer to the ‘adjacent’ than to the
‘opposite’ isopropyl groups (Figure 51). These results indicate that the bond rotations in
solution are restricted by steric interactions and that the overall conformation of 33 in

solution is similar to that found in the solid state.

Figure 50. "*C{'H} NMR spectrum of [(BDIppp)GePPh,] (33) showing the Jcp; @ and a' are from
CHMe,; b and b' are from CHMe,; ¢ is from NCMe. The ab, and a'b', indicate
resonances from different pairs of isopropyl groups

5“ICP
(9 Hz) H H (9 Hz)

T T T T T T T T T
30.0 29.5 29.0 28.5 28.0 27.5 27.0 %6.5 ) 26.0 25.5 25.0 24.5 24.0 23.5 23.0
ppm
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Figure 51. Schematic view of [(BDIppp)GePPhy] (33) showing the distances between the
phosphorus atom and the isopropyl substituents. H atoms are omitted. The
distances are obtained from the crystal structure data

“Opposite”

5.01A ,

“Adjacent”

4.2.3.2 The B-diketiminatotin(ll) diphenylphosphanide 34

As in the germanium derivative 33, the 'H NMR spectrum of [(BDIppp)SnPPh;] (34)
shows a doublet of septets centred at dy 4.08 ppm assigned to the tertiary proton in the
isopropyl group (CHMe,) with through-bond proton-proton coupling CJun = 6.8 Hz), as
well as a through-space proton-phosphorus coupling (*Jup = 1.2 Hz). The 'H->'P HMBC
NMR experiment shows correlations between the phosphorus (dp —30.8 ppm) and a
tertiary proton resonance in the isopropyl group (CHMe,: oy 4.08 ppm), as well as
between the phosphorus and two of the resonances assigned to the isopropyl methyl
protons (CHMe;: oy 1.67 and 1.23 ppm). A single phosphorus resonance at dp —30.8
ppm with tin satellites ('Jp!9%, = 978 Hz and 'JpV%, = 937 Hz) is found in the *'P{'H}

NMR spectrum. The shift of the phosphorus resonance is similar to that of the
germanium derivative 33 (dp —36.0 ppm) and Wang’s tin(II) phosphoraniminato
complex [Sn{P(Ph)C{=C(H)Ph}P(Me),=NSiMes},] (dp —42.3 ppm, 'Jpll%, = 1078

Hz). 1261
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The “C{'H} NMR spectrum of the tin(Il) diphenylphosphanide 34 shows through-
space carbon-tin coupling (Jcsn), similar to that described for [(BDIppp)SnCl] (32),
together with through-space carbon-phosphorus coupling (Jcp). The tertiary carbons
(CHMe,) and those of the methyl groups (CHMe,) in one of the isopropyl substituents
couple to tin, with *Jesn = 36 Hz and *Jes, = 43 Hz, respectively (ab,, Figure 52). One
doublet centred at dc 29.5 ppm (Jep = 6 Hz) is assigned to the tertiary carbon in the
isopropyl group (CHMe,), and one doublet centred at dc 24.7 ppm (*Jep = 9 Hz) is
assigned to methyl carbons in the isopropyl group (CHMe;), both showing through-
space carbon-phosphorus coupling (a’b’,, Figure 52). The Jcs, and Jcp couplings are
obtained from separate resonances, suggesting that the tin and phosphorus atoms
interact with different isopropyl groups. This can be attributed to the differences in
distances between the atoms; that is the tin atom is closer to the isopropyl substituents
on the ‘opposite’ side of the B-diketiminate ring, while the phosphorus atom is closer to

the isopropyl substituents on the ‘adjacent’ side (Figure 53).

Figure 52. "*C{'"H} NMR spectrum of [(BDlppp)SnPPh,] (34) showing the Jcp and Josn; a and a'
are from CHMe,; b and b' are from CHMe,; ¢ is from NCMe. The ab, and a'b',
indicate resonances from different pairs of isopropyl groups

b
bl
b
a
b' ¢
a' 6"lCP
5. H (9 Hz2)
(6 HZ) H

4JCSn SJCSn U

T T T T T T T
30.0 29.5 29.0 28.5 28.0 27.5 27.0

T T T T T T T
.5 26.0 25.5 25.0 24.5 24.0 23.5
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Figure 53. Schematic view of [(BDIppp)SnPPh,] (34) showing the distances between the
phosphorus or tin atom and the isopropyl substituents. H atoms are omitted. The
distances are obtained from the crystal structure data

“Opposite”

/408A 3.0 AN,

“Adjacent”
4.2.3.3 The B-diketiminatolead(ll) diphenylphosphanide 35

The 'H NMR spectrum of [(BDIppp)PbPPh,] (35) shows two septets centred at dy 4.04
and 3.06 ppm for the tertiary isopropyl protons (CHMe,), with through-bond proton-
proton coupling (*Jun = 6.8 Hz). Although through-space proton-phosphorus coupling
(Jup) is not observed in the '"H NMR spectrum, the 'H-"'"P HMBC NMR experiment
shows correlations between the phosphorus atom (dp 7.3 ppm) and one of the tertiary
proton resonances in the isopropyl groups (CHMe;: du 4.04 ppm), as well as between
the phosphorus and two methyl proton resonances in the isopropyl groups (CHMe;: du
1.69 and 1.29 ppm). The lack of observed proton-phosphorus coupling in the 'H NMR
spectrum may due to a small through-space *Jyp coupling constant. A single phosphorus
resonance (dp 7.3 ppm) with lead satellites ('Jppp = 1130 Hz) is shown in the *'P{'H}
NMR spectrum. The phosphorus-lead coupling constant may be compared with those in
Cowley’s [Pb(u-P'Buy)(P'Buz)], (terminal P'Buy: dp 90.8 ppm, 'Jepy = 1100 Hz) and
Balch’s [Pb{(PhyP),C(SiMes)}2] (dp 21.8 ppm, 'Jppy = 1510 Hz).*%* I The *°’Pb NMR
spectrum shows a doublet centred at dpy 3011 ppm (‘Jpwp = 1138 Hz), downfield from
the resonance in the parent lead(IT) chloride 2 (dpp 1413 ppm)."” The “C{'H} NMR
spectrum of 35 (Figure 54) shows through-space coupling between one of the tertiary
carbon resonances (CHMe; (a): dc 28.3 ppm, “Jepy = 37 Hz) and lead. Through-space
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carbon-phosphorus couplings (Jcp) are observed in another tertiary carbon resonance
(CHMe; (a'): dc 29.4 ppm, *Jep = 5 Hz) and in one of the methyl carbon resonances in
the isopropyl group (CHMe; (b'): ¢ 25.5 ppm, *Jep = 4 Hz).

Figure 54. *C{'"H} NMR spectrum of [(BDlppp)PbPPh,] (35) showing the Jcp and Jopy; @ and a'
are from CHMe,; b and b' are from CHMe,; ¢ is from NCMe. The ab, and a'b',
indicate resonances from different pairs of isopropyl groups

GJCP bl C
a' (4 Hz) +

5JCP
(5Hz) H

*J

CPb

(37 Hz2)

: ‘ ‘ - - ‘ ‘ ‘ ‘ - -
30.0 29.5 29.0 28.5 28.0 275 27(.0 ) 26.5 26.0 25.5 25.0 24.5 24.0
ppm

Figure 55. Schematic view of [(BDIppp)PbPPh,] (35) showing the distances between the
phosphorus or lead atom and the isopropyl substituents. H atoms are omitted. The
distances are obtained from the crystal structure data

“Opposite”

“Adjacent”
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4.2.4 Synthesis of [-diketiminato heavy group 14 metal dicyclohexyl-
phosphanides 36-38

Initial attempts to synthesise the PB-diketiminatotin(Il) dicyclohexylphosphanide 37
involved generating the lithium dicyclohexylphosphanide in situ by treatment of
dicyclohexylphosphine with one equivalent of n-BuLi in n-hexane. The resulting
mixture was immediately added to the B-diketiminatotin(II) chloride 32 in toluene.
However, this approach unexpectedly led to formation of some n-butyl(B-
diketiminato)tin(II) [(BDIppp)Sn"Bu] (39), identified by X-ray crystallography
(Appendix 2, Page 333). Hence, an alternative synthetic procedure was used. Lithium
diphenylphosphanide was isolated as a light green solid by treatment of
dicyclohexylphosphine with n-BuLi in n-hexane. Treatment of solutions of B-
diketiminato heavy group 14 metal chlorides in toluene or diethyl ether with lithium
dicyclohexylphosphanide at room temperature gave the B-diketiminato heavy group 14
metal dicyclohexylphosphanides 36—-38 in 87-95% yields (equation 73). The
dicyclohexylphosphanido complexes, especially the lead derivative 38, are sensitive to
air and moisture. Metallic precipitates are formed after several days when a toluene
solution of 38 is exposed to ambient light at room temperature. Elemental analyses of

these complexes are in good agreement with the calculated values.

toluene

Ar or Ar
1 i 1 M
N . diethyl ether (NN /O
H + LiPC >
&NEM Y2 257G, 2410 40h H{,\,/ it
Ar | - LiCl )
Ar x IC Ar (Eq. 73)
Ar = (2,6-’Pr2C6H3)
Cy = cyclohexyl
31, M =Ge 36, M = Ge, 92%
32, M=Sn 37, M =Sn, 87%
2, M=Pb 38, M = Pb, 95%

4.2.5 X-ray crystal structures of the [-diketiminato heavy group 14 metal

dicyclohexylphosphanides 36-38

Single crystals of [(BDIppp)GePCyz] (36) were obtained by recrystallisation from a
concentrated n-hexane solution at —30°C. ORTEP drawings of the germanium(II)

dicyclohexylphosphanide 36 are shown in Figures 56 and 57. Selected bond lengths and
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angles are given in Table 32 and selected crystallographic data in Table 33. Compound
36 adopts an exo conformation, with the germanium atom 0.963 A above the mean
NCCCN plane of the B-diketiminato ligand. The geometry at the metal centre is
pyramidal, with the sum of bond angles 291.9°. The phosphorus is also pyramidally
coordinated, with the sum of bond angles 298.3°. These findings are similar to those for
the diphenylphosphanido analogue 33, in which both the germanium and phosphorus
atoms are pyramidally coordinated. In 36, the Ge—P bond length is 2.4724(8) A, which
is similar to that in [(BDIppp)GePPhs] (33, Ge—P = 2.4760(6) A). The internal C—C—C
bond angles in the cyclohexyl rings do not deviate significantly from the average value

(111°), indicating that there is little distortion in the cyclohexyl chair conformation.

Figure 56. ORTEP diagram of [(BDIppp)GePCy,] (36). H atoms are omitted and C atoms in the
N-aryl groups in the [-diketiminate ring are omitted for clarity. The ellipsoid
probability is shown at 30%

(\1[315
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Figure 57. ORTEP diagram showing the side-on view of [(BDIppp)GePCy;] (36). H atoms are
omitted, and C atoms in the N-aryl groups in the B-diketiminate ring and the
cyclohexyl groups are minimised for clarity. The ellipsoid probability is shown at
30%

Single crystals of [(BDIppp)SnPCy,] (37) were obtained by recrystallisation from a
minimum amount of toluene at —30 °C. ORTEP drawings are shown in Figures 58 and
59. Selected bond lengths and angles are given in Table 32, and selected
crystallographic data in Table 33. The tin(II) dicyclohexylphosphanide 37 adopts an exo
conformation with the metal centre lying 1.066 A above the mean NCCCN plane of the
B-diketiminato ligand. Delocalisation within the C3N,Sn unit in the -diketiminate ring
is evident, but it does not extend to the N-aryl substituents (dihedral angles:
C(11)~-C(6)-N(1)-Sn = 78.6(3)° and C(23)-C(18)-N(2)-Sn = —75.6(3)°). If the
cyclohexyl groups are discounted, there is an approximate plane of symmetry passing
through the atoms C(2), Sn and P, and bisecting the B-diketiminate ring. The tin atom is
pyramidally coordinated with the sum of bond angles around the metal centre 285.8°.
The geometry around the phosphorus is also pyramidal with the sum of bond angles
294.8°. The Sn—P bond distance (2.6309(7) A) is similar to those in the tin(Il)
diphenylphosphanide 34 (2.6307(9) A), Wright’s [[{Sny(PCy)s},Lis(THF)4]-(THF),]
(avg. Sn—P = 2.624 A) and Jones’ [{Cy,NC(NATr),}Sn(P,C3'Bus)] (Ar = (2,6-ProCeHs),
Sn—P = 2.7595(17) A).****"] The internal C—C—C bond angles in the cyclohexyl rings
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do not deviate significantly from the average value (111°), indicating that there is little

distortion in the chair conformation.

Figure 58. ORTEP diagram of [(BDIppp)SNPCy,] (37). H atoms are omitted and C atoms in the
N-aryl groups in the B-diketiminate ring are minimised for clarity. The ellipsoid
probability is shown at 30%

Q
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\
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Figure 59. ORTEP diagram showing the side-on view of [(BDIppp)SNPCy,] (37). H atoms are
omitted, and C atoms in the N-aryl groups in the B-diketiminate ring and the
cyclohexyl groups are minimised for clarity. The ellipsoid probability is shown at
30%
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Single crystals of [(BDIppp)PbPCy,] (38) were obtained from toluene at —30 °C.
ORTEP drawings are shown in Figures 60 and 61. Selected bond lengths and angles are
given in Table 32, and selected crystallographic data in Table 33. The lead(I)
dicyclohexylphosphanide 38 and the germanium and tin derivatives 36—37 are
isostructural. An exo conformation is adopted with the lead atom 1.128 A above the
mean NCCCN plane of the B-diketiminato ligand. The lead atom is pyramidally
coordinated with the sum of bond angles around the metal centre 282.1°. The
phosphorus atom is also pyramidally coordinated, with the sum of bond angles around
the atom 292.5°. The folding angle between the mean NCCCN plane in the (-
diketiminate ring and the plane defined by the atoms N(1), Pb and N(2) is 38.7°, similar
to that in Driess’ [(BDIppp)PbP(SiMes)a] (43.9°).l'*! The Pb—P bond distance in 38 is
2.6945(9) A, similar to those in the lead(II) diphenylphosphanide 35 (Pb—P = 2.720(2)
A), Driess’ [(BDIppp)PbP=Si(Ar)Si'Bus] (Ar = (2,4,6-'Pr;CsHs), Pb—P = 2.671(1) A)
and Cowley’s [Pb(u-P'Bu,)(P'Buy)]; (terminal Pb—P = 2.781(4) A).l'%* 2% The internal
C—C—C bond angles in the cyclohexyl rings do not deviate significantly from the

average value (111°), indicating that there is little distortion in the chair conformation.
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Figure 60. ORTEP diagram of [(BDIp;pp)PbPCy,] (38). H atoms are omitted and C atoms in the
N-aryl groups in the B-diketiminate ring are minimised for clarity. The ellipsoid
probability is shown at 30%

C

Figure 61. ORTEP diagram showing the side-on view of [(BDIppp)PbPCy,] (38). H atoms are
omitted, C atoms in the N-aryl groups in the B-diketiminate ring and the cyclohexyl
groups are minimised for clarity. The ellipsoid probability is shown at 30%
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Table 32. Selected bond lengths (A) and angles (deg) for [(BDIppp)MPCy,] (Cy = cyclohexyl;
36, M = Ge; 37, M = Sn; and 38, M = Pb)

[(BD|D|pp)GeP0y2] [(BD|D|pp)SnP0y2] [(BD'mpp)PbPC){Q]

36, M = Ge 37, M =Sn 38, M=Pb
Bond lengths (A)
M-P 2.4724(8) 2.6309(7) 2.6945(9)
M-N(1) 2.049(2) 2.233(2) 2.342(3)
M-N(2) 2.048(2) 2.227(2) 2.326(3)
N(1)-C(1) 1.329(3) 1.328(3) 1.325(4)
N(2)-C(3) 1.328(3) 1.315(3) 1.324(4)
C(1)-C(2) 1.393(4) 1.398(4) 1.407(5)
C(2)-C(3) 1.397(4) 1.404(4) 1.408(5)
C(1)-C(4) 1.512(4) 1.512(4) 1.508(5)
C(3)-C(5) 1.509(4) 1.515(4) 1.510(5)
P-C(30) 1.900(3) 1.881(3) 1.880(3)
P-C(36) 1.889(3) 1.892(3) 1.887(3)
M-NCCCNppane 0.963 1.066 1.128
Bond angles (deg)
N(1)-M-N(2) 88.05(8) 83.23(8) 80.79(9)
N(1)-M-P 102.52(6) 102.60(6) 102.03(7)
N(2)-M-P 101.35(7) 99.95(6) 99.25(7)
M-N(1)-C(1) 117.92(17) 118.50(16) 118.4(2)
M-N(2)-C(3) 119.10(18) 119.85(17) 120.3(2)
N(1)-C(1)-C(2) 123.8(2) 124.1(2) 125.0(3)
N(2)-C(3)-C(2) 123.2(2) 124.0(2) 124.2(3)
C(1)-C(2)-C(3) 126.3(3) 128.7(2) 129.7(3)
M-P-C(30) 98.12(10) 95.33(9) 93.57(11)
M-P-C(36) 97.97(9) 96.18(8) 95.17(11)
C(30)-P-C(36) 102.25(13) 103.30(12) 103.79(15)
Avg. internal angles of Cy 111 111 111
NCCCNpiane—NMNopiane 39.9 39.0 38.7
> bond angle around M 291.9 285.8 282.1
DOP of M (%) ? 76 82 87
> bond angle around P 298.3 294.8 292.5
DOP of P (%) @ 69 72 75
Dihedral angles (deg)
C(11)-C(6)-N(1)-M 80.1(3) 78.6(3) 77.8(3)
C(23)-C(18)-N(2)-M -76.1(3) -75.6(3) -74.9(4)

2 Degree of pyramidalisation (DOP, %) = [(360 — Zyona angie) / 0.9] '™ When a DOP is 100%, it is equivalent to a
sum of bond angles of 270°, whereas a DOP of 0% indicates a planar geometry at the central atom
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Table 33. Selected crystallographic data for [(BDIppp)MPCy;] (Cy = cyclohexyl; 36, M = Ge; 37,
M = Sn; and 38, M = Pb)

[(BD |D|PP)GePCYQ]

[(BD|D|pp)Sn PCY2]

[(BD|D|pp) PbPCyg]

(36) (37) (38)
chemical formula C41HezGeNsP C41HesNoPSN C41HesNoPPb
molecular mass 687.49 733.59 822.09
temperature (K) 173(2) 173(2) 173(2)
wavelength (A) 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic monoclinic
space group P 24/c (No. 14) P 24/c (No. 14) P 24/c (No. 14)
a (A) 10.0941(2) 9.9722(1) 9.9586(2)

b (A) 23.5171(5) 23.7044(4) 23.7678(4)

c(A) 17.2689(3) 17.4243(3) 17.4757(2)

a (deg) 90 90 90

B (deg) 110.600(1) 109.003(1) 108.531(1)

y (deg) 90 90 90

V(A% 3837.24(13) 3894.37(10) 3921.93(11)

V4 4 4 4

Peaicd (Mg m™) 1.19 1.25 1.39

6 range (deg) 3.47-26.73 3.44-27 11 3.43-27.09

abs coeff (mm™) 0.87 0.73 4.37

measd/indep refins/R(int) 48 350/8127/0.079 57 848/8576/0.077 57 828/8624/0.068

reflns with /> 20(/) 6180 6730 6904

data/restraints/param 8127/0/408 8576/0/408 8624/0/408

goodness of fit on F* 0.990 1.023 1.031

final Rindices [/ > 20(/)] R1 =0.046, R1 =0.037, R1 =0.029,
wR2 =0.108 wR2 = 0.072 wR2 = 0.054

R indices (all data) R1 =0.070, R1 =0.058, R1 =0.047,
wR2 =0.119 wR2 = 0.079 wR2 = 0.058

largest diff peak and hole  0.79 and -0.44 0.48 and -0.81 0.99 and -0.97

(e A%

4.2.6 NMR spectra of the B-diketiminato heavy group 14 metal dicyclohexyl-
phosphanides 36-38

Selected multinuclear NMR spectroscopic data for 36—38 are given in Table 34.



155

Table 34. Selected multinuclear NMR spectroscopic data for [(BDIppp)MPCy,] (Cy = cyclohexyl;
36, M = Ge; 37, M = Sn; and 38, M = Pb) in CgDg at 30 °C, unless specified

[(BDIpipp)GePCys;] (36)

[(BD|D|pp)Sn Pcyz] (37)

[(BDIpipp)PbPCys;] (38)

3 (ppm), J (Hz) *

3 (ppm), J (Hz) *

3 (ppm), J (Hz) ®

'H
y-H 4.73 (s) 4.72 (s) 4.61 (s)
CHMe, 4.08 (d-septet) 3.99 (d-septet) 3.95 (d-septet)
S =6.8;%Up=28  %Un=68;%Up=16  %Un=6.8;%p=0.8
3.44 (septet) 3.32 (septet) 3.25 (septet)
S =6.8 S =6.8 S =6.8
Cy-CH 0.47 (t) 1.00 (br) 1.00 (br)
2up = 12.8
130{1H}
Cy-CH 35.5 (d) 33.1 (d) 34.4 (d)
'Jop = 29 ' Jop = 28 Jop = 34
CHMe,  29.5(d) 29.4 (d) 29.2 (d)
®Jep =10 Jep =7 ®Jep =6
29.2 (s) 28.4 (s) 28.3
CHMe,  26.3,25.6,25.5 (s) 26.7, 25.7, 25.3 (s) 26.9, 25.5, 25.3 (s)
24.9 (d) 25.1 (d) 25.8 (d)
®Jcp = 11 ®Jep =10 ®Jcp = 11
31P{1H}
-14.1 (s) -15.4 (s) 26.9 (s)
" gy =953 ° ' Jppp = 1103
Other

5('"°sn) = 358 °
Jsnp = 964

5(*’Pb) = 3981
1prp =1074

b
@Superscript indicates number of bonds between nuclei;  in toluene-ds; ®individual

not resolved

117, 119

Sn and ' “Sn satellites are

4.2.6.1 The B-diketiminatogermanium(ll) dicyclohexylphosphanide 36

The '"H NMR spectrum of 36 in C¢Dg shows a doublet of septets centred at dy 4.08 ppm,
assigned to a tertiary proton resonance of the isopropyl group (CHMe,), with through-
bond proton-proton coupling *Jyy = 6.8 Hz and a through-space proton-phosphorus
coupling ®Jyp = 2.8 Hz. The 'H-’'P HMBC NMR experiment in toluene-ds shows
correlations between the phosphorus resonance (dp —14.2 ppm) and the CHMe;
resonances at dg 3.99 ppm, as well as between the phosphorus and the proton

resonances at oy 1.67 and 1.22 ppm, assigned to the methyl protons in the isopropyl unit
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(CHMey). A series of multiplets (dg ~ 0.94—1.88 ppm) is assigned to the CH, protons in
the cyclohexyl groups. Similar resonances are found in other metal complexes
containing dicyclohexylphosphanide substituents, such  as Levason’s
[SnF4{Cy,P(CH,),PCy>}] (ou 1.26-2.21ppm) and Coles’ [Ti(Cy,PC{NCy},)(NMe,)s]
(0 1.24-1.70 ppm).2**2*1 A broad triplet at dy 0.47 ppm with through-bond proton-
phosphorus coupling “Jyp = 12.8 Hz is assigned to the tertiary CH protons in the
cyclohexyl groups.

A single phosphorus resonance at dp —14.1 ppm in C4Dg is found in the *'P{'H} NMR
spectrum, upfield from the resonance in the diphenylphosphanide derivative 33 (dp
-36.0 ppm). The “C{'H} NMR spectrum of the germanium(Il)
dicyclohexylphosphanide 36 shows through-space carbon-phosphorus coupling (Jcp)
between the phosphorus and one of the tertiary carbon resonances (CHMe,: d¢ 29.5
ppm, Jep = 10 Hz), as well as between the phosphorus and one of the methyl carbon

resonances in the isopropyl group (CHMe;: 5¢ 24.9 ppm, ®Jep = 11 Hz).
4.2.6.2 The B-diketiminatotin(ll) dicyclohexylphosphanide 37

The 'H NMR spectrum of 37 shows a doublet of septets centred at dy 3.99 ppm, with
through-bond proton-proton coupling *Juy = 6.8 Hz and through-space proton-
phosphorus coupling ®Jyp = 1.6 Hz, which is assigned to one of the tertiary proton
resonances (CHMe,). As in the germanium analogue 36, the resonances assigned to the
cyclohexyl CH, protons are shown as multiplets (g 1.00—1.54 ppm). In an attempt to
resolve the multiplet signals, a VT-'"H NMR experiment on 37 was initiated (Figure 62).
However, the resonances remained unresolved within the temperature range 30 °C to

—80 °C.
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Figure 62. VT-'"H NMR spectra (400 MHz, toluene-dg) of [(BDIppp)SNPCy,] (37) where A = y-H,
B = CHMe,; and C = Cy-CH
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Through-space carbon-phosphorus couplings (Jep) are found in the “C{'H} NMR
spectrum. Two doublets centred at dc 29.4 ppm (Jep = 7 Hz) and ¢ 25.1 ppm (“Jep =
10 Hz) are assigned to a tertiary carbon (CHMe;) resonance and a methyl carbon
(CHMe;) resonance, respectively. A doublet centred at d¢ 33.1 ppm (‘Jep = 28 Hz),
assigned to the tertiary CH carbon in the cyclohexyl groups, is similar to that in the
germanium(Il) dicyclohexylphosphanide 36 (dc 33.5 ppm, 'Jep = 29 Hz) and Ozerov’s
[(PNP)PdPCy,] (PNP = [{2-P(CHMe,),-4-MeCsH3},N], dc 37.4 ppm, “Jep = 21
Hz).”"" The '""Sn NMR spectrum of 37 in toluene-ds at 30 °C shows a doublet centred
at dsn 358 ppm ('Jsop = 964 Hz). At —80 °C, the tin signal is slightly shifted to higher
field (ds, 342 ppm, Ads, 16 ppm), with a smaller tin-phosphorus coupling constant 'Js,p
=927 Hz (A'Jsnp = 37 Hz).

The *'P{'"H} NMR spectrum of [(BDIppp)SnPCy>] (37) shows a single phosphorus
resonance at dp —15.4 ppm with tin satellites ('Jpsn = 953 Hz). The phosphorus-tin

coupling constant is similar to that in the diphenylphosphanide analogue 34 ('Jp1%, =

978 Hz), as well as in Scheer’s [Ph*SnP(H)Trip] (Ph* = (2,6-(Trip).CsHs), Trip =
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(2,4,6-Pr3CeH,), 'Jplrl, = 934 Hz) and Escudié’s [Trip,Sn(F)P(H)Ar] (Ar = (2,4,6-

BusCgHy), 'Jp1%, = 995 Hz).[205-206]

From X-ray crystallographic and NMR spectroscopic studies described in the literature,
the phosphanido fragment is known to adopt both pyramidal and planar configurations
(Scheme 47, Page 107). Hence, a VT-"'P{'H} NMR experiment was initiated to
confirm the conformation of the tin(II) dicyclohexylphosphanide 37 in solution (Figure
63). At 30 °C, a single phosphorus resonance at dp —10.2 ppm in toluene-dg with tin
satellites ('Jpsa = 949 Hz) is found. As the temperature is lowered to —70 °C, there is an
upfield shift of the phosphorus resonance to dp —16.5 ppm (Adp 6.3 ppm) with a smaller
phosphorus-tin coupling constant ('Jps, = 936 Hz, A'Jps, = 13 Hz) is found. Such an
upfield shift at low temperature has been observed previously, for example in Davies’
[Ph,PSeLi-TMEDA], (from 15 °C to -70 °C, Adp 1.2 ppm) and Izod’s
[{{(Me3Si),CH}(C¢Hs-2-CH,NMe,)P} SnCl] (from 20 °C to —69 °C, Adp 2.5 ppm).*'>
>1 There is no sign of resonance splitting or a new phosphorus resonance in the VT-
J'P{'"H} NMR experiment, suggesting that the geometry around the phosphorus atom

found in crystalline 37 persists in solution.

Figure 63. VT-31P{1H} NMR spectra (162 MHz, toluene-ds) of [(BDIppp)SnPCy,] (37) where A =
phosphorus resonance and B = tin satellites
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In the solid state *'P{'H} NMR spectrum of 37 at room temperature, two resonances: A
(Op(soliay —16.0 ppm) and B (Jp(solia) —27.4 ppm) are shown, with a relative intensity about
1:3 (Figure 64). There is no evidence on any correction between the two resonances.
Both phosphorus-tin coupling constants (A: 'Jesn(solia) = 909 Hz and B: 'Jpsa(sotiay = 911
Hz) are similar in magnitude to that observed in solution (IJPSH(Solmion) = 953 Hz). The
two phosphorus resonances observed are unexpected since the X-ray crystal structure
(space group: P2;/c (No.14) and Z = 4) indicates that all the phosphorus environments
are identical (Table 33, Page 154). We reason that the existence of both exo and endo
conformations is unlikely as the phosphorus-tin coupling constants (1Jpsn(solid) ~ 900 Hz)
are similar, and consistent with those obtained for pyramidally coordinated phosphorus
(Table 24, Page 114). It is possible that two polymorphs crystallised from toluene at
—30 °C and that the sample used for the solid state NMR experiment was a mixture of
these. Attempts to isolate crystals of the minor polymorph by visual selection under the
microscope were not successful. Alternatively, this finding may attribute to the presence
of an impurity in the sample used for the solid state NMR experiment. More work is

necessary to explain the NMR results.

Figure 64. Solid state *'P{'"H} NMR spectrum (162 MHz) of [(BDlppp)SnPCys,] (37)
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4.2.6.3 The B-diketiminatolead(ll) dicyclohexylphosphanide 38

The '"H NMR spectrum of 38 shows a doublet of septets centred at dy 3.95 ppm,
assigned to a tertiary isopropyl proton (CHMe,) resonance with through-bond proton-
proton coupling (Juu = 6.8 Hz) which is further split by a through-space proton-
phosphorus coupling (*Jup = 0.8 Hz). The signal at 5y 3.25 ppm, also assigned to a
CHMe, proton, do not show any coupling to phosphorus, indicating that one of the
isopropyl groups is nearer to phosphorus than the other. A broad signal at oy 1.00 ppm
is assigned to the tertiary CH protons in the cyclohexyl groups. However, the two-bond
proton-phosphorus coupling (*Jip) is not observed, probably because the signal is a
little broader than usual and the value of “Jup is typically small. The multiplets at Jy
1.00-1.62 ppm are assigned to the CH, protons in the cyclohexyl groups. As in the tin
derivative 37, the multiplets in the lead(Il) dicyclohexylphosphanide 38 are not resolved

even at low temperature on the NMR timescale (Figure 65).

Figure 65. VT-"H NMR spectra (400 MHz, toluene-ds) of [(BDIppp)PbPCy,] (38), where A = y-H,
B = CHMe;, and C = Cy-CH
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The *'P{'H} NMR spectrum of 38 in C¢Ds shows a single resonance at dp 26.9 ppm
with lead satellites ('Jpp, = 1103 Hz). The phosphorus-lead coupling constant is similar
to that in the lead(Il) diphenylphosphanide 35 ('Jpp, = 1130 Hz). A VT-'P{'"H} NMR
experiment in toluene-ds shows a single resonance at dp 26.9 ppm with lead satellites
('Jepp = 1105 Hz) at 30 °C. The phosphorus resonance shifts upfield to dp 19.7 ppm and
that the phosphorus-lead coupling constant decreases to 'Jepy, = 950 Hz (A'Jppp, = 155
Hz) at —80 °C. These findings are similar to those for the tin(Il)

dicyclohexylphosphanide 37.

Figure 66. VT->'"P{'"H} NMR spectra (162 MHz, toluene-ds) of [(BDlppp)PbPCys] (38)

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14
ppm

A 'H-*'P HMBC NMR experiment on the lead(Il) dicyclohexylphosphanide 38 in
toluene-ds at 30 °C shows correlations between the phosphorus signal (dp 26.9 ppm) and
the isopropyl CHMe; signal at oy 3.90 ppm, as well as between the phosphorus and the
isopropyl methyl (CHMe,) signals at oy 1.62 and 1.20 ppm (Figure 67). At —80 °C, the
'H-*'P HMBC NMR spectrum shows additional correlations between the phosphorus
signal at dp 19.7 ppm and one of the cyclohexyl CH, proton signals at oy 0.71 ppm, as
well as between the phosphorus and the tertiary cyclohexyl CH proton signal at oy 0.92

ppm. It is possible that at low temperature, steric interactions between the cyclohexyl
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and N-aryl groups lead to changes in the pyramidalisation at phosphorus, giving
additional detectable proton-phosphorus coupling (Figure 67) and significant changes in

the observed 'Jppy, (Figure 66, Page 161).

Figure 67. 'H-*'P HMBC NMR spectra of [(BDIppp)PbPCy,] (38) in toluene-ds at 30 °C (top)
and -80 °C (bottom), where A = y-H, B = CHMe,, C = CHMe,, D = Cy-CH and E =
Cy'CH2
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The “C{'H} NMR spectrum of the lead(I) dicyclohexylphosphanide 38 shows
through-space carbon-phosphorus couplings (Jcp) between the phosphorus and a tertiary
isopropyl carbon signal (CHMe;: d¢c 29.2 ppm, *Jep = 6 Hz), as well as between the
phosphorus and an isopropyl methyl carbon signal (CHMes: ¢ 25.8 ppm, *Jep = 11 Hz).
A doublet centred at dc 34.4 ppm (‘Jep = 34 Hz) is assigned to the tertiary CH carbon in
the cyclohexyl groups. The **’Pb NMR spectrum of 38 shows a doublet centred at Jpy
3981 ppm, with lead-phosphorus coupling 'Jppp = 1074 Hz. This resonance is downfield
from the diphenylphosphanide analogue 35 (Jpy, 3011 ppm).
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4.2.7 Synthesis of [B-diketiminato heavy group 14 metal bis(trimethylsilyl)-
phosphanides 40-42

The B-diketiminatogermanium(Il) and -lead(Il) bis(trimethylsilyl)phosphanides 40 and

193 134 However, the tin(II) derivative 41 has

42 have been synthesised by Driess et al.!
not been reported. The synthesis of the germanium(Il) bis(trimethylsilyl)phosphanide
40 involved treatment of the germanium(Il) chloride 31 with [LiP(SiMe;),:(DME)]
(DME = 1,2-dimethoxyethane) in diethyl ether at —20 °C.!"**! The lead(II) derivative 42
was synthesised by treatment of the lead(Il) aryloxide [(BDIppp)PbOATr] (Ar = 2,6-

‘Bu,CsH3) with [LiP(SiMes),(DME)] in diethyl ether at —60 °C.!""*]

For the B-diketiminatotin(Il) bis(trimethylsilyl)phosphanide 41, we used a methodology
similar to that described previously in this thesis for the other phosphanides. The
lithium bis(trimethylsilyl)phosphanide [LiP(SiMes),] is isolated as a white solid from
the reaction between bis(trimethylsilyl)phosphine and n-butyllithium in n#-hexane at 0
°C. Treatment of the B-diketiminatotin(Il) chloride 32 with [LiP(SiMes),] in toluene at
room temperature gives the B-diketiminatotin(II) bis(trimethylsilyl)phosphanide 41 in
near quantitative yield (93%) (equation 74). The germanium(Il) and lead(II) derivatives,
[(BDIpipp)GeP(SiMes),] (40) and [(BDIppp)PbP(SiMes),] (42), are made similarly in
good yields (73% and 91%, respectively).

f\r f\r
N N toluene N
+ [LiP(SiMe >

HiN\QM [LP(SMealel 2= 210 221 H{NEM

Ar | - LiCl A |

Ar Ar

X ) Po )
Ar = (2,6-ProCeHg) >S|i sl,( (Eq. 74)
31, M =Ge 40, M = Ge, 73%
32, M =8Sn 41, M = Sn, 93%
2, M=Pb 42, M =Pb, 91%

Compounds 40—42 are soluble in common aprotic organic solvents, such as toluene and
n-hexane. These bis(trimethylsilyl)phosphanido complexes, especially the lead(Il)
derivative 42, are extremely sensitive to air, moisture and light. Metallic precipitates are
formed when they are allowed to stand in toluene under ambient light for 24 hours at
room temperature. However, the compounds can be stored without decomposition as

solids for several weeks at —30 °C under an inert atmosphere of dinitrogen.
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Multinuclear NMR spectroscopic data of the f-diketiminatogermanium(II) and -lead(II)
bis(trimethylsilyl)phosphanides 40 and 42 are similar to those reported in the literature
(vide infra)'™ " The P-diketiminatotin(Il) bis(trimethylsilyl)phosphanide 41 is
characterised by multinuclear NMR spectroscopy and X-ray crystallography. The

elemental analysis of compound 41 is in good agreement with the calculated values.

4.2.8 X-ray crystal structures of the B-diketiminato heavy group 14 metal

bis(trimethylsilyl)/phosphanides 40—42

The solid state structures of the [-diketiminatogermanium(Il) and -lead(Il)
bis(trimethylsilyl)phosphanides 40 and 42 have already been reported, so these are
discussed only briefly.['* 134

The germanium(Il) bis(trimethylsilyl)phosphanide 40 adopts an endo conformation,
with the metal centre 0.551 A below the mean NCCCN plane of the p-diketiminato
ligand.!"**! The germanium centre is pyramidally coordinated with the sum of bond
angles 288.6°. However, an almost planar geometry at phosphorus is found, with the
sum of bond angles at phosphorus 355.2°. Scheer et al. recently reported a
germanium(Il) phosphanide [ArGeP(SiMe;),] (Ar = (2,6-Trip.CeHs), Trip = (2,4,6-
"Pr;CsH,)) which contains a terminal bis(trimethylsilyl)phosphanido ligand with the
sum of bond angles around phosphorus 326.7°.2%! The Ge—P bond length in 40 is
2.3912(8) A.

Single crystals of [(BDIppp)SnP(SiMes),] (41) were obtained from pentane at —30 °C.
ORTEP drawings are shown in Figures 68 and 69. Selected bond lengths and angles are
given in Table 35, and selected crystallographic data in Table 36. The compound adopts
an endo conformation, with the tin atom 0.595 A below the mean NCCCN plane of the
B-diketiminato ligand. The geometry around the tin atom is pyramidal with the sum of
bond angles at the metal centre 282.5°. The coordination of the phosphorus is planar
within experimental error, with the sum of bond angles at phosphorus 359.1°. Although
previous examples of phosphorus adopting a planar geometry in transition metal
chemistry have been attributed to donation of the phosphorus lone pair of electrons into
empty d-orbitals on the transition metal, similar electron donation is unlikely in the

heavy group 14 metal derivatives."®” Hence, we reason that the planar coordination
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geometry at  phosphorus found in the germanium(Il) and tin(Il)
bis(trimethylsilyl)phosphanides 40 and 41 must be attributed to crowding from the f3-
diketiminato ligand, assisted by electronic effects associated with the trimethylsilyl
groups (Section 4.1.2, Page 107). The Sn—P—Si(2) bond angle (136.45(4)°) is wider
than the remaining angles around the phosphorus (Sn—P-Si(l) = 111.29(4)° and
Si(1)-P-Si(2) = 111.32(4)°). The distortion may contribute to relief of steric strain from
nearby N-aryl substituents. Similar distortions are found in the germanium(II) derivative
4014 Delocalisation within the C3N,Sn unit in the B-diketiminato ligand is evident,
but it does not extend on to the N-aryl substituents (dihedral angles:
C(11)—C(6)~N(1)—Sn = 85.4(3)° and C(23)—C(18)—N(2)—Sn = —87.3(3)°). Discounting
the trimethylsilyl groups, there is an approximate plane of symmetry passing through
the atoms C(2), Sn and P, and bisecting the B-diketiminate ring. The folding angle
between the mean NCCCN plane in the f-diketiminato ligand and the plane defined by
atoms N(1), Sn and N(2) is 20.9°, similar to that in the germanium(Il) derivative 40
(22.1°).°7 The Sn—P bond distance (2.5526(7) A) in the tin(Il)
bis(trimethylsilyl)phosphanide 41 is similar to those in Scheer’s [(2,6-Trip-
CsH3)SnP(SiMes),] (Trip = (2,4,6-Pr;Ce¢H,), Sn—P = 2.527(1) A), Westerhausen’s [[ {u-
P(SiMe;),}.SnP(SiMes),].Ba] (Sn—P = 2.597 A) and Driess’
[[{(‘Bu)F(Ar)Si} {'Pr3Si}P,Sn] (Ar = (2,4,6-Pr;CsH,), Sn—P = 2.567(1) A).120%- 2112711
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Figure 68. ORTEP diagram of [(BDIlppp)SnP(SiMe3),] (41). H atoms are omitted and C atoms in
the N-aryl groups in the B-diketiminate ring are minimised for clarity. The ellipsoid
probability is shown at 30%

Figure 69. ORTEP diagram showing the side-on view of [(BDIppp)SnP(SiMes),] (41). H atoms
are omitted and C atoms in the N-aryl groups in the B-diketiminate ring are
minimised for clarity. The ellipsoid probability is shown at 30%




167

Table 35. Selected bond lengths (A) and angles (deg) for [(BDIppp)SnP(SiMes),] (41)

Bond lengths (A)
Sn—-N(1)
Sn-N(2)
N(1)-C(1)
N(2)-C(3)
C(1)-C(2)
C(2)-C(3)
Sn—NCCCNpjane

Bond angles (deg)
N(1)-Sn-N(2)
Sn—-N(1)-C(1
Sn-N(2)-C(3
N(1)-C(1)-C(2)
N(2)-C(3)-C(2)
C(1)-C(2)-C(3)

)
)

> bond angle around Sn

DOP of Sn (%) ?

NCCCNp|ane—Nanplane

Dihedral angles (deg)
C(11)-C(6)-N(1)-Sn

2.217(2)

2.2210(19)
1.331(3)

1.324(3)
1.397(4)
1.404(4)
0.595

85.17(7
124.76(1
124.42(1
124.0(2)
125.1(2)
129.9(2)
282.5
86
20.9

)
7)
6)

85.4(3)

C(1)-C(4)
C(3)-C(5)
Sn-P
P-Si(1)
P-Si(2)

N(1)-Sn-P
N(2)-Sn-P
Sn-P-Si(1)
Sn-P-Si(2)
Si(1)-P-Si(2)

> bond angle around P
DOP of P (%) @

C(23)-C(18)-N(2)-

1.514(4
1.516(4
2.5526
2.2166
2.2215

7

)
)

—_ o~ o~
—_ =
- O

101.77
95.55

(5)
(5)
111.29(4)
(4)
(4)

136.45(4
111.32(4

359.1

-87.3(3)

2 Degree of pyramidalisation (DOP, %) = [(360 — Zyona angie) / 0.9] '™ When a DOP is 100%, it is equivalent to a
sum of bond angles of 270°, whereas a DOP of 0% indicates a planar geometry at the central atom
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Table 36. Selected crystallographic data for [(BDIppp)SnP(SiMes),] (41)

[(BDIpipp)SNP(SiMeg),] (41)

chemical formula
molecular mass
temperature (K)
wavelength (A)
crystal system
space group

Peaica (Mg m™)

6 range (deg)

abs coeff (mm™)

measd/indep reflns/R(int)
data/restraints/param

goodness of fit on F*

final R indices [/ > 20(/)]
Rindices (all data)

largest diff peak and hole (e A™)

C35Hs9N2PSioSn
713.68

173(2)

0.71073
monoclinic

P 24/c (No. 14)
12.1569(2)
15.7065(2)
23.4050(4)

90

119.547(1)

90

3887.82(10)

4

1.22

3.48-27.10

0.78

60 531/8547/0.076
8547/0/372

0.991

R1 =0.034, wR2 = 0.070
R1 =0.056, wR2 =0.078
0.45 and -0.69

In contrast to the germanium(Il) and tin(II) bis(trimethylsilyl)phosphanides 40 and 41,
the reported lead(Il) derivative 42 adopts an exo conformation, with the lead atom 1.251
A above the mean NCCCN plane of the p-diketiminato ligand.!"**! The geometry around
the lead atom is pyramidal with the sum of bond angles 281.7°. The phosphorus is also
pyramidally coordinated, with the sum of bond angles 305.7°. The folding angle
between the mean NCCCN plane in the f-diketiminato ligand and the plane defined by
the atoms N(1), Pb and N(2) is 43.9°, i.e. larger than those in the germanium(Il) and
tin(Il) analogues 40 and 41 (22.1° and 20.9°, respectively). The Pb—P bond length is
2.715(2) A, similar to those in the B-diketiminatolead(Il) diphenylphosphanide 35

(2.720(2) A) and dicyclohexylphosphanide 38 (2.6945(9) A).
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the p-diketiminato heavy group

bis(trimethylsilyl)phosphanides 40—42

Selected multinuclear NMR spectroscopic data for 40—42 are given in Table 37.

Table 37. Selected multinuclear NMR spectroscopic data (30 °C) for [LMP(SiMes3)o] (L =

(BDlppp); 40, M = Ge; 41, M = Sn; and 42, M = Pb) in C¢Ds, unless specified

[LGeP(SiMes),] (40)

[LSnP(SiMes)2] (41)

[LPbP(SiMes),] (42)

3 (ppm), J (Hz) ®

3 (ppm), J (Hz) *

3 (ppm), J (Hz) *

'H
v-H 5.06 (s) 4.95 (s) 4.75 (s)
CHMe,  3.90 (d-septet) 3.98 (d-septet) 3.92 (d-septet)
8 =6.5;%Up=1.5 8y =6.8;%p=1.6 8 = 6.5; p = 1.0
3.40 (septet) 3.38 (septet) 3.29 (septet)
S =6.5 U =6.8 i =6.5
SiMe;  0.44 (d) 0.46 (d) 0.30 (d)
8 Jup = 5.0 S np = 4.4 8 Jup = 4.0
130{1H}
CHMe, 29.7 (d), °Jep =5 29.9 (d), °Jop = 4 29.0 (s)
29.5 (s) 29.6 (s), *Josn = 21 28.4 (d), °Jop = 6
CHMe, 28.6(d),°Jop=5 28.2 (d), °Jop =5 28.2 (d), °Jop =5
25.6, 25.3, 25.1 (s) 25.5, 25.4, 25.0 (s) 26.1,25.2, 25.1 (s)
SiMe; 6.0 (d) 6.4 (d) 7.5 (d)
2Jep =10 2Jep = 11 2Jep =10
"Jesi = 39
% Josn = 60
31P{1H}
-192.8 (s) -183.5 (s) -116.0 (s)
'Upsi = 16 'Upsi = 16 ! Jppp = 2874
' UpTieg, = 2436
! i, = 2327
2gi{"Hy
1.8(d)” 4.0 (d) 7.2 (d)
s =17 "Jsp = 18 "Jsp = 36
Other
- 5(''°sn) = 39 5(°Pb) = -1737 ¢
19 o = 2421

2 superscript indicates number of bonds between nuclei; ° in toluene-ds; ° result from literature

T703]

14 metal
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4.2.9.1 The B-diketiminatogermanium(ll) bis(trimethylsilyl)phosphanide 40

The multinuclear NMR spectroscopic data obtained for the germanium derivative 40 are
consistent with those reported in Driess’ publication."** As for the other B-diketiminato
heavy group 14 metal phosphanides discussed in this thesis, the 'H NMR spectrum of
the germanium(II) bis(trimethylsilyl)phosphanide 40 shows a doublet of septets centred
at dog 3.90 ppm, assigned to a tertiary isopropyl proton (CHMe;) resonance, with
through-bond proton-proton coupling CJun = 6.5 Hz), which is further split by through-
space proton-phosphorus coupling (“Jup = 1.5 Hz). A doublet centred at dy 0.44 ppm is
assigned to the protons in the trimethylsilyl substituents (SiMe3), with through-bond
proton-phosphorus coupling (*Jup = 5.0 Hz).

It was previously shown that in [(BDIppp)PbN(SiMe;),], two broad resonances in the
'"H NMR spectrum at room temperature could be assigned to the protons in the
trimethylsilyl (SiMes) groups.!®”! These signals were split into two well-defined singlets
(0 0.46 and 0.12 ppm) at —40 °C. It was suggested that rotation about the Pb—Nymide
bond was hindered to give inequivalent trimethylsilyl groups on the NMR timescale.!**!
Given the similarity of the planar coordination geometry at phosphorus in 40 and 41,
similar behaviour is predicted for the B-diketiminatogermanium(Il) and -tin(Il)
bis(trimethylsilyl)phosphanides 40 and 41. The "H NMR spectrum of 40 recorded at 30
°C shows a doublet centred at oy 0.42 ppm in toluene-ds with *Jup = 4.4 Hz (Figure 70).
This is assigned to the protons in the SiMes substituents. Although the sample used in
this study was contaminated with an unidentified impurity, the resonance separated into
two distinct signals (dg 0.60 and 0.41 ppm) with equal intensity at =80 °C. The three-
bond proton-phosphorus coupling is not resolved. From the coalescence temperature

(=30 °C), the energy associated with the barrier of rotation about the Ge—P bond is
estimated to be 48.7 kJ mol™' (Appendix 4, Page 341).
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Figure 70. VT-'H NMR spectra (400 MHz, tolene-dg) of [(BDIppp)GeP(SiMes),] (40), where A =
y-H; B = CHMe,; C = CHMe,; and D & E = SiMes. The unidentified contaminant is
designated by §

50 45 40 35 30 pp§5 20 15 10 05
The *'P{'H} NMR spectrum of 40 shows a single resonance at dp —192.8 ppm, with
silicon satellites (‘Jpsi = 16 Hz). This resonance 1is upfield from those in
[(BDIpipp)GePPh;y] (33, dp —36.0 ppm), [(BDIpwpp)GePCy2] (36, dp —14.1 ppm), and
Scheer’s [(2,6-Trip,CsH3)GeP(SiMes),] (Trip = (2,4,6-'Pr;CHa), dp —48.6 ppm).**! In
a VT-'P{'H} NMR spectroscopic study, a single resonance at dp —192.9 ppm in
toluene-ds was found at 30 °C (Figure 71). With decreasing temperature, the
phosphorus resonance shifted upfield to dp —199.1 ppm at —80 °C. This upfield shift is
also found in the VT-*'P{'"H} NMR spectroscopic studies of the tin(II) and lead(Il)
dicyclohexylphosphanides 37 and 38 (Figure 63, Page 158; and Figure 66, Page 161).
At low temperature, the *'P{'H} NMR spectrum remains as a single signal, suggesting
that there is no significant change in the Ge—P bond over the temperature range
investigated, and that the planar coordination geometry at phosphorus, as found in the

solid state, persists in solution.
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Figure 71. VT-31P{1H} NMR spectra (162 MHz, toluene-ds) of [(BDIppp)GeP(SiMes),] (40),
where A = phosphorus resonance. Impurities are designated by §

A e
The *Si{'H} NMR spectrum of 40 shows a doublet centred at Js; 1.8 ppm in toluene-ds,
with silicon-phosphorus coupling ('Jsip = 17 Hz). A VT-*’Si{'H} NMR spectroscopic
study shows three broad resonances at ds; 2.0, 1.8 and 1.3 ppm at —60 °C (Figure 72).
When the temperature was decreased to —80 °C, the *’Si{'H} NMR spectrum shows
two doublets, (A) centred at ds; 2.2 ppm and (B) centred at dsi 1.7 ppm (Figure 72).
However, there is a large difference in the silicon-phosphorus coupling constants, 'Jsip
=3 Hz in (A) and 'Jsip = 36 Hz in (B). In the literature, a silicon-phosphorus coupling
constant ('Jsip) of ca. 30 Hz can be associated with trimethylsilyl groups bound to a
phosphorus with a planar coordination geometry, for example in [(2,6-
Trip,C¢H3)SnP(SiMes),]  (Trip = (2,4,6-PrsCeHy), 'Jsp = 39 Hz) and
[{(SiMe3)2P},Mg-2THF] (‘Jsip = 33 Hz), whereas a small 'Jgp is found in a dimeric
structure [Mg{P[Si(H)iPrz]g} 22 (Jsip < 4 Hz).2% 2722731 From the limited evidence we
have, we propose that the difference in 'Jg;p is related to the variation in bond angles
around the phosphorus atom with a planar coordination geometry as shown in the solid
state structure of 40 (c.f. Si(1)-P-Ge = 111.14(4)°, Si(2)-P—Ge = 133.93(4)° and
Si(1)-P-Si(2) = 110.13(5)°).."** The coalescence temperature is estimated to be at —60
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°C, and the energy associated with this process is approximate to be 42.1 kJ mol™

(Appendix 4, Page 341).

Figure 72. VT-*Si{'"H} NMR spectra (79 MHz, toluene-ds) of [(BDIpipp)GeP(SiMes),] (40),
showing two resonances, A and B
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4.2.9.2 The B-diketiminatotin(ll) bis(trimethylsilyl)phosphanide 41

The '"H NMR spectrum of 41 shows a doublet of septets centred at dy 3.98 ppm,
assigned to a tertiary proton resonance of the isopropyl group (CHMe,). This resonance
shows a through-bond proton-proton coupling CJuu = 6.8 Hz) which is further split by a
through-space proton-phosphorus coupling (®Jip = 1.6 Hz). A doublet centred at dy 0.46
ppm, with proton-phosphorus coupling (*Jip = 4.4 Hz), is assigned to the protons in the
trimethylsilyl (SiMes) substituents. Hindered rotation about the Sn—P bond was
investigated by a VT-'H NMR experiment (Figure 73). With decreasing temperature,
the SiMe; signal became broad at —50 °C, and resolved at —80 °C into two distinct
signals, (C): ou 0.58 ppm and (D): dy 0.43 ppm, with equal intensity. These findings are
similar to those observed in the germanium derivative 40. The energy associated with
the hindered rotation about the Sn—P bond is estimated to be 45.0 kJ mol™' (Appendix 4,
Page 341).
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Figure 73. VT-'"H NMR spectra (400 MHz, toluene-ds) of [(BDIppp)SnP(SiMes),] (41), where A =
NCMe; B = CHMe,; and C & D = SiMes
)
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The *'P{'"H} NMR spectrum of the tin(Il) bis(trimethylsilyl)phosphanide 41 shows a
single resonance at dp —183.5 ppm with tin ('Jp!%, = 2436 Hz and 'Jpl'%s, = 2327 Hz)

and silicon satellites ('Jps; = 16 Hz). The phosphorus resonance of compound 41 is
upfield from those in [(BDIppp)SnPPh;] (34, op —30.8 ppm) and [(BDIppp)SnPCy-] (37,
op —15.4 ppm), but similar to that in Westerhausen’s [RoN{Ca(u-PR;),Ca(u-
PR,):}SnPR,] (R = SiMe3, dp —220 ppm).1*"*!

In general, the magnitude of the coupling constant 'J is dependent on the s-orbital
contribution in the bond, though other factors may also be involved."”* **1 A large
phosphorus-tin coupling constant ('Jps, > 2000 Hz) was previously considered as

indicative of the presence of a tin-phosphorus multiple bond (Table 24, Page 114).2°*

2061 However, to the best of our knowledge, solid state structure determination of a
compound containing a tin-phosphorus multiple bond has not been reported. The

phosphorus-tin coupling constant ('Jp1%, = 2436 Hz) observed in the tin(II)

bis(trimethylsilyl)phosphanide 41, which contains a Sn—P single bond (Figures 68 and
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69, Page 166) exceed those values reported for the stannaphosphenes (Table 24, Page
114); hence caution should be exercised when the phosphorus-tin coupling constant is

used as the sole indicator of the presence of a tin-phosphorus multiple bond.

In a VT->'P{'"H} NMR experiment in toluene-ds, the phosphorus signal remains as a
single resonance with no significant change in the phosphorus-tin coupling constant

(A'Jp19%, = 8 Hz) within the temperature range tested (30 to —80 °C) (Figure 74). These

results suggest that the Sn—P bond does not change significantly under our experimental

conditions.

Figure 74. VT-*'P{'H} NMR spectra (162 MHz, toluene-ds) of [(BDlpipp)SNP(SiMes),] (41),
Sn satellite and C = phosphorus resonance

where A = "°Sn satellite, B = "7
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The tin(I) bis(trimethylsilyl)phosphanide 41 adopts an endo conformation in the solid
state, similar to that observed in the tin(II) chloride 32 (Figure 41, Page 132). The
BC{'H} NMR spectrum of compound 41 (Figure 75) shows through-space carbon-tin
coupling in a tertiary isopropyl carbon resonance (CHMe; (a): dc 29.6 ppm, “Jesa = 21
Hz), and through-space carbon-phosphorus coupling in other isopropyl resonances

(CHMe; (a"): dc 29.9 ppm, Jep = 4 Hz; CHMe; (b'): d¢ 28.2 ppm, °Jep = 5 Hz). These
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results suggest that the tin and phosphorus atoms interact with different isopropyl
substituents in solution. A close inspection of the solid state structure shows only the
‘adjacent’ isopropyl substituents are close enough to interact with the phosphorus
(Figure 77). As in the tin(Il) chloride 32, the tin atom in the tin(Il)
bis(trimethylsilyl)phosphanide 41 interacts with the isopropyl substituents in the
‘opposite’ region (Figure 76). These results suggest that the overall endo conformation

observed from the solid state is preserved in solution.

Figure 75. "*C{'"H} NMR spectrum (100 MHz) of [(BDIpipp)SNP(SiMes),] (41) in C¢Dg at 30 °C
showing the Jcp and Jcsn; @ and a' are from CHMe,; b and b' are from CHMe,; ¢ is
from NCMe. The ab, and a'b', indicate resonances from different pairs of isopropyl
groups

b/b'
b/b’

T T T T T T T T T T T T T
30.5 30.0 29.5 29.0 28.5 28.0 ( 27.? 27.0 26.5 26.0 25.5 25.0 24.5
ppm



177

Figure 76. Schematic view of [(BDIppp)SnP(SiMes)2] (41) showing the relative distance between
the tin atom and the isopropyl substituents. H atoms are omitted. The distances are
obtained from the crystal structure data

“Opposite”

“Adjacent”

Figure 77. Schematic view of [(BDIppp)SnP(SiMes)2] (41) showing the relative distance between
the phosphorus atom and the isopropyl substituents. H atoms are omitted. The
distances are obtained from the crystal structure data

“Opposite”

“Adjacent”
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A doublet centred at s, 39 ppm with tin-phosphorus coupling ('Js,p = 2421 Hz) is
observed in the ''”Sn NMR spectrum of compound 41 in C¢Dg at 30 °C. The coupling
constant 'Jsup is significantly larger than those observed in [(BDIppp)SnPPh,] (34,
J1% = 966 Hz) and [(BDIppp)SnPCy,] (37, 'J1%,p = 964 Hz). At —80 °C, the '"*Sn

NMR spectrum of the tin(Il) bis(trimethylsilyl)phosphanide 41 in toluene-ds shows a
doublet centred at ds, 18 ppm with Lmog » = 2450 Hz.

The *’Si{'H} NMR spectrum of 41 shows a doublet centred at Js; 4.0 ppm in C¢Ds with
silicon-phosphorus coupling 'Jsip = 18 Hz. As with the germanium analogue 40, a VT-
¥Si{'H} NMR experiment shows that the silicon signal separates into two resonances,
(A): at Jsi 4.8 ppm and (B): at ds; 3.2 ppm, in toluene-ds at =80 °C (Figure 78). The
resonance A is a doublet with silicon-phosphorus coupling 'Jsip = 29 Hz, whereas the
resonance B remains as a singlet. These results are consistent with the VT-'H NMR
experiment in which the resonance assigned to the protons in the trimethylsilyl groups
separates into two signals at low temperature (Figure 73, Page 174), suggesting that one
silicon atom (A) couples more strongly to phosphorus than the other (B). The energy
associated with this process is estimated to be 43.4 kJ mol™' (Appendix 4, Page 341).

Figure 78. VT-**Si{'H} NMR spectra (79 MHz, toluene-ds) of [(BDIpipp)SNP(SiMes),] (41)
showing two silicon resonances A and B
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The findings are confirmed by the 'H-*’Si HMBC NMR experiment of 41 (Figure 79).
At 30 °C, the 'H-*’Si HMBC NMR spectrum shows a correlation between the silicon
resonance (E: ds; 4.0 ppm) and the proton resonances of the SiMes; substituents (F: dy
0.43 ppm). However, at —80 °C, there are correlations between the silicon resonance A
(dsi 4.8 ppm) and SiMe; resonance C (dg 0.58 ppm), as well as between the silicon
resonance B (Jsi 3.2 ppm) and the SiMe; resonance D (dy 0.43 ppm).

Figure 79. 'H-**Si HMBC NMR spectra (toluene-ds) of [(BDIpipp)SNP(SiMes),] (41) at 30 °C (top)
and -80 °C (bottom), where A & B = silicon resonances; and C & D = proton

resonances in SiMe; at —80 °C, E = silicon resonance and F = proton resonance in
SiMes at 30 °C
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Evidence from multinuclear NMR experiments suggests that the overall conformation
of the tin(Il) bis(trimethylsilyl)phosphanide 41 observed in the solid state is preserved
in solution. To investigate this further, a solid state *'P{'H} NMR spectrum was
recorded (Figure 80). A single resonance at dpsolia) —175.8 ppm was obtained with tin

satellites (1Jpsn(solid) = 2508 Hz). The other signals in the spectrum are spinning
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sidebands. The phosphorus-tin coupling constant obtained from the solid state spectrum

is similar in magnitude to that observed in solution (1Jp1195n(501uﬁ0n) = 2436 Hz),

suggesting that the planar coordination geometry at phosphorus is maintained in

solution.

Figure 80. Solid state *'P{'"H} NMR spectrum (162 MHz) of [(BDlppp)SnP(SiMes),] (41)
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The solid state *’Si{'H} NMR spectrum of 41 (Figure 81) shows a singlet at Jsisolia) 3.8
ppm and a doublet centred at Jsisoliay 4.2 ppm (leiP(solid) = 32 Hz). This is consistent
with the two resonances obtained from the *’Si{'H} NMR spectrum in solution at low
temperature (Figure 78, Page 178). A *Si{’'P} NMR experiment shows that the doublet
centred at Jsisoliay 4.2 ppm collapses to a singlet upon irradiation (Figure 82). The
significant difference in 'Jsipsona) for the two resonances is associated with the overall
crowding from the B-diketiminato ligand. This gives differences in Sn—P—Si bond

angles, resulting in different s-contribution in the P—Si bonds.
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Figure 81. Solid state **Si{'"H} NMR spectrum (79 MHz) of [(BDIpjpp)SnP(SiMes),] (41)
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Figure 82. Solid state *’Si{*'P} NMR spectrum (79 MHz) of [(BDlpipp)SnP(SiMes),] (41)
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4.2.9.3 The B-diketiminatolead(ll) bis(trimethylsilyl)phosphanide 42

The multinuclear NMR spectroscopic data obtained for 42 are consistent with those

1191 The 'TH NMR spectrum shows through-space proton-

reported in Driess’ publication.
phosphorus coupling to a tertiary proton resonance of the isopropyl group (CHMe;: dn
3.92 ppm) with ®Jyp = 1.0 Hz. A doublet centred at dy 0.30 ppm is assigned to the
protons in the trimethylsilyl (SiMes) substituents with proton-phosphorus coupling (*Jip
= 4.0 Hz). In a VT-'H NMR experiment of 42, the resonance assigned to the SiMes
protons becomes broad on cooling (Figure 83). However, the broad resonance do not
separate into two distinct signals at low temperature (—90 °C). The shape of the signals
at —30 °C is ascribed to an unidentified shimming problem in the NMR instrument at

this temperature. A similar problem was noted previously in the VT-'H NMR
experiment of [(BDIpmp)PbCl] (24) (Figure 17, Page 74).

Figure 83. VT-"H NMR spectra (400 MHz, toluene-ds) of [(BDIppp)PbP(SiMes),] (42), where A =
y-H; B = CHMe,; C = toluene-ds; D = NCMe; E = CHMe, and F = SiMe;

T T T T T T T T T T
4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

The *'P{'H} NMR spectrum of 42 shows a single resonance at dp —116.0 ppm with lead
satellites ('Jpp, = 2874 Hz). This phosphorus-lead coupling constant ('Jppy) is
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significantly larger than those in [(BDIppp)PbPPh,] (35, Uepy, = 1130 Hz) and
[(BDIppp)PbPCys] (38, Uepy, = 1103 Hz). In contrast to the germanium and tin
analogues, 40 and 41, the lead derivative 42 adopts an exo conformation, with a

1031 As noted

pyramidal coordination geometry at phosphorus in the solid state.
previously, the 'J coupling involving phosphorus is dependent on the s-orbital
contribution in the M—P bond. Hence, the 'Jpy coupling constant in compounds
containing a pyramidal sp’ phosphorus is expected to be smaller than those with a
planar sp> phosphorus. In previous work, the large phosphorus-lead coupling constant
(‘Jrp, = 2852 Hz) obtained for 42 was attributed to a high 3s contribution from the
phosphorus."”! The conformation of the germanium and tin compounds 40 and 41 are
the same in the solid state as in solution. In contrast, the lead(Il)
bis(trimethylsilyl)phosphanide 42 shows a large phosphorus-lead coupling constant
('Jppy = 2874 Hz) that is not consistent with a pyramidal sp’ geometry at phosphorus

(' Jepy ~ 1000 Hz). Hence, this compound was studied in more detail.

