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Abstract

Group 14 metal(ll) alkyl complexes are very raréghwew examples being studied in
great detail. To this end, a seriespadliketiminate lead(ll) alkyl and aryl complexes,
[{(2,6-'Pr,CeH3)NC(CHs)} ,.CH]PbR (R = Me,'Pr, SBu, Np, Bn,'Bu and Ph) were
synthesised and a number of computational studeze performed on them to increase
the understanding of the nature of these compouRelsctivity studies on both the lead,
and the analogous tin systems, showed that thdg beuused as precursors to generate
examples of very rare two-coordinate group 14 meddion complexes, including the
first example of ap-diketiminate two-coordinate lead(ll) cation, and analogous
example of a rare low-coordinate tin(ll) system.e3& were studied in detail by
computational methods, including the stabilisindeets of a coordinated solvent

molecule on the metal centre.

B-Diketiminate magnesium alkyl complexes were geeerato investigate the +2
oxidation state metal environment without the pneseof a stereochemically active
lone pair, as present in the group 14 metal(ll) plexes. A carbodiimide was
successfully inserted into the magnesium-carbondpoand novel magnesium
phosphides were generated from the alkyl compleSesient stabilisation effects on

these phosphides were also studied by computatetiods.

A series of macrocyclic amines and amine ethersewgnthesised to investigate the
hydrolysis of a phosphate diester model RNA sysbgmead(ll) salts, monitored by

UV-visible kinetics. The reaction kinetics gave meproducible results, but the

syntheses of the macrocycles are presented inl tatéirther citation.
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Et Ethyl

HEPES N-(2-hydroxyethyl)piperazine-N’-ethanesulplkacid
HOMO Highest Occupied Molecular Orbital

'Pr |so-propyl

"Pr n-propyl

L Ligand ([{Pr.CsHsNC(Me)},CH] unless otherwise specified)
LP Lone Pair

LUMO Lowest Unoccupied Molecular Orbital

M Metal (chemical group — specified)

Me Methyl

NBO Natural Bond Orbital

"Bu n-butyl

nm Nanometre

NMR Nuclear Magnetic Resonance

Np Neo-pentyl

ORTEP Oak Ridge Thermal Ellipsoid Plot (moleculeaphics)
OTf Triflate (-OSQCF)

Ph Phenyl

R Alkyl (chemical group — general or specified)



RNA

*Bu

‘Bu

(TD) DFT
THF
tmeda
T™MS

Ts
UV-Vis
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Ribonucleic acid

Sec-butyl

Tert-butyl

(Time Dependent) Density Functional Theory
Tetrahydrofuran

Tetramethylethylenediamine

Trimethylsilyl

Tosyl (-SQ(CeH4)CHa)

Ultraviolet-visible (light)



1. Synthesis, structure and reactivity of p-diketiminate

lead alkyl complexes
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1.1 p-Diketiminate ligands and metal complexes

1.1.1 The ability ofB-diketiminate ligands to stabilise low-coordinatetal centres

B-Diketimine complexes have been extensively ingaséid with respect to both main
group and transition metal chemistry in recent yearhese ligands show great
versatility, with easily tuneable steric and elentc properties, and provide an excellent
bidentate ligand system. They have been labelleydopentadienyl (Cp) alternative”,
due to the monoanionic nature of the ligand andatiie range of steric and electronic
properties, which can be easily tuned by varyireydiiferent substituents at the, iR

R? R® R?
/ /
NH —N
RI—( R—( ©
_N A\ _N
R2 R® R2

R3
\
R3

and R positions.

Figure 1 — neutral (left) and anionic (right) forwisa-diketimine.

There are four main binding modes by whicprdiketiminate (BDI) ligand can bind to
a metal centré.Of the modes described, the most common is that&n in which the
two nitrogen atoms are coordinated to the metahatoa bidentate fashiom)( with the
metal either lying in-plane with the backbone rwofgthe ligand, or lying out-of-plane
due to steric or orbital interactions. Other bogdmodes can be observed, however,
including a rare example of a mercury comglekonded to tw@-diketiminate ligands
through they-carbon of the backbone, reported by Fulton andwerkers® A
modification of this mode of-carbon-binding is shown iHl , where not only is the
metal centre bound to thecarbon, but one of the nitrogen atoms coordinasewell®
Dimerisation has also been observef-tiketiminate complexes, in the case of lithium
complexIV, where the ligand is not sterically bulky enougrstabilise the monomeric

form?
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Ary Ar N MesSi
/I- - S ~ |
< N= —N Ar = X Ar < ,Li""uf, ,Fh
Li—THF Hg N N e /’Nj§
’ N= =N Ge \ L Y
Cl” 1 °Cl Ph i N,
A “Ar ¢ SiMe; N
Me;Si  Ph
I 11 111 v

Figure 2 — Common bonding modes @fdiketiminate ligands. Ar = 2,6-
diisopropylphenyl.

With over 700 entries in the Cambridge Structuratdbase, the most common version
of the B-diketiminate (BDI) ligand is [{(2,8PrLCsH3)NC(CHs)} ,CHJH. This contains
2,6-diisopropylphenyl groups at the’ Rosition, and small methyl groups at thé R
position. Increasing the bulk at the® Rosition imposes a larger C-N-C angle,
effectively pushing the Rsubstituents closer to the coordination site. Tas briefly
studied by Jones and co-workers, who noted thatidiyg methyl groups in the’R
position, nickel complexes such as solvent-cootdth@BDI)NiChL.Li(OEt,)(THF) and
the dimer [(BDI)NIiClL were able to be formed. However, on changing tfe R
substituent to a tert-butyl group, it was posstiolésolate the monomeric (BDI)NiCl.
As the bulk of both the Rgroups increases, coordination of additional ldgaround
the metal centre becomes increasingly disfavouratle—-R substituents are pushed
towards the metal, forcing the metal deeper ineoNIN binding pocket, enlarging the
N-M-N bond angle but reducing the space availabteother coordination to the metal

centre.

Figure 3 — Effect of increasing steric bulk & Bn the coordination site @

diketiminate ligands.

Hill varied the bulk of the aryl substituent in tf& position, in order to generate a
series of indium(l) complexes. The composition bé tcomplex was found to be
dependent on the particular N-substituent. Wheullayl2,6-diisopropylphenyl group is
utilised, a monomeric indium(l) complex is repor@®. If the bulk of the aryl ring is
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decreased to a mesityl group (2,4,6-trimethylphenyle reaction yields an indium
dimer V1), and upon changing the N-substituent to a 3,%ethyiphenyl, a remarkable

hexa-indium chain complex is formedI( ), capped with an iodine atom at either &nd.

Ar WA
%;N)n LAY ANPLELNPA
>l NN N= /" i [Al=
Ar ~N < [A]*IQ ln—[A]
Ar" | |
\4 VI VIl

Figure 4 — Effect of varying the bulk at the N-stifosed R position. Ar = 2,6-
diisopropylphenyl. Ar' = 2,4,6-trimethylphenyl, A= 3,5-dimethylphenyl.

In other areas of low-coordinate chemistry, Hollamt co-workers have produced a
transition metal species shown to activate dingrogsing iron(ll) centres within a BDI
ligand framework. Reduction of (BDI)FeCl in an asphere of dinitrogen produces
compoundVIIl , described as a rare example of a three-coordimatesition-metal
dinitrogen compleX.Upon coordination, the N-N bond was observed tgtleen, and
spectroscopic evidence showed that the iron bindiag weakened the N-N bond
relative to N. Further reaction with potassium produced the dempX, where the
[FeNNFef* core of the molecule has been reduced to [FeNN@eH the potassium
ions coordinate to the Nragment and the aryl rings on the BDI ligand. sThcts to
further reduce the strength of the N-N bond.

Bu f\r""“-n,,,ﬁ.\.m""“P;r Bu
) —N._ 2 N=x
"Fe-N=N-Fe_ " Fe-N—N-F¢_
_N/ ’:’l:: \N_
Bu ,\O\rnl"“""K"""""lvA(r Bu
VIII IX

Figure 5— Activated dinitrogen complexes utilising (BDI)F@agments. Ar =
2,6-diisopropylphenyl.

In addition to the activation of dinitrogen, Holthand co-workers have also shown that
low-coordinate BDI iron complexes can allow insemtiand activation of carbon

monoxide® B-Diketiminate iron(ll) alkyl compounds were reacteith excess CO and
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found to undergo insertion in the Fe-C bond, ad askoordination of carbonyl groups
to the iron centre, forming a square pyramidalcttme ). This not only highlights the
ability of BDI ligands to stabilise iron(ll) alkylsvith low coordination numbers, but

also the ability to stabilise unusual geometriegeattion products.

Figure 6 — Product of insertion and coordinatiorCai to (BDI)FeR complexes.

Ar = 2, 6-diisopropylphenyl. R = M&r, Np.

1.1.2 Synthesis of3-diketiminate ligands

The first examples of neutrdd-diketimines, synthesised by a double condensation
reaction from &-diketone and two equivalents of a suitable amieeewpublished by
Parks, Everett and Holm in the late 1960s (of gpe tof reaction shown in Scheme
1)21° This synthesis is suitable for many variations asfine, as well as small
substituents on the diketone, and provides a coemtpne-pot synthesis to neutfal
diketimines. A variation of this procedure was diémd by McGeachin, where the
protonated versions di-diketimines are isolated, along with a BEounterion:* A
third procedure by Dorman involves converting a-diketone into a ketoacetal, and

subsequent conversion int@aliketimine!®

The most widely usefl-diketiminate ligand, the sterically encumbered poomdXIl,
[{(2,6-'Pr,CeH3)NC(CHs)} .CH]H, as the protonated form of the ligand, corgdarge
diisopropylphenyl substituents in thg position, which help to create a more stable site
for a metal centre to coordinate to the ligand.sTWariant also includes small methyl
groups on the backbone at the dsition, so as not to crowd the coordination stz
much, and the ligand is easily synthesised by @r&sPand Holm double condensation

reaction between acetylacetone and 2,6-diisoprojlyle (Scheme 13
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Scheme 1 — Synthesis of [{(2BeCsH3)NC(CHs)},CHJH, via a double
condensation reaction. Ar = 2,6-diisopropylphenyl.

Ar
o 0 a ) NH
retiux
2 + —_—
NH,» \Ar
XI

The methods of synthesising many BDI ligands deggedtly on the identity of the R
groups indicated. Lappert and co-workers publishedynthesis of @-diketimine
system with mixed groups in the® Rosition. In this procedure, a lithium alkyl was
added to tert-butyl cyanide to produce a*-aza-allyl compound, which was
subsequently treated with phenyl cyanide to prodbeedesired lithiunp-diketiminate
X1l (scheme 2j* It was also observed that this complex could tlye&ansformed
into a five-coordinate zirconium(lV) or hafnium(I\Mjichloride on treatment with the
corresponding metal tetrachloride reagent.

Scheme 2 — Synthesis of a lithisvdiketiminate with mixed groups at thé R
position. R = SiMe

By
R. R Ph
N7 IS N
2'BUCN Vs 2 PhCN 72N
2LICHR, ——— i | — H= L
N =N
N> \
R R 'By R
Bu

XII

B-Diketiminates can also be synthesised in a onegpuroach. For instance, the
aluminium complexes of typXlll , described by Lin and co-workers, were prepared by
treating two equivalents of an aluminium alkyl witime equivalent of a substituted
amide®® This produces a dialkyl aluminiufrdiketiminate, with the amide substituents
at the B and R positions. The generation of this six-memberedNAG-C-C-N ring
occurs by coordination of one molecule of AlM#& the amide, followed by
dimerisation and ring contraction with the lossviehAIOH to give thef-diketiminate.
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Scheme 3 — One-pot synthesis of aluminfixiketiminate complexes.

\ /Ph \ /Ph
0 0 —AI-N —AI-N
ph—4{ AMe;  Ph—4 { o )Ph Ame, |MeAN N—pn
NH g N AI/ g P4 g ° g
" -CH, ANSN Ph—/< p Ph—<\ )
N-Al— N-Ai—
PH I T A ]
/ R Ph |
Ph. Ph —Al MeAl \/ /
>7N, N-Ph I-N
[FNN - Me,AIOH / - Me,AIOH N—pPh
HC Al Hzc/kPh e ve )
NIERAEIN P— S
>—N\ Ph— N/
PH Ph N-Al— N=-Al—
ph/ O L Ph \ i
XIII L _

Budzelaar and co-workers reported that the ParlisHim method was sluggish for
large R substituents, and so have described a stepwisbesym of-diketiminates
which havetert-butyl groups at the Rposition’® It was observed that complexes of
titanium and vanadium were not able to be generasgy this bulkier ligandXlV )
when a 2,6-diisopropylphenyl group was presenh@® position. Reducing the bulk
of the R substituent to a mesityl group allowed generatibrboth the titanium and

vanadium complexe.

Scheme 4 — Budzelaar and co-workers method of sgigthof bulky -
diketiminate ligands. Ar = 2,6-diisopropylphenyl2d,6-trimethylphenyl.

t O ArNH, 0 PCl; NAr Bu  Ar
Bu —_— tBu4{ — tBu4< NH
Cl HN—Ar Cl /

] =N
MelLi By \Ar
NAr . NAr
By BuLi ‘Bu—( ¥ XI1v
Me CH,

In addition to tuning the steric bulk @gfdiketiminate ligands, one can also modify the
electronic properties of-diketiminate ligands. Mair, Woods and co-workemsvé

reported the synthesis of a series pofliketimines, including a novel hexafluoro-
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variant, containing Cfgroups in the Rposition V).!” This synthesis required the
presence of titanium tetrachloride in the condeasataction, resulting in a compound
that shows a purely monomeric state as the litrsafh This is in contrast to lithiated
non-fluorinated3-diketiminates, which are oligomers in the solidtstin the absence of

a coordinating solvent molecuf.