The VT-"'P{'H} NMR experiment on compound 42 in toluene-ds shows that the
phosphorus signal becomes broad as the temperature is lowered to —50 °C (Figure 84).
In contrast to the other systems investigated, the *'P{'H} NMR spectrum recorded at
—90 °C shows that the resonance separates into two with lead satellites, (A): dp —101.7
ppm, 'Jpp, = 3478 Hz and (B): dp —178.5 ppm, 'Jppp, = 1417 Hz. The phosphorus-lead
coupling constant ('Jppy) observed from the resonance A is larger than that observed at
30 °C ("Jppy = 2853 Hz) in toluene-ds. The phosphorus-lead coupling constant ('Jppy) at
30 °C appears to be an average from the two resonances A and B in a 7:3 ratio. To the
best of our knowledge, the 'Jppy, observed at —90 °C from our study is the largest 'Jppy
observed hitherto: c¢f [Pb{Ph,PC(H)Py}{N(SiMes),}] (‘Jepyb = 2680 Hz),
[Pb{(Ph,P),C(SiMes)}2] ("Jepy = 1510 Hz), [Pb{P(SiMes)2}2]o (‘Jopy = 1264 Hz for
terminal P(SiMes),).2*> *"**"7) Although a proton-coupled *'P NMR spectrum was
recorded at —85 °C, phosphorus-proton coupling was not observed, possibly due to
broadening of the phosphorus signals at low temperature. An attempt was made to
record a '"H->'"P HMBC NMR spectrum at —85 °C, but no measurable signal was

observed.
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Figure 84. VT->'P{'H} NMR spectra (162 MHz, toluene-ds) of [(BDIpipp)PbP(SiMes),] (42),
where A & B are the phosphorus resonances at —90 °C. Impurities are designated
by *
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With the assumption that the magnitude of the 'J coupling involving phosphorus is
dependent on the s-orbital contribution, we tentatively assign the resonance (A) to
molecules in the endo conformation with a planar geometry at phosphorus, and the
resonance (B) to molecules in the exo conformation with a pyramidal geometry at
phosphorus (Figure 84). From the coalescence temperature (—50 °C), the energy
associated with the change of geometry at phosphorus is estimated to be 35.1 kJ mol ™
(Appendix 4, Page 341). The *'P{'H} NMR spectrum at 30 °C corresponds to an

equilibrium mixture of the two species, endo (42a), and exo (42b) (equation 75).

Ar Ar |
’/Pb ~
N N7 < i
H—C .\ < ~ H<( 7/ “p-SK
N~Pb ; N &
\Ar é _ Ar = (2,6' PrngH3) Ar ~ ||\ (Eq 75)
S8 si
resonance (A) resonance (B)

42a 42b
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The *Si{'H} NMR spectrum shows a doublet centred at ds; 7.2 ppm in C¢Ds with
silicon-phosphorus coupling 'Jsp = 36 Hz. In previous examples, small silicon-
phosphorus coupling constants (c.f P(Si'Pr3)s: 'Jsip = 9 Hz) were attributed to a high
ionic character in the Si—P bond.""”¥ A #’Si{'H} NMR spectrum recorded at —90 °C

shows a broad resonance at ds; 3.7 ppm in toluene-ds.

The PC{'H} NMR spectrum of 42 (Figure 85) shows through-space carbon-phosphorus
coupling between the phosphorus and a tertiary carbon resonance of the isopropyl group
(CHMe; (a'): dc 28.4 ppm, >Jep = 6 Hz), as well as between phosphorus and a methyl
carbon resonance of the isopropyl group (CHMe, (b'): dc 28.2 ppm, ®Jep = 5 Hz).
However, the through-space carbon-lead couplings are not observed, possibly due to the

noise in the baseline.

Figure 85. *C{'"H} NMR spectrum (100 MHz) of [(BDlppp)PbP(SiMes)s] (42) in CgDsg at 30 °C,
showing the Jcp; @ and a' are from CHMe,; b and b' are from CHMe;,; ¢ is from
NCMe. The ab, and a'b'y indicate resonances from different pairs of isopropyl
groups
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The solid state *'P{'H} NMR spectrum of 42 (Figure 86) shows a single resonance at
Opsotiay —173.5 ppm with lead satellites ('Jpposoiasy = 1580 Hz). The other signals
displayed in the spectrum are spinning side-bands. This phosphorus-lead coupling

constant ('Jppy) is significantly smaller than those observed in solution at 30 °C
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(1JPPb(solution) = 2874 Hz), but is close to that predicted for a pyramidal geometry at
phosphorus. It is thus reasonable to assign the resonance (B) (Jp(solutiony —178.5 ppm,
lJPPb(Solution) = 1417 Hz, Figure 84, Page 184) at —90 °C in solution to compound 42b,
with a pyramidal geometry at phosphorus (equation 75, Page 184).

Figure 86. Solid state *'P{'"H} NMR spectrum (162 MHz) of [(BDlppp)PbP(SiMe3)s] (42)
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The solid state *Si{'H} NMR spectrum of compound 42 (Figure 87) shows two
doublets, centred at dsi(solia) 5.3 ppm (leiP(solid) =56 Hz) and Jsi(solia) 2.8 ppm (lJSiP(solid) =
49 Hz). These silicon resonances correspond to silicon atoms in different
crystallographic environments in the solid state. The silicon-phosphorus coupling is
confirmed by a solid state ’Si{’'P} NMR experiment, which shows two singlets at

Osi(solid) 5.2 and 2.7 ppm (Figure 88).
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Figure 87. Solid state **Si{'"H} NMR spectrum (79 MHz) of [(BDIppp)PbP(SiMes),] (42)
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4.2.10 Synthesis of the lead(ll) bis(trimethylsilyl)phosphanides containing other

B-diketiminato ligands

These complexes were synthesised according to the procedure used in the synthesis of
the lead(Il) bis(trimethylsilyl)phosphanide [(BDIppp)PbP(SiMe;),] (42). Treatment of
the B-diketiminatolead(Il) chlorides 22—24 with lithium bis(trimethylsilyl)phosphanide
give, respectively, [(BDIpmp)PbP(SiMes),] (43), [(BDIpp)PbP(SiMes),] (44) and
[(BDIpp)PbP(SiMes),] (45) in 82, 66 and 59% yields (equation 74).

;Ar {\r
N . toluene N
LiP(SiMe -
H&;@Pb + LPEMes)l 7525 4010 90 mins H&Nlpb
Ar — LiCl Ar |
Cl ~ ,,P\ e
/Sl' S|'\
24, [(BDIpyp)PbCI] 43, [(BDlpyp)PbP(SiMey),], 82% (Eq. 76)
23, [(BDIjpp)PbCl] 44, [(BDl,pp)PbP(SiMes),], 66%
22, [(BDIp,)PbCI] 45, [(BDlpy,)PbP(SiMes),], 59%

AI’ = DMP = (2,6'M6206H3)
= IPP = (4-PrCgH.)
= Ph = CgHs

These complexes are more sensitive to air and light than [(BDIppp)PbP(SiMes),] (42).
Metallic precipitates are formed when toluene solutions of these complexes are allowed
to stand at room temperature for one hour. In the case of [(BDIpp)PbP(SiMes),] (44)
and [(BDIpy)PbP(SiMes),] (45), metallic precipitates are found after 24 hours when
toluene solutions of these complexes are stored at =30 °C. [(BDIpmp)PbP(SiMes),] (43)
is soluble in common aprotic organic solvents, whereas [(BDIpp)PbP(SiMes),] (44) and
[(BDIpp)PbP(SiMes),] (45) are only slightly soluble in toluene. Due to a combination of
the high sensitivity with respect to decomposition and difficulties in finding suitable
solvents, we were unable to obtain single crystals of these complexes for X-ray
crystallographic analysis. They were therefore characterised by multinuclear NMR

spectroscopy (Table 38).
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Table 38. Selected multinuclear NMR spectroscopic data for [(BDlpwp)PbP(SiMes),] (43),
[(BthP)PbP(SIMeg)Q] (44) and [(BDlph)PbP(SIMe3)2] (45)

[(BDlomp)PbP(SiMes).] [(BDlipp)PbP(SiMes),] [(BDlpn)PbP(SiMes)]
(43) ° (44) (45) °
6 (ppm), J (Hz) 6 (ppm), J (Hz) 6 (ppm), J (Hz)
'H
v-H 4.78 (s) 4.80 (s) 4.75 (s)
SiMe;  0.36 (d) 0.51 (d) 0.44 (d)
up = 3.6 hp = 3.6 8 Jup = 4.0
31 P{1H}
-123.6 (s) -139.9 (s) -137.3 (s)
"Upsi = 44 "Upsi = 44 "Upsi = 44
' Jppp = 2317 ! Jppp = 2061 ! Jppp = 2060
Other
-° -° 5(*°Si{'H}) = 5.1 (d)
"Jsip = 44
5(*°’Pb) = 2905
! Jppp = 2051

2in CeDs; ? in toluene-ds; ° data not available

The 'H NMR spectra of these lead(I) bis(trimethylsilyl)phosphanides 43-45 show
doublets at 5y ~ 0.36-0.51 ppm, with proton-phosphorus coupling Jup ~ 3.6-4.0 Hz,
assigned to the protons in the trimethylsilyl (SiMes) groups. A singlet at dy 2.21 and
1.61 ppm is assigned to the protons in the ortho-methyl groups of the N-aryl
substituents in [(BDIpyp)PbP(SiMes),] (43). For [(BDIpp)PbP(SiMes),] (44), a septet at
Su 2.66 ppm (Jun = 6.6 Hz), is assigned to the tertiary protons in the para-isopropyl
groups (CHMe,) in the N-aryl substituents.

The *'P{'H} NMR spectrum of [(BDIpymp)PbP(SiMes),] (43) shows a single resonance
at op —123.6 ppm with silicon and lead satellites (ljpsi = 44 Hz and "Jpp, = 2317 Hz). A
single phosphorus resonance at dp —139.9 ppm with silicon and lead satellites (' Jpg; = 44
Hz and Jpp, = 2061 Hz) is shown in the 31P<{1H} NMR spectrum of
[(BDIpp)PbP(SiMes),] (44). For [(BDIpy)PbP(SiMes),] (45), a single resonance at dp
—137.3 ppm with silicon and lead satellites ('Jps; = 44 Hz and 'Jpp, = 2060 Hz) is shown
in the *'P{'"H} NMR spectrum in toluene-ds. The phosphorus-silicon coupling constant
('Jbsi) in 45 is further confirmed by the *’Si{'H} NMR spectrum, which shows a doublet
centred at Js; 5.1 ppm with 'Jsip = 44 Hz.
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The decreased crowding from the N-aryl substituents in the -diketiminato ligand leads
to an upfield shift in the phosphorus resonance in the bis(trimethylsilyl)phosphanide
derivatives: dp [(BDIpipp)PbPR>] (42) > Jdp [(BDIpmp)PbPR:] (43) > Jp [(BDIpp)PbPR;]
(44) (R = SiMes). The phosphorus-lead coupling constant ('Jpp,) decreases with a
decrease of crowding from the N-aryl substituents in the B-diketiminato ligand, for
example in [(BDIppp)PbP(SiMes),] (42, ! Jopy, = 2874 Hz) and in [(BDIpp)PbP(SiMe;),]
(44, ' Jpp, = 2061 Hz). From our previous work, we predict that when the crowding from
the N-aryl substituents in the B-diketiminato ligand is reduced, there is a preference for

a pyramidal coordination geometry at phosphorus.

VT-"H NMR spectra of [(BDIp,)PbP(SiMes),] (45) are shown in Figure 89. At 30 °C, a
doublet centred at dy 0.44 ppm with *Jup = 4.0 Hz in toluene-ds is assigned to the
protons in the SiMes substituents. With decreasing temperature, this resonance becomes
broad at —90 °C but it does not split into two distinct signals, as it does in
[(BDIppp)SnP(SiMes),] (41) (Figure 73, Page 174). This suggests that in
[(BDIpn)PbP(SiMes),] (45), the two SiMes groups are equivalent on the NMR timescale
within the temperature range 30 to —90 °C, probably indicating that even at the lowest

temperature, free rotation about the Pb—P bond is possible.

Figure 89. VT-'H NMR spectra (400 MHz, toluene-ds) of [(BDIpn)PbP(SiMe3),] (45), where A =
y-H; B = NCMe; and C = SiMe;

4.8 4.4 4.0 3.6 3.2 2.8 2.4 2.0 1.6 1.2 0.8 0.4
ppm



191

In [(BDIppp)PbP(SiMes),] (42), two phosphorus resonances are found at low
temperature (Figure 84, Page 184), suggesting an exchange between species with a
pyramidal or planar coordination geometry at phosphorus in solution. A VT->'P{'H}
NMR study on [(BDIpy)PbP(SiMes),] (45) shows a single resonance at dp —137.3 ppm
with silicon and lead satellites ('Jps; = 44 Hz and 'Jpp, = 2060 Hz) in toluene-ds at 30 °C
(Figure 90). At —90 °C, the resonance is slightly shifted upfield to dp —145.4 ppm, with
lead satellites (‘Jpp, = 2096 Hz). However, the silicon satellites are not observed, due to
the broadening of signals at low temperature. There is no significant change in the
phosphorus-lead coupling constant (A'Jpp, = 36 Hz) within the temperature range 30 to
—90 °C, suggesting that in this case, there is no equilibrium between species with planar
and pyramidal geometry at phosphorus. Further work is required to establish whether

the species found in solution and in the solid state are the same for 45.

Figure 90. VT-*'P{'"H} NMR spectra (162 MHz, toluene-ds) of [(BDIpn)PbP(SiMes),] (45), where
A = lead satellites and B = phosphorus resonance
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4.3 Summary

A series of B-diketiminato heavy group 14 metal phosphanides [(BDIppp)MPR,], where
M is a heavy group 14 element and R is alkyl, aryl or trimethylsilyl, is synthesised.
Elemental analyses are in good agreement with the calculated values. Structural and
spectroscopic properties are examined. X-ray crystallographic analyses show that these
complexes are monomeric in the solid state with a pyramidally coordinated metal
centre, adopting either an exo or endo conformation. The germanium and tin
derivatives, containing either a  diphenylphosphanido (R = Ph) or
dicyclohexylphosphanido (R = Cy) ligand, adopt an exo conformation with a pyramidal
geometry at phosphorus. When R = SiMes;, both compounds adopt an endo
conformation with a planar geometry at phosphorus. In contrast, all the lead derivatives

adopt an exo conformation with a pyramidally coordinated phosphorus atom.

In the literature, heavy group 14 metal complexes with terminal phosphanido ligand in
less sterically congested systems feature a pyramidal geometry at phosphorus.”*'* *’"]
This suggests that the pyramidal geometry at phosphorus is the most stable
conformation. Hence, the planar geometry around the phosphorus atom in the B-
diketiminatogermanium(II) and -tin(II) bis(trimethylsilyl)phosphanides 40 and 41 may
be ascribed to the steric influence from the B-diketiminato ligand. The M—P bond
distances are shorter in the silyl-substituted phosphanides 40 and 41 than those in the
aryl- or alkyl-substituted phosphanides within the series of germanium and tin

).l** This is attributed to the steric congestion from the isopropyl

compounds (Figure 91
groups in the N-aryl substituents, as well as possible back donation of the lone pair
electrons from phosphorus to the trimethylsilyl substituents. These factors lead to a
planar configuration at the phosphorus atom. This is a reasonable explanation when
comparing the geometry of the various phosphanido ligands with the same metal centre.
When compounds containing different metal centres are compared, it is necessary to
take account of the covalent radius of the metal: Ge—P are shorter than Sn—P bonds.
This leads to the N—Ge—N bond angles in the germanium derivatives (avg. 88.80°) are
wider than the N—Sn—N bond angles (avg. 84.03°), which effectively reduces the steric
influence from the ortho-substituents in the N-aryl groups of the B-diketiminate ring in

the germanium analogues (Figure 92).



Figure 91. Graphical representation of M-P bond lengths in the germanium(ll) and tin(ll)

193

phosphanides [(BDIppp)MPR;] (M = Ge or Sn, R = Ph, Cy or SiMe3)
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Figure 92. Factors influencing the geometry around the phosphorus atom from the N-aryl
substituents by (a): metal-phosphorus bond and (b): bite angle of the B-diketiminato

ligand
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For the lead derivatives, 35, 38 and 42, the Pb—N bond lengths (avg. 2.337 A) are
longer than the corresponding M—N bonds in the germanium and tin derivatives, with a
further reduction in the N—Pb—N angles (avg. 80.7°). This leads to an increased
crowding from the N-aryl substituents in the lead analogues. Furthermore, there is no
significant reduction in the Pb—P bond length (2.715(2) A) in the lead(Il)
bis(trimethylsilyl)phosphanide 42, compared to those in the diphenyl- (35, 2.720(2) A)
and dicyclohexylphosphanido analogues (38, 2.6945(9) A). Hence, the exo

conformation is predominant in the lead derivatives.

The availability of NMR active nuclei in these phosphanido complexes enabled us to
obtain detailed data on these compounds. With the exception of the lead(Il)
bis(trimethylsilyl)phosphanide 42, the conformations observed from their solid state
structures are preserved in solution. 'H NMR spectra show the expected signals for a
structure with a pyramidal geometry around the metal centre supported by a B-
diketiminato ligand. Even though the phosphorus is more than three bonds away,
carbon-phosphorus Jcp couplings are observed in the resonances assigned to isopropyl
groups. We attributed these interactions to through-space coupling between proximate
nuclei in solution. Through-space carbon-tin Jcs, couplings are also observed in the
BC{'H} NMR spectra of the tin derivatives 34, 37 and 41, including the tin(II) chloride
32. These were not reported previously.[ The through-space Jep and Jes, couplings
(the latter reported for the first time) are observed with ortho-isopropyl substituents in
the N-aryl groups in the B-diketiminate ring, depending on the proximity between the
nuclei. With present instrumentation, through-space couplings are observed from these
compounds when the distance between the active nuclei is less than about 4.0 A. This
further suggests that the overall conformations obtained in the solid state are preserved

in solution.

The phosphorus chemical shifts for the germanium and tin derivatives show the typical
trend for the diphenyl-, dicyclohexyl- and bis(trimethylsilyl)phosphanido
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derivatives.”’® To the best of our knowledge, the phosphorus-tin coupling constant in

the tin(II) bis(trimethylsilyl)phosphanide 41 ('Jp1%, = 2436 Hz) is the largest value
reported to date. Crystallographic analysis and the solid state *'P{'H} NMR spectrum of

41 confirm that the 'Jps, coupling comes from a Sn—P single bond. A simple
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explanation for the large magnitude of the 'Jps, coupling constant is that the s-
contribution within the Sn—P bond is enhanced by the change of geometry around the
phosphorus, from pyramidal sp’ to planar sp®. It also explains why the Sn—P single bond
length in the bis(trimethylsilyl)phosphanido compound 41 is shorter than that in the
other B-diketiminatotin(II) phosphanides 34 and 37.

As in the tin derivatives, the lead(Il) bis(trimethylsilyl)phosphanide 42 shows a large
phosphorus-lead coupling constant ('Jep, = 2874 Hz).!'”! However, the solid state
structure shows an exo conformation with a pyramidal geometry at phosphorus. The
solid state *'P{'H} NMR spectrum shows a phosphorus-lead coupling constant
lJPPb(Solid) = 1580 Hz, i.e. much lower than that observed in solution. The VT-"'P{'H}
NMR experiment shows two resonances in toluene-ds at =90 °C (Figure 84, Page 184).
Resonance A (dp —101.7 ppm, 'Jep, = 3478 Hz) is assigned to a conformation having a
planar geometry at phosphorus, and resonance B (dp —178.5 ppm, 'Jpp, = 1417 Hz) is
assigned to a conformation with a pyramidal geometry at phosphorus (equation 75,
Page 184). The 'Jppy, coupling constant measured at 30 °C is an average of these signals
in an approximate 7:3 ratio, suggesting that exchange between the two conformations is

rapid on the NMR timescale at room temperature.

A series of lead(Il) bis(trimethylsilyl)phosphanides 43—45 containing less sterically
demanding [-diketiminato ligands were synthesised. The results show that with
decreasing steric congestion from the N-aryl substituents, the coupling constant ! Jopb
decreases: [(BDIppp)PbR] (42, 'Jppy = 2874 Hz) > [(BDIpmp)PbR] (43, 'Jppy = 2317 Hz)
> [(BDI;pp)PbR] (44, 'Jpp, = 2061 Hz) (R = P(SiMes),). We propose that the pyramidal
geometry around the phosphorus atom may be preferred in these systems in solution
due to the lower steric interaction between the phosphanido ligand and the N-aryl
substituents, resulting in a smaller coupling constant. Unfortunately, we were not able
to obtain crystallographic structure or solid state NMR data for comparison with the

results obtained for [(BDIppp)PbP(SiMes),] (42).



196

4.4 Reactions of the B-diketiminato heavy group 14 metal phosphanides

with elemental chalcogens

In previous work, reactions of heavy group 14 metal complexes with elemental
chalcogens led either to oxidative addition of the chalcogen to the metal centre or
insertion of the chalcogen between the metal centre and the substituent (Section 4.1.6,
Page 118). However, as such reactions with heavy group 14 metal phosphanido
complexes are rare, we examined the reactions of our B-diketiminato heavy group 14

metal phosphanides with elemental chalcogens.

4.4.1 Reactions of the p-diketiminato heavy group 14 metal dicyclohexyl-

phosphanides 36—38 with elemental selenium

B-Diketiminato heavy group 14 metal dicyclohexylphosphanides 36-38 were used to
evaluate reactions with elemental chalcogens, as they were more stable than complexes
containing diphenylphosphanido or bis(trimethylsilyl)phosphanido ligands. Initial
reactions on an NMR scale involved the B-diketiminatotin(II) dicyclohexylphosphanide
37 and elemental selenium in 1:1 ratio (Scheme 62). In C¢Dg, two resonances, at dp 35.6
and 58.7 ppm, both with tin and selenium satellites were observed in the *'P{'H} NMR
spectrum, in addition to a resonance at Jp —15.4 ppm assigned to the tin(Il)
dicyclohexylphosphanide 37. When an excess of elemental selenium was added to this
mixture, the intensity of the phosphorus resonance at dp 35.6 ppm diminished and the
intensity of the resonance at dp 58.7 ppm increased, relative to the resonance at dp 35.6
ppm. In contrast, the intensity of the phosphorus resonance at dp 58.7 ppm decreased
upon addition of [(BDIppp)SnPCy»] (37) to the same mixture, relative to the resonance
at dp 35.6 ppm. Compounds corresponding to each phosphorus resonance were
successfully isolated and X-ray crystallographic analysis confirmed that the compounds
are [(BDIppp)SnSePCy:] (46, dp 35.6 ppm) and [(BDIpwpp)SnSeP(Se)Cyz] (49, dp 58.7
ppm) (Scheme 62). These results indicate that the initial product [(BDIppp)SnSePCy:]
(46) reacts with an excess of elemental selenium to give [(BDIppp)SnSeP(Se)Cy:] (49)
and compound 49 reacts with [(BDIppp)SnPCy,] (37) to give the phosphinoselenoito
complex 46. Oxidative addition of the selenium to the metal centre of the tin derivative
was not observed. The lead(II) dicyclohexylphosphanide 38 also gave the corresponding

dicyclohexylphosphinoselenoito and dicyclohexylphosphinodiselenoato compounds 47
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and 50 (Scheme 62, vide infra). Therefore, a general reaction scheme can be established
for the  reaction  between  the B-diketiminatotin(Il)  and  -lead(Il)
dicyclohexylphosphanides, 37 and 38, and elemental selenium, which leads to the
formation of the insertion product A and then to product B containing an additional

P=Se bond (Scheme 62).

Scheme 62. Reactions of the B-diketiminatotin(ll) and -lead(ll) dicyclohexylphosphanides, 37
and 38, with elemental selenium in CgDg

/O Ar PQ ArM Se\\PQ
N~ Se N7\ _/
—»H / = H /
S T % )

Ar Ar
Ar = (2,6-Pr,CgHg)
(A) (B)
37, M =8n, 8 -15.4 ppm 46, M = Sn, 6p 35.6 ppm 49, M = Sn, p 58.7 ppm
38, M = Pb, dp 26.9 ppm 47, M = Pb, dp 23.9 ppm 50, M = Pb, dp 57.0 ppm

Although the germanium derivative [(BDIpwpp)GeSeP(Se)Cy,] (48) was obtained when
the B-diketiminatogermanium(Il) dicyclohexylphosphanide 36 reacted with an excess of
elemental selenium, compound C [(BDIppp)Ge(Se)PCy,] (51) was obtained at the same
time (equation 77) (vide infra). The germanium(Il) dicyclohexylphosphinoselenoite
[(BDIpipp)GeSePCy,] was not observed in this reaction.

O
Ar Ar 7/
/Ge /O ox. Se /Ge P N-Ge /O
H{ o i\: + HiN/ P
% 6% \ (Eq. 77)

Ar = (2,6-iPr2C6H3) (B) (C)
36 48 51

4.4.2 Synthesis of B-diketiminatotin(ll) and -lead(ll) dicyclohexylphosphino-

selenoite 46 and 47

Isolation of the single selenium insertion product (compound A) involving tin or lead
metals is difficult due to the tendency of the phosphinoselenoito complexes to react

further with elemental selenium to give the phosphinodiselenoato complexes
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(compound B, Scheme 62, Page 197). Although the phosphinoselenoito complex A can
be generated by an addition of metal phosphanide to the phosphinodiselenoato complex
B, this route does not give the phosphinoselenoito complex A exclusively. A small
amount of the phosphinodiselenoato complex B and the parent metal phosphanido
complex are always present via this route. It was found that the rate of stirring of the
mixture affects the formation of the phosphinoselenoito complex A. Yields of A are
maximised by slow stirring: fast stirring favours formation of the phosphinodiselenoato
complex B. Treatment of the tin(Il) dicyclohexylphosphanide 37 with one equivalent of
elemental selenium in toluene with slow stirring at room temperature gives the tin(II)
dicyclohexylphosphinoselenoite [(BDIppp)SnSePCy,] (46) in 48% yield (equation 78).
However, the lead derivative 47 cannot be isolated exclusively from a similar reaction,
as it always contains a small amount of the corresponding phosphinodiselenoato
complex [(BDIppp)PbSeP(Se)Cyz] (50) and the parent lead(Il) phosphanide 38. Due to
the tendency of the lead(Il) dicyclohexylphosphinoselenoite 47 to react further with
selenium to form the corresponding phosphinodiselenoato complex 50, single crystals

of the lead(Il) dicyclohexylphosphinoselenoite 47 were obtained only when 0.8

Ar 0.8-1eq. Se Ar j :
' -M ) ) M P,
N7V /O toluene N7V
H / > H /
< N 25 °C, 10t0 20 h {N Se \O
" © Ar = (2,6-PryCgHg) Ar
(A)

37, M =Sn 46, M = Sn, 48%
38, M=Pb 47, M = Pb, 47%

equivalent of elemental selenium was used.

(Eq. 78)

The tin(I) and lead(Il) dicyclohexylphosphinoselenoites 46 and 47 are sensitive to air
and moisture. Black metallic precipitates and trace amounts of the phosphinodiselenoato
complexes are obtained when toluene solutions of these complexes are stored for a
week at room temperature under ambient light. However, compounds 46 and 47 can be
stored as solids at =30 °C for several weeks without decomposition. Elemental analysis
of the tin(II) dicyclohexylphosphinoselenoite 46 is in good agreement with the

calculated value.
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4.4.3 X-ray crystal structures of [(BDIpipp)MSePCy:] (46, M = Sn and 47, M =
Pb)

Single crystals of [(BDIppp)SnSePCy;] (46) were obtained from a toluene solution at
—30 °C. ORTEP drawings of compound 46 are shown in Figures 93 and 94. Selected
bond lengths and angles are given in Table 39, and selected crystallographic data in
Table 40. Like the tin(Il) dicyclohexylphosphanide 37, the tin(Il)
dicyclohexylphosphinoselenoite 46 adopts an exo conformation, with the tin atom 1.025
A above the mean NCCCN plane of the B-diketiminato ligand. The geometry around the
tin atom is pyramidal, with the sum of bond angles around the metal centre 277.4°. The
phosphorus is pyramidally coordinated, with the sum of bond angles 304.5°. Electrons
are delocalised within the CsN,Pb unit in the B-diketiminate ring, but not on to the N-
aryl substituents (dihedral angles: C(11)-C(6)-N(1)-Sn = 74.9(2)° and
C(23)—C(18)~N(2)—Sn = —66.2(3)°). If the cyclohexyl groups are discounted, there is
an approximate plane of symmetry passing through the atoms C(2), Sn, Se and P,
bisecting the B-diketiminate ring. The Sn—Se bond length is 2.6059(3) A, similar to
those in Brennan’s [Sn(2-SeNCsH,),]» (terminal Sn—Se = 2.681(2) A), Einstein’s
[(BusSn),Se] (2.537(2) A) and Kato’s [PhsSnSeCOC;H;] (2.5515(7) A).P72%1
Furthermore, the Sn—Se bond length in 46 is longer than the Sn=Se bond distance found
in Parkin’s [(7*-Mestaa)Sn(Se)] (2.394(1) A), Okazaki’s [Tbt(Ditp)Sn(Se)] (Tbt =
(C6Ho(CH(SiMes),)3); Ditp = (CsH3(CsH3(CHMe,),)2)) (2.375(3) A) and Leung’s
[{CH(SiMe3)CoHeN-8},Sn(Se)] (2.398(1) A), indicating single bond character in the
Sn—Se bond. 1#** 2% The Sn—Se—P bond angle (91.388(17)°) is similar to that in
[Sn{N(P'Pr,Se).}»-Se,Se] (avg. 95.77°).2*"1 The internal C—C—C bond angles in the
cyclohexyl rings do not deviate significantly from the average value (111°), indicating

that there is little distortion from the cyclohexyl chair conformation.
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Figure 93. ORTEP diagram of [(BDIppp)SNnSePCy,] (46). H atoms are omitted and C atoms in
the N-aryl groups in the B-diketiminate ring are minimised for clarity. The ellipsoid
probability is shown at 30%
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Figure 94. ORTEP diagram showing the side-on view of [(BDIppp)SNnSePCy,] (46). H atoms are

omitted, C atoms in the N-aryl groups in the B-diketiminate ring and the cyclohexyl
groups are minimised for clarity. The ellipsoid probability is shown at 30%
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Single crystals of [(BDIppp)PbSePCy,] (47) were obtained by recrystallisation from an
toluene solution at =30 °C. ORTEP drawings of compound 47 are shown in Figures 95
and 96. Selected bond lengths and angles are given in Table 39, and selected
crystallographic data in Table 40. The lead(II) dicyclohexylphosphinoselenoite 47 and
the tin derivative 46 are isomorphous. Compound 47 adopts an exo conformation with
the lead atom 1.052 A above the mean NCCCN plane of the p-diketiminato ligand. The
geometry around the lead atom is pyramidal, with the sum of bond angles around the
metal centre 275.1°. The phosphorus atom is pyramidally coordinated with the sum of
bond angles 305.3°. The angle between the mean NCCCN plane in the B-diketiminato
ligand and the plane defined by the atoms N(1), Pb and N(2) is 35.7°, similar to that
observed for the lead(Il) dicyclohexylphosphanide 38 (38.7°). Delocalisation within the
C3N2Pb unit in the B-diketiminate ring is evident, but it does not extend to the N-aryl
substituents  (dihedral  angles:  C(11)-C(6)-N(1)-Pb = 75.2(4)° and
C(23)—C(18)—N(2)—Pb = —65.4(4)°). Discounting the cyclohexyl rings, there is an
approximate plane of symmetry passing through the atoms C(2), Pb, Se and P, bisecting
the B-diketiminato ligand. The Pb—Se bond length (2.6811(4) A) is similar to those
found in Kato’s [PhsPbSeCOC;H;] (2.6365(5) A), Jain’s [Pb(SeCH>CH,NMe,)]
(2.727(3) A) and Roesky’s [(ArSePb),(u-SeAr)] (Ar = (C¢Ha(CF3)3), terminal Pb—Se =
2.713(2) A).P*1- 283286 The P—Se bond length is 2.2543(9) A, similar to that in the tin
derivative 46 (2.2584(6) A). As in the other complexes containing
dicyclohexylphosphanido ligand reported herein, the internal C—C—C bond angles in the
cyclohexyl ring do not deviate significantly from the average value (111°), indicating

that there is little distortion in the cyclohexyl chair conformation.
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Figure 95. ORTEP diagram of [(BDIppp)PbSePCy,] (47). H atoms are omitted and C atoms in
the N-aryl groups in the B-diketiminate ring are minimised for clarity. The ellipsoid
probability is shown at 30%

Figure 96. ORTEP diagram showing the side-on view of [(BDIppp)PbSePCy,] (47). H atoms are
omitted and C atoms in the N-aryl groups in the B-diketiminate ring and the
cyclohexyl groups are minimised for clarity. The ellipsoid probability is shown at 30%
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Table 39. Selected bond lengths (A) and angles (deg) for [(BDIppp)MSePCy,] (Cy = cyclohexyl;
46, M = Sn and 47, M = Pb)

[(BDID|pp)SnSePCy2] [(BD'mpp)PbSGPCYz]

46, M = Sn 47, M =Pb
Bond lengths (A)
M-N(1) 2.2192(19) 2.326(3)
M-N(2) 2.2097(18) 2.321(3)
N(1)-C(1) 1.327(3) 1.325(4)
N(2)-C(3) 1.330(3) 1.319(4)
C(1)-C(2) 1.404(3) 1.403(5)
C(2)-C(3) 1.408(3) 1.404(5)
M-Se 2.6059(3) 2.6811(4)
P-Se 2.2584(6) 2.2543(9)
P-C(30) 1.873(2) 1.873(4)
P-C(36) 1.867(2) 1.868(4)
M-NCCCNgjane 1.025 1.052
Bond angles (deg)
N(1)-M-N(2) 82.68(7) 79.97(9)
N(1)-M-Se 99.31(5) 99.34(7)
N(2)-M-Se 95.36(5) 95.76(7)
M-N(1)-C(1) 120.33(15) 120.8(2)
M-N(2)-C(3) 121.39(15) 122.1(2)
N(1)-C(1)-C(2) 123.8(2) 124.7(3)
N(2)-C(3)-C(2) 123.3(2) 124.7(3)
C(1)-C(2)-C(3) 128.3(2) 128.9(3)
M-Se-P 91.388(17) 88.59(3)
Se-P-C(30) 102.29(8) 102.50(12)
Se-P-C(36) 100.61(8) 100.77(11)
C(30)-P-C(36) 101.61(11) 102.07(16)
Avg. internal angles of Cy 111 111
NCCCNpiane—NMNopiane 37.4 35.7
> bond angle around M 277.4 2751
DOP of M (%) ? 92 94
> bond angle around P 304.5 305.3
DOP of P (%) @ 62 61
Dihedral angles (deg)
C(11)-C(6)-N(1)-M 74.9(2) 75.2(4)
C(23)-C(18)-N(2)-M -66.2(3) -65.4(4)

2 Degree of pyramidalisation (DOP, %) = [(360 — Zoond angie) / 0.9] "*® When a DOP is 100%, it is equivalent to a
sum of bond angles of 270°, whereas a DOP of 0% indicates a planar geometry at the central atom
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Table 40. Selected crystallographic data for [(BDIppp)MSePCy,] (Cy = cyclohexyl; 46, M = Sn

and 47, M = Pb)

[(BDIpipp)SnSePCys;] (46)

[(BDIpipp)PbSePCys;] (47)

chemical formula
molecular mass
temperature (K)
wavelength (A)
crystal system

space group

Peaica (Mg m™)

6 range (deg)

abs coeff (mm™)
measd/indep reflns/R(int)
reflns with /> 20(/)
data/restraints/param
goodness of fit on F*
final R indices [/ > 20(/)]

Rindices (all data)

largest diff peak and hole (e A™)

C41HesNoPSeSn

812.55

173(2)

0.71073

triclinic
( 0.2

12 1426(2

12.5330(3

14.2375(3

91.844(1

97.593(1

108.807(1)

2026.58(7)

2

1.33

3.43-27.11

1.60

37 018/8928/0.051

7625

8928/0/417

1.032

A1 =0.030,
whR2 = 0.064

A1 =0.040,
wH2 = 0.068

0.42 and —-0.62

)
)
)
)

~ ~—

C41HesN2PPbSe

901.05

173(2)

0.71073

triclinic
( 0.2

12. 1375(2

12.5352(3

14.2900(3

92.391(1

97.371(1

108.474(1)

2037.23(7)

2

1.47

3.43-27.11

5.10

37 354/8987/0.058

7806

8987/0/417

0.973

A1 =0.030,
wH2 = 0.063

A1 =0.040,
wH2 = 0.066

0.66 and -1.00

)
)
)
)

~ ~—
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4.4.4 NMR spectra of [(BDIppp)MSePCy,] (46, M = Sn and 47, M = Pb)

Selected multinuclear NMR spectroscopic data for 46—47 are given in Table 41.

Table 41. Selected multinuclear NMR spectroscopic data (C¢Ds, 30 °C) for [(BDIppp)MSePCys,]

(Cy = cyclohexyl; 46, M = Sn and 47, M = Pb)

[(BDIpipp)SnSePCy,] (46)

[(BDIpipp)PbSePCys;] (47)

S (ppm), J (Hz)

S (ppm), J (Hz)

'H
y-H 4.70 (s) 4.60 (s)
CHMe, 3.71 (septet), *vhn = 6.8 3.74 (septet), *vun = 6.4
3.24 (septet), *Uuy = 6.8 3.13 (septet), *vhn = 6.4
130{1H}
Cy-CH 35.4 35.3
'Uep = 27 'Uep = 27
CHMe, 29.7 (s), 29.0 (s) 30.6 (s), 30.1 (s)
CHMe, 27.3,25.5,25.2, 25.1 (s) 25.2,24.9, 24.0, 23.8 (s)
31P{1H}
35.6 (s) 23.9 (s)
'Upse = 178 ' Upse = 192
2 Jp119g, = 960 2 Jppp = 1469
2 Jp11g, = 916
77Se
~70 (d) -24 (d)
' Jsep = 179 ' Jsep = 192
Other

5(*"Sn) = 60 (d)
2 Jtiog,p = 959

5(*°’Pb) = 2596 (d)
2 Jppp = 1477

4.4.41 The B-diketiminatotin(ll) dicyclohexylphosphinoselenoite 46

The "H NMR spectrum of 46 shows two septets centred at dy 3.71 and 3.24 ppm (Juy =

6.8 Hz) assigned to the tertiary protons in the isopropyl groups (CHMe,). However,

unlike the dicyclohexylphosphanido complexes discussed previously, no through-space

proton-phosphorus coupling (Jup) is observed. This is possibly due to a greater distance

between the isopropyl groups and the phosphorus atom. A series of multiplets (dg ~

1.2-1.8 ppm) is assigned to the cyclohexyl CH, protons. VT-'"H NMR spectra are
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shown in Figure 97. However, the CH, resonances remain unresolved within the

temperature range 30 to —80 °C.

Figure 97. VT-'H NMR spectra (400MHz, toluene-ds) of [(BDIppp)SNSePCy,] (46) where A = y-
H; B = CHMe;, and C = Cy-CH

4.6 4.2 3.8 3.4 3.0 2.6 2.2 1.8 1.4 1.0 0.6

The *'P{'H} NMR spectrum of the tin(Il) dicyclohexylphosphinoselenoite 46 shows a

single resonance at dp 35.6 ppm with selenium and tin satellites ('Jpse = 178 Hz, “Jp19%,
= 960 Hz and *Jp!%s, = 916 Hz). This phosphorus resonance is downfield from the
parent tin(Il) dicyclohexylphosphanide 37 (dp —15.4 ppm). The phosphorus-tin and
phosphorus-selenium couplings are confirmed by the '"’Sn (ds, 60 ppm, */1%p = 959

Hz) and the 'Se NMR spectra (ds. —70 ppm, 'Jsep = 179 Hz). A *'P{'H} NMR
spectrum  recorded from a  concentrated sample of the  tin(Il)
dicyclohexylphosphinoselenoite 46 in toluene-ds with an extended acquisition time

revealed additional satellites (Figure 98). The coupling constant *JpliSs, is 844 Hz.

Selenium satellites ('Jps. = 178 Hz) are found alongside the tin satellites.
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Figure 98. 31P{1H} NMR spectrum (162 MHz, toluene-ds) of [(BDIppp)SnSePCy,] (46) with an
extended acquisition time. The enhanced satellites are indicated in the diagram, and
where A = phosphorus resonance. Impurities are designated by §

1JPSe
(178 Hz) | |

2J,

P117sn

(916 Hz) | |

2J,

P19y

(960 Hz) | |

1JPSe
(178 Hz)———

'JPSe
(178 Hz)
A

2J

p115gy

(844 Hz) | |

T T T T T T T T T T T T T T T T
44.5 44.0 43.5 43.0 42.5 42.0 41.5 41.0 40.5 40.0 39.5 39.0 38.5 38.0 375 370
ppm

The VT->'P{'"H} NMR spectra of 46 are shown in Figure 99. At 30 °C, the *'P{'H}
NMR spectrum shows a single resonance at dp 40.3 ppm in toluene-dg, with selenium

and tin satellites ('Jps. = 178 Hz, “Jp1%, = 960 Hz and *Jp!%, = 917 Hz). The spectrum

recorded at —80 °C shows a single resonance at dp 39.9 ppm, with selenium and tin

satellites (lJPse = 176 Hz, 2Jp1%, = 980 Hz and “Jpll%, = 940 Hz). The resonance

remains as a single signal, with no significant change in the phosphorus-tin coupling

constant (A%Jp1%, = 20 Hz), suggesting that there is little change in the geometry around

the phosphorus atom as the temperature is lowered.
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Figure 99. vT-¥ P{1H} NMR spectra (162 MHz, toluene-ds) of [(BDIppp)SnSePCy,] (46) where A
= phosphorus resonance; B = "’Se; C = ''"Sn; and D = ''°Sn satellites

44 43 42 41 40 39 38 37 36

The spectroscopic evidence on the tin(Il) dicyclohexylphosphanide 37 suggests that the
overall conformation observed from the solid state is preserved in solution. To examine
whether this is the case for the tin(II) dicyclohexylphosphinoselenoite 46, multinuclear
solid state NMR spectra were recorded. The solid state >'P{'H} NMR spectrum of 46
shows a single resonance at dp(sotiqy 31.9 ppm, with selenium and tin satellites (1JPSe(Solid)
= 190 Hz and *Jesusoliay = 897 Hz). Both phosphorus-selenium and phosphorus-tin
coupling constants are similar to those observed in solution (1JPSe(solution) = 178 Hz;

2o Wsnsolution) = 960 Hz) (Table 41, Page 205).

The solid state "’Se NMR spectrum of 46 shows a doublet centred at Ose(solid) —71.3 ppm,
with selenium-phosphorus coupling IJSSP(SOM) = 184 Hz, matching that observed from
the solid state *'P{'H} NMR spectrum. Tin satellites were also found around the
selenium signal, with selenium-tin coupling constant 1Jsesn(solid) = 1160 Hz. The
evidence from the solid state NMR spectra suggest that the conformation of the tin(II)

dicyclohexylphosphinoselenoite 46 observed in the solid state is preserved in solution.
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4.4.4.2 The B-diketiminatolead(ll) dicyclohexylphosphinoselenoite 47

As in the tin derivative 46, no through-space proton-phosphorus coupling is observed in
the septets at oy 3.74 and 3.13 ppm, assigned to the tertiary protons in the isopropyl
groups (CHMe;) in the 'H NMR  spectrum of the lead(Il)
dicyclohexylphosphinoselenoite 47. The “C{'H} NMR spectrum does not show
through-space carbon-phosphorus coupling between the carbon atoms in the isopropyl

groups and the phosphorus atom.

The *'P{'H} NMR spectrum shows a single resonance at dp 23.9 ppm with selenium
and lead satellites ('Jps. = 192 Hz and “Jpp, = 1469 Hz). The phosphorus resonance is
similar to that observed in the parent lead(Il) dicyclohexylphosphanide 38 (dp 26.9
ppm). The ”’Se NMR spectrum shows a doublet centred at ds, —24 ppm with selenium-
phosphorus coupling 'Jsep = 192 Hz. A doublet centred at Jp, 2596 ppm with lead-
phosphorus coupling *Jppp = 1477 Hz is shown in the **’Pb NMR spectrum of 47.

4.4.5 Synthesis of p-diketiminato heavy group 14 metal dicyclohexyl-
phosphinodiselenoates 48-50

Treatment of the B-diketiminato heavy group 14 metal dicyclohexylphosphanides 36-38
with an excess of elemental selenium in toluene with rapid stirring at room temperature
give the corresponding heavy group 14 metal dicyclohexylphosphinodiselenoato
complexes [(BDIpwpp)GeSeP(Se)Cyz] (48), [(BDIpwpp)SnSeP(Se)Cy2] (49) and
[(BDIpipp)PbSeP(Se)Cy2] (50) in 64, 52 and 83% yields, respectively (Scheme 63).
Alternatively, the tin(Il) and lead(II) derivatives 49 and 50 can be synthesised via
treatment of the corresponding dicyclohexylphosphinoselenoito complexes, 46 and 47,
with an excess of elemental selenium at room temperature. However, the latter route is
not efficient as it is previously established that the dicyclohexylphosphinoselenoito

complexes are difficult to isolate (Section 4.4.2, Page 197).
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Scheme 63. Synthesis of [(BDIppp)MSeP(Se)Cy.] (Cy = cyclohexyl; 48, M = Ge; 49, M = Sn;

and 50, M = Pb)
Ar ex. Se Ar Q ex. Se Ar Q
M ' -M P
NN /O toluene toluene NV
H / / /
f%_,\{ P BEN \O 25 °C < N Se \O

b 2010 30 h 201030 h y
(2 6 lPr2C6H3
36, M = Ge 48, M = Ge, 64%
37, M =Sn 49, M = Sn, 52% 46, M = Sn
38, M =Pb 50, M = Pb, 83% 47, M = Pb

Complexes 4850 are sensitive to air, moisture and light. Metallic precipitates are
formed when they are allowed to stand in toluene under ambient light for 24 hours at
room temperature. However, they can be stored as solids at =30 °C for several weeks
without decomposition. Elemental analyses of the tin(Il) and lead(II) derivatives 49 and
50 are in good agreement with the calculated values. The germanium analogue 48 could
not be obtained pure, hence the elemental analysis on the compound was not

satisfactory.

4.4.6 X-ray crystal structures of [(BDIppp)MSeP(Se)Cy-] (48, M = Ge; 49, M =
Sn; and 50, M = Pb)

Orange crystals of [(BDIppp)GeSeP(Se)Cy.] (48) were obtained from toluene at —30
°C. ORTEP drawings of the germanium(Il) dicyclohexylphosphinodiselenoate 48 are
shown in Figures 100 and 101. Selected bond lengths and angles are given in Table 42,
and selected crystallographic data in Table 43. The germanium compound 48 adopts an
exo conformation with the germanium atom 0.987 A above the mean NCCCN plane in
the B-diketiminato ligand. The geometry around the germanium atom is pyramidal, with
the sum of bond angles 277.8°. The electrons are delocalised within the C3N,Ge unit in
the P-diketiminato ligand, but not on to the N-aryl substituents (dihedral angles:
C(11)—C(6)-N(1)-Ge = 74.9(3)° and C(23)—C(18)—N(2)—Ge = —74.9(3)°). Apart from
the cyclohexyl rings, there is an approximate plane of symmetry passing through the
atoms C(2), Ge, Se(l), P, and Se(2). The phosphorus atom is coordinated to two
selenium atoms and two carbon atoms from the cyclohexyl groups in a distorted
tetrahedral geometry. The Ge—Se(1) bond length is 2.4613(4) A. It may be compared
with those values in Liu’s [Ph;GeSeP(Se)(OEt),] (2.405(9) A) and Kato’s
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[Ph3GeSeC(O)(p-Tol)] (2.3760(4) A).**> 21 The P-Se(1) bond length is 2.2208(7) A
and the P—Se(2) bond (2.1114(7) A) is shorter. The P—Se(2) bond distance is similar to
the P=Se bond length in Liu’s [Ph3GeSeP(Se)(OEt),] (2.0775(17) A) and Krauss’
[Pb{SeP(Se)Ph,},] (2.147(1) A), and is indicative of a selenium-phosphorus double
bond.**> ") The distance between the Ge and Se(2) atoms is 3.711 A, which is
significantly longer than the Ge—Se(l) bond (2.4613(4) A). The bond angles
Ge—Se(1)—P (100.77(2)°) and Se(1)—P—Se(2) (117.92(3)°) are significantly wider than
Ge—Se(2)—P (70.64°) and Se(1)-Ge—Se(2) (70.67°). This evidence suggests that the
ligand (SeP(Se)Cy») is coordinated to the germanium atom in #'-fashion. These findings
differ from those for related compounds containing ligands with the SeP(Se) fragment
which are coordinated in #°-fashion, for example in Woolin’s [Pb{SeP(Se)Ph(OEt)},]
(avg. Pb—Se—P = 91.38°, avg. Se—P—Se = 111.29° and avg. Se—Pb—Se = 73.42°) and
Krauss’ [Pb{SeP(Se)Ph,},] (avg. Pb—Se—P = 84.62°, avg. Se—P—Se = 112.91° and avg.
Se—Pb—Se = 74.1°).[247- 2871
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Figure 100. ORTEP diagram of [(BDIppp)GeSeP(Se)Cy.] (48). H atoms are omitted and C
atoms in the N-aryl groups in the B-diketiminate ring are minimised for clarity. The
ellipsoid probability is shown at 30%

Figure 101. ORTEP diagram showing the side-on view of [(BDIppp)GeSeP(Se)Cy.] (48). H
atoms are omitted and C atoms in the N-aryl groups in the B-diketiminate ring and
the cyclohexyl groups are minimised for clarity. The ellipsoid probability is shown
at 30%

See
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Yellow crystals of [(BDIppp)SnSeP(Se)Cy:] (49) were obtained from toluene at —30 °C.
ORTEP drawings are shown in Figures 102 and 103. Selected bond lengths and angles
are given in Table 42, and selected crystallographic data in Table 43. The tin compound
49 adopts an exo conformation, with the tin atom 1.089 A above the mean NCCCN
plane of the B-diketiminato ligand. The geometry around the tin atom is pyramidal with
the sum of bond angles 271.3°. The electrons are delocalised within the C;N,Sn unit,
but not on to the N-aryl substituents (dihedral angles: C(11)—C(6)—N(1)—Sn = 74.3(4)°
and C(23)—C(18)—N(2)—Sn = —70.1(4)°). Discounting the cyclohexyl rings, there is an
approximate plane of symmetry passing through the atoms C(2), Sn, Se(1), P, and
Se(2). The phosphorus atom has a distorted tetrahedral configuration, with bond angles
at phosphorus ranging from 104.39(13)° to 116.62(5)°. The Sn—Se(1) bond length is
2.6549(5) A, similar to that observed in the tin(I) dicyclohexylphosphinoselenoite 46
(2.6059(3) A). As in the germanium derivative 48, the P—Se(2) bond length (2.1197(11)
A) in 49 is shorter than the P—Se(1) bond distance (2.2194(11) A). These P—Se bond
lengths are similar to those observed in the germanium derivative 48. The distance
(3.508 A) between the Sn and Se(2) atom is significantly longer than the typical Sn—Se
bond length (2.55-2.60 A), indicating that there is no formal bond.***! The bond angles
Sn—Se(1)—P (95.14(3)°) and Se(1)—P—Se(2) (116.62(5)°) are significantly wider than
Sn—Se(2)—P (75.32°) and Se(1)-Sn—Se(2) (72.12°), suggesting that the ligand
(SeP(Se)Cy») is coordinated to the tin centre in #'-fashion. The internal C—C—C bond
angles in the cyclohexyl group do not deviate significantly from the average value
(111°), indicating that there is little distortion in the chair conformation in the

cyclohexyl groups.
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Figure 102. ORTEP diagram of [(BDlppp)SnSeP(Se)Cy,] (49). H atoms are omitted and C

atoms in the N-aryl groups in the B-diketiminate ring are minimised for clarity. The
ellipsoid probability is shown at 30%

Figure 103. ORTEP diagram showing the side-on view of [(BDIppp)SnSeP(Se)Cy,] (49). H
atoms are omitted and C atoms in the N-aryl groups in the B-diketiminate ring and

the cyclohexyl groups are minimised for clarity. The ellipsoid probability is shown
at 30%

7[330 /
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Single crystals of [(BDIppp)PbSeP(Se)Cy:] (50) were obtained from toluene at —30 °C.
ORTEP drawings of compound 50 are shown in Figures 104 and 105. Selected bond
lengths and angles are given in Table 42, and selected crystallographic data in Table 43.
The lead(II) dicyclohexylphosphinodiselenoate 50 adopts an exo conformation, with the
lead atom 1.146 A above the mean NCCCN plane of the B-diketiminato ligand. The
geometry around the lead atom is pyramidal with the sum of bond angles 268.1°. The
electrons are delocalised within the C3N,Pb unit in the -diketiminato ligand, but not on
to the N-aryl substituents (dihedral angles: C(11)-C(6)-N(1)-Pb = 69.8(3)° and
C(23)—C(18)—N(2)—Pb = —74.7(4)°). Discounting the cyclohexyl groups, there is an
approximate plane of symmetry passing through the atoms C(2), Pb, Se(1), P and Se(2).
The Pb—Se(1) bond length is 2.7417(4) A, which is slightly longer than that in the
lead(I) dicyclohexylphosphinoselenoite 47 (2.6811(4) A). As in the germanium and tin
analogues, 48 and 49, the P—Se(1) bond length (2.2094(10) A) is longer than the
P—Se(2) bond distance (2.1287(11) A). The P—Se(2) bond distance in 50 is similar to
the previously identified P=Se double bond in the germanium and tin derivatives 48 and
49 (2.1114(7) A and 2.1197(11) A, respectively), and also to the P=Se bond in Liu’s
[PhsPbSeP(Se)(OEt,),] (2.071(3) A).**! The distance (3.396 A) between the Pb and
Se(2) atom in 50 is significantly longer than the Pb—Se(1) bond length (2.7417(4) A), as
well as that in [(BDIppp)PbSePCy,] (47, Pb—Se = 2.6811(4) A), suggesting the absence
of a formal bond. The bond angles Pb—Se(1)-P (92.79(3)°) and Se(1)—P—Se(2)
(115.97(5)°) are wider than the angles Pb—Se(2)—P (77.72°) and Se(1)—Pb—Se(2)
(72.77°), suggesting that the ligand (SeP(Se)Cy») is coordinated to the lead atom in #'-
fashion. The internal C—C—C bond angles in the cyclohexyl ring do not deviate
significantly from the average value (111°), indicating that there is little distortion to the

chair conformation in the cyclohexyl rings.
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Figure 104. ORTEP diagram of [(BDIppp)PbSeP(Se)Cy,] (50). H atoms are omitted and C
atoms in the N-aryl groups in the B-diketiminate ring are minimised for clarity. The
ellipsoid probability is shown at 30%

\ cu@ c2 : / s /

b

Figure 105. ORTEP diagram showing the side-on view of [(BDIppp)PbSeP(Se)Cy,] (50). H
atoms are omitted, C atoms in the N-aryl groups in the B-diketiminate ring and the
cyclohexyl groups are minimised for clarity. The ellipsoid probability is shown at
30%

Se2
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Table 42. Selected bond lengths (A) and angles (deg) for [LMSeP(Se)Cy.] (L = (BDIppp); Cy =
cyclohexyl; 48, M = Ge; 49, M = Sn; and 50, M = Pb)
[LGeSeP(Se)Cy,] [LSnSeP(Se)Cya] [LPbSeP(Se)Cy,]
48, M = Ge 49, M = Sn 50, M =Pb
Bond lengths (A)
M-N(1) 2.020(2) 2.239(3) 2.346(3)
M-N(2) 2.0320(19) 2.225(3) 2.356(3)
N(1)-C(1) 1.336(3) 1.320(5) 1.319(4)
N(2)-C(3) 1.328(3) 1.328(5) 1.328(5)
C(1)-C(2) 1.396(4) 1.398(6) 1.409(5)
C(2)-C(3) 1.396(4) 1.410(6) 1.404(5)
M-Se(1) 2.4613(4) 2.6549(5) 2.7417(4)
P-Se(1) 2.2208(7) 2.2194(11) 2.2094(10)
P- Se(2) 2.1114(7) 2.1197(11) 2.1287(11)
-C(30) 1.849(3) 1.843(4) 1.845(4)
-C(36) 1.837(3) 1.846(4) 1.841(4)
M- Se( ) 3.711 3.508 3.396
M-NCCCNppane 0.987 1.089 1.146
Bond angles (deg)
N(1)-M-N(2) 88.72(8) 82.89(11) 80.13(10)
N(1)-M-Se(1) 94.84(6) 96.83(8) 90.05(7)
N(2)-M-Se(1) 94.20(6) 91.53(8) 97.93(7)
N(1)-C(1)-C(2) 122.6(2) 125.0(4) 125.0(3)
N(2)-C(3)-C(2) 122.8(2) 123.9(4) 124.9(3)
C(1)-C(2)-C(3) 127.2(2) 128.5(4) 129.7(4)
M-Se(1)-P 100.77(2) 95.14(3) 92.79(3)
C(30)-P-C(36) 106.83(12) 107.23(18) 107.50(18)
Se(1)-P-Se(2) 117.92(3) 116.62(5) 115.97(5)
C(30)-P-Se(2) 112.52(9) 111.17(14) 110.95(14)
C(36)-P-Se(2) 113.29(10) 111.29(15) 110.82(13)
M-Se(2)-P 70.64 75.32 77.72
Se(1)-M-Se(2) 70.67 72.12 72.77
Avg. int. angles of Cy 111 111 111
NCCCNpiane—NMNopiane 421 40.0 39.0
> bond angle around M 277.8 271.3 268.1
DOP of M (%) ? 91 99 102
Dihedral angles (deg)
C(11)-C(6)-N(1)-M 74.9(3) 74.3(4) 69.8(3)
C(23)-C(18)-N(2)-M -74.9(3) -70.1(4) -74.7(4)

?Degree of pyramidalisation (DOP, %) = [(360 — Spond angie) / 0.9] '™ When a DOP is 100%, it is equivalent to a
sum of bond angles of 270°, whereas a DOP of 0% indicates a planar geometry at the central atom



218

M = Ge; 49, M = Sn; and 50, M = Pb)

Table 43. Selected crystallographic data for [LMSeP(Se)Cy,] (L = (BDlppp); Cy = cyclohexyl; 48,

[LGeSeP(Se)Cy,]
(48)

[LSnSeP(Se)Cy,]
(49)

[LPbSeP(Se)Cy,]
(50)

chemical formula

molecular mass
temperature (K)
wavelength (A)
crystal system
space group

Pcalcd (Mg m—3)
6 range (deg)
abs coeff (mm™)

measd/indepent
reflns/R(int)

data/restraints/param
goodness of fit on F*
final R indices [/ > 20(/)]

Rindices (all data)

largest diff peak and
hole (e A™%)

C41Hs3GeNoPSey,
C7Hg

937.55

173(2)

0.71073
monoclinic

P 24/c (No. 14)
13.1356(3)
18.3304(3)
20.4944(5)

90

103.174(1)

90

4804.79(18)

4

1.30

3.49-27.06

2.218
32616/10466/0.049

10466/0/489
0.997

A1 =0.037,
wH2 = 0.076

A1 =0.058,
wH2 = 0.083

0.66 and —-0.49

C41HesNoPSesSn,
C7Hg

983.65

173(2)

0.71073
orthorhombic
P2,2,2; (No. 19)
10.3830(1)
15.4846(2)
29.7411(4)

90

90

90

4781.67(10)

4

1.37

3.56-27.10

2.12
78235/10512/0.079

10512/0/454
1.022

A1 =0.037,
whR2 = 0.074

A1 =0.050,
whH2 = 0.0780

1.174 and -0.473

C41HgaN2PPbSes,
C7Hg

1072.15

173(2)

0.71073
orthorhombic
P2,2,2; (No. 19)
10.3409(1)
15.5230(2)
29.7674(3)

90

90

90

4778.32(9)

4

1.49

3.56-27.11

5.12
67740/10498/0.066

10498/0/489
1.031

A1 =0.026,
whR2 = 0.049

A1 =0.031,
wH2 = 0.051

0.65 and -0.43

4.4.7 NMR spectra of [(BDIppp)MSeP(Se)Cy.] (48, M = Ge; 49, M = Sn; and

50, M = Pb)

Selected multinuclear NMR spectroscopic data for 48—50 are given in Table 44.
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Table 44. Selected multinuclear NMR spectroscopic data (30 °C) for [LMSeP(Se)Cy.] (L =
(BDlpipp); Cy = cyclohexyl; 48, M = Ge; 49, M = Sn; and 50, M = Pb)

[LGeSeP(Se)Cys,] (48) [LSnSeP(Se)Cy,] (49) [LPbSeP(Se)Cys,] (50)

& (ppm), J (Hz) °

5 (ppm), J (Hz) °

& (ppm), J (Hz) °

'H
v-H 4.68 (s) 4.66 (s) 4.58 (s)
CHMe, 3.50 (septet) 3.49 (br) 3.36 (septet)
S = 6.8 3.18 (br) S = 6.8
3.31 (septet)
S = 6.8
Cy-CH 1.03 (br) 0.87 (t) 1.02 (br)
%Jup = 6.8 Hz
13c
Cy-CH 43.1 (d) 42.5 (d) 43.7 (d)
'Jop = 38 'Jop = 36 'Jop = 34
CHMe,  29.8,27.1(s) 29.2, 25.2 (s) 29.1, 26.9 (s)
CHMe,  26.6,25.7,24.9, 23.6, 22.8 (s) 26.6, 26.1, 25.6,
23.6 (s) 24.3 (s)
31 P{1H}
63.7 (s) 58.7 (s) 57.0 (s)
'Jpge = 551 ° ' Jpse = 539 ' Jpse = 521
2 JpTiog, = 246 2 Jppp = 218
2 Jp17g, = 236
se
-18 (d) -73(d)* —47 (d)
"Jsop = 198 ° "Jsep = 540 "Jsep = 544
"Usesn = 307
Other

5(*°’Pb) = 1909 (d)
2 opp = 217

- 5(""°Sn) = -88 (d) °
2 i9g,p = 247

?in CsDe, ? in toluene-ds unless specified, ° see Section 4.4.7.1, Page 219

4.4.7.1 The B-diketiminatogermanium(ll) dicyclohexylphosphinodiselenoate 48

The 'H NMR spectrum of 48 shows two septets centred at Jy 3.50 and 3.31 ppm, with
through-bond proton-proton coupling (*Jun = 6.8 Hz) assigned to the tertiary protons in
the isopropyl groups (CHMe,). However, unlike the parent dicyclohexylphosphanido
complexes 36—38, through-space proton-phosphorus coupling is not observed in the

CHMe;s resonance. We attribute this to the longer distance between the phosphorus and
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protons in the isopropyl groups. A broad signal at oy 1.03 ppm is assigned to the tertiary
CH protons in the cyclohexyl groups. The *Jup coupling is not observed due to overlap
of the multiplets assigned to the CH, protons in the cyclohexyl groups. The “C{'H}
NMR spectrum shows a doublet centred at d¢ 43.1 ppm ('Jep = 38 Hz). This is assigned
to the tertiary CH carbon in the cyclohexyl groups. No through-space isopropyl carbon-

phosphorus coupling is observed.

The *'P{'"H} NMR spectrum of 48 shows a single resonance at dp 63.7 ppm (‘Jpse = 551
Hz), downfield from that observed in the germanium(Il) dicyclohexylphosphanide 36
(6p —14.1 ppm). The "'Se NMR spectrum of 48 shows a doublet centred at ds. —18 ppm.
However, the selenium-phosphorus coupling constant (‘Js.p = 198 Hz) observed from
the "’Se NMR spectrum is not in agreement with that observed from the >'P{'H} NMR
spectrum. The magnitude of the 'Jsep coupling constant found in the ”’Se NMR
spectrum is similar to those in the phosphinoselenoito complexes [(BDIpwpp)SnSePCys]
(46, 'Jsep = 178 Hz) and [(BDIppp)PbSePCys] (47, 'Jsep = 192 Hz). Several attempts to
locate a second resonance associated with the selenium in the P=Se fragment were not
successful. It should be noted that the ’Se NMR spectrum was recorded two days after
the >'P{'H} NMR spectrum was taken. Over the course of the period, the mixture was
not stirred and metallic precipitates were found in the NMR tube containing the sample
in C¢Ds. Hence, based on the similarity of 'Jsp coupling constants to those in
compounds 46 and 47, we propose that the sample had decomposed to form the
phosphinoselenoito complex A [(BDIppp)GeSePCy,] (Equation 79). The compound A
in equation 79 appears to be different from its isomer [(BDIppp)Ge(Se)PCya] (51, dse
—91 ppm in CDCls, “Jsp = 12 Hz, Page 231). These results were obtained at the end of
the project, so there was not time to obtain further evidence to substantiate this

proposal.

Ar = (2,6'iPr206H3)

Q Ar Q
-Ge P '_Ge P
N / CeDs N /
H 7 > 5 \ + Se
&N‘ Se \O TENTTID N{ se \O (Eq. 79)
Ar
(A)
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4.4.7.2 The B-diketiminatotin(ll) dicyclohexylphosphinodiselenoate 49

The '"H NMR spectrum of 49 shows a triplet at dy 0.87 ppm, with “Jup = 6.8 Hz,
assigned to the tertiary CH protons in the cyclohexyl groups. A series of multiplets in
the range oy 0.96—1.27 ppm is assigned to the CH, protons in the cyclohexyl groups.
Two broad signals at dy 3.49 and 3.18 ppm in toluene-ds, are assigned to the tertiary
protons in the isopropyl groups (CHMe). A VT-'H NMR experiment (Figure 106)
showed at —85 °C, two distinctive signals at oy 3.53 and 3.12 ppm (Adg 164 Hz) in
toluene-ds were assigned to the tertiary protons in the isopropyl groups (CHMe,).
However, the coalescence temperature was not reached due to decomposition of the

tin(Il) dicyclohexylphosphinodiselenoate 49.

Figure 106. VT-'H NMR spectra (400 MHz, toluene-dg) of [(BDIppp)SnSeP(Se)Cy.] (49), where
A =vy-H; B =CHMe,; C = Cy-CH
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In the "C{'H} NMR spectrum, a doublet centred at dc 42.5 ppm, with through-bond
carbon-phosphorus coupling 'Jep = 36 Hz, is assigned to the tertiary CH carbon in the
cyclohexyl groups. However, there is no through-space carbon-phosphorus coupling

observed in any of the resonances assigned to the isopropyl groups. The *'P{'H} NMR
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spectrum shows a single resonance at dp 58.7 ppm, with tin and selenium satellites

(CJp1B%, = 246 Hz, “JplVs, = 236 Hz and 'Jps. = 539 Hz). The phosphorus-tin coupling

constants “Jps, in 49 is significantly smaller than those observed in the tin(Il)

dicyclohexylphosphinoselenoite 46 (*Jp11%, = 960 Hz and “Jp!l, = 916 Hz). A *'P{'H}

NMR spectrum of a concentrated sample of the tin(1I)

dicyclohexylphosphinodiselenoate 49 in toluene-ds with an extended acquisition time

revealed additional satellites (Figure 107). Tin satellites (CJp!1%, = 246 Hz and “Jp!ls, =

236 Hz) are found around the selenium satellites. The phosphorus-carbon couplings

(*Jep =37 Hz and *Jcp = 13 Hz) are also found from the spectrum.

Figure 107. 8 P{1H} NMR spectrum (162 MHz, toluene-dg) of [(BDIppp)SNSeP(Se)Cy,] (49) with
an extended acquisition time. The enhanced satellites are indicated in the diagram
and where A = phosphorus resonance. Impurities are designated by §
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A VT-"P{'H} NMR experiment on 49 shows the phosphorus signal remains as a single
resonance, with no significant change in the chemical shift (Adp 1 ppm) and the

coupling constants (A'Jpse = 1 Hz, A’Jps, = 2 Hz) within the temperature range (30 to
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—85 °C) (Figure 108). This result suggests that there is no significant change in the
environment around the phosphorus atom on cooling. The shape of the phosphorus
resonance at —20 °C is ascribed to an unidentified shimming problem in the NMR
instrument at this temperature. A similar problem was noted previously in the VT 'H-

NMR experiment of [(BDIpmp)PbCl] (24) (Figure 17, Page 74).

Figure 108. VT-31P{1H} NMR spectra (162 MHz, toluene-dg) of [(BDIppp)SnSeP(Se)Cy,] (49)
where A = phosphorus resonance; B = "’Se; C = ''"Sn; and D = ''°Sn satellites

620 615 61.0 605 60.0 595 59.0 585 580 575 57.0
ppm

The ”’Se NMR spectrum of 49 in C¢Ds at 30 °C shows a doublet centred at Js. —73
ppm, with selenium-phosphorus coupling 'Js.p = 540 Hz. The data are similar to those
in Woollins’ [Sn{PSex(OMe)Ph},] (ds. —88 ppm, 'Jsep = 576 Hz).**"! A pair of tin
satellites is obtained alongside each signal (‘Jsesa = 307 Hz). At —10 °C, the ''Se NMR
spectrum in toluene-ds shows a doublet centred at Jsc —84 ppm with selenium-
phosphorus coupling 'Jsp = 537 Hz. However, these results do not agree with the
findings from the solid state structure, which shows the phosphinodiselenoato ligand is
coordinated to the metal centre in #'-fashion. If such geometry persists in solution, two
independent resonances, assigned individually to the selenium in the P=Se and P—Se

fragments, with different selenium-phosphorus ('Jsep) coupling constants for each signal
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are expected. Such signals are found in Liu’s compounds, for example
[Ph3SnSeP(Se)(OEt),] (P=Se: s 13.2 ppm, 'Jsep = 864 Hz; P—Se: Js. 58.3 ppm, 'Jsep =
544 Hz) and [Ph;SnSeP(Se)(O"Bu),] (P=Se: Js. 19.3 ppm, 'Jsep = 867 Hz; P—Se: ds.
62.9 ppm, 'Jsp = 515 Hz).**' This contrasts with the tin(Il)
dicyclohexylphosphinodiselenoate 49, which shows only one signal in the "’Se NMR
spectrum. We propose that the dicyclohexylphosphinodiselenoato ligand may be
coordinated to the metal centre in #°-fashion in solution, with the electrons delocalised

within the SnSe,P unit (49b, equation 80).

A 362 Q Ar Sez Q
/ /Sn P
H‘; 1@ %: \Q (Eq. 80)

Ar = (2 6-ProCeHs)
49a 49b

Selected multinuclear solid state NMR spectroscopic data for 49 are given in Table 45.

Table 45. Selected multinuclear solid state NMR  spectroscopic data for
[(BDlpirr)SnSeP(Se)Cys;] (49)

S (ppm), J (Hz)

31 P{1H}
60.5, 2Upgn = 275;
' Jpse = 684 (P=Se);
' Jpse = 385 (P-Se)
58.7, 2Jpgn = 232;
' Jpse = 693 (P=
' Jpse = 385 (P-

e);

S
Se)

77Se
39, "Jsep = 394 (P-Se)
! Jsesn = 1132
28, 'Jsep = 382 (P-Se)
! Jsesn = 1182
—204, "Jsep = 686 (P=Se)
8 Jsesn = 601
-224, " Jsep = 699 (P=Se)
8 Jsesn = 512
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The solid state *'P{'"H} NMR spectrum of 49 shows two resonances at dp(soiiay 58.7 and
60.5 ppm. Each signal contains a set of tin satellites and two sets of selenium satellites,
as expected for #'-coordination of the phosphinodiselenoato ligand to the tin centre in
49a (equation 80, Page 224). The resonance at dp(soliay 58.7 ppm shows phosphorus-tin
coupling 2Jpsn(solid) = 232 Hz. Two phosphorus-selenium couplings, IJPSe(Sohd) =693 Hz
and 'Jpse(solia) = 385 Hz, are also found, corresponding to the P=Se and P—Se fragments,
respectively. Likewise, the resonance at Jpgsoiqy 60.5 ppm shows phosphorus-tin
coupling (ZJPSn(soljd) = 275 Hz) and two phosphorus-selenium couplings (P=Se: 1Jpse(501id)
= 684 Hz; P—Se: 'Jpsersotiay = 385 Hz). In each case, the larger phosphorus-selenium
(IJPSe(Solid)) coupling constant is assigned to the P=Se fragment. These results are
consistent to the findings from the X-ray crystallography, which shows the

phosphinodiselenoato ligand is coordinated to the tin centre in 5'-fashion.

The solid state ”’Se NMR spectrum of 49 shows two groups of signals, each with
individual phosphorus couplings and tin satellites (Figure 109). There are two doublets
centred at OJsesoliay 28 and 39 ppm in the high frequency region, with selenium-
phosphorus couplings, IJSEP(sohd) = 382 and 394 Hz, respectively, and tin satellites
(1J563n(solid) = 1182 and 1132 Hz, respectively). We assign these signals to the selenium
in the P—Se fragment. In the low frequency region, there are two doublets centred at
Ose(solidy —204 and —224 ppm, with selenium-phosphorus couplings leeP(solid) = 686 and
699 Hz, respectively, and tin satellites (3JSe5n(Solid) = 601 and 512 Hz, respectively).
These signals are assigned to the selenium in the P=Se fragment. The selenium-
phosphorus coupling constants obtained from the ”’Se NMR spectrum match those from

the solid state °'P{'"H} NMR spectrum (Table 45).
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Figure 109. Solid state Se NMR spectrum (79 MHz) of [(BDIppp)SnSeP(Se)Cy,] (49).
Impurities are designated by §
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The reason for the doubling of the phosphorus and selenium signals in the solid state
NMR spectra is not clear. In space group P2;2,2; (No. 19) with Z = 4, there is only one
molecule in the asymmetric unit. It is possible that there were two polymorphs in the
crystalline sample used for the NMR experiment, but only one was selected for X-ray
crystallographic analysis. The ratio of the intensities of the signals is approximately 1:1,

but we cannot be sure whether there is significant different from this ratio.
4.4.7.3 The B-diketiminatolead(ll) dicyclohexylphosphinodiselenoate 50

The 'H NMR spectrum of 50 shows a septet at oy 3.36 ppm, with an integration of four
protons, assigned to the tertiary proton in the isopropyl groups (CHMe,). As in the other
phosphinodiselenoato analogues 48 and 49, there is no through-space proton-
phosphorus coupling observed in the CHMe; resonance. A broad signal at dy 1.02 ppm
is assigned to the tertiary CH proton in the cyclohexyl groups. In the *C{'H} NMR
spectrum, a doublet centred at 5¢ 43.7 ppm with carbon-phosphorus coupling 'Jep = 34
Hz is assigned to the tertiary CH carbon in the cyclohexyl group. No through-space

carbon-phosphorus coupling involving isopropyl groups is observed.
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A single resonance at dp 57.0 ppm, with selenium and lead satellites ('Jpse = 521 Hz and
*Jepp = 218 Hz) is found in the *'P{'H} NMR spectrum. The phosphorus-selenium
coupling constant ('Jps.) in the lead(II) dicyclohexylphosphinodiselenoate 50 is larger
than that in the lead(Il) dicyclohexylphosphinoselenoite 47 ('Jps. = 192 Hz), and the
phosphorus-lead coupling constant is smaller (“Jpp, = 1469 Hz in 47). The **’Pb NMR
spectrum of the lead(Il) dicyclohexylphosphinodiselenoate S0 shows a doublet centred
at dpy, 1909 ppm, with lead-phosphorus coupling “Jpyp = 217 Hz. A doublet centred at Js.
—47 ppm, with selenium-phosphorus coupling 'Jscp = 544 Hz, is shown in the "’Se
NMR spectrum. This result is consistent with those observed in the tin derivative 49, for
which only one selenium signal is observed in the "’Se NMR spectrum in solution.
Hence, we propose that the phosphinodiselenoato ligand may coordinate to the lead

centre in 7”-fashion in solution.
4.4.8 Synthesis of B-diketiminatogermanium(lV) selenide (51)

The germanium(IV) selenide 51 was obtained as yellow crystals as a side-product from
the reaction between the germanium(II) dicyclohexylphosphanide 36 with an excess of
elemental selenium (equation 81). The X-ray crystallographic analysis of the single
crystals confirms the presence of Ge=Se bond. Previous products from oxidative
addition of chalcogen to the heavy group 14 metal centres have been reported, for
example, Roesky’s [(BDIppp)Ge(Se)OH] and Parkin’s [(Mestaa)Ge(Se)] (Meytaa)™™ =
tetramethyldibenzotetraaza[ 14]annulene dianion).””> ! However, oxidative addition
of the chalcogen to the tin or lead centre in the dicyclohexylphosphanides 37 and 38 has

not been observed.

(Eq. 81)

Se
ArGe /O hione ArGese\\PQ Arc;/e/
N7 2 toluene N/E€ N-2€
———— H / + H
H‘?,\{ P 25°C, 20 h < N se \Q S N ¥
Ar © Ar = (2,6-Pr,CgHy) Ar Ar@

36 48 51
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4.4.9 X-ray crystal structure of [(BDIpirp)Ge(Se)PCys] (51)

Yellow crystals of [(BDIppp)Ge(Se)PCy,] (51) were obtained from toluene at —30 °C.
ORTEP drawings are shown in Figures 110 and 111. Selected bond lengths and angles
are given in Table 46, and selected crystallographic data in Table 47. The geometry
around the germanium atom is a distorted tetrahedral. The electrons are delocalised
within the C3;N>Ge unit in the B-diketiminato ligand, but not on to the N-aryl
substituents  (dihedral  angles:  C(11)-C(6)-N(1)-Ge =  88.8(4)° and
C(23)—C(18)~N(1)-Ge = —84.9(4)°). If the cyclohexyl groups are ignored, there is an
approximate plane of symmetry passing through the atoms C(2), Ge, Se and P. The
mean Ge—N bond length in 51 is shorter than that in the germanium(II)
dicyclohexylphosphanide 36 by about 0.08 A. Similarly, the Ge—N bond lengths in
Barrau’s [(BDIp,)Ge(Se)Cl] were about 0.08 A shorter than that in [(BDIpy)GeCl],
which the authors attributed to a change of coordination environment around the
germanium atom, from a tricoordinated germanium(II) chloride to a tetracoordinated
germanium(I'V) chloride. An increase in coordination number, however, normally
leads to an increase in bond lengths, so it is more likely that the decrease of Ge—N bond
lengths reflects the increase in germanium oxidation state. A shorter Ge—P bond
distance (2.3714(11) A) is found in the germanium(IV) selenide 51 than that in the
germanium(II) dicyclohexylphosphanide 36 (AGe—P = 0.101 A). The decrease in bond
distance with oxidation of the germanium 1is also found in Roesky’s
[(BDIppp)Ge(Se)Me] and [(BDIppp)Ge(Se)C1].2****’! The Ge=Se bond length in 51 is
2.2216(5) A, which is shorter than the calculated Ge—Se single bond distance (2.39
A).”*! Furthermore, the Ge=Se bond distance is in good agreement with those in
Roesky’s  [(BDIppp)Ge(Se)OH] (Ge—Se = 2.206(1) A) and Okazkai’s
[(Tbt)(Tip)Ge(Se)] (Tbt = (2,4,6-(CH(SiMes)2)3CsHz); Tip = (2,4,6-(CH(CH;)2);CeHa),
Ge—Se = 2.180(2) A).1*" **"] The geometry around the phosphorus atom is pyramidal,
with the sum of bond angles 302.2°.
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Figure 110. ORTEP diagram of [(BDIppp)Ge(Se)PCy;] (51). H atoms are omitted and C atoms
in the N-aryl groups in the B-diketiminate ring are minimised for clarity. The
ellipsoid probability is shown at 30%

Figure 111. ORTEP diagram showing the side-on view of [(BDIppp)Ge(Se)PCy;] (51). H atoms
are omitted and C atoms in the N-aryl groups in the B-diketiminate ring and the
cyclohexyl groups are minimised for clarity. The ellipsoid probability is shown at
30%
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Table 46. Selected bond lengths (A) and angles (deg) for [(BDIppp)Ge(Se)PCy,] (51)

Bond lengths (A)

Ge-N(1) 1.975(3) C(1)-C(4) 1.506(5)
Ge-N(2) 1.965(3) C(3)-C(5) 1.506(5)
N(1)-C(1) 1.337(5) Ge-Se 2.2216(5)
N(2)-C(3) 1.339(5) Ge-P 2.3714(11)
C(1)-C(2) 1.385(5) P-C(30) 1.880(4)
C(3)-C(2) 1.391(5) P-C(36) 1.896(4)
Ge-NCCCNpiane 0.757

Bond angles (deg)

N(1)-Ge-N(2) 92.37(13) N(1)-Ge-Se 110.22(9)
Ge-N(1)-C(1) 119.6(2) N(2)-Ge-Se 112.38(9)
Ge-N(2)-C(3) 119.3(2) N(1)-Ge-P 110.25(10)
N(1)-C(1)-C(2) 123.6(3) N(2)-Ge-P 108.12(9)
N(2)-C(3)-C(2) 123.7(3) Se-Ge-P 120.02(3)
C(1)-C(2)-C(3) 127.0(4) Ge-P-C(30) 100.42(14)
N(1)-C(1)-C(4) 120.0(3) Ge-P-C(36) 100.58(14)
N(2)-C(3)-C(5) 119.8(3) C(30)-P-C(36) 101.15(19)
NCCCNgjane—NGeNpiane 33.1 > bond angles around P 302.2

Avg. int. angles of Cy 111 DOP of P (%) @ 64

Dihedral angles (deg)
C(11)-C(6)-N(1)-Ge 88.8(4) C(23)-C(18)-N(2)-Ge -84.9(4)

® Degree of pyramidalisation (DOP, %) = [(360 — Zoond angie) / 0.9] "*® When a DOP is 100%, it is equivalent to a
sum of bond angles of 270°, whereas a DOP of 0% indicates a planar geometry at the central atom
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Table 47. Selected crystallographic data for [(BDIppp)Ge(Se)PCy,] (51)

[(BDIpipp)Ge(Se)PCy;] (51)

chemical formula 2(C41Hs3GeN,PSe), 3(CsHs)
molecular mass 1809.3

temperature (K) 173(2)

wavelength (A) 0.71073

crystal system triclinic

space group 1 (No. 2)

a(A) 10. 0820( )

b (A) 21.7333(4)

c(R) 21.9730(4)

a (deg) 90.274(1)

B (deg) 93.478(1)

y (deg) 92.394(1)

Vv (R 4801.42(13)

Z 4

Poaics (Mg m™) 1.25

6 range (deg) 3.40-26.77

abs coeff (mm™) 1.464

measd/indep reflns/R(int) 71 113/20 256/0.065
data/restraints/param 20 256/141/872
goodness of fit on F° 0.985

final Rindices [/ > 20(/)] R1 =0.056, wR2 = 0.141
R indices (all data) R1 =0.080, wR2 =0.154
largest diff peak and hole (e A™%) 1.80 and -0.79

4.4.10 NMR spectra of [(BDIpipp)Ge(Se)PCy:] (51)

Multinuclear NMR spectra of the germanium(IV) selenide 51 were recorded in CDCl;.
The 'H NMR spectrum shows two septets at oy 4.01 and 3.53 ppm, assigned to the
tertiary protons in the isopropyl groups (CHMe;). No through-space proton-phosphorus
coupling is observed in the CHMe, resonances. The doublet in the “C{'H} NMR
spectrum centred at dc 34.5 ppm ('Jep = 16 Hz) is assigned to the tertiary carbon CH in
the cyclohexyl groups. However, unlike the parent germanium(Il)
dicyclohexylphosphanide 36, compound 51 shows no through-space carbon-phosphorus
coupling in the isopropyl signals, perhaps a consequence of the wider N—Ge—N
(92.37(13)° in 51 and 88.05(8)° in 36) and N—Ge—P bond angles (N(1)-Ge—P:
110.25(10)° in 51 and 102.52(6)° in 36. N(2)—Ge—P: 108.12(9)° in 51 and 101.35(7)° in
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36). The *'P{'H} NMR spectrum of the germanium(IV) selenide 51 shows a single
resonance at dp 0.7 ppm. A doublet centred at ds. =91 ppm, with selenium-phosphorus
coupling (*Jsep = 12 Hz) is found in the "’Se NMR spectrum. This selenium may be
compared with those in Roesky’s [(BDIppp)Ge(Se)OH] (dse —440 ppm in C¢Ds) and
[(BDIppp)Ge(Se)'Bu)] (dse —297 ppm in toluene-ds).*> 1)

4.4.11 Synthesis of B-diketiminato heavy group 14 metal dicyclohexyl-
phosphinodithioates 52-53

Preliminary reactions of the B-diketiminatotin(II) or -lead(II)
dicyclohexylphosphanides, 37 or 38, with elemental sulfur in a 1:1 ratio did not give the
excepted phosphinothioito complexes [(BDIppp)MSPCy:] (A, M = Sn or Pb) (Scheme
64). However, there were significant amounts of the dicyclohexylphosphinodithioates
[(BDIppp)MSP(S)Cyz] (52, M = Sn; 53, M = Pb) together with unchanged heavy group
14 metal dicyclohexylphosphanido complexes, 37 or 38. This preliminary result
suggests that the reaction of the intermediate A with sulfur may be faster than the

reaction of the starting dicyclohexylphosphanido complexes 37 and 38.

Scheme 64. Preliminary reactions between the tin(ll) or lead(ll) dicyclohexylphosphanides, 37

or 38, and elemental sulfur
'_M A PQ oy S\\PQ
H%C:E/ Sp L»Hiz/ \S/\Q _s . H%C:E/ \S/\O
A Iy A
Ar Ar
(R) (B)

Ar
37, M =Sn 52, M = Sn
38, M=Pb 53, M=Pb

Ar = (2,6'ipr206H3)

Treatment of the B-diketiminatotin(Il) or -lead(Il) dicyclohexylphosphanides 37 or 38,
with an excess of elemental sulfur in toluene at room temperature give the
phosphinodithioato complexes [(BDIppp)MSP(S)Cy2] (52, M = Sn; and 53, M = Pb) in
good yields (76 and 73%, respectively) (equation 82).
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AFM ex. S ArM S\\F,j :
N~ toluene N7\ _/
H&N/ ~p H—<C 7 s D

‘ 25°C, 10-15h N (Eq. 82)
Ar Ar = (2,6-Pr,CgHa) Ar
(B)
37, M = Sn 52, M = Sn, 76%
38, M = Pb 53, M = Pb, 73%

The dicyclohexylphosphinodithioato complexes 52 and 53 are soluble in common
organic aprotic solvents, such as toluene and pentane. They are sensitive to air, moisture
and light. Metallic precipitates are found when the compounds are allowed to stand in
toluene under ambient light at room temperature for 24 hours. However, the complexes

can be stored as solids at —30 °C without decomposition for several weeks.

4.4.12 X-ray crystal structures of [(BDIppp)MSP(S)Cy2] (52, M = Sn; and 53, M
=Pb)

Single crystals of [(BDIppp)SnSP(S)Cy2] (52) were obtained by recrystallisation from
toluene at —30 °C. ORTEP drawings of the tin compound 52 are shown in Figures 112
and 113. Selected bond lengths and angles are given in Table 48, and selected
crystallographic data in Table 49. The compound adopts an exo conformation, with the
tin atom 1.160 A above the mean NCCCN plane of the B-diketiminato ligand. The
ligands are coordinated with a pyramidal geometry around the tin atom, with the sum of
bond angles 265.2°. Delocalisation within the C3N,Sn unit in the B-diketiminate ring is
evident, but it does not extend on to the N-aryl substituents (dihedral angles:
C(11)~-C(6)-N(1)-Sn = 74.7(2)° and C(23)-C(18)-N(2)-Sn = —72.0(2)°). If the
cyclohexyl rings are discounted, there is an approximate plane of symmetry passing
through the atoms C(2), Sn, S(1), P and S(2), bisecting the B-diketiminate ring. The
four-coordinated phosphorus atom has a tetrahedral geometry, in which individual
angles are ranging from 102.98(7)° to 116.72(3)°. The Sn—S(1) bond length is
2.5107(6) A, similar to those in Varga’s [Ph3SnSP(S)Ph,] (Sn—S(1) = 2.452(1) A) and
Zuckerman’s [Ph3SnSP(S)(OEt),] (Sn—S(1) = 2.4582(9) A).*****"! The P—S(2) bond
distance in the tin(I) dicyclohexylphosphinodithioate 52 is 1.9655(8) A, similar to
those P=S bond length found in Varga’s and Zuchkerman’s structures (1.945(1) and
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1.931(1) A, respectively), suggesting the presence of a phosphorus-sulfur double
bond.**! In 52, the Sn—S(2) distance is 3.497 A and the S(1)-Sn—S(2) angle is
67.36°. The Sn---S(2) distance is less than the sum of the van der Waals radii of tin and
sulfur (4.0 A), suggesting that there may be a weak interaction between the two

atoms. [291

I Evidence for this Sn---S(2) weak interaction can also be found in the
literature, for example in Casas’ [SnMe,(S,PPh,),] (Sn---S(2) = 3.325 A, S(1)-Sn—S(2)
= 68.30°) and Fild’s [Me,Sn{S,P(p-CsHsOMe)(OMe)}2] (Sn---S(2) = 3.1090 A,
S(1)-Sn—S(2) = 71.50°).1*** 2] The internal C—C—C bond angles in the cyclohexyl
rings are close to the average value (111°), indicating that there is little distortion of the

chair conformation in the cyclohexyl rings.
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Figure 112. ORTEP diagram of [(BDIppp)SNSP(S)Cy.] (52). H atoms are omitted and C atoms

in the N-aryl groups in the B-diketiminate ring are minimised for clarity. The
ellipsoid probability is shown at 30%

Figure 113. ORTEP diagram showing the side-on view of [(BDIppp)SNnSP(S)Cy.] (52). H atoms
are omitted, and C atoms in the N-aryl groups in the B-diketiminate ring and the

cyclohexyl groups are minimised for clarity. The ellipsoid probability is shown at
30%
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Single crystals of [(BDIpwpp)PbSP(S)Cy2] (53) were obtained from toluene at —30 °C.
ORTEP drawings are shown in Figures 114 and 115. Selected bond lengths and angles
are given in Table 48, and selected crystallographic data in Table 49. Compound 53
adopts an exo conformation, with the lead atom 1.144 A above the mean NCCCN plane
of the B-diketiminato ligand. The sum of bond angles at the pyramidal lead is 267.4°.
Delocalisation within the C3N,Pb unit in the B-diketiminate ring is evident, but it does
not extend to the N-aryl substituents (dihedral angles: C(11)—C(6)—N(1)—Pb = 74.5(5)°
and C(23)—C(18)—N(2)—Pb = —71.5(5)°). If the cyclohexyl rings are discounted, there is
an approximate plane of symmetry passing through the atoms C(2), Pb. S(1), P and
S(2), bisecting the B-diketiminate ring. The four-coordinated phosphorus atom adopts a
distorted tetrahedral geometry. The Pb—S(1) and P—S(1) bond distances are 2.6370(13)
and 2.0528(17) A, respectively, similar to those observed in Edelmann’s
[Ph3PbSP(S)(CHs),] (Pb—S(1) = 2.708(4) A; P—S(1) = 2.043(5) A) and Harrison’s
[PhsPbSP(S)(OEt),] (Pb—S(1) = 2.554(6) A; P—S(1) = 2.035(7) A).?*****] The P-S(2)
bond distance (1.9755(18) A) is similar to the typical P=S double bond lengths (1.95
A), suggesting the presence of a phosphorus-sulfur double bond.”*”! The distance
between the Pb and S(2) atoms (3.276 A) is within the sum of van der Waals radii (3.82
A), suggesting that there may be a weak interaction.””! However, the Pb—S(1)—P bond
angle (95.28(6)°) is significantly wider than the Pb—S(2)—P angle (79.00°). These may
be compared with values in complexes containing bidentate phosphinodithioato ligands,
such as Woollins’ [Pb{SP(S)OEt(CcHsOMe)},] (Pb—S(1)—P = 91.08° and Pb—S(2)-P =
83.19°) and Haiduc’s [Pb{SP(S)Ph,},] (Pb—S(1)-P = 86.26° and Pb—S(2)-P =
85.97°).1232%] These results suggest that the phosphinodithioato ligand in compound 53
is coordinated to the metal centre in #'-fashion. The internal C—C—C bond angles in the
cyclohexyl rings are close to the average value (111°), indicating that there is little

distortion in the chair conformation in the cyclohexyl rings.



237

Figure 114. ORTEP diagram of [(BDIp;pp)PbSP(S)Cy.] (53). H atoms are omitted and C atoms

in the N-aryl groups in the B-diketiminate ring are minimised for clarity. The
ellipsoid probability is shown at 30%

/\/
€30 w
Figure 115. ORTEP diagram showing the side-on view of [(BDIppp)PbSP(S)Cy.] (53). H atoms

are omitted, and C atoms in the N-aryl groups in the B-diketiminate ring and the
cyclohexyl groups are minimised for clarity. The ellipsoid probability is shown at

30%
Q
52
~—

o~
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Table 48. Selected bond lengths (A) and angles (deg) for [(BDIppp)MSP(S)Cy.] (Cy =
cyclohexyl; 52, M = Sn; and 53, M = Pb)

[(BDlpipp)SNSP(S)Cy;] [(BDlpipp)PbSP(S)Cys:]

52, M =Sn 53, M =Pb
Bond lengths (A)
M-N(1) 2.2215(16) 2.355(4)
M-N(2) 2.2107(17) 2.340(4)
N(1)-C(1) 1.328(3) 1.325(6)
N(2)-C(3) 1.330(3) 1.319(6)
C(1)-C(2) 1.408(3) 1.406(7)
C(2)-C(3) 1.397(3) 1.418(7)
M—S(1) 2.5107(6) 2.6370(13
-S(1) 2.0641(7) 2.0528(17
-S(2) 1.9655(8) 1.9755(18
-C(30) 1.833(2) 1.848(5)
-C(36) 1.841(2) 1.832(6)
M—S( ) 3.497 3.276
M-NCCCNppane 1.160 1.144
Bond angles (deg)
N(1)-M-N(2) 83.23(6) 80.07(14)
N(1)-M-S(1) 91.90(5) 96.92(10)
N(2)-M-S(1) 90.08(5) 90.36(10)
N(1)-C(1)-C(2) 123.44(19) 125.1(5)
N(2)-C(3)-C(2) 123.95(19) 123.7(4)
C(1)-C(2)-C(3) 128.64(19) 130.0(5)
M-S(1)-P 100.91(3) 95.28(6)
C(30)-P-C(36) 107.20(11) 107.1(2)
S(1)-P-S(2) 116.72(3) 115.43(8)
C(30)-P-S(2) 112.83(8) 110.89(17)
C(36)-P-S(2) 112.30(8) 110.70(18)
M-S(2)-P 74.98 79.00
S(1)-M-§(2) 67.36 69.37
Avg. int. angles of Cy 111 111
NCCCNpiane—NMNpiane 43.7 39.0
= bond angle around M ¢ 265.2 267.4
DOP of M (%) 105 103
Dihedral angles (deg)
C(11)-C(6)-N(1)-M 74.7(2) 74.5(5)
C(23)-C(18)-N(2)-M -72.0(2) -71.5(5)

2 Degree of pyramidalisation (DOP, %) = [(360 — Zyona angie) / 0.9] '™ When a DOP is 100%, it is equivalent to a
sum of bond angles of 270°, whereas a DOP of 0% indicates a planar geometry at the central atom
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Table 49. Selected crystallographic data for [(BDIppp)MSP(S)Cy,] (Cy = cyclohexyl; 52, M = Sn;

and 53, M = Pb)

[(BDIpipp)SNSP(S)Cys3] (52)

[(BDIpipp)PbSP(S)Cys:] (53)

chemical formula
molecular mass
temperature (K)
wavelength (A)
crystal system
space group

Peaica (Mg m™)

6 range (deg)

abs coeff (mm™)
measd/indep reflns/R(int)
reflns with /> 20(/)
data/restraints/param
goodness of fit on F*
final R indices [/ > 20(/)]

R indices (all data)

largest diff peak and hole
(e A%)

C41He3N2PS2Sn, C/Hg
889.85

173(2)
0.71073
monoclinic

P 24/c (No. 14)
13.1888(2)
18.2309(2)
20.4088(3)

90

103.817(1)

90
4765.17(11)

4

1.24
3.51-27.10
0.69

74 584/10 472/0.062
8789

10 472/0/489
1.018

A1 =0.032,
whH2 = 0.071

A1 =0.045,
wH2 = 0.076

0.47 and -0.68

C41HgaN2PPbS, C;Hg
978.35

173(2)

0.71073
orthorhombic
P2,2,2; (No. 19)
10.1944(1)
15.4698(2)
29.9406(4)

90

90

90

4721.79(10)

4

1.38

3.58—-26.73

3.73

74 892/10 004/0.095
8799

10 004/0/439
1.087

A1 =0.035,
wH2 = 0.066

R1=0.047,
whH2 = 0.069

0.93 and -0.71
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4.4.13 NMR spectra of [(BDIppp)MSP(S)Cy-] (62, M = Sn; and 53, M = Pb)

Selected multinuclear NMR spectroscopic data for 52—53 are given in Table 50.

Table 50. Selected multinuclear NMR spectroscopic data (Ce¢Ds, 30 °C) for
[(BDlpipp)MSP(S)Cy,] (Cy = cyclohexyl; 52, M = Sn; and 53, M = Pb)

[(BDIpirp)SNSP(S)Cy2] (52) [(BDIpipp)PbSP(S)Cy:2] (53)
6 (ppm), J (Hz) 6 (ppm), J (Hz)
'H
v-H 4.66 (s) 455 (s)
CHMe, 3.61 (septet) 3.35 (septet)
S = 6.8 S = 6.8
3.21 (septet)
S = 6.8
Cy-CH 1.60 (br) 1.60 (br)
130{1H}
Cy-CH 43.1 (d) 43.8 (d)
'Jop = 50 'Jop = 49
CHMe, 29.6, 29.5 (s) 29.1 (s)
CHMe, 25.7,24.9 (s) 26.1 (s)
31 P{1H}
82.2 (s) 84.6 (s)
2 Jp119, = 180 2 Jppp = 189
2 Jp17g, = 173
Other
5("'°Sn) = =175 (d) 5(*°’Pb) = 1554 (d)
21195 = 160 2 Jppp = 159

4.4.13.1 The B-diketiminatotin(ll) dicyclohexylphosphinodithioate 52

The "H NMR spectrum of 52 shows two septets at dy 3.61 and 3.21 ppm (Jun = 6.8
Hz), assigned to the tertiary protons in the isopropyl groups (CHMe,). No through-
space proton-phosphorus coupling is observed. The “C{'H} NMR spectrum shows a
doublet centred at dc 43.1 ppm, with through-bond carbon-phosphorus coupling 'Jep =
50 Hz, assigned to the tertiary CH carbons in the cyclohexyl groups. There is no
through-space carbon-phosphorus coupling in any of the resonances assigned to the

isopropyl groups, in contrast to the situation in the tin(II) dicyclohexylphosphanide 37.
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The *'P{'H} NMR spectrum of 52 shows a single resonance at dp 82.2 ppm, with tin
satellites (Jp!%, = 180 Hz and “Jp!'%s, = 173 Hz). The phosphorus resonance may be

compared with those in Fild’s [Me,Sn{S;P(p-MeOCsH4)(OEt)}2] (dp 95.6 ppm) and
Casas’ [MeaSn{S;P(OCsHsMe-0)1}2] (5p 90.8 ppm).*** *** The ''?Sn NMR spectrum
shows a doublet centred at ds, —175 ppm with tin-phosphorus coupling */%p = 160

Hz, upfield from that in the tin(Il) dicyclohexylphosphinodiselenoate 49 (ds, —88ppm,
219, = 247 Hz).

4.4.13.2 The B-diketiminatolead(ll) dicyclohexylphosphinodithioate 53

The "H NMR spectrum of 53 shows a septet at oy 3.35 ppm CJuu = 6.8 Hz), with an
integration of four protons, assigned to the tertiary protons in the isopropyl groups
(CHMe,). The “C{'H} NMR spectrum shows a doublet centred at dc 43.8 ppm, with
carbon-phosphorus coupling 'Jep = 49 Hz, assigned to the tertiary CH carbon in the
cyclohexyl group. Like the tin derivative 52, there is no through-space carbon-
phosphorus coupling in the any of the signals assigned to the isopropyl groups. The
*'P{'H} NMR spectrum of the lead(I) dicyclohexylphosphinodithioate 53 shows a
single resonance at Jp 84.6 ppm, with lead satellites (*Jpp, = 189 Hz), slightly downfield
from Haiduc’s [Pb(SP(S)Phy),] (dp 60.1 ppm).* The **’Pb NMR spectrum of 53
shows a doublet centred at dp, 1554 ppm, with lead-phosphorus coupling “Jppp = 159
Hz. The lead signal in 53 is significantly upfield from those in the lead(Il)
dicyclohexylphosphanide 38 (pb 3981 ppm) and the lead(II)
dicyclohexylphosphinodiselenoate 50 (dp, 1909 ppm).

4.4.14 Synthesis of B-diketiminatogermanium(1V) sulfide 54

In contrast to the tin and lead derivatives, treatment of the germanium(II)
dicyclohexylphosphanide 36 with an excess of elemental sulfur in toluene at room
temperature gives the germanium(IV) sulfide [(BDIppp)Ge(S)PCyz] (54) in 73 % yield
(equation 83). X-ray crystallography confirms the atom connectivity. The
germanium(I'V) sulfide 54 is sensitive to air and moisture, but it can be stored as solids

at —30 °C for several weeks without decomposition.
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S
ArGe ex. S ArGé/ /O
N~ toluene N-
H{ 7 e - H( /P

N 25°C, 8h N (Eq. 83)
Ar Ar = (2,6-Pr,CgHs) Ar h
(€)
36 54, 73%

4.4.15 X-ray crystal structure of [(BDIpipp)Ge(S)PCy-] (54)

Single crystals of [(BDIppp)Ge(S)PCy,] (54) were obtained from THF at —30 °C.
ORTEP drawings of the germanium(IV) sulfide 54 are shown in Figures 116 and 117.
Selected bond lengths and angles are given in Table 51, and selected crystallographic
data in Table 52. The germanium centre adopts a distorted tetrahedral geometry. There
is delocalisation within the C3N,Pb unit in the B-diketiminate ring, but it does not
extend to the N-aryl substituents (dihedral angles: C(11)—C(6)—N(1)—Ge = 83.7(3)° and
C(23)—C(18)~N(2)-Ge = —85.6(3)°). Discounting the cyclohexyl rings, there is an
approximate plane of symmetry passing through the atoms C(2), Ge, S and P, and
bisecting the p-diketiminate ring. As with the germanium(IV) selenide 51, the Ge—N
and Ge—P bonds in the germanium(IV) sulfide 54 are shorter than those in the
germanium(Il) dicyclohexylphosphanide 36 precursor (avg. AGe-N = 0.09 A and
AGe—P = 0.14A). The Ge—P bond length (2.3322(8) A) in 54 is similar to that in the
selenium analogue 51 (2.3714(11) A). The Ge—S bond distance (2.0954(8) A) is in good
agreement with the typical Ge=S bond length (2.06 A), as well as with those in
Roesky’s [(BDIpwpp)Ge(S)SH] (2.0641(4) A) and [(BDIppp)Ge(S)OH] (2.077(1) A)."™*
223, 201 The ligands are coordinated with a distorted pyramidal geometry around the
phosphorus atom, with the sum of bond angles 313.4°. The internal C—C—C bond angles
in the cyclohexyl ring do not deviate significantly from the average value (111°),

indicating that there is little distortion in the cyclohexyl chair conformation.
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Figure 116. ORTEP diagram of [(BDIppp)Ge(S)PCy.] (54). H atoms are omitted and C atoms in
the N-aryl groups in the B-diketiminate ring are minimised for clarity. The ellipsoid
probability is shown at 30%

4

N

Figure 117. ORTEP diagram showing the side-on view of [(BDIppp)Ge(S)PCy,] (54). H atoms
are omitted and C atoms in the N-aryl groups in the B-diketiminate ring and the
cyclohexyl groups are minimised for clarity. The ellipsoid probability is shown at
30%
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Table 51. Selected bond lengths (A) and angles (deg) for [(BDIppp)Ge(S)PCy,] (54)

Bond lengths (A)

Ge-N(1) 1.956(2) C(1)-C(4) 1.506(4)
Ge-N(2) 1.958(2) C(3)-C(5) 1.511(4)
N(1)-C(1) 1.343(4) Ge-S 2.0954(8)
N(2)-C(3) 1.346(4) Ge-P 2.3322(8)
C(1)-C(2) 1.384(4) P-C(30) 1.883(3)
C(3)-C(2) 1.387(4) P-C(36) 1.870(3)
Ge-NCCCNpiane 0.831

Bond angles (deg)

N(1)-Ge-N(2) 93.14(10) N(1)-Ge-S 110.28(7)
Ge-N(1)-C(1) 117.70(19) N(2)-Ge-S 110.50(7)
Ge-N(2)-C(3) 117.00(19) N(1)-Ge-P 103.26(7)
N(1)-C(1)-C(2) 122.9(3) N(2)-Ge-P 107.79(7)
N(2)-C(3)-C(2) 124.0(3) S-Ge-P 126.56(3)
C(1)-C(2)-C(3) 127.3(3) Ge-P-C(30) 100.14(9)
N(1)-C(1)-C(4) 120.0(3) Ge-P-C(36) 103.46(10)
N(2)-C(3)-C(5) 119.8(3) C(30)-P-C(36) 109.83(13)
NCCCNgjane—NGeNpiane 37.5 > bond angles around P 3134

Avg. int. angles of Cy 111 DOP of P (%) @ 52

Dihedral angles (deg)
C(11)-C(6)-N(1)-Ge 83.7(3) C(23)-C(18)-N(2)-Ge -85.6(3)

2 Degree of pyramidalisation (DOP, %) = [(360 — Zyona angie) / 0.9] '™ When a DOP is 100%, it is equivalent to a
sum of bond angles of 270°, whereas a DOP of 0% indicates a planar geometry at the central atom
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Table 52. Selected crystallographic data for [(BDIppp)Ge(S)PCy,] (54)

[(BDlpipp)Ge(S)PCy;] (54)

chemical formula
molecular mass
temperature (K)
wavelength (A)
crystal system
space group

Peaica (Mg m™)

6 range (deg)

abs coeff (mm™)

measd/indep reflns/R(int)

reflns with /> 20(/)
data/restraints/param

goodness of fit on F*

final R indices [/ > 20(/)]
Rindices (all data)

largest diff peak and hole (e A™)

C4sH71GeNOPS, C4HsO
791.66

173(2)

0.71073

monoclinic

P 24/c (No. 14)
17.5377(4)

10.1519(1)

26.9248(6)

90

116.156(1)

90

4302.83(14)

4

1.22

3.49-26.72

0.833

45 679/9105/0.110

6246

9105/6/499

1.022

R1 =0.054, wR2 = 0.092
R1 =0.097, wR2 =0.103
0.52 and -0.50

4.4.16 NMR spectra of [(BDIprp)Ge(S)PCy:] (54)

The 'H NMR spectrum shows two septets at 5y 3.86 and 3.22 ppm with through-bond
proton-proton coupling *Juy = 6.5 Hz, assigned to the tertiary protons in the isopropyl
groups (CHMe,). In contrast to the germanium(II) dicyclohexylphosphanide 36, there is
no through-space proton-phosphorus coupling in any of the proton resonances assigned
to the isopropyl groups. The >C{'H} NMR spectrum of 54 shows a doublet centred at
dc 42.9 ppm, with carbon-phosphorus coupling 'Jep = 42 Hz, assigned to the tertiary
CH carbon in the cyclohexyl groups. There is no through-space carbon-phosphorus

coupling observed in any of the signals assigned to the isopropyl groups. The *'P{'H}

NMR spectrum shows a singlet at dp —3.3 ppm.
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4.4.17 Synthesis of [(BDIppp)SnSeP(S)Cy:-] (55)

Since the reactions of the tin(II) dicyclohexylphosphanide 37 with elemental selenium
or sulfur seemed to proceed via the same reaction pathway, we thought it would be
interesting to synthesise a tin(Il) dicyclohexylphosphinodichalcogenoato complex
containing both selenium and sulfur. To the best of our knowledge, there are only two
examples in the literature: [Cu;{PhP(Se)S'Bu} {PhSe,P-PSePh}(PPh;),], reported by
Rothenberger and [Ag(SSeP'Pr,)]4 reported by O’Brien.!””” " Treatment of the tin(II)
dicyclohexylphosphinoselenoite 46 with elemental sulfur in a 1:1 ratio in a
pentane/toluene (1:1) solution gave the tin(Il) dicyclohexylphosphinoselenothioato

compound [(BDIppp)SnSeP(S)Cy»] (55) in 52% yield (equation 84).

Ar Q 1eq.S Ar Sy Q

' -Sn P . '_Sn P
N2 pentane/toluene (1:1) NP
H / > H / Eq. 84
&N Se @ 25 °C, 30 mins. < Nk Se D (Eq. 84)
Ar Ar = (2,6'iPr206H3) Ar
46 55, 52%

Single crystals of [(BDIppp)SnSeP(S)Cy:] (55) were obtained by recrystallisation from
pentane/toluene (1:1) at —30 °C. Connectivity was confirmed for all but the chalcogen
atoms. Unfortunately, we were unable to resolve the chalcogen atoms by X-ray
crystallography despite several attempts. This suggests that there is an exchange
between coordination of selenium and sulfur in solution and disorder in the crystal

(equation 85).

Ar Sy Q pentane/toluene Ar Seg Q
NSt R (1:1) N

H—C N/ S6 ~ : =~ H—( N/ S (Eq. 85)
A Ar = (2,6'/Pr206H3) N

Ar Ar

55a 55b

The tin(II) dicyclohexylphosphinoselenothioate 55 is sensitive to air and moisture.

Metallic precipitates are found after 24 hours when a toluene solution of the compound
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is allowed to stand at room temperature. This compound was characterised by

multinuclear NMR spectroscopy, and selected data are given in Table 53.

Table 53. Selected multinuclear NMR spectroscopic data for [(BDIppp)SnSeP(S)Cyz] (85) in
CGDG at 30 °C

% (ppm), (J (Hz))

'H
v-H 4.66 (s)
CHMe, 3.58 (br); 3.18 (br)
Cy-CH 1.58 (br)
130{1H}
Cy-CH 43.2 (d) (Jop = 43)
CHMe, 29.6, 29.5 (s)
CHMe, 25.6, 24.9, 23.9, 23.8 (s)
31P{1H}
72.3 () ("pse = 490, 2Up1%, = 209, 2Jp117g, = 200)
77Se
=42 (d) ('Jser = 490)
11QSn/117Sn

5(""°Sn) = =119 (d) (BJ%p = 209)
5("Sn) = =119 (d) (BJM7gp = 205)

The '"H NMR spectrum of 55 shows two broad signals at oy 3.58 and 3.18 ppm,
assigned to the tertiary protons in the isopropyl groups (CHMe,). The “C{'H} NMR
spectrum shows a doublet centred at dc 43.2 ppm, with carbon-phosphorus coupling
'Jep = 43 Hz, assigned to the tertiary CH carbons in the cyclohexyl groups. As with the
phosphinodiselenoato and -dithioato analogues, 49 and 52 respectively, there is no
through-space carbon-phosphorus coupling in any of the signals assigned to the

isopropyl groups.

The *'P{'H} NMR spectrum of the tin(Il) dicyclohexylphosphinoselenothioate 55
shows a major resonance at Jp 72.3 ppm, with tin and selenium satellites ('Jps. = 490
Hz, 2 Jp1, = 209 Hz and *Jp!V, = 200 Hz). However, there are two minor resonances,
at Jp 82.2 ppm and 58.8 ppm, which can be assigned, respectively, to the dithio
compound 52 and the diseleno derivative 49. Loss of chalcogen from the

phosphorus(V) derivatives, as tentatively suggested by the NMR results (equation 79,
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Page 220) may account for the presence of these compounds in the mixture (Scheme

65).

Scheme 65. Proposed interchangeable structures of [(BDIppp)SnSeP(S)Cy.] (55) in solution

. s 5 . s 5 . s i)
S

r
1—Sn P, '-Sn P, '_Sn P
N 2 N S N
S e ) e
\ Y N
Ar

Ar Ar
AI’ = (2,6"Pr206H3)

49 55 52

Both '"’Sn and 7’Se NMR spectra of the tin(II) dicyclohexylphosphinoselenothioate 55
confirm the findings from the >'P{'H} NMR spectrum. A major doublet centred at 511%,

—119 ppm, with tin-phosphorus coupling *J1%,p = 209 Hz, is assigned to 55. Two minor
doublets centred at 5%, —88 ppm (*J19%,p = 226 Hz) and at 1%, —175 ppm (*J1W¥%p =

181 Hz) are assigned to the tin(Il) dicyclohexylphosphinodiselenoate 49 and the tin(II)
dicyclohexylphosphinodithioate 52, respectively. The ’Se NMR spectrum shows a
major doublet centred at ds. —42 ppm ('Jser = 490 Hz), assigned to the tin(Il)
dicyclohexylphosphinoselenothioate 55. A minor doublet centred at ds. —73 ppm, with
selenium-phosphorus  coupling 'Jsep = 536 Hz is assigned to the tin(Il)
dicyclohexylphosphinodiselenoate 49.

4.4.18 Reactions of the p-diketiminato heavy group 14 metal

bis(trimethylsilyl)phosphanides with elemental selenium

Treatment of the germanium(Il) bis(trimethylsilyl)phosphanide 40 with an excess of
elemental selenium gives the germanium(I'V) selenide [(BDIppp)Ge(Se)P(SiMes):] (56)
in 61% yield (equation 86). X-ray crystallography confirmed the connectivity of this
compound. This complex is sensitive to air and moisture. Metallic precipitates are found
when a toluene solution of 56 is allowed to stand at room temperature for 24 hours.
However, the compound can be stored as solids at =30 °C without decomposition. It is
soluble in common organic aprotic solvents. Elemental analyses are in good agreement

with the calculated values.
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i o Se {
H—C N\ - - H<(C \ Se
NNGe 25 C, 20 h N*Ge
Ar | : Ar | (Eq. 86)
L T,P\S_/ Ar = (2,6-ProCgHs) L r,,P\S./ .
SR SR
40 56, 61%

4.4.19 X-ray crystal structure of [(BDIpirp)Ge(Se)P(SiMes),] (56)

Yellow crystals of [(BDIppp)Ge(Se)P(SiMe;),] (56) were obtained from an n-hexane
solution at —30 °C. ORTEP drawings of compound 56 are shown in Figures 118 and
119. Selected bond lengths and angles are given in Table 54, and selected
crystallographic data in Table 55. The ligands are coordinated in a distorted tetrahedral
geometry around the germanium atom, with bond angles ranging from
94.88(8)—116.22(5)°. Delocalisation within the C3;N,Pb unit in the B-diketiminato
ligand is evident, but it does not extend to the N-aryl substituents (dihedral angles:
C(11)—C(6)-N(1)-Ge = 99.0(2)° and C(23)-C(18)-N(2)-Ge = —81.2(2)°). If the
bis(trimethylsilyl)phosphanido ligand is discounted, there is an approximate plane of
symmetry passing through the atoms C(2), Ge, and Se, bisecting the B-diketiminate
ring. Due to the change in oxidation state at the germanium centre, the Ge—N
(1.9174(18) and 1.9923(18) A) and Ge—P bond lengths (2.2976(7) A) in 56 are shorter
than those in the germanium(Il) bis(trimethylsilyl)phosphanide 40 (Ge—N = 2.006(2)
and 2.046(2) A; Ge—P = 2.3912(8) A).I"** The Ge=Se bond distance is 2.2163(3) A,
similar to the typical Ge=Se bond length (2.19 A) in the literature and that in
[(BDIppp)Ge(Se)PCys] (51, Ge=Se = 2.2216(5) A).**! The phosphorus atom adopts a
distorted planar geometry, with the Ge—P—Si(1) bond angle (122.49(3)°) wider than the
Ge—P-Si(2) bond angle (106.77(3)°).



250

Figure 118. ORTEP diagram of [(BDIppp)Ge(Se)P(SiMej).] (56). H atoms are omitted and C
atoms in the N-aryl groups in the B-diketiminate ring are minimised for clarity. The
ellipsoid probability is shown at 30%
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Figure 119. ORTEP diagram showing the side-on view of [(BDIppp)Ge(Se)P(SiMes),] (56). H
atoms are omitted and C atoms in the N-aryl groups in the B-diketiminate ring are
minimised for clarity. The ellipsoid probability is shown at 30%
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Table 54. Selected bond lengths (A) and angles (deg) for [(BDIppp)Ge(Se)P(SiMes),] (56)

Bond lengths (A)

Ge-N(1) 1.9174(18) C(1)-C4) 1.508(3)
Ge-N(2) 1.9923(18) C(3)-C(5) 1.502(3)
N(1)-C(1) 1.356(3) Ge-Se 2.2163(3)
N(2)-C(3) 1.321(3) Ge-P 2.2976(7)
C(1)-C(2) 1.370(3) P-Si(1) 2.2415(9)
C(3)-C(2) 1.415(3) P-Si(2) 2.2525(9)
Ge-NCCCNpiane 0.637

Bond angles (deg)

N(1)-Ge-N(2) 94.88(8) N(1)-Ge-Se 111.91(6)
Ge-N(1)-C(1) 120.26(15) N(2)-Ge-Se 116.22(5)
Ge-N(2)-C(3) 119.60(15) N(1)-Ge-P 114.97(6)
N(1)-C(1)-C(2) 123.0(2) N(2)-Ge-P 95.83(6)
N(2)-C(3)-C(2) 123.8(2) Se-Ge-P 119.388(19)
C(1)-C(2)-C(3) 127.5(2) Ge-P-Si(1) 122.49(3)
N(1)-C(1)-C(4) 118.5(2) Ge-P-Si(2) 106.77(3)
C(2)-C(3)-C(5) 121.2(2) Si(1)-P-Si(2) 111.65(4)
> bond angle around P 340.9 NCCCNgjane—NGeNpiane 28.1
DOP of P (%) @ 21

Dihedral angles (deg)
C(11)-C(6)-N(1)-Ge 99.0(2) C(23)-C(18)-N(2)-Ge -81.2(2)

2 Degree of pyramidalisation (DOP, %) = [(360 — Zyona angie) / 0.9] '™ When a DOP is 100%, it is equivalent to a
sum of bond angles of 270°, whereas a DOP of 0% indicates a planar geometry at the central atom
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Table 55. Selected crystallographic data for [(BDIppp)Ge(Se)P(SiMes),] (56)

[(BDIpipp)Ge(Se)P(SiMes),] (56)

chemical formula
molecular mass
temperature (K)
wavelength (A)
crystal system
space group

Peaicd (Mg m-s)

6 range (deg)

abs coeff (mm™)

measd/indep reflns/R(int)
data/restraints/param

goodness of fit on F*

final R indices [/ > 20(/)]
Rindices (all data)

largest diff peak and hole (e A™)

C3sHs9GeNyPSeSi,
746.54

173(2)

0.71073
monoclinic

P 24/c (No. 14)
13.5873(2)
18.7351(4)
17.6743(3)

90

117.597(1)

90

3987.28(12)

4

1.24

3.51-26.75

1.806

56 005/8452/0.076
8452/0/381

0.969

R1 =0.034, wR2 = 0.068
R1 =0.054, wR2 = 0.074
1.00 and -0.34
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4.4.20 NMR spectra of [(BDIprr)Ge(Se)P(SiMes)s] (56)

The 'H NMR spectrum shows a septet centred at 5y 3.60 ppm (CJun = 6.8 Hz), with an
integration of four protons, assigned to the tertiary protons in the isopropyl groups
(CHMe,). Two doublets centred at oy 0.50 and 0.42 ppm, with proton-phosphorus
coupling *Jup = 6.0 H, are assigned to the protons in the trimethylsilyl groups (SiMes).
A single resonance at dp —172.6 ppm, with selenium and silicon satellites (*Jpse = 52 Hz
and 'Jps; = 26 Hz), is found in the *'P{'H} NMR spectrum. This signal is downfield
from that in the germanium(II) bis(trimethylsilyl)phosphanide precursor 40 (dp —192.8
ppm). The ’Se NMR spectrum of the germanium(IV) selenide 56 shows a doublet
centred at ds. —129 ppm in C¢Ds, with selenium-phosphorus coupling “Js.p = 49 Hz.
These values may be compared with those in [(BDIppp)Ge(Se)PCya] (51, dse =91 ppm
in CDCls, 2Jsep = 12 Hz).

4.4.21 Synthesis of B-diketiminatotin(ll) trimethyilsilylselenide (57)

Treatment of the B-diketiminatotin(II) bis(trimethylsilyl)phosphanide 41 in toluene at
room temperature with an excess of elemental selenium gives the tin(Il)
trimethylsilylselenide [(BDIppp)SnSeSiMes] (57) in 61% yield (equation 87). The X-
ray crystallography confirmed the connectivity of this complex. It is the first compound
containing a Sn—Se—Si sequence, in a non-cyclic structure involving a low-valent tin
atom, to be crystallographically characterised.””**°") Compound 57 is sensitive to air
and moisture. Metallic precipitates are formed when a toluene solution of this complex
is allowed to stand at room temperature for 24 hours. Elemental analyses are in good

agreement with the calculated values.

Ar ex. Se Ar

N toluene N
H > H
&1}15&1 25°C, 20 h &N>Sn

Ar | Ar = (2,6-Pr,CgHg) I (Eq. 87)
NaPrair

Si Si

1 57, 61%
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4.4.22 X-ray crystal structure of [(BDIpipp)SnSeSiMes] (57)

Single crystals of [(BDIppp)SnSeSiMes] (57) were obtained as a toluene solvate from
toluene at —30 °C. ORTEP drawings are shown in Figures 120 and 121. Selected bond
lengths and angles are given in Table 56, and selected crystallographic data in Table 57.
The tin(IT) trimethylsilylselenide 57 adopts an endo conformation with the tin atom
0.508 A below the mean NCCCN plane of the p-diketiminato ligand. The sum of bond
angles around the pyramidally coordinated tin atom is 274.2°. Delocalisation within the
C3N2Sn unit in the B-diketiminate ring is evident, but it does not extend to the N-aryl
substituents  (dihedral  angles:  C(11)-C(6)-N(1)-Sn =  81.0(4)° and
C(23)—C(18)~N(2)-Sn = —81.1(4)°). Discounting the methyl groups on the silicon
atom, there is an approximate plane of symmetry passing through the atoms C(2), Sn,
Se and Si, bisecting the B-diketiminate ring. The Sn—Se bond distance is 2.6333(5) A,
similar to those in [(BDIppp)SnSePCy,] (46, Sn—Se = 2.6059(3) A) and Herzog’s
[Me,Sn(Se):SixMes(Se)SnMe,] (Sn—Se = 2.5566(4) A).**”! The trimethylsilylselenido
ligand is singly bonded to the tin atom, with a Sn—Se—Si bond angle (100.60(3)°),
similar to  those found in  Corrigan’s [(N,N-TMEDA)Zn(SeSiMes);]
(101.05(4)—105.02(4)°) and [(3,5-Me,CsH3N),Co(SeSiMes);] (101.30(3)
—106.17(3)°).20%3%1
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Figure 120. ORTEP diagram of [(BDIppp)SnSeSiMe;] (57). H atoms are omitted and C atoms in
the N-aryl groups in the B-diketiminate ring are minimised for clarity. The ellipsoid
probability is shown at 30%
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Figure 121. ORTEP diagram showing the side-on view of [(BDIppp)SnSeSiMe;] (57). H atoms
are omitted and C atoms in the N-aryl groups in the B-diketiminate ring are
minimised for clarity. The ellipsoid probability is shown at 30%
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Table 56. Selected bond lengths (A) and angles (deg) for [(BDlppp)SnSeSiMes] (57)

Bond lengths (A)

Sn-N(1) 2.207(3) C(2)-C(3) 1.401(5)
Sn-N(2) 2.202(3) C(1)-C4) 1.517(5)
N(1)-C(1) 1.323(5) C(3)-C(5) 1.511(5)
N(2)-C(3) 1.328(5) Sn-Se 2.6333(5)
C(1)-C(2) 1.393(5) Se-Si 2.2815(12)
Sn—NCCCNpjane 0.508

Bond angles (deg)

N(1)-Sn-N(2) 85.15(11) N(1)-C(1)-C(4) 120.0(3)
Sn-N(1)-C(1) 125.5(2) C(2)-C(3)-C(5) 115.7(3)
Sn-N(2)-C(3) 125.8(2) N(1)-Sn-Se 94.38(8)
N(1)-C(1)-C(2) 124.7(3) N(2)-Sn-Se 94.65(8)
N(2)-C(3)-C(2) 124.3(3) Sn-Se-Si 100.60(3)

C(1)-C(2)-C(3) 129.7(4)
> bond angle around Sn 274.2 NCCCNpiane—NSNNyane 17.8
DOP (%) ® 95
Dihedral angles (deg)

C(11)-C(6)-N(1)-Sn 81.0(4) C(23)-C(18)-N(2)-Sn -81.1(4)

2 Degree of pyramidalisation (DOP, %) = [(360 — Zuond angie ) / 0.9] "' When a DOP is 100%, it is equivalent to a
sum of bond angles of 270°, whereas a DOP of 0% indicates a planar geometry at the central atom
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Table 57. Selected crystallographic data for [(BDIppp)SnSeSiMes] (57)

[(BD|D|pP)SnseSiMe3] (57)

chemical formula CaoH50N>SeSiSn, 0.5(C,Hg)
molecular mass 734.55

temperature (K) 173(2)

wavelength (A) 0.71073

crystal system triclinic

space group P1 (No. 2)

a(A) 10.6632(13)

b (A) 11.9105(13)

c(R) 15.2531(18)

a (deg) 101.567(8)

B (deg) 93.519(6)

y (deg) 105.196(7)

V(A% 1818.2(4)

Z 2

Poaics (Mg m™) 1.34

6 range (deg) 3.44-26.02

abs coeff (mm™) 1.76

measd/indep reflns/R(int) 23 354/6805/0.045
data/restraints/param 6805/7/375

goodness of fit on F° 1.064

final Rindices [/ > 20(/)] R1 =0.040, wR2 = 0.088
R indices (all data) R1 =0.049, wR2 =0.092
largest diff peak and hole (e A™%) 0.87 and -1.00

4.4.23 NMR spectra of [(BDIppp)SnSeSiMes] (57)

The 'H NMR spectrum of 57 shows two septets at Jy 3.90 and 3.29 ppm, with proton-
proton coupling *Jun = 6.8 Hz, assigned to the tertiary protons in the isopropyl groups
(CHMe,). A singlet at oy 0.26 ppm is assigned to the protons in the trimethylsilyl group
(SiMes). The C{'H} NMR spectrum shows a single resonance at dc 6.2 ppm, assigned
to the carbons in the SiMe; group. The absence of the phosphorus atom in the tin(Il)
trimethylsilylselenide 57 is confirmed by the *'P{'H} NMR spectroscopy, which does
not show any signal in the range tested (5p 400 to —600 ppm). The '"’Sn NMR spectrum
shows a single resonance at ds, 87 ppm. A singlet at ds. —176 ppm is shown in the "'Se

NMR spectrum. The *’Si{'"H} NMR spectrum shows a single resonance at dg; 7.4 ppm.
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4.5 Conclusions

We have demonstrated that the reactions of the B-diketiminatotin(Il) and -lead(II)
dicyclohexylphosphanides 37 and 38 with elemental selenium in 1:1 ratio give the
corresponding dicyclohexylphosphinoselenoito complexes 46 and 47. Further reactions
with elemental selenium give the dicyclohexylphosphinodiselenoato complexes 49 and
50. The solid state structures of the latter compounds indicate that the
dicyclohexylphosphinodiselenoato ligand is coordinated to the metal centre in #'-
fashion. In contrast, the multinuclear NMR studies on these complexes suggest that in

solution, the ligand is coordinated to the metal centre in #°-fashion.

Reactions of the dicyclohexylphosphanides 37 and 38 with elemental sulfur give the
corresponding dicyclohexylphosphinodithioato complexes 52 and S53. However,
isolation of the dicyclohexylphosphinothioito intermediates were not successful. The
dicyclohexylphosphinodithioato complexes appear to be the preferred products from

addition of elemental sulfur to the dicyclohexylphosphanido complexes.

In contrast to the reactions of the tin and lead derivatives, the reaction between the
germanium(II) dicyclohexylphosphanide 36 and an excess of elemental selenium gives
the germanium(I'V) selenide 51, which forms as a co-product with the germanium(II)
dicyclohexylphosphinodiselenoate 48. However, when the phosphanide 36 was treated
with an excess of elemental sulfur, only the germanium(IV) sulfide 54 was isolated
from the reaction. This differences is consistent with the decreasing stability of the +4
oxidation state in the series: Ge > Sn > Pb. The inert pair effect is least evident in

germanium and oxidative addition to the metal centre occurs most readily.

To the best of our knowledge, the reaction pathway between the heavy group 14 metal
phosphanides and elemental chalcogens has not been studied systematically. Although
the heterogeneous nature of these reactions prevents detailed mechanistic studies, two
reaction pathways can be envisaged from the results obtained (Scheme 66). Route 1
involves an initial oxidative addition of the chalcogen to the phosphorus, followed by an
insertion of the chalcogen into the metal-phosphorus bond via a three-membered
M—-E-P transition state to give the product A. Further addition of the elemental

chalcogen leads to oxidation of the phosphorus to give product B. In route 2, the initial
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step involves an oxidation of the metal centre by the chalcogen to give product C. This
gives the insertion product A via a three-membered M—E—P transition state. The
remaining steps are similar to those described for the route 1. Further studies are in

progress.