Scheme 5 — Synthesis of electron p&dft, with —CFk; groups at the Rposition.
Ar = 2,6-diisopropylphenyl

FsC /Ar
O OH Tic] Y NH
ICl,
6 + — —_ + 4
NH; F5;C \Ar g:fl3+

XV

The fluorination of the methyl groups at thé positions also acts to halt alkylation at
the central R position, possibly by removing excess electronsitgrirom the NCCCN
backbone, as the GREinits are highly electron-withdrawirtgIn addition to this, it was
observed that the aryl groups at th& g®sition are pushed towards the coordinative
pocket of the ligand, perhaps explaining the absesfcoligomeric behaviour in the

solid state.

1.1.3 B-Diketiminate metal alkyl complexes

There are a significant number of metal alkyl coempk supported by &diketiminate
ligand reported in the literature, with over 30(aewles in the Cambridge Structural
Database. The scope [pidiketiminate metal alkyl complexes range acrogspériodic

table from thes-block {ideinfra), across the transition series to ghilock.

Treatment of a neutrgd-diketimine with tetrabenzyl zirconium afforded thieconium
trialkyl in scheme 6% Collins and co-workers reported that, althougts treaction
proceeded cleanly with the elimination of tolueagempts to use a more acidic ligand

did not give an analogous product. This led to dbeclusion that the electron donor
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properties of th@-diketiminate ligand may be the driving force imcgons, rather than
the acidity of the amine proton.

Scheme 6 — Generation @diketiminate zirconium trialkyls. Ar = phenyl. A¢

para-(trifluoromethyl)-phenyl.

XVI

B-Diketiminate gold complexes have been recentlyestigated by Heyn and co-
workers, and a rare example ofpadiketiminate gold(lll) alkyl complex has been
generated? Treatment of a lithiated BDI ligand with dimethgbld chloride gave a
complex with a square planar gold cent&V(]l ). This dimethyl complex showed
reactivity towards electrophiles; however, all sésdshowed the site of electrophilic

attack is the backbonecarbon on the ligand, and not the Au-C bond aipated.

Scheme 7 $-Diketiminate gold (1lI) complexes. Ar = 2,6-dimgthhenyl.

B o+
/Ar /Ar
—=N.__Me i) I =N, Me -
G Al | 10T
e i e N
_N\ Me i) AgOTS | =N Mo
Ar Ar
XVII XVIII
TfOH
B o+
Ar
N/ M
=N, e
H A | [OTHT
HO\—,.~ >
N Me
\
Ar
XIX

There have also beefi-diketiminate metal alkyl complexes reported camtag
elements from the lanthanide series. Hayes and arkess synthesised an erbium

complex in the same fashion to the dimethyl golthplex abové® Erbium trichloride
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was treated with lithiated BDI to yield the metalaride complex, which, in the case of
erbium, exists as a trichloro-bridged dimer withot&r(lll) centres, one with an extra
coordinated chloride and the other with a cooréidakHF molecule. Conversion to an
alkyl complex is carried out by treatment with tveguivalents of trimethylsilyl
methyllithium to yield the dimeric complex [(BDI)&l)(CH,SiMes)]» XX. Addition of

a further two equivalents of the lithium reagentelged the monomeric
(BDI)Er(CH,SiMes), complexxX| .%°

Scheme 8 — Generation of BDI erbium(lll) metal &lkpmplexes. Ar = 2,6-
diisopropylphenyl.

f\r Ar
SiMe; Ar
TN ;C N , |
N=Er \ A 2 LiCH,SiMe; N=Er—cl ar 2LiCH,SiMe; (& N\ /—SMes
Ar \%EI’"}‘I - Ar \CI\\EI'"}‘I —_— N=—Er
TSN D) NSy AL
THF . N SiMe3
Af MesSi— a4
XX XXI

Lanthanide complexes @fdiketiminates are still fairly rare. Complexes wgome of
the larger, earlier f-block metals, such as theahspordinate terbium complex
(BDI)Tb(CH,SiMes), (XXII ) reported by Roesky and co-workers, have requesdch
N-chelating groups in thefosition on the BDI ligand structure to stabiltse metal

centre®!

Scheme 9 — Synthesis of a hexa-coordinate terbamptex, with a BDI ligand

containing N-chelating substituents. R = SiMes.

XXII

B-Diketiminate copper (1) complexes have been sygitleel by Warren and co-workers,
and have been investigated for their catalytic treig for the cyclopropanation of

styrene with diphenyldiazomethane ,@Ph).?> The initial copper(l) ethylene
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compoundXXIV is prepared by way of a thallium(l) precursor @ie 10§ Copper
carbene complexes are prepared by treating the dpper-ethylene with equivalent
amounts of NCPh.

Scheme 10 — BDI copper alkyl cyclopropanation gatal

N,CPh, N,CPh,
Ph_ Ph
Ar A
/\ )Q Ar}\l ,\ir Ph
C N,Cu—CuiNé @ =
S i N Ph
Ar Af Ar
XXV XXVI
Ar = 2,6-dimethylphenyl Ar = 2,4,6-trimethylphenyl

Increasing the bulk on the N-substituted aryl riafjewed generation of the complex
(BDI)Cu=CPh XXVI, a rare example of @diketiminate metal complex with a metal-

carbon double bond between the diphenylmethyl gubst and the metal centfe.

Another use for metdi-diketiminates has been to perfom C-O bond cleavadge,O
and THF, studied by Mindiola and co-workétslt is shown that reaction of
(BDI)ScCh.THF with potassium diisopropylaniline and subsequeaction withtert-
butyllithium gives a scandium alkyl-amide compleXVIl (Scheme 11). This
compound exchanges thert-butyl substituent for an ethoxide ligand upon nreifhg in
diethyl ether, to give alkoxide-amid€XVIll . No expecte@-hydride elimination was
observed, however, which led the authors to belibeaeaction occurred via the loss of
a'Bue radical. This pathway was supported by the absehésobutene (which would
have formed, had the reaction taken placgdmydride elimination), and the presence
of t-butane in the reaction atmosphere, formed fromrélokcal and subsequent C-H
abstractiorf* Attempts to heat theert-butyl complex XXVII to force p-hydride

elimination to form a scandium hydride led to neitlproduct nor decomposition,
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revealing that the highly congested structure atdeddabilise the compound, rather than

promote loss of the substituent groups.

Scheme 11 — (BDIl)ScxXcomplexes, to investigate C-O bond cleavage. 2j6=
diisopropylphenyl.

i) HoNAr
—_—
ii) BuLi

XXVII XXVII

In addition to aliphatic alkyl groups present ore timetal centre, a number of aryl-
substituted metaB-diketiminates are known, and can exist in both dimeeric and
monomeric forms. The rhodium dim&XXIll was synthesised by Budzelaar and co-
workers, and is a result of an oxidative additidradalogenated aryl to a rhodium(l)
centre?®> Mechanistic studies indicate the generation of il2eelectron rhodium(l)
intermediateXXX is the rate-determining step, due to the increasete when the
reaction is performed in both an atmosphere of dyyein gas and in a coordinating
solvent such as THF. This was only possible witi aompounds, due the initial
coordination required of the PhX to the Rh cemr&XXI .

Scheme 12 — (BDI) rhodium(l) insertion into a C->ond. Ar = 2,6-
dimethylphenyl. X = ClI, Br.
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1
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\ X\ Ar
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Ar X—Rh—N
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XXXII XXXI
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A monomericB-diketiminate metal aryl was synthesised as a cpresgce of B-C bond
cleavage by Holland and co-workéfsA dimeric (BDI) iron(ll) hydride was used to
break a B-C bond in triphenylborane, and the corgdainderwent metathesis to yield

a dihydridoborate iron complexXXIIl , and iron phenyl compleXXXIV .

Scheme 13 — Formation of (BDI)FePh by B-C bond \vdga. Ar = 2,6-
diisopropylphenyl.

>;N{\r vz o
~ __N BPh,
C N,,Fe\ Fe\N ) —_—
[N
H
Ar Al

XXXIII XXXIV

Fluorinated aryl groups have also been shown tomfoomplexes with metal-BDI
environments, although such compounds are uncommigma and co-workers
produced both zinc and cadmium complexes of BDhwaitpentafluorophenyl group
present on the metal centtéXXV ).2” Synthesis of the complexes was carried out by
the addition of the neutral BDI ligand to one e@lent of the bis-pentafluorophenyl
metal. Although the zinc and cadmium complexes weaated, a mixture of
decomposition products was observed in the anakgoarcury reaction, with no

evidence of a mercuf~diketiminate complex.

Scheme 14 — Generation of (BDI)Msfg group 12 complexes. M = Zn, Cd. Ar
= 2,6-diisopropylphenyl.

/Ar
NH
74 M(CgFs);
—N -CgFsH
\
Ar

XXXV

1.1.4 Group 13, 14 and 1B6-diketiminate complexes

In addition to their transition metal counterpamsany main groups-diketiminate
complexes have been reported in the last threeddeca he first simple group 13
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complex reported was a difluoro-boron structurekmhn and co-workers, prepared
from a neutrap-diketimine and boron trifluoride etherate in thigamine KXXVI )%
This was observed to act as a cyclohexadienide-ligged when coordinated to a

[Cr(CO)4] fragment.

Scheme 15 — Synthesis of an early boron-difluogidigketiminate.

- -+
4 /
/7 N BRELO N_ F  Cr(CO);(MeCN),
L C N( .
=N
\ \
XXXVI Cr(CO)s

More common metal-containin@rdiketiminate complexes in group 13 were initially
reported in the early 1990s with such examples masalaminium dichloridef-
diketiminate complex, prepared in the same fash®ithe boron complex above, again
by Kuhn and co-workerS. A pair of simplep-diketiminate aluminium and gallium
metal alkyl complexes{XXVII ), were reported in 1994 by Gornitzka and co-wasker
These complexes utilised a deprotonated bis-pyrichdthyl system as the-
diketiminate ligand, and showed the metal atom pseudo-tetrahedral environméft.
The addition of the respective metal trialkyl déprated the central backbone carbon
of bis(2-pyridyl)methane, generating the recogrsdidiketiminate structure. These
metal complexes are also notable for having thestiubnts at R and R tethered

together.

Scheme 16 — Generation of bis-pyridyl methyl grdgoB-diketiminates. M =

Al, Ga.
MMes O N Q
QN NQ -CH, N\M/N
md e

XXXVII

In 1998, Smith and co-workers published work shgwiime scope of the preparation
and reactions off-diketiminate aluminium complexéS. It was shown that the

substituents on the aluminium centre could be exgbd in a stepwise process.



33

Dichloride XXXVIII was generated from a lithiufirdiketiminate, by reaction with
aluminium trichloride. One or both chlorides coulé substituted by reaction with
methyl lithium, to produce the aluminium chloro-tm@t complex XXXIX or
aluminium dimethyl complexXL respectively, with the latter able to be directly

prepared from the addition of trimethyl aluminiuonthe neutrag-diketimine.

Scheme 17 — Exchange of substituent groups wisi)@Al complexes. Ar = 4-

methylphenyl.
MeLi
2 MeLi
/Ar
Y NH  AlMe,
=N
\
Ar

In a similar fashion to Smith’s aluminium work diégd above, Power, Roesky and co-
workers generated a rare example of an aluminium@l) gallium(l) carbene
analogue?® Lithiated BDI was treated with the respective rhétialide (or the
oligomeric “Gal”, in the case of gallium) to yietthe BDI metal dihalides, similar to
that shown aboveXXXVIII ). The iodo-complexes of aluminium and gallium were

reduced with potassium to yield the two-coordiraedbene analogued.| .

Scheme 18 — Group 13 metal carbene analogue coesplbk= Al, Ga. X = 1.
Ar = 2,6-diisopropylphenyl.
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Germanium and tifi-diketiminates were reported by Power, Roesky and/arkers in
2001 as a group of monomeric, divalent complexedatoing the sterically bulky 2,6-
diisopropyl B-diketiminate, [{(2,6'Pr.CsH3)NC(CHs)},CH].>* These complexes were
synthesised by addition of germanium(ll) or tin@hloride to a solution of the lithiated
BDI ligand. The generatefl-diketiminate tin(ll) chlorideXLll was also used as a
starting material for the generation of an alkylrilate and an azide complex, showing
that the substituent on the metal centre coulddaglity exchanged with a variety of
other chemical groupsX(Ill ). Reduction of the tin(ll) chloride complex with
potassium graphite (K& was shown to afford #-diketiminate complex where one
BDI ligand is coordinated to the metal centre ibidentate fashion, and another BDI

ligand is arranged as an amide substituent on #gtalxLIV ).

Scheme 19 — Synthesis of various ffidiketiminate complexes by Roesky and
co-workers** Ar = 2,6-diisopropylphenyl. (M = Na, X ={\M = Ag, X = OT¥;
M = Li, X = 'Bu).

XLIV

The solid state geometry of most group ftdiketiminate complexes can take one of
two different forms — a feature that is apparerthim series of-diketiminate lead alkyl
complexes synthesised in this work. When the mzgatre and substituent lie on the
same side of the plane comprised of the BDI bac&bfthe GN, plane), with the
terminal substituent arranged between the two @mylps on the ligand, this can be
termed theendo- conformation (Figure 7). The alternate geometryeisned theexo-
conformation, and is apparent when the metal ceéieseabove the £, plane, with the

terminal substituent pointing away from the meigéd core of the compleX.
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Figure 7 — The two different conformations of awgd4 metal-BDI complex;

endo- (left), exo- (right).

Further tin(ll) complexes have been published byesRky with a wide variety of
terminal substituents on the tin centre, includimgthyl, amide and other halide
substituents, including an example of a very ran@l} fluoride.®® p-Diketiminate tin(I1)
chloride has been shown to be useful in lactidgmelisation studies, by generating
the initiators (BDI)Sn@®r and (BDI)SnNMg*’ Computational studies showed that,
although the first insertion of a lactide monomatoi the Sn-substituent bond is
straightforward, the rate-determining step is theppgation step, where a monomer
unit is inserted into the metal-lactate complexisTib due to the increase in steric bulk
and coordination number around the metal centrenftbe initiator complex (with
small, less bulky substituents at the tin atomjhi® first-monomer-inserted complex,
with a 5-membered Sn-lactate ring. This 5-membeiregl was also present in a model
tin(ll) lactide complex, which was synthesised tody the propagating species in the

polymerisation reactionXV ).