Scheme 66. Proposed reaction pathways for the reaction between phosphanido complex and
elemental chalcogen

[ e
||E| /E\ F;
LM-PR, i» LM-PR, <«— LM-PR, | — LM-E-PR, _E . LM-E—-PR, Route 1
- - (A) (B)
E E !
E 1 /\ E [l
LM-PR, — | LM-PR, <—> LM-PR, | — LM-E-PR, — LM-E-PR; Route 2
- (©) - (A) (B)
L =(BDlppp)
M =Ge, Sn or Pb
E =S orSe

Preliminary studies on the reactions between the B-diketiminatogermanium(II) and
—tin(II) bis(trimethylsilyl)phosphanides, 40 and 41, and an excess of elemental selenium
are described. As in the reaction of the germanium(II) dicyclohexylphosphanide 36 with
elemental selenium or sulfur, the germanium(IV) selenide [(BDIppp)Ge(Se)P(SiMes);]
(56) was observed as the sole product. Unlike all the previously studied compounds,
however, the tin(II) bis(trimethylsilyl)phosphanide 41 reacts with elemental selenium to
form the tin(II) trimethylsilylselenide 57 exclusively. This is the first heavy group 14
metal complex containing a Sn—Se—Si heteroatomic ‘heavy ether’ linkage. Due to the
heterogeneous nature of this reaction, we were unable to elucidate mechanistic details

and the fate of the phosphorus has not been determined.

Further work to gain more insight into the kinetics and thermodynamics of the reactions
between the B-diketiminato heavy group 14 metal phosphanides and heavier chalcogens

is in progress.
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5. Experimental

5.1 General methods and procedures

All experiments and manipulations were carried out under dry oxygen-free nitrogen
using standard Schlenk techniques or in an MBraun Unilab inert atmosphere glovebox
containing purified nitrogen. Solvents were dried from the appropriate drying agent,
distilled, degassed and stored over 4 A sieves or a sodium or potassium mirror.”*" All
chemicals were purchased from Aldrich or Fisher Scientific and purified by distillation
or sublimation.®*” NMR solvents (C¢Ds, CDCl3, toluene-ds) were purchased from
Cambridge Isotope Laboratories Inc., and were degassed and stored over 4 A sieves
prior to use. Carbon dioxide was used as received (Union Carbide, 99.999%), and *CO,
was 99 atom %. The bis(trimethylsilyl)phosphine was received as a gift from Dr. Ian. R.
Crossley (Sussex). Diphenylphosphine and dicyclohexylphosphine were purchased
from Aldrich and used as received. NMR spectra were recorded on a Bruker DPX 300
MHz NMR spectrometer, or Varian 400 MHz, 500MHz and 600MHz NMR
spectrometers. 'H and *C{'H} NMR chemical shifts are measured relative to residual
solvent peaks and reported relative to Me4Si; 198/ 117Sn, 207Pb, 19F, 29Si, 3P and 7'Se
were externally referenced to SnMes, PbMes, CFCl;, SiMes, H;PO4, and Me;Se,
respectively. Solid state NMR spectra were obtained from the EPSRC National Solid-
state. NMR Research Service at the University of Durham. C, H and N elemental
analyses were obtained from London Metropolitan University. Mass spectra were
measured at the Centre of Mass Spectroscopy, University of Sussex. IR spectra were
recorded on a Perkin-Elmer 1500 FT-IR with a resolution of 4 cm™'. UV spectra were
recorded using a quartz cuvette fitted with a Young’s tap on a Varian Cary 50 UV/Vis

spectrometer.

The data for the X-ray structures were collected on a Nonius Kappa CCD diffractometer
at 173 K, (Mo-Ko radiation, A = 0.71073 A) and refined using the SHELXL-97 software
package.**!

General procedure for small-scale reactivity study in an NMR tube. A sample of the
metal complex (0.03 g) was dissolved in either C¢Dg or toluene-ds (~ 0.5 mL) in an

NMR tube fitted with a Young’s tap. The required substrate was added to the mixture.
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The reaction was monitored after 10 minutes, 1, 2 and 24 h at room temperature. The
reaction was then heated to 40°C for 24 h after which a "H NMR spectrum was recorded

again.

Lithium alkoxide or phosphanide. The alcohol or phosphine was added to n-hexane
under an inert atmosphere. The solution was cooled to —78 °C and a molar equivalent of
n-BuLi in n-hexane was added dropwise. The mixture was allowed to warm gradually
to room temperature over a period of 20 h. Volatiles were evaporated from the mixture
under vacuum. The residue was washed with n-hexane and dried in vacuo. The purified

solid was collected and stored at —30 °C in an inert atmosphere.
5.2 Experimental procedures for Chapter 2

[CH{(CH3)CN-2,6-"Pr,C¢H3},H], (BDIppp)H, (1).*'! Acetylacetone (4.91 g, 49.0
mmol) and 2,6-diisopropylaniline (19.51 g, 110.0 mmol) were added to ethanol (200
mL). Concentrated HC] (4 mL) was added dropwise to the mixture, which was then
heated under reflux for 3 days. The crude product BDIppp-HCl was extracted with
dichloromethane (100 mL) and saturated sodium carbonate (300 mL) was added. The
solution was stirred for 10 minutes, and extracted with dichloromethane (3 x 100 mL).
The combined organic layer was dried over magnesium sulfate. The solvent was
removed under vacuum and the residue was washed with cold methanol (2 x 10 mL)
and dried overnight under reduced pressure. Yield: 14.1 g, 69 %. [lit. 73 %].*" 'H
NMR (499.91 MHz, CDCl3, 303 K): 6 12.45 (s, 1H, Ar-NH), 7.15 (m, 6H, Ar-H), 4.88
(s, 1H, y-CH), 3.31 (septet, J = 7.0 Hz, 4H, CHMe»), 1.66 (s, 6H, NCMe), 1.21 (d, J =
7.0 Hz, 12H, CHMe;), 1.16 (d, J = 7.0 Hz, 12H, CHMe;). [lit. '"H NMR (CDCl;, 298 K):
0 12.12 (br, 1H), 7.12 (m, 6H), 4.84 (s, 1H), 3.10 (m, 2H), 1.72 (s, 6H), 1.22 (d, 12H),
1.12 (d, 12H)].*" BC{'"H} NMR (125.71 MHz, CDCls, 303 K): § 161.4 (NCMe), 142.7
(ipso-C), 141.0 (0-C), 125.3 (p-C), 123.2 (m-C), 93.5 (y-CH), 28.4 (CHMe,), 24.6
(CHMe,), 23.4 (CHMe,), 21.0 (NCMe). [lit. *C NMR (CDCl;, 298 K): 6 161.4, 142.6,
140.9, 125.3, 123.2, 93.4, 28.4, 24.5, 23.4, 21.0].4

[CH{(CH3)CN-2,6-"Pr,CsH3},PbCl], [(BDIppp)PbCl], (2).) (BDIppp)H (1) (2.56 g,
6.03 mmol) was dissolved in THF (35 mL) and a solution of #n-BuLi in n-hexane (2.6

mL of 2.7 M solution, 6.03 mmol) was added. The mixture was stirred at room
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temperature for 45 minutes and transferred slowly to a THF (10 mL) slurry of PbCl,
(1.72 g, 6.03 mmol) via cannula. The mixture was stirred at room temperature for 20 h
and the volatiles were removed under vacuum. Toluene (3 x 15 mL) was added and
filtered through a pad of Celite. The solvent was removed from the filtrate under
reduced pressure, and the residue was washed with pentane (3 x 15 mL). The yellow
[(BDIppp)PbCI] (2) was collected and used without further purification. Yield: 3.14 g,
79%. [lit. 56%].14 "TH NMR (499.91 MHz, C¢Ds, 303 K): 8 7.21 (dd, J = 7.5, 1.5 Hz,
2H, m-H), 7.12 (t, J = 7.5 Hz, 2H, p-H), 7.06 (dd, J = 7.5, 1.5 Hz, 2H, m-H), 4.87 (s,
1H, y-CH), 3.96 (septet, J = 7.0 Hz, 2H, CHMey), 3.05 (septet, J = 7.0 Hz, 2H, CHMey),
1.68 (s, 6H, NCMe), 1.50 (d, J= 7.0 Hz, 6H, CHMe,), 1.24 (d, J = 6.5 Hz, 6H, CHMe»),
1.16 (d, J = 6.5 Hz, 6H, CHMe;), 1.08 (d, J = 7.0 Hz, 6H, CHMe,). [lit. '"H NMR (C¢Ds,
293 K): 0 7.23 (d, J = 7.5 Hz, 2H), 7.18 (t, J = 7.5 Hz, 2H), 7.10 (d, J = 7.5 Hz, 2H),
491 (s, 1H), 3.99 (septet, J = 6.8 Hz, 2H), 3.08 (septet, J = 6.8 Hz, 2H), 1.71 (s, 6H),
1.54 (d, /= 6.7 Hz, 6H), 1.27 (d, J = 6.8 Hz, 6H), 1.19 (d, J = 6.9 Hz, 6H), 1.12 (d, J =
6.8 Hz, 6H)].° BC{'H} NMR (125.71 MHz, C¢Ds, 303 K): & 164.5 (NCMe), 146.1
(ipso-C), 142.9 (0-C), 142.9 (0-C), 127.4 (p-C), 125.8 (m-C), 124.1 (m-C), 104.7 (y-
CH), 29.1 (CHMe,), 28.4 (CHMey), 28.1 (CHMe,), 25.6 (CHMe), 25.0 (CHMe»), 25.0
(NCMe), 24.7 (CHMes). [lit. "C{'H} NMR (C¢Ds, 293 K): § 164.2, 145.7, 142.5,
127.0, 125.4, 123.7, 104.4, 28.7, 28.0, 27.7, 25.2, 24.7, 24.6 and 24.3].1°" UV-vis
(pentane), (Amax, nm (¢, M 'em™')): 255.0 (9100), 370.1 (10800).

[CH{(CH3)CN-2,6-"Pr,C¢H3},PbO'Pr], [(BDIpipp)PbOPr], (3).'"*! [(BDIppp)PbCl]
(2) (0.35 g, 0.53 mmol) in toluene (15 mL) was added to a toluene (15 mL) suspension
of lithium isopropoxide (0.05 g, 0.53 mmol). The mixture was stirred at room
temperature for 24 h. The yellow mixture was filtered through a pad of Celite and the
solvent was removed under vacuum. The crude residue was washed with cold pentane
(3 mL). Yellow crystals were obtained upon standing in minimum amount of pentane at
—30 °C. Yield: 0.19 g, 52%. [lit. 62%].""*) "TH NMR (499.91 MHz, C¢Ds, 303 K): 8 7.25
(dd, J=17.5, 1.0 Hz, 2H, m-H), 7.13 (t, J = 8.0 Hz, 2H, p-H), 7.09 (dd, J = 7.5, 1.5 Hz,
m-H), 4.93 (septet, J = 6.0 Hz, 1H, O-CHMe,), 4.70 (s, 1H, y-CH), 3.91 (septet, J= 7.0
Hz, 2H, CHMe,), 3.16 (septet, J = 7.0 Hz, 2H, CHMe,), 1.68 (s, 6H, NCMe), 1.53 (d, J
= 7.0 Hz, 6H, CHMe,), 1.27 (d, J = 6.5 Hz, 6H, CHMe,), 1.19 (d, J = 7.0 Hz, 6H,
CHMe,), 1.15 (d, J = 6.5 Hz, 6H, CHMe,), 1.03 (d, J = 6.0 Hz, 6H, O-CHMe,). [lit.: 'H
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NMR (300 MHz, C¢Ds, 303 K): 6 7.26 (d, J = 7.5 Hz, 2H), 7.20 (t, J = 7.5 Hz, 2H),
7.09 (d, J=17.5 Hz, 2H), 4.96 (septet, J = 6.8 Hz, 1H), 4.71 (s, 1H), 3.95 (septet, J = 6.8
Hz, 2H), 3.18 (septet, J = 6.8 Hz, 2H), 1.69 (s, 6H), 1.57 (d, J = 6.7 Hz, 6H), 1.29 (d, J
= 6.8 Hz, 6H), 1.20 (d, J = 6.9 Hz, 6H), 1.17 (d, J = 6.8 Hz, 6H), 1.07 (d, J = 5.9 Hz,
6H)]." 1 BC{'"H} NMR (125.72 MHz, C¢Ds, 303 K): 8 164.2 (NCMe), 145.5 (ipso-C),
143.6 (0-C), 142.5 (0-C), 126.7 (p-C), 125.1 (m-C), 124.2 (m-C), 100.5 (y-CH), 66.3
(O-CHMe,), 30.9 (O-CHMe;), 28.6 (CHMe,), 28.4 (CHMe,), 26.6 (NCMe), 26.2, 25.2,
24.9, 24.6 (CHMey). [lit. "C{'H} NMR (100.46 MHz, C¢Ds, 303 K): J 163.9, 145.1,
143.3, 126.4, 124.8, 123.9, 100.2, 66.0, 30.6, 28.2, 26.3, 25.7, 24.9, 24.6].1''*1 27pp
NMR (83.58 MHz, C¢Ds, 303 K): § 1500. IR (Nujol, v/em™'): 1555 (s), 1514 (s), 1171
(s), 1119 (s), 1016 (s), 966 (s). IR (CCly, viem™"): 3060 (s), 1463 (s), 1437 (s), 1396 (s),
1321 (s).

[CH{(CH3)CN-2,6-"Pr,C¢H;3},PbO'Bu], [(BDIppp)PbO'Bu], (4)..'"*! [(BDIppp)PbCl]
(2) (0.91 g, 1.38 mmol) in toluene (10 mL) was added to a stirred toluene (15 mL)
suspension of potassium tert-butoxide (0.15 g, 1.38 mmol) at room temperature and the
mixture was stirred for 20 h. It was filtered through a pad of Celite and the volatiles
were removed under vacuum to leave an orange solid. The crude product was washed
with pentane and recrystallised from toluene at —30 °C, to give yellow photo-sensitive
crystals. Yield: 0.72 g, 75%. [lit. 75%].!""*) "TH NMR (399.50MHz, C4Ds, 303K): 6 7.27
(dd, J=17.6, 1.6 Hz, 2H, m-H), 7.12 (t, J = 7.6 Hz, 2H, p-H), 7.06 (dd, J = 7.6, 1.6 Hz,
2H, m-H), 4.58 (s, 1H, y-CH), 3.84 (septet, J = 7.2 Hz, 2H, CHMe,), 3.14 (septet, J =
6.8 Hz, 2H, CHMey), 1.68 (s, 6H, NCMe), 1.66 (d, J = 6.8 Hz, 6H, CHMe»), 1.26 (d, J =
7.2 Hz, 6H, CHMe,), 1.21 (d, J = 7.2 Hz, 6H, CHMe>), 1.16 (d, J = 6.8 Hz, 6H,
CHMe,), 0.89 (s, 9H, C(CH3)3). [lit. '"H NMR (300MHz, C¢Ds, 293K): 6 7.26 (dd, J =
7.5, 1.6 Hz, 2H), 7.10 (t, J = 7.5 Hz, 2H), 7.04 (dd, J = 7.5, 1.6 Hz, 2H), 4.57 (s, 1H),
3.83 (septet, J = 6.8 Hz, 2H), 3.12 (septet, J = 6.8 Hz, 2H), 1.65 (s, 6H), 1.63 (d, /= 6.8
Hz, 6H), 1.25 (d, J = 6.9 Hz, 6H), 1.19 (d, J = 6.9 Hz, 6H), 1.14 (d, J = 6.8 Hz, 6H),
0.88 (s, 9H)]."'* BPC{'H} NMR (75.47 MHz, C¢Ds, 293K)*: § 164.0 (NCMe), 145.1
(ipso-C), 142.8 (0-C), 141.5 (0-C), 126.0 (p-C), 123.7 (m-C), 123.6 (m-C), 98.0 (y-CH),
69.1 (O-CMe3), 36.7 (O-C(CHs)3), 28.4 (CHMe,), 28.0 (CHMe,), 26.1 (NCMe), 25.2,
24.8, 24.6, 23.9 (CHMe). (* These results were used in our publication.!"'*) *’Pb
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NMR (83.83 MHz, C¢Ds, 303 K): 6 1713. IR (CCL, viem™): 3059 (s), 2962 (s), 2868
(s), 1436 (s), 1396 (s), 1321 (s), 1183 (s), 1101 (br).

[CH{(CH3)CN-2,6-"Pr,CsH3},PbOC(CH3),CHCH,],
[(BDIpipp)PbO(CH3),CH=CH,], (5). [(BDIpwp)PbCl] (2) (0.40 g, 0.61 mmol) in
toluene (15 mL) was added to a suspension of sodium 2-methyl-3-buten-2-oxide (0.07
g, 0.61 mmol) in toluene (5 mL). The mixture was stirred for 20 h at room temperature.
The yellow suspension was filtered through a pad of Celite. Volatiles were removed in
vacuo and the residue was washed with cold pentane (3 x 5 mL). Yellow crystals of
compound 5 were obtained upon standing in a minimum amount of toluene at —30 °C.
Yield: 0.37 g, 87%. 'H NMR (399.50 MHz, C¢Ds, 303 K): 6 7.28 (d, J= 7.6 Hz, 2H, m-
H), 7.15 (t, J = 7.6 Hz, 2H, p-H), 7.06 (d, J = 7.6 Hz, 2H, m-H), 5.70 (dd, /=17.2, 10.4
Hz, 1H, CHCH>), 4.59 (dd, J = 10.4 and 1.2 Hz, 1H, CHCH>), 4.58 (s, 1H, y-CH), 4.53
(dd, J=10.4, 1.2 Hz, 2H, CHCH,), 3.87 (septet, J = 6.8, 2H, CHMe,), 3.12 (septet, J =
6.8 Hz, 2H, CHMey), 1.68 (s, 6H, NCMe), 1.64 (d, J = 6.8 Hz, 6H, CHMe»), 1.26 (d, J =
6.8 Hz, 6H, CHMe,), 1.19 (d, J = 6.8 Hz, 6H, CHMe>), 1.15 (d, J = 6.8 Hz, 6H,
CHMes), 0.95 (s, 6H, OC(CHz),). C{'H} NMR (100.46 MHz, C¢Ds, 303 K): 6 164.3
(NCMe), 153.6 (ipso-C), 145.5 (0-C), 143.6 (0-C), 142.1 (p-C), 126.5 (CHCH,), 124.9
(m-C), 1242 (m-C), 109.5 (CHCH), 98.5 (y-CH), 71.4 (OC(CHs),CH), 35.5
(OC(CHj3),CH), 28.9 (NCMe), 28.5 (CHMey), 26.8 (CHMe,), 25.6, 25.3, 25.1, 24.3
(CHMes). **’Pb NMR (83.83 MHz, C¢De, 303 K): 8 1685. IR (Nujol, v/em'): 1557 (s),
1517 (s), 1318 (s), 1169 (s), 1097 (s), 1018 (s). Anal. Calcd. for C34HsoN>OPb (709.97):
C, 57.52; H, 7.10; N, 3.95%. Found: C, 57.40; H, 7.16; N, 3,81%.

Attempted syntheses of p-diketiminatolead(ll) alkoxides 6—8. [(BDIpwpp)PbCl] (2) (0.60
mmol) in toluene was added to a suspension of the appropriate sodium alkoxide salt
(0.60 mmol) in toluene (5 mL). The mixture was stirred at room temperature for 20 h.
The suspension was filtered through a pad of Celite and the volatiles were removed
under vacuum. The crude solid was characterised by 'H NMR spectroscopy, which

showed intractable mixture of products, including the -diketimine 1.

Reaction of the p-diketiminatolead(Il) alkoxide, 4 or 5, with 2,4-di-tert-butylphenol. 2.4-
di-tert-butylphenol (8.86 mg, 0.04 mmol) was added to [(BDIppp)PbOR] (3, R = Pr or
4, R = ‘Bu) (0.04 mmol) in C¢Dg (~ 0.5 mL) in an NMR tube fitted with a Young’s tap.
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The mixture was kept at room temperature and the reaction was monitored by 'H NMR
spectroscopy after 10 minutes, 1, 2 and 24 h. The major product observed from the
reaction after 2 h was [(BDIppp)PbOAT] (Ar = 2.4-Bu,CsHs) (9).''") 'TH NMR (399.50
MHz, C¢Ds, 303 K): 6 7.64 (d, J = 16.4 Hz, 1H, m-H-2,4-Bu-Ar), 7.09 (s, 6H, Ar-H),
6.53 (d, J = 8.0 Hz, 1H, 0-H-2,4-'Bu-Ar), 4.96 (s, 1H, y-CH), 3.71 (septet, J = 6.8 Hz,
2H, CHMe,), 3.14 (septet, J = 6.8 Hz, 2H, CHMe;), 1.70 (s, 9H, 0-CMes3), 1.67 (s, 6H,
NCMe), 1.39 (s, 9H, p-CMes3), 1.20 (d, J = 6.8 Hz, 6H, CHMe), 1.15 (d, J = 6.8 Hz,
6H, CHMe,), 1.12 (d, J = 3.2 Hz, 6H, CHMe,), 1.02 (d, J = 6.0 Hz, 6H, CHMe,). [lit. 'H
NMR (300 MHz, C¢Dg, 303K): 6 7.69 (d, J = 2.5 Hz, 1H), 7.09 (br-s, 6H), 6.55 (d, J =
8.2 Hz, 1H), 4.95 (s, 1H), 3.72 (septet, J = 6.9 Hz, 2H), 3.14 (septet, J = 6.9 Hz, 2H),
1.72 (s, 9H), 1.66 (s, 6H), 1.41 (s, 9H), 1.21 (d, J = 6.9 Hz, 6H), 1.13 (d, J = 4.9 Hz,
6H), 1.11 (d, J=4.9 Hz, 6H), 1.01 (d, J = 6.7 Hz, 6H)].['""!

Reaction of the [-diketiminatolead(ll) alkoxide, 3 or 4, with fluorene. Similarly,
fluorene (7.13 mg, 0.04 mmol) was added to [(BDIppp)PbOR] (3, R = 'Pr; or 4, R =
‘Bu) (0.04 mmol) in C¢Dg (~ 0.5 mL). The mixture was kept at room temperature and
the reaction was monitored by 'H NMR spectroscopy after 10 minutes, 1, 2 and 24 h.

The mixture was then heated to 40 °C for 3 days. No reaction was observed.

[CH{(CH3)CN-2,6-"Pr,C¢H3},PbC,CeHs], [(BDIppp)PbCCPh], (10)."" Lead(I)
alkoxide (3 or 4) (0.04 mmol) and phenylacetylene (0.04 mmol) were dissolved in C¢Ds
(~ 0.5 mL) in an NMR tube fitted with a Young’s tap. The reaction was monitored by
'H NMR spectroscopy over a period of 24 h. The major product obtained from the
reaction after 1 h was [(BDIppp)PbCCPh] (10). '"H NMR (399.50 MHz, C¢Ds, 303 K): 0
7.60 (d, J = 7.6 Hz, 2H, Ar-H), 7.04-7.18 (m, 8H, Ar-H), 6.90-6.91 (m, 1H, Ar-H),
4.88 (s, 1H, y-CH), 4.09 (septet, J = 6.4 Hz, 2H, CHMe,), 3.30 (septet, J = 7.19 Hz, 2H,
CHMe»), 1.72 (s, 6H, NCMe), 1.47 (d, J = 6.8 Hz, 6H, CHMe,), 1.31 (d, J = 6.8 Hz, 6H,
CHMe,), 121 (d, J = 7.2 Hz, 6H, CHMe,), 1.15 (d, J = 6.4 Hz, 6H, CHMe,). [lit. 'H
NMR (500 MHz, C¢Ds): 6 7.59 (d, 2H), 7.05 (t, 2H), 7.03—7.17 (m, 6H), 6.96 (tt, 1H),
4.87 (s, 1H), 4.08 (septet, 2H), 3.32 (septet, 2H), 1.71 (s, 6H), 1.47 (d, 6H), 1.30 (d,
6H), 1.22 (d, 6H), 1.16 (d, 6H)].""!

[CH{(CH3)CN-2,6-"Pr,C¢H3},PbI], [(BDIppp)PbI], (11).1°?) Methyl iodide (0.20 g,
1.38 mmol) was added to a stirred toluene (15 mL) solution of [(BDIppp)PbO'Bu] (4)
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(0.40 g, 0.57 mmol). The mixture was stirred for 7 days at 40 °C. The suspension was
filtered through a pad of Celite and the volatiles were removed under vacuum. The
crude residue was washed with pentane (3 x 5 mL) to leave [(BDIpwpp)Pbl] (11) as
yellow solid. Yield: 0.18 g, 41%. 'H NMR (300.13 MHz, C¢Ds, 293 K): 6 7.03-7.18
(m, 6H, Ar-H), 4.94 (s, 1H, y-CH), 3.99 (septet, J = 6.0 Hz, 2H, CHMe,), 3.05 (septet, J
= 6.0 Hz, 2H, CHMey), 1.64 (s, 6H, NCMe), 1.48 (d, J = 6.0 Hz, 6H, CHMe»), 1.26 (d, J
= 9.0 Hz, 6H, CHMe;), 1.18 (d, J = 9.0 Hz, 6H, CHMe;), 1.05 (d, J = 6.0 Hz, 6H,
CHMe,). [lit. '"H NMR (C¢Ds, 293 K): 6 7.11 (d, J = 7.5 Hz, 2H), 7.09 (t, J = 7.5 Hz,
2H), 7.06 (d, J = 7.5 Hz, 2H), 4.93 (s, 1H), 4.00 (septet, J = 6.8 Hz, 2H), 3.07 (septet, J
= 6.8 Hz, 2H), 1.70 (s, 6H), 1.53 (d, J= 6.5 Hz, 6H), 1.28 (d, /= 6.8 Hz, 6H), 1.21 (d, J
= 6.9 Hz, 6H), 1.10 (d, J = 6.7 Hz, 6H)].l*

Reactions of the [-diketiminatolead(Il) tert-butoxide 4 with benzyl bromide or chloride.
The benzyl halide (0.04 mmol) was added to [(BDIppp)PbO'Bu] (4) (0.03 g, 0.04
mmol) in C¢Dg (~ 0.5 mL) in an NMR tube fitted with a Young’s tap. The mixture was
monitored by 'H NMR spectroscopy. The mixture was kept at room temperature for the

first 24 h, then held at 60 °C. A complex mixture of products was observed after 8 days.

[CsHsCH=C{(CH3)CN-2,6-Pr,CsH3},], (13). Benzaldehyde (0.03 g, 0.29 mmol) was
added to [(BDIppp)PbO'Bu] (4) (0.20 g, 0.29 mmol) in toluene (10 mL). The mixture
was stirred at room temperature for 50 h, after which the suspension was filtered
through a pad of Celite. Volatiles were removed in vacuo and the crude solid residue
was washed with pentane (3 X 10 mL). Single Crystals of 13 were obtained by
recrystallisation from THF at —30 °C. Yield: 0.09 g, 60%. 'H NMR (300.13 MHz,
CDCls, 303 K): 6 7.41 (br, SH, C=CH-Ar-H), 7.08-7.15 (m, 3H, Ar-H), 7.01 (s, 1H,
C=CH-Ar), 2.83 (septet, J = 6.9 Hz, 2H, CHMe,), 2.67 (septet, J = 6.9 Hz, 2H,
CHMe»), 2.04 (s, 3H, NCMe), 2.00 (s, 3H, NCMe), 1.14 (d, J = 6.9 Hz, 6H, CHMe,),
1.13 (d, J = 6.6 Hz, 6H, CHMe), 0.95 (d, J = 6.6 Hz, 6H, CHMe), 0.82 (d, J = 6.6 Hz,
6H, CHMe,). “C{'H} NMR (75.47 MHz, C¢Ds, 303 K): & 168.1 (NCMe), 167.5
(C=CH), 147.3 (C=CH-ipso-C), 146.8 (ipso-C), 146.6 (C=CH-0-C), 137.8 (C=CH-0-C),
137.4 (0-C), 136.6 (0-C), 135.6 (C=CH-p-C), 129.3 (p-C), 129.0 (C=CH-m-C), 124.6
(C=CH-m-C), 123.9 (m-C), 123.7 (m-C), 28.7 (C=CH-Ar), 28.0 (CHMe,), 25.1
(CHMe,), 24.3, 24.0, 23.9, 23.7 (CHMe,), 18.0 (NCMe).
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Reactions of the p-diketiminatolead(Il) tert-butoxide 4 with monodentate or bidentate
ligands. The substrate (0.04 mmol) was added to the lead(Il) tert-butoxide 4 (0.04
mmol) in C¢Dg (~ 0.5 mL) in an NMR tube fitted with a Young’s tap. The 'H NMR

spectrum of the mixture was unchanged after 24 h at room temperature.

[CH{(CH3)CN-2,6-'Pr,C¢H3},PbOCO,'Pr],  [(BDIppp)PbOCO,'Pr],  (14).'*
[(BDIppp)PbO'Pr] (3) (0.20 g, 0.29 mmol) was dissolved in toluene (10 mL) in a
Schlenk flask. The gas was evacuated from the flask and an excess of CO, (0.03 g, 0.59
mmol) was added. After stirring at room temperature for 24 h, the mixture was filtered
via cannula. The residue was concentrated and stored at —30 °C to give yellow crystals
of [(BDIppp)PbOCO,'Pr] (14). Yield: 0.09 g, 43%. '"H NMR (399.50 MHz, toluene-ds,
303 K): 6 7.09 (s, 6H, Ar-H), 4.82 (septet, J = 6.4 Hz, 1H, OCHMe»), 4.78 (s, 1H, vy-
CH), 3.33 (br, 4H, CHMe,), 1.65 (s, 6H, NCMe), 1.26 (br, CHMe,), 1.23 (d, J = 6.4 Hz,
9H, CHMe,). [lit. "H NMR (C¢Ds, 303 K): 6 7.19 (s, 6H), 4.97 (septet, J = 6.3 Hz, 1H),
4.86 (s, 1H), 3.39-3.32 (br, 4H), 3.02 (septet, J = 6.9 Hz, 2H), 1.69 (s, 6H), 1.30 (d, J =
6.3 Hz, 12H), 1.20 (d, J = 6.3 Hz, 12H), 1.24 (d, J = 6.8 Hz, 6H)]."" *C{'H} NMR
(125.72 MHz, toluene-ds, 303 K): 6 164.0 NCMe), 160.9 (OC(=0)O'Pr), 142.7 (ipso-
C), 137.5 (0-C), 129.2 (0-C), 128.2 (p-C), 126.9 (m-C), 124.4 (m-C), 103.5 (y-CH), 68.6
(OC(CHj3),), 34.5 (OC(CHj3),), 28.2 (CHMey), 25.93 (CHMey), 24.6 (NCMe), 24.5,
22.8, 22.6, 14.2 (CHMe,). [lit. °C NMR (125.72 MHz, toluene-ds, 303 K): & 164.1,
160.9, 142.8, 129.2, 128.3, 127.0, 125.4, 124.5, 103.6, 68.7, 34.6, 28.3, 26.0, 24.7, 24.5,
22.8,22.7,14.3].114

[CH{(CH3)CN-2,6-'Pr,C¢H3},PbOCO,Bu],  [(BDIppp)PbOCO,Bu],  (15).''"*
[(BDIppp)PbOBu] (4) (50.0 mg, 0.07 mmol) was dissolved in toluene-ds (~ 0.5 mL) in
an NMR tube fitted with a Young’s tap. The gas inside the NMR tube was evacuated.
Carbon dioxide (4.70 mg, 0.11 mmol) was then added. A yellow solution was obtained.
The mixture was kept at room temperature for 24 h and monitored by 'H NMR
spectroscopy. "H NMR (399.50 MHz, toluene-ds, 303 K): 6 7.09 (s, 6H, ArH), 4.78 (s,
1H, y-CH), 3.32 (br, 4H, CHMe,), 1.64 (s, 6H, NCMe), 1.48 (s, 9H, C(CH3)3), 1.27 (br,
12H, CHMe;), 1.14 (d, J = 6.8 Hz, 12H, CHMe,). "H NMR (399.50 MHz, toluene-ds,
203 K)*: 0 7.15 (s, 2H, ArH), 7.07 (d, J = 4 Hz, 2H, ArH), 6.95 (d, J = 8 Hz, 2H, ArH),
4.79 (s, 1H, y-CH), 3.64 (m, 2H, CHMe»), 2.94 (m, 2H, CHMe,), 1.62 (s, 6H, NCMe),
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1.58 (b, J = 4 Hz, 6H, CHMe>), 1.50 (d, J = 4 Hz, 6H, CHMe,), 1.17 (d, J = 4 Hz, 6H,
CHMe>), 1.08 (s, 9H, OC(CHs)3). "C{'H} NMR (100.46 MHz, toluene-ds, 203 K)*: &
163.5 (NCMe), 160.3 (OCO), 144.2 (ipso-C), 142.3 (0-C), 141.6 (0-C), 103.5 (y-CH),
76.6 (OCHMe,), 28.5 (OC(CHs),), 28.1 (NCMe), 27.6 27.4, 26.8, 26.5 (CHMe,), 25.0,
24.7,24.3, 24.1 (CHMe,). **’Pb NMR (83.72 MHz, toluene-ds 303K)*: 6 817. (* These
results were used in our publication.!"'*!) IR (CCl,, vem™): 2336 (s, OC(=0)0), 1731
(s, C=0). [lit. IR (CCly, v/iem™"): 3060 (s), 2965 (s), 2928 (s), 2869 (s), 1699 (s), 1463
(s), 1438 (s), 1389 (b), 1366 (b), 1172 (b), 1102 (s)].l'**

BC0, exchange with [(BDIppp)PbOCO,'Pr] (14) and [(BDIppp)PbOCO,'Bu] (15).
The lead(IT) alkoxide (0.021 mmol) was added to toluene-ds (~ 0.5 mL) in an NMR tube
fitted with a Young’s tap. The mixture was frozen with liquid N,. The gas was
evacuated from the tube and then filled with carbon dioxide (0.021 mmol). The mixture
was allowed to warm up slowly and held at room temperature for 30 minutes. The
formation of the corresponding carbonate [(BDIppp)PbOCO,R] (14, R = 'Pr; or 15, R =
‘Bu) was verified by "H NMR spectroscopy. The mixture was frozen in liquid N,. The
gaseous atmosphere was evacuated under high vacuum and *CO, (0.021 mmol) was
added. The formation of [(BDIppp)PbO"’CO,R] (16, R = Pr; 17, R = ‘Bu) was verified
by 'H and C{'H} NMR spectroscopy.

Reaction  of  [(BDIppp)PbOCOSBu]  (15)  with  [(BDIpipp)PbO'Pr]  (3).
[(BDIpipp)PbOCO,Bu] (15) (0.04 mmol) in C¢Dg (~ 0.5 mL) was generated in situ in a
NMR tube fitted with a Young’s tab according to the procedure above.
[(BDIppp)PbOPr] (3) (0.04 mmol) was added to the mixture. '"H NMR spectra were
recorded after 10 minutes, 1, 2, and 24 h at room temperature. The mixture was then

heated up to 40 °C for 24 h, after which a "H NMR spectrum was again recorded.

Reaction of [(BDIppp)PbOCO;'Pr] (14) with phenyl isocyanate. CO; (0.12 mmol) was
added to [(BDIppp)PbO'Pr] (3) (0.03 g, 0.04 mmol) in CsDs (~ 0.5 mL) in an NMR tube
fitted with a Young’s tap. The mixture was held at room temperature for 1 h. The 'H
NMR spectrum was recorded to verify the formation of [(BDIppp)PbOCO,'Pr] (14).
Phenyl isocyanate (5.23 mg, 0.04 mmol) was added to the mixture. The reaction was
monitored by '"H NMR spectroscopy. [(BDIpwpp)PbN(Ph)CO,Pr] (18) was formed
almost exclusively after 2 h at room temperature. 'H NMR (399.50 MHz, C¢Ds, 303 K):
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8 7.65 (br, 1H, Ar-H), 6.82-7.36 (m, 11H, Ar-H), 5.01 (s, 1H, y-H), 3.15 (br, 4H,
CHMe,), 1.65 (s, 6H, NCMe), 1.04-1.27 (m, 20H, CHMe;). [lit. '"H NMR (500 MHz,
toluene-ds, 303 K): 6 7.59 (br, 2H), 7.27 (t, J = 15 Hz, 2H), 6.85 (t, J = 15 Hz, 1H), 5.03
(s, 1H), 4.91 (br, 1H), 3.13 (br, 4H), 1.67(s, 6H), 1.28 (d, J= 5 Hz, 1H), 1.25 (d, J=5
Hz, 1H), 1.15 (br-d, J = 10 Hz, 2H), 0.98 (br, 6H), 0.88 (d, J = 10 Hz, 2H), 0.87 (d, J =
5 Hz, 2H)].M"*

Reaction of the lead(Il) alkoxides 3 or 4 with carbon disulfide. Carbon disulfide (3.04
mg, 0.04 mmol) was added to a C¢Dg¢ solution (~ 0.5 mL) of the lead(II) alkoxide (0.04
mmol) in an NMR tube fitted with a Young’s tap. The mixture was held at room

temperature and monitored by 'H NMR spectroscopy. An intractable mixture was
observed after 24 h.

Reaction of the lead(ll) tert-butoxide 4 with N,N’-diisopropylcarbodiimide. N,N’-
diisopropylcarbodiimide (5.42 mg, 0.04 mmol) was added to a C¢Ds solution (~ 0.5 mL)
of lead(II) tert-butoxide 4 (0.03 g, 0.04 mmol) in an NMR tube fitted with a Young’s
tap. The mixture was monitored by "H NMR spectroscopy. No reaction was observed

after 5 days at 50 °C.

Reaction of the lead(ll) tert-butoxide 4 with phenyl isocyanate. Phenyl isocyanate (5.11
mg, 0.03 mmol) was added to a C¢Dg solution (~ 0.5 mL) of lead(Il) fert-butoxide 4
(0.03 g, 0.04 mmol) in an NMR tube fitted with a Young’s tap. The mixture was held at
room temperature and was monitored by 'H NMR spectroscopy. An intractable mixture

was observed after 24 h.
5.3 Experimental procedures for Chapter 3

[CH{(CH3)CN-C¢Hs},H], (BDIpp)H, (19).'>*) Concentrated HCI (8.3 mL) was added
dropwise to a mixture of acetylacetone (10.0 g, 100 mmol) and aniline (18.6 g, 200
mmol) in a round-bottomed flask at 0 °C with rapid stirring. Precipitation was observed
after 24 h. The solid was filtered off and was washed with cold petroleum spirit (bp. 40—
60 °C) (3 x 10 mL). Dichloromethane (~ 20 mL) and saturated sodium carbonate
solution (~ 200 mL) were added to the crude solid. The aqueous layer was extracted

with dichloromethane (3 X 20 mL). The combined organic layer was dried over
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magnesium sulfate and volatiles were removed under vacuum. The residue was washed
with cold methanol and dried under reduced pressure overnight. Yield: 19.50 g, 78%.
[lit.: 92%].1">1 '"H NMR (399.50 MHz, CDCl;, 303 K): 6 12.69 (s, 1H, NH), 7.28 (t, J =
8.0 Hz, 4H, m-H), 7.04 (t, J = 7.6 Hz, 2H, p-H), 6.95 (d, J = 8.0 Hz, 4H, o-H), 4.87 (s,
1H, y-CH), 2.00 (s, 6H, NCMe). [lit.. 'H NMR (300 MHz, CDCl;): 6 12.61 (s, 1H),
7.48-6.63 (m, 10H), 4.81 (s, 1H), 1.94 (s, 6H)]..">>! BC{'H} NMR (100.46 MHz,
CDCl3, 303 K): 8 159.7 (NCMe), 146.0 (ipso-C), 130.0 (0-C), 123.4 (p-C), 122.8 (m-
C), 97.6 (y-CH), 21.0 (NCMe). [lit.: *C{'H} NMR (300 MHz, CDCl3): § 156.0, 146.5,
129.4, 123.8, 123.2, 98.1, 21.4]."V EI-MS: m/z (%): 250, 235, 159, 118, 77, 51.

[CH{(CH3)CN-4-PrC¢H,},H], (BDI;pp)H, (20). Concentrated HCl (5.1 mL) was
added dropwise to a mixture of 4-isopropylaniline (13.5 g, 100 mmol) and
acetylacetone (5.00 g, 50 mmol) at 0 °C. The mixture was stirred and allowed to warm
gradually to room temperature. A yellow precipitate was observed after 24 h. The
mixture was filtered and washed with cold petroleum ether. The residue was dissolved
in dichloromethane (15 mL) and saturated sodium carbonate solution (250 mL). The
aqueous layer was extracted with dichloromethane (3 x 30 mL) and the combined
organic layer was dried with magnesium sulfate. The volatiles were removed under
vacuum to leave a brown oil. Yield: 8.54 g, 51%. "H NMR (399.50 MHz, CDCls, 303
K): 6 12.70 (s, 1H, NH), 7.16 (d, J = 8.0 Hz, 4H, o-H), 6.88 (d, J = 7.6 Hz, 4H, m-H),
4.84 (s, 1H, y-CH), 2.87 (septet, J = 6.4 Hz, 2H, CHMe,), 1.99 (s, 6H, NCMe), 1.24 (d,
J = 6.8 Hz, 12H, CHMe,). "C{'H} NMR (100.46 MHz, CDCl;, 303 K): 6 159.7
(NCMe), 144.0 (ipso-C), 143.6 (p-C), 126.8 (0-C), 122.9 (m-C), 97.1 (y-CH), 33.7
(CHMe,), 24.3 (CHMey), 21.0 (NCMe).

[CH{(CH3)CN-2,6-Me,CsH3},H], (BDIpyp)H, (21)."°°) Concentrated HCI (4.2 mL)
was added dropwise to a stirred mixture of 2,6-dimethylaniline (12.1 g, 100 mmol) and
acetylacetone (5.00 g, 50 mmol) at 0 °C. The stirred mixture was allowed to warm
gradually to room temperature over a period of 24 h. The precipitate was filtered off and
washed with cold petroleum ether (3 x 20 mL). The washed solid was dissolved in
dichloromethane (~ 20 mL) and saturated sodium carbonate (~ 200 mL). The aqueous
layer was extracted with dichloromethane (3 x 30 mL) and the combined organic layer

was dried over magnesium sulfate. After removal of solvent under vacuum, the brown
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oil residue was treated with methanol to give a white precipitate, which was filtered off
and crystallised from a mixture of methanol/dichloromethane (1:1) at =30 °C. Yield:
6.43 g, 42%. [lit. 53 %]."*°) 'TH NMR (399.50 MHz, CDCls, 303 K): & 12.20 (s, 1H,
NH), 7.04 (d, J = 7.6 Hz, 4H, m-H), 6.95 (d, J = 7.2 Hz, 2H, p-H), 4.89 (s, 1H, y-CH),
2.17 (s, 12H, 0-CH3), 1.70 (s, 6H, NCMe). [lit. '"H NMR (300 MHz, CDCl;): § 12.20
(br, 1H), 7.00 (s. 6H), 4.88 (s, 1H), 2.59 (s, 12H), 1.69 (s, 6H)].!"® PC{'H} NMR
(100.46 MHz, CDCls, 303 K): 6 161.0 (NCMe), 144.0 (ipso-C), 132.3 (0-C), 128.0 (p-
C), 124.5 (m-C), 93.6 (y-CH), 20.5 (o-CH3), 18.5 (NCMe). [lit. *C{'H} NMR (100
MHz, CDCL): § 160.81, 143.76, 132.15, 127.77 124.28, 93.40, 20.35, 18.40].1"°%

[CH{(CH3)CN-C¢Hs},PbCl], [(BDIpn)PbCl], (22). (BDIpn)H (19) (1.95 g, 7.75 mmol)
was dissolved in THF (30 mL) and #-BuLi in n-hexane (3.2 mL of 2.7 M solution, 7.75
mmol) was added dropwise. The mixture was stirred for 30 minutes at room
temperature, then transferred slowly to a THF (10 mL) slurry of PbCl, (2.16 g, 7.75
mmol) via cannula. The mixture was stirred at room temperature for a further 24 h.
Volatiles were removed under vacuum and the residue was extracted with
dichloromethane (3 x 40 mL). The solvent was removed from the extract in vacuo and
the crude solid was washed with pentane (5 x 10 mL). Yellow crystals of [(BDIp,)PbCl]
(22) were obtained by recrystallisation from dichloromethane at —30°C. Yield: 1.83 g,
46%. "H NMR (499.91 MHz, C¢Ds, 303 K): 8 7.10 (m, 7H, Ar-H), 6.93 (m, 2H, Ar-H),
4.74 (s, 1H, y-CH), 1.72 (s, 6H, NCMe). PC{'H} NMR (125.72 MHz, C¢Ds, 303 K): 8
163.8 (NCMe), 148.5 (ipso-C), 130.1 (0-C), 128.7 (0-C), 128.5 (p-C), 128.3 (m-C),
126.0 (m-C), 100.5 (y-CH), 24.6 (NCMe). **’Pb NMR (83.83 MHz, C¢Ds, 303 K): &
1228. IR (Nujol, v/iem™"): 1530 (s), 1262 (s), 1166 (s), 1018 (s), 912 (s). Anal. Calcd. for
Ci17H17N2PbCl (491.98): C, 42.64; H, 3.98; N, 5.53%. Found: C, 41.54; H, 3.56; N,
5.38%.

[CH{(CH3)CN-4-"PrC¢H,},PbCl], [(BDLpp)PbCl], (23). (BDIpp)H (20) (2.15 g, 6.43
mmol) was dissolved in THF (20 mL) and #-BuLi in n-hexane (2.73 mL of 2.37 M
solution, 6.43 mmol) was added dropwise. The mixture was stirred at room temperature
for 30 minutes then transferred slowly via cannula to a THF (10 mL) slurry of PbCl,
(1.79 g, 6.43 mmol). The mixture was then stirred at room temperature for 24 h, and

volatiles were removed in vacuo. The residue was extracted with dichloromethane (3 x
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20 mL). The solvent was removed and the solid was washed with pentane (3 x 10 mL).
Yellow crystals of [(BDIpp)PbCl] (23) were obtained by crystallisation from a
minimum amount of dichloromethane at —30 °C. Yield: 2.01 g, 57%. '"H NMR (399.50
MHz, C¢Dg, 303 K): 6 7.08-7.19 (m, 4H, Ar-H), 7.03 (d, J = 8.8 Hz, 4H, Ar-H), 4.77 (s,
1H, y-CH), 2.68 (septet, 2H, J = 7.2 Hz, 2H, CHMe,), 1.77 (s, 6H, NCMe), 1.11 (d, J =
6.8 Hz, 12H, CHMe,). >C{'H} NMR (100.46 MHz, C¢Ds, 303 K): 6 164.0 (NCMe),
146.5 (ipso-C), 146.2 (0-C), 125.7 (m-C), 105.4 (y-CH), 34.3 (CHMe,), 24.6 (CHMe>),
24.5 (NCMe). **’Pb NMR (83.83 MHz, C¢Ds, 303 K): 8 1220. IR (Nujol, v/em '): 1559
(s), 1496 (s), 1378 (s), 1194 (s), 1053 (s), 856 (s). Anal. Calcd. for Cy3H29CIN,Pb
(576.14): C, 47.95; H, 5.07; N, 4.86%. Found: C, 47.83; H, 4.97; N, 4.79%.

[CH{(CH3)CN-2,6-Me,CHs},PbCl], [(BDIpmp)PbCI], (24). (BDIpmp)H (21) (1.87 g,
6.13 mmol) was dissolved in THF and n-BuLi in n-hexane (2.6 mL of 2.37 M solution,
6.13 mmol) was added dropwise. The mixture was stirred at room temperature for 30
minutes, then transferred slowly via cannula to a THF (10 mL) slurry of PbCl, (1.70 g,
6.13 mmol). The mixture was stirred at room temperature for 24 h. Volatile material
was removed under vacuum and the residue was extracted with toluene (3 x 20 mL).
The solvent was removed in vacuo and the crude solid was washed with cold pentane (3
x 10 mL). Light yellow crystals of [(BDIpmp)PbCl] (24) were obtained by
recrystallisation from a minimum amount of toluene at —30 °C. Yield: 2.19 g, 65%. 'H
NMR (499.91 MHz, C¢Dg, 303 K): 6 6.97 (d, J = 7.5 Hz, 4H, m-H), 6.91 (t, J= 7.5 Hz,
2H, p-H), 4.83 (s, 1H, y-CH), 2.31 (br, 12H, o-CHs), 1.58 (s, 6H, NCMe). “C{'H}
NMR (125.72 MHz, C¢Ds, 303 K): 6 163.9 (NCMe), 146.3 (ipso-C), 129.7 (0-C), 128.9
(p-C), 126.3 (m-C), 103.7 (y-CH), 24.2 (o-CHs), 21.8 (0-CHs), 19.7 (NCMe). *"Pb
NMR (83.83 MHz, C4Ds, 303 K): 6 1388. IR (Nujol, v/em '): 1551 (s), 1522 (s), 1178.7
(s), 1093 (s), 1019 (s). Anal. Calcd. for C,;HasN>CIPb (548.09): C, 46.02; H, 4.60; N,
5.11%. Found: C, 46.18; H, 4.49; N, 4.91%.

[(CH{(CH3)CN-C¢Hs},)2Pb], [(BDIpn)2Pb], (25). A solution of [(BDIpn)PbCl] (22)
(0.20 g, 0.41 mmol) in toluene (10 mL) was added to a potassium- or sodium alkoxide
(0.41 mmol). The mixture was stirred at room temperature for 24 h. The suspension was
filtered through a pad of Celite and volatile material was removed from the filtrate

under vacuum. The residue was washed with cold pentane (5 mL) and dissolved in a



273

minimum amount of toluene. Yellow crystals of [(BDIpy),Pb] (25) were obtained at —30
°C. Yield: 0.14 g, 48%.

Alternative synthesis of [(BDIpy)2Pb] (25). A suspension of (BDIpy)Li (27) (0.31 g, 1.17
mmol) in toluene was added to PbCl, (0.16 g, 0.58 mmol). The mixture was stirred at
room temperature for 24 h. Purification of the mixture was as above. Yield: 0.34 g,
81%.

"H NMR (399.50 MHz, C¢Ds, 303 K): 8 7.09 (t, J = 14.0 Hz, 8H, 0-H), 6.92 (t, J = 14.8
Hz, 4H, p-H), 6.52 (d, J = 7.2 Hz, 8H, m-H), 4.85 (s, 2H, y-CH), 1.85 (s, 12H, NCMe).
BC{'H} NMR (100.46 MHz, C¢Ds, 303 K): 6 162.2 (NCMe), 151.3 (ipso-C), 128.2 (o-
C), 126.4 (m-C), 124.1 (p-C), 100.7 (y-CH), 24.8 (NCMe). **’Pb NMR (83.83 MHz,
CeDs, 303 K): 6 454. Anal. Calcd. for C3;sH34N4Pb (705.86): C, 57.87; H, 4.82; N,
7.94%. Found: C, 57.92; H, 4.94; N, 7.89%.

[(CH{(CH3)CN-4-"PrC¢Ha}2),Pbl, [(BDIipp)2Pbl, (26). [(BDIipp)PbCl] (23) (0.14 g,
0.25 mmol) was dissolved in toluene (10 mL) and added to potassium or sodium
alkoxide (0.25 mmol). After the mixture was stirred at room temperature for 24 h, the
suspension was filtered through a pad of Celite. The volatiles were removed from the
filtrate in vacuo and the residue was washed with pentane. Yellow crystals of
[(BDIpp)2Pb] (26) were obtained by recrystallisation from a minimum amount of
toluene at —30 °C. Yield: 0.15 g, 71%. "H NMR (399.50 MHz, C¢Dg, 303 K): 6 7.05 (d,
J=28.4 Hz, 8H, 0-C), 6.53 (d, J = 8.4 Hz, 8H, m-H), 4.90 (s, 2H, y-CH), 2.76 (septet, J
= 6.8 Hz, 4H, CHMe»), 1.92 (s, 12H, NCMe), 1.19 (d, J = 6.8 Hz, 24H, CHMe>).
BC{'H} NMR (100.46 MHz, C¢Ds, 303 K): 6 162.2 (NCMe), 149.3 (ipso-C), 144.3 (o-
C), 126.8 (p-C), 1264 (m-C), 103.4 (y-CH), 34.4 (CHMe,), 24.9 (CHMe,), 24.8
(NCMe).*"’Pb NMR (83.83 MHz, C¢Ds, 303 K): 6 476.

[CH{(CH3)CN-C¢Hs},Li], (BDIpp)Li, (27). (BDIpp)H (19) (2.00 g, 8.00 mmol) was
dissolved in toluene (20 mL) and cooled to —78 °C. n-BuLi in n-hexane (3.4 mL of 2.37
M solution, 8.00 mmol) was added to the solution. The mixture was stirred and allowed
to warm gradually to room temperature over a period of 2 h. Volatiles were removed in
vacuo and the residue was washed with n-hexane (3 X 5 mL). The white solid was used

without further purification.
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[CH{(CH3)CN-2,6-Me,C¢H3},PbO'Bu], [(BDIpyp)PbO'Bu], (28). [(BDIpymp)PbCI]
(24) (0.25 g, 0.46 mmol) in toluene (20 mL) was added to a suspension of potassium
tert-butoxide (0.05 g, 0.46 mmol) in toluene (5 mL). The mixture was stirred at room
temperature for 24 h. The suspension was filtered through a pad of Celite and volatile
material from the filtrate was removed under vacuum. The residue was washed with
pentane and crystallised from a minimum amount of toluene at =30 °C. Yellow crystals
of [(BDIppmp)PbCI] (28) were obtained at —30 °C. Yield: 0.19 g, 72%. '"H NMR (499.91
MHz, C¢Dg, 303 K): 6 7.10 (dd, J = 2.0, 7.0 Hz, 2H, p-H), 6.94-6.99 (m, 4H, m-H),
4.70 (s, 1H, y-CH), 2.67 (s, 6H, 0-CHj3), 2.16 (s, 6H, 0-CH3), 1.64 (s, 6H, NCMe), 1.05
(s, 9H, OC(Me)3). *C{'H} NMR (125.72 MHz, C¢Ds, 303 K): 6 163.2 (NCMe), 146.6
(ipso-C), 136.1 (0-C), 131.1 (0-C), 129.7 (p-C), 128.8 (m-C), 125.7 (m-C), 99.4 (y-CH),
69.7 (OC(Me)3), 36.8 (OC(Me)3), 23.9 (NCMe), 20.5 (0-CHs), 19.2 (0-CHs). *’Pb
NMR (83.83 MHz, C¢Ds, 303 K): 6 1513. Anal. Calcd. for C;sH34N,OPb (585.73): C,
51.24; H, 5.85; N, 4.78%. Found: C, 51.17; H, 5.77; N, 4.76%.

[CH{(CH3)CN-2,6-Me,CH3},PbOSO,CF3], [(BDIpmp)PDOTH], (29).
[(BDIpMmp)PbCI] (24) (0.20 g, 0.37 mmol) in toluene (10 mL) was added to a suspension
of AgOTf (0.09 g, 0.37 mmol) in toluene (5 mL). The mixture was stirred at room
temperature for 24 h and the yellow precipitate was filtered off and washed with cold
pentane (3 x 3mL). The yellow residue was crystallised from a minimum amount of
THF and stored at —30 °C. Light yellow crystals of [(BDIpmp)PbOTE] (29) were
obtained. Yield: 0.15 g, 61%. 'H NMR (399.50 MHz, CDCl;, 303K): J 7.15 (br, 2H,
Ar-H), 7.13 (br, 2H, Ar-H), 7.06-7.07 (br, 2H, Ar-H), 5.14 (s, 1H, y-H), 2.26 (s, 12H, o-
CH3), 1.84 (s, 6H, NCMe). °C NMR (100.46 MHz, CDCls, 303K): 0 165.2 (NCMe),
143.8 (ipso-C), 133.1 (0-C), 129.4 (0-C), 127.0 (p-C), 128.5 (m-C), 128.0 (m-C), 124.5
(CF3), 107.0 (y-C), 24.8 (0-CH3), 18.7 (NCMe). "’F NMR (150.62 MHz, CDCls, 303K):
5 —78.0. *’Pb NMR (83.83 MHz, CDCl;, 303K): 6 1154.

Preliminary reaction of [(BDIpy),Pb] (25) with potassium tert-butoxide. [(BDIpy),Pb]
(25) (0.30 g, 0.43 mmol) in toluene (10 mL) was added to a suspension of potassium
tert-butoxide (0.05 g, 0.43 mmol) in toluene (5 mL). The mixture was stirred at room
temperature for 20 h. The mixture was filtered through a pad of Celite and the volatiles

were removed under vacuum. The residue was washed with cold pentane and dried
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under reduced pressure. A light yellow solid was observed. 'H NMR (399.50 MHz,
CeDs, 303 K): 6 7.16 (s, 6H, Ar-H), 4.71 (s, 1H, y-CH), 1.78 (s, 6H, NCMe), 1.34 (s,
9H, OC(CHs5)3).

Preliminary reaction of [(BDIpy),Pb] (25) with methyl trifluoromethanesulfonate.
Methyl trifluoromethanesulfonate (0.07 g, 0.43 mmol) was added to [(BDIpy).Pb] (25)
(0.03 g, 0.04 mmol) in C¢Dg (~ 0.5 mL) was added to an NMR tube fitted with a
Young’s tap. The reaction was monitored by 'H NMR spectroscopy. An intractable

mixture was observed after 24 h at room temperature.

Preliminary reaction of [(BDIpp)2Pb] (26) with methyl iodide. [(BDIpp),Pb] (26) (0.03
g, 0.38 mmol) and methyl iodide (0.05 g, 23.7 puL, 0.38 mmol) in C¢Dg (~ 0.5 mL) was
added to an NMR tube fitted with a Young’s tap. The reaction was monitored by 'H
NMR spectroscopy over a period of 48 h. Light yellow needle-like crystals of
[(BDIpp)PblI] (30) were formed in situ after 7 d at room temperature. 'H NMR (399.50
MHz, C¢Dg, 303K): 0 7.11 (d, J = 8.0 Hz, 4H, Ar-H), 4.85 (s, 1H, y-CH), 2.70 (septet, J
= 6.8 Hz, 2H, CHMey), 1.74 (s, 6H, NCMe), 1.11 (d, J = 6.8 Hz, 12H, CHMe»).

5.4 Experimental procedures for Chapter 4

[CH{(CH3)CN-2,6-"Pr,C¢H;3},GeCl], [(BDIpipp)GeCl], (31)..°! (BDIppp)H (1) (2.52
g, 6.07 mmol) was dissolved in THF (30 mL). A solution of #n-BuLi in n-hexane (2.6
mL of 2.37 M solution, 6.07 mmol) was added dropwise to the solution. The mixture
was stirred at room temperature for 45 minutes and added slowly to a THF (10 mL)
slurry of GeCl, dioxane (1.41 g, 6.07 mmol). The mixture was stirred at room
temperature for 20 h, after which it was filtered through a pad of Celite. The volatiles
were removed in vacuo from the filtrate. The solid residue was washed with cold
pentane (3 x 10 mL). The light yellow solid, [(BDIppp)GeCl] (31), was used without
further purification. Yield: 2.35 g, 73%. [lit.: 63%].1°7 '"H NMR (399.50 MHz, C¢Ds,
303 K): 67.19 (dd, J= 7.6, 2.0 Hz, 2H, m-H), 7.15 (t, J = 7.6 Hz, 2H, p-H), 7.06 (dd, J
=17.6,2.0 Hz, 2H, m-H), 5.15 (s, 1H, y-CH), 3.93 (septet, J = 6.8 Hz, 2H, CHMe,), 3.17
(septet J = 6.8 Hz, 2H, CHMey), 1.61 (s, 6H, NCMe), 1.49 (d, J = 6.4 Hz, 6H, CHMe;),
1.23 (d, /= 5.2 Hz, 6H, CHMe»), 1.21 (d, J = 5.2 Hz, 6H, CHMe;), 1.03 (d, J = 6.8 Hz,
6H, CHMe;). [lit.: "H NMR (200.1 MHz, C¢Ds, 293 K): & 7.00~7.10 (m, 6H), 5.14 (s,
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1H), 3.80-4.00 (septet, 2H), 3.05-3.20 (septet, 2H), 1.60 (s, 6H), 1.46 (d, 6H), 1.20 (d,
6H), 1.19 (d, 6H), 1.01 (d, 6H)].[°" BC{'H} NMR (100.46 MHz, C¢Ds, 303 K): 6 165.4
(NCMe), 147.7 (ipso-C), 144.0 (0-C), 140.2 (0-C), 128.5 (p-H), 126.0 (0-C), 124.5 (o-
C), 101.1 (y-CH), 29.9 (CHMe,), 28.7 (CHMe,), 28.2 (NCMe), 25.1, 24.9, 24.5 and
23.8 (CHMe). UV-vis (pentane), Amax, nm (&, M 'ecm™'): 364.9 (46700).

[CH{(CH3)CN-2,6-"Pr,C¢H;3},SnCl], [(BDIppp)SnCl], (32).°) n-BuLi in n-hexane
(2.04 mL of 2.37 M solution, 4.83 mmol) was added dropwise to (BDIppp)H (1) (2.00
g, 4.83 mmol) in THF (35 mL). The mixture was stirred for approximately 45 minutes
at room temperature. The resulting solution of lithium B-diketiminate was quickly added
to a THF (10 mL) slurry of SnCl, (0.92 g, 4.83 mmol). The mixture was stirred at room
temperature for 20 h. The mixture was filtered via a cannula and the volatiles were
removed under vacuum from the filtrate. The crude solid was washed with pentane (3 X
10 mL) to give [(BDIpwpp)SnCl] (32) as a pale yellow solid. Yield: 1.79 g, 56%. [lit.
73%].1°1 TH NMR (399.50 MHz, C¢Ds, 303 K): 8 7.18 (dd, J = 8.0, 2.0 Hz, 2H, m-H),
7.14 (t, J = 7.6 Hz, 2H, p-H), 7.06 (dd, J = 7.6, 2.0 Hz, 2H, m-H), 5.08 (s, 1H, y-CH),
3.96 (septet, J = 6.8 Hz, 2H, CHMe,), 3.13 (septet, J = 6.8 Hz, 2H, CHMe,), 1.64 (s,
6H, NCMe), 1.45 (d, J = 6.4 Hz, 6H, CHMe»), 1.23 (d, J = 6.8 Hz, 6H, CHMe;), 1.20
(d, J = 6.8 Hz, 6H, CHMe,), 1.07 (d, J = 6.8 Hz, 6H, CHMe,). [lit. '"H NMR (200.1
MHz, C¢Dg, 298 K): 6 7.06 (m, 6H), 5.05 (s, 1H), 3.85-3.98 (septet, 2H), 3.00-3.20
(septet, 2H), 1.61 (s, 6H), 1.42 (d, 6H), 1.19 (d, 6H), 1.16 (d, 6H), 1.03 (d, 6H)].[*"]
BC{'H} NMR (100.46 MHz, C¢Ds, 303 K): 6 166.1 (NCMe), 146.6 (ipso-C), 143.3 (o-
0), 141.8 (0-C), 127.9 (p-C), 125.8 (m-C), 124.4 (m-C), 101.2 (y-CH), 29.6 (Jcsn = 20
Hz, CHMe»), 28.4 (CHMe,), 28.3 (CHMe,), 25.2 (Jcsn = 13 Hz, CHMey), 25.0, 24.4
(CHMey), 24.3 (CHMes). UV-vis (pentane), Amax, nm (&, M'cm ™) 366.9 (19600).

[CH{(CH3)CN-2,6-"Pr,C¢H3},GeP(C¢Hs)], [(BDIpipp)GePPhy], (33).°*! A toluene
(15 mL) solution of [(BDIppp)GeCl] (31) (0.25 g, 0.48 mmol) was added to solid
LiPPh;, (0.09 g, 0.48 mmol). The mixture was stirred at room temperature for 30 h. The
deep purple solution was filtered through a pad of Celite. The solvent was evaporated
under vacuum from the filtrate. The deep purple solid was crystallised from a minimum
amount of n-hexane at —30 °C. Indigo coloured crystals of [(BDIppp)GePPh,] (33) were
obtained. Yield: 0.27 g, 83%. [lit. 71%].*°* "H NMR (399.50 MHz, C¢Ds, 303 K): 8



277

6.96-7.03 (m, 8H, P-Ph), 6.85 (dd, J=9.2, 1.6 Hz, 2H, m-H), 6.82 (d, J = 6.4 Hz, 2H,
p-H), 6.79 (dd, Jun = 7.2 Hz, Jup = 0.8 Hz, 2H, m-H), 4.75 (s, 1H, y-CH), 4.15 (d-septet,
Jun = 6.8, Jup = 0.8 Hz, 2H, CHMe,), 3.24 (septet, J = 6.8 Hz, 2H, CHMe,), 1.70 (d, J =
6.8 Hz, 6H, CHMe,), 1.45 (s, 6H, NCMe), 1.21 (d, J= 6.8 Hz, 6H, CHMe,), 1.08 (d, J =
6.8 Hz, 6H, CHMes), 0.99 (d, J = 6.8 Hz, 6H, CHMe,). [lit. "H NMR (500.13 MHz,
CeDe): 6 6.75-7.02 (m), 4.73 (s, 1H), 4.14 (s, 1H), 4.14 (m, 2H), 3.23 (septet, J = 7.0
Hz, 2H), 1.69 (d, J= 7.0 Hz, 6H), 1.44 (s, 6H), 1.20 (d, J= 7.0 Hz, 6H), 1.07 (d, J= 7.0
Hz, 6H), 0.98 (d, J = 7.0 Hz, 6H)].”*® BC{'H} NMR (100.46 MHz, C¢Ds, 303 K): 8
167.4 (NCMe), 145.7 (0-C), 143.9 (0-C), 142.0 (ipso-C), 141.6 (P-ipso-C), 141.3 (P-
Ph), 136.2 (p-C), 136.0 (P-Ph), 128.2 (m-C), 127.7 (P-Ph), 126.4 (P-Ph), 125.6 (m-C),
124.9 (P-Ph), 97.7 (y-CH), 29.7 (d, Jop = 9 Hz, CHMe,), 29.1 (CHMe,), 25.9, 25.6,
25.2 (CHMey), 24.8 (d, Jop = 9 Hz, CHMey), 23.3 (NCMe). [lit. C{'H} NMR (126
MHz, CsDs): 0 166.42, 144.98, 143.16, 141.25, 140.75 (d, Jep = 27.9 Hz), 135.38 (d,
Jer = 16.9 Hz), 134.50 (d, Jep = 13.0 Hz), 134.40 (d, Jep = 12.8 Hz), 127.00, 125.70,
124.92, 124.22, 96.97, 29.00, 28.93, 28.40, 25.18, 24.90, 24.46, 24.07, 23.99,
22.58].°81 3'p'H} NMR (161.72 MHz, C¢De, 303 K): & —36.0. [lit. >'P NMR (202
MHz, C¢Dg): 6 —14.911.2% IR (Nujol, viem™): 1557 (s), 1515 (s), 1320 (s), 1257 (s),
1177 (s), 1020 (s), 793 (s), 738 (s). [lit. IR (Nujol, v/em™"): 2668.8, 1555.19, 1513.4,
1319.14, 1257.2, 1174.6, 1096.81, 1058.43, 1017.62, 965.87, 933.92, 853.24, 792.56,
758.11, 736.9, 694.79, 519.4, 498.68, 475.86, 445.02].°%1 UV-vis (pentane), Amax, nm
(e, M'em™): 259.1 (15200), 342.0 (12600). EI-MS: m/z (%) 676 (22, [M+1]), 471, 418
(10, [M—GePPh,]). Anal. Caled. for C4Hs;GeNoP (675.47): C, 72.90; H, 7.61; N,
4.15%. Found: C, 73.02; H, 7.62; N, 4.03%. [lit. Anal. Calcd. for C4Hs;GeN,P
(675.47): C, 72.90; H, 7.61; N, 4.15%. Found: C, 71.81; H, 7.56; N, 4.19%].1°*!

[CH{(CH3)CN-2,6-"Pr,CsH3},SnP(C4Hs),], [(BDIpipp)SnPPh;], (34). [(BDIppp)SnCl]
(32) (0.30 g, 0.52 mmol) in toluene (15 mL) was added to solid LiPPh, (0.10 g, 0.52
mmol). The mixture was stirred at room temperature for 18 h. The purple solution was
filtered through a pad of Celite and the volatiles were removed under vacuum from the
filtrate. The red-purple solid residue was washed with cold n-hexane (5 mL), and
dissolved in a minimum amount of n-hexane, then cooled to —30 °C to give red-purple
crystals of [(BDIpwpp)SnPPhy] (34). Yield: 0.28 g, 75%. M.p.: 95-110 °C (decomp.). 'H
NMR (399.50 MHz, C¢Ds, 303 K): 6 7.13 (dd, J = 7.6, 1.2 Hz, 2H, m-H), 7.06 (t, J =
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7.6 Hz, 2H, p-H), 6.93 (dd, J = 7.6, 1.2 Hz, 2H, m-H), 6.72—6.86 (m, 10H, P-Ph), 4.71
(s, 1H, y-CH), 4.08 (d-septet, Juu = 6.8, Jup = 1.2 Hz, 2H, CHMe,), 3.16 (septet, J = 6.8
Hz, 2H, CHMe,), 1.67 (d, J = 7.2, 6H, CHMe,), 1.52 (s, 6H, NCMe), 1.23 (d, J = 7.2
Hz, 6H, CHMe;), 1.11 (d, J = 6.8, 6H, CHMe,), 0.96 (d, J = 6.8 Hz, 6H, CHMe,).
BC{'H} NMR (100.46 MHz, C¢Ds, 303 K): 8 167.9 (NCMe), 144.8 (ipso-CsHs), 143.9
(0-CsH3), 143.2 (0-CeH3), 141.5 (d, Jpc = 32 Hz, C¢Hs), 135.1 (d, Jec = 15 Hz, CeHs),
128.4 (d, Jpc = 6Hz, C¢Hs), 127.0 (o- / m-CsHs), 125.8 (CsHs), 125.2, 124.9 (o- / m-
CsH3), 97.6 (y-CH), 29.5 (d, Jcp = 6 Hz, CHMe,), 28.8 (Jesa = 36 Hz, CHMe,), 26.6
(Josn = 43 Hz, CHMey), 25.6, 25.0 (CHMe,), 24.7 (d, Jop = 9 Hz, CHMe,), 23.8
(NCMe).*'P{'"H} NMR (161.72 MHz, C¢Ds, 303 K): 6 —30.8 (Jp1%, = 978 Hz, Jp!lls, =
937 Hz). '"’Sn NMR (148.96 MHz, C¢Ds, 303 K): 8 126 (d, Jsap = 966 Hz). IR (Nujol,
viem ™ ): 1578 (s), 1555 (s), 1516 (b), 1318 (s), 1266 (s), 1174 (s), 1099 (s), 1019 (s),
935 (s). UV-vis (pentane) Ama, nm (&, M 'ecm™"): 283.9 (14900), 354.0 (13700). Anal.
Calcd. for C4HsN,PSn (721.54): C, 68.25; H, 7.12; N, 3.88%. Found: C, 68.37; H,
7.05; N, 3.79%.

[CH{(CH3)CN-2,6-"Pr,CsH3}2PbP(CsHs)a], [(BDIppp)PbPPh;], (35). A toluene (15
mL) solution of [(BDIpwpp)PbCl] (2) (0.25 g, 0.38 mmol) was added to solid LiPPh,
(0.07 g, 0.38 mmol). The mixture was stirred at room temperature for 10 h. The deep-
red mixture was filtered through a pad of Celite and the volatiles were removed under
vacuum from the filtrate. The red solid residue was dissolved in a minimum amount of
n-hexane and cooled to —30 °C to give needle-like red crystals of [(BDIppp)PbPPh;]
(35). Yield: 0.19 g, 61%. M.p.: 265-266 °C (decomp.). 'H NMR (399.50 MHz, C¢Ds,
303 K): 6 7.21 (d, J = 7.6 Hz, 2H, m-H), 7.05 (t, /= 7.6 Hz, 2H, p-H), 6.96 (d, J = 7.6
Hz, 2H, m-H), 6.86 (t, /= 7.2 Hz, 4H, P-0-H), 6.75 (t, /= 7.2 Hz, 2H, P-p-H), 6.53 (t, J
= 6.8 Hz, 4H, P-m-H), 4.59 (s, 1H, y-CH), 4.04 (septet, J = 6.8 Hz, 2H, CHMe), 3.06
(septet, J = 6.8 Hz, 2H, CHMe,), 1.69 (d, J = 6.8 Hz, 6H, CHMe), 1.64 (s, 6H, NCMe),
1.29 (d, J = 6.8, 6H, CHMe), 1.13 (d, J = 6.8 Hz, 6H, CHMe>), 0.86 (d, J = 6.8 Hz, 6H,
CHMe,). *C{'H} NMR (100.46 MHz, C¢Ds, 303 K): 6 166.3 (NCMe), 144.9 (ipso-
CsH3), 143.9 (0-CeH3), 143.4 (0-C¢Hs), 142.8 (d, Jcp = 38 Hz, C¢Hs), 135.7 (d, Jep = 16
Hz, CsHs), 126.5 (0- / m-C¢Hs), 126.4 (C¢Hs), 124.8, 124.6 (o- / m-Ce¢H3), 98.9 (y-CH),
29.4 (d, Jep = 5 Hz, CHMe,), 28.3 (Jepy = 37 Hz, CHMe»), 26.9 (CHMe»), 25.5 (d, Jep =
4 Hz, CHMe»), 25.4, 25.0 (CHMe,), 24.3 (NCMe). *'P{'H} NMR (161.72 MHz, C¢Ds,
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303 K): 6 7.3 (Jppy = 1130 Hz). *’Pb NMR (83.83 MHz, C¢D, 303 K): 6 3011 (d, Jpop
= 1138 Hz). IR (Nujol, v/em™): 1552 (s), 1513 (s), 1317 (s), 1173 (s), 1018 (s), 934 (s),
793 (s). UV-vis (pentane), Ama, nm (¢, M _'ecm "): 259.1 (18600), 312.0 (17700). Anal.
Calcd. for C41Hs1N,PPb (810.03): C, 60.79; H, 6.35; N, 3.46%. Found: C, 60.92; H,
6.51; N, 3.38%.

[CH{(CH3)CN-2,6-"Pr,CsH3},GeP(CsH 1)1, [(BDIpipp)GePCys], (36).
[(BDIppp)GeCl] (31) (0.31 g, 0.59 mmol) in diethyl ether (15 mL) was added to a
suspension of LiPCy;, (0.12 g, 0.59 mmol) in diethyl ether (5 mL). The mixture was
stirred rapidly at room temperature for 40 h, after which the mixture was filtered
through a pad of Celite. The volatiles were removed under vacuum from the filtrate, to
leave a purple crude solid, which recrystallised from a minimum amount of n-hexane at
=30 °C to give purple crystals of [(BDIppp)GePCy,] (36). Yield: 0.38 g, 92%. M.p.:
199-200 °C (decomp.). 'H NMR (399.50 MHz, C¢Ds, 303 K): 8 7.17 (d, J = 6.0 Hz,
2H, m-H), 7.11 (t, J = 7.6 Hz, 2H, p-H), 7.04 (d, J = 7.2 Hz, 2H, m-H), 4.73 (s, 1H, v-
CH), 4.08 (d-septet, Juyn = 6.8, Jup = 2.8 Hz, 2H, CHMe,), 3.44 (septet, J = 6.8 Hz, 2H
CHMe,), 1.88 (br, 4H, Cy-CH>), 1.68 (d, J = 6.8 Hz, 6H, CHMe,), 1.57 (br, 6H, Cy-
CH>), 1.53 (s, 6H, NCMe), 1.37 (d, J = 6.8 Hz, 6H, CHMe,), 1.30 (br, 4H, Cy-CH,),
1.20 (d, J = 6.8 Hz, 6H, CHMe), 1.12 (d, J = 6.8 Hz, 6H, CHMe,), 0.94 (br, 7H, Cy-
CH>), 0.47 (br t, Jup = 12.8 Hz, 2H, Cy-CH). "C{'H} NMR (100.46 MHz, C¢Ds, 303
K): 6 167.5 (NCMe), 146.2 (ipso-C), 144.8 (0-C), 142.1 (0-C), 127.5 (p-C), 125.5 (m-
0), 125.0 (m-C), 96.6 (y-CH), 36.1 (Cy-CH>), 35.5 (d, Jcp = 29 Hz, Cy-CH), 29.5 (d,
Jepr = 10 Hz, CHMe»), 29.2 (CHMe,), 29.1, 28.8, 27.2 (Cy-CH,), 26.3, 25.6, 25.5
(CHMey), 24.9 (d, Jep = 11 Hz, CHMe;), 23.4 (NCMe). *'P{'H} NMR (161.72 MHz,
CDs, 303 K): 6 —14.1. IR (Nujol, vem™"): 1557 (s), 1519 (s), 1320 (s), 1171 (s), 1019
(s), 794 (s). UV-vis (pentane) Amax, nm (¢, M 'em'): 280.9 (17100), 352.0 (8870). EI-
MS: m/z (%) 688 (18, M"), 492 (100, [M—PCy,]", 419 (10, [M—GePCy,]"). Anal. Calcd.
for C41Hg3GeNyP (687.57): C, 71.62;H, 9.24;N, 4.07%. Found: C, 71.71;H, 9.21;N,
3.88%.

[CH{(CH3)CN-2,6-Pr2C¢H3}2SnP(CsHinl, [(BDIpipp)SnPCyn], 37).
[(BDIppp)SnCl] (32) (0.38 g, 0.66 mmol) was added to a toluene suspension (15 mL) of
LiPCy; (0.14 g, 0.66 mmol). The mixture was stirred at room temperature for 24 h, then
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filtered through a pad of Celite, and the volatiles were removed under vacuum from the
filtrate. The deep purple solid residue was washed with cold toluene (3 mL) and was
recrystallised from a minimum amount of toluene at —30 °C. Yield: 0.42 g, 87%. M.p.:
205-207 °C (decomp.). 'H NMR (399.50 MHz, C¢Ds, 303 K): 6 7.17 (dd, J = 7.6, 1.6
Hz, 2H, m-H), 7.08 (t, J = 7.6 Hz, 2H, p-H), 7.02 (dd, J = 7.6, 1.6 Hz, 2H, m-H), 4.72
(s, 1H, y-CH), 3.99 (d-septet, Juu = 6.8, Jup = 1.6 Hz, 2H, CHMe,), 3.32 (septet, J = 6.8
Hz, 2H, CHMe,), 1.67 (d, J = 6.8 Hz, 6H, CHMe,), 1.59 (s, 6H, NCMe), 1.54 (br, 6H,
Cy-CH>), 1.31 (d, J = 6.8 Hz, 6H, CHMe,), 1.21 (d, J = 6.8 Hz, 6H, CHMe»), 1.15 (d, J
= 6.8 Hz, 6H, CHMe>), 1.00 (br, 9H, Cy-CH & Cy-CH,). “C{'H} NMR (100.46 MHz,
CeDs, 303 K): 6 168.3 (NCMe), 144.7 (ipso-C), 144.4 (0-C), 143.5 (0-C), 127.0 (m-C),
125.2 (p-C), 125.1 (m-C), 97.0 (y-CH), 36.3 (Cy-CH,), 33.1 (d, 'Jcp = 28 Hz, Cy-CH),
29.4 (d, Jcp = 7 Hz, CHMe,), 28.8 (br, Cy-CH,), 28.4 (CHMe»), 26.9 (Cy-CH>), 26.7,
25.7, 25.3 (CHMe,), 25.1 (d, Jep = 10 Hz, CHMe,), 23.9 (NCMe). *'P{'H} NMR
(161.72 MHz, C¢Ds, 303 K): 6 —15.4 (Jpsn = 953 Hz). '”Sn NMR (148.96 MHz, C¢Ds,
303 K): 6358 (d, Jpsn = 964 Hz). IR (Nujol, v/em™'): 1553 (s), 1518 (s), 1319 (s), 1174
(s), 1019 (s), 764 (s), 751 (s), 516 (s). UV-vis (pentane) Ama, nm (&, M 'cm '): 284.0
(19400), 365.0 (10900). Anal. Calcd. for C41HgsN2PSn (733.64): C, 67.12; H, 8.66; N,
3.82%. Found: C, 67.03; H, 8.60; N, 3.75%.

[CH{(CH3)CN-2,6-"Pr,CsH3},PbP(CeH1)], [(BDIpipp)PbPClys], (38).
[(BDIppp)PbCI] (2) (0.50 g, 0.79 mmol) in toluene (20 mL) was added to a toluene (10
mL) suspension of LiPCy, (0.16 g, 0.79 mmol). The mixture was stirred at room
temperature for 24 h. The deep red mixture was filtered through a pad of Celite and the
volatiles were removed from the filtrate under vacuum. The deep red solid residue was
crystallised from a minimum amount of toluene at —30°C. Yield: 0.59 g, 95%. M.p.:
154155 °C (decomp.). 'H NMR (399.50 MHz, C¢Ds, 303 K): 6 7.21 (dd, J = 7.6, 1.6
Hz, 2H, m-H), 7.05 (t, J = 7.6 Hz, 2H, p-H), 7.02 (dd, J = 7.6, 1.6 Hz, 2H, m-H), 4.61
(s, 1H, y-CH), 3.95 (d-septet, Juu = 6.8, Jup = 0.8 Hz, 2H, CHMe,), 3.25 (septet, J = 6.8
Hz, 2H, CHMe,), 1.73 (s, 6H, NCMe), 1.68 (d, J = 6.8 Hz, 6H, CHMe,), 1.62 (br, 6H,
Cy-CH, Cy-CH>), 1.26 (d, J = 7.2 Hz, 6H, CHMe»), 1.23 (d, J = 6.8 Hz, 6H, CHMe;),
1.18 (d, J = 6.8 Hz, 6H, CHMe;), 1.00 (br, 6H, Cy-CH,). “C{'H} NMR (100.46 MHz,
CeDs, 303 K): 8 166.8 (NCMe), 145.1 (ipso-C), 144.4 (0-C), 143.5 (0-C), 126.4 (p-C),
124.9 (m-C), 124.6 (m-C), 98.1 (y-CH), 39.3 (br, Cy-CH,), 34.4 (d, 'Jcp = 34 Hz, Cy-
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CH), 29.2 (d, Jep = 6 Hz, CHMe,), 28.7 (br, Cy-CH,), 28.3 (CHMe,), 26.9 (CHMe,),
26.8 (Cy-CH,), 25.8 (d, Jep = 11 Hz, CHMey), 25.5, 25.3 (CHMes), 24.1 (NCMe).
JP{'H} NMR (161.72 MHz, C¢Ds, 303 K): 626.9 (Jop, = 1103 Hz). **’Pb NMR (83.83
MHz, C¢Ds, 303 K): 63981 (d, Jerp = 1074 Hz). IR (Nujol, v/em™"): 1556 (s), 1515 (s),
1319 (s), 1172 (s), 935 (s), 789 (s). UV-vis (pentane) Amax, nm (¢, M 'em'): 280.9
(17100), 352.0 (8870). Anal. Calcd. for C4/Hs;NoPPb (822.13): C, 59.90; H, 7.72; N,
3.41%. Found: C, 60.01; H, 7.59; N, 3.29%.

[CH{(CH3)CN-2,6-"Pr,C¢H3},GeP(Si(CHs)3)], [(BDIppp)GeP(SiMes),], (40).["*%
[(BDIppp)GeCl] (31) (0.30 g, 0.57 mmol) in diethyl ether (15 mL) was added slowly to
a diethyl ether (5 mL) solution of [LiP(SiMes),] (0.11 g, 0.57 mmol). The mixture was
stirred at room temperature for 20 h. The deep orange mixture was filtered through a
pad of Celite. The volatiles were removed from the filtrate in vacuo, leaving an orange
solid that was crystallised from n-hexane at —30 °C to give bright yellow crystals of
[(BDIppp)GeP(SiMes),] (40). Yield: 0.28 g, 73 %. [lit. 91%]."**) '"H NMR (499.91
MHz, C¢Ds, 303 K): 6 7.22 (dd, J = 8.0, 1.5 Hz, 2H, m-H), 7.16 (t, J = 8.0 Hz, 2H, p-
H), 7.09 (dd, J = 7.5, 1.5 Hz, 2H, m-H), 5.06 (s, 1H, y-CH), 3.90 (d-septet, Jun = 6.5,
Jur = 1.5 Hz, 2H, CHMe»), 3.40 (septet, J = 6.5 Hz, 2H, CHMe), 1.59 (s, 6H, NCMe),
1.53 (d, J= 6.5 Hz, 6H, CHMe;), 1.30 (d, J = 7.0 Hz, 6H, CHMe), 1.29 (d, J = 7.0 Hz,
6H, CHMey), 1.08 (d, J = 6.5 Hz, 6H, CHMe,), 0.44 (d, Jup = 5.0 Hz, 6H, SiMe3). [lit.:
'H NMR (200.13 MHz, C¢Ds, 298 K): § 7.05-7.24 (m, br, 6H), 5.04 (s, 1H), 3.89 (d-
septet, Jun = 6.8 Hz, Jpu = 1.7 Hz, 2H), 3.39 (septet, J = 6.8 Hz, 2H), 1.58 (s, 6H), 1.52
(d, J=6.8 Hz, 6H), 1.29 (d, J = 6.8 Hz, 6H), 1.27 (d, J = 6.8 Hz, 6H), 1.07 (d, J = 6.8
Hz, 6H), 0.43 (d, Jou = 4.6 Hz, 18H)].1"** *C{'H} NMR (125.71 MHz, C¢Ds, 303 K): 8
166.7 (NCMe), 147.7 (ipso-C), 144.7 (0-C), 141.7 (0-C), 128.0 (p-C), 125.9 (m-C),
124.8 (m-C), 101.9 (y-CH), 29.7 (d, Jcp = 5 Hz, CHMey), 29.5 (CHMe,), 28.6 (d, Jcp =
5 Hz, CHMe»), 25.6, 25.3, 25.1 (CHMe»), 24.5 (NCMe), 6.0 (d, Jcp = 10 Hz, SiMes).
[lit.: PC{'H} NMR (50.32 MHz, C¢Ds, 298 K): 6 166.3, 124.4, 125.5, 141.2, 144.3,
147.2, 101.4, 29.4, 28.2 (d, Jcpr = 5 Hz), 24.7, 24.9, 25.2, 29.3, 24.1, 5.5 (d, Jcp = 10
Hz)].1PY *'P{'"H} NMR (161.72 MHz, C¢Ds, 303 K): 8 —192.8 (Jpsi = 16 Hz). [lit.:
JP{'H} NMR (161.97 MHz, C¢Ds, 303 K): 6 —192.7].1°* #°Si{'H} NMR (79.37 MHz,
toluene-ds, 303K): 5 1.8 (d, Jsip = 17 Hz). [lit.: *’Si{'H} NMR (79.49 MHz, C¢Ds, 298
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K): 6 2.0 (d, Jsip = 17.1 Hz)]."** UV-vis (pentane) Ama, nm (¢, M 'cm'): 259.0
(16500), 311.0 (4800), 370.9 (7700).

[CH{(CH3)CN-2,6-"Pr,CsH3},SnP(Si(CHs)3),], [(BDIpipp)SnP(SiMe3),], (41).
[(BDIppp)SnCl] (32) (0.44 g, 0.76 mmol) in toluene (20 mL) was added directly to
solid [LiP(SiMes),] (0.14 g, 0.76 mmol). The mixture was stirred at room temperature
for 24 h, then filtered through a pad of Celite. Volatiles were removed from the filtrate
under vacuum to give a yellow solid that was recrystallised from pentane at —30°C to
give yellow crystals of [(BDIppp)SnP(SiMes),] (41). Yield: 0.50 g, 93%. M.p.: 192-194
°C (decomp.). '"H NMR (399.50 MHz, C¢Ds, 303 K): §7.22 (dd, J=7.7, 1.6 Hz, 2H, m-
H), 7.16 (t, J = 7.6 Hz, 2H, p-H), 7.09 (dd, J = 7.6, 1.6 Hz, 2H, m-H), 4.95 (s, 1H, v-
CH), 3.98 (d-septet, Jun = 6.8, Jup = 1.6 Hz, 2H, CHMe:), 3.38 (septet, J = 6.8 Hz, 2H,
CHMe»), 1.61 (s, 6H, NCMe), 1.48 (d, J = 6.8 Hz, 6H, CHMe,), 1.32 (d, J = 6.8 Hz, 6H,
CHMe,), 1.28 (d, Jup = 7.2 Hz, 6H, CHMe»), 1.12 (d, J = 6.8 Hz, 6H, CHMe,), 0.46 (d,
J=4.4 Hz, 18H, SiMe;). "C{'H} NMR (100.46 MHz, C¢Ds, 303 K): 6 167.4 (NCMe),
146.7 (ipso-C), 143.9 (0-C), 143.0 (0-C), 127.5 (p-C), 125.8 (m-C), 124.6 (m-C), 101.5
(y-CH), 29.9 (d, Jcp = 4 Hz, CHMe,), 29.6 (Jcsa = 21 Hz, CHMey), 28.2 (d, Jcp = 5 Hz,
CHMe,), 25.5, 25.4, 25.0 (CHMey), 24.9 (NCMe), 6.4 (d, Jcp = 11, Jcsi = 39, Jesn = 60
Hz, SiMes). *'P{'H} NMR (161.72 MHz, C¢Ds, 303 K): 6 —183.5 (Jpsi = 16 Hz, Jp!%, =
2436 Hz, Jy\s, = 2327 Hz). *’Si{'H} NMR (79.37 MHz, C¢Ds, 303 K): 6 4.0 (d, Jsip =
18 Hz). '"’Sn NMR (148.96 MHz, CsDs, 303 K): 8 39 (d, J"%,p = 2421 Hz). IR (Nujol,
viem ™ ): 1551 (s), 1521 (s), 1314 (s), 1239 (s), 1168 (s), 1020 (s), 935 (s), 831 (b), 795
(s), 757 (s), 628 (s). UV-vis (pentane) Ama, nm (¢, M 'em '): 231.0 (34500), 373.1
(13000). MS m/z (EI): 713, 537, 403, 202, 160, 73, 46. Anal. Calcd. for C3sHsoN,PSi,Sn
(713.71): C, 58.90; H, 8.33; N, 3.93%. Found: C, 58.94; H, 8.28; N, 3.88%.

[CH{(CH3)CN-2,6-"Pr,C¢H3},PbP(Si(CH3)3)2], [(BDIppp)PbP(SiMes),], (42).'%!
[(BDIppp)PbCl] (2) (0.24 g, 0.37 mmol) in toluene (20 mL) was added directly to solid
[LiP(SiMe3)2] (0.07 g, 0.37 mmol). The mixture was stirred at room temperature for 4
h, then filtered through a pad of Celite. The volatiles were evaporated from the filtrate
under vacuum, and the orange solid residue was dissolved in a minimum amount of #n-
hexane for crystallisation at —30°C. Yield: 0.27 g, 91%. [lit. 79%].l""*) "H NMR (499.91
MHz, C¢Ds, 303 K): 6 7.22 (dd, J = 7.5, 2.0 Hz, 2H, m-H), 7.12 (t, J = 7.5 Hz, 2H, p-
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H), 7.09 (dd, J = 7.5, 2.0 Hz, 2H, m-H), 4.75 (s, 1H, y-CH), 3.92 (d-septet, Jun = 6.5,
Jup = 1.0 Hz, 2H, CHMe,), 3.29 (septet, J = 6.5 Hz, 2H, CHMe,), 1.64 (s, 6H, NCMe),
1.52 (d, J = 6.5 Hz, 6H, CHMe;), 1.31 (d, J = 7.0 Hz, 6H, CHMe;), 1.26 (d, J = 6.5 Hz,
6H, CHMe,), 1.16 (d, J = 7.0 Hz, 6H, CHMe,), 0.30 (d, J = 4.0 Hz, 18H, SiMes). [lit. 'H
NMR (200.13 MHz, C¢Ds, 298 K): 6 6.98-7.18 (m, 6H), 4.70 (s, 1H), 3.86 (septet, J =
6.8 Hz, 2H), 3.23 (septet, J = 6.9 Hz, 2H), 1.58 (s, 6H), 1.47 (d, J = 6.7 Hz, 6H), 1.25
(d, J= 6.9 Hz, 6H), 1.20, (d, J = 6.9 Hz, 6H), 1.10 (d, J = 6.8 Hz, 6H), 0.25 (d, J = 4.2
Hz, 18H)].1'%! BC{'H} NMR (100.46 MHz, CsDs, 303 K): 0 166.2 (NCMe), 145.5
(ipso-C), 144.7 (0-C), 143.6 (0-C), 127.0 (m-H), 125.6 (m-H), 124.4 (p-H), 103.0 (y-
CH), 29.0 (CHMe,), 28.4 (d, Jcp = 6 Hz, CHMe,), 28.2 (d, Jcp = 5 Hz, CHMe,), 26.1,
25.2, 25.1 (CHMey), 25.0 (NCMe), 7.5 (d, Jep = 10 Hz, SiMes). [lit. *C NMR (50.32
MHz, C¢Ds, 298 K): 8 165.3, 144.6, 143.9, 142.8, 126.2, 124.8, 123.6, 102.2, 28.2,
27.7,27.6,27.5, 27.4, 252, 24.3, 24.2, 6.6 (d, J = 10 Hz)].'" *'P{'H} NMR (161.72
MHz, C¢Ds, 303 K): 6 —116.0 (Jopp = 2874 Hz) [lit. >'P{'H} NMR (79.49 MHz, C¢Ds,
298 K): 0 —117 (Jepp = 2852 Hz)].'*1 #°Si{'"H} NMR (79.37 MHz, C¢Ds, 303 K): 7.2
(d, Jsip = 36 Hz). [lit. ’Si{'H} NMR (79.49 MHz, C¢Ds, 298 K): 6 7.4 (d, Jos; = 36
Hz)].'"! UV-vis (pentane) Amax, nm (¢, M 'cm '): 382.0 (7900).

[CH{(CH3)CN-2,6-Me;CH3},PbP(Si(CH3)3)2], [(BDIpmp)PbP(SiMes),],  (43).
[(BDIpMmp)PbCI] (24) (0.20 g 0.36 mmol) in toluene (10 mL) was added to a toluene (5
mL) slurry of [LiP(SiMes);] (0.07 g, 0.36 mmol). The mixture was stirred at room
temperature for 3 h and filtered through a pad of Celite. The filtrate was concentrated
and stored at —30 °C. Deep red solids of [(BDIpmp)PbP(SiMes),] (43) were obtained.
Yield: 0.21 g, 82%. 'H NMR (599.69 MHz, C¢Ds, 298 K): 8 7.00 (d, J = 4.8 Hz, 2H, m-
H), 6.95 (d, J = 6.6 Hz, 2H, p-H), 6.90 (d, J = 7.2 Hz, 2H, m-H), 4.78 (s, 1H, y-CH),
2.60 (s, 6H, NCMe), 2.21 (s, 6H, 0-CH3), 1.61 (s, 6H, 0-CH3), 0.36 (d, Jup = 3.6 Hz,
18H, SiMes). *'P{'"H} NMR (242.72 MHz, C¢Ds, 298 K): 6 —123.6 (Josi = 44, Jopp =
2317 Hz).

[CH{(CH3)CN-4-"PrC¢H,},PbP(Si(CHz)3)2], [(BDIpp)PbP(SiMes)], (44). A cold
suspension of [(BDIpp)PbCI] (23) (0.20 g, 0.35 mmol) in toluene (5 mL) was added
rapidly to solid [LiP(SiMes),] (0.06 g, 0.35 mmol) and stirred vigorously for 45

minutes. The mixture was filtered quickly through a pad of Celite. The filtrate was
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concentrated and kept at =30 °C. Deep red solids of [(BDIpp)PbP(SiMes),] (44) were
obtained. Yield: 0.16 g, 66%. '"H NMR (399.50 MHz, C¢De, 303 K): 6 7.15-7.16 (m,
4H, m-H), 7.06 (d, J = 9.0 Hz, 4H, o-H), 4.80 (s, 1H, y-CH), 2.66 (septet, J = 6.6 Hz,
2H, CHMe,), 1.90 (s, 6H, NCMe), 1.09 (d, J = 6.6 Hz, 12H, CHMe>), 0.51 (d, Jup = 3.6
Hz, 18H, SiMes). *'P{'H} NMR (242.72 MHz, C¢Ds, 303 K): 6 —139.9 (Jps; = 44 Hz,
Jepb = 2061 Hz).

[CH{(CH3)CNC¢Hs},PbP(Si(CH3)3)2], [(BDIpy)PbP(SiMes):], (45). A suspension of
[(BDIpp)PbCI] (22) (0.13 g, 0.26 mmol) in toluene (10 mL) was added slowly to solid
[LiP(SiMes)2] (0.05 g, 0.26 mmol). The mixture was stirred vigorously for 40 minutes
and was filtered rapidly through a pad of Celite. The filtrate was concentrated and
stored at —30 °C. Deep red solids of [(BDIp,)PbP(SiMes),] (45) were obtained. Yield:
0.10 g, 59%. 'H NMR (399.50 MHz, toluene-ds, 303 K): & 7.10 (br, 8H, Ar-H), 6.89
(br, 2H, Ar-H), 4.75 (s, 1H, y-CH), 1.84 (s, 6H, NCMe), 0.44 (d, Jup = 4.0 Hz, 18H,
SiMes). “C{'H} NMR (100.46 MHz, toluene-ds, 303 K): 8 164.3 (NCMe), 148.9 (ipso-
C), 137.4 (0-C), 129.4 (0-C), 125.3 (m-C), 125.1 (m-C), 124.9 (p-C), 104.4 (y-CH), 23.7
(NCMe), 6.9 (d, Jep = 10 Hz, SiMes). *'P{'"H} NMR (161.72 MHz, toluene-ds, 303 K):
8 —137.3 (Jpsi = 44 Hz, Jpp, = 2060 Hz). *Si{'H} NMR (79.37 MHz, toluene-ds, 303
K): 8 5.1 (d, Jsip = 44 Hz). **’Pb NMR (83.83 MHz, toluene-ds, 303 K): 2905 (d, Jpup
=2051 Hz).

Reaction of [(BDIppp)SnPCy;] (37) with elemental selenium in an NMR tube.
[(BDIpipp)SnPCy;] (37) (0.03 g, 0.04 mmol) was added to elemental selenium (3.23 mg,
0.04 mmol) in C¢Ds (~ 0.5 mL). The reaction was monitored by *'P{'H} NMR
spectroscopy. After 12 h, the spectrum showed two resonances at dp 35.6 and 58.7 ppm,
assigned to [(BDIppp)SnSePCy:] (46) and [(BDIpwpp)SnSeP(Se)Cyz] (49), respectively,
in addition to the resonance at Jp —15.4 ppm, assigned to [(BDIppp)SnPCyz] (37).
Additional elemental selenium (4.85 mg, 0.06 mmol) was added. A spectrum recorded
after a further 12 h showed the relative intensity of the resonance at dp 35.6 ppm for 46
diminished, and the relative intensity of the resonance at dp 58.7 ppm for 49 increases.
Additional [(BDIppp)SnPCy2] (37) (0.03 g, 0.04 mmol) was added to the mixture. A
spectrum was recorded after 12 h, showing the relative intensity of the resonance at dp

58.7 ppm for 49 decreased, and the relative intensity of the resonance at dp 35.6 ppm
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increased. An additional resonance at dp —15.4 ppm, assigned to [(BDIpwpp)SnPCy;] (37)

was also obtained.

Reaction of [(BDIpipp)GePCy,] (36) with elemental selenium in an NMR tube.
[(BDIppp)GePCys] (36) (0.03 g, 0.04 mmol) was added to elemental selenium (17.2
mg, 0.20 mmol) in C¢Ds (~ 0.5 mL). The reaction was monitored by >'P{'H} NMR
spectroscopy. A spectrum recorded after 20 h showed three resonances at dp 63.7, 0.67
and —14.1 ppm, assigned to [(BDIppp)GeSeP(Se)Cyz] (48), [(BDIpwpr)Ge(Se)PCy,] (51)
and [(BDIppp)GePCy:] (36), respectively.

[CH{(CH3)CN-2,6-"Pr,CsH3},SnSeP(CsHj)),], [(BDIprpp)SnSePCly;], (46).
[(BDIpipp)SnPCy;] (37) (0.22 g, 0.30 mmol) in toluene (10mL) was added to elemental
selenium (0.02 g, 0.30 mmol). The mixture was stirred slowly at room temperature for
20 h, and monitored by NMR spectroscopy. It was filtered through a pad of Celite and
the volatiles were removed from the filtrate. The residue was washed with cold pentane
(3 x 5 mL) and the solid was dissolved in a minimum amount of toluene for
recrystallisation. Yellow crystals of [(BDIppp)SnSePCy;] (46) were obtained at —30 °C.
Yield: 0.12 g, 48%. M.p.: 182—184 °C. "H NMR (399.50 MHz, C4Ds, 303 K): 6 7.19 (d,
J=1.3 Hz, 2H, m-H), 7.12 (t, J = 7.6 Hz, 2H, p-H), 7.05 (d, J = 7.6 Hz, 2H, m-H), 4.70
(s, 1H, y-CH), 3.71 (septet, J = 6.8 Hz, 2H, CHMe,), 3.24 (septet, J = 6.8 Hz, 2H,
CHMe,), 1.66 (d, J = 6.8 Hz, 6H, CHMe,), 1.59 (s, 6H, NCMe), 1.46 (br, 2H, Cy-CH,),
1.36 (d, J= 6.8 Hz, 6H, CHMe;), 1.21 (d, J = 6.8 Hz, 6H, CHMe), 1.18 (d, J = 6.8 Hz,
6H, CHMe,), 1.10 (br, 6H, Cy-CH,), 0.84 (br, 2H, Cy-CH,). “C{'H} NMR (100.46
MHz, C¢Ds, 303 K): 6 166.8 (NCMe), 144.4 (ipso-C), 144.2 (0-C), 144.2 (0-C), 126.9
(p-C), 124.8 (m-C), 124.7 (m-C), 97.0 (y-CH), 35.4 (d, Jcp = 27 Hz, Cy-CH), 33.4, 31.9,
30.7, 30.5, 29.9 (Cy-CH»), 29.7, 29.0 (CHMe,), 28.3, 28.1, 28.0, 27.9, 27.8, 27.7 (Cy-
CH,), 27.3, 25.5, 25.2, 25.1 (CHMe,), 23.9 (NCMe). *'P{'H} NMR (161.72 MHz,
CsDs, 303 K): 0 35.6 (Jpse = 178 Hz, Jp1%, = 960 Hz, Jpl'%s, = 916 Hz). "’Se NMR

(76.19 MHz, C¢Ds, 303K): 0 =70 (d, Jsep = 179 Hz). '”Sn NMR (148.96 MHz, C¢Ds,
303 K): 660 (d, J1%p = 959 Hz). IR (Nujol, v/em '): 1551 (s), 1515 (s), 1316 (s), 1262
(s), 1173 (s), 1014 (s), 792 (s). UV-vis (pentane), Amax, nm, (g, M 'em ™ '): 366.1 (4180),
439.1 (3180). EI-MS (m/z): 812, 538, 417, 374, 202, 157, 115, 87, 59, 41. Anal. Calcd.
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for C41Hs3N,PSeSn (812.60): C, 60.60; H, 7.81; N, 3.44%. Found: C, 60.65; H, 7.93; N,
3.42%.

[CH{(CH3)CN-2,6-"Pr,CsH3},PbSeP(C¢Hi1)], [(BDIppp)PbSePCy;], (47).
[(BDIpipp)PbPCy>] (38) (0.15 g, 0.19 mmol) in toluene (10 mL) was added to elemental
selenium (0.01 g, 0.15 mmol) suspended in toluene (5 mL). The mixture was stirred
slowly at room temperature for 10 h, then filtered through a pad of Celite. Volatiles
were removed under vacuum from the filtrate and the residue was washed with cold
pentane (3 x 5 mL). The crude solid was dissolved in a minimum amount of toluene for
recrystallisation. Orange crystals of [(BDIppp)PbSePCy,] (47) were obtained at —30 °C.
Yield: 0.08 g, 47%. '"H NMR (399.50 MHz, C¢Ds, 303K): 0 7.22 (br, 2H, Ar-H), 7.05
(br, 4H, Ar-H), 4.60 (s, 1H, y-CH), 3.74 (septet, J = 6.4 Hz, 2H, CHMe,), 3.13 (septet, J
= 6.4 Hz, 2H, CHMe,), 1.66 (s, 6H, NCMe), 1.61 (br, 8H, Cy-CH), 1.44 (br, 2H, Cy-
CH>), 1.26 (d, J = 8.0 Hz, 12H, CHMe»), 1.18 (d, J = 6.8 Hz, 12H, CHMe), 1.10 (br,
6H, Cy-CH>), 0.85 (br, 2H, Cy-CH>). “C{'H} NMR (100.46 MHz, C¢Ds, 303K):
165.1 (NCMe), 144.1 (ipso-C), 143.1 (0-C), 142.9 (0-C), 124.7 (p-C), 124.1 (m-C),
123.9 (m-C), 98.9 (y-CH), 35.3 (d, J = 27 Hz, Cy-CH), 30.6, 30.1 (CHMe»), 29.0, 28.0,
27.9,27.8,27.2,25.4 (Cy-CH,), 25.2, 24.9, 24.0, 23.8 (CHMe,), 21.1 (NCMe). *'P{'H}
NMR (161.72 MHz, C¢Ds, 303 K): § 23.9 (Jpse = 192 Hz, Jpp, = 1469 Hz). 7’Se NMR
(76.19 MHz, C¢Ds, 303K): 0 —24 (d, Jsep = 192 Hz). **’Pb NMR (83.83 MHz, C¢Ds,
303K): 6 2596 (d, Jppp = 1477 Hz).

[CH{(CH3)CN-2,6-"Pr,CsH3},GeSeP(=Se)(CsH11):], [(BDIpipp)GeSeP(Se)Cy:l, (48).
[(BDIpipp)GePCys] (36) (0.19 g, 0.27 mmol) in toluene (10 mL) was added to an excess
of elemental selenium (0.09 g, 1.10 mmol) suspended in toluene (5mL). The mixture
was stirred rapidly at room temperature for 20 h, then filtered through a pad of Celite.
Volatiles were removed from filtrate under vacuum. The yellow solid residue was
washed with cold pentane (3 x 3 mL). Single crystals of [(BDIppp)GeSeP(Se)Cyz] (48)
were found along with crystals of [(BDIppp)Ge(Se)PCy,] (51) and separated from a
concentrated toluene solution at =30 °C. Yield: 0.15 g, 64%. 'H NMR (399.50 MHz,
C¢Ds, 303K): 6 7.12 (br, 6H, Ar-H), 4.68 (s, 1H, y-CH), 3.50 (septet, J = 6.8 Hz, 2H,
CHMe,), 3.31 (septet, J = 6.8, 2H, CHMe»), 1.74 (br, 2H, Cy-CH>), 1.67 (d, J = 6.4 Hz,
8H, CHMe; and Cy-CH>), 1.59 (d, J = 6.4 Hz, 8H, CHMe, and Cy-CH.), 1.53 (s, 12H,
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NCMe, Cy-CH,), 1.16 (d, J = 6.4 Hz, 6H, CHMe>), 1.13 (d, J = 6.8 Hz, 6H, CHMe>),
1.03 (br, 6H, Cy-CH,, Cy-CH). “C{'H} NMR (100.46 MHz, C¢Ds, 303K): J 166.2
(NCMe), 146.3 (ipso-C), 144.2 (0-C), 140.6 (0-C), 127.4 (p-C), 125.4 (m-C), 124.3 (m-
C), 96.5 (y-CH), 43.1 (d, Jep = 38 Hz, Cy-CH), 29.8, 27.1 (CHMe,), 26.9, 26.7 (Cy-
CH,), 26.6, 25.7, 24.9, 23.6 (CHMe,), 21.8 (NCMe). *'P{'H} NMR (161.72 MHz,
CsDe, 303K): 6 63.7 (Jpse = 551 Hz). "'Se NMR (76.19 MHz, C¢D, 303K): 6 —18 (d,
Jsep = 198 Hz).

[CH{(CH3)CN-2,6-"Pr,CsH3},SnSeP(=Se)(CsH11)2], [(BDIpipp)SnSeP(Se)Cyl, (49).
[(BDIpipp)SnPCy,] (37) (0.20 g, 0.28 mmol) in toluene (10 mL) was added to a stirred
suspension of an excess of elemental selenium (0.11 g, 1.39 mmol) in toluene (5 mL).
The mixture was stirred vigorously at room temperature for 30 h. The dark orange
mixture was filtered through a pad of Celite and the solvent was removed from the
filtrate under vacuum. The solid residue was washed with cold pentane and
recrystallised from a minimum amount of toluene at —30 °C, to give orange crystals of
[(BDIpipp)SnSeP(Se)Cy:] (49). Yield: 0.13 g, 52%.

Alternative synthesis of [(BDIpipp)SnSeP(Se)Cy] (49). [(BDIppp)SnSePCy,] (46) (0.10
g, 0.12 mmol) in toluene (5 mL) was added to a stirred suspension of elemental
selenium (0.05 g, 0.62 mmol) in toluene (5 mL). The mixture was stirred vigorously at
room temperature for 30 h. The work-up procedure is identical to those stated above.
Yield: 0.06 g, 58%.

M.p.: 203-205 °C. "H NMR (399.50 MHz, toluene-ds, 303 K): 6 7.09 (s, 6H, Ar-H),
4.66 (y-CH), 3.49 (br, 2H, CHMe;), 3.18 (br, 2H, CHMe,), 1.58 (s, 6H, NCMe), 1.53
(d, J = 6.8 Hz, 12H, CHMe»), 1.17 (d, J = 6.8 Hz, 12H, CHMe,), 1.27-0.96 (m, Cy-
CH>), 0.87 (t, Jup = 6.8 Hz, 2H, Cy-CH). “C{'H} NMR (100.46 MHz, toluene-ds 303
K): 6 166.5 (NCMe), 143.7 (ipso-C), 142.1 (0-C), 137.4 (0-C), 129.3 (p-C), 126.4 (m-
C), 124.4 (m-C), 96.3 (y-CH), 42.5 (d, Jcp = 36 Hz, Cy-CH), 34.5 (Cy-CH»), 29.2
(CHMe»), 26.6, 26.5, 26.3, 26.2 (Cy-CH,), 25.2 (CHMe,), 23.6, 22.8 (CHMe,), 14.2
(NCMe). >'P{'H} NMR (161.72 MHz, toluene-ds, 303 K): & 58.7 (Jpse = 539 Hz, Jpl195,
= 246 Hz, Jp117s, = 236 Hz). 7’Se NMR (76.19 MHz, C¢Ds, 303 K): 6 =73 (Jsep = 540
Hz, Jsesn = 307 Hz). '’Sn NMR (148.96 MHz, C¢Ds, 303 K): 6 —88 (d, Ji19,p = 247
Hz). IR (Nujol, vem™'): 1539 (s), 1316 (s), 1174 (s), 790 (s). UV-vis (pentane), Amax,
nm, (¢, M 'em™): 438.0 (2660). EI-MS (m/z): 892, 538, 391, 278, 201, 160, 83, 41.
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Anal. Caled. for C41Hg3PN2SeoSn (891.56): C, 55.23; H, 7.12; N, 3.14%. Found: C,
55.28; H, 7.16; N, 3.16%.

[CH{(CH3)CN-2,6-"Pr,CsH3},PbSeP(=Se)(CsHi;)2], [(BDIpipp)PbSeP(Se)Cy.], (50).
[(BDIpipp)PbPCy>] (38) (0.26 g, 0.31 mmol) in toluene (10 mL) was added to an excess
of elemental selenium (0.12 g, 1.57 mmol) suspended in toluene (5 mL). The mixture
was stirred at room temperature for 20 h. The mixture was filtered through a pad of
Celite. Volatiles were removed from the filtrate under vacuum and the residue was
washed with n-hexane (3 x 5 mL). Orange crystals of [(BDIppp)PbSeP(Se)Cy2] (50)
were obtained by recrystallisation from toluene at —30 °C. Yield: 0.25 g, 83%.
Alternative synthesis of [(BDIpipp)PbSeP(Se)Cy:] (50). [(BDIppp)PbSePCy,] (47) (0.10
g, 0.11 mmol) in toluene (5 mL) was added to a stirred suspension of elemental
selenium (0.04 g, 0.55 mmol) in toluene (5 mL). The mixture was stirred vigorously at
room temperature for 20 h. The work-up procedure is identical to those stated above.
Yield: 0.08 g, 69%.

'H NMR (399.50 MHz, C¢Ds, 303 K): 8 7.18 (s, 2H, p-H), 7.01-7.14 (m, 4H, Ar-H),
4.58 (s, 1H, y-CH), 3.36 (septet, J = 6.8 Hz, 4H, CHMe,), 1.72 (br, 6H, Cy-CH>), 1.65
(s, 6H, NCMe), 1.57 (d, J = 6.8 Hz, 12H, CHMe,), 1.47 (br, 2H, Cy-CH,), 1.34 (br, 4H,
Cy-CH,), 1.22 (d, J = 6.8 Hz, CHMe,, Cy-CH,), 1.02 (br, 6H, Cy-CH,, Cy-CH).
BC{'H} NMR (100.46 MHz, C¢Ds, 303 K): 6 165.0 (NCMe), 144.9 (ipso-C), 143.5 (o-
C), 129.7 (0-C), 128.9 (p-C), 126.3 (m-C), 124.4 (m-C), 98.3 (y-CH), 43.7 (d, Jcp = 34
Hz, Cy-CH), 29.1, 26.9 (CHMe,), 26.7, (Cy-CH>»), 26.6, 26.1, 25.6, 24.3 (CHMe>), 21.8
(NCMe). *'P{'"H} NMR (161.72 MHz, C¢D¢, 303 K): 8 57.0 (Jps. = 521 Hz, Jpp, = 218
Hz). "Se NMR (76.19 MHz, C¢De, 303 K): 6 —47 (d, Jsep = 544 Hz). *’Pb NMR (83.83
MHz, C¢Ds, 303 K): 6 1909 (d, Jpop = 217 Hz). IR (Nujol, v/em '): 1548 (s), 1315 (s),
1170 (s), 1097 (s), 1014 (s), 934 (s). Anal. Calcd. for C41Hs3N,PPbSe; (980.05): C,
50.25; H, 6.48; N, 2.86%. Found: C, 50.29; H, 6.62; N, 2.72%.

[CH{(CH3)CN-2,6-"Pr,CsH3},Ge(Se)P(CsHy1)2],  [(BDIppp)Ge(Se)PCys],  (51).
Compound 51 was co-crystallised from the synthesis of [(BDIppp)GeSeP(Se)Cy-] (48)
(see Page 286). 'H NMR (399.50 MHz, CDCls, 303K): 6 7.32 (d, J = 4.8 Hz, 3H, Ar-
H), 7.19 (br, 3H, Ar-H), 5.45 (s, 1H, y-CH), 4.01 (septet, J = 6.4 Hz, 2H, CHMey), 3.53
(septet, J = 6.8 Hz, 2H, CHMe), 2.24 (br, 3H, Cy-CH>), 1.91 (s, 6H, NCMe), 1.45 (d, J
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= 7.2 Hz, 6H, CHMey), 1.43 (d, J = 6.8 Hz, 6H, CHMe,), 1.26-1.35 (br, 6H, Cy-CH,),
1.21 (d, J = 6.8 Hz, 6H, CHMe;), 1.10-1.14 (br, 3H, Cy-CH>), 1.06 (d, J = 6.8 Hz, 6H,
CHMe»), 0.66-0.87 (br, 14H, Cy-CH,). "C{'H} NMR (100,46 MHz, CDCls, 303K): &
167.3 (NCMe), 148.1 (ipso-C), 144.6 (0-C), 139.4 (0-C), 128.6 (p-C), 126.4 (m-C),
124.2 (m-C), 98.9 (y-CH), 34.5 (d, Jcp = 16 Hz, Cy-CH), 34.3 (CHMe,), 32.0 (CHMe,),
29.7 (CHMe,), 29.1, 27.9, 27.7, 27.4, 26.5 (Cy-CH,), 25.5, 25.2, 24.4 (CHMe,), 21.7
(NCMe). *'P{'"H} NMR (161.72 MHz, CDCls, 303K): 6 0.7. 7’Se NMR (76.19 MHz,
CDCl3, 303K): 0 =91 (d, Jsep = 12 Hz).

[CH{(CH3)CN-2,6-"Pr,CsH3},SnSP(S)(CsHi1)2],  [(BDIpep)SnSP(S)Cyal,  (52).
[(BDIpipp)SnPCy;] (37) (0.26 g, 0.35 mmol) in toluene (10 mL) was added to an excess
of elemental sulfur (0.06 g, 1.76 mmol) suspended in toluene (5 mL). The mixture was
stirred vigorously for 15 h at room temperature, then filtered through a pad of Celite.
Volatiles were removed from the filtrate in vacuo and the residue was washed with
pentane (3 X 5 mL). Yellow crystals of [(BDIppp)SnSP(S)Cy-] (52) were obtained by
recrystallisation from a minimum amount of toluene at —30 °C. Yield: 0.21 g, 76%. 'H
NMR (399.50 MHz, C¢Ds, 303 K): 6 7.20 (d, J = 7.6 Hz, 2H, m-H), 7.12-7.14 (m, 2H,
p-H), 7.04 (d, J = 8.8 Hz, 2H, m-H), 4.66 (s, 1H, y-CH), 3.61 (septet, J = 6.8 Hz, 2H,
CHMe,), 3.21 (septet, J = 6.8 Hz, 2H, CHMe,), 1.60 (br, 16H, NCMe, Cy-CH, CHMe;),
1.54 (d, J = 6.4 Hz, 6H, CHMe>), 1.21 (d, J = 7.6 Hz, 13H, CHMe,, Cy-CH,). "C{'H}
NMR (100.46 MHz, C¢Ds, 303 K): 6 166.6 (NCMe), 144.4 (ipso-C), 144.3 (0-C), 141.9
(0-C), 129.7 (m-C), 128.9 (m-C), 126.8 (m-C), 126.0 (p-C), 125.1 (p-C), 124.5 (m-C),
96.5 (y-CH), 43.1 (d, Jcp = 50 Hz, Cy-CH), 29.6, 29.5 (CHMe»), 27.2, 27.0, 26.7 (Cy-
CH,), 25.7 (CHMe,), 25.6 (Cy-CHa), 24.9 (CHMe,), 23.9 (NCMe). *'P{'H} NMR
(161.72 MHz, C¢Ds, 303 K): & 82.2 (Jpl19s, = 180 Hz, Jpli7s, = 173 Hz). '"’Sn NMR

(148.96 MHz, C¢Ds, 303 K): 0 —175 (d, J119g,p = 160 Hz).

[CH{(CH3)CN-2,6-"Pr,CsH3},PbSP(S)(CsH11)2l,  [(BDIpep)PbSP(S)Cyal,  (53).
[(BDIpipp)PbPCys>] (38) (0.20 g, 0.24 mmol) in toluene (15 mL) was added to an excess
of elemental sulfur (0.04 g, 1.22 mmol) suspended in toluene (5 mL). The mixture was
stirred at room temperature for 10 h. The orange suspension was filtered through a pad
of Celite and the volatiles were removed from filtrate in vacuo. The residue was washed

with cold n-hexane (3 x 5 mL). Yellow crystals of [(BDIppp)PbSP(S)Cyz] (53) were
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obtained by recrystallisation from a minimum amount of toluene at —30 °C. Yield: 0.16
g, 73%. '"H NMR (399.50 MHz, C¢Ds, 303 K): 6 7.17 (d, J = 7.2 Hz, 2H, m-H), 7.12 (4,
J=1.6 Hz, 2H, p-H), 7.01-7.08 (m, 2H, m-H), 4.55 (s, 1H, y-CH), 3.35 (septet, J = 6.8
Hz, 4H, CHMe,), 1.66 (s, 6H, NCMe), 1.60 (br, 8H, Cy-CH, Cy-CH>), 1.54 (d, J = 6.8
Hz, CHMe,), 1.22 (d, J = 6.8 Hz, 12H, CHMe,), 1.03 (br, 6H, Cy-CH,). C{'H} NMR
(100.46 MHz, C¢Ds, 303 K): 6 164.7 (NCMe), 144.1 (ipso-C), 143.6 (0-C), 129.7 (0-C),
126.3 (p-C), 126.0 (m-C), 124.5 (m-C), 98.2 (y-CH), 43.8 (d, Jcp = 49 Hz, Cy-CH), 29.1
(CHMe,), 27.1, 26.9, 26.7, 26.7 (Cy-CH,), 26.1 (CHMe,), 25.6 (Cy-CH,), 24.2
(NCMe). *'P{'H} NMR (161.72 MHz, C¢Ds, 303 K): 0 84.6 (Jppp = 189 Hz). *"Pb
NMR (83.83 MHz, C¢Ds, 303 K): 8 1554 (d, Jppp = 159 Hz).

[CH{(CH3)CN-2,6-"Pr,CsH3},Ge(S)P(CsHiy)al, [(BDIppp)Ge(S)PCy:], (54).
[(BDIpipp)GePCys] (36) (0.19 g, 0.36 mmol) in toluene (15 mL) was added to an excess
of elemental sulfur (0.04 g, 1.82 mmol) suspended in toluene (5 mL). The mixture was
stirred vigorously at room temperature for 8 h. The yellow suspension was filtered
through a pad of Celite and the volatiles were removed from the filtrate under vacuum.
Yellow crystals of [(BDIpwpp)Ge(S)PCy,] (54) were obtained by recrystallisation of the
residue from the minimum amount of tetrahydrofuran at —30 °C. Yield: 0.15 g, 73%. 'H
NMR (499.91 MHz, C¢D¢, 303 K): 6 7.13 (s, 6H, Ar-H), 4.72 (s, 1H, y-CH), 3.86
(septet, J = 6.5 Hz, 2H, CHMe»), 3.22 (septet, J = 6.5 Hz, 2H, CHMe,), 2.84 (br, 2H,
Cy-CH,), 1.73 (d, J = 6.5 Hz, 6H, CHMe;), 1.62 (d, J = 6.5 Hz, 6H, CHMe>), 1.48 (m,
16H, NCMe, Cy-CH»), 1.14 (d, J = 6.5 Hz, 6H, CHMe), 0.95 (d, J = 7.0 Hz, CHMey).
BC{'H} NMR (125.72 MHz, C¢Ds, 303 K): 6 169.4 (NCMe), 147.5 (ipso-C), 145.8 (o-
0), 137.3 (0-C), 129.5 (p-C), 126.6 (m-C), 125.0 (m-C), 98.2 (y-CH), 42.9 (d, Jcp = 42
Hz, Cy-CH), 30.8, 29.3 (CHMe»), 28.2 (CHMey), 27.2, 26.3, 26.3, 26.2 (Cy-CH>), 25.8,
25.7,24.6 (CHMey), 24.3 (NCMe). *'P{'H} NMR (161.72 MHz, C¢Ds, 303K): § —3.3.

[CH{(CH3)CN-2,6-"Pr,CsH3},SnSeP(S)(C¢Hi1)2],  [(BDIppp)SnSeP(S)Cysl,  (55).
[(BDIpipp)SnSePCy,] (46) (0.11 g, 0.13 mmol) in a 1:1 pentane/toluene (10 mL)
solution and was added to elemental sulfur (4.0 mg, 0.13 mmol) in toluene (2 mL).
After vigorous stirring for 30 minutes at room temperature, the mixture was filtered
through a pad of Celite. The filtrate was concentrated and stored at —30 °C. Bright
yellow crystals of [(BDIppp)SnSeP(S)Cya] (55) were obtained. Yield: 0.06 g, 52%. 'H
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NMR (399.50 MHz, C¢Dg, 303 K): 7.03-7.16 (m, 6H, Ar-H), 4.66 (s, 1H, y-CH), 3.58
(br, 2H, CHMe;), 3.18 (br, 2H, CHMe,), 2.12 (s, 3H, NCMe), 1.58 (br, 10H, CHMe,
Cy-CH, Cy-CH,), 1.18 (d, J = 6.4 Hz, 10H, CHMe,, Cy-CH,), 1.02 (d, J = 8.0 Hz, 9H,
CHMe,, Cy-CH,). “C{'H} NMR (100.46 MHz, C¢Ds, 303 K): 8 166.8 (NCMe), 142.3
(ipso-C), 129.7 (0-C), 128.9 (0-C), 126.8 (p-C), 126.0 (m-C), 125.1 (m-C), 96.7 (y-CH),
432 (d, Jep = 43 Hz, Cy-CH), 29.6, 29.5 (CHMe,), 27.2, 27.1, 27.0, 26.9, 26.9 (Cy-
CH,), 25.6, 24.9, 23.9, 23.8 (CHMe,), 21.8 (NCMe). *'P{'H} NMR (161.72 MHz,
CsDe, 303 K): 6 72.3 (Jpse = 490 Hz, Jp119g, = 209 Hz and Jpl17s, = 200 Hz). "’Se NMR
(76.19 MHz, C¢Ds, 303 K): 5 —42 (d, Jsep = 490 Hz). ''*Sn NMR (148.96 MHz, C¢Ds,
303 K): 6 —119 (d, Ji19g,p = 209 Hz). '’Sn NMR (142.28 MHz, C¢Ds, 303 K): 5 —119
(d, J117g4p = 205 Hz).

[CH{(CH3)CN-2,6-Pr,CqHs},Ge(Se)P(Si(CHs)s)], [(BDIpipp)Ge(Se)P(SiMes);],
(56). [(BDIppp)GeP(SiMes),] (40) (0.37 g, 0.55 mmol) in diethyl ether (15 mL) was
added to an excess of elemental selenium (0.13 g, 1.64 mmol) suspended in diethyl
ether (5 mL). The mixture was stirred rapidly at room temperature and filtered through a
pad of Celite after 20 h. Volatiles were removed from the filtrate under vacuum. The
residue was washed with n-hexane (3 x 5 mL). Yellow crystals of
[(BDIpipp)Ge(Se)P(SiMes),] (56) were obtained from a minimum amount of toluene at
—30 °C. Yield: 0.25 g, 61%. "H NMR (399.50 MHz, C4Ds, 303K): 6 7.18 (s, 6H, Ar-H),
4.90 (s, 1H, y-CH), 3.60 (septet, J = 6.8 Hz, 4H, CHMe,), 1.59 (d, J = 6.4 Hz, 12H,
CHMe,), 1.56 (s, 6H, NCMe), 1.22 (d, J = 6.8 Hz, 6H, CHMe»), 1.06 (d, J = 6.8 Hz, 6H,
CHMe»), 0.50 (d, J = 6.0 Hz, 6H, SiMe3), 0.42 (d, J = 6.0 Hz, 6H, SiMe;). *'P{'H}
NMR (161.72 MHz, C¢De, 303K): 6 —172.6 (Jpse = 52 Hz, Jpsi = 26 Hz). "’Se NMR
(76.19 MHz, C¢Dg, 303K): 0 —129 (d, Jsee = 49 Hz). Anal. Calcd. for
C3sHsoGeN,PSeSi, (746.54): C, 56.30; H, 7.97; N, 3.75%. Found: C, 56.25; H, 7.92; N,
3.79%.

[CH{(CH3)CN-2,6-"Pr,CsH;3},SnSeSi(CH3)3, [(BDIpipp)SnSeSiMes], (57).
[(BDIpipp)SnP(SiMes),] (41) (0.19 g, 0.26 mmol) in toluene (15 mL) was added to an
excess of elemental selenium (0.10 g, 1.32 mmol) suspended in toluene (5 mL). The
mixture was stirred vigorously at room temperature for 20 h and the yellow suspension

was filtered through a pad of Celite. Volatiles were removed from the filtrate and the
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residue was washed with n-hexane (3 X 5 mL). Yellow crystals of
[(BDIpipp)SnSeSiMes] (57) were obtained by recrystallisation from toluene at —30 °C.
Yield: 0.11 g, 61 %. '"H NMR (399.50 MHz, C¢Ds, 303 K): 7.21 (dd, J= 7.6, 1.2 Hz,
2H, m-H), 7.13 (t, J = 7.6 Hz, 2H, p-H), 7.07 (dd, J = 7.6, 1.2 Hz, 2H, m-H), 4.79 (s,
1H, y-CH), 3.90 (septet, J = 6.8 Hz, 2H, CHMey), 3.29 (septet, J = 6.8 Hz, 2H, CHMey),
1.61 (s, 6H, NCMe), 1.60 (d, J = 6.4 Hz, 6H, CHMe>), 1.34 (d, J = 7.2 Hz, 6H, CHMe,),
1.23 (d, J= 6.8 Hz, 6H, CHMe»), 1.14 (d, J = 6.8 Hz, 6H, CHMe,), 0.26 (s, 9H, SiMes).
BC{'H} NMR (100.46 MHz, C¢Ds, 303 K): 6 167.2 (NCMe), 145.7 (ipso-C), 143.7 (o-
C), 1422 (0-C), 127.4 (p-C), 125.3 (m-C), 124.7 (m-C), 98.5 (y-CH), 29.3, 29.0
(CHMe,), 27.0, 26.2, 25.2, 25.1 (CHMe,), 24.4 (NCMe), 6.2 (SiMes). '"’Sn NMR
(148.96 MHz, C¢Ds, 303 K): 6 87. 7'Se NMR (76.19 MHz, C¢Ds, 303 K): 6 —176.
¥Si{'H} NMR (79.37 MHz, C¢Ds, 303 K): 6 7.4. IR (Nujol, v/em™"): 1524 (s), 1314 (s),
1170 (s), 1021 (s), 936 (s). Anal. Caled. for C3;HsoN,SeSiSn (688.51): C, 55.82; H,
7.32; N, 4.07%. Found: C, 55.91; H, 7.32; N, 3.94%.
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The successful synthesis of terminal lead aryloxides is shown
to be dependent upon reaction conditions, including choice
of solvent and alkali metal aryloxide precursor.