Scheme 20 — Synthesis of a model tin-lactide prafyag species. Ar = 2,6-
diisopropylphenyl.
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In addition to examples used for lactide polymerisa further examples of tin(ll)
amides and alkoxides have been reported by Fultmh c@-workers™>® These tin
complexes were observed to react reversibly withbara dioxide, giving novel
carbamates and carbonates respectively. Reactiogtids were used to study the
mechanism of insertion of carbon dioxide into tive d@lkoxides, and the rate and

reversibility of the insertion was shown to be degent on the nature of the alkoxide
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substituent, with the bulkidert-butyl alkoxide displaying more sluggish reactivityan
the correspondinigo-propy! alkoxide comples®

Scheme 21 — Synthesis of BDI tin carbamates antdooates from carbon
dioxide insertion. Ar = 2,6-diisopropylphenyl. (XNR,, NRR’),* (X = OR)3®
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A nonafluorotert-butoxide tin complex was also synthesised to ptbbeelectronic, as

well as the steric, factors within the reactivitgrids of the tin alkoxides, by changing
the tert-butyl protons for fluorine atoms. However, the pesfinated complex did not

undergo reaction with carbon dioxide. Computatiatedtulations were used to study
the apparent mechanism in greater depth, and sholmadthere was a significant
electronic contribution to the insertion reactinThis acted to explain why the
nonafluorinated complex did not react; the chamgeolarity of the molecule prohibited

the reaction.

In addition to small organic groups being boundhe metal centre, it has also been
observed that larger organometallic fragments dsm lae utilised to give novel group
14 B-diketiminate complexes. Driess and co-workers hpwblished details of iron-
germanium and iron-tin compounds, including thetfexample of a complex with an
iron-germanium single bond ever characterised byay)-analysis® The BDI
germanium or tin chloride was treated with one egjent of K[Fe;>-CsHs)(CO),],
yielding complexes with a Ge-Fe or Sn-Fe bond respmdy. Computational
calculations were carried out and showed that thher® notetype bonding within the
M-Fe bond, and that the bonding orbitals were higitdlarised towards the iron atom,
making them the first germanium and tin complexesnal by a single bond to an iron

centre.
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Scheme 22 — Synthesis of group d&4omplexes to irof° M = Ge, Sn. Ar =
2,4,6-tritertbutylphenyl.
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Low valent, group 14 metal hydrides witlg-aliketiminate ligand system are incredibly
rare; one of the few examples of a terminal grodphydride to be fully characterised
was [2,6-ApCsH3Sn{-H)]» (Ar = 2,4,6i-Pr3C6H2) by Power and co-workers in 206.
The first B-diketimine examples were published by Roesky amavorkers six years
later XLVIII ), comprising both tin(ll) and germanium(ll) exampl of these
complexed’. Reactions of the respective BDI metal chloridehwéommon hydride
sources did not yield the desired products, andhsoslightly more exotic source
AlH3.NMe; was used® Attempts by the Fulton group to use this source tlo®

analogous (BDI)PbCI system were not successful.

Scheme 23 — Synthesis of BDI group 14 terminal idgdr M = Ge, Sn. Ar =
2,6-diisopropylphenyl.

XLVIII

Low-coordinate lead(ll) complexes usirfgdiketiminate ligands were produced by
Fulton and co-workers in 2007 Lead halides of typ¥LIX were produced in a similar
fashion to the tin and germanium analogues; byti@aof lithiated B-diketiminate
ligand with one equivalent of lead dichloride. lasvalso shown to be possible to
generate a lead amide complex, upon reaction WNfSKVie;),. Fulton also carried out
computational studies to investigate the naturéhefbonding and the role of the lone
pair within the lead halide complexes, the lattérwdich was shown to affect the
stereochemistry around the metal centre. A comioinaif electronic and steric factors

were found to be responsible for the geometry efrtiolecules, and it is interesting to
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note that the lone pair in the BDI lead complexestained very little mixing between
the & and ® orbitals; much less than in the isostructuralatinl germanium systerfis.

In addition to molecules with halide substitueriis|ton has also produced complexes
with alkoxide substituents, prepared from sodium potassium alkoxides and the

previously-synthesised lead halidé4>

Scheme 24 — Formation of BDI lead halides and syues® amide and alkoxide
complexes. M = Na, K. Ar = 2,6-diisoproylphenyl.
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In common with the tin alkoxides described earl@b] lead alkoxides were observed
to react favourably with heterocumulenes such asocaedioxide and phenyl isocyanate
to form carbonates and carbamates respectfietywas shown that, as the bulk of the
alkoxide substituent increases froiso-propoxide totert-butoxide, the insertion of
carbon dioxide becomes more easily reversibleuth & degree that the corresponding
tert-butyl carbonate could not be characterised in tiie state due to spontaneous loss
of carbon dioxide when stored at standard atmogpipeessure. The reversibility of a
sec-butoxidesec-butyl carbonate lay in between the former two caxes,
demonstrating the effects of sterics upon inseiitibm the Pb-O bond.
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Scheme 25 — Study into the insertion by heterocaned into the Pb-O bond.
Ar = 2,6-diisopropylphenyl.
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The first example of #-diketiminate lead alkyl complex was published bgeBky,
concurrently with our work. Using methyl- or phélithium, the BDI lead chloride was
able to be converted to the corresponding lead yheth phenyl compleX® These
compounds are very new, and no other studies haea barried out outside of our

work (videinfra), other than the reporting of the synthesis.

Driess and co-workers have published a very smatibver of terminal lead phosphides
using the p-diketiminate ligand, including the first exampld a lead-substituted
phosphasilene, (BDI)PbP=Si(R)R.\().*" Although these lead phosphide complexes
are still fairly rare, Driess has reported thatyth€how promise towards such

applications as lactide polymerisation.
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Scheme 26 - Syntheses of rare BDI lead phosphides.= 2,6-
diisopropylphenyl.

R oa SiMe
LiP(SiMe / 3

/ (SiMes), Po-P
SiMes

LIV
SMes  pp=siR)R N R
N, — Pb-P=s
SiMes R

There are very few examples of group 15-coordinptdiketiminate complexes known,
with the first example of a phosphorus N,N’-chedgtediketiminate reported by Scheer
in 20018 This was synthesised in a stepwise fashion, sirtil@arlyp-diketiminates,
with the addition of acetonitrile to a phosphorugifpe between two tungsten centres
(LVI). By altering the groups around the phosphorus@nthe nitrile fragment, this

method was billed as a convenient route to six-nestbphosphorus heterocycles.

Scheme 27 — Synthesis of the first phosph@rdiketiminate.
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It was shown that other phosphorus-contairfirdiketiminate complexes displayed a
preference for addition to the backbone carbonsbuate could be treated with a triflate
to form N,N’-chelated phosphenium cations, sucthase published by Cowley and co-
workers?® Although the backbone-bound adduafll is in equilibrium between the

diimine and ene-imine forms, the equilibration lewsenough to allow easy generation

of the phosphenium catid:VIII .
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Scheme 28 — Generation of a N,N’-chelated phospineation.
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Complexes of the heavier elements of group 15 leen synthesised using the more
standard synthetic procedure common with group &talfi-diketiminates — reaction of
a lithiated B-diketiminate ligand with the antimony or bismuthrichloride
respectively®>* However, steric bulk is seen to play a part in¢herdination number
around the metal in the antimony product. Use 6fdtisopropylphenyl groups at the
R® positions on the ligand (at the nitrogen) resintsimerisation, and coordination of
the ligand to the antimony centre via one nitroged one of the backbone methyl
groups (resulting in a methylene group) at tiepBsition (IX ). Switching this group
to a mesityl group allows generation of the N,Nomtinated monomeric BDI antimony
dichloride (X).>°

Scheme 29 — Steric effects on the generation of &tiilmony complexes. X =
Cl, Br.
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In order to avoid the dimerisation shownLilX , a BDI ligand with extra coordinating
groups can be used, to occupy the surplus coordmaites on the central metal atom.
Roesky and co-workers have reported a bismuth aampith a BDI ligand containing

(diethylamino)ethyl groups at the’ Rositions>*

Scheme 30 — Synthesis of a very rare (BDI)Be¥mplex, utilising a BDI ligand

containing N-chelating substituents.
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1.2 Discussion and synthesis of g-diketiminate lead alkyl complexes

A series of B-diketiminate (BDI) lead(ll) alkyl and phenyl coneples have been
generated from the LPbCI precurgofl = [{(2,6-' P,CsHs)NC(CHs)} .CHJ). This latter
compound was prepared by deprotonatingptuiketiminate ligandl, LH, by usingn-
BuLi to generate the lithiunf-diketiminatein situ. This lithium salt was added to a
THF suspension of lead dichloride (scheme 31). rAfferring overnight at room
temperature, chloride compouBan be isolated in 70-80% yiefd.

Scheme 31 — Synthesis of lead chlortl&om B-diketiminate ligandl. Ar =
2,6-diisopropylphenyl.
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Li Ar
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The general procedure employed in the generati@momwiplexes of type LPbR, where R
is an alkyl or phenyl group, was to treat fheiketiminate lead (Il) chlorid@ with a
Grignard reagent or alkyllithium compound at lomnfeerature and subsequently isolate

the desired complex.

Scheme 32 — Synthesis of lead(ll) alkyl complexesnflead chloride2. Ar =
2,6-diisopropylphenyl, R = alkyl or phenyl group~>ClI, Br.
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1.2.1 Synthesis and characterisation3ediketiminate lead(ll) methyl, LPbME3)

Lead methylB was generated from the addition of a slight exoéssethylmagnesium
bromide to a toluene solution of the precursor lelldride 2, cooled to -78°C. After
complete addition, the mixture was allowed to waomoom temperature and stirred for
one hour. The yellow solution was filtered throu@klite®, and compoun@® was
isolated in 40 % yield. Methyl compleX was found to be soluble in most common
aliphatic and aromatic hydrocarbon solvents, mastlyble in more polar solvents such
as dichloromethane, but was found to decompose diemily in ethereal solvents such
as diethyl ether and THF.

After 6-8 hours in a hydrocarbon solution at ro@mperature, formation of a black
precipitate (presumed to be Pb(0)) was observatiaarunidentifiable mixture of other
products, including evidence of some reversion datral -diketiminate ligandl, is
observed byH NMR spectroscopy. Methyd is also light-sensitive, causing the same
degradation as caused by thermal effects. Bothetlsessitivities necessitated strict
storage conditions. Upon synthesis, the complex staged in a -30°C freezer in an
inert atmosphere glovebox, and all NMR experimemése carried out with freshly
prepared samples, which were stored in foil cogsrito exclude light when not inside
an NMR spectrometer.

Crystals of lead methy suitable for X-ray diffraction studies were growna pentane
solution at -30°C, and the complex was found topadioe endo- conformation (figure
8). The distance between the lead centre and Hreelomprised of the BDI backbone
(the GN, plane) of 0.762 A is slightly larger than the esponding distance in the
parent chloride (0.683 A). The Pb-methyl bond larigt2.317(7) A, which is similar to
the corresponding bond in the only other Pb(llmieal methyl complex reported,
Pb(Me)GH3-2,6-(2,4,6'Pr;CsH-),, by Power and co-workers (2.274(15)%A).

The three angles around the Pb atom are used iculatthg the degree of
pyramidalisation (DOP) by the formula in equatigiwhere the termX ¢;” denotes the
sum of all angles around the metal ceAtr®OP can be explained as the “sharpness” of

the angles at the Pb atom, normalised to 90°. Hencempound where the N1-Pb-N2,
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N1-Pb-C and N2-Pb-C angles are all 90° would haiOd of 100%. Angles of less
than 90° would cause a sharper DOP of more tha¥%l1®dth angles greater than 90°
denoting a flatter DOP of less than 100%.

DOP (%) = [360 < ai] / 0.9 1)

The DOP in the methyl compleXis 109.4%, which is larger than that reported for
otherendo- type configurations, such as the lead chlodd@ This is potentially due to

the relatively small methyl group present in thenptex.

Table 1 — Bond angles (°) and bond lengths (A)Lf@bMe (3)

N1-Pb-C30 | 91.3(2) Pb-C30 2.317(7)
N2-Pb-C30 | 88.6(2) N1-Pb 2.328(5)
N1-Pb-N2 | 81.68(17)| | N2-Pb 2.351(5)
C1-N1-C6 | 121.4(5) N1-C1 1.325(8)
C1-N1-Pb | 123.9(4) C1-C2 1.415(8)
C6-N1-Pb | 114.2(3) C2-C3 1.414(8)
C3-N2-C18 | 123.8(5) C3-N2 1.312(7)
C3-N2-Pb | 124.5(4)

C18-N2-Pb | 111.7(3) Pb — plane 0.762
N1-C1-C2 | 125.0(5)

C1-C2-C3 | 129.8(6) | | DOP (%) 109.36
C2-C3-N2 | 1255(5)
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Figure 8 — LPbMe(3). 30% probability ORTEP ellipsoids, BDI ligand

minimised and H-atoms omitted for clarity.
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Figure 9 — LPbMe&(3) side-on, showing extent ando- conformation. 30%

,__.\.-

probability ORTEP ellipsoids, BDI ligand minimiseshd H-atoms omitted for

clarity.
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Concurrent with our synthesis of this compound, $Rgeand co-workers published
synthetic and structural details of this complepnteesised using methyllithium rather
than a Grignard reagent. The unit cell of our miettymplex 3, as well as our

spectroscopic data, matches with the data rep8tted.

The 'H NMR spectrum of methyl compleX in CsDg shows a singlet peak &t0.56.
Although no®*’Pb satellites are observed to indicate the metioymcoupling with the
metal centre, Roesky reports a valuélof 72 Hz*® The non-symmetric metal centre is
indicated by two environments for the N-aryl sufosints, with two septetd € 6.9 Hz),
integrating 2 protons each,@B.56 and 3.46 and four doublefs«( 6.9 Hz), integrating
to 6 protons each betwe@nl.33 and 1.22. Three of these doublets overlap eaich
other, with the apparent multiplet integrating ttotal of 18 protons. However, this is
consistent with three signals of 6 protons eacte *ffPb{*H} NMR spectrum shows a
single peak ab 3002, very similar to the signal reported by Rgeakd 3009 This
signal differs greatly from the signal of the parehloride2, the signal of which was

reported by Roesky &t1413 in the same paper.

1.2.2 Synthesis and characterisatiorfediketiminate lead(I1yso-propyl, LPBPr (4)

Leadiso-propyl 4 was synthesised in a similar fashion to me®yy adding a slight
excess ofiso-propylmagnesium chloride to a toluene solution fué precursor lead
chloride2 at -78°C. After complete addition, the mixture vedlewed to warm to room
temperature and stirred for two hours, after whiadh pale orange solution was filtered
through Celite®, and compourdisolated in 53% vyield. Leaido-propyl 4 was soluble
in most common aliphatic and aromatic hydrocarbolvents, whilst becoming less
soluble in more polar solvents such as dichloroareh It was found to decompose in

ethereal solvents such as THF and other ethers.

In common with methyB, hydrocarbon solutions afo-propyl 4 is unstable if left at or
above room temperature for 7-8 hours, decomposmg black Pb(0) and other,
unidentifiable products. Compourddwas also observed to be light-sensitive, requiring
that it be handled in a similar fashion to methyinplex3, to minimise exposure.
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Crystals suitable for X-ray diffraction studies weslowly grown in a heptane solution
at -30°C. The diffraction study showed fise-propyl 4 to adopt thexo- conformation,
shown in figures 10 and 11. This complex has thallest alkyl group in the LPbR
series that displays thiexo- conformation. The metal atom is significantly more
pyramidal than that of the methyl analogue, wittlatter DOP of 93.2%. The Pb-C30
bond distance is slightly shorter than in methympound 3 by around 0.01 A.
However, the metal atom is displaced from th@Cplane by just under 0.36 A, a
significantly greater distance than that in metBylThe N-Pb-C30 bond angles are
larger than the corresponding angles in compadgingdith the N1-Pb-N2 bond angle

slightly smaller.

Table 2 — Bond angles (°) and bond lengths (A)LfelbPr (4)

N1-Pb-C30 | 98.51(14) [ Pb-C30 2.305(4
N2-Pb-C30 | 97.67(14)] | NI-Pb 2.327(3)
NI-Pb-N2 | 79.90(10)| | N2-Pb 2.330(3)
C1-N1-C6 | 120.8(3) N1-C1 1.323(4)
C1-N1-Pb | 120.6(2) C1-C2 1.404(5)
C6-N1-Pb | 117.3(2) C2-C3 1.404(5)
C3-N2-C18 | 120.6(3) C3-N2 1.332(5)
C3-N2-Pb | 120.2(2)

C18-N2-Pb | 116.7(2) Pb — plane 1.121
N1-C1-C2 | 124.3(3)

C1-C2-C3 | 129.4(3) | | DOP (%) 93.24
C2-C3-N2 | 124.2(3)
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Figure 10 — LP¥r (4). 30% probability ORTEP ellipsoids, BDI ligand

minimised and H-atoms omitted for clarity.

Figure 11 — LPYpr (4) side-on, showing extent axo- conformation. 30%
ORTERP ellipsoids, BDI ligand minimised and H-atoomsitted for clarity.
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The 'H NMR spectrum shows a non-symmetric environmeatiad the metal centre,
with two septetsJ = 6.9 Hz) and four doublets € ~6.9 Hz), assigned to the twsn-
propyl group environments on the aromatic ringstloe BDI ligand. Unlike methyl
compound3, all four doublets are separated in the spectrand, can be identified
individually. There is a third septet at3.31 § = 6.9 Hz), corresponding to thso-
propyl methyne proton on the alkyl ligand. N&,.4 coupling constant was observed,
potentially due to the very close proximity of tkgnal to the other septets, thus
obscuring any potential coupling to the Pb atomdddiblet atd 1.54 J = 4.0 Hz) is
assigned to the GHunits of theiso-propyl group bonded to the metal centre. A sighal a
5 3145 is observed in tH8Pb{*H} NMR spectrum, slightly more downfield than that
of the methyl3.

1.2.3 Synthesis and characterisatiorBediketiminate lead(I1sec-butyl, LPBBuU (5)

The first of two complexes with butyl substituentsadsec-butyl 5, was generated by
addition of a slight excess eéc-butylmagnesium chloride to a -78°C toluene solution
of lead chloride2. After complete addition, the solution was warmid room
temperature and stirred for two hours. The oramjgtion was filtered through Celite®

and comple) was isolated in 61% yield.

Similarly with the rest of the compounds in theiesgrsec-butyl 5 was observed to be
light-sensitive, and decomposed within 8 hourdafexd at or above room temperature,
depositing black Pb(0). To alleviate this, compobndas stored in a foil-covered vial
at -30°C in an inert atmosphere glovebox, and &RNsamples were stored in foil-

covered tubes whilst not undergoing analysis.

Sec-butyl 5 showed very similar solubility to the rest of tlead alkyl series, and so
crystals suitable for X-ray diffraction studies wegrown in a saturated pentane solution
held at -30°C. The diffraction studies showed thadopted theexo- conformation,
similarly to iso-propyl 4. The DOP is 94.2%, slightly greater than that @hpound4,
indicating a slightly “sharper” environment aroutinéd metal centre isec-butyl 5. The

Pb atom lies 1.215 A from thesl; plane, just under 0.1 A further away than that of

iso-propyl 4. Both these details may be due to the presenaa ektra methylene group
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in sec-butyl 5, when compared tiso-propyl 4. The Pb-C30 bond distance is 2.306(5) A,
almost the same as the Pb-C30 distance in therggnApt. The bond angles around the

metal centre are also very similar.

Table 3 — Bond angles (°) and bond lengths (A)LRb°Bu (5)

N1-Pb-C30 | 97.5(6) Pb-C30 2.306(5)
N2-Pb-C30 | 98.2(7) N1-Pb 2.3287(19)
N1-Pb-N2 | 79.56(10)| | N2-Pb 2.3287(19)
C1-N1-C6 | 121.46(19) | N1-C1 1.325(3)
C1-N1-Pb | 118.73(15) | C1-C2 1.406(3)
C6-N1-Pb | 117.13(14) | C2-C3 1.406(3)
C3-N2-C18 | 121.46(19) | C3-N2 1.325(3)
C3-N2-Pb | 118.73(15

C18-N2-Pb | 117.13(14) | Pb - plane 1.215
NI1-C1-C2 | 123.9(2)

C1-C2-C3 | 129.4(3) | | DOP (%) 94.16
C2-C3-N2 | 123.9(2)

Figure 12 — LP#Bu (5). 30% probability ORTEP ellipsoids, BDI ligand
minimised and H-atoms omitted for clarity.
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Figure 13 — LPMBu (5) side-on, showing extent axo- conformation. 30%

ORTEP ellipsoids, BDI ligand minimised and H-atoomsitted for clarity.

The 'H NMR spectrum shows the iconic two septets thatotee a non-symmetric
environment around the metal centi& £ ~6.6 Hz), however, the corresponding
doublets are crowded amongst the signals fronsdbdutyl substituent, with some of
the signals overlaid with each other. Téee-butyl substituent can be assigned, with
clear signals of a doublet at1.61, and a triplet a 0.80. A third signal overlaps with
the two doublets from thiso-propyl groups on the aryl rings in a large multipded
1.25. The multiplet signal & 2.46 corresponds to the proton on thearbon of the
sec-butyl group, but nalpy,.4 coupling was observed in tHél NMR spectrum. The
2Pp{'H} NMR shift is slightly more downfield from thiso-propyl 4, atd 3262.

1.2.4 Synthesis and characterisationBediketiminate lead(liheo-pentyl, LPbNp(6)

Lead neo-pentyl 6 was synthesised by the addition of one equivaleintneo-
pentyllithium (NpLi) to the precursor lead chlori@eat 0°C. Colder temperatures did
not allow for complete dissolution of the NpLi read. After allowing to warm to room
temperature, the mixture was stirred for two hobedore being filtered through
Celite®. An orange powder, compoufidwas isolated in 67% yieltNeo-pentyl6 was
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found to be soluble in common aromatic and alighablvents, mostly soluble in

hydrocarbon solvents, and was found to decomposthareal solvents.

Neo-pentyl 6 was observed to begin decomposition to black Pait@y 24-36 hours at
room temperature, although this was acceleratedth®y application of higher
temperatures. However, the same storage and hglhttsgon principles were applied to
it as to the rest of the compounds in the seriggage under foil at -30°C in inert

atmosphere.

Crystals suitable for X-ray diffraction studies wegrown in a saturated pentane
solution at -30°C. The solid-state structure shotted theneo-pentyl 6 adopts thexo-
conformation, and exhibits the second largest D@Rhe exo- portion of the series;
nearly 8 % “sharper” tharso-propyl 4 andsec-butyl 5. The Pb-C30 bond distance is
2.293(4) A, which is the shortest Pb-C30 distamcthe LPbR series. This bond length
is very close to the Pb-C bond distance reporte@®dyer in his Pb(ll) alkyl complex
(2.274(15) A)? Due to the overall bulk of the alkyl grodbthe distance between the
C:3N; plane and the Pb atom is 1.179 A, a distance fegivieat observed in the iso-
propyl 4 and sec-butyb. The bond angles are similar to the rest of tneseHowever,
one of the N-Pb-C30 bond angles is around 6° shdnpe the other, demonstrating the
asymmetry of the compound, with the result thatdepentyl group lies slightly off to

one side of the central axis.
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Table 4 — Bond angles (°) and bond lengths (A)LfbNp (6)

N1-Pb-C30 | 91.04(14)] [ Pb-C30 2.293(4
N2-Pb-C30 | 97.54(15)] | N1-Pb 2.3273(16)
NI-Pb-N2 | 79.64(8) N2-PDb 2.3273(1B)
C1-N1-C6 | 122.86(16) | N1-C1 1.324(2)
C1-N1-Pb | 119.41(12) | C1-C2 1.408(2)
C6-N1-Pb | 114.89(12) | C2-C3 1.408(2)
C3-N2-C18 | 122.86(16) | C3-N2 1.324(2)
C3-N2-Pb | 119.41(12

C18-N2-Pb | 114.89(12) | Pb - plane 1.179
N1-C1-C2 | 123.99(18

C1-C2-C3 | 129.5(2) | | DOP (%) 101.98
C2-C3-N2 | 123.99(18

4

A

Figure 14 — LPbNp(6). 30% probability ORTEP ellipsoids, BDI ligand

minimised and H-atoms omitted for clarity.
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Figure 15 — LPbNp(6) side-on, showing extent axo- conformation. 30%
ORTEP ellipsoids, BDI ligand minimised and H-atoomsitted for clarity.

The solid-state asymmetry around the central agsciibed earlier is not evident in
solution, but théH NMR spectrum clearly shows the two septéts 6.9 Hz) and the
four doublets (J = ~6.9 Hz) common to the resthef tompounds in the LPbR series.
Theneo-pentyl group is also clearly observed, with singktd 0.87 and 0.66. NGpp.-4
coupling was able to be discerned around the €igthal atd 0.87. A signal ab 3506 is
observed in thé&®Pb{*H} NMR spectrum.

1.2.5 Synthesis and characterisation3ediketiminate lead(ll) benzyl, LPbB{Y)

Lead benzylr was synthesised from the addition of one equitalébenzylmagnesium
chloride to a toluene solution of the precursorodde 2 at -78°C. The mixture was
allowed to warm to room temperature and stirrediviar hours, after which the orange
solution was filtered through Celite®, and benzayinplex7 was isolated in 40% yield.
Benzyl 7 was observed to decompose after 12-18 hours ab temperature, and so
similar precautions against exposure to temperataddight were taken as to the rest of

the series.
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Similar solubility properties to the rest of thadealkyl series were observed for benzyl
7, and crystals suitable for X-ray diffraction stesliwere grown in a saturated pentane
solution at -30°C. The solid state structure exhithieexo- conformation, and the metal
atom has the largest DOP of those compounds wiitigiexo- portion of the series, just
over 1% larger than the bulkyeo-pentyl 6. The Pb-C30 bond length is 2.314(5) A;
longer than that afieo-pentyl6, and the Pb atom lies further away from th&l{plane,

at 1.251 A. Both these distances indicate thatbéezyl group can be considered

bulkier in some regards than theo-pentyl group in compounél

Table 5 — Bond angles (°) and bond lengths (A)LlebBn(7)

N1-Pb-C30 | 93.38(11)] [ Pb-C30 2.314(5
N2-Pb-C30 | 93.38(1) N1-Pb 2.321(2)
N1-Pb-N2 | 80.22(12)| | N2-Pb 2.321(2)
C1-N1-C6 | 121.7(2) N1-C1 1.329(4)
C1-N1-Pb | 117.42(19) | C1-C2 1.406(3)
C6-N1-Pb | 118.61(18) | C2-C3 1.406(3)
C3-N2-C18 | 121.7(2) C3-N2 1.329(4)
C3-N2-Pb | 117.42(19

C18-N2-Pb | 118.61(18) | Pb - plane 1.251
N1-C1-C2 | 124.0(3)

C1-C2-C3 | 129.4(4) | | DOP (%) 103.36
C2-C3-N2 | 124.0(3)
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Figure 16 — LPbBnN(7). 30% probabilty ORTEP ellipsoids, BDI ligand
minimised and H-atoms omitted for clarity.
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Figure 17 — LPbBN(7) side-on, showing extent axo- conformation. 30%
ORTERP ellipsoids, BDI ligand minimised and H-atoomsitted for clarity.