Thereis a large literature base detailing the coordination chemistry
of lead(11) and trying to address its bonding properties, with an
emphasis on how divalent lead might interact with biological
molecules.’? In addition, there has been considerable interest in the
lead(11) lone pair with regards to both its stability and its purported
stereochemical activity.>* However, the chemistry of the ligands
bonded to lead, especially in mimicking the reactivity of transition
metal counterparts, has been widely ignored. This is partially due
to the instability of lead complexes and their tendency to form
insoluble precipitates which are difficult to characterize and use in
further transformations. For instance, only a handful of terminal
lead alkoxide and aryloxides have been reported to date,”"* and
only one of these is monometallic.” This is in sharp contrast with
the vast array of transition metal counterparts.'**3

We have recently reported the synthesis of a series of B-diketi-
minate lead(11) halide complexes in which we employed the bulky
B-diketiminate anion, [{N(2,6-'Pr,CsH;)C(Me)},CH], (BDI) to
support monomeric, 3-coordinate lead centres.’* These ligands
have been previously utilised to stabilise low-coordinate transition
metal complexes as the isopropyl groups on the ligand aryl
group limit the number of coordinated ligands around the metal
center.””” Both the BDI-lead chloride and bromide complexes are
relatively thermally and photolytically stable and the [(BDI)PbCl]
(1) can be generated in sufficient quantities for use as a starting
reagent for the development of the chemistry of low-coordinate
lead.

To minimize the risk of forming aggregates in solution, our
initial focus was on generating bulky lead-aryloxide complexes.
Synthesis of a lead-aryloxide containing the 2,6-di-tert-butyl-4-
methylphenoxide (BHT) group was attempted by treatment of
chloride 1 with LiBHT in THF. An insoluble white precipitate
was formed, however, the major species remaining in solution was
neutral BDI-H. Interestingly, when a solution of chloride 1 was
added to a suspension of unsolvated LiBHT in toluene or benzene,
the mixture became homogeneous, and formation of a yellow
crystalline solid was observed upon standing for 30 min. The

Department of Chemistry, University of Sussex, Brighton, UK BN1 9QJ.
E-mail: j.r.fulton@sussex.ac.uk; Fax: +44 (0)1273 677196, Tel: +44
(0)1273 873170

T CCDC reference numbers 641614-648823. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b707984b

i Electronic supplementary information (ESI) available: Fig. S1. Temper-
ature dependent NMR spectra of 3 showing the change in resonances
corresponding to the (2,6-di-tBu-4-MeC4H,) protons (7. = 278 K) and
the N-(2,6-di-iPrC¢H;) protons (7, = 248 K). See DOI: 10.1039/b707984b

'"H NMR spectrum of the reaction mixture after five min revealed
new resonances corresponding to 1 : 1 mixture of lead-bound
B-diketiminate ligand and BHT. However, no precipitate other
than the slow forming yellow crystalline solid was observed, even
upon addition of pentane or other non-polar solvents. Confused
as to the identity of this new complex, an X-ray diffraction study
was performed on the crystalline solid, which has crystallized
about an inversion centre.”® The molecular structure revealed that
a lead-aryloxide complex had not formed, but instead heterote-
trametallic adduct, [{(BDI)PbCl}{LiO(2,6-di-'Bu-4-MeCsH,)}],
(2) had been generated in which a lithium-aryloxide [Li(OAr)],
dimer is coordinated by two [(BDI)PbCl] moieties via a chloride—
lithium interaction (Fig. 1, Scheme 1). A pyramidal geometry is
observed around the lead metal centre, with the sum of the bond
angles around the metal centre equal to 272.3°, or a degree of
pyramidalization (DP) of 98%.'*' This is similar to the parent
chloride complex 1 (DP = 103%); however, as would be expected
by such a complex, both the Pb—Cl and Pb—N bond distances
are elongated by 0.073 A and 0.035 A, respectively.* The Li,O,
dimer is a common binding motif for bulky lithium-aryloxide
complexes, with the THF adduct of LiBHT crystallographically
characterized.”

Fig. 1 ORTEP diagram of compound 2 with H atoms omitted and C
atoms minimized for clarity. Ellipsoid probably shown at 30%. Atoms
with a prime (') in the atoms labels are at equivalent position (—x, —y, —z).
Selected bond lengths (A) and angles (°): Pb-N(1), 2.315(3); Pb-N(2),
2.315(3); Pb-Cl, 2.6381(10); Li-O’, 1.849(7); Li-O, 1.885(7); Li-Cl,
2.358(7); O—C(30), 1.337(4); O'-Li, 1.849(7); N(1)-Pb-N(2), 82.86(11);
N(1)-Pb-Cl, 94.14(3); N(2)-Pb-Cl, 94.33(8); O'-Li-O, 96.8(3); O'-Li-Cl,
140.1(4); O-Li—Cl, 123.2(3); Li~CIl-Pb, 102.19(17); C(30)-O-Li’, 145.3(3);
C(30)-O-Li, 131.0(3); Li—O-Li, 83.2(3).

Heterotetrametallic complex 2 is both light and temperature
sensitive and will decompose to a black insoluble precipitate over
the course of a day at ambient temperatures. We were unable
to force complex 2 to eliminate lithium chloride by heating,
sonicating, or addition of N,N,N’,N’-tetramethylethylenediamine
or AgOTf, the latter of which resulted in the immediate

3360 | Dalton Trans., 2007, 3360-3362

This journal is © The Royal Society of Chemistry 2007



312

@

Li/ jr== Cl— ~Pb 3

\
Ar \@
10 min, RT

LPbCI
! *
®\

12 h, RT Ar By

N\
0
@
N

\Ar Bu

LIBHT

3

Scheme 1 Reactivity of 1 with Li- and NaBHT (BHT = 2,6-di-zerz-butyl-
4-methylphenoxide).

decomposition of the complex. The inability to convert 2 to our
desired lead aryloxide was initially attributed to the bulky aryl
substituent, that is, we postulated the desired lead—BHT complex
(3) would be destabilized by interaction between the fert-butyl
groups on the aryloxide and the isopropyl groups on the [-
diketiminate ligand. We reasoned that decreasing the steric bulk
around the aryloxide ligand would make the synthesis of a lead-
aryloxide viable, indeed, treatment of complex 1 with lithio-2,4-di-
tert-butylphenoxide resulted in the formation of the lead aryloxide
4 after 30 min at room temperature (eqn (1)). This compound is
stable indefinitely in the solid state, but will slowly decompose
in solution. The X-ray crystal structure (Fig 2) revealed that the
angles between the ligands around the metal centre to be even
more acute than the chloride 1 (sum of the bond angles = 254.6°,
DP = 118%). The Pb—N bond lengths are similar to other BDI-
Pb complexes and the Pb-O bond length of 2.182(4) A is slightly
shorter than Van Zandt’s lead aryloxide dimer [Pb(OAr'),], (Ar' =

2,6-Ph,C4H,) of 2.229-2.257 A ?
C Pb’o 1
tBu

OLi

The viability of a [(BDI)Pb(BHT)] complex 3 appeared feasible
from the structural data of 4. The 2-tert-butyl group on the
aryloxide ligand of 4 lies directly below the BDI-plane, leaving
a void in front of the Pb—O bond that is potentially large enough
to accommodate another tertiary butyl group. Space filling models
of the postulated BHT complex 3 revealed that this species,
although sterically crowded, is potentially viable. Lithium-chloride
adducts of transition metals are not unusual, and, in a few
notable examples, lithium chloride adducts have been isolated
as apparent intermediates in salt metathesis reactions in which
the lithium ion is bound to both the leaving group, such as an
amido or alkoxide functional group, as well as the transition-metal

toluene
30min, RT

LPbCI +

tBu

Pb

-C30

Fig. 2 ORTEP diagram of compound 4 with H atoms omitted and C
atoms minimized for clarity. Ellipsoid probably shown at 30%. Selected
bond lengths (A) and angles (°): Pb-N(1), 2.270(5); Pb-N(2), 2.288(5);
Pb-0, 2.182(4); 0-C(30), 1.345(8); N(1)-Pb-N(2), 82.34(19); N(1)-Pb-0O,
83.32(18); N(2)-Pb-0, 88.97(18); Pb—-O-C(30), 127.3(4).

bound chloride.* As there are significantly fewer examples of
sodium-chloride adducts of transition metals potentially due to the
weaker Na—Cl bond,” the BHT-aryloxide reagent was changed
to NaBHT. This route was indeed successful as treatment of a
toluene solution of chloride 1 with NaBHT resulted in clean
formation of the aryloxide 3 after stirring overnight (Scheme 1).
This complex is stable in the solid state but, similar to aryloxide 4,
slowly decomposes in solution.

The X-ray crystal structure of 3 revealed slightly longer Pb-
0 (2.212(2) A) and Pb-N bond lengths compared to 4 (Fig 3);
however, the geometry around both the metal centre as well as
the aryloxide ligand are considerably distorted as compared to
complex 4. For instance, in the latter, the bond angles around
the lead metal centre ranged from 82-89°. In contrast, one of
the N-Pb-O bond angles of the BHT complex 3 is significantly
more obtuse (103.00(7)°), leading to a larger sum of bond angles
(273.4°) and a 96.2% DP. In addition, the ipso carbon atom
of the BHT ligand lies 0.198 A out of the plane generated by
the other ring carbons (note, in the solid state structure of 4,
this distance is only 0.073 A). The solid-state structure also
revealed the BHT aryloxide ligand to be canted towards one
of the 2,6-isopropyl aryl rings of the BHT ligand. Although
factors governing all of these distortions are unclear, some can be

N1

Fig. 3 ORTEP diagram of compound 3 with H atoms omitted and C
atoms minimized for clarity. Ellipsoid probably shown at 30%. Selected
bond lengths (A) and angles (°): Pb-N(1), 2.309(2); Pb-N(2), 2.302(2);
Pb-0, 2.212(2); O-C(30), 1.352(3); N(1)-Pb-N(2), 83.06(8); N(1)-Pb-0O,
87.32(7); N(2)-Pb-0, 103.00(7); C(30)-O-Pb, 125.91(16).

This journal is © The Royal Society of Chemistry 2007
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attributed to solid-state packing forces. The canting of the BHT
ligand was not observed in the solution phase as only two different
environments were detected for the isopropyl groups, even at
—78 °C. However, broadening of the resonances corresponding
to the BHT ligand was observed at room temperature, indicative
of hindered rotation around the Pb—O bond (AG* = 13 kcal mol™"),
similar to that observed in the [(BDI)Pb—N(SiMe;),] system.™ In
addition, broadening of the N-aryl resonances was observed at RT,
indicating a hindered rotation of the N,.,,-C bond (AG* = 16 kcal
mol™"). This restricted rotation has not been observed in other
BDI-Pb systems and may be a function of the bulky aryloxide
substituent.

In conclusion, we have developed a reliable synthetic route
towards the synthesis of rare terminal lead aryloxide complexes via
salt metathesis from lead chloride complex 1. We have isolated a
lithium-lead heterotetrametallic complex, which initially appeared
to be an intermediate in the salt metathesis pathway. However,
as we were unable to force this complex to lose LiCl and form
the desired BHT-aryloxide 3 and instead generated 3 from an
alternative pathway, the validity of the complex as an actual
intermediate in the salt metathesis pathway is in question. Reasons
behind the solvent effect on the reaction outcome as well as factors
governing the relative stability of the heterotetrametallic complex
2 compared to the lead-aryloxide complexes 3 and 4, including
DFT investigations, are currently in progress.
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A series of terminal lead alkoxides have been synthesized utilizing the bulky B-diketiminate ligand [{N(2,6-"Pr,C¢Hg)-
C(Me)},CH]™ (BDI). The nucleophilicities of these alkoxides have been examined, and unexpected trends were
observed. For instance, (BDI)PbOR reacts with methyl iodide only under forcing conditions yet reacts readily, but
reversibly, with carbon dioxide. The degree of reversibility is strongly dependent upon minor changes in the R group.
For instance, when R = isopropyl, the reversibility is only observed when the resulting alkyl carbonate is treated with
other heterocumulenes; however, when R = tert-butyl, the reversibility is apparent upon any application of reduced
pressure to the corresponding alkyl carbonate. The differences in the reversibility of carbon dioxide insertion are
attributed to the ground-state energy differences of lead alkoxides. The mechanism of carbon dioxide insertion is

discussed.

Introduction

In contrast to the well-documented reactivity of transition-
metal alkoxides,' ™ the chemistry of lead alkoxides has
largely been ignored outside of gas-phase and theoretical
studies.*”® Divalent lead has an aqueous acidity of 7.2, much
smaller than that predicted based upon electrostatic para-
meters.” This acidity has been attributed to a more covalent
Pb—O0 bond, in contrast to the highly polarized transition
metal—oxygen bonds. In addition, lead’s aqueous acidity has
been used to justify its enhanced ability to cleave RNA. At
biologically relevant pHs, there will be a sufficient amount of
divalent lead hydroxide present to act as a base, deprotonat-
ing the 2'-hydroxyl proton of the RNA backbone, and a
nucleophile in the cleavage of the resultant cyclic phosphate
intermediate.® This implies that the Pb—O bond has some
degree of polarity to be able to act as both a base and a
nucleophile. However, no complementary chemical studies
have been performed to back this hypothesis. As such, we set
out to investigate the nature of the Pb—O bond in order to
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understand the degree of polarization of the bond. Herein,
the results of such studies are reported, and our findings
suggest that, although nucleophilic behavior with methyl
iodide is not observed, lead alkoxides readily insert carbon
dioxide into the Pb—O bond.

We have recently synthesized a series of monomeric
divalent lead halides utilizing the bulky S-diketiminate anion
[{N(2,6-"Pr,C¢H3)C(Me)},CH] ™ (BDI) to stabilize the result-
ing three-coordinate lead complexes.'® The chloride complex
(BDI)PbCl (1) was used to synthesize monomeric lead aryl-
oxide complexes in good yield.!" Because metal aryloxide
complexes are generally not as reactive as their alkoxide
counterparts, for our reactivity studies, we turned our atten-
tion toward the synthesis of monomeric, terminal lead alk-
oxide complexes.

Results and Discussion

The treatment of a toluene solution of chloride 1 with
KO'Pr or KO'Bu affords lead alkoxides (BDI)PbO'Pr (2) and
(BDI)PbO'Bu (3), respectively (eq 1). Although these lead
alkoxide complexes form a stable solid, they will slowly
decompose in solution at ambient temperatures. The X-ray
crystal structures were determined for both 2 and 3, showing
the expected pyramidal %eometry of the ligands around the
lead center (Figure 1).!%!" Selected bond lengths and angles
for alkoxides 2 and 3 are listed in Table 1, and data collection
parameters are given in Table 2. Both alkyl groups of
complexes 2 and 3 lie away from the BDI—PDb core; this is
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Figure 1. ORTEP diagram of lead isopropoxide 2 (left) and lead rert-
butoxide 3 (right), with H atoms omitted and BDI C atoms minimized for
clarity. The ellipsoid probability is shown at 30%.

Table 1. Selected Bond Lengths and Angles for Compounds 2 and 3

LPbO'Pr (2) LPbO'Bu (3)
Pb—O 2.135(3) 2.126(3)
Pb—NI1 2.307(3) 2.317(3)
Pb—N2 2.311(3) 2.299(3)
0—-C30 1.413(5) 1.415(4)
NI—Pb—N2 80.56(9) 81.04(10)
N1-Pb—O 94.94(10) 92.74(10)
N2—-Pb—-0O 93.49(10) 92.26(10)
Pb—0—-C30 118.0(2) 121.4(2)
sum of the angles around Pb 268.99 266.04
DOP* (%) 101 104

a

%egree of pyramidalization (DOP) = [360 — (sum of the angles)/
0.9].

in contrast to the isostructural tin system, in which the alkyl
group lies below the plane consisting of N1—Pb—N2.!?

Ar Ar
N KOR Toluene N 1
( Pogy v (C Poog M
N\ N\
Ar Ar = 2,6-di-iPr-CgHj3 Ar
1 2,R=iPr
3,R=1tBu
8, R=sBu

Two different types of lead alkoxide reactivities were
investigated: basicity and nucleophilicity. The treatment of
alkoxides 2 or 3 with 2,4-di-tert-butylphenol results in alcohol
exchange reactions to form the known (BDI)Pb—OAr
(Ar = 2,4-'BuyC¢H3) complex 4 with elimination of the
corresponding aliphatic alcohols. This reactivity is similar to
that observed in late-transition-metal alkoxide systems. How-
ever, the presence of free alcohol results in decomposition of
aryloxide 4 to an insoluble white precipitate and protonated
BDI. Potentially because of their higher pK,, carbo acids are
not reactive toward 2 and 3; the treatment of isopropoxide 2
with fluorene did not yield the fluorenide anion, and the
addition of 1,4-cyclohexadiene did not result in dimerization
to an equilibrium mixture of 1,4- and 1,2-cyclohexadiene.

Both lead alkoxides 2 and 3 display seemingly contradictory
reactivities toward electrophiles. For instance, neither reacts
with benzyl bromide. When methyl iodide was added to either
2 or 3, the formation of lead iodide was only observed after 2
days at 60 °C."" In sharp contrast, both alkoxides react readily
with CO; (eq 2). The treatment of isopropoxide 2 with 1 equiv
of CO, results in the clean and quantitative conversion to lead
alkyl carbonate 5 after 30 min at room temperature. The IR
spectrum shows a stretch at 1695 cm™! (CCly), indicative of a
carbonate carbonyl functionality; this is further supported by a

(12) Dove, A. P.; Gibson, V. C.; Marshall, E. L.; Rzepa, H. S.; White, A.
J. P.; Williams, D. J. J. Am. Chem. Soc. 2006, 128, 9834.

315

Tam et al.

Figure 2. ORTEP diagram of lead carbonate 5 showing both compo-
nents of the unit cell (major = black; minor = gray). H atoms are omitted
and BDI C atoms minimized for clarity. Atoms with a prime are at
equivalent positions (—x, —y, —z).

13C NMR spectral resonance at 160.9 ppm. Crystals suitable
for an X-ray diffraction study were grown at —30 °C in
toluene. Two different binding modes for lead carbonate were
observed in the solid state (Figure 2; see Table 3 for selected
bond lengths and angles). In the major component, the
carbonate is bound in an 5' fashion and there is weak, long-
distance interaction between O2 and Pb’. In the minor com-
ponent, the carbonate is bound in an % fashion and there is a
shorter distance between O2a and PV, indicative of a stronger
interaction between the two lead carbonate molecules.

toluene Ar
o o or CgDg N o}
LPb—OR + CO, ( Pb @
N \OJ\OR
Ar
2, R=jPr 5 R=jPr
3, R=1tBu 6, R=1tBu
8, R=sBu 9, R=sBu

Because insertion of CO, into transition-metal alkoxides
can be reversible, ' we investigated whether the same was true
for carbonate 5. Although the formation of isopropoxide 2 is
not observed when 5 is subjected to reduced pressure, the
addition of '*CO, to the carbonate does result in '*C
incorporation into 5.

Lead fert-butoxide 3 also reacts readily with CO, to form
lead carbonate 6 (IR: 1699 em” !, CCly). In contrast to the
isopropoxide system, the reaction is markedly reversible: the
application of reduced pressure results in the almost quanti-
tative formation of alkoxide 3, thwarting attempts to char-
acterize 6 in the solid state.

Pronounced differences in the reactivity of isopropoxide 2
and fert-butoxide 3 were observed upon treatment with
phenyl isocyanate. With the former, insertion into the Pb—O
bond to generate lead carbamate 7 is observed after 1 day at
room temperature (eq 3). X-ray crystallography confirmed
the presence of a Pb—N carbamate bond (Figure 3), with the
N-phenyl group lying perpendicular to and below the plane
consisting of N1—Pb—N2. Selected bond lengths and angles
are listed in Table 4. In contrast, with fert-butoxide 3, an

(13) Forexample, see: Tsuda, T.; Saegusa, T. Inorg. Chem. 1972, 11,2561.
Simpson, R. D.; Bergman, R. G. Organometallics 1992, 11,4306. Mandal, S. K.;
Ho, D. M.; Orchin, M. Organometallics 1993, 12, 1714.
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Table 2. Crystallographic Data for Compounds 2, 3, 5, and 7
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LPbO'Pr (2) LPbO'Bu (3) LPbOCO,Pr (5)° LPb[N(Ph)C(0)OPr (7)"
chemical formula C3,HysN,OPD C33H5oN,OPb C33H45N,05Pb-0.5(C7Hg) C44HgsN;0,Pb
fw 683.91 697.94 773.99 875.18
temperature (K) 172(2) 173(2) 173(2) 173(2)
wavelength (A) 0.71073 0.71070 0.71073 0.71073
cryst size (mm”) 0.20 x 0.20 x 0.15 0.25 x 0.20 x 0.10 0.15 x 0.10 x 0.05 0.15 x 0.15 x 0.1
cryst syst triclinic monoclinic triclinic triclinic
space group P1 (No. 2) P2,/n (No. 14) P1 (No. 2) PT (No.?2)

a(A) 8.6979(2) 13.3743(1) 11.9673(4) 11.5616(3)

b(A) 12.1195(3) 16.8363(2) 13.2339(5) 11.6261(3)

c(A) 15.1146(3) 15.2434(2) 13.5828(3) 18.2619(4)

o (deg) 92.885(1) 90 99.649(2) 102.146(1)

B (deg) 98.639(1) 108.168(1) 106.996(2) 95.723(2)

y (deg) 97.444(1) 90 113.105(1) 112.814(1)

v (A?) 1559.71(6) 3261.29(6) 1792.09(10) 2166.78(9)

VA 2 4 2 2

pe Mgm ™) 1.46 1.42 1.43 1.34

abs coeff (mm ") 543 5.20 4.74 3.93

6 range for data collection (deg) 3.40—26.02 3.43-25.82 3.47-26.02 3.44—26.01
measd/indep reflns/R(int) 23519/6112/0.044 41847/6251/0.061 26307/7017/0.066 23224/8472/ 0.054
reflns with 7 >20(1) 5783 5497 5851 7159
data/restraints/param 6112/0/337 6251/30/334 7017/34/380 8472/7/438

GOF on F* 0.826 1.051 0.962 1.027

final R indices [1 > 20(1)] R1 = 0.023, wR2 = 0.059 RI = 0.027, wR2 = 0.064 R1 = 0.047, wR2 = 0.107 R1 = 0.041, wR2 = 0.083

R indices (all data)

largst diff peak and hole (e A3) 0.78 and —1.37

R1 = 0.026, wR2 = 0.061 R1 = 0.033, wR2 = 0.067 Rl = 0.0631, wR2 = 0.11571 R1 = 0.057, wR2 = 0.090
1.37 and —1.40 (near Pb)

2.45 and —0.72 (close to Pb)  0.96 and 1.40

“The OC(O)OPr group is disordered unequally over two arrangements with only some of the atoms resolved. The positions for the major component could
be located, and for the minor component, approximate starting positions were estimated. The two orientations were then restrained to have similar geometry by
use of the same instruction. This refinement converged successfully. There is a molecule of toluene solvate disordered about an inversion center for which the H
atoms were omitted. All disordered atoms were left isotropic. ” The poorly defined pentane solvate was included with isotropic C atoms and restrained geometry.

intractable reaction mixture is found. Even though the reaction
between isopropoxide 2 and CO, is much faster than the
reaction between 2 and phenyl isocyanate, there is a thermo-
dynamic preference for the latter; the treatment of alkyl
carbonate 5 with phenyl isocyanate results in an exclusive
conversion to carbamate 7. Neither alkoxide reacts with
dicyclohexylcarbodiimide, even at elevated temperatures. Both
alkoxides 2 and 3, and their corresponding alkyl carbonates 5
and 6, react with CS, to give intractable reaction mixtures.

toluene Ar
or CgDg N [¢]
LPb—OPr + PANCO ———= ( Po_ I @)
N’\ N” ~oiPr
Ar Ph
2 7

To further understand the differences observed in the
reactivity between isopropoxide 2 and fert-butoxide 3, we
synthesized the sec-butoxide complex 8. The treatment of sec-
butoxide 8 with CO; resulted in the expected formation of the
corresponding carbonate 9 (IR: 1645 cm™!, CCl,). The
degree of reversibility of this reaction is intermediate between
the isopropoxide and fert-butoxide systems. For instance,
when a vacuum is applied for 10 min to an NMR-scale
solution of zert-butoxide carbonate 6, almost complete rever-
sion to alkoxide 3 is observed; however, when a similar
procedure is repeated for a solution of sec-butoxide carbo-
nate 9, only 20% reversion to alkoxide 8 is observed.
Unfortunately, as in the terz-butoxide case, this reversibility
has prevented solid-state characterization of sec-butoxide
carbonate 9. Interestingly, solutions of both the isopropoxide
carbonate 4 and sec-butoxide carbonate 9 are thermally
stable to 60 °C, whereas the tert-butoxide carbonate 5
decomposes after standing at room temperature overnight.

The noticeable difference in reactivity with respect to
deinsertion of CO, from carbonates 5, 6, and 9 can be

attributed to the ground-state energy differences of the
alkoxides. The stability of transition-metal alkoxides corre-
lates to the pK, of the corresponding alcohol; that is, the
higher the pK,, the more stable the metal alkoxide.! If a
similar trend is assumed for lead alkoxides, then the lead
isopropoxide 2 is less stable than the lead fert-butoxide 3 (pK,
of isopropyl alcohol is 30.2, whereas the pK,, of ferz-butanol is
2 pK, units higher).'* The alkyl group will have a much
smaller effect on the pK, of the corresponding alkyl carbo-
nates. An attempt was made to determine the rate of *CO,
exchange with each of the carbonates using *C NMR
spectroscopy. Although exchange was observed, we were
unable to obtain reproducible rate data. As such, we inves-
tigated the relative ground-state differences between the
reactants and products using the B3LYP density functional
theory and LanL.2DZ pseudopotentials (and basis set) im-
plemented in Gaussian 03.'> The AH° value for the insertion
of CO, into lead isopropoxide 2 was slightly greater than
the analogous reaction for both the lead sec-butoxide 8 and

(14) Olmstead, W. M.; Margolin, Z.; Bordwell, F. G. J. Org. Chem. 1980,
45,3295.

(15) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; honda, Y ; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A.
D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Ortiz, J. V.; Cuiq, Q.; Baboul, A. G.; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C.Y.;Nanayakkara, A.; Challacombe, M.; Pople, J. A. Gaussian 03, revision
C.02; Gaussian Inc.: Wallingford, CT, 2004.
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Figure 3. ORTEP diagram of lead carbamate 7 with H atoms omitted
and BDI C atoms minimized for clarity. The ellipsoid probability is shown
at 30%.

Table 3. Selected Bond Lengths and Angles for Compound 5

Pb—Ol 2.217(10) N1-Pb—N2 83.23(18)
Pb—NI1 2.292(5) NI-Pb—-0l 83.5(3)
Pb—N2 2.291(5) N2—-Pb—O1 82.2(3)
Pb—OI1A 2.399(13) N1-Pb—OI1A 91.7(3)
Pb—02A’ 2.777(13) N2—-Pb—O1A 90.2(3)
Pb---PV 3.7842(5) O1-Pb—02A’ 145.7(4)
01-C30 1.309(16) N1-Pb—02A' 130.5(3)
02—-C30 1.188(17) N2—Pb—02A’ 96.3(3)
03-C30 1.372(14) O1A—Pb—02A’ 137.8(4)
03—-C31 1.451(15) Pb—01-C30 113.5(8)
O1A—C30A 1.314(18) 01-C30—-02 127.9(12)
02A—C30A 1.18(2) 01-C30—-03 107.9(12)
O3A—C30A 1.355(15) 02—-C30—-03 124.1(13)
03A—-C31A 1.453(16) Pb—O1A—C30A 106.2(9)
Pb'—02A—C30A 148.4(11)
OlA—C30—02A 125.1(13)
sum of the angles 266.04 O1A—-C30—03A 114.9(16)
around Pb
DOP* (%) 104 02A—C30—03A 119.8(16)

a

lzigegree of pyramidalization (DOP) = [360 — (sum of the angles)/
0.9].

Table 4. Selected Bond Lengths and Angles for Compound 7

Pb—NI1 2.335(4) N1-Pb—N2 82.47(14)
Pb—N2 2.321(4) N1-Pb—N3 95.94(14)
Pb—N3 2.340(4) N2—-Pb—N3 96.84(14)
N3-C30 1.420(6) Pb—N3-C30 132.5(3)
N3-C36 1.340(6) Pb—N3-C36 103.2(3)
C36—-0l1 1.236(6) N3-C36-01 121.8(5)
C36—-02  1.348(6)  N3—C36—02 116.4(5)
02—-C37 1.466(7) 01-C36—-02 121.7(5)
C36—02—-C37 116.9(4)
sum of the angles around Pb 275.25
DOP* 94%

a

Degree of pyramidalization (DOP) = [360 — (sum of the angles)/
0.9].20

tert-butoxide 3 cases (—9.4 kcal mol ! vs —8.9 and —8.4 keal
mol !, respectively). Although these are gas-phase calcula-
tions, it is reassuring that the trends observed are similar to
our experimental results.

The slow to nonexistent reactivity of our lead alkoxides
with aliphatic electrophiles is in sharp contrast to the reac-
tivity observed with transition-metal alkoxides. The most
striking difference is with Vahrenkamp’s Pyrazolborate—zinc
methoxide complex (Tp"™M°Zn-OMe),'® which reacts read-
ily with methyl iodide to generate the corresponding dimethyl

(16) Brombacher, H.; Vahrenkamp, H. Inorg. Chem. 2004, 43, 6042.
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ether and pyrazolborate—zinc iodide complex, yet only
reacts with CO, under forced conditions and not at all with
phenyl isocyanate. This implies that the lead alkoxides lack
nucleophilic characteristics. Space-filling models of alkoxide
2 reveal that the O atom lies inside a pocket surrounded by
the BDIisopropyl groups and the alkyl group on the O atom.
Thus, we cannot conclusively state that our lead alkoxides are
non-nucleophilic because of potential steric arguments.
However, we can conclude that a nucleophilic O atom is
not available for reactivity.

The mechanism of CO, insertion into transition-metal
alkoxides is generally thought to proceed via a concerted
process in which the new carbon—oxygen and metal—
carbonate bonds form at the same time as the cleavage of
the metal—alkoxide bond.!” The symmetry of this transi-
tion state must vary depending upon the nucleophilicity of
the O atom and the propensity for CO, to bind to the metal
center. In our examples, the lack of an available nucleophilic
O atom implies that coordination of CO, to the metal center
is key, and it must be this coordination that induces the
alkoxide to react with CO,. This can occur either by changing
the steric environment around the alkoxide or by shifting the
electron density such that the alkoxide ligand becomes more
nucleophilic and CO, becomes more electrophilic. However,
we have been unable to observe the binding of additional
ligands to the metal center, nor can we gain evidence for
binding using computational analysis. The addition of extra-
neous ligands such as CH;CN, THF, TMEDA, and N-
heterocyclic carbenes as well as softer ligands such as tri-
methyl- and triphenylphosphine did not result in either
measurable inhibition of CO, insertion or strong evidence
of coordination. Indeed, crystals of the alkoxides 2, 3, or 8
grown in a 50:50 mixture of CH3;CN and hexane did not
result in coordinated CH;CN in the solid state.

The differing reactivity between our lead alkoxides and
transition-metal alkoxides is intriguing both from a funda-
mental viewpoint and from implications in the mechanism of
lead-mediated RNA cleavage, and we are testing whether our
apparent non-nucleophilic behavior can be reproduced with
less sterically hindered lead alkoxides. In addition, we are
currently investigating the mechanism of CO, insertion using
kinetic studies on the slower isostructural tin system.'?

Experimental Section

All manipulations were carried out in an atmosphere of dry
nitrogen or argon using standard Schlenk techniques or in an
inert-atmosphere glovebox. Solvents were dried from the
appropriate drying agent, distilled, degassed, and stored over
4 A sieves. (BDI)PbCI (1) was prepared according to the
literature.'® Potassium alkoxide salts were prepared by the
slow addition of the relevant alcohol (dried and distilled) to a
suspension of potassium hydride. Phenyl isocyanate and
carbon disulfide were freshly dried and distilled before use.
Carbon dioxide was used as received (Union Carbide,
99.999%), and '*CO, was 99 atom %. The 'H and '’C
NMR spectra were recorded on a Bruker DPX 300 MHz
spectrometer, a Varian 400 MHz spectrometer, or a Varian
500 MHz spectrometer. The "H and '*C NMR spectroscopy
chemical shifts are given relative to residual solvent peaks,

(17) For a few examples, see ref 15 as well as the following: Chisholm, M.
H.; Cotton, F. A.; Extine, M. W.; Reichert, W. W. J. Am. Chem. Soc. 1978,
100, 1727. Darensbourg, D. J.; Sanchez, K. M.; Rheingold, A. L. J. Am. Chem.
Soc. 1987, 109, 290. Campora, J.; Matas, 1.; Palma, P.; Alvarez, E.; Graiff, C.;
Tiripicchio, A. Organometallics 2007, 26, 3840.
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and the °’Pb elements were externally referenced to PbMey.
The data for the X-ray structures were collected at 173 K ona
Nonius Kappa CCD diffractometer, k(Mo Ka) = 0.710 73 A
and refined using the SHELXL-97 software package.'®
[CH{(CH3),CN-2,6-"Pr,C¢H3},PbOPr] (2). 1 (1.08 g
1.64 mmol) was added to a stirred suspension of KO'Pr
(0.127 g, 1.64 mmol) in 10 mL of toluene at room temperature.
The reaction vessel was wrapped in foil, and the mixture was
stirred overnight. The mixture was filtered through a pad of
Celite, and the solvent was removed in a vacuum. The resulting
brown oil was dissolved in a minimum of pentane and 2 crystal-
lized upon standing at —30 °C overnight (0.686 g, 62%). "H
NMR (CgDg, 293 K): 6 7.26 (d, 2H, J = 7.5 Hz, m-H), 7.20
(t, 2H, J = 17.5 Hz, p-H), 7.09 (d, 2H, J = 7.5 Hz, m-H), 4.96
(septet, 1H, J = 6.8 Hz, CHMe,), 4.71 (s, 1H, middle CH), 3.95
(septet, 2H, J = 6.8 Hz, CHMe,), 3.18 (septet, 2H, J = 6.8 Hz,
CHMe,), 1.69 (s, 6H, NCMe), 1.57(d, 6H, J = 6.7 Hz, CHMe,),
1.29 (d, 6H, J = 6.8 Hz, CHMe,), 1.20 (d, 6H, J = 6.9 Hz,
CHMe»), 1.17 (d, 6H, J = 6.8 Hz, CHMe,), 1.07 (d, 6H, J =
5.9 Hz, CHMe,). *C{'"H} NMR (C¢Dg, 293 K): 6 163.9
(NCMe), 145.1 and 143.3 (ipso- and o-C of Ar), 126.4, 124.8,
and 123.9 (m- and p-CH of Ar), 100.2 (middle CH), 66.0
(OCHMe»), 30.6 (NCMe), 28.2 (OCHMe,), 26.3, 25.7, 24.9,
and 24.6 (CHMe,). IR (Nujol, v/em™"): 1553 (s), 1512 (s), 1317
(s), 1265 (s), 1172 (s), 1117 (s), 1012 (s), 960 (s),790 (s), 752 (s),
722 (s). Anal. Caled for C3,HysON,Pb: C, 56.20; H, 7.07; N,
4.10. Found: C, 56.30; H, 7.17; N, 4.13.
[CH{(CH3),CN-2,6-"Pr,C¢Hs},PbO'Bu] (3). 1 (0.908 g, 1.38
mmol) was added to a stirred suspension of KO'Bu (0.154 g, 1.38
mmol) in toluene (15 mL) at room temperature, and the mixture
was stirred overnight. The reaction mixture was filtered through
Celite. The solvent was removed under vacuum, producing an
orange solid as the crude product. The crude product was
washed with pentane and recrystallized from toluene overnight,
yielding yellow light-sensitive crystals of 3 (0.720 g, 75%). 'H
NMR (300 MHz, C¢Dg, 293 K): 6 7.26 (dd, 2H, J = 7.5 Hz,
ArH), 7.10 (d, 2H, J = 7.5 Hz, ArH), 7.04 (dd, 2H, J=7.5Hz,
ArH), 4.57 (s, 1H, middle CH), 3.83 (septet, 2H, J = 6.8 Hz,
CHMe,), 3.12 (septet, 2H, J = 6.8 Hz, CHMe,), 1.65 (s, 6H,
CCH;), 1.63 (d, 6H, J = 6.8 Hz, C(CH;),), 1.25 (d, 6H, J =
6.9 Hz, C(CHs),), 1.19 (d, 6H, J = 6.9 Hz, C(CH3),), 1.14
(d, 6H, J = 6.8 Hz, C(CHs)»), 0.88 (s, 9H, C(CH3);). °C{'H}
NMR (300 MHz, C4Dg, 293 K): 164.0 (NCMe), 145.1 (ipso-C),
142.8 (0-C), 141.5 (0-C), 126.0 (p-C), 123.7 (m-C), 123.6 (m-C),
98.0 (middle CH), 69.1 (OCMe;), 36.7 (OC(CHj);), 28.4
(CHMe»), 28.0 (CHMe,), 26.1 (NCCHs), 25.2 (C(CH3),), 24.8
(C(CH3),), 24.6 (C(CHs3),), 23.9 (C(CH3),). IR (Nujol, v/em ™)
1556 (s), 1511 (s), 1318 (s), 1262 (s), 1227 (s), 1015 (s), 941 (s), 838
(s), 791 (s), 751 (s). Anal. Calcd for C33H50N,OPb: C, 56.79; H,
7.22; N, 4.01. Found: C, 56.70; H, 7.15; N, 3.97.
[CH{(CH3),CN-2,6-"Pr,CsH3},Pb(CO,)OPr] (5). 2 was dis-
solved in toluene (2 mL) and loaded into an ampule wrapped in
aluminum foil. The reaction vessel was connected to a Schlenk
line and a cylinder of high-purity CO,. The vessel was sub-
merged in a dry ice/acetone bath, and after three pump/refill
cycles, CO, was introduced at a pressure of 1.5 bar. Thawing
followed by removal of the solvent gave 5 as a yellow solid in
quantitative yield. "H NMR (C4Dg, 300 K): 6 7.19 (s, 6H, ArH),
4.97 (septet, 1H, J = 6.3 Hz, OCHMe,), 4.86 (s, 1H, middle
CH), 3.39—3.32 (br multiplet, 4H), 3.02 (septet, 2H, /= 6.9 Hz,
CHMe,), 1.69 (s, 6H, NCMe), 1.30 (d, 12H, J = 6.3 Hz,
CHMe»), 1.20 (d, 12H, J = 6.3 Hz, CHMe,), 1.24 (d, 6H, J =
6.8 Hz, OCHMe-). 3C{'H} NMR (500 MHz, toluene-ds, 303
K): 0 164.1 (NCMe), 160.9 (OC=0), 142.8 (ipso-C), 129.2 (0-C),
128.3 (0-C), 127.0 (p-C), 125.4 (m-C), 124.5 (m-C), 103.6 (middle
CH), 68.7 (OC(CHs),), 34.6 (OC(CH3),), 28.3 (CHMe,), 26.0

(18) Sheldrick, G.M. SHELXL-97, Program for the Refinement of Crystal
Structures; University of Géttingen: Géttingen, Germany, 1997.
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(CHMe,), 24.7 (NCCH3), 24.5 (CH(CHs;),), 22.8 (CH(CH3),),
22.7 (CH(CH,),), 14.3 (CH(CHj3),). **’Pb NMR (400 MHz,
toluene-ds, 303 K): ¢ 808.7. IR (Nujol, v/cm ™ '): 3056 (s), 1611
(s), 1583 (s), 1551 (s), 1519 (s), 1317 (s), 1294 (s), 1171 (s), 1108
(s), 1055 (s), 1020 (s). IR (CCly, v/em™"): 3060 (s), 2963(s), 2928
(s), 2871 (s), 2335 (br), 1699 (s), 1463 (s), 1438 (s), 1387 (br), 1319
(s), 1292 (s), 1173 (s), 1115 (s). Anal. Caled for C33H4sN>O5Pb:
C, 54.45; H, 6.65; N, 3.85. Found: C, 54.49; H, 6.71; N, 3.75.
[CH{(CH3),CN-2,6-"Pr,C¢Hj3},Pb(CO,)0'Bu] (6). 3 (0.050 g,
0.072 mmol) was dissolved in toluene-dg in an NMR tube
sealed with a Young’s tap. The gas inside the NMR tube was
evacuated. CO, (0.0047 mg, 0.109 mmol) was then added. A
yellow solution mixture was observed, and the reaction mixture
was kept at room temPerature for 24 h and was monitored by 'H
NMR spectroscopy. ' H NMR (400 MHz, toluene-dg, 203 K): 6
7.15(s,2H, ArH),7.07 (d,2H, J = 4 Hz, ArH), 6.95(d,2H, J =
8 Hz, ArH),4.79 (s, 1H, middle CH), 3.64 (m, 2H, CHMe,), 2.94
(m, 2H, CHMe»), 1.62 (s, 6H, CCHs;), 1.58 (br, 6H, J=4 Hz,
C(CH3),), 1.50 (d, 6H, J =4 Hz, C(CHs3)), 1.17 (d, 6H, J =
4 Hz, C(CHs),), 1.08 (s, 9H, C(CH;);). "“C{'H} NMR
(400 MHz, toluene-dg, 203 K): 6 163.5 (NCMe), 160.3 (OCO),
144.2 (ipso-C), 142.3 (0-C), 141.6 (0-C), 103.5 (middle CH), 76.6
(OCHMe»), 28.5 (OCH(CH3),), 28.1 (NCCH3), 27.6 (CHMe,),
27.4 (CHMe»), 26.8 (CHMe,), 26.5 (CHMe,), 25.0 (C(CH3),),
24.7 (C(CHs),), 24.3 (C(CHs3),), 24.1 (C(CHs),). **’Pb NMR
(400 MHz, toluene-dy, 303 K): 4 817.4. IR (CCly, v/em™"): 3060
(s), 2965 (s), 2928 (s), 2869 (s), 1699 (s), 1463 (s), 1438 (s), 1389
(b), 1366 (b), 1172 (s), 1102 (s).
[CH{(CH3),CN-2,6-Pr,CqH;},Pb(N(Ph)CO)OPr]  (7)."°
Phenyl isocyanate (0.032 mL, 0.294 mmol) was added to a
solution of 2 (0.196 g, 0.287 mmol) in toluene (3 mL). The reaction
vessel was wrapped in foil and stirred at room temperature for 3 h.
The volatiles were removed, and the resulting orange residue
was dissolved in a minimum of pentane. 7 crystallized upon
standing at —30 °C overnight (0.100 g, 44%). 'H NMR
(500 MHz, toluene-dg, 303 K): 6 7.59 (br, 2H, ArH), 7.27
(t, 2H, J= 15 Hz, ArH), 6.85 (t, 1H, J= 15 Hz, ArH), 5.03 (s, 1H,
middle CH), 491 (br, 1H, OCHMe,), 3.13 (br, 4H, CHMe,),
1.67 (s, 6H, CCHs3), 1.28 (d, 1H, J = 5Hz, C(CH;),), 1.25(d, 1H,
J =35 Hz, C(CH3),), 1.15 (2H, br d, J =10 Hz, C(CH;),),
0.98 (6H, br, C(CHj3),), 0.88 (d, 2H, J = 10 Hz, C(CH3),),
0.87 (d, 2H, J = 5 Hz, OC(CH3),). 3C{'"H} NMR (500 MHz,
toluene-dg, 303 K): 6 165.0, 143.3, 129.2, 128.3, 127.9, 126.8,
126.0, 121.7, 103.2, 67.2, 34.6, 28.2, 25.5, 25.2, 24.6, 22.8, 22.4,
14.3. BC{'H} NMR (400 MHz, toluene-ds, 198 K): 6 164.7,
164.0, 163.7, 161.4, 158.9, 147.7, 146.6, 144.6, 144.1, 142.9,
142.4, 141.7, 141.4, 129.7, 127.3, 126.5, 126.0, 125.4, 68.0,
67.1, 66.8, 66.4, 65.8, 65.3, 34.5, 27.2, 26.7, 25.8, 25.0, 24.9,
24.4,243,242,23.1,22.3,22.2,21.9, 14.6. IR (Nujol, v/cm™"):
1745 (s), 1688 (s), 1578 (s), 1546 (s), 1515 (s), 1483 (s), 1315 (8),
1231 (s), 1168 (s), 1109 (s), 1054 (s), 1035 (s), 1021 (s). Anal.
Caled for C39Hs3N30,Pb: C, 58.31; H, 6.66; N, 5.23. Found: C,
58.39; H, 6.54; N, 5.24.
[CH{(CH3),CN-2,6-Pr,CgH;},PbO°Bu]. A suspension of
KO'Bu (0.085 g, 757 mmol in 3 mL of toluene) was added
dropwise to a stirred solution of 1 (0.500 g, 757 mmol) in toluene
(10 mL) at room temperature. The reaction mixture was stirred
overnight. The deep-yellow solution was filtered through Celite,
and the solvent was removed under vacuum. The resulting
yellow solid was dissolved in the minimum amount of pentane
(~7mL)and stored at —30 °C overnight, yielding yellow crystals
of (BDI)PbOsBu (0.441 g, 83%). "H NMR (toluene-ds, 303 K):
07.17(d,2H,J = 7.5Hz, m-H), 7.03 (t,2H, J = 16.9 Hz, p-H),

(19) The solution-phase chemistry of this compound is complex and is
undergoing further studies to understand the variable-temperature NMR

spectroscopic behavior.
(20) Maksic, Z. B.; Kovacevic, B. J. Chem. Soc., Perkin Trans. 2 1999,
2623.
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7.02 (d, 2H, J = 18.4 Hz, m-H), 4.60 (s, 1H, middle CH), 4.56
(m, 1H, OCH(CH;)CH,CH3;), 3.79 (hept, 1H, J = 6.9 Hz,
CHMey,), 3.77 (hept, 1H, J = 7.1 Hz, CHMe,), 3.10 (septet,
2H, J = 6.8 Hz, CHMe,), 1.64 (s, 3H, NCMe), 1.63 (s, 3H,
NCMe), 1.47 (dd, 6H, J; = 6.5 Hz, J, = 4.8 Hz, CHMe,), 1.21
(dd, 6H, J, = 6.8 Hz, J, = 1.7 Hz, CHMe,), 1.15 (d, 6H, J =
6.8 Hz, CHMe,), 1.12(d, 6H, J = 6.8 Hz, CHMe,), 0.78 (d, 3H,
J = 6.0 Hz, OCH(CH;)CH,CH3), 0.48 (t, 3H, J = 7.4 Hz,
OCH(CH;)CH,CHs). BC{'H} NMR (C¢Ds, 303 K): 0 163.4
(NCMe), 144.7 (ipso-C), 142.8 and 141.6 (0-C), 125.8 (p-C),
123.4 and 123.3 (m-C), 99.1 (middle CH), 70.8 (OC(CH3)CH,-
CH3), 36.3 (OC(CH3)CH,CH3), 27.9 (NCMe), 27.8 and 27.7
(CHMe,), 26.0, 25.0, 24.2, and 23.7 (CHMe»), 24.4 (OC(CHj)-
CH,CH3), 10.5 (OC(CH5)CH,>CHj3). 2’Pb NMR (400 MHz,
CgDg): 0 1542.8. IR (Nujol, v/em™): 3057, 1556 (s), 1516 (s),
1437 (s), 1251, 1171, 1100 (s), 1023 (s), 986, 961, 936, 917, 840,
791 (s), 750. IR (CCly, v/em ™ '): 3059 (w), 2962, 2927, 2989, 2291
(W), 2004 (w), 1857 (w), 1550 (s), 1463, 1437, 1359, 1320, 1252 (s),
1217 (s), 1172. Anal. Calcd for C33H4sN,O3Pb: C, 56.79; H,
7.22; N, 4.01. Found: C, 56.66; H, 7.08; N, 3.89.
[CH{(CH3),CN-2,6-"Pr,C¢Hj3},Pb(CO,)O°Pr] (9). 8 (101 mg,
0.145 mmol) was dissolved in toluene (8 mL) in a sealable
ampule. The gas was evacuated, and CO, was added (0.220
mmol). The reaction mixture was cooled to —80 °C to give a
yellow powder. "H NMR (Cg¢Ds, 303 K): 6 7.09 (s, br, 6H, ArH),
4.78 (s, 1H, middle CH), 4.71 (sext, 1H, J = 6.21 Hz, OCH-
(CH;3)CH,CH3), 3.30 (br, 4H, CHMe,), 1.67 (m, 1H, OCH-
(CH3)CH,CH3), 1.62 (s, 6H, NCMe), 1.48 (m, 1H, OCH-
(CH3)CH,CH3), 1.26 (d, 12H, J, = 6.2 Hz, CHMe,), 1.18 (d,
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3H, J = 6.9 Hz, OCH(CH;)CH,CH3;), 1.11 (d, 12H, CHMe,),
0.90 (t, 3H, J = 7.4 Hz, OCH(CH5)CH,CH>). "*C{'H} NMR
(CeDs, 303 K): 6 163.7 (NCMe), 160.7 (OCO,), 142.4 (ipso-C),
127.7 and 127.5 (0-C), 126.5 (p-C), 124.4 and 124.0 (m-C), 103.2
(middle CH), 73.2 (OC(CH3)CH,CHj;), 29.3 (OC(CH;3)CH,-
CH;), 27.8 (NCMe), 24.2 (CHMe,), 24.1 (CHMey), 19.7
(OC(CH;3)CH,CH3), 9.8 (OC(CH3)CH,CH;). *’Pb NMR
(400 MHz, C¢Dg): 0 810.3. IR (Nujol, v/em ™ '): 3027, 2336
(W), 1940 (w), 1855 (w), 1800 (w), 1604, 1549 (s), 1260 (s), 1081
(s, br), 804 (s), 694 (s). IR (CCly, v/em™"): 3723, 2693, 3621,
3590, 3063 (w), 2963, 2928, 2870, 2337 (s), 2005 (w), 1857 (w),
1645, 1550 (s), 1459, 1437, 1383, 1364, 1319, 1254 (s), 1217 (s),
1174. Note: traces of 8 were found in isolated solid-state samples
of 9 (even crystallized samples), preventing acceptable elemental
analysis.

Computational Details. All calculations were performed using
the Gaussian 03, revision C.02, suite of programs using the
B3LYP density functional theory and LanL.2DZ pseudopoten-
tials (and basis set)."”
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ABSTRACT: A series of heavier group 14 element, terminal
phosphide complexes, M(BDI)(PR,) (M = Ge, Sn, Pb; BDI =
CH{(CH,3)CN-2,6-iPr,C¢Hs},; R = Ph, Cy, SiMe;) have been
synthesized. Two different conformations (endo and exo) are
observed in the solid-state; the complexes with an endo
conformation have a planar coordination geometry at
phosphorus (M = Ge, Sn; R = SiMe;) whereas the complexes
possessing an exo conformation have a pyramidal geometry at
phosphorus. Solution-state NMR studies reveal through-space

¥P NMR
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scalar coupling between the tin and the isopropyl groups on the N-aryl moiety of the BDI ligand, with endo and exo exhibiting
different Jg,c values. The magnitudes of the tin—phosphorus and lead—phosphorus coupling constants, |Js,pl and |Jppl, differ
significantly depending upon the hybridization of the phosphorus atom. For Sn(BDI)(P{SiMe;},), IJs,pl is the largest reported in
the literature, surpassing values attributed to compounds with tin—phosphorus multiple-bonds. Low temperature NMR studies of
Pb(BDI)(P{SiMe;},) show two species with vastly different IJpppl values, interpreted as belonging to the endo and exo
conformations, with sp>- and sp>-hybridized phosphorus, respectively.

B INTRODUCTION

M(BDI)X complexes of the heavier group 14 elements, (M =
Ge, Sn, Pb; BDI = CH{(CH,),CN-2,6-Pr,CH;},; X =
monoanionic, terminal ligand) were initially synthesized over
10 years ago." In the past 5 years, many studies have focused on
the synthesis and structural characterization of new examples,”
while others have explored the chemistry of the terminal
ligands.3 Although the geometry of the central atom, M, in
these three-coordinate complexes is pyramidal, two different
conformations are observed in the solid-state (Figure 4 In

Ar Ar
: M
N N7\
§\§N>M §N/ X
AI’ | \Ar
X
endo exo

Figure 1. Endo and exo conformations of M(BDI)X (Ar = 2,6-iPr,—
CeHy).

the endo conformation, M and X are on the same side of the
NCCCN plane of the BDI ligand with an approximately
perpendicular M—X bond, and in the exo conformation M and
X generally lie on opposite sides of the NCCCN plane, and the
terminal ligand points away from the M(BDI) core. To a first
approximation these conformations can be attributed to
interactions of the terminal ligand, X, and the N-aryl groups
of the BDI ligand. Smaller X-groups or those able to adopt a
planar geometry can find room between the two N-aryl groups
in an endo conformation whereas larger ligands force the

~7 ACS Publications  © 2012 American Chemical Society
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molecule into the exo conformation to avoid steric conflict.
Currently these observations are restricted to the solid-state
and no spectroscopic markers differentiating these two
conformations have been noted in solution.

Terminal phosphide complexes, M(BDI)(PR,), have recently
been reported. Roesky and Zhu have synthesized Ge(BDI)-
(PPh,),> which is exo in the solid-state with a pyramidal
geometry at phosphorus. Driess has made the germanium®® and
lead’® bis(trimethylsilyl) phosphide derivatives, M(BDI)(P-
{SiMe,},). Although crystal structure data for the latter two
compounds show the germanium complex to be endo with a
planar geometry at the phosphorus atom, and the lead
homologue to be exo with a pyramidal phosphorus environ-
ment, no explanation for these differences has been presented.
We show in this contribution that the shorter Ge—P bond
(2.3912(8) A) compared with Pb—P bond (2.715(2) A) is not
sufficient to account for this dichotomy.

To understand the preference for the group 14 phosphides to
adopt either the endo or exo conformation, we have expanded
this series of compounds. In particular we have targeted the
previously unknown tin derivatives as intermediate between the
germanium and the lead species, and taken advantage of
additional spectroscopic information available from 'Sn NMR
experiments. Our spectroscopic studies have revealed pre-
viously unreported through-space scalar coupling between Sn
and the isopropyl groups on the BDI N-aryl group, allowing us

Received: June 7, 2012
Published: August 17, 2012
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to look at the solution-phase conformations of these
compounds. In addition, an exceptionally large coupling
constant is observed in the tin bis(trimethylsilyl) phosphide
derivative, prompting us to re-examine the lead homologue.

B RESULTS AND DISCUSSION

Synthesis. The group 14 chlorides M(BDI)CL, (IM = Ge,'
Il M = Sn,' Il M = Pb™) were synthesized according to
literature procedures. Reaction of I-III with 1 equiv of LiPR,
(R = Ph, Cy, SiMe;) afforded the heteroleptic compounds
M(BDI)(PR,) (1 M = Ge,2M = Sn, 3 M = Pb; a R = Ph, bR
= Cy, ¢ R = SiMe;) (Scheme 1). This strategy has previously

Scheme 1
Ar
NAr LiPR, N;M\ R
(- E—— gC ;<R
Ny (ol NP
Ar cl Ar
I:Mfge 1M=Ge;2M=Sn;3M=Pb
=sn aR=Ph;bR=Cy; cR=SiMe,
M = Pb

been used to szinthesize Ge(BDI)(PPh,) 1a° and Ge(BDI)(P-
{SiMe;},) Ic¢; 4 the lead analogue 3c was made from the
aryloxide Pb(BDI)(OAr") (Arf = 2,6-tBu,C¢H;).”® We found
that 3c may be synthesized in excellent yield (91%) by
treatment of III with LiP{SiMe;},. All compounds were
isolated as solids that are stable at room temperature and could
be handled under an inert atmosphere with no other
precautions. In contrast solutions of 1—3, in particular the
lead derivatives, must be handled in the dark, as insoluble
metallic precipitates were formed under ambient light
conditions. Purification was achieved by crystallization,
affording analytically pure products in good to excellent yields.
In general, yields for the diphenylphosphides (1a, 2a, and 3a)
were lower than those for other derivatives, and the compounds
decomposed at lower temperatures. The frequent formation of
tetraphenyldiphosphine, detected by *P{'H} NMR (&,
—14.8)° and crystal structure determination (see Supporting
Information), suggests that the group 14 elements may mediate
single-electron decomposition processes in the M—PPh, unit.

Crystallographic Analysis. Single crystal X-ray diffraction
data have been obtained for all new phosphide compounds.
Selected interatomic distances (A) and angles (deg) are
collected in Tables 1 (1b), 2 (2a, 2b, 2¢), and 3 (3a, 3b);
these data are presented alongside those for 1a and 1c (Table
1) and 3c (Table 3) for comparison. Crystal structure and
refinement data are collected in Tables 6 (1b, 2a, 2b, 2c) and 7
(3a, 3b).

The germanium compound 1b crystallizes as the monomeric,
three-coordinate species, with a terminal-PCy, phosphide
fragment (Figure 2). An exo-conformation is adopted in the
solid-state, with the germanium 0.963(6) A out of the plane
defined by the NCCCN backbone of the BDI ligand. The
coordination at germanium is pyramidal, with a degree of
pyramidalization (DP),” of 80%. This latter measurement is a
useful tool when comparing three-coordinate species; a DP of
100% is equivalent to a sum of angles of 270°, where as a DP of
0% is indicative of a planar geometry at the central atom (eq 1).
The large DP at the germanium atom 1b suggests that its lone-
pair possesses marked s-character. The phosphorus atom also
has a pyramidal coordination geometry (DP = 69%). The Ge—
P bond length of 2.4724(8) A is similar to that of la
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Table 1. Selected Bond Lengths (A) and Angles (deg) for
Ge(BDI)(PCy,) 1b Presented with Those for
Ge(BDI)(PPh,) (1a)® and Ge(BDI)(P{SiMe,},) (1c)* for
Comparison

1a“ 1b 1c”?
Ge—P 2.4746(11) 2.4724(8) 2.3912(8)
Ge—N1 2.003(3) 2.049(2) 2.006(2)
Ge—N2 2.029(3) 2.048(2) 2.046(2)
P-C30 1.846(3) 1.900(3)
P-C36 1.844(4) 1.889(3)
P-Sil 2.219(1)
P-Si2 2.227(1)
N1-Ge—N2 88.20(11) 88.05(8) 90.20(9)
N1-Ge-P 99.24(8) 102.52(6) 103.46(7)
N2—Ge-P 99.29(8) 101.35(7) 94.93(6)
C30-P-C36 99.14(16) 102.25(13)
Ge—P—C30 100.25(10) 98.12(10)
Ge—P-C36 100.69(12) 97.97(9)
Sil—P-Si2 110.13(5)
Ge—P-Sil 111.14(4)
Ge—P—-Si2 133.93(4)
DP(%) at Ge 82 76 79
DP(%) at P 67 69 S
6° +39.4(1) +39.9(1) —22.1

“Different numbering scheme used; corresponding bond length/angle
listed. ®Fold angle between the planes defined by N1,C1,C2,C3,N2
atoms (plane 1) and N1,Ge,N2 atoms (plane 2). Positive values
indicate exoconformer.

Table 2. Selected Bond Lengths (A) and Angles (deg) for
Sn(BDI)(PPh,) 2a, Sn(BDI)(PCy,) 2b, and
Sn(BDI)(P{SiMe,},) 2¢c

2a” 2b 2c
Sn—P 2.6612(12), 2.6417(12) 2.6309(7) 2.5526(7)
Sn—N(1) 2211(3), 2.205(4) 2233(2) 2217(2)
Sn—N(2) 2.220(3), 2.224(4) 2.227(2) 2.2210(19)
P—C(30) 1.839(5), 1.844(5) 1.881(3)
P—-C(36) 1.836(5), 1.844(5) 1.892(3)
P-Si(1) 2.2166(10)
P-Si(2) 2.2215(11)
N1-Sn—N2 83.76(13), 83.96(13) 83.23(8) 85.17(7)
N1-Sn—P 95.78(9), 96.11(10) 102.60(6) 101.77(5)
N2—Sn—P 104.53(10), 102.83(10) 99.95(6) 95.55(5)
C30—-P-C36 102.5(2), 100.6(2) 103.30(12)
Sn—P-C30 91.21(15), 94.49(14) 95.33(9)
Sn—P-C36 102.07(15), 99.91(14) 96.18(8)
Si1—P—Si2 111.32(4)
Sn—P-Sil 111.29(4)
Sn—P-Si2 136.45(4)
DP(%) Sn 84, 86 83 86
DP(%) P 71, 72 72 1
o° +39.5(2), +39.8(2) +39.0(1) —209

“Two independent molecules in the unit cell; second value
corresponds to equivalent bond in second molecule. “Fold angle
between the planes defined by N1,C1,C2,C3,N2 atoms (plane 1) and
N1,Sn,N2 atoms (plane 2). Positive values indicate exo-conformer.

(24746(11) A),> but long compared with other terminal
Ge(II)—PR, distances (R = aryl or alkyl; range 2.3938(13) to
2.4151(13) A).® The Ge—P bonds in 1a and 1b are also longer
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Table 3. Selected Bond Lengths (A) and Angles (deg) for
Pb(BDI)(PPh,) 3a and Pb(BDI)(PCy,) 3b, Presented with
Those for Pb(BDI)(P{SiMe,},) (3c)’® for Comparison

3a 3b 3c”
Pb—P 2.720(2) 2.6945(9) 2.715(2)
Pb—N(1) 2.324(6) 2.342(3) 2.359(6)
Pb—N(2) 2.347(6) 2.326(3) 2.325(6)
P-C(30) 1.845(8) 1.880(3)
P—-C(36) 1.818(9) 1.887(3)
P-Si(1) 2.260(3)
P-Si(2) 2.248(3)
N1-Pb—N2 80.2(2) 80.79(9) 81.2(2)
N1-Pb-P 98.21(15) 102.03(7) 97.32(15)
N2—Pb-P 105.98(15) 99.25(7) 103.18(16)
C30-P-C36 101.3(4) 103.79(15)
Pb—P-C30 87.3(2) 93.57(11)
Pb—P-C36 101.1(3) 95.17(11)
Sil—P—Si2 99.45(11)
Pb—P-Sil 96.00(9)
Pb—P—Si2 110.25(10)
DP(%) at Pb 84 87 87
DP(%) at P 78 75 60
6° +34.3(3) +38.7(1) +43.9

“Different numbering scheme used; corresponding bond length/angle
listed. “Fold angle between the planes defined by N1,C1,C2,C3,N2
atoms (plane 1) and NI,PbN2 atoms (plane 2). Positive values
indicate exo-conformer.

Table 4. Selected Spectroscopic Data for M(BDI)X (M = Ge,
Sn, Pb; X = Cl, N{SiMe,},, PPh,, PCy,, P{SiMe;},) in C;D¢"

Cl N{SiMe;}, PPh, PCy, P{SiMe;},

Ge p -360° —141 —192.7%
i 2.0%
sl 17

Sn 3p -30.7 —154 —183.5
si 0.61/—4.7% 4.0
gn 224! —134%° 125 358 39
psil 17
sap! 978 964 2427

pb p 7.3 269 —116.6%
i —2.4/-3.1%¢ 7.4%8

27ph  1413%° 182478 3011 3981 —1737%¢
Vpsi 367
el 1129 1084 285278

“Chemical shift/ppm; coupling constants/Hz. YReference 5 reports
the *'P NMR chemical shift for Ge(BDI)(PPh,) (1a) as § —14.9 ppm.

than those in terminal silyl-substituted phosphides (2.291(4) to
2.426(7) A),** including 1c (2.3912(8) A).
i=1
DP(%) = [360 — ). ¢,]/09
3

€Y

In contrast to the exo-conformation in 1a® and 1b,
Ge(BDI)(P{SiMe;},) (1c) is endo.*® The germanium atom
shows a similar degree of pyramidalization (DP = 79%) but it is
0.55 A below the diketiminate plane (6 = —22.1°). In contrast
with the three coordinate, Ge(II) terminal phosphide Ge(2,6-
{trip},CcH;) (P{SiMe;},) (trip = 2,4,6-iPr;C¢H,),” which has a
DP at phosphorus of 37%, and most tris(silyl-substituted)
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phosphines, where the DP ranges from 34 to 54%,' the
phosphorus atom in 1c has an almost planar geometry (DP =
5%). The only other structurally characterized example of a
planar geometry at the phosphorus atom is that in P{Si-
(iPr);};."" Although transition metal phosphide complexes can
possess a phosphorus atom with a planar coordination
geometry because of donation of the lone pair into an empty
d orbital,"* this is not the case with group 14 derivatives. Our
observations suggest that the planarity of the geometry at
phosphorus in 1c derives from the steric influence of the BDI
ligand rather than from electronic effects associated with the
silyl-groups.

The molecular structures of tin compounds 2a—2c (Figure
3) closely resemble those of their germanium analogues; each is
monomeric with terminal phosphido groups. For compounds
2a and 2b, the tin atom is located 1.063(5)/1.067(6) A and
1.067(3) A above the NCCCN plane, respectively, correspond-
ing to exo- conformations. In contrast, the conformation of 2¢
is endo, with the tin 0.595(3) A below the plane. The DP at tin
(range 83 to 86%) does not vary significantly between
conformations and does not depend on the phosphorus
substituent.

The Sn—P distances in 2a and 2b (2.6612(12)/2.6417(12) A
and 2.6309(7) A, respectively) are similar to those in other
terminal Sn(II) phosphides with alkyl or aryl substituents,
although examples are limited to the ate complex [Li(THF)-
{Sn(P(tBu),) (u-P(tBu),),}] (Sn—P = 2.684(4) A)," and the
amino-stabilized diphosphastannylenes, Sn[P(CH{SiMe,},)-
(C¢H,-2-CH,NMe,)],,"* and Sn[P(CH{SiMe,},)(C¢H,-2-
NMe,)],,® (range Sn—P = 2.5995(10) to 2.6439(9) A). The
Sn—P bond in the silyl-derivative 2c (2.5526(7) A) is similar to
those in other Sn(II) phosphides containing the -P{SiR;},
group, that is, heterometallic Ba/Sn'> and Ca/Sn'® systems
(Sn—P range 2.597(3)—2.615(2) A), the diphosphanylstanny-
lene, Sn(P{Si(tBu)(trip)F},), (Sn—P = 2.567(1) A),"” and
Sn(2,6-{trip},C¢H,) (P{SiMe;},) (Sn—P = 2.527(1) A).°

As in the germanium series, the geometry of the phosphorus
atom is different in 2c (DP = 1%), from that in both 2a (DP =
71/72%) and 2b (DP = 72%), and the compounds described
above,®>!¥1* (DP ranges from 25 to 47%) and is specific to the
BDI-ligand system. The planar geometry is distorted, with the
Sn—P-Si2 angle (136.45(4)°) significantly greater than the
remaining angles (Figure 3b), presumably to relieve crowding
by the aryl substituents.

As for 3¢,® compounds 3a and 3b are monomers with
terminal phosphido groups (Figure 4) and the pyramidally
coordinated lead atoms (DP: 3a, 84%; 3b, 87%; 3c, 87%) above
the ligand plane (3a, 1.02(1) A; 3b, 1.127(4) A; 3¢, 1.25 A).
The conformations are therefore exo for all members of the
series, and in each case the geometry at phosphorus is
pyramidal (DP: 3a, 78%; 3b, 75%; 3c, 60%).

The Pb—P distances in 3a (2.720(2) A) and 3b (2.6945(9)
A) are shorter than the terminal Pb—P bond lengths in
[Li(THE){Pb(P(Bu),)(u-P(tBu),),] (Pb—P = 2.766(7) A)**
and [Pb(P(tBu),)(u-P(tBu),)], (Pb—P = 2.781(4) A)."® In
contrast to the germanium and tin compounds, where the M—P
distances for the silyl-substituted derivatives are about 3.5%
shorter than the M—PR, distances, the Pb—P distance in 3c
(2.715(2) A),*8 is similar to the average of those in 3a and 3b.

Spectroscopic Analysis. In general, spectra obtained from
solutions of endo- and exo- isomers of M(BDI)X show that the
methyl groups within each iso-propyl group are inequivalent;
that is, there are two apparent septets and four doublets in the
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Table S. Selected Spectroscopic Data for Previously Reported Compounds That Contain Tin—Phosphorus Multiple Bond

Character, and Related Species”

compound p 119gn Jsqp! solvent
2 —183.5 39 2427 C¢Dg
R,Sn=P(mes*)>"* 204.7 658 2295 C¢Dg
(Art),Sn=P(mes*)*"" 170.7 500 2208 not reported
(Ar),Sn(F)—P(Li)(mes)-W(CO)>" —-121.0 35 2099 CDCly
Li[ (Ar*)Sn=P(Ar)]° 229.7 b 2004 CgDy
Sn(P{Si'Pr; }{Si(Ar),F}),"” —-102.5 1551 1682 not reported
Sn(P{Si'Pr, }{Si(Ar?) (‘Bu)F}),"” -121.3 b 1628 not reported
[Sn(u-P{Ar1})],7¢ 255.6 967 1464 C¢Dg
Sn(P{SiPh,},),>”® —175.4 b 1323 CgDy
[Sn(P{SiMe;},) (u-P{SiMe;},)1,>" -231.8° 1117° 10124 C¢Dg
—236.47 1224° 1298"
—281.4° —295.3"
Sn(P{Ph}{Ar'}),*"8 0.1 1101 891 CgDg

“Chemical shift/ppm; coupling constants/Hz; Arf = 2,4,6-Pr,CsHy; Ar® = 2,6-(Ar¥),C¢Hy; Ar' = 2,6-(Ar),CeHy; Ar¥ = 2,6-(mes),CgHj. ''Sn
chemical shift not reported. “trans-terminal. “cis-terminal. “cis-bridging, /#rans-bridging.

Table 6. Crystal Structure and Refinement Data for Ge(BDI)(PCy,) 1b, Sn(BDI)(PPh,) 2a, Sn(BDI)(PCy,) 2b, and

Sn(BDI)(P{SiMe,},) 2c

1b 2a 2b 2c
formula C4 Hg;GeN,P C4HgN,PSn-0.5(C,Hg) C4HgN,PSn C3sHsoN,PSi,Sn
formula weight 687.49 767.57 733.59 713.68
temperature (K) 173(2) 173(2) 173(2) 173(2)
wavelength (A) 0.71073 0.71073 0.71073 0.71073
crystal size (mm) 0.21 X 0.09 X 0.06 0.16 X 0.10 X 0.08 0.17 X 0.11 X 0.07 0.18 X 0.10 X 0.06
crystal system monoclinic triclinic monoclinic monoclinic
space group P2,/c (No.14) PT (No.2) P2,/c (No.14) P2,/c (No.14)
a(A) 10.0941(2) 12.6382(3) 9.9722(1) 12.1569(2)
b (A) 23.5171(5) 17.6553(4) 23.7044(4) 15.7065(2)
c (A) 17.2689(3) 19.5975(4) 17.4243(3) 23.4050(4)
a (deg) 90 69.422(1) 90 90
B (deg) 110.600(1) 84.810(1) 109.003(1) 119.547(1)
7 (deg) 90 74.862(1) 90 90
vV (A% 3837.24(13) 3951.75(15) 3894.37(10) 3887.82(10)
z 4 4 4 4
D, (Mg m™) 1.19 1.29 125 122
absorption coefficient (mm™") 0.87 0.72 0.73 0.78
0 range for data collection (deg) 3.47 to 26.73 3.40 to 27.09 3.44 to 27.11 3.48 to 27.10
reflections collected 48350 66909 57848 60531

independent reflections
reflections [I > 26(I)]

8127 [Ry, = 0.079]
6180

17382 [Ry, = 0.089]
11616

8576 Ry = 0.077]
6730

8547 [Ryy = 0.076]
6661

data/restraints/parameters 8127/0/408 17382/1/828 8576/0/408 8547/0/372

goodness-of-fit on P 0.990 1.030 1.023 0.991

final R indices [I > 26 (I)] R1 = 0.046 RI = 0.055 R1 = 0.037 RI = 0.034
wR2 = 0.108 wR2 = 0.123 wR2 = 0.072 wR2 = 0.070

R indices (all data) R1 = 0.070 RI = 0.099 R1 = 0.058 RI = 0.056
wR2 = 0.119 wR2 = 0.139 wR2 = 0.079 wR2 = 0.078

largest diff. peak/hole (e A7) 0.79 and —0.44 1.81 and —0.82 0.48 and —0.83 0.45 and —0.69

'"H NMR spectra. Correspondingly there are two resonances
attributed to the CHMe, carbons and four assigned to the
CHMe, carbons in the *C{*H} NMR spectra. Analysis of the
BC{'H} NMR spectrum of chloride II revealed previously
unreported coupling between iso-propyl-methine (*Js,c) and
-methyl (%) resonances and tin, present as unresolved ''’Sn
and '"Sn satellites (Figure 5). Given the 4- and S-bond
separation between these atoms (for which through-bond
coupling is likely to be weak) and the variation in Js,c from
resonance to resonance, we assign this to through-space scalar

9406

coupling (note: we have denoted the number of bonds between
relevant nuclei as superscript #, i.e., "J; however, this is used as a
nomenclature tool and not an indication that the observed
coupling is a through-bond phenomenon).'" This through-
space scalar coupling has previously been restricted to examples
of coupling between NMR active nuclei, one of which is
effectively 100% naturally abundant (i.e., 'H, °F, 3P); a recent
observation of {’F—1"/11Sn} and {F—2"Pb} coupling is
most pertinent to this work.>® Our results are the first to
demonstrate that this phenomenon may be observed with
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Table 7. Crystal Structure and Refinement Data for

Pb(BDI)(PPh,) 3a and Pb(BDI)(PCy,) 3b

3a 3b
formula C4H;N,PPb C4, Hg;N,PPb
formula weight 810.01 822.09
temperature (K) 173(2) 173(2)
wavelength (A) 0.71073 0.71073
crystal size (mm) 0.15 X 0.07 X 0.03  0.22 X 0.11 X 0.04
Crystal system orthorhombic monoclinic
space group I2¢b (No4S) P2,/c (No.14)
a (A) 15.9697(S) 9.9586(2)
b (A) 18.3168(6) 23.7678(4)
c(A) 25.8355(6) 17.4757(2)
p (deg) 90 108.531(1)
V (A%) 7557.2(4) 3921.93(11)
V4 8 4
D. (Mg m™) 1.42 1.39
absorption coefficient (mm™) 4.54 4.37
0 range for data collection (deg) 3.43 to 27.09 3.43 to 27.09
reflections collected 24237 57828
independent reflections 8198 [R,, = 0.081] 8624 [R,, = 0.068]
reflections [I > 26(I)] 5814 6904
data/restraints/parameters 8198/1/408 8624/0/408
goodness-of-fit on F* 0.986 1.031
final R indices [I > 26 (I)] R1 = 0.047 R1 = 0.029
wR2 = 0.085 wR2 = 0.054
R indices (all data) R1 = 0.086 R1 = 0.047
wR2 = 0.096 wR2 = 0.058
largest diff. peak/hole (e A7) 0.68 and —1.40 0.99 and —0.97

Figure 2. Molecular structure of Ge(BDI)(PCy,) (1b) (H atoms
omitted and BDI aryl groups C atoms minimized). Ellipsoid

probability at 30%.

relatively insensitive but ubiquitous carbon-13 nuclei and to
suggest that it may find general application for the study of

species in solution.

Through-space scalar coupling implies that the nuclei come

into close proximity in solution. The molecular structure of
Sn(BDI)CI is endo," where for orthorhombic polymorph II’
(see Supporting Information) the metal is displaced 0.801(3)/
0.760(3) A below the ligand plane (6 = —29.5(1)/—27.9(1)°).
In the solid-state the range of Sn---C distances to the iso-propyl
groups does not distinguish between those “adjacent” and
“opposite” the chloride (Figure S). For species with these
precise conformations in solution, the coupling of the tin with
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(b)

Si1

Figure 3. Molecular structure of (a) one of the independent molecules
of Sn(BDI)(PPh,) (2a) and (b) Sn(BDI)(P{SiMe,},) (2c) (toluene
solvate (2a) and H atoms omitted, and BDI aryl groups C atoms
minimized). Ellipsoid probability 30%.

both iso-propyl groups should be similar. This is in contrast
with the observed data where, within the resolution of the
instrument, *J5,c is only observed for one iso-propyl group
(Figure Sa, a(b),). As such, although we are confident that the
endo and exo conformations of M(BDI)X are maintained in
solution (vide infm), their precise geometries are not static.

The NMR spectra for 1-3 conform to the same general
pattern, consistent with a pyramidal coordination at the central
atom in solution. The iso-propyl resonances in the 'H and
BC{'"H} NMR spectra show *’Jp;; and °Jpc coupling,
respectively, which we also attribute to through-space scalar
coupling between proximate nuclei. For example in 2a, the low
field septet in the "H NMR spectrum shows an additional
coupling of 1.2 Hz (Supporting Information, Figure S7). The
3P—'H HMBC experiment shows correlation between
phosphorus and this septet (°Jpy) and between phosphorus
and two CHMe, doublets ("Jpy) (Supporting Information,
Figure S8).

In the C{'H} NMR spectrum of 2a, one of the methine-
and one of the methyl-carbon resonances of the iso-propyl
groups appears as a doublet with *Jpc of 6 Hz and 9pc 8 Hz,
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Figure 4. Molecular structures of (a) Pb(BDI)(PPh,) (3a) and (b)
Pb(BDI)(PCy,) (3b) (H atoms omitted and BDI aryl groups C atoms
minimized). Ellipsoid probability 30%.

respectively (Figure 6). There are also couplings to tin as
described for II above. The coupling constants 51 ¢ and
$/6],c are observed from different resonances, suggesting that
the tin and phosphorus atoms interact with different isopropyl
groups. This correlates with the solid-state structure in which
the opposite iso-propyl substituent is closest to the tin and the
adjacent iso-propyl is closest to the phosphorus (Figure 6). The
spectra of 2b show similar couplings.

The tin atom in the endo isomer 2c is approximately the
same distance from the opposite and adjacent iso-propyl groups
(Figure 7). However, only the adjacent substituents are close
enough to interact with the phosphorus atom, suggesting that
for both II and 2, it is the opposite iso-propyl groups that
exhibit Sn---C coupling. For the methine resonance, there is an
approximate difference of 15 Hz in [*Jsncl between the exo- 2a
(36 Hz) and the endo- 2¢ (21 Hz)/II (20 Hz). The tin amides
Sn(BDI)(N'Pr,) (exo) and Sn(BDI)(NHAr) (endo) show a
similar difference with couplings of 35 and 19 Hz, respectively.*
We feel confident, therefore, that the magnitude of this
coupling may be used to determine whether an exo- or endo-
conformation predominates in solution for compounds of
general formula Sn(BDI)X.

The ®C{'H} NMR spectra of lead chloride Pb(BDI)CI (III)
and the phosphides 3a, 3b, and 3¢ were examined to determine
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whether the corresponding through-space scalar coupling to
29Pb nuclei was observable. Unfortunately, overlapping carbon
resonances and the inherently lower receptivity of the lead
atom relative to tin, prevented assignment of coupling in most
cases. However, in exo compound Pb(BDI)(PPh,) (3a),
satellites due to 2’Pb---'*C coupling between the “opposite”
methine resonance and the lead was noted, with *Jp,c = 37 Hz
(Supporting Information, Figure S9). Although IJp,cl for this
interaction is similar to the values obtained for the exo- tin
compounds, without further data we can not definitively say
whether a similar trend in the magnitude of the through-space
coupling is in operation for lead.

The *'P NMR chemical shifts of 1—3 (Table 4) follow the
expected pattern for a series of substituted compounds X-PR,,
with 8p(X-PCy, b) > 8p(X-PPh, a) > &p(X-P{SiMe;}, c).
Recent studies of sterically crowded triarylphosphines show an
upfield shift as the substituents become more bulky, for
example, in CDCly: 6p (ppm): PPh; —6; P(mes); —36; P(Ar);
—50; P(trip); —53 (mes = 2,4,6-MesC¢H,, Ar = 2,6-iPr,—
CgH,), and the coordination at phosphorus becomes more
planar (DP: PPh; 57%;>' P(mes); 34%;>> P(Ar);, 27%;>
P(trip), 28%*). Thus, a low frequency resonance is observed
when the phosphorus is bound to silyl groups and as the atom
adopts a more planar geometry.

The "”Sn NMR chemical shifts for 2a—2c appear at higher
frequency than those from the chloride' and bis(trimethylsilyl)-
amide®® (Table 4), with 2b > 2a > 2c. In contrast, while the
27Pb  chemical shifts for the diphenyl and dicyclohexyl
compounds are at higher frequency than those of Pb(BDI)-
chloride®® and -bis(trimethylsilyl)amide,*® the
bis(trimethylsilyl)phosphide 3c is very strongly shielded and
appears at Op, —1737 ppm,2g corresponding to a Adp, of 5718
ppm compared with 3b.

The ')yl for 2 and 3 indicates that bonding within the M—
P{SiMe,}, group differs considerably from that in the alkyl and
aryl substituted phosphides. Previous work concluded that the
large I'Jppl in 3c arose from a high 3s contribution from
phosphorus in an intrinsically polarized Pb(6™)—P(6%) o-
bond.’® The couplings in 3a (1129 Hz) and 3b (1084 Hz) are
considerably lower and similar to that reported for the terminal
Pb—P(tBu), group in the homoleptic dimer, [Pb(P(tBu),)(u-
P(tBu),)], (1100 Hz)."®

The coupling constant I'Jg,,l in 2¢, 2427 Hz, is exceptionally
large (cf. 2a 978 Hz, 2b 964 Hz). The solid-state *'P NMR
spectrum (Supporting Information, Figure S10), with Msup!
2508 Hz, is in excellent agreement with the solution spectrum
indicating the molecular species in solution and in the solid-
state are similar. Previously large couplings have been
considered indicative of compounds containing tin—phospho-
rus double bonds (Table 5).”'”?” For example, R,Sn=
P(mes*) (R = CH{SiMe;}, mes* = 24,6-tBu;CsH,) was
reported as the first stable stannaphosphene (Js,p 2295 Hz)2>"
As far as we are aware, however, there have been no examples
of structurally characterized compounds having tin—phospho-
rus multiple bonds,*® and therefore, given that the coupling
constant in 2¢ which contains a Sn—P single bond exceeds all
those previous reported, we urge caution when parameter is
cited as evidence for multiple bonding.

1Ypsl for 1c*® and 2¢ (both 17 Hz) from the *'P{'"H} NMR
spectra are toward the low end of the range observed for
triorganosilylphosphines (7 to 50 Hz).*® The small coupling
constant (9.0 and 9.4 Hz for two diastereoisomers) observed in
P(Si(iPr);); was previously attributed to high ionic character in
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Figure 5. (a) *C{'"H} NMR spectra of Sn(BDI)Cl (II) in C;Ds showing Js,c: a and a’ CHMe,, b and b’ CHMe,, c NCMe (where a(b), and a'(b’),
indicate resonances from different pairs of iso-propyl groups); Schematic views of the relative position of the iso-propyl substituents with respect to
the tin atom, with range of distances taken from crystal structure data, (b) facing the metallacycle; (c) side-view.

(a) b
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b
a
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‘ Jsnc - Jsne |
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Figure 6. (a) “C{'"H} NMR spectra of Sn(BDI)(PPh,) (2a) in C;Dg showing Js,c and Jpc: @ and 2’ CHMe,, b and b’ CHMe,, ¢ NCMe (where
a(b), and a’(b’), indicate resonances from different pairs of iso-propyl groups); Schematic views of the relative position of the iso-propyl
substituents with respect to the tin atom, taken from X-ray diffraction data: (b) facing the metallacycle; (c) side-view.

the Si—P bonds."" The coupling constant in the lead complex
3c is 36 Hz.’8

As a first approximation, Ul coupling constants involving
phosphorus are dependent on the s-orbital contribution in the
bonds and variations in the valence angle at phosphorus,®
although account must also be taken of the ionicity within the
bond and a possible change in the sign of J.'' According to a
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simple valence bond description, one would therefore expect
that compounds with an sp® phosphorus would show a lower
wp coupling than those with a sp> phosphorus atom with
planar geometry. This fits the data for the tin compounds 2 if
the solid-state structures are maintained in solution. However,
the exceptionally large 'Jpypl in 3¢, which is known to have a
solid-state structure with a pyramidal geometry at the
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Figure 7. (a) *C{'H} NMR spectra of Sn(BDI)(P{SiMe;},) (2c) in C4Dg showing Js,c and Jpc: a and a’ CHMe,, b and b’ CHMe,, ¢ NCMe
(where a(b), and a’(b’), indicate resonances from different pairs of iso-propyl groups); Schematic views of the relative position of the iso-propyl
substituents with respect to the tin atom, taken from X-ray diffraction data:, (b) showing Sn---C distances; (c) showing P---C distances.

phosphorus atom, prompted us to examine the solution-state
structures of the bis(trimethylsilyl) phosphido compounds in
more detail.

The 'H NMR spectra of lc and 2c, recorded over the
temperature range +30 to —80 °C, show that the SiMe;
doublets observed at room temperature separate into two
resonances of equal intensity as the temperature is lowered (2c,
Supporting Information, Figure S11). The energy associated
with this process is 11.2 kcal mol™" (1c) and 10.5 kcal mol™
(2¢). The low temperature *'P{"H} spectra of each compound
retain a single resonance, and in the case of tin, there is no
significant increase in the 'Jg,p, suggesting that the M—P bond
does not change significantly in this temperature range.

The separation of the SiMe; resonances in the 'H NMR
spectra at low temperature is reflected in silicon NMR
experiments. At room temperature the Si{'"H} NMR of 1>
and 2c are doublets with Jpg; = 17 Hz (Figure 8). As the
temperature is lowered, two silicon resonances are observed,
each of which shows coupling to phosphorus (not fully resolved
for tin compound 2c). These two silicon resonances reflect the
different proton environments observed in the low temperature
'"H NMR spectra, confirmed through '"H—*°Si HMBC experi-
ments (Supporting Information, Figure $12). In each case there
is a large disparity in the magnitude of the coupling to
phosphorus, most evidently in the two low temperature
resonances in lc where the difference in coupling constant
(AJpg) is 33 Hz (Figure 8). We propose that the large AJpg; is
related to the variation in the bond angles about the planar
coordination at phosphorus noted in the solid-state structures
of 1c and 2c (Figure 3b). This is also supported by solid-state
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Figure 8. Solution-phase *’Si{'H} NMR spectra in toluene-dg for
Ge(BDI)(P{SiMe;},) (1c) and Sn(BDI)(P{SiMe;},) (2c), recorded
at 303 and 193 K.

Si{'H} NMR experiments (Figure 9a) that show two
resonances for 2c, with coupling resolved in one signal.
Variable temperature and solid-state NMR data have been
obtained for Pb(BDI)(P{SiMe;},). In contrast to the spectra of
the tin compound, the solid-state *P{'"H} NMR spectrum of

dx.doi.org/10.1021/ic301208d | Inorg. Chem. 2012, 51, 9403—-9415



Inorganic Chemistry

328

(a) b) o
W (56 Hz) il (49 Hz)
jPSi '\ MY
(32 Hz) I\ \ ‘\'\”‘
WJ\ f‘ \l ‘\ ‘|
'(\,‘ l\ \‘ L7
I ,
10 5 0 10 5 0

Figure 9. Solid-state *’Si{'H} NMR spectrum (a) Sn(BDI)(P-
{SiMe;},) (2¢); (b) Pb(BDI)(P{SiMe,},) (3¢c) showing 'Jps; coupling.

3c differs from that acquired in solution. The chemical shift
Op(eolia) (PPm) is —173.5 (£ Sp(soution) (Ppm) —116.6), but the
coupling is significantly lower ( IJPbP(solid) 1580 Hz), close to that
predicted for phosphorus with a pyramidal geometry (vide
supra). The solid-state *’Si NMR spectrum (Figure 9b) shows
two signals reflecting the different crystallographic environ-
ments for the two silicon atoms (torsion angle: Sil—P1—Pbl—
N1 —97.4°, Si2—P1-Pbl1-N2 77.6°, Supporting
Information, Figure S13). Each resonance shows a resolved
one-bond coupling to phosphorus with similar YJpg; (confirmed
with decoupling experiments), indicating a similar magnetic
environment for each SiMe; group consistent with the X-ray
data.

Low temperature solution-state NMR spectra showed a
broadening of the resonances for the SiMe; protons in the 'H
spectra although separation was not achieved at the low
temperature limit. However, of major significance and in
contrast to all other systems investigated, the *P{'H} NMR
spectra separated into two distinct resonances A and B at low
temperature (Figure 10). The higher field resonance B is
identified with that shown in the solid-state spectrum (8p(slia)
(ppm): —173.5, Jopp 1580 Hz; Sp(p) (ppm): —178.5, Jopp 1417

6, —101.7 ppm 6, —178.5 ppm

183 K /

/\ Jpyp 3478 Hz Jopp 1417 Hz ||

A B
203 K
223 K
243K
263 K A
S - | e o e
283 K I\

| AL

303 K ‘\‘ prp 2834 Hz

-95 -105 -115 -125 -135 -145 -155 -165 -175 -185

Figure 10. Variable temperature *'P{'H} NMR spectra in toluene-dg
of Pb(BDI)(P{SiMe;},) (3c) (* unidentified impurity).
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Hz) which we assign to the structure in which the coordination
geometry at phosphorus is pyramidal. Resonance A, however,
shows a much larger one-bond coupling between the lead and
phosphorus bonds, as predicted for a planar sp*phosphorus
coordination geometry (8py) (ppm): —101.7, Jp,p 3478 Hz).
These data lead us to conclude that the previously reported
spectroscopic data for 3¢ actually corresponds to an equilibrium
mixture of two species (eq 2), one of which has a pyramidal

Ar Ar
: S_Pb  SiMes
éﬁ; ~= |7 “pesity ()
« Pb N
Ar | Ar

/P\ .
Me;Si SiMe;

A B

geometry at phosphorus (exo conformation, B) and the other
having a planar geometry at phosphorus (endo conformation,
A). It is important to note that in the tin and lead compounds
2¢ and 3c the one-bond coupling between the metal and
phosphorus, for a planar coordination environment at
phosphorus, vastly exceeds previously reported data.

B CONCLUSIONS

The planar coordination at phosphorus in the bis-
(trimethylsilyl) substituted phosphides 1c and 2c is unique to
the BDI-system and has not been recorded previously in
germanium and tin compounds. Terminal phosphides of
heavier group 14 elements in sterically nonrestraining ligand
systems have phosphorus atoms with pyramidal geometries,
suggesting that this is most stable. It is tempting to assume that
the different geometries noted in this study are a consequence
of the shorter M—P bond lengths in the silyl-substituted
phosphides (ave. 1a and 1b 2.4742(7) A, 1c 2.3912(8) A; ave.
2a and 2b 2.6446(11) A, 2¢ 2.5526(7) A). This contraction
brings the phosphorus substituents into steric conflict with the
N-aryl groups of the BDI ligand, forcing a planar arrangement
to be more energetically favorable. This is a reasonable
argument within the series of compounds containing a
common central atom (Figure 11la). However, if considered
in isolation, this parameter does not explain why compounds 1a

(a)
Ar &
S /M N
N R ;
5¥_c N‘/ NgeR ‘Nl,}ﬂ
Ar AT b
R
Long M—P bond Short M—P bond
(R =Ph, Cy) (R = SiMey)
(b)
Ar Ar
N, N’\
( M-PRy ( _M-PR,
N N
‘Ar Ar

Short M-N bond
Wider N-M-N angle

Long M~-N bond
Narrower N-M-N angle

Figure 11. Factors that contribute to whether the phosphorus
substituents are strongly influenced by proximity to the aryl groups of
the BDI ligand (a) metal—phosphorus bond length; (b) bite angle of
the ligand.
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and 1b have pyramidal coordination at phosphorus when the
Ge—P bonds are shorter than the Sn—P bond in 2¢c. One must
also consider the reduced Ge—N bond lengths in 1a, 1b, and 1c
(ave. 2.061(2) A, compared with those in the tin compounds
ave. 2.220(3) A). This causes the mouth of the ligand to be
wider for germanium species (ave. N—Ge—N 88.80(8)°) than
for tin (ave. N—Sn—N 84.03(1)°), reducing the influence of the
aryl substituents in la and 1b (Figure 11b).

The Pb—N bond lengths in 3a, 3b, and 3c are longer than
those of the lighter homologues (ave. 2.337(5) A) with a
further reduction in N—M-N angle (ave. 80.7(2)°), in
agreement with the arguments presented above. In this
instance, however, there is no significant reduction in the
Pb—P bond length for the bis(trimethysilyl) derivative so that,
in the solid-state at least, the exo form predominates in all cases.

We have invoked through-space scalar coupling to explain
the remarkable four to five bond coupling observed between Sn
and C, five to six bond coupling observed between P and C as
well as the six to seven bond coupling observed between P and
H. Both *7J,,; as well as 3], have been observed by others,'
and through-space scalar coupling has been used to explain
some of these long-range couplings.*'® Our results are the first
to report this phenomenon between relatively insensitive nuclei
using standard one-dimensional '*C and '"*Sn NMR spectro-
scopic techniques, although it is not unimaginable that this
coupling has been previously overlooked. This scalar coupling
is probably due to some as yet undetermined molecular orbital
overlap between relevant nuclei. The analogous *Jp,c coupling
was observed in 3a, although we were unable to definitively
observe coupling in 3b and 3c. This lack of coupling could
partially be due to the smaller relative receptivity of *’Pb nuclei
relative to '”Sn nuclei (2.01 X 1073 and 4.53 X 1073
respectively, relative to the 'H nuclei).**

The Js,pl value for 2c (2427 Hz) is the largest tin—
phosphorus coupling reported to date, surpassing even those of
compounds containing tin—phosphorus multiple bonds. The
agreement between the solution- and solid-state NMR spectra
confirm that this coupling comes from a Sn—P single bond,
significantly widening the range of such sl values. A simple
interpretation of this data is that the larger coupling in 2c¢ is due
to the increased s-component to the Sn—P bond caused by a
rehybridization of the phosphorus from sp® (pyramidal
geometry) to sp® (planar geometry). This change in hybrid-
ization would result in greater s character in the bonding orbital
on the phosphorus, thus further explaining the shorter Sn—P
(and by analogy, Ge—P) bonds of the silyl substituted
phosphide ligands. Computational studies to help understand
these results are ongoing.

A similarly large coupling (2852 Hz) was previously noted
for |Jpypl in 3¢, following the same general trend as that noted
for the tin series. However, this result seems to be inconsistent
with the pyramidal coordination at phosphorus observed in the
crystal structure and the solid-state *'P NMR data, for which a
much lower value of |Jp,pl was recorded (1580 Hz). Low
temperature, solution-state *'P NMR spectra of 3¢ showed that
the spectral data at 30 °C are an average of two signals A and B,
which we assign to species in which the coordination at
phosphorus is planar (A) and pyramidal (B). This once again
increases the range of J values for Pb—P single bonds and the
value previously reported as “unprecedentedly large” under-
estimates the upper limit by over 600 Hz.

We conclude that these Js,p and Jppp coupling data will be
important in future work that investigates multiple bonding
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between these elements. While we have concentrated on the
steric arguments in this contribution, possible underlying
electronic effects are also under investigation, and we will
report the results from these studies in due course.

B EXPERIMENTAL SECTION

General Procedures. All manipulations were carried out under an
inert atmosphere of dry nitrogen using standard Schlenk techniques or
in an inert-atmosphere glovebox. Solvents were dried from the
appropriate drying agent, distilled, degassed, and stored over 4 A
molecular sieves. 'H and *C NMR spectra were recorded on Varian
400 and 500 MHz spectrometers. The solution-phase *Si, *'P, 'Sn
and *’Pb NMR spectra were recorded on a Varian 400 MHz
spectrometer that was equipped with a X{'H} broadband-observe
probe. All spectra were recorded in C¢D4 at 300 K, unless stated
otherwise. The 'H and *C NMR chemical shifts are given relative to
residual solvent peaks, the *°Si signals were externally referenced to
SiMe,, the *'P signals were externally referenced to H;PO,(aq), the
"9Sn signals were externally referenced to SnMe,, and the **’Pb
signals were externally referenced to PbMe,. All assignments were
confirmed by two-dimensional spectroscopy. Coupling constants ] are
quoted in hertz (Hz); coupling involving tin is quoted for the '°Sn
isotope. Solid-state NMR data were recorded on a Varian VNMRS
spectrometer operating at 79.45 MHz (*°Si), 149.17 MHz (*"Sn), and
161.87 MHz (*'P). Spectral referencing is with respect to neat SiMe,,
85% H;PO, (by setting the signal from Brushite to 1 ppm) and
Sn(CHj;), (by setting the signal from (Sn(CH,,), to —97.4 ppm).
The samples were packed under nitrogen or helium; the spinning gas
was nitrogen. The data for the X-ray structures were collected at 173 K
on a Nonius Kappa CCD diffractometer [4 (Mo, Ka) 0.71073 A] and
refined using the SHELXL-97 software package.”> Ge(BDI)Cl (1),'
Sn(BDI)Cl (II),' Pb(BDI)CI (III),** Ge(BDI)(PPh,) (1a),®> and
Ge(BDI)(P{SiMe;},) (1c)*! were made according to published
procedures.

Synthesis of LiPR,. The required primary phosphine (HPR,, R =
Cy, Ph, SiMe;) was added to an n-hexane solution under inert
atmosphere. The solution mixture was cooled to —78 °C and an
equimolecular amount of n-BuLi was added dropwise to the solution.
The reaction was allowed to warm gradually to room temperature over
a period of 20 h. Volatiles were evaporated under vacuum. The crude
solid was washed with n-hexane and dried in vacuo. The purified solid
was collected and stored at —35 °C under an inert atmosphere.

[CH{(CH3)CN-2,6-i-Pr,C¢H3},GeP(CeHq1),] (1b). Ge(BDI)Cl
(0.311 g, 0.59 mmol) was dissolved in diethyl ether (~ 15 mL) and
added to LiPCy, (0.121 g, 0.59 mmol). The reaction mixture was
stirred at room temperature for 40 h, after which the solution was
filtered through a pad of Celite. The solvent was removed under
vacuum, and the resulting crude purple solid was dissolved in a
minimum amount of hexane, affording 1a as purple crystals. Yield
0375 g (92%). Mpt.: 199—-200 °C (decomp.). Anal. Calcd. for
C,Hg;GeN,P (687.54): C, 71.62; H, 9.24; N, 4.07. Found: C, 71.62;
H, 921; N, 3.88. "H NMR: 6 7.17 (d, ] = 7.6, 2H, ArH), 7.11 (t, ] =
7.6, 2H, ArH), 7.04 (d, ] = 7.6, 2H, ArH), 4.74 (s, 1H, CH,), 4.08 (d
sept, | = 6.8 and 2.4, 2H, CHMe,), 3.44 (sept, ] = 6.8, 2H, CHMe,),
1.87 (Cy*), 1.67 (d, ] = 6.8, 6H, CHMe,), 1.57 (Cy*), 1.53 (s, 6H,
NCMe), 1.37 (d, ] = 6.8, 6H, CHMe,), 1.30 (Cy*), 1.20, 1.12 (d, ] =
6.8, 6H, CHMe,), 1.06—0.87 (Cy*) 0.47 (br t, 2H, J;;p = 12.8 Hz, Cy-
CH). * accurate integration of cyclohexyl proton resonances not
possible because of overlap with other signals. *C{'"H} NMR: § 167.2
(NCMe), 145.9, 144.5, 141.8 (i- and 0-C¢H;), 127.1, 125.1, 124.7 (m-
and p'C6H3)J 96.3 (y-CH), 35.9 (br, CY'CHZ)! 352 (d, Joc =29, Cy-
CH), 292 (d, Joc = 9, CHMe,), 28.9 (CHMe,), 28.8 (d, Joc = 7, Cy-
CH,), 26.8 (Cy-CH,), 26.0, 25.3, 25.1 (CHMe,), 24.6 (d, Jpc = 11,
CHMe,), 23.1 (NCMe). *'P{'"H} NMR: § —14.1. IR (Nujol, v/cm™"):
1556.6 (s), 1519.4 (s), 1319.5 (s), 1170.8 (s), 1019.0 (s), 793.7 (s).
UV—vis (pentane), (Ay., nm, (g, M™' cm™): 280.9 (17118), 352.0
(8874). ELMS: m/z (%) 688 (18, M*), 492 (100, [M-PCy,]*, 419
(10, [M-GePCy,*).
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[CH{(CH5)CN-2,6-i-Pr,C4H3},SnP(C¢Hs),] (2a). Compound 2a
was made according to the general procedure outlined for 1b using
Sn(BDI)Cl (0.300 g, 0.52 mmol) and LiPPh, (0.101 g, 0.52 mmol).
The product was isolated as red-purple crystals from toluene. Yield
0283 g (75%). Mpt.: 95—110 °C (decomp.). Anal. Calcd. for
CHN,PSn (721.54): C, 68.25; H, 7.12; N, 3.88. Found: C, 68.06;
H, 7.19; N, 3.95. 'H NMR: & 7.14 (dd, J = 7.6, 1.6, 2H, ArH), 7.06 (t, ]
= 7.6, 2H, ArH), 6.93 (dd, ] = 7.6, 1.6, 2H, ArH), 6.84—6.72 (m, 10H,
PPh,), 4.71 (s, 1H, CH,), 4.08 (d sept, ] = 6.8, 1.2, 2H, CHMe,), 3.16
(sept, J = 6.8, 2H, CHMe,), 1.67 (d, ] = 6.8, 6H, CHMe,), 1.52 (s, 6H,
NCMe), 123, 1.12, 0.96 (d, 6H, | = 6.8, CHMe,). BC{'H} NMR: §
167.6 (NCMe), 144.2, 143.5, 142.9 (i- and 0-CHy), 141.5 (d, Jpc = 32,
C,H,), 135.1 (d, Joe = 15, C,H), 128.4 (d, Jpe = 6, C.H), 127.0 (o-/
m CgHy), 125.8 (CHs), 1252, 124.9 (0-/m-CgH), 97.3 (y-CH), 29.2
(dl Jec =6 CHMeZ)/ 28.5 (]SnC = 36, CHMeZ)) 262 USnC = 43,
CHMe,), 253, 247 (CHMe,), 247 (d, Jpc = 8, CHMe,), 23.5
(NCMe). *'P{'"H} NMR: 6 —30.7 (Js,p = 978). "“Sn{'H} NMR: §
125 (d, Jgop = 978). IR (Nujol, v/cm™): 1578.2 (s), 1555.3 (s), 1515.8
(b), 1317.9 (s), 1265.7 (s), 1174.3 (s), 1099.4 (s), 1018.7 (s), 935.1
(s). UV—vis (pentane), (A nm, (g, M~ cm™): 283.9 (14960),
354.0 (13706).

[CH{(CH5)CN-2,6-i-Pr,CsH3},SnP(C¢H;4),] (2b). Compound 2b
was made according to the general procedure outlined for 1b using
Sn(BDI)Cl (0.380 g, 0.66 mmol) and a suspension of LiPCy, (0.13S g,
0.66 mmol) in toluene. The product was isolated as purple crystals
from toluene at —30 °C. Yield 0.423 g (87%). M.pt.: 205—207 °C
(decomp.). Anal. Calcd. for C,;H¢;N,PSn (733.64): C, 67.12; H, 8.66;
N, 3.82. Found: C, 67.03; H, 8.60; N, 3.75. "H NMR: & 7.17 (dd, 2H, |
=77, 1.4, ArH), 7.08 (t, 2H, J = 7.7, ArH), 7.02 (dd, 2H, ] = 7.7, 1.4,
ArH), 472 (s, 1H, CH,), 3.99 (d sept, 2H, ] = 6.8, 1.6, CHMe,), 3.32
(sept, 2H, ] = 6.8, CHMe,), 1.67 (d, 6H, ] = 6.8, CHMe,), 1.59 (s, 6H,
NCMe), 1.54 (br, 6H, Cy%), 1.31, 1.21, 1.15 (d, 6H, ] = 6.8, CHMe,),
1.00 (br, 8H, Cy*). f resonances for the remaining protons of the
cyclohexyl substituents appear as an ill-defined broad feature spanning
the region 0.6 and 2.1 ppm. *C{'"H} NMR: § 167.9 (NCMe), 144.4,
144.1, 1432 (i- and 0-C¢H,), 1266, 1249, 124.8 (m- and p-C4Hy),
96.6 (y-CH), 36.0 (br, Cy-CH,), 32.8 (d, Jyc = 29, Cy-CH), 29.0 (d,
Joc = 7, CHMe,), 28.5 (br, Cy-CH,), 28.4 (CHMe,), 26.6 (Cy-CH,),
263, 25.3, 25.0 (CHMe,), 24.8 (d, Jpc =10, CHMe,), 23.6 (NCMe).
3P{'H} NMR: § —154 (Joup = 953%) § coupling to '"’Sn and "Sn
not resolved, therefore average coupling observed. "*Sn{'H} NMR: &
358 (d, Jgup = 964). IR (Nujol, v/em™): 1552.6 (s), 1517.6 (s), 1318.9
(s), 1173.8 (s), 1019.1 (s), 763.9 (s), 751.1 (s), 515.8 (s). UV—vis
(pentane), A, nm (g, M~ ecm™): 284.0 (19409), 365.0 (10939).

[CH{(CH3)CN-2,6-i-Pr,C¢Hs},SnP{Si(CH;)5},] (2¢). Compound 2¢
was made according to the general procedure outlined for 1b using
Sn(BDI)Cl (0.436 g, 0.76 mmol) and a suspension of LiP{SiMe;},
(0.140 g, 0.76 mmol) in toluene. The product was isolated as yellow
crystals from pentane at —30 °C. Yield 0.503 g (93%). M.p.: 192—194
°C (decomp.). Anal. Calcd. for C4HyN,PSi,Sn (713.71): C, $8.90;
H, 8.33; N, 3.93. Found: C, 58.94; H, 8.28; N, 3.88. 'H NMR: & 7.22
(dd, J = 7.7, 1.6, 2H, ArH), 7.16 (t, ] = 7.6, 2H, ArH), 7.09 (dd, ] = 7.6,
L6, 2H, ArH), 495 (s, 1H, CH,), 3.97 (d sept, ] = 6.8, 1.6, 2H,
CHMe,), 3.38 (sept, ] = 6.8, 2H, CHMe,), 1.61 (s, 6H, NCMe), 1.48,
1.32, 1.28, 1.12 (d, ] = 6.8, 6H, CHMe,), 0.46 (d, Js.iy = 124, Joy = 44,
Jsu = 112, 18H, SiMe;). BC{'H} NMR: § 167.1 (NCMe), 146.3,
143.6, 142.7 (i- and 0-C¢Hj), 127.2, 125.5, 124.3 (m- and p-C¢H,),
1012 (7-CH), 295 (d, Jpc = 5, CHMe,), 293 (Joue = 21, CHMe,),
27.8 (d, Jpe = 5, CHMe,), 25.1, 25.0, 24.7 (CHMe,), 24.5 (NCMe), 6.0
(d, Joc = 10, Js,c = 60, SiMe;). 3'P{"H} NMR: & —183.5 (s, Jps; = 17,
Joup = 2427). *2Sn{*H} NMR: 6 39 (d, Js,p = 2427). ¥Si{'H} NMR: §
40 (d, Jps; = 17). IR (Nujol, v/cm™): 15514 (s), 1521.0 (s), 13144
(s), 1239.1 (s), 1167.6 (s), 10204 (s), 9352 (s), 831.3 (b), 794.8 (s),
7572 (s), 628.1 (s). UV—vis (pentane), 4., nm (g, M~! cm™): 231.0
(34501), 373.1 (13015). MS m/z (EI): 713, 537, 403, 202, 160, 73, 46.

[CH{(CH5)CN-2,6-i-Pr,C¢H3},PbP(C¢Hs),] (3a). Compound 3a
was made according to the general procedure outlined for 1b using
Pb(BDI)CI (0.250 g, 0.38 mmol) and LiPPh, (0.073 g 0.38 mmol).
The product was isolated as red crystals from hexane. Yield 0.189 g,
(61%). M.pt.: 265—266 °C (decomp.). Anal. Caled. for C,HgN,PPb
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(810.03): C, 60.79; H, 6.35; N, 3.46. Found: C, 60.92; H, 6.51; N,
3.38.'H NMR: 5 7.21 (d, ] = 7.6, 2H, ArH), 7.05 (t, ] = 7.6, 2H, ArH),
6.96 (d, ] = 7.6, 2H, ArH), 6.86 (t, ] = 7.3, 4H, C(H,), 6.75 (t, ] = 7.3,
2H, C¢Hy), 6.53 (t, ] = 7.3, 4H, C4Hy), 4.59 (s, 1H, CH,), 4.04 (sept, ]
= 6.8, 2H, CHMe,), 3.06 (sept, ] = 6.8, 2H, CHMe,), 1.69 (d, ] = 6.8,
6H, CHMe,), 1.64 (s, 6H, NCMe), 1.29, 1.13, 0.86 (d, 6H, ] = 6.8,
CHMe,). BC{'H} NMR: 6 166.0 (NCMe), 144.6, 143.6, 143.1 (i- and
0-C4Hy), 1423 (d, Jpc = 38, CoH), 135.7 (d, Joc = 16, CaHy), *, 126.5
(0-/m CgHj;), 126.4 (CHg), 124.8, 124.6 (0-/m-C¢Hj;), 98.6 (y-CH),
29.0 (d, Joc = S, CHMe,), 28.0 (Jopc = 37, CHMe,), 26.5 (CHMe,),
25.1 (d, Joc = 9, CHMe,), 25.1, 247 (CHMe,), 23.9 (NCMe) *
remaining C¢Hj resonance obscured by solvent. *'P{'"H} NMR: § 7.3
(Jopp = 1129). 2’Pb{'H} NMR: 3011 (d, Jppp = 1129). IR (Nuyjol, v/
em™): 15517 (s), 1512.8 (s), 1317.4 (s), 1172.7 (s), 1017.6 (s), 933.5
(s), 793.2 (s). UV—vis (pentane), (4. nm, (& M em™): 259.1
(18623), 312.0 (17694).

[CH{(CH5)CN-2,6-i-Pr,C4H3},PbP(CsH4;),]1 (3b). Compound 3b
was made according to the general procedure outlined for 1b using
Pb(BDI)CI (0.500 g, 0.79 mmol) and a suspension of LiPCy, (0.155
g, 0.79 mmol) in toluene. The product was isolated as deep red
crystals from toluene and —30 °C. Yield 0.59 g (95%). M.pt.: 154—155
°C (decomp.). Anal. Calcd. for C,;Hg;N,PPb (822.13): C, 59.90; H,
7.72; N, 3.41. Found: C, 60.01; H, 7.59; N, 3.29. 'H NMR: § 7.21 (dd,
J=74, 1.6, 2H, ArH), 7.05 (t, ] = 7.4, 2H, ArH), 7.02 (dd, ] = 7.4, 1.6,
2H, ArH), 461 (s, 1H, CH,), 3.95 (d sept, ] = 6.8, 0.8, 2H, CHMe,),
325 (sept, J = 6.8, 2H, CHMe,), 1.73 (s, 6H, NCMe), 1.69 (d, ] = 6.8,
6H, CHMe,), 1.63 (br, 6H, Cy-CH and Cy*), 1.25, 1.24, 1.18 (d, 6H, |
= 6.8, CHMe,), 1.01 (br, 8H, Cy*) % resonances for the remaining
protons of the cyclohexyl substituents appear as an ill-defined broad
feature spanning the region 0.5 and 1.9 ppm. *C{’H} NMR: § 166.5
(NCMe), 144.8, 144.0, 143.1 (i- and 0-C4H,), 126.0, 124.6, 124.3 (m-
and p-C¢H,), 97.8 (y-CH), 39.0 (br, Cy-CH,), 34.0 (d, Joc = 34, Cy-
CH), 288 (d, Joc = S, CHMe,), 28.7 (br, Cy-CH,), 27.9 (CHMe,),
26.6 (CHMe,), 26.5 (Cy-CH,), 25.5 (d, Joc =10, CHMe,), 25.1, 25.0
(CHMe,), 23.8 (NCMe). 3'P{'H} NMR: § 269 (Jo,p = 1084).
27pb{'H} NMR: 6 3981 (d, Jpp = 1084). IR (Nujol, v/cm™"): 1555.7
(s), 1514.57 (s), 1318.71 (s), 1172.0 (s), 934.7 (s), 788.5 (s). UV—vis
(pentane), (A nm, (&, M~ cm™): 280.9 (17118), 352.0 (8874).

[CH{(CH3)CN-2,6-i-Pr,C¢Hs},PbP{Si(CH;);},], (3c). Pb(BDI)Cl
(0.24 g, 0.369 mmol) was dissolved in toluene (20 mL) and added
directly to LiP(TMS), (0.07 g, 0.369 mmol). The reaction mixture was
stirred at room temperature for 4 h. The red solution was filtered
through a pad of Celite. The volatiles were evaporated under vacuum,
and the solid was dissolved n-hexane for recrystallization at —35 °C
(027 g, 91%). "H NMR (499.91 MHz, C,Dy, 303 K): 5 7.22 (dd, ] =
7.5, 2.0, 2H, m-H), 7.12 (t, ] = 7.5, 2H, p-H), 7.09 (dd, J = 7.5, 2.0, 2H,
m-H), 475 (s, 1H, y-CH), 3.92 (d sept, J = 7.0, 1.0, 2H, CHMe,), 3.29
(sept, ] = 6.5, 2H, CHMe,), 1.64 (s, 6H, NCMe), 1.52 (d, ] = 6.5, 6H,
CHMe,), 1.31 (d, ] = 7.0, 6H, CHMe,), 126 (d, ] = 6.5, 6H, CHMe,),
1.16 (d, J = 7.0, 6H, CHMe,), 0.30 (d, J = 4.0, 18H, SiMe,). *C{'H}
NMR (100.46 MHz, C4Dg, 303 K): 6 166.2 (NCMe), 145.5 (ipso-C),
144.7 (0-C), 143.6 (0-C), 127.0 (m-H), 125.6 (m-H), 124.4 (p-H),
103.0 (y-CH), 29.0 (CHMe,), 28.4 (d, Joc = 6.3, CHMe,), 282 (d, Joc
= 5.0, CHMe,), 26.1 (CHMe,), 25.1 (CHMe,), 25.1 (CHMe,), 25.0
(NCMe), 7.5 (d, Jsc = 9.8, SiMe,). *'P{'H} NMR (161.72 MHz,
Ce¢Dg, 303 K): § —116.6 (Jppp = 2874). PSi{'H} NMR (79.37 MHz,
C¢Dy, 303 K): 8 7.2 (d, Jpg; = 36). UV—vis (pentane) A, nm (g, M™"
cm™): 382.0 (7900).
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Appendix 2. X-ray crystal structure of [(BDIppp)Sn"Bu] (39)

Single crystals of [(BDIppp)Sn"Bu] (39) were obtained adventitiously from a Cg¢Dg
solution at room temperature. ORTEP drawings of the n-butyl(B-diketiminato)tin(Il) 39
are shown in Figures Al and A2. Selected bond lengths and angles are given in Table
Al, and selected crystallographic data in Table A2. Compound 39 adopts an exo
conformation, with the metal centre 1.060 A above the mean NCCCN plane of the B-
diketiminato ligand. The geometry around the tin atom is pyramidal, with the sum of
bond angles 279.7°. Delocalisation within the C;N,Sn unit is evident, but it does not
extend to the N-aryl substituents (dihedral angles: C(11)—C(6)—N(1)—Sn = 71.2(4)° and
C(23)—C(18)~N(2)—Sn = —78.7(4)°). If the alkyl substituent is discounted, there is an
approximate plane of symmetry passing through the atoms C(2) and Sn, bisecting the -
diketiminate ring. The Sn—C(30) bond length is 2.189(11) A and the Sn—C(30)—-C(31)
bond angle is 102.6(7)°. The Sn—C(30) bond distance (2.189(11) A) may be compared
to that in Roesky’s [(BDIppp)SnMe] (Sn—C = 2.253(2) A).!!

Figure A1. ORTEP diagram of [(BDIppp)Sn"Bu] (39). H atoms are omitted and C atoms in the
N-aryl groups in the B-diketiminate ring are minimised for clarity. The ellipsoid
probability is shown at 30%
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Figure A2. ORTEP diagram showing the side-on view of [(BDIppp)Sn"Bu] (39). H atoms are
omitted and C atoms in the N-aryl groups in the B-diketiminate ring are minimised
for clarity. The ellipsoid probability is shown at 30%

Q

Table A1. Selected bond lengths (A) and angles (deg) for [(BDIppp)Sn"Bu] (39)

Bond lengths (A)
Sn-N(1)
Sn-N(2)
N(1)-C(1)
N(2)-C(3)
Sn—NCCCNpjane

Bond angles (deg)
N(1)-Sn-N(2)
N(1)-Sn-C(30)
N(2)-Sn-C(30)
N(1)-C(1)-C(2)

> bond angle around Sn

DOP (%) @

Dihedral angles (deg)
C(11)-C(6)-N(1)-Sn

2.209
2.216
1.331
1.317
1.060

3
2
4

—_ o~~~ =
—_ — ~— —

82.72(9)

95.6(11)
101.3(4)
123.6(3)
279.7

89

71.2(4)

C(1)-C
C(2)-C
Sn-C(30
C(30)-C

2)

—~ o~
N ~—

31)

N(2)-C(3)-C(2)
C(1)-C(2)-C(3)
Sn-C(30)-C(31)

-C
-C

NCCCNp|ane—Nanplane

C(23)-C(18)-N(2)-Sn

1.387
1.415
2.189
1.536

5
5
1
1

)
)

—~ o~~~
N 2 — —

123.8(3)
128.2(3)
102.6(7)

39.0

—-78.7(4)

“Degree of pyramidalisation (DOP, %) = [(360 — Zpong angie) / 0.9] ' When a DOP is 100%, it is equivalent to a sum
of bond angles of 270°, whereas a DOP of 0% indicates a planar geometry at the central atom
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Table A2. Selected crystallographic data for [(BDIppp)Sn"Bu] (39)

[(BDlpipp)Sn"Bu] (39)

chemical formula CasHsoNoSn
molecular mass 593.46
temperature (K) 173(2)
wavelength (A) 0.71073

crystal system orthorhombic
space group Fdd2 (No. 43)

a (A) 23.1850(4)

b (A) 63.1825(9)

c (A) 8.9095(1)

a (deg) 90

B (deg) 90

y (deg) 90

Vv (R 13051.4(3)

V4 16

Poaics (Mg m™) 1.21

6 range (deg) 3.50-27.49

abs coeff (mm™) 0.80

measd/indep reflns/R(int) 39 667/7387/0.061
reflns with /> 20(/) 6472
data/restraints/param 7387/17/364
goodness of fit on F° 1.056

final R indices [/ > 20(/)] R1 =0.038, wR2 =0.078
R indices (all data) R1 =0.049, wR2 = 0.083

largest diff peak and hole (e A™%) 0.48 and -0.61
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Appendix 3. Synthesis of B-diketiminatolead(ll) triflate 58

Treatment of the lead(Il) chloride 2 with silver triflate in toluene at room temperature
give the B-diketiminatolead(II) triflate 58 in near quantitative yield (98%) (equation 1).
Unfortunately, Roesky et al. reported this compound before the submission of this
thesis.”! The multinuclear NMR spectra of this compound are in good agreement with

those reported in literature.

Ar A
N Q toluene l\ll/er O\\S//O
H + -S—- > N o
iwlpb AgO ésu) CFs —%5C.2an H{N/ 0" Chs  (Eq.1)
. A
Ar kL Ar = (2,6-Pr,CeHa) Ar
2 58, 98%

Single crystals of [(BDIppp)PbOTH] (58) were obtained from toluene at =30 °C. ORTEP
drawings are shown in Figures A3 and A4. Selected bond lengths and angles are given
in Table A3, and selected crystallographic data in Table A4. The polymeric structure of
the lead(Il) triflate 58 consists of four crystallographically independent monomeric
units. It differs from the germanium and tin analogues, which are monomeric in the
solid state.[*> The triflate anion acts as a bridge between the two lead atoms. The bond
length of Pb(1)-O(1) (2.591(6) A) is shorter than the Pb(2)—0(2) (2.613(5) A). These
lead-oxygen bonds are longer than the sum of covalent radii of lead and oxygen (2.12
A), but within the sum of van der Waals radii (3.44 A).!*" Recently our group reported
a series of B-diketiminato heavy group 14 cation complexes, but found no significant
intermolecular contacts in the crystalline lattice.”® The contacts in 58 reflect a strong
electrostatic interaction between the lead centre and triflate ligand. The average
intermolecular O—Pb—O’ bond angle is 167.5°, indicating that the four monomeric units
are not connected in a linear fashion. The crystallographic parameters of this compound

are similar to those reported in Roesky’s publication.™
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probability is shown at 30%

Figure A3. ORTEP diagram of [(BDIppp)PbOTf] (58). H atoms are omitted and C atoms in the
N-aryl group in the B-diketiminate ring are minimised for clarity. The ellipsoid

Cs

O

c2

cu

C19

C18

\ C11
N1 C6
7

\
ce3 - v / C7

\

\

\

—
03@ F1l

C30
S1

\ F3
02

Figure A4. ORTEP diagram of [(BDIppp)PbOTf] (58) showing the polymeric chain. H atoms are

omitted and C atoms in the N-aryl group in the B-diketiminate ring are minimised for
clarity. The ellipsoid probability is shown at 30%
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Table A3. Selected bond lengths (A) and angles (deg) for [(BDIppp)PbOTH] (58)

Bond lengths (A) ?

Pb(1)-N(1) 2.263(6) Pb(1)-0O(1) 2.591(6)
Pb(1)-N(2) 2.280(7) Pb(2)-0(2) 2.613(5)
N(1)-C(1) 1.320(10) S(1)-0(1) 1.452(6)
N(2)-C(3) 1.335(11) S(1)-0(2) 1.449(6)
C(1)-C(2) 1.393(11) S(1)-0(3) 1.430(7)
C(3)-C(2) 1.393(11) C(30)-F(1) 1.311(11)
C(1)-C(4) 1.525(11) C(30)-F(2) 1.320(11)
C(3)-C(5) 1.519(12) C(30)-F(3) 1.337(12)
Pb—NCCCNgjane 0.919
Bond angles (deg) ¢
N(1)-Pb(1)-N(2) 82.2(2) N(4)-Pb(2)-0(2) 82.7(2)
Pb(1)-N(1)-C(1) 120.9(5) 0(2)-Pb(2)-0(4) 168.0(2)
Pb(1)-N(2)-C(3) 121.0(5) Pb(1)-0O(1)-S(1) 117.9(3)
N(1)-C(1)-C(2) 125.3(7) 0O(1)-S(1)-0(3) 114.7(4)
N(2)-C(3)-C(2) 124.7(8) 0O(1)-S(1)-0(2) 112.6(4)
C(1)-C(2)-C(3) 129.4(8) O(1)-S(1)-C(30) 103.2(4)
N(1)-Pb(1)-0O(1) 87.2(2) S(1)-C(30)-F(1) 111.6(7)
N(2)-Pb(1)-0O(1) 101.4(2) F(1)-C(30)-F(2) 109.1(9)
N(3)-Pb(2)-0O(2) 88.7(2)
> bond angle around Pb  270.8 NCCCNpiane—NPbNpjane 32.2
DOP of Pb (%) ° 99

Dihedral angles (deg) °
C(11)-C(6)-N(1)-Pb(1)  —70.9(9) C(19)-C(18)-N(2)-Pb(1) _ 84.0(1)

2 Only one of the crystallographically independent molecule is documented; ° Degree of pyramidalisation (DOP,
%) = [(860 — Spond angie) / 0.9] ¥ When a DOP is 100%, it is equivalent to a sum of bond angles of 270°, whereas a
DOP of 0% indicates a planar geometry at the central atom
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Table A4. Selected crystallographic data for [(BDlppp)PbOTf] (58)

[(BDIpipp)PbOTT] (58)

chemical formula
molecular mass
temperature (K)
wavelength (A)
crystal system

space group

Poaicd (Mg m™°)

6 range (deg)

abs coeff (mm™)

measd/indep reflns/R(int)
data/restraints/param

goodness of fit on F*

final R indices [/ > 20(/)]

R indices (all data)

largest diff peak and hole (e A™)

CsoH41F3N20O3PbS, 7/8(C;Hpg)
854.52

173(2)

0.71073

Triclinic

P 1 (No. 2)

12.9485(2)

24.6426(4)

25.1412(4)

106.740(1)
100.768(1)
92.445(1)

7507.1(2)

8

1.51

3.42-26.03

4.60

76 006/29 301/0.057

29 301/0/1581

1.048

R1 =0.056, wR2 = 0.107
R1=0.099, wR2 =0.123
2.31 and -2.11

Experimental procedure for [(BDIppp)PbOTT] (58)

[CH{(CH3)CN-2,6-"Pr,CsH3},PbOSO,CF;],

(BDIpipr)PbOTH],

(58).1!

[(BDIppp)PbCI] (2) (0.40 g, 0.61 mmol) in toluene (15 mL) was added slowly to silver

trifluoromethanesulfonate (0.16 g, 0.61 mmol) suspended in toluene (5 mL). The

mixture was stirred at room temperature for 24 h. The yellow suspension was filtered

through a pad of Celite and the volatiles were removed from the filtrate under vacuum.

The crude yellow solid residue was washed with cold pentene (3 x 5 mL). Yellow
crystals of [(BDIppp)PbOTT] (58) were obtained from toluene at —30 °C. Yield: 0.46 g,
98%. [lit. 90%].”) "TH NMR (300.13 MHz, C¢Ds, 303 K): 0 6.99-7.15 (m, 6H, Ar-H),
4.88 (s, 1H, y-CH), 3.27 (septet, J = 6.9 Hz, 4H, CHMe), 1.59 (s, 6H, NCMe), 1.27 (d,
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J=6.9 Hz, 12H, CHMe,), 1.19 (d, J = 6.9 Hz, 12H, CHMe,). [lit. "H NMR (500 MHz,
CeDg): 06.99-7.12 (m, 6H), 4.88 (s, 1H), 3.26 (septet, 4H), 1.60 (s, 6H), 1.26 (d, 12H),
1.19 (d, 12H)].1 PC{'"H} NMR (100.46 MHz, C¢Ds, 303 K): 8 165.9 (NCMe), 144.6
(ipso-C), 141.31 (0-C), 129.7 (0-C), 128.9 (p-C), 128.1 (m-C), 125.0 (m-C), 109.9 (y-
CH), 28.2 (CHMe,), 26.6 (CHMe,), 25.0 (CHMe,), 24.8 (CHMe»). [lit. "C{'H} NMR
(125.75 MHz, C¢Dg): 0 165.5, 144.3, 140.9, 127.7, 124.7, 109.6, 28.6, 27.8, 26.2,
24.6].%!
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Appendix 4. Calculations of the free energy of activation from variable-

temperature NMR spectroscopic studies

The rate constant (k;) at coalescence temperature (7.) for uncoupled signals can be

approximated by:"'!

_ 7(Ad)

k. N (i)

where:
Ao = difference in chemical shift (in Hz) at the slow exchange limit

For coupled signals:

Where:

Jas = coupling constant of the signal

Using the Eyring equation, the free energy of activation (AG*) can be calculated:

k = KT (-AG*/RT) (i)
h
where:
k = Boltzmann constant (1.381x10 2 JK )
h = Planck constant (6.626x10°* J s)
R = gas constant (8.314 J mol ' K™)

T, = coalescence temperature (K)

By substituting fundamental constants, equation (iii) can be converted into equation (iv)

for the calculation of the free energy of activation (AG*):"*'*!

AG' =(1.914 x10"2)(T)[10319+log, (T, /k)] (iv)
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Chapter 3. Free energy of activation for exchange of N-aryl substituents in the
B-diketiminato ligand in [(BDIpup)PbCI] (24) (Figure 17, Page 74)

The coalescence temperature (7;) is found at —10 °C (263 K). The lowest exchange
limit is found at —80 °C and the two proton resonances assigned to the ortho-methyl
groups are separated by Aoy 296 Hz. Hence, the rate constant (k) for this exchange at

the coalescence temperature (263 K) can be obtained using equation (i):

L - T296)
A2
k,=6575 s7!

Using equation (iv), the free activation energy in [(BDIpmp)PbCl] (24) is:

AG® =(1914 x 107)(263)[10.319+10g,,(263/657.5)|

AG* =499 kJ mol™!

Thus, for [(BDIpmp)PbCI] (24), the free energy of activation (AGY) associated with the
restricted rotation about the N-aryl substituents in the B-diketiminato ligand is estimated

to be 49.9 kJ mol ..

Chapter 4. Free energy of activation for exchange of SiMes groups from the 'H
NMR spectra in [(BDIpwp)GeP(SiMes)2] (40) (Figure 70, Page 171)

The coalescence temperature (7;) is found at =30 °C (243 K). The lowest exchange
limit is found at —80 °C and the two proton resonances assigned to the trimethylsilyl
groups are separated by Ady 76 Hz. Hence, the rate constant (k) for this exchange at the

coalescence temperature (243 K) can be obtained using equation (i):

_ (76
A2
k., =168.6 s7!

k
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Using equation (iv), the free energy of activation for exchange of the SiMes groups in

[(BDIDIPP)GGP(SiMe3)z] (40) is:

AG" =(1914 x 107)(243)[10.319+log,,(243/168.6) |

AG® =487 kJ mol™!

Thus, for [(BDIpwpr)GeP(SiMe;),] (40), the free energy of activation (AG¥) associated
with exchange of the SiMe; groups is estimated to be 48.7 kJ mol .