58

Both the septets](= ~6.9 Hz) and doubletd € ~6.9 Hz) are clearly distinguishable in
the'H NMR spectrum, as is the signal for thecarbon protons of the substituentdat
1.77. However, like many of the other compoundheseries)p,-4 couplings were not
observed in the NMR spectrum. The protons on thenatic ring of the substituent can
be distinctly observed in the aromatic region @& $pectrum, comprising of two triplets
(J=7.6 Hz and 7.4 Hz) and a doublét 7.4 Hz) of integration 2:1:2 respectively. A
signal in the®’Pb{*H} NMR spectrum is observed &t2871, significantly upfield from

the compounds with aliphatic substituents.

1.2.6 Synthesis and characterisatiorBediketiminate lead(l1}ert-butyl, LPBBu (8)

Lead tert-butyl 8 was generated by addition of one equivalenttenf-butyllithium
(‘BuLi) to a toluene solution of the parent chlori@leAfter allowing to warm to room
temperature, the mixture was stirred overnight. Tésultant red solution was filtered
through Celite® andert-butyl 8 was isolated in 56% vyield. The increased readiime
was attributed to the steric bulk of tteet-butyl group effecting a slower reaction. The
decomposition time was markedly increased t@t-butyl 8, black Pb(0) only being
observed after 24-36 hours at room temperature.adew the same storage and light-
exclusion conditions as the rest of the series vapied for procedural ease, rather

than the explicit need to reduce decompositioménghort term.

The solubility oftert-butyl 8 was found to be similar to the rest of the sensh
crystals suitable for X-ray diffraction analysisogn from a concentrated pentane
solution at -30°C. Two independent molecules of poumd8 were shown to crystallise
in the unit cell, both exhibiting thexo- conformation with similar bond angles and
bond lengths. The Pb-C30 bond length is very smiildboth molecules, at 2.333(6) A
and 2.334(7) A. This bond length is the longegheftype in the series, probably due to
the steric bulk of theéert-butyl group being directly attached to the metahatThe Pb-
C30 bond is around 0.03 A longer than the otherperes in the series. The DOP
around the metal atom is an average of 83%, wisidignificantly less than the rest of

the compounds in the LPbR series that displaytbeconformation.



Table 6 — Bond angles (°) and bond lengths (A)Lfob'Bu (8) — both molecules
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in the crystal structure unit ce(g) and(b)

() (b) (a) (b)
N1-Pb-C30 | 102.32(19)| 103.1(2) Pb-C30|  2.333(@)334(7)
N2-Pb-C30 | 104.22(18)| 103.1(2) N1-Pb 2.362(®.352(4)
N1-Pb-N2 | 79.14(15) | 78.76(15 N2-PDb 2.362(D.364(4)
C1-N1-C6 | 122.0(5) 122.7(5) N1-C1 1.326(7).333(7)
C1-N1-Pb | 114.8(3) 113.1(4) C1-C2 1.402(8).409(8)
C6-N1-Pb | 118.6(3) 119.5(3) C2-C3 1.409(8).400(8)
C3-N2-C18 | 121.6(5) 121.6(5) C3-N2 1.315(7).332(7)
C3-N2-Pb | 114.0(3) 113.8(4)
C18-N2-Pb | 120.9(3) 120.8(3) Pb—plane 1.383 1.441
N1-C1-C2 | 124.6(5) 124.3(5)
C1-C2-C3 | 129.3(5) |129.5(6) | | DOP (%) | 82.58 |83.38
C2-C3-N2 | 125.0(5) |123.8(5)

Figure 18 — LPIBu (8). 30% probability ORTEP ellipsoids, BDI ligand

minimised for clarity.




Figure 19 — LPIBu (8) side-on, showing extent aio- conformation. 30%

ORTEP ellipsoids, BDI ligand minimised for clarity.

As thea-carbon is quaternary, there is no signal in tHeNMR spectrum to observe
Jpp-1 couplings. However, the septefis{ ~6.9 Hz) and doublets € ~6.9 Hz) are clear
and well-defined, demonstrating the asymmetry efdbmplex. A clear singlet at2.20
is evident for the protons on thert-butyl substituent. A distinct peak at3684 in the
2Pp{'H} NMR spectrum indicates that the Pb atom temt-butyl 8 is the most
deshielded metal atom present in the series.

1.2.7 Synthesis and characterisation3ediketiminate lead(ll) phenyl, LPbRB)

Lead phenyl9 was generated by addition of one equivalent ofnplmeagnesium
bromide to a toluene solution of the precursor ©té?2 at -78°C. After complete
addition, the mixture was allowed to warm to rooemperature and stirred for two
hours. The yellow solution was filtered through i@®, and phenyl compoun@d was
isolated in 25% yield. In common with the rest lvé series, lead phen§lis soluble in
aliphatic and aromatic hydrocarbon solvents, mostiuble in halogenated solvents
such as dichloromethane, and was observed to desamp ethereal solvents such as
THF. A pentane solution held at -30°C produced tatgssuitable for X-ray diffraction
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studies. Similar to other complexes in the sempégnyl compoun® was observed to
decompose when held at or above room temperattee &gfto 8 hours, and was also
observed to decompose upon prolonged exposureght. ITo minimise this, the

complex was stored at -30°C in foil-wrapped vialgn inert atmosphere glovebox.

In the same fashion as tert-but§| phenyl compound9 crystallises with two
independent molecules within the unit cell, butiEmto methyl compound, the
phenyl complex crystallises in themdo- conformation. The Pb-C30 bond distance is
similar to those in the rest of the series, at aerage of 2.30 A between the two
molecules in the unit cell, although a little skeor{0.02 A) than methys, the other
endo- structure. The DOP is about 9-10 % smaller that ¢ methyl3, indicating a
flatter environment around the metal centre. Thedbangles are similar to the rest of
the series, botkendo- and exo- structures, but with the N1-Pb-N2 angle slightly

increased. The substituent aromatic ring in ph8nglplaced perpendicular to thgN;

plane.
Table 7 — Bond angles (°) and bond lengths (A)LebPh(9) — both molecules
in the crystal structure unit ce(g) and(b)
(a) (b) (a) (b)

N1-Pb-C30| 95.57(12)] 93.83(12 Pb-C30 2.308(2)290(4)
N2-Pb-C30| 91.24(12)] 91.33(12 N1-Pb 2.323(2.327(3)
N1-Pb-N2 | 82.61(10)| 83.29(10 N2-Pb 2.323(3).338(3)
C1-N1-C6 | 120.5(3) | 119.7(3) N1-C1 1.333(5).332(5)
C1-N1-Pb | 125.6(2) | 126.7(2) C1-C2 1.403(5).405(5)
C6-N1-Pb | 113.9(2) | 112.8(2) C2-C3 1.406(5).412(5)
C3-N2-C18| 121.2(3) | 120.1(3) C3-N2 1.326(41.316(5)
C3-N2-Pb | 126.6(2) | 126.3(2)
C18-N2-Pb| 112.2(2) | 113.4(2) Pb—plane  0.486 0.229
N1-C1-C2 | 125.6(3) | 125.1(3)
C1-C2-C3 | 131.1(3) | 131.4(3) DOP (%) | 100.64 | 101.72
C2-C3-N2 | 124.6(3) | 125.9(3)




Figure 20 — LPbPNh(9). 30% probability ORTEP ellipsoids, BDI ligand

minimised and H-atoms omitted for clarity.

Figure 21 — LPbPHK9) side-on, showing extent ahdo- conformation. 30%
ORTERP ellipsoids, BDI ligand minimised and H-atoomsitted for clarity.
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Concurrent with our synthesis of this compound, $Rgeand co-workers published
synthetic and structural details of this complestsesised using phenyllithium rather
than a Grignard reagent. The unit cell, in additionthe spectroscopic data of our

phenyl comple»® matches with the data report&d.

In the™H NMR spectrum, the signature septets (~6.9 Hz) and doublets € ~6.8 Hz)

are all distinct and not overlaid with each othercommon with benzyf, the aromatic
protons on the substituent can be distinguishedlodblet § = 6.9 Hz) atd 8.51, a

triplet J = 7.6 Hz) a® 7.58 and a doublet of doublets< 7.0, 2.2 Hz) ad 7.04 clearly

describe the protons on the phenyl ring. THEb{*H} NMR signal is observed upfield
from the rest of the series@®419. This agrees well with the signal reportedRliogsky

atd 2424
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1.3 Hammett correlation studies

UV-visible spectrophotometric studies were carried at concentrations around L0
mol ' in dry benzene in a quartz cell under a nitrogémoaphere. The major
absorbance occurred between 300-400 nm, with andeaunor absorbance observed at
440-450 nm for some compounds in the series. Mekdinction coefficients were
calculated for both major and minor absorbences,aaa@ shown in table 8.

Table 8 — Maximum and secondary absorbencies (md)naolar extinction

coefficients (M* cm*) for compounds$ to 9.

Alkyl Amax (NM) eMtem®) | Asecondan(nm) | € (M e
3 [ Me (endo) | 395.02 6736.4 i i
4 | 'Pr (ex0) 331.99 4908.6 448.01 966.27
5 [Bu (ex0) | 299.95 32833 452.01 37.320
6 | Np (ex0) 343.07 2390.6 448.92 241.35
7 | Bn (exo) 316.04 5382.5 442.94 858.99
8 | 'Bu (exo) | 374.98 3635.9 - -
9 | Ph endo) | 397.03 6736.4 i i

The wavelength of maximum absorbankga, was used to find a correlation across the
series of compounds by being plotted against thenrhlett constanto, for the
corresponding alkyl substituent. Hammett constanés numerical values drawn from
the Hammett equation in organic chemistry, usedragquivalent to g, measures of
acidity. Hammett discovered that the change in &eergy of activation is proportional
to the change in Gibbs free energy for any two treas with two aromatic reagents,
only differing from each other in the type of sutusnt. Equation 2 describes this,
whereK andk are equilibrium and rate constants, respectifelya substituted benzoic
acid derivative, any and ky, are the same constants for the equivalent compound
where the substituent is a hydrogen atom. The petexro describes the electron-
withdrawing or electron-donating nature of the gibent, and is denoted @, and
Ometa depending on the position of the substituent ithee the para- or the meta-

position respectively. A positive value @fdenotes a group that is electron-withdrawing
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with respect to a proton at the substituent pasitend increasing positivity indicates
increased electron-withdrawing capability of thewgy. The same is true for negative
values ofa, with respect to electron donating ability; thermmoegative a value for a

given substituent is, the higher its electron-dimuppower>

The parametep measures the sensitivity of the reaction to ebedtr effects, so
therefore depends on the type of reaction beingechout, and is independent of the
substituent. A positive value indicates more electrons are present itrémsition state
or the reaction than in the starting material, wher a negative indicates fewer

electrons are present in the transition state.

logK/Kg=0.p or: logk/ko = 0.p (2)

Due to the fact that the seriesftliketiminate lead alkyl compounds only differsrfro

one another by the type of alkyl substituent, itswspeculated whether a similar
correlation, based on the Hammett constants, eixfstethis series of complexes. This
would allow a numerical value to be applied to dtigerwise-similar alkyl groups in the

series.

Table 9 —Para- and meta- Hammett constantsg, for the substituents in the

alkyl series of compound§.

Alkyl Ometa | Opara

3 | Me (endo) | -0.07 | -0.17
4 |'Prexo) |-0.04 | -0.15
5|°Bu(exo) |-0.08 | -0.12
6 | Np (ex0) -0.05 | -0.17
7 | Bn (exo) -0.08 | -0.09
8 |'Bu(exo) |[-0.10 | -0.20
9 | Ph endo) | 0.06 -0.01

A graph of theAnax Was plotted against the para-position Hammett temns, Opara

shown in table 9. Figure 22 shows a broad trendhat theAn.x increases as the
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Hammett constant decreases. There are two outpydmgs, atAmax > 390 nm, which
correspond to the methyl and phenyl compourddsand 9 respectively. These
compounds both crystallise in tkedo- conformation, rather than the rest of the series,
which all crystallise in thesxo- conformation. Although the NMR studies are in
solution, computational studieside infra) show that the crystallised conformation is
the most stable for each compound. At this poing unknown if the complexes exhibit
definitive endo- or exo- geometries in solution, but for the purposeshid study, they
were assumed to, based on the computational evad@hés can explain the position on
the graph of the twendo- complexes, and they can be ascribed differing rolasae
properties to th&xo- compounds. The point at 316 nm, whilst still cdniting to the
correlation, is the furthest from the trend linehisl point corresponds to benzyl
compound?, which contains both an aliphata-carbon to the metal atom and an
aromatic ring as part of the substituent. This appéo make thanmnax of the complex

deviate slightly from the trendline.

The exact excitation that is causing this absorbasmicinknown. Driess and co-workers
synthesised a series of germane-, stannane- andbahediyls with remarkable
electronic structures, and attributed their exdtet to either a HOMO — LUMO
transition, or a HOMO-1 — LUMO transitioH.In order to investigate our transitions,

time-dependant DFT (TD-DFT) computational calcaas were runyfde infra).
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Figure 22 — Correlation graph of Hammett constasyga againstmax (nm).
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It was also decided to investigate the correlatietweencpa. and the®®Pb NMR
chemical shift of the complexes, as shown in figgBe The correlation is shown for the
exo- configured complexes, with tleado- configured methyl and phenyl compourgis
and9 discounted. However, although we can observe métlayd 3001.7 ppm as an
outlying point, phenyl comple8, atd 2419.0 ppm, appears to fit to the correlationsThi
may be due to these compounds exhibiting éido- conformation, whereas all the
others exhibit thexo- structure. Methyl compourlis also the only complex to have a
primary carbon atom bonded to the metal centrethallother complexes have a larger

substituent group, containing other carbon atoms.
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Figure 23 — Correlation graph of Hammett constamg, against®Pb NMR
signal (ppm).

Although the correlations between chemical siNft;x and the Hammett constant for
each substituent are not exact, they do show allagaeement, indicating some form of
relationship between the complexes as the alkyktguknt is changed. However, it
should be noted that the trend is opposite to whatild be expected, based on
conventional understanding of the shielding andchigéding of nuclei. That is, more
electron-rich substituents are generally more dhigl and the metal centre to which
they are coordinated has a lower chemical shifthoalgh this trend would be

specifically influenced by the precise orbitals olwed in the shielding process. The
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trend that we observe is opposite — the metal eentiith the more electron-donating

groups appear to be more deshielded,

and possdaghar chemical shift. The

reasoning for this is unclear, but may be affedigdhe high percentage of s-orbital

character shown by the lone pair within the comgéex

The steric bulk of an alkyl substituent can be dbsd numerically by Dubois’ steric

parameter, k! The steric effects of various alkyl substitugmtssent in cobalamins was

studied by Datta and co-workers, but poor correfetiwere observed in their studfés.

The Dubois parameter was used in place

of the Hatrfarection to generate the graph

in figure 24, in order to describe the trend widiation to steric and not electronic

effects. However, very little correlation
absorbance or tHf8’Pb NMR signal.
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Figure 24 — Combined graph of Dubois Steric Pararseagainst®’Pb NMR

signal (ppm) an@dmax (nm). Onlyexo-

conformations are shown for clarity.
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1.4 Reactivity studies

Lead methyl3 was chosen as the parent compound to performiviastudies on, due

to its ease of synthesis and the small, more opegéction substituent. A number of
test reactions were carried out, where a reagestagided to one equivalent of metByl

in an NMR tube, and the reactivity observed 'by NMR spectroscopy. Due to the
thermal instability of the methyl complex, on hegtito higher than 30°C the material
within the NMR tube decomposed into a mixture ofdentifiable products and a
precipitate of black powder, assumed to be leadf®).a result, all reactions were
carried out at or below room temperature, and nat lveas applied to raise the

temperature above 30°C.

The affinity of the lead alkyl complexes towardsertion in the M-C30 bond was
studied using various heterocumulenes. Carbon diokias been shown to insert into
the metal-oxygen bond df-diketiminate lead(ll) and tin(ll) alkoxides to far metal
carbonated®*° It was decided to test the reaction of the le§da(kyls with the addition

of CO, to attempt the formation of esters.

Methyl complex3 was dissolved in deuterated benzene, and coolddning with dry
ice to allow evacuation of the nitrogen atmospherthe NMR tube before addition of
one equivalent of gaseous €@hen this addition failed to produce a reactiexgess
CO, was added to flood the tube with one atmospheesspre, with no reaction
observed by'H NMR spectroscopy. Reactions with carbon disulphihd phenyl
iIsocyanate were also carried out, to attempt sgighef their respective insertion
products. However, in both cases, no reaction wasmwed. The test reactions were left
to react for a few days without heating, to avoidederated decomposition. However
the reactions were abandoned when the decompogtmsucts made observing any

reactivity products difficult.
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Scheme 33 — Test reactions, with suggested praodoctprobing insertion into
the Pb-C bond in methyl compoun@ by heterocumulenes. Ar = 2,6-
diisopropylphenyl.
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Reaction of one equivalent of methylwith tribromoborane resulted in immediate
formation of a thick, insoluble cream-coloured gahse that was unable to be
identified. Tris-pentafluorophenylborane was added to meghgt room temperature,
resulting in a vivid colour change from lemon yelldo orange-red, and produced a
very clean conversion to a borate salt of a ledcd 0, studied later in greater detalil
in chapter 2 \(de infra). Extending this methodology, a reaction was edrrout
between methyB and trimethyl aluminium, to try and generate anmrahium analogue
of the borate sall0. However, no reaction was observed until decontiposof the

methyl compound began after a few days at room ¢eatipre.

Scheme 34 — Test reactions for probing abstractidhe terminal methyl group
from the lead centre in meth$| resulting in the synthesis of methyl borate

Ar = 2,6-diisopropylphenyl.
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Reactions of methyB with phenyl acetylene, methyl iodide and &f-butyl-4-
methylphenol to investigate substitution of theyalkubstituent produced no reaction
before decomposition of the methyl compound wasesl. The addition of methyl
triflate to lead methyl3 resulted in an immediate precipitation of blacktenal,
assumed to be Pb(0). The NMR spectrum showed a complex mixture of inselplara
products, as well as the presence of reprotonagadd1.

A test reaction of methy8 with benzaldehyde, to investigate nucleophili@aekton the
carbonyl group by the metal alkyl was carried dnatyvever, no change was observed in
the’H NMR until natural thermal decomposition of thetig compound began.

An effort was made to deprotonate metldyl by reacting with one equivalent of
methyllithium to generate methane and a lithiunh shthe complex. The aim was to to
either deprotonate the terminal methyl substituentorm a double bond to the lead
atom, or deprotonate at the backbone proton, assuthat it was sufficiently acidic
enough to undergo deprotonation. However, upontigclarge amounts of black
material were quickly deposited, assumed to be)PBtddy of the resultant mixture of
products in the'H NMR spectra revealed the presence of the lithisait of B-

diketimine ligandl, as well as an array of unidentifiable side-praguc



72

1.5 Computational studies

Computational calculations were carried out onth# lead alkyl complexes using
Gaussian GO3W and Gaussview v4.1. Calculations wertormed on all lead alkyl
structures using the B3LYP function with the LANLZDbasis set, in addition to a
second set of calculations using the 6-31G* bastigugith LANL2DZ still used on the
lead atom, due to the large number of electronsegmteon the metal). The calculations
were carried out using the crystal structure adastisg point where possible, and
optimisation/frequency calculations were carried toudetermine optimum geometries
and molecular orbital shapes and energies. Asadlelations show these molecules in
the gas phase, comparisons were able to be madedryethe optimised structure and
the solid-state information gained from the crystalicture. Additional calculations of
the opposite geometrgr{do- or exo-) to that from the crystal structure were also run,
using both the single and mixed basis sets. Sommplexes showed conversion from
one conformation to the other, indicating the @alystructure was more likely a global
minimum, and some did not convert, indicating ombgcal minima. Only three
compounds showed a minimum for ba@thdo- andexo- conformations. For those that
did not convert, the conformation shown in the @&lystructure was always the lower

energy conformation.

In addition to geometry optimisations, the caldola were also performed to obtain
the energy levels associated with the highest-dedypowest-unoccupied and lone pair
(HOMO, LUMO and LP respectively) molecular orbitalfie orbital assigned to the LP
was also noted, as was the dipole moment of thentg®d molecule, measured in
Debyes, a measure of charge along the displacewsamtdr separating the areas of

charge within the molecule.

Data tables can be found in appendix 1 (bond lendtbnd angles and molecular orbital
energy levels).
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1.5.1 Discussion of geometry optimisations

[-diketiminate lead (11) methyl, LPbMe, 3

From the results of both the single (LANL2DZ onlghd mixed (6-31G* and
LANL2DZ) basis set optimisation calculations, thean be seen to be a symmetrical
environment around the lead centre in ¢hdo- conformations of lead meth@l with
both N-Pb-C30 angles and both N-Pb bond lengthstiickd to each other. The N-Pb-
C30 angles compare favourably with the correspanpdimgles found in the solid state,
although they are not identical. This can be aited to crystal packing effects in the
solid state, versus the gas phase that is condidereghe calculations. Thexo-
conformation shows a very slight deviation betwdentwo N-Pb-C30 angles (~ 0.09°),
although this conformation is not displayed in #wid state. However, due to the
position of the alkyl substituent relative to thgahd in theexo-calculation, the N-Pb-
C30 angles are around 5° larger than ined®- version. The bond distances calculated
from both the single and mixed basis set calculat@re comparable to each other, with
the Pb-C30 distances in teedo- calculations found to be slightly longer (~0.1thjan
those from thexo- calculations. The corresponding Pb-C30 bond lefgihd from the
solid state structure is around 0.3-0.4 A longentthat calculated. The DOP found for
theendo- structures is larger than that found for &te- structures by 10-12%, but is 8-
9% smaller than the DOP of the metal centre irstilel state. The distance of the metal
atom from the €N plane in theendo- structures is slightly smaller than that in thiédso
state (~0.14 A), whereas the corresponding distéamdke exo-calculations is slightly
larger (~0.6 A).

Figure 25 — Optimisedndo- (left) andexo- (right) geometries for LPbM&.
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B-diketiminate lead (11) iso-propyl, LPb'Pr, 4

A symmetrical environment around the lead atom vwsdent in both theexo-
calculations on lead iso-prop4l although the calculated N-Pb-C30 angles are thligh
larger than those shown from the solid state (~2&8§er in the single basis set
calculation, and ~1-2° larger in the mixed bastscadculation). The calculated DOP of
the metal centre is 5-7% smaller in #®- calculations than in thendo- calculations
for the iso-propyH. Although the calculated DOP in tkgo- structures is much smaller
than that in the solid state, the distance of tred latom to the {8l plane is only
slightly smaller (0.1-0.2 A) than that shown in 8wid state. The Pb-C30 bond lengths
calculated in the iso-prop¥l calculations do not differ greatly from the borddth in
the solid state, with all Pb-C30 distances lyinguaid 2.3 A. In accordance with the
crystal structure, thexo- calculations show the iso-propyl substituent pegpendicular
to the Pb-C30 bond, with the terminal carbon atgusting away from the £,
backbone. In contrast, however, bahdo- calculations have the iso-propyl group
rotated along to the Pb-C30 bond (figure 26). Assalt of this, one N-Pb-C30 angle is
around 9° larger than the other N-Pb-C30 angleoth endo- calculations. The Pb-C30
bond distances calculated in teado- calculations are around 0.02 A longer than the
distances in thexo- calculations, possibly due to steric repulsionwleein the iso-
propyl group on the metal atom and the iso-propissituents on the aromatic rings of

the ligand, forcing the slight lengthening of the-©30 bond.

Figure 26 — Optimisedndo- (left) andexo- (right) geometries for LPBr 4.
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B-diketiminate lead (11) sec-butyl, LPb°Bu, 5

Lead sec-butyb has a chiral alkyl substituent on the lead centdeich leads to an
unsymmetrical environment around the metal atorallicalculations, with N-Pb-C30
angles that are slightly larger (~2-3°) than thglesm shown in the solid state. The
calculated DOP of the metal centre in #xe- calculations is around 10-11 % smaller
than that found in the solid state, but the catedlalistance between the lead atom and
the GN plane is only slightly shorter (~0.2 A). The Pb@d8ond distances derived by
the calculations are within ~ 0.04 A of one anathéth the bond distance in the solid
state lying on the bottom edge of this range, 30&5) A. In common with iso-propyl

4, theendo- calculation for sec-butyb rotates the substituent around the Pb-C30 bond,
to avoid steric clashing with the iso-propyl groups the aromatic rings of the BDI
ligand. As a result of this, the difference in tid>b-C30 angles in thexo- calculations
are much smaller (~0.5°) than in teedo- calculations (~8-9°). The solid state structure
shows a slightly unsymmetrical metal centre envitent, in agreement with the related
exo-calculations, rather than a more extreme unsymoattenvironment, indicated by

theendo- calculations.

Figure 27 — Optimisedndo- (left) andexo- (right) geometries for LPBu 5.
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[-diketiminate lead (11) neo-pentyl, LPbNp, 6

Lead neo-pentylé converts from theendo- conformation during the course of a
calculation, to produce a structure in the samdatoration as that found in the solid
state. As such, only comparisons between the maxehsingle basis set calculations
with the crystal structure were carried out. Neatple6 exhibits theexo- conformation
upon completion of the calculations, with a non-gyetric environment around the
metal centre. The single basis set calculation shewifference in the N-Pb-C30 bond
angles of ~0.4°, much smaller than the ~2° diffeeershown in the mixed set
calculation. However, these degrees of asymmetrystaill smaller than that shown in
the solid state, with a difference in bond angles-&@5°. The DOP calculated in the
mixed set calculation is around 2 % larger thanm ith#éhe single set calculation, but still
far smaller (~7 %) than the DOP evident in thedsstate. Similarly, both calculations
display a shorter distance between the lead ataintfa® GN, plane (~0.10-0.16 A)
than that shown in the solid-state structure, Withsingle basis set calculation giving a

shorter distance (~0.06 A) than the mixed set daticun.

Figure 28 — Optimisedxo- geometry for LPbNb.
[-diketiminate lead (11) benzyl, LPbBn, 7
In common with neo-pentyb, any attempt to run a calculation in tlemdo-

conformation for lead benzyf resulted in the conversion to thexo- geometry,

attributed to the bulk of the substituent on thdaheentre. Lead benzyl contains an
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aromatic ring as part of the alkyl substituentyedl as an aliphatic CHunit a- to the
lead metal atom. The solid state structure showgnametric environment around the
metal centre, with both N-Pb-C30 angles the sarhes i not the case in either of the
computational calculations, which both show a velight deviation from symmetry.
The single basis set calculation shows a smallelatien (~0.11°) than the mixed set
calculation (~0.29°) in the N-Pb-C30 angles. Batltcglations also give larger values
(~4.2°) that those angles found in the crystalcstme. The DOP evident in the crystal
structure is much larger than that found in both gmgle set (~12.3 %) and the mixed
set (~11.2 %) calculations. This is likely duelie arrangement in space of the aromatic
ring in the benzyl group, which is situated in tbeme plane as the backbone,
perpendicular to the aromatic rings on the BDI rigiaCalculations begun from a
conformation where the benzyl ring was perpendrictitathe backbone showed a
rotation along the C30-C31 bond as the calculghimteeded, to bring the ring into the
position observed in the solid state (figure 23)e Brrangement of the aromatic ring in
the solid state also acts to move the metal atamhdu from the @N, plane than is
evident in the gas phase, with the single basisaletilation giving a distance ~0.28 A
shorter, and the mixed set giving a distance ~032%horter than the solid-state
distance. This smaller distance between the leath &nd the N, plane in either
calculation does not affect the Pb-C30 bond length,the calculated length is in
agreement with that found in the solid state.