Chapter 4. Free energy of activation for exchange of SiMes groups from the
28t H} NMR spectra in [(BDIppp) GeP(SiMes)2] (40) (Figure 72, Page 173)

The coalescence temperature (7¢) is estimated to be at —60 °C (213 K). The lowest
exchange limit is found at —80 °C and the two silicon resonances assigned to the
trimethylsilyl groups are separated by Ads; 40 Hz with 'Jsjp = 36 Hz. Hence, the rate

constant (k) for this exchange at the coalescence temperature (213 K) can be obtained

k=n 40y +26(36)2

k. =214.8 57!

using equation (ii):

Using equation (iv), the free energy of activation of the change in bond angles around

the phosphorus in [(BDIppp)GeP(SiMes),] (40):

AG’ =(1.914x107%)(213)[10.319 +log,,(213/214.8)]

AG* =42.1 kJ mol™!

Thus, for [(BDIpwpr)GeP(SiMe;),] (40), the free energy of activation (AG¥) associated
with the exchange of SiMes groups around the phosphorus is estimated to be 42.1 kJ

mol .
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Chapter 4. Free energy of activation for exchange of SiMes groups from the 'H
NMR spectra in [(BDIpipp)SnP(SiMes)s] (41) (Figure 73, Page 174)

The coalescence temperature (7;) is found at =50 °C (223 K). The lowest exchange
limit is found at —80 °C and the two proton resonances assigned to the trimethylsilyl
groups are separated by Aoy 60 Hz. Hence, the rate constant (k) for this exchange at the

coalescence temperature (223 K) can be obtained using equation (i):

, T(60)
)
k. =133.1 s7!

Using equation (iv), the free energy of activation for exchange of the SiMes groups in

[(BDIDIPP)SHP(SiMC3)2] (41) 1S:

AG" =(1.914 ><10'2)(223)[10.319+10g]0(223/133.1)]

AG' =450 kJ mol™!

Thus, for [(BDIppp)SnP(SiMes),] (41), the free energy of activation (AGY) associated
with exchange of the SiMe; groups is estimated to be 45.0 kJ mol .

Chapter 4. Free energy of activation for exchange of SiMes groups from the
2Sif' H} NMR spectra in [(BDIpipp)SnP(SiMes)2] (41) (Figure 78, Page 178)

The coalescence temperature (7¢) is estimated to be at =50 °C (223 K). The lowest
exchange limit is found at —80 °C and the two silicon resonances assigned to the
trimethylsilyl groups are separated by Adg; 127 Hz with 'Jsip = 29 Hz. Hence, the rate
constant (k) for this exchange at the coalescence temperature (223 K) can be obtained

using equation (ii):

b —n \/(127)2;6(29)2

k,=3232 s7!
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Using equation (iv), the free energy of activation for exchange of the SiMes groups in

[(BDIDIPP)SHP(SiMC3)2] (41)

AG® =(1914 x 107)(223)[10.319+log,,(223/323.2)]

AG* =434 kJ mol™!

Thus, for [(BDIppp)SnP(SiMes),] (41), the free energy of activation (AGY) associated
with exchange of the SiMe; groups is estimated to be 43.4 kJ mol .

Chapter 4. Free energy of activation for exchange of SiMes groups from the
3p{'H} NMR spectra in [(BDIpirp)PbP(SiMes)s] (42) (Figure 84, Page 184)

The coalescence temperature (7;) is found at —50 °C (223 K). The lowest exchange
limit is found at —90 °C and the two phosphorus resonances are separated by Adp 12420
Hz. Hence, the rate constant (k) for this exchange at the coalescence temperature (223

K) can be obtained using equation (i):

_ t(12420)
T

k, =275903 s7!

k

Using equation (iv), the free energy of activation for exchange of the SiMes groups in

[(BDIDIPP)PbP(SlMC3)2] (42) 1S:

AG' =(1.914 x107)(223)[10.319+1og,,(223/27590.3)]

AG* =35.1 kJ mol™!

Thus, for [(BDIppp)PbP(SiMes),] (42), the free energy of activation (AGY) associated
with exchange of the SiMe; groups is estimated to be 35.3 kJ mol .
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Appendix 5. X-ray crystallographic data

Index

[(BDlpipp)PDOC(CHz)2CH=CHa] (B) .evvveeeeeceeeeeeeeeeeeneeee s s een s eneees 347
[PhCH=C{C(CH3)N(2,6-PraCeHs)}a] (13) <v.vveeeeeereeeereeeeeeeeeeeeeeeeeeeeeee s enseeeeesenneneees 351
[(BDIBR)PDCI] (22) ... n s n s an e eanenennenanes 356
(BDIDMP)PDCI] (24) ... 360
[(BDIPR)2PD] (25) w..evveeeeeeeeeeeeee e e ee e n s en s anene e nenennenaees 364
[(BDIpp)2PD] (26) ...t n s enene e neneanenenes 371
[(BDIomp)PDOBU] (28) ...ttt ettt e e ee e en e 378
[(BDIomp)POOTH] (29) ..o n s enene e enenes 385
[(BDIpp)PDBI] (80)....evveeeeeeeeeeeeeeeeee e ee s s s s enene s eanenenneneees 390
[(BDIoipp)GEPPA] (33)....eieececeeeeeeeeeeeeeeeeeeeeee e en s s s enene s eneenenees 394
[(BDIoipp)SNPPA] (B4) ... n e n s en e enenneneen 400
[(BDIoipp)PBPPNL] (B5) .....eeeeceeeeeeeeeeeeeeeeeeeeeeeeeee et eseeneneses e n s en s eanenennenenes 406
[(BDIoipp)GEPCYa] (B6).....e.eeceeeeeeeeeeeeeeeeseeeeeeeeeeeieeseeeesse e eee s s en s nenennenenes 412
[(BDIoipp)SNPCYa] (B7) ceevvieeceeeeeeeeeeeeeeeeeeeeee e st ee s en s enene s nanenennenenes 418
[(BDIoipp)PBPCY2] (B8) .....eeeeceeveeeeeeeeeeeeeeeeeeee st eeseen s en s an e eenenennenenes 424
[(BDIoipp)SNBU] (B9) ..veveveeeeeeeeeeeeeeeeeeeeee e see s en s e s s enenenenenenennanenes 430
[(BDloipp)SNP(SIME3)2] (A1)....vveeeeeeeeeeeeee e n s enen s nenenneneees 436
[(BDIpipp)SNSEPCYL] (46).....evveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee s en s anen s nenenennenees 442
[(BDIpipp)PDSEPCY2] (A7)...eceveeeeeeeeeeeeeeeeeeeeeeeeeee e en s en s en e 448
[(BDlpipp)GESEP(SE)CY2] (A8) .....eveeeeeeeeeeeeeeeeeeeeeeeeee e en e en s eenennen e 454
[(BDlpipp)SNSEP(S)CY2] (A9) .....eovveeeeeeeeeeeeeeeeeeeeeee e e en s en s enneneees 461
[(BDlpipp)PDSEP(SE)CY2] (50).......eeveeeeeeeeeeeeeeeeeeeeeeeseeeeneeeeeeseeeen s eenenesenenenenneneees 468
[(BDIpipp)GE(SE)PCYo] (51) c.evveereeeeeeeeeeeeeeeeeeeeeeeeeeesee e en s sen s nenenenneneees 475
[(BDIoipp)SNSP(S)CY2] (52) ..evvvereeeeeeeeseeeeeeeeeeeeeeseeeessseeeesesseneneseseses s enesenenenennennes 486
[(BDIpipp)PDSP(S)CY2] (53) ..evvveeeeeeeeeeseseeeeeeeeseseseeeesssseeesesseneneeesesessenenesesenenensennes 493
[(BDIoipp)GE(S)PCY2] (54) ...evvveeeeeeeeeeeeeeeeeeeeeeeeeeeeee s s s anenesenanenennennes 500
[(BDlpipp)GE(SE)P(SIME3)2] (56) -....veveveeeeeeeeeeeeeeeseeeeeeeeeeeseeeeseseeeseses s enesenesenennenenes 507
[(BDIoipp)SNSESIMES] (B7) wevvveeeeeeeeeeeeeeeeeeeeeeieeeeseeeensa e en s aneneseeesenenneneees 513
[(BDIoipp)PDOTH] (58) ....veveeeceeeeeeeeeeeeeeeeeeeseeeee e eeeeeeseen s en s sen s eenenennenenes 519
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Table A5. Crystal data and structure refinement for [(BDIp;pp)PDOC(CH3),CH=CH,] (5)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Reflections with [>2sigma(l)
Completeness to theta =27.47°
Absorption correction

Tmax. and Tmin.

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

The alkoxy ligand is disordered across the mirror plane and was refined in one orientation with the atoms

at /2 occupancy

sep209

C34 H50 N2 O Pb

709.95

1732) K

0.71073 A

Orthorhombic

Pnma

a=16.7481(2) A a=90°.
b=21.1755(3) A b=90°.
c=9.3249(1) A g=90°.
3307.07(7) A3

4

1.43 Mg/m?

5.13 mm’!

1432

0.20 x 0.13 x 0.09 mm?

3.41 to 27.47°.

-21<=h<=21, -27<=k<=27, -12<=I<=12
48777

3866 [R(int) = 0.052]

3608

99.5 %

Semi-empirical from equivalents
0.5899 and 0.4029

Full-matrix least-squares on F?

3866 /0/194

0.913

R1=0.019, wR2 =0.051

R1=0.021, wR2 =0.052

0.65 and -1.46 e.A"3

Data collection KappaCCD , Program package WinGX , Abs correction MULTISCAN
Refinement using SHELXL-97 , Drawing using ORTEP-3 for Windows
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Table A6. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103) for [(BDIpjpp)PbOC(CHs),CH=CH,] (5). U(eq) is defined as one third of the trace of the

orthogonalized Uil tensor

X y z U(eq)
Pb 1084(1) 2500 2357(1) 18(1)
O 2304(1) 2500 1637(2) 25(1)
N 689(1) 3204(1) 594(2) 18(1)
C(1) 98(1) 3102(1) -317(2) 19(1)
C(2) -206(2) 2500 -656(3) 20(1)
C(3) -298(1) 3655(1) -1058(3) 30(1)
C4) 1049(1) 3816(1) 729(2) 22(1)
C(5) 759(1) 4247(1) 1739(3) 26(1)
C(6) 1169(2) 4820(1) 1901(3) 37(1)
C(7) 1828(2) 4956(1) 1088(3) 43(1)
C(8) 2107(2) 4529(1) 92(3) 38(1)
C©) 1732(1) 3945(1) -100(2) 27(1)
C(10) 29(2) 4113(1) 2661(2) 31(1)
C(11) -613(2) 4626(2) 2475(3) 45(1)
C(12) 255(2) 4045(1) 4245(3) 47(1)
C(13) 2050(2) 3466(1) -1162(3) 37(1)
C(14) 2958(2) 3488(2) -1323(4) 56(1)
C(15) 1653(3) 3533(2) -2631(3) 60(1)
C(16) 2882(2) 2500 2729(4) 39(1)
C(17) 3711(2) 2500 1989(5) 48(1)
C(18) 2779(6) 1792(4) 3505(12) 44(2)
C(19) 2878(6) 2964(4) 3795(10) 37(2)

C(20) 2568(4) 3528(3) 3575(7) 41(2)
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Table A7. Bond lengths [A] and angles [deg] for [(BDIppp)PbOC(CH3).CH=CHy,] (5)

Pb-O 2.150(2)
Pb-N 2.3151(16)
0-C(16) 1.404(4)
N-C(1) 1.322(3)
N-C(4) 1.436(3)
C(1)-C(2) 1.408(2)
C(1)-C(3) 1.514(3)
C(4)-C(5) 1.399(3)
C(4)-C(9) 1.408(3)
C(5)-C(6) 1.401(3)
C(5)-C(10) 1.522(3)
C(6)-C(7) 1.369(4)
C(7)-C(8) 1.379(4)
C(8)-C(9) 1.397(3)
C(9)-C(13) 1.513(3)
C(10)-C(12) 1.531(3)
C(10)-C(11) 1.538(4)
C(13)-C(14) 1.529(4)
C(13)-C(15) 1.529(4)
C(16)-C(19) 1.398(10)
C(16)-C(17) 1.551(6)
C(16)-C(18) 1.673(10)
C(19)-C(20) 1.318(9)
O-Pb-N 92.87(6)
N’-Pb-N 80.13(8)
C(16)-0-Pb 115.4(2)
C(1)-N-C(4) 121.23(17)
C(1)-N-Pb 124.39(13)
C(4)-N-Pb 113.53(12)
N-C(1)-C(2) 124.28(19)
N-C(1)-C(3) 119.64(18)
C(2)-C(1)-C(3) 116.08(19)
C(1y’-C(2)-C(1) 129.6(3)
C(5)-C(4)-C(9) 121.7(2)

C(5)-C(4)-N 120.16(19)
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C(9)-C(4)-N 117.94(19)
C(4)-C(5)-C(6) 117.8(2)
C(4)-C(5)-C(10) 122.6(2)
C(6)-C(5)-C(10) 119.6(2)
C(7)-C(6)-C(5) 121.2(3)
C(6)-C(7)-C(8) 120.4(2)
C(7)-C(8)-C(9) 121.02)
C(8)-C(9)-C(4) 117.8(2)
C(8)-C(9)-C(13) 121.32)
C(4)-C(9)-C(13) 121.02)
C(5)-C(10)-C(12) 111.3Q2)
C(5)-C(10)-C(11) 111.5Q2)
C(12)-C(10)-C(11) 110.4(2)
C(9)-C(13)-C(14) 113.22)
C(9)-C(13)-C(15) 111.8(3)
C(14)-C(13)-C(15) 110.0(3)
C(19)-C(16)-0 120.8(4)
C(19)-C(16)-C(17) 108.7(5)
0-C(16)-C(17) 107.1(3)
C(19)-C(16)-C(18) 108.7(5)
0-C(16)-C(18) 104.0(4)
C(17)-C(16)-C(18) 106.5(4)
C(20)-C(19)-C(16) 121.9(7)

Symmetry transformations used to generate equivalent atoms:

‘x,-yt+1/2,z
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Table A8. Crystal data and structure refinement for [PhCH:C{C(CH3)N(2,6-’Pr2C6H3)}2] (13)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Reflections with [>2sigma(l)
Completeness to theta = 26.02°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

may207

C36 H46 N2

506.75

1732) K

0.71073 A

Monoclinic

P2,/c (No.14)

a=13.2095(3) A a=90°.
b=28.8710(2) A b=91.691(1)°.
¢ =26.1615(5) A g = 90°.
3064.31(11) A3

4

1.10 Mg/m?

0.06 mm-!

1104

0.40 x 0.40 x 0.35 mm?

3.42 t0 26.02°.

-16<=h<=15, -10<=k<=10, -32<=I<=25
20035

5950 [R(int) = 0.048]

4443

98.6 %

Full-matrix least-squares on F?
5950/0/353

1.008

R1=0.051, wR2=10.120

R1=0.074, wR2=10.134

0.19 and -0.23 e.A3

Data collection KappaCCD , Program package WinGX , Abs correction not applied ,

Refinement using SHELXL-97 , Drawing using ORTEP-3 for Windows
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Table A9. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103) for [PhCH=C{C(CH3)N(2,6—'Pr206H3)}2] (13). U(eq) is defined as one third of the trace of the

orthogonalized Uil tensor

X y z U(eq)
N(1) 2530(1) 4117(1) 3447(1) 26(1)
N(2) 2877(1) 5290(1) 4665(1) 26(1)
C(1) 3178(1) 3176(2) 3633(1) 26(1)
C(2) 3287(1) 3075(2) 4199(1) 25(1)
C(@3) 2565(1) 4017(2) 4500(1) 25(1)
C(4) 3817(1) 2148(2) 3316(1) 34(1)
C(5) 1538(1) 3346(2) 4580(1) 39(1)
C(6) 2342(1) 4235(2) 2907(1) 27(1)
C(7) 1665(1) 3228(2) 2661(1) 29(1)
C(8) 1461(1) 3411(2) 2141(1) 35(1)
C(9) 1902(1) 4563(2) 1868(1) 40(1)
C(10) 2556(1) 5555(2) 2115(1) 38(1)
C(11) 2790(1) 5416(2) 2637(1) 31(1)
C(12) 1154(1) 1984(2) 2958(1) 33(1)
C(13) 223(1) 2592(2) 3226(1) 49(1)
C(14) 859(2) 616(2) 2634(1) 47(1)
C(15) 3544(1) 6475(2) 2896(1) 37(1)
C(106) 4624(1) 5908(2) 2829(1) S51(1)
C(17) 3458(2) 8094(2) 2703(1) 56(1)
C(18) 2218(1) 6261(2) 4940(1) 26(1)
C(19) 2209(1) 6197(2) 5475(1) 30(1)
C(20) 1613(1) 7238(2) 5730(1) 38(1)
C(21) 1047(1) 8308(2) 5469(1) 40(1)
C(22) 1075(1) 8369(2) 4942(1) 37(1)
C(23) 1661(1) 7363(2) 4668(1) 29(1)
C(24) 2845(1) 5069(2) 5779(1) 35(1)
C(25) 3703(2) 5865(3) 6068(1) 72(1)
C(20) 2230(2) 4131(3) 6134(1) 89(1)
C(27) 1695(1) 7479(2) 4089(1) 36(1)
C(28) 678(2) 7114(3) 3832(1) 64(1)
C(29) 2071(2) 9020(2) 3926(1) 57(1)
C(30) 3958(1) 2147(2) 4427(1) 31(1)
C@31) 4104(1) 1874(2) 4985(1) 31(1)
C(32) 3514(1) 820(2) 5232(1) 42(1)
C(33) 3682(2) 501(2) 5745(1) 50(1)
C(34) 4440(2) 1239(2) 6020(1) 51(1)
C(35) 5039(2) 2269(3) 5776(1) 52(1)

C(36) 4877(1) 2587(2) 5263(1) 44(1)
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Table A10. Bond lengths [A] and angles [deg] for [PhCH:C{C(CH3)N(2,6-iPr2C6H3)}2] (13)

N(1)-C(1) 1.281(2)
N(1)-C(6) 1.431(2)
N(2)-C(3) 1.273(2)
N(2)-C(18) 1.433(2)
C(1)-C(2) 1.486(2)
C(1)-C4) 1.507(2)
C(2)-C(30) 1.337(2)
C(2)-C(3) 1.508(2)
C(3)-C(5) 1.501(2)
C(6)-C(11) 1.405(2)
C(6)-C(7) 1.407(2)
C(7)-C(8) 1.387(2)
C(7)-C(12) 1.521(2)
C(8)-C(9) 1.384(2)
C(9)-C(10) 1.381(2)
C(10)-C(11) 1.395(2)
C(11)-C(15) 1.515(2)
C(12)-C(14) 1.525(2)
C(12)-C(13) 1.530(2)
C(15)-C(17) 1.526(3)
C(15)-C(16) 1.528(3)
C(18)-C(19) 1.402(2)
C(18)-C(23) 1.405(2)
C(19)-C(20) 1.396(2)
C(19)-C(24) 1.516(2)
C(20)-C(21) 1.378(2)
C(21)-C(22) 1.381(2)
C(22)-C(23) 1.394(2)
C(23)-C(27) 1.520(2)
C(24)-C(26) 1.504(3)
C(24)-C(25) 1.518(3)
C(27)-C(28) 1.518(3)
C(27)-C(29) 1.520(3)
C(30)-C(31) 1.487(2)
C(31)-C(36) 1.388(2)

C(31)-C(32) 1.389(2)



C(32)-C(33)
C(33)-C(34)
C(34)-C(35)
C(35)-C(36)

C(1)-N(1)-C(6)
C(3)-N(2)-C(18)
N(1D-C(1)-C(2)
N(1)-C(1)-C(4)
C(2)-C(1)-C4)
C(30)-C(2)-C(1)
C(30)-C(2)-C(3)
C(1)-C(2)-C(3)
N(2)-C(3)-C(5)
N(2)-C(3)-C(2)
C(5)-C(3)-C(2)
C(11)-C(6)-C(7)
C(11)-C(6)-N(1)
C(7)-C(6)-N(1)
C(8)-C(7)-C(6)
C(8)-C(7)-C(12)
C(6)-C(7)-C(12)
C(9)-C(8)-C(7)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
C(10)-C(11)-C(6)
C(10)-C(11)-C(15)
C(6)-C(11)-C(15)
C(7)-C(12)-C(14)
C(7)-C(12)-C(13)
C(14)-C(12)-C(13)
C(11)-C(15)-C(17)
C(11)-C(15)-C(16)
C(17)-C(15)-C(16)
C(19)-C(18)-C(23)
C(19)-C(18)-N(2)
C(23)-C(18)-N(2)
C(20)-C(19)-C(18)

1.384(2)
1.380(3)
1.377(3)
1.382(3)

121.12(12)
120.49(13)
117.47(13)
124.38(13)
118.13(13)
121.66(13)
121.97(13)
116.31(12)
126.13(14)
117.74(13)
116.13(13)
120.89(14)
119.26(13)
119.74(13)
118.55(14)
120.68(14)
120.76(13)
121.25(16)
119.77(15)
121.22(15)
118.33(15)
120.41(14)
121.21(14)
113.70(13)
110.70(14)
109.88(15)
113.21(15)
110.42(14)
109.43(16)
120.95(13)
119.99(13)
118.77(13)
118.23(14)
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C(20)-C(19)-C(24)
C(18)-C(19)-C(24)
C(21)-C(20)-C(19)
C(20)-C(21)-C(22)
C(21)-C(22)-C(23)
C(22)-C(23)-C(18)
C(22)-C(23)-C(27)
C(18)-C(23)-C(27)
C(26)-C(24)-C(19)
C(26)-C(24)-C(25)
C(19)-C(24)-C(25)
C(28)-C(27)-C(29)
C(28)-C(27)-C(23)
C(29)-C(27)-C(23)
C(2)-C(30)-C(31)

C(36)-C(31)-C(32)
C(36)-C(31)-C(30)
C(32)-C(31)-C(30)
C(33)-C(32)-C(31)
C(34)-C(33)-C(32)
C(35)-C(34)-C(33)
C(34)-C(35)-C(36)
C(35)-C(36)-C(31)

119.75(14)
122.00(13)
121.54(15)
119.52(15)
121.33(15)
118.40(14)
120.16(14)
121.43(13)
112.88(15)
111.02)

110.41(15)
111.13(16)
112.03(15)
111.05(14)
127.10(14)
118.50(15)
120.80(15)
120.55(15)
120.90(17)
120.00(19)
119.47(17)
120.73(18)
120.38(18)

355
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Table A11. Crystal data and structure refinement for [(BDlp,)PbCI] (22)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Reflections with [>2sigma(l)
Completeness to theta =27.10°
Tmax. and Tmin.

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

The toluene solvate has unresolved disorder

mayl1110

C17 H17 CIN2 Pb, 0.5 (C7 HS)

538.03

1732) K

0.71073 A

Monoclinic

C 2/c (No.15)

a=23.4501(5) A a=90°.
b=10.0070(2) A b=106.434(1)°.
c=16.7676(4) A g=90°.
3774.02(14) A3

8

1.89 Mg/m?

9.09 mm-!

2056

0.20 x 0.04 x 0.04 mm?

3.40 to 27.10°.

-30<=h<=30, -12<=k<=12, -21<=I<=21
29205

4164 [R(int) = 0.061]

3591

99.8 %

0.5152 and 0.3975

Full-matrix least-squares on F?

4164 /0/206

1.009

R1=0.027, wR2 = 0.056

R1=0.037, wR2 =0.059

1.95 and -0.94 e.A-3 (near disordered solvent)

Data collection KappaCCD , Program package WinGX , Abs correction MULTISCAN

Refinement using SHELXL-97 , Drawing using ORTEP-3 for Windows
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Table A12. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
108) for [(BDIpn)PbCI] (22). U(eq) is defined as one third of the trace of the orthogonalized Uil

tensor

X y z U(eq)
Pb 2544(1) 6927(1) 2393(1) 22(1)
Cl 2156(1) 9190(1) 3083(1) 29(1)
N(1) 1613(2) 6034(4) 2083(2) 22(1)
N(2) 2667(2) 5961(4) 3666(2) 22(1)
C(1) 1398(2) 5267(4) 2576(3) 22(1)
C(2) 1712(2) 4870(4) 3381(3) 26(1)
C(3) 2287(2) 5151(4) 3885(3) 22(1)
C4) 762(2) 4770(5) 2277(3) 32(1)
C(5) 2461(2) 4470(5) 4722(3) 31(1)
C(6) 1295(2) 6295(4) 1239(3) 22(1)
C(7) 1230(2) 7612(5) 967(3) 27(1)
C(8) 946(2) 7907(5) 141(3) 30(1)
C©) 722(2) 6902(5) -413(3) 32(1)
C(10) 793(2) 5579(5) -147(3) 32(1)
C(11) 1086(2) 5273(5) 668(3) 28(1)
C(12) 3235(2) 6282(4) 4207(3) 23(1)
C(13) 3313(2) 6859(4) 4991(3) 27(1)
C(14) 3877(2) 7208(5) 5481(3) 30(1)
C(15) 4369(2) 6993(5) 5198(3) 32(1)
C(16) 4298(2) 6459(5) 4416(3) 29(1)
C(17) 3733(2) 6098(4) 3921(3) 24(1)
C(1S) 0 7461(7) 2500 28(1)
C(25) 0 8801(9) 2500 48(2)
C(3S) 536(2) 9442(5) 2674(3) 39(1)
C(4S) 526(2) 10817(5) 2685(3) 37(1)

C(59) 0 11498(8) 2500 37(2)
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Table A13. Bond lengths [A] and angles [deq] for [(BDIpn)PbCI] (22)

Pb-N(1) 2.279(3)
Pb-N(2) 2.285(4)
Pb-Cl 2.8081(11)
Pb-CI’ 2.9928(11)
N(1)-C(1) 1.328(5)
N(1)-C(6) 1.425(5)
N(2)-C(3) 1.332(5)
N(2)-C(12) 1.419(5)
C(1)-C(2) 1.399(6)
C(1)-C(4) 1.516(6)
C(2)-C(3) 1.402(6)
C(3)-C(5) 1.509(6)
C(6)-C(7) 1.389(6)
C(6)-C(11) 1.392(6)
C(7)-C(8) 1.388(6)
C(8)-C(9) 1.370(7)
C(9)-C(10) 1.392(7)
C(10)-C(11) 1.379(7)
C(12)-C(17) 1.396(6)
C(12)-C(13) 1.399(6)
C(13)-C(14) 1.389(7)
C(14)-C(15) 1.383(7)
C(15)-C(16) 1.381(7)
C(16)-C(17) 1.397(6)
N(1)-Pb-N(2) 84.68(12)
N(1)-Pb-Cl 90.52(9)
N(2)-Pb-Cl 85.78(9)
N(1)-Pb-CI’ 82.10(9)
N(2)-Pb-CI’ 83.40(9)
CI-Pb-CP’ 167.42(2)
Pb-CI-Pb” 120.00(4)
C(1)-N(1)-C(6) 122.7(4)
C(1)-N(1)-Pb 126.4(3)
C(6)-N(1)-Pb 110.7(3)

C(3)-N(2)-C(12) 122.8(4)
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C(3)-N(2)-Pb 126.7(3)
C(12)-N(2)-Pb 110.5(3)
N(1)-C(1)-C(2) 125.1(4)
N(1)-C(1)-C(4) 119.7(4)
C(2)-C(1)-C(4) 115.2(4)
C(1)-C(2)-C(3) 132.7(4)
N(2)-C(3)-C(2) 124.1(4)
N(2)-C(3)-C(5) 120.3(4)
C(2)-C(3)-C(5) 115.6(4)
C(7)-C(6)-C(11) 119.1(4)
C(7)-C(6)-N(1) 118.6(4)
C(11)-C(6)-N(1) 122.1(4)
C(8)-C(7)-C(6) 120.5(4)
C(9)-C(8)-C(7) 120.3(4)
C(8)-C(9)-C(10) 119.5(4)
C(11)-C(10)-C(9) 120.7(4)
C(10)-C(11)-C(6) 119.9(4)
C(17)-C(12)-C(13) 118.5(4)
C(17)-C(12)-N(2) 118.4(4)
C(13)-C(12)-N(2) 123.0(4)
C(14)-C(13)-C(12) 120.6(4)
C(15)-C(14)-C(13) 120.3(4)
C(16)-C(15)-C(14) 119.8(4)
C(15)-C(16)-C(17) 120.3(4)
C(12)-C(17)-C(16) 120.4(4)

Symmetry transformations used to generate equivalent atoms:

Cx+1/2,y-1/2,-z+1/2  “ -x+1/2,y+1/2,-z+1/2



Table A14. Crystal data and structure refinement for [(BDIpyp)PbCI] (24)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Reflections with [>2sigma(I)
Completeness to theta = 26.76°
Absorption correction

Tmax. and Tmin.

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

360

jul611

2(C21 H25 CI N2 Pb), C7 H8

1188.28

1732) K
0.71073 A
Triclinic

Pl (No.2)
a=83126(3) A
b=12.5001(4) A
c=12.9418(4) A

a=112.5372)°.
b= 94.850(2)°.
g=104.513(1)°.

1177.65(7) A3

1

1.68 Mg/m?

7.289 mm-!

578

0.15x 0.07 x 0.05 mm?

3.40 to 26.76°.

-10<=h<=10, -15<=k<=135, -16<=I<=16
15979

4989 [R(int) = 0.056]

4563

99.2 %

Semi-empirical from equivalents
0.5616 and 0.4731

Full-matrix least-squares on F?
4989/0/239

1.038

R1=10.027, wR2 = 0.060

R1=0.032, wR2 =0.062

1.77 and -1.03 e.A-3 (near disordered toluene)

The toluene solvate lies on an inversion centre and was modeled as a rigid body with common thermal
displacement parameters and all carbon atoms isotropic

Data collection KappaCCD , Program package WinGX , Abs correction MULTISCAN
Refinement using SHELXL-97 , Drawing using ORTEP-3 for Windows
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Table A15. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x
108) for [(BDIpwp)PbCI] (24). U(eq) is defined as one third of the trace of the orthogonalized Uil

tensor

X y v/ U(eq)
Pb 5393(1) 6023(1) 9100(1) 22(1)
Cl 7623(1) 5286(1) 7992(1) 38(1)
N(1) 5535(4) 7537(3) 8499(3) 21(1)
N(2) 7301(4) 7585(3) 10671(3) 23(1)
C(1) 6471(5) 8696(4) 9017(3) 24(1)
C(2) 7660(5) 9213(4) 10052(4) 28(1)
C(3) 7992(5) 8736(4) 10834(3) 25(1)
C4) 6213(6) 9553(4) 8499(4) 33(1)
C(5) 9180(6) 9627(5) 11969(4) 41(1)
C(6) 4336(5) 7104(4) 7449(3) 22(1)
C(7) 4890(6) 6750(4) 6400(3) 29(1)
C(8) 3684(7) 6273(4) 5402(4) 41(1)
C(9) 1988(7) 6155(5) 5426(4) 50(1)
C(10) 1474(6) 6508(5) 6451(4) 44(1)
C(11) 2626(5) 6988(4) 7489(4) 28(1)
C(12) 6741(6) 6925(5) 6370(4) 39(1)
C(13) 2047(6) 7342(5) 8608(4) 40(1)
C(14) 7560(5) 7219(3) 11575(3) 21(1)
C(15) 8889(5) 6739(4) 11685(3) 26(1)
C(16) 8996(6) 6298(4) 12515(4) 33(1)
C(17) 7858(6) 6337(4) 13235(4) 32(1)
C(18) 6568(6) 6847(4) 13137(4) 30(1)
C(19) 6388(5) 7280(4) 12308(3) 25(1)
C(20) 10187(6) 6727(5) 10939(4) 38(1)
C(21) 4966(6) 7804(4) 12195(4) 35(1)
C(1S) 3984(9) 9843(10) 4897(9) 91(2)
C(25) 4838(11) 9246(10) 5350(10) 91(2)
C(3S) 6599(11) 9576(11) 5539(10) 91(2)
C(4S) 7506(9) 10502(10) 5276(10) 91(2)
C(5S) 6652(11) 11098(10) 4823(10) 91(2)
C(6S) 4891(11) 10769(10) 4634(10) 91(2)

C(79) 2024(9) 9566(13) 4701(12) 91(2)
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Table A16. Bond lengths [A] and angles [deq] for [(BDIpwp)PbCI] (24)

Pb-N(1) 2.288(3)
Pb-N(2) 2.306(3)
Pb-Cl 2.5757(11)
N(1)-C(1) 1.325(5)
N(1)-C(6) 1.439(5)
N(2)-C(3) 1.334(5)
N(2)-C(14) 1.429(5)
C(1)-C(2) 1.408(6)
C(1)-C(4) 1.511(6)
C(2)-C(3) 1.397(6)
C(3)-C(5) 1.524(6)
C(6)-C(11) 1.400(6)
C(6)-C(7) 1.414(6)
C(7)-C(8) 1.385(6)
C(7)-C(12) 1.505(6)
C(8)-C(9) 1.384(8)
C(9)-C(10) 1.371(8)
C(10)-C(11) 1.399(6)
C(11)-C(13) 1.502(6)
C(14)-C(15) 1.404(6)
C(14)-C(19) 1.412(6)
C(15)-C(16) 1.388(6)
C(15)-C(20) 1.507(6)
C(16)-C(17) 1.380(6)
C(17)-C(18) 1.398(6)
C(18)-C(19) 1.388(6)
C(19)-C(21) 1.510(6)
N(1)-Pb-N(2) 82.56(12)
N(1)-Pb-Cl 93.49(8)
N(2)-Pb-Cl 96.29(9)
C(1)-N(1)-C(6) 120.3(3)
C(1)-N(1)-Pb 128.6(3)
C(6)-N(1)-Pb 111.02)
C(3)-N(2)-C(14) 120.5(3)

C(3)-N(2)-Pb 128.0(3)



C(14)-N(2)-Pb
N(1D-C(1)-C(2)
N(1)-C(1)-C(4)
C(2)-C(1)-C4)
C(3)-C(2)-C(1)
N(2)-C(3)-C(2)
N(2)-C(3)-C(5)
C(2)-C(3)-C(5)
C(11)-C(6)-C(7)
C(11)-C(6)-N(1)
C(7)-C(6)-N(1)
C(8)-C(7)-C(6)
C(8)-C(7)-C(12)
C(6)-C(7)-C(12)
C(9)-C(8)-C(7)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
C(10)-C(11)-C(6)
C(10)-C(11)-C(13)
C(6)-C(11)-C(13)
C(15)-C(14)-C(19)
C(15)-C(14)-N(2)
C(19)-C(14)-N(2)
C(16)-C(15)-C(14)
C(16)-C(15)-C(20)
C(14)-C(15)-C(20)
C(17)-C(16)-C(15)
C(16)-C(17)-C(18)
C(19)-C(18)-C(17)
C(18)-C(19)-C(14)
C(18)-C(19)-C(21)
C(14)-C(19)-C(21)

111.22)
124.7(4)
118.6(4)
116.6(4)
130.8(4)
124.7(4)
118.7(4)
116.5(4)
121.5(4)
118.9(3)
119.6(4)
118.0(4)
121.0(4)
121.0(4)
121.3(5)
120.0(4)
121.6(5)
117.7(4)
121.3(4)
121.0(4)
120.9(4)
120.6(3)
118.4(3)
118.3(4)
120.8(4)
120.9(4)
121.9(4)
119.2(4)
121.0(4)
118.6(4)
120.5(4)
120.9(4)
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Table A17. Crystal data and structure refinement for [(BDlp,)2.Pb] (25)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Reflections with [>2sigma(l)
Completeness to theta = 27.09°
Tmax. and Tmin.

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

364

nov809

C34 H34 N4 Pb - C7 H8

798.01

1732) K
0.71073 A
Triclinic

Pl (No.2)
a=10.3923(2) A
b=11.5345(4) A
c=17.0319(5) A

a=104.310(1)°.
b= 96.037(2)°.
g =113.289(2)°.

1769.24(9) A3

2

1.50 Mg/m?

4.80 mm!

796

0.20 x 0.09 x 0.06 mm?

3.49 to0 27.09°.

-13<=h<=13, -14<—k<=14, -21<=l<=21
31069

7797 [R(int) = 0.0548]

7106

99.8 %

0.3773 and 0.3137

Full-matrix least-squares on F?
7797 /0 /420

0.837

R1=10.029, wR2 = 0.069
R1=0.037, wR2 =0.073
0.91and -1.44 A"

Data collection KappaCCD , Program package WinGX , Abs correction MULTISCAN

Refinement using SHELXL-97 , Drawing using ORTEP-3 for Windows
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Table A18. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x
108) for [(BDIph)2Pb] (25). U(eq) is defined as one third of the trace of the orthogonalized Uil

tensor

X y z U(eq)
Pb 5129(1) 2441(1) 2490(1) 21(1)
N(1) 7683(3) 3389(3) 2391(2) 25(1)
N(Q2) 6218(3) 1335(3) 3109(2) 24(1)
N(3) 5935(3) 4168(3) 3751(2) 21(1)
N(4) 3275(3) 1680(3) 3280(2) 23(1)
C(1) 8763(4) 3680(4) 2994(3) 27(1)
C(2) 8620(4) 3099(4) 3632(3) 28(1)
Cc(3) 7498(4) 1909(4) 3628(2) 25(1)
C4) 10265(4) 4659(5) 3013(3) 38(1)
C(5) 7863(5) 1234(5) 4218(3) 39(1)
C(6) 7933(4) 3799(4) 1677(3) 27(1)
C(7) 8367(5) 3103(5) 1059(3) 39(1)
C(8) 8544(6) 3449(5) 340(3) 49(1)
C(9) 8277(5) 4480(5) 234(3) 47(1)
C(10) 7837(5) 5169(5) 837(3) 41(1)
C(11) 7661(4) 4838(4) 1564(3) 32(1)
C(12) 5259(4) -25(4) 2967(2) 24(1)
C(13) 4591(4) -510(4) 3561(3) 32(1)
C(14) 3613(5) -1836(4) 3354(3) 40(1)
C(15) 3264(5) -2695(4) 2557(4) 45(1)
C(16) 3920(5) -2219(5) 1963(3) 43(1)
C(17) 4906(4) -896(4) 2163(3) 30(1)
C(18) 5894(4) 3972(4) 4494(2) 23(1)
C(19) 4896(4) 2837(4) 4619(2) 25(1)
C(20) 3577(4) 1866(4) 4082(2) 25(1)
C(21) 6920(4) 5059(4) 5278(3) 32(1)
C(22) 2468(4) 1047(4) 4479(3) 33(1)
C(23) 6769(4) 5447(3) 3683(2) 24(1)
C(24) 8270(4) 6116(4) 3936(3) 29(1)
C(25) 9018(4) 7314(4) 3790(3) 35(1)
C(26) 8298(5) 7861(4) 3390(3) 36(1)

C(27) 6814(5) 7215(4) 3140(3) 35(1)



C(28)
C(29)
C(30)
c@31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(39)
C(39)
C(40)
C(41)

6051(4)
1849(4)

799(4)
-558(4)
-879(4)

178(5)
1525(4)
2758(6)
3999(5)
4361(6)
3541(7)
2302(7)
1939(5)
2416(8)
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6014(4)
846(4)
1313(4)
539(5)
-695(5)
-1141(4)
-381(4)
2636(6)
2961(6)
2002(8)
684(7)
341(6)
1328(6)
3661(8)

3281(3)
2781(2)
2798(3)
2269(3)
1718(3)
1710(3)
2231(3)
790(4)
460(3)
71(4)
31(4)
285(4)
682(3)
1257(5)

29(1)
24(1)
31(1)
37(1)
37(1)
38(1)
31(1)
57(1)
54(1)
72(2)
67(2)
64(2)
49(1)
83(2)
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Table A19. Bond lengths [/°-\] and angles [deg] for [(BDlph)2Pb] (25)

Pb-N(3) 2.338(3)
Pb-N(2) 2.363(3)
Pb-N(4) 2.466(3)
Pb-N(1) 2.482(3)
N(1)-C(1) 1.310(5)
N(1)-C(6) 1.424(5)
N(2)-C(3) 1.325(5)
N(2)-C(12) 1.427(5)
N(3)-C(18) 1.341(5)
N(3)-C(23) 1.427(4)
N(4)-C(20) 1.312(5)
N(4)-C(29) 1.431(5)
C(1)-C(2) 1.403(5)
C(1)-C(4) 1.514(5)
C(2)-C(3) 1.404(5)
C(3)-C(5) 1.516(5)
C(6)-C(7) 1.387(6)
C(6)-C(11) 1.387(6)
C(7)-C(8) 1.387(6)
C(8)-C(9) 1.370(7)
C(9)-C(10) 1.370(7)
C(10)-C(11) 1.392(6)
C(12)-C(13) 1.392(5)
C(12)-C(17) 1.394(6)
C(13)-C(14) 1.387(6)
C(14)-C(15) 1.379(7)
C(15)-C(16) 1.384(7)
C(16)-C(17) 1.388(6)
C(18)-C(19) 1.396(5)
C(18)-C(21) 1.519(6)
C(19)-C(20) 1.410(5)
C(20)-C(22) 1.515(5)
C(23)-C(28) 1.397(5)
C(23)-C(24) 1.399(5)
C(24)-C(25) 1.392(5)

C(25)-C(26) 1.378(6)



C(26)-C(27)
C(27)-C(28)
C(29)-C(34)
C(29)-C(30)
C(30)-C(31)
C(31)-C(32)
C(32)-C(33)
C(33)-C(34)
C(35)-C(40)
C(35)-C(36)
C(35)-C(41)
C(36)-C(37)
C(37)-C(38)
C(38)-C(39)
C(39)-C(40)

N(3)-Pb-N(2)
N(3)-Pb-N(4)
N(2)-Pb-N(4)
N(3)-Pb-N(1)
N(2)-Pb-N(1)
N(4)-Pb-N(1)
C(1)-N(1)-C(6)
C(1)-N(1)-Pb
C(6)-N(1)-Pb
C(3)-N(2)-C(12)
C(3)-N(2)-Pb
C(12)-N(2)-Pb
C(18)-N(3)-C(23)
C(18)-N(3)-Pb
C(23)-N(3)-Pb
C(20)-N(4)-C(29)
C(20)-N(4)-Pb
C(29)-N(4)-Pb
N(1)-C(1)-C(2)
N(1)-C(1)-C(4)
C(2)-C(1)-C(4)
C(1)-C(2)-C(3)

1.382(6)
1.394(6)
1.377(6)
1.395(5)
1.392(6)
1.384(7)
1.385(6)
1.378(6)
1.360(8)
1.412(7)
1.444(9)
1.350(9)
1.372(9)
1.397(8)
1.382(8)

89.87(11)
75.40(10)
85.22(10)
85.01(10)
73.44(10)
151.05(11)
120.5(3)
123.72)
115.12)
121.4(3)
125.5(2)
112.5(2)
121.4(3)
123.6(2)
113.6(2)
121.4(3)
123.2(2)
114.8(2)
123.3(3)
120.1(4)
116.6(4)
127.4(4)
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N(@2)-C(3)-C(2)
N(2)-C(3)-C(5)
C(2)-C(3)-C(5)
C(7)-C(6)-C(11)
C(7)-C(6)-N(1)
C(11)-C(6)-N(1)
C(6)-C(7)-C(8)
C(9)-C(8)-C(7)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
C(6)-C(11)-C(10)
C(13)-C(12)-C(17)
C(13)-C(12)-N(2)
C(17)-C(12)-N(2)
C(14)-C(13)-C(12)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
C(15)-C(16)-C(17)
C(16)-C(17)-C(12)
N(3)-C(18)-C(19)
N(3)-C(18)-C(21)
C(19)-C(18)-C(21)
C(18)-C(19)-C(20)
N(4)-C(20)-C(19)
N(4)-C(20)-C(22)
C(19)-C(20)-C(22)
C(28)-C(23)-C(24)
C(28)-C(23)-N(3)
C(24)-C(23)-N(3)
C(25)-C(24)-C(23)
C(26)-C(25)-C(24)
C(25)-C(26)-C(27)
C(26)-C(27)-C(28)
C(27)-C(28)-C(23)
C(34)-C(29)-C(30)
C(34)-C(29)-N(4)
C(30)-C(29)-N(4)
C(31)-C(30)-C(29)

123.6(3)
120.4(3)
115.8(4)
119.3(4)
119.9(4)
120.7(4)
120.5(4)
119.9(5)
120.2(4)
120.6(4)
119.5(4)
118.5(4)
124.3(4)
117.1(3)
120.3(4)
121.1(4)
118.9(4)
120.6(4)
120.6(4)
124.3(3)
120.2(3)
115.4(3)
128.2(4)
123.2(3)
120.2(4)
116.6(3)
118.2(3)
117.8(3)
123.8(3)
120.5(4)
120.8(4)
119.4(4)
120.5(4)
120.7(4)
119.1(4)
120.6(3)
120.1(3)
120.1(4)
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C(32)-C(31)-C(30) 120.6(4)
C(31)-C(32)-C(33) 118.5(4)
C(34)-C(33)-C(32) 121.4(4)
C(29)-C(34)-C(33) 120.4(4)
C(40)-C(35)-C(36) 117.4(6)
C(40)-C(35)-C(41) 121.5(6)
C(36)-C(35)-C(41) 121.0(6)
C(37)-C(36)-C(35) 120.6(6)
C(36)-C(37)-C(38) 121.9(6)
C(37)-C(38)-C(39) 118.3(6)
C(40)-C(39)-C(38) 119.4(6)
C(35)-C(40)-C(39) 122.3(5)

Least-squares planes (X,y,z in crystal coordinates) and deviations from them
(* indicates atom used to define plane)

4.8518 (0.0188) x - 4.1994 (0.0211) y + 14.0689 (0.0203) z = 1.3671 (0.0062)

*-0.0243 (0.0050) C35
*-0.0230 (0.0043) C36
*0.0072 (0.0044) C37
*0.0198 (0.0051) C38
*0.0080 (0.0043) C39
*-0.0242 (0.0044) C40
*0.0366 (0.0040) C41
3.5993 (0.0022) Pb

Rms deviation of fitted atoms = 0.0225
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Table A20. Crystal data and structure refinement for [(BDlpp).Pb] (26)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Reflections with [>2sigma(l)
Completeness to theta = 26.72°
Tmax. and Tmin.

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

may1010

C46 H58 N4 Pb

874.15

1732) K

0.71073 A

Triclinic

Pl (No.2)

a=10.9335(3) A a= 85.690(2)°.
b =12.1290(2) A b= 73.900(1)°.
¢ = 16.9989(4) A g = 74.641(1)°.
2088.50(8) A3

2

1.39 Mg/m?

4.07 mm!

888

0.20 x 0.14 x 0.12 mm?

3.42 to0 26.72°.

-13<=h<=13, -15<=k<=135, -21<=I<=21
30694

8825 [R(int) = 0.051]

8166

99.7 %

0.5902 and 0.4721

Full-matrix least-squares on F?

8825/0/464

1.210

R1=10.034, wR2 =0.079

R1=10.039, wR2 = 0.080

1.12 and -1.49 e. A3

Data collection KappaCCD , Program package WinGX , Abs correction MULTISCAN

Refinement using SHELXL-97 , Drawing using ORTEP-3 for Windows
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Table A21. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
108) for [(BDIpp)2Pb] (26). U(eq) is defined as one third of the trace of the orthogonalized Uil

tensor

X y z U(eq)
Pb 1423(1) 2228(1) 2590(1) 21(1)
N(1) 353(4) 2057(3) 1611(2) 23(1)
N(2) 1900(4) 170(3) 2371(2) 23(1)
NQ@3) 1161(4) 4245(3) 2184(2) 24(1)
N#4) 3366(4) 2203(3) 1554(2) 23(1)
C(1) 764(5) 1287(4) 1013(3) 25(1)
C(2) 1683(5) 233(4) 1008(3) 28(1)
C(3) 2088(4) -347(4) 1678(3) 23(1)
C(4) 143(6) 1502(5) 308(3) 41(1)
C(5) 2680(5) -1623(4) 1603(3) 30(1)
C(6) -842(4) 2925(4) 1672(3) 24(1)
C(7) -909(5) 3932(4) 1213(3) 25(1)
C(8) -2093(5) 4772(4) 1336(3) 26(1)
C(9) -3235(5) 4639(4) 1900(3) 26(1)
C(10) -3153(5) 3639(4) 2358(3) 32(1)
C(11) -1975(5) 2791(4) 2243(3) 30(1)
C(12) -4523(5) 5532(4) 1997(3) 28(1)
C(13) -5247(6) 5824(5) 2890(4) 42(1)
C(14) -5390(5) 5149(5) 1569(4) 38(1)
C(15) 2168(5) -450(4) 3078(3) 24(1)
C(16) 3421(5) -820(4) 3171(3) 33(1)
C(17) 3644(5) -1342(5) 3890(3) 36(1)
C(18) 2610(5) -1516(4) 4541(3) 30(1)
C(19) 1359(5) -1130(5) 4444(3) 35(1)
C(20) 1128(5) -601(4) 3727(3) 31(1)
C(21) 2879(6) -2129(5) 5315(3) 38(1)
C(22) 3581(7) -1501(5) 5712(4) 48(2)
C(23) 3643(9) -3355(5) 5153(4) 67(2)
C(24) 1592(4) 4615(4) 1439(3) 22(1)
C(25) 2586(5) 3937(4) 824(3) 26(1)
C(26) 3496(5) 2908(4) 907(3) 24(1)

C(27) 1039(5) 5847(4) 1199(3) 31(1)



C(28)
C(29)
C(30)
c@31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(39)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)

4746(5)
396(4)
909(5)
236(6)

-969(5)

-1486(5)

-830(5)

-1632(6)

2214(7)

-2650(7)

4472(4)
5095(5)
6170(5)
6667(5)
6018(5)
4943(5)
7803(5)
8870(6)
7301(6)
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2633(4)
4992(4)
5785(4)
6409(4)
6263(4)
5493(4)
4869(4)
6957(5)
8191(5)
6446(6)
1298(4)
1374(4)

507(4)
-449(4)
-527(4)

318(4)

-1421(4)

-1024(5)

-2251(5)

221(3)
2846(3)
3109(3)
3819(3)
4296(3)
4018(3)
3302(3)
5086(4)
4905(4)
5684(4)
1625(3)
2217(3)
2312(3)
1818(3)
1235(3)
1139(3)
1944(3)
2155(5)
2590(4)

35(1)
23(1)
33(1)
38(1)
33(1)
35(1)
30(1)
44(1)
56(2)
52(2)
23(1)
34(1)
36(1)
27(1)
26(1)
25(1)
32(1)
58(2)
51(2)
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Table A22. Bond lengths [A] and angles [deg] for [(BDlpp).Pb] (26)

Pb-N(1) 2.333(4)
Pb-N(4) 2.348(4)
Pb-N(2) 2.446(4)
Pb-N(3) 2.456(4)
N(1)-C(1) 1.333(6)
N(1)-C(6) 1.427(6)
N(2)-C(3) 1.316(6)
N(2)-C(15) 1.427(6)
N(3)-C(24) 1.312(6)
N(3)-C(29) 1.420(6)
N(4)-C(26) 1.341(6)
N(4)-C(38) 1.428(5)
C(1)-C(2) 1.400(7)
C(1)-C(4) 1.509(7)
C(2)-C(3) 1.408(7)
C(3)-C(5) 1.511(6)
C(6)-C(11) 1.386(7)
C(6)-C(7) 1.395(6)
C(7)-C(8) 1.393(6)
C(8)-C(9) 1.387(7)
C(9)-C(10) 1.388(7)
C(9)-C(12) 1.508(6)
C(10)-C(11) 1.394(7)
C(12)-C(14) 1.519(7)
C(12)-C(13) 1.523(7)
C(15)-C(16) 1.374(7)
C(15)-C(20) 1.388(7)
C(16)-C(17) 1.387(7)
C(17)-C(18) 1.394(7)
C(18)-C(19) 1.375(7)
C(18)-C(21) 1.525(7)
C(19)-C(20) 1.387(7)
C(21)-C(23) 1.504(9)
C(21)-C(22) 1.516(8)
C(24)-C(25) 1.406(6)

C(24)-C(27) 1.528(6)



C(25)-C(26)
C(26)-C(28)
C(29)-C(30)
C(29)-C(34)
C(30)-C(31)
C(31)-C(32)
C(32)-C(33)
C(32)-C(35)
C(33)-C(34)
C(35)-C(36)
C(35)-C(37)
C(38)-C(39)
C(38)-C(43)
C(39)-C(40)
C(40)-C(41)
C(41)-C(42)
C(41)-C(44)
C(42)-C(43)
C(44)-C(45)
C(44)-C(46)

N(1)-Pb-N(4)
N(1)-Pb-N(2)
N(4)-Pb-N(2)
N(1)-Pb-N(3)
N(4)-Pb-N(3)
N(2)-Pb-N(3)

C(1)-N(1)-C(6)

C(1)-N(1)-Pb
C(6)-N(1)-Pb

C(3)-N(2)-C(15)

C(3)-N(2)-Pb

C(15)-N(2)-Pb
C(24)-N(3)-C(29)
C(24)-N(3)-Pb
C(29)-N(3)-Pb
C(26)-N(4)-C(38)
C(26)-N(4)-Pb

1.400(6)
1.507(6)
1.388(7)
1.391(7)
1.387(7)
1.391(8)
1.382(7)
1.532(7)
1.391(7)
1.508(8)
1.516(9)
1.383(7)
1.395(6)
1.393(7)
1.381(7)
1.390(7)
1.521(6)
1.379(6)
1.508(8)
1.521(8)

90.33(13)
75.10(13)
87.13(13)
87.03(13)
76.71(13)

155.86(12)

119.4(4)

127.23)

113.3(3)

121.8(4)

127.0(3)

110.5(3)

122.7(4)

125.3(3)

111.93)

119.1(4)

126.4(3)
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C(38)-N(4)-Pb
N(1D-C(1)-C(2)
N(1)-C(1)-C(4)
C(2)-C(1)-C4)
C(1)-C(2)-C(3)
N(2)-C(3)-C(2)
N(2)-C(3)-C(5)
C(2)-C(3)-C(5)
C(11)-C(6)-C(7)
C(11)-C(6)-N(1)
C(7)-C(6)-N(1)
C(8)-C(7)-C(6)
C(9)-C(8)-C(7)
C(8)-C(9)-C(10)
C(8)-C(9)-C(12)
C(10)-C(9)-C(12)
C(9)-C(10)-C(11)
C(6)-C(11)-C(10)
C(9)-C(12)-C(14)
C(9)-C(12)-C(13)
C(14)-C(12)-C(13)
C(16)-C(15)-C(20)
C(16)-C(15)-N(2)
C(20)-C(15)-N(2)
C(15)-C(16)-C(17)
C(16)-C(17)-C(18)
C(19)-C(18)-C(17)
C(19)-C(18)-C(21)
C(17)-C(18)-C(21)
C(18)-C(19)-C(20)
C(19)-C(20)-C(15)
C(23)-C(21)-C(22)
C(23)-C(21)-C(18)
C(22)-C(21)-C(18)
N(3)-C(24)-C(25)
N(3)-C(24)-C(27)
C(25)-C(24)-C(27)
C(26)-C(25)-C(24)

114.4(3)
124.9(4)
119.0(4)
115.9(4)
127.7(4)
122.4(4)
119.8(4)
117.7(4)
118.3(4)
118.6(4)
123.0(4)
120.0(4)
122.1(4)
117.3(4)
121.4(4)
121.3(4)
121.3(5)
121.0(4)
110.2(4)
112.7(4)
110.8(4)
118.2(4)
122.0(4)
119.5(4)
120.9(5)
121.4(5)
117.2(4)
122.3(5)
120.6(5)
121.8(5)
120.6(5)
110.7(5)
112.0(5)
111.0(5)
123.5(4)
120.6(4)
115.9(4)
128.6(4)
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N(4)-C(26)-C(25)
N(4)-C(26)-C(28)

C(25)-C(26)-C(28)
C(30)-C(29)-C(34)
C(30)-C(29)-N(3)

C(34)-C(29)-N(3)

C(31)-C(30)-C(29)
C(30)-C(31)-C(32)
C(33)-C(32)-C(31)
C(33)-C(32)-C(35)
C(31)-C(32)-C(35)
C(32)-C(33)-C(34)
C(29)-C(34)-C(33)
C(36)-C(35)-C(37)
C(36)-C(35)-C(32)
C(37)-C(35)-C(32)
C(39)-C(38)-C(43)
C(39)-C(38)-N(4)

C(43)-C(38)-N(4)

C(38)-C(39)-C(40)
C(41)-C(40)-C(39)
C(40)-C(41)-C(42)
C(40)-C(41)-C(44)
C(42)-C(41)-C(44)
C(43)-C(42)-C(41)
C(42)-C(43)-C(38)
C(45)-C(44)-C(41)
C(45)-C(44)-C(46)
C(41)-C(44)-C(46)

125.4(4)
118.9(4)
115.6(4)
118.0(4)
120.8(4)
120.8(4)
121.0(5)
121.4(5)
117.1(5)
124.5(5)
118.4(5)
122.1(5)
120.3(5)
111.1(5)
111.1(5)
112.9(5)
117.8(4)
118.9(4)
123.3(4)
120.8(4)
121.8(5)
116.9(4)
121.8(4)
121.1(4)
122.0(4)
120.7(4)
113.7(4)
110.4(5)
110.6(4)

377
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Table A23. Crystal data and structure refinement for [(BDlpwe)PbO'Bu] (28)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Reflections with [>2sigma(l)
Completeness to theta = 26.76°
Absorption correction

Tmax. and Tmin.

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

augl011

C25H34 N2 O Pb

585.73

1732) K

0.71073 A

Triclinic

Pl (No.2)

a=12.0429(4) A a=70.951(2)°.
b=12.2155(4) A b= 73.482(2)°.
c = 18.6440(5) A g =88.626(1)°.
2478.36(13) A3

4

1.57 Mg/m?

6.824 mm-!

1152

0.20 x 0.18 x 0.13 mm?

3.44 to 26.76°.

-14<=h<=15, -15<=k<=15, -18<=1<=23
30981

10379 [R(int) = 0.057]

8521

98.2 %

Semi-empirical from equivalents

0.3561 and 0.2814

Full-matrix least-squares on F?

10379/0/535

1.000

R1=0.030, wR2 =0.067

R1=0.042, wR2 =0.072

0.73 and -1.62 e.A"3

There are two essentially equivalent molecules in the unit cell

Data collection KappaCCD , Program package WinGX , Abs correction MULTISCAN

Refinement using SHELXL-97 , Drawing using ORTEP-3 for Windows
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Table A24. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
109) for [(BDIDMP)PbOtBu] (28). U(eq) is defined as one third of the trace of the orthogonalized

Ui tensor

X y z U(eq)
Pb(1) 6041(1) 8031(1) 2478(1) 25(1)
Pb(2) 1241(1) 4385(1) 2536(1) 24(1)
o(1) 5098(2) 8424(2) 3522(2) 29(1)
0Q) 1203(3) 4314(3) 1408(2) 33(1)
N(1) 5854(3) 9826(3) 1611(2) 26(1)
N(Q) 4334(3) 7589(3) 2251(2) 25(1)
N(3) 265(3) 2576(3) 3176(2) 25(1)
N(@4) -648(3) 4930(3) 2834(2) 24(1)
c(1) 5045(4) 10156(3) 1242(2) 26(1)
C() 4083(4) 9446(4) 1344(2) 28(1)
Cc@3) 3754(4) 8271(4) 1796(2) 28(1)
C4) 5147(4) 11380(4) 672(3) 38(1)
C(5) 2645(4) 7794(4) 1748(3) 40(1)
C(6) 6874(4) 10588(4) 1408(3) 35(1)
C(7) 6916(5) 11290(4) 1859(3) 43(1)
C(8) 7960(6) 11952(5) 1662(4) 57(2)
C(9) 8898(5) 11908(5) 1057(4) 64(2)
C(10) 8839(5) 11201(5) 621(3) 56(2)
C(11) 7829(4) 10523(4) 787(3) 40(1)
C(12) 5865(5) 11359(4) 2511(3) 55(2)
C(13) 7771(5) 9775(5) 301(3) 52(1)
C(14) 3993(4) 6383(3) 2667(2) 26(1)
C(15) 3211(4) 6021(4) 3443(3) 31(1)
C(16) 3031(4) 4834(4) 3857(3) 41(1)
C(17) 3571(5) 4031(4) 3532(3) 46(1)
C(18) 4303(4) 4394(4) 2768(3) 43(1)
C(19) 4530(4) 5575(4) 2326(3) 33(1)
C(20) 2610(4) 6901(4) 3797(3) 41(1)
cl) 5337(5) 5968(5) 1487(3) 47(1)
C(22) 5401(4) 7974(4) 4244(3) 34(1)
C(23) 6637(5) 8332(8) 4122(4) 94(3)

C(24) 4581(6) 8444(5) 4845(3) 64(2)



C(25)
C(26)
C@27)
C(28)
C(29)
C(30)
c@31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(39)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)

5189(6)
-863(4)
-1726(4)
-1634(4)
-1280(5)
2774(4)
1076(4)
1565(4)
2416(4)
2780(5)
2295(4)
1417(4)
1174(5)
845(4)
-644(3)
-704(4)
-633(4)
-499(4)
-423(4)
-495(4)
-874(4)
-419(5)
2165(4)
1804(6)
3227(5)
2475(7)
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6645(5)
2276(3)
3067(4)
4277(4)
1007(4)
4851(4)
17133)
1173(4)

412(4)

206(4)

749(4)
1501(4)
1381(4)
2046(4)
6157(3)
6881(4)
8077(4)
8539(4)
7812(4)
6611(4)
6392(4)
5811(5)
4688(4)
4396(7)
4034(6)
5972(5)

4570(3)
3397(3)
3337(3)
3116(2)
3744(3)
3247(3)
3332(2)
2780(3)
2919(3)
3585(3)
4129(3)
4020(3)
2044(3)
4629(3)
2666(2)
1921(3)
1770(3)
2319(4)
3048(3)
3238(3)
1314(3)
4032(3)
713(3)
81(3)
847(4)
456(4)

63(2)
30(1)
32(1)
28(1)
47(1)
46(1)
27(1)
34(1)
44(1)
46(1)
40(1)
31(1)
46(1)
40(1)
25(1)
30(1)
41(1)
50(1)
45(1)
34(1)
41(1)
49(1)
39(1)
88(3)
69(2)
81(2)
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Table A25. Bond lengths [A] and angles [deg] for [(BDloup)PbO'Bu] (28)

Pb(1)-0(1) 2.154(3)
Pb(1)-N(1) 2.311(3)
Pb(1)-N(2) 2.322(3)
Pb(2)-0(2) 2.146(3)
Pb(2)-N(3) 2.301(3)
Pb(2)-N(4) 2.318(3)
0(1)-C(22) 1.426(5)
0(2)-C(47) 1.419(5)
N(1)-C(1) 1.329(5)
N(1)-C(6) 1.441(5)
N(@2)-C(3) 1.323(5)
N(2)-C(14) 1.429(5)
N(3)-C(26) 1.326(5)
N(3)-C(31) 1.436(5)
N(4)-C(28) 1.318(5)
N(4)-C(39) 1.428(5)
C(1)-C(2) 1.396(6)
C(1)-C(4) 1.509(6)
C(2)-C(3) 1.404(6)
C(3)-C(5) 1.506(6)
C(6)-C(7) 1.395(7)
C(6)-C(11) 1.402(7)
C(7)-C(8) 1.400(7)
C(7)-C(12) 1.508(8)
C(8)-C(9) 1.366(9)
C(9)-C(10) 1.381(9)
C(10)-C(11) 1.388(7)
C(11)-C(13) 1.497(8)
C(14)-C(19) 1.394(6)
C(14)-C(15) 1.415(6)
C(15)-C(16) 1.391(6)
C(15)-C(20) 1.506(6)
C(16)-C(17) 1.373(7)
C(17)-C(18) 1.376(7)
C(18)-C(19) 1.397(6)
C(19)-C(21) 1.512(7)
C(22)-C(23) 1.494(7)

C(22)-C(24) 1.525(7)



C(22)-C(25)
C(26)-C(27)
C(26)-C(29)
C(27)-C(28)
C(28)-C(30)
C(31)-C(32)
C(31)-C(36)
C(32)-C(33)
C(32)-C(37)
C(33)-C(34)
C(34)-C(35)
C(35)-C(36)
C(36)-C(38)
C(39)-C(40)
C(39)-C(44)
C(40)-C(41)
C(40)-C(45)
C(41)-C(42)
C(42)-C(43)
C(43)-C(44)
C(44)-C(46)
C(47)-C(50)
C(47)-C(48)
C(47)-C(49)

O(1)-Pb(1)-N(1)
O(1)-Pb(1)-N(2)
N(1)-Pb(1)-N(2)
0(2)-Pb(2)-N(3)
0(2)-Pb(2)-N(4)
N(3)-Pb(2)-N(4)
C(22)-0(1)-Pb(1)
C(47)-0(2)-Pb(2)
C(1)-N(1)-C(6)
C(1)-N(1)-Pb(1)
C(6)-N(1)-Pb(1)
C(3)-N(2)-C(14)
C(3)-N(2)-Pb(1)
C(14)-N(2)-Pb(1)
C(26)-N(3)-C(31)

1.535(7)
1.405(6)
1.508(6)
1.397(6)
1.520(