Figure 29 — Optimisedxo- geometry for LPbB1T (left) and alternate starting
geometry (right).
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S-diketiminate lead (11) tert-butyl, LPb'Bu, 8

The results of the calculations of lead tert-b@&yhow a small deviation in symmetry
around the metal centre, with a difference of ~@ot°the N-Pb-C30 angles. This is in
between the differences in the corresponding anglése two different molecular units
found in the unit cell of the crystal structure,ex one molecule has equal N-Pb-C30
angles, and the other has a difference in anglesd &°. The angles found in the solid
state structure are slightly smaller than thosendohy calculation (~2°). The DOP of
the metal centre in the calculations is ~7-8 % @&athan that in the crystal structure,
showing the effects of crystal packing on the moles in the unit cell. The effect of
being in the solid state also pushes the metal dtother from the @GN, plane.
However, this effect does not affect the Pb-C30dbdistance, with both calculations

giving a bond length in agreement with both molesuh the unit cell.

Figure 30 — Optimisedxo- geometry for LPiBu 8.

[-diketiminate lead (11) phenyl, LPbPh, 9

Similar to tert-butyl8, lead phenyB crystallises with two molecules in the unit cell.
Both of these molecules show a much less symmetoaronment around the metal

centre than that found in either calculation, witle single basis set showing a
difference in N-Pb-C30 angles of ~0.25°, and theesponding angles in the mixed set
calculation almost identical to one another. Thigicontrast to the solid state structure,

which shows a larger difference in angles (> 2.8hpwing that the symmetry around
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the metal atom decreases as the molecule movestfi®maseous phase into the solid
phase, to be influenced by crystal packing effeEtee DOP calculated from the solid
state structure shows a flatter environment (~6t8&n those calculated in the gas
phase. The mixed basis set calculation revealsra sightly sharper DOP than that
found from the single set calculation, but the agrent is still very good, showing the
structural effect of packing the molecule into soéid state. However, both calculations
show a distance between the lead atom and ghe f@lane only in agreement with
molecule(a) in the unit cell. The Pb-C30 bond distance is adentical to that found
in the solid state structure, with a differencenirdéhe calculations of ~0.02 A. In
common with lead benzyi, calculations were begun from a conformation whaee
phenyl ring was at 90° to that found in the sotates. A rotation along the Pb-C30 bond
was observed, to bring the ring into the positi@rpendicular to the backbone, as

observed in both the optimised structure and thd state (figure 31).

Figure 31 — Optimisedndo- geometry for LPbPB (left) and alternate starting
geometry (right), with a 90° difference in oriembat of the phenyl group.

1.5.2 Conformational stabilityendo- vs.exo-

Computational calculations provided three energgdiregs that were used to help
explain the stability of thendo- andexo- conformations found in the solid state. E, the
sum of the electronic and zero-point energies @ tiolecule, H, the sum of the
electronic and thermal enthalpies, and G, the stithe electronic and thermal free
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energies within the molecule give very large nuoarvalues for each calculation, as
they are a sum of all the appropriate energiesinvitie molecule. The most practical
use for these, therefore, is to find the differebeaveen them for the change in stability
between theendo- andexo- conformations of each of the structures. This &ssist in

the understanding as to why one form dominates thveother in the solid state.

g -
N—Pb N—Pb
I / N
iN/ — = % 3)
\ \
Ar Ar
[A] [B]
[A]: R = Me, Ph. [B]: R Pr,*Bu, Np, Bn,'Bu.

Ar = 2,6-diisopropylphenyl.

When using the single basis set to study lead mé&hyje endo- structure is lower in
electronic energyAE), enthalpy AH) and free energyAG) than thesxo- counterparts.
These lower-energy readings are in agreement Wetdbminance of thendo- form in

the solid state. Similarly, in the mixed basis catulations, thendo- form is lower in

AE andAH, but is higher in terms ofG. This on its own does not negate the support
for the endo- over the exo- conformation, but instead demonstrates that no
computational model is a perfect analogue of whatlme observed experimentally. The
negativeAG is also explained by the fact that the stabilisaenergy is very small, and
so, even a small deviation in the calculation candpce an anomalous result; it is small

enough not to be hailed as important.

Table 10 — Energy differences between calculatfondead methyl3. Values

are the stability oéndo- vs.exo- conformations.

Basis set AE AH AG AS

(kcal mol%) (kcal mol%) (kcal mol%) (cal K* mol™)
Single | 1.42 1.52 1.04 1.61
Mixed | 1.26 2.00 -1.38 11.3

In both the single and mixed basis set calculatitims stabilisation energies for lead

iso-propyl 4 are slightly larger than those for lead metBybut all indicate that thexo-
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conformation is 2-3 kcal mdlmore stable than thendo- conformation. The single set

calculation shows a very slightly greater stabjlityit only of the order of ~ 0.5 kcal
mol™.

Table 11 — Energy differences between calculationkadiso-propyl 4. Values
are the stability oéndo- vs.exo- conformations.

Basis set AE AH AG AS

(kcal mol%) (kcal mol%) (kcal mol%) (cal K* mol™)
Single | -2.61 -2.35 -3.73 4.61
Mixed |-2.31 -2.19 -3.04 2.88

Similar to leadso-propyl 4, theexo- conformation of leadec-butyl 5 is shown to have
lower energy values than iedo- counterpart in both types of calculation, showimg

preference for the conformation observed in thelsihte. TheAG value for the mixed
basis set calculation is slightly smaller that twathin the single set calculation.
However, the energy readings in the mixed set tation still portray the lower energy

conformation to be that which is observed in thalssiate.

Table 12 — Energy differences between calculationgeadsec-butyl 5. Values
are the stability oéndo- vs.exo- conformations.

Basis set AE AH AG AS

(kcal mol%) (kcal mol%) (kcal mol%) (cal K* mol™)
Single | -2.36 -2.05 -3.89 6.19
Mixed | -2.49 -3.31 -0.67 -8.85

The computational calculations give insight inte fireference of a molecule for either
the endo- or theexo- conformation. A large part of the preference senise the steric
bulk and shape of the substituent on the lead eeSmall substituents that can fit
within the space between the aryl rings on the Bfdnd appear to adopt themdo-
conformation, whereas bulkier substituents are @distway from the coordination site

in the exo- conformation. This is supported by calculationstthbegin from an
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environment deliberately containing increased stecrowding, which exhibit a

reversion to a less-sterically-crowded environment.

1.5.3 NBO analysis and natural electron configuration

The natural electron configuration of the lead atways showed around two electrons
in the & orbital and around one electron in the d@bitals for all complexes, which
indicates a covalent bond to the substituent froen@ shell. From the Natural Bond
Orbital (NBO) analysis, the occupancy and shandp-orbital contributions to the lone
pair could be determined. These were compareddaal#ita from the parent chloride
compound2. In all cases, the lone pair of chlori@ewas seen to have a greater
character (91.79%) than the corresponding orhitany of the lead alkyl complex&s.
Comparisons were made between the lead chl@aied the alkyl complexes using the
single basis set calculation, as calculations vpendormed using only LANL2DZ on

chloride2 in previous literaturé®

In common with the lead chloridg lead methyB has a large percentagesetharacter
to its lone pair orbital. In thendo- calculations, the single basis set describesahe |
pair as being 87.14%character, with the remainder of the contributiooming from
the p-orbitals. The lone pair irso-propyl 4 shows ars-orbital contribution to the lone
pair of 87.86%, andec-butyl 5 contains ars-orbital contribution of 87.72%. These
values show that, although the conformation andtstulent have changed from methyl
3 to iso-propyl 4 to sec-butyl 5, this has little effect upon the contribution teetlone
pair orbital. This pattern of very little changeasntinued inneo-pentyl 6, where the
contribution to the lone pair by tiseorbital is 87.78%. Benzyl andtert-butyl 8 show a
slightly higher contribution of 88.74% and 88.17%spectively, but this extra
contribution is still small. The-orbital contribution in pheny® returns to the ~ 87%
mark, at 87.07%, with the remaining contributiontih@ lone pair orbital originating

from the corresponding-orbitals.
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Figure 32 — View of the lead-centred lone pair nrado-conformer (LPbMeS;
left) and arexo- conformer (LPKPr, 4; right).

The same pattern is evident in the mixed set caficuls, where the-orbital

contribution to the lone pair does not change weugh throughout the series. However,
it is worth noting that the-orbital contributions in the mixed set calculati@me around
1-2% higher than those in the single set calcutatiavith values around 88-89%. In
common with the single set calculations, bezghdtert-butyl 8 shows-orbital
contributions slightly higher than the rest of segies. Tables 13 and 14 show the NBO
analyses for the Pb centre, from both the singststset and mixed basis set

calculations.



Table 13 — NBO analysis of Pb metal centre foriélael alkyl complexes. Basis
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set: LANL2DZ over all atoms.

Compound Natural electron | Lone pair NBO on| Lone pair
configuration (Pb) Pb occupancy

LPbMe @) endo 6s (1.78), 6p (0.99) S[87.14%)] 1.980
p 0.15 [12.86%)]

LPbMe @) exo 6s (1.77), 6p (0.97) s[87.12%] 1.973
p 0.15 (12.88%)

LPBHPr @) endo 6s (1.78), 6p (0.98) s[87.29%] 1.975
p 0.15 [12.71%)]

LPBPr @) exo 6s (1.78), 6p (0.95), | S[87.86%] 1.971
7p (0.01) p 0.14 [12.14%]

LPbBu (5) endo | 6s (1.79), 6p (0.97) s[87.65%] 1.975
p 0.14 [12.35%)]

LPbBu (5) exo 6s (1.78), 6p (0.94), | s[87.72%] 1.970
7p (0.01) p 0.14 [12.28%)]

LPbNp 6) 6s (1.78), 6p (0.95), | s[87.78%] 1.970
7p (0.01) p 0.14 [12.22%)]

LPbBn (7) 6s (1.80), 6p (0.89) S[88.74%] 1.973
p 0.13 [11.26%)]

LPbBu (8) 6s (1.79), 6p (0.92), | S[88.19%)] 1.964
7p (0.01) p 0.13 [11.81%)]

LPbPh 9) 6s (1.77), 6p (0.95) s[87.07%] 1.974

p 0.15 [12.93%]




Table 14 — NBO analysis of Pb metal centre fori¢lael alkyl complexes. Basis
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sets: LANL2DZ on Pb; 6-31G* on N, C and H atoms.

Compound Natural electron | Lone pair NBO on| Lone pair
configuration (Pb) Pb occupancy
LPbMe @) endo 6s (1.81), 6p (1.01) S[88.66%] 1.987
p 0.13 [11.34%)]
LPbMe @) exo 6s (1.81), 6p (0.99) 5[88.80%)] 1.979
p 0.13 [11.20%)]
LPBHPr @) endo 6s (1.82), 6p (1.00) | s[89.37%] 1.985
p 0.12 [10.63%)]
LPbPr @) exo 6s (1.82), 6p (0.97) | s[89.79%)] 1.978
p 0.11 [10.21%)]
LPbBu (5) endo | 6s (1.82), 6p (1.00) | s[89.48%)] 1.984
p 0.12 [10.52%)]
LPbBu (5) exo 6s (1.82), 6p (0.96), | S[89.58%)] 1.978
7p (0.01) p 0.12 [10.42%)]
LPbNp 6) 6s (1.82), 6p (0.97) s[89.55%] 1.977
p 0.12 [10.45%)]
LPbBn (7) 6s (1.83), 6p (0.92), | s[90.23%)] 1.979
7p (0.01) p 0.11 [9.77%)]
LPb'Bu (8) 6s (1.83), 6p (0.95), | S[90.21%)] 1.976
7p (0.01) p 0.11 [9.79%)]
LPbPh 9) 6s (1.81), 6p (0.98) s[88.89%] 1.984
p 0.12 [11.11%)]

When considering the frontier molecular orbitalsled complexes, the Lowest

Unoccupied Molecular Orbital (LUMO) of the lead in@tcomplex3 displays a

dumbbell-shape of an emptyorbital on the metal centre (Figure 33), and soldiou
suggest affinity for reaction with nucleophiles.wyer, the orbital is arranged at right
angles to the Pb-C30 bond; pointing towards thegigups on the BDI ligand, and it is
possible that these groups act to sterically pibhibtack at the metal centre. The

Highest Occupied Molecular Orbital (HOMO) on thethy complex3 (also shown in
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figure 33) is the lone pair on one of the nitrogéoms in the gN,Pb ring of the
complex, and is most likely shielded from reactmth electrophiles in much the same

way as the LUMO,; the close proximity to the bulkylagroups of the BDI ligand.

Figure 33 — View of the LUMO (left) and HOMO (righaf the lead methyl

complex3.

These orbitals are also present as the LUMO and B@&pectively in most of the
other complexes in tH&diketiminate lead alkyl series. The LUMO and HOMDitals
of neo-pentyl6, benzyl7, tert-butyl 8 and phenyb all agree with the same orbital
shapes as contained within lead methyl

In the case of the leado-propyl complex4, the LUMO and HOMO of the complex are
not the same orbitals as found in metBylnstead, the LUMO afso-propyl complex4

is now an empty-orbital on one of the carbon atoms on th&l{backbone of the BDI
ligand (Figure 34), and the HOMO is now centredtmx-carbon of theso-propyl
terminal substituent (also shown in figure 34). leer, it is worth noting that the
LUMO+1 and HOMO-1 orbitals of leado-propyl 4 are of the same nature as the
LUMO and HOMO of lead methys, respectively. That is, the LUMO+1 orbital of lead
iso-propyl 4 is an emptyp-orbital on the metal centre, and the HOMO-1 isltme pair

of one of the nitrogen atoms in the BDI ligandabidition to the LUMO+1 orbital of
iso-propyl 4, the LUMO+1 orbital of leadec-butyl 5 also displays the same shape as an
emptyp-orbital on the metal centre, although the HOMO tatkagrees with the rest of

the series, and is shown as a lone pair on a eitragom.
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Figure 34 - View of the LUMO (left) and HOMO (righdf the leadso-propyl
complex4. The LUMO+1 and HOMO-1 appear as the orbitalsgare 33.

1.5.4 Dipole moments

For lead methy8, the single basis set calculations produce amigéid structure with a
slightly larger dipole moment (0.3-0.5 Db) than #tricture produced from the mixed
set calculations, with botbBndo-calculations producing structures with smaller tBpo
moments (~0.35 Db) than the corresponderg- structures. The opposite is true for
iso-propyl 4. Although the structures produced by the singshset calculations show
a higher dipole moment (~0.29 Db) than the strestdrom the mixed set calculations,
in this case botlendo- structures show a very slightly larger dipole (050Db) than the
correspondingexo- structures. The single set calculations $ec-butyl 5 reveal a
slightly higher dipole moment (~0.28 Db) than i timixed set calculations, however,
in this case there is very little spread betweenfarmnations. The single sehdo-
calculation and the mixed seto- calculation give very slightly higher dipole momgnt
0.02 and 0.06 Db respectively, than their partredcutations, the single seko- and

mixed seendo-.

No difference between conformations can be detexdhiarneo-pentyl6, benzyl7,
tert-butyl 8 or phenyl9, due to the single minimum output from the caltiatss, but it
can be seen that the mixed set calculations pravidipole moment smaller than that of
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the single set calculations. BenZyandtert-butyl 8 exhibit the largest dipole moments
in the series, with the values for the benzyl >Di0larger than the moment of treet-

butyl in both calculations.

Table 15 — Calculated dipole moments (Db) of |&gll @omplexes3 —9.

LANL2DZ (All atoms) LANL2DZ (Pb), 6-31G* (N, C, H)
endo- exo- endo- exo-

LPbMe @) | 1.722 2.107 1.349 1.610
LPUPr@) |2.158 2.111 1.866 1.816

LPbBu 5) | 2.115 2.095 1.793 1.853

LPbNp 6) | - 2.166 - 1.820

LPbBn (7) |- 3.866 - 3.116

LPbBu 8) | - 2.217 - 2.034

LPbPh @) |2.132 - 1.853 -

1.5.5 TD-DFT calculations

Time-dependent DFT calculations were attemptedrdier to calculate the electronic
transitions that give rise to the wavelengths okimam absorbance of the compounds
in the LPbR series. Calculations were run usingrhed basis set LANL2DZ and 6-
31G* as above, at both the B3LYP and TPSSTPSSiamaitlevels. Although other
TD-DFT calculations have been shown to have goodesgyent with the corresponding
experimental results in previous workRgyur calculated transitions showed nonsensical
values, leading us to believe that we were notiging the correct input to the

calculations.

1.5.6 NMR calculations

The NMR chemical shift of lead atoms within comm@shave been shown to be able to
be calculated accurately using computational catmns>*® Initial calculations on our
LPbR systems at the B3LYP level of theory produestlits for thé°’Pb chemical
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shift that bore no relation to the experimentabdé&t much the same fashion as the TD-
DFT calculations described above, we believed vie\r that we were not

performing the calculations in the correct fashiboe to time and operational limits,
both the TD-DFT and NMR calculations were not ablee completed, prior to
submission of this thesis, although calculatiorsarrently being performed using the
Amsterdam Density Functional package (ADF) in dudiation with Dr Hazel Cox at

Sussex.
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1.6 Summary

We have synthesised and fully characterised a nuofdew-coordinate-diketiminate
lead alkyl and aryl complexes. Depending upon tkyg ar aryl substituent on the

metal centre, a complex can exhibit eitherahao- or exo- conformation in the solid
state. Density Functional Theory calculations hHasen carried out to investigate this
dependency, and have shown that the conformatibibigad in the solid state is the
lowest energy minimum. For complexes with sma#islbulky substituents, there exists
a second energy minimum, although this is at adriginergy. Reactivity studies were
carried out on the lead alkyl complexes, and theyeviound to be fairly sensitive to
both heat and light, which encouraged decompostfdhe complex. Other than this
sensitivity, the complexes were found to be mastiseactive, although some promising

reactivity was found with respect to boranes.
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1.7 Experimental details

General considerations (all sections):

All air-sensitive manipulations were carried outlanan atmosphere of dry nitrogen
gas using standard Schlenk line techniques, adeérain inert atmosphere glovebox.
Hydrocarbon and ethereal solvents were dried cd@usn metal, and halogenated
solvents were dried over calcium hydride. All solvevere distilled, degassed and
stored over 4 A molecular sieves in ampoules coirtgian inert nitrogen atmosphere.
Reagents were purchased from Acros Organics or&iglarich, or freshly distilled
(liquids) or recrystallised (solids) from exististpcks and stored under inert
atmosphere. Solideo-pentyl lithium was kindly donated by Prof. Geoffoké’s
research group. LSnCl and LSnMe were used fromiquely synthesised stocks from

Amy Saunders.

H, Be{tH), O, 27A HY, P{AHY, Mo%Sn{tH) and 2°Pb{*H} NMR spectra were
recorded on Varian VNMR 400H 399.5,%°C 100.46°F 375.9,2'Al 104.1,%'P 161.7,
11951 149.0?°'Pb 83.6 MHz), 500*H 499.91,C 125.7 MHz) or 600'¢°Sn 223.6,
20’ph 125.4 MHz) spectrometers, equipped withE{broadband-observe probes. The
'H and™*C NMR chemical shifts were externally reference@’S, the'F signals
were externally referenced to CECGhe?’Al signals were externally referenced to
aqueous Al(N@)s, the®!P signals were externally referenced P8, the*°Sn
signals were externally referenced to SaMed the“’Pb signals were externally
referenced to PbMeThe NMR samples were prepared in deuteratedisobiof
benzene (€Dg), chloroform (CDCY) or dichloromethane (CIZl,), and the spectra
collected at 303 K (VNMR 400 and 500) or 298 K (VRM0O).

The data for the X-ray structures of the complexese collected at 173 K on a Nonius
Kappa CCD diffractometeA(Mo Ka) = 0.71073 A) and refined using the SHELXL-97
software package. The data for the X-ray struabfimaagnesium diphenylphosphid@
(Chapter 3) was collected by the UK National Criystaaphic Service (NCS) at the

University of Southampton, on a Bruker-Nonius Rop&D diffractometer and refined
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using the SHELXL-97 software package. Manipulaf@npresentation was carried out
with ORTEP 3v2 software.

UV-visible spectra were recorded on a Varian Carynstrument equipped with a
water-cooled Peltier system. UV-visible samplesenmepared in an inert-atmosphere
quartz cell in solutions of benzene, with a bageipectrum of pure benzene being run
before each acquisition to provide a ‘blank’. Dates collected at 298 K, unless

otherwise specified.

Elemental Analyses were carried out by Steven Bay#ne London Metropolitan

University’s Elemental Analysis Service.



93

Starting materials:

Synthesis of 2,6-diisopropyl S-diketimine; LH (1)

2,6-Diisopropylaniline (58.4 ml, 0.309 mol) and -pdntandione (14.0 ml, 0.136 mol)
were added to ethanol (~600 ml) in a round-bottoffeesk equipped with a magnetic
stirrer. Reagent-grade hydrochloric acid (12 M, #ilpwas added, evolving a large
quantity of white gas. The mixture was refluxedtfee days (~72 hrs) under air, after
which a thick pink/white slurry was observed. Tlé/ent was removeih vacuo, and
the residue washed with saturated sodium hydrogdgonate solution (~150 ml) and
extracted with dichloromethane (~ 1000-1500 ml)e Téd solution was dried with
magnesium sulphate, filtered and the solvent remhaveacuo, giving a pale orange
residue. This was washed to remove all traceslotuicdog with copious amounts of
methanol, giving a bright white solid, which wagedrunder vacuum and used without
further purification. Yield: 37.2 g (65.4%).

'H NMR (499.91 MHz, @Ds, 30°C):8 12.46 (s, 1H, M), 7.18 (m, 6H, Hy), 4.89 (s,
1H, middle-GH), 3.32 (sept, 4H, BMe,), 1.67 (s, 6H, N®le), 1.22 (d, 12H, CNle),
1.17 (d, 12H, C¥e).

Literature'H NMR (CDCh, 25°C):8 12.12 (br, 1H, M), 7.12 (m, 6H, Hiy), 4.84 (s,

1H, middle-CH), 3.10 (m, 4H, EIMe), 1.72 (s, 6H, N®le), 1.22 (d, 12H, CMNle,),

1.12 (d, 12H, Ci¥ey).%*

Synthesis of s-diketiminate lead chloride; LPbCI (2)

Neutralp-diketiminel (2.0 g, 4.78 mmol) was dissolved in ~20 ml of TiAR& Schlenk
tube, to which was addéBuLi (2.35 M, 2.1 ml, 4.93 mmol). The mixture wasred

for ~30 minutes at room temperature, and then addmulvise to a slurry of Pb&l

(1.33 g, 4.78 mmol) in ~10 ml of THF in another [ectk tube. The pale yellow mixture
was stirred overnight at room temperature, afteciwvan orange solution was observed.
The solvent was removed vacuo, and toluene was added. The solution was filtered
through Celite®, and reduced to dryness, givingnadn yellow powder. The powder
was carefully washed with pentane, dried and usdtbwt further purification. Yield:
2.04 g (64.8%).
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'H NMR (499.91 MHz, @Dg, 30°C):8 7.08 (m, 6H, Hy), 4.87 (s, 1H, middle-B),
3.96 (sept, 2H, BMe,), 3.05 (sept, 2H, BMe,), 1.68 (s, 6H, N&e), 1.51 (d, 6H,
CHMe,), 1.24 (d, 6H, Ci¥e,), 1.16 (d, 6H, CiVey), 1.08 (d, 6H, C¥ey).
Literature™H NMR (500 MHz, GDg, 20°C):6 7.23 (d, J = 7.5 Hz, 2Hi-Hary), 7.18 (t,
J = 7.5 Hz, 2Hp-Hay), 7.10 (d, J = 7.5 Hz, 2Hi-Hayy), 4.91 (s, 1H, middle B), 3.99
(sept, J = 6.8 Hz, 2H,KdMe,), 3.08 (sept, J = 6.8 Hz, 2HHMe,), 1.71 (s, 6H,
NCMe), 1.54 (d, J = 6.7 Hz, 6H, QWky), 1.27 (d, J = 6.8 Hz, 6H, Q¥e,), 1.19 (d, J =
6.9 Hz, 6H, CHley), 1.12 (d, J = 6.8 Hz, 6H, Q#k,).*®

Alkyls:

Synthesis of -diketiminate lead methyl; LPbMe (3)

Lead chloride2 (300 mg, 0.45 mmol) was dissolved in ~10 ml ofiewle in a Schlenck
tube, and cooled to -78°C. MeMgBr (1.6 M, 3d300.45 mmol, THF) was mixed with
~5 ml of toluene in another Schlenk tube, and vadaked dropwise to the yellow
solution of2. The mixture was left to stir for one hour, aftdrich the solvent was
removedn vacuo, pentane was added, and the lemon yellow sold@itiered through
Celite®. The solution was concentrated and the yocbkft to crystallise in the freezer
at -30°C, giving bright yellow crystals. Yield: 1139 (39.6%).

'H NMR (499.91 MHz, @Dg, 30°C):8 7.13 (m, 6H, Hy), 4.79 (s, 1H, middle B),
3.56 (sept, J = 6.9 Hz, 2HHMe;,), 3.46 (sept, J = 6.9 Hz, 2HHMe,), 1.72 (s, 6H,
NCMe), 1.33 (d, J = 6.9 Hz, 6H, QWk,), 1.22 (m, 18H, CHNle,), 0.56 (S, Je-pb=39.5
Hz, 3H, PiMe).

3c{*H} NMR (100.5 MHz, GDs, 30°C):5 164.2 (NCMe), 144.0, 142.4, 125.6, 123.8
(Cary), 99.3 (middleCH), 76.4 (PbEH3), 28.3 CHMey), 27.1 CHMe,), 26.8 (CHVe)),
24.5 (CHVey), 24.4 (CHVey), 23.8 (CHVey), 23.6 (NQVe).

2Pp{"H} NMR (125.4 MHz, GDs, 30°C):5 3001.7

Elemental Analysis for &H44NoPb: Calc.: C, 56.32; H, 6.88; N, 4.38. Found: C386
H, 6.75; N, 4.29.

UV-vis (CeHg, 25°C):Amax 395.0 nmg = 6736 mof cm™.
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Synthesis of S-diketiminate lead iso-propyl; LPb'Pr 4

Lead chloride2 (300 mg, 0.45 mmol) was dissolved in ~10 ml ofivle in a Schlenk
tube, and cooled to -78°RrMgCl (2.0 M, 23Qul, 0.45 mmol, THF) was mixed with
~5 ml of toluene in another Schlenk tube, and vaaed dropwise to the cold solution
of 2. The mixture was left to stir for two hours, aftenich the toluene was removad
vacuo. Pentane was then added and the orange solutiened through Celite®. The
solution was concentrated and placed at -30°Crigtallisation. Orange crystals
suitable for x-ray diffraction were grown from agt@ne solution, also held at -30°C.
Yield: 161 mg (53.1%)

'H NMR (399.5 MHz, GDg, 30°C):5 7.07 (m, 6H, H), 4.62 (s, 1H, middle B), 3.79
(sept, J = 6.9 Hz, 2H,KdMe,), 3.32 (sept, J = 6.9 Hz, 2HHMe,), 3.31 (sept, J = 6.9
Hz, 1H, Pb&iMe,) 1.72 (s, 6H, N®le), 1.54 (d, J = 4.0 Hz, 6H, PbGie,), 1.42 (d, J
= 6.9 Hz, 6H, CHey), 1.25 (d, J = 6.9 Hz, 6H, QWk,), 1.23 (d, J = 6.9 Hz, 6H,
CHMe,), 1.19 (d, J = 6.8 Hz, 6H, QWk,).

3c{*H} NMR (100.5 MHz, GDs, 30°C):5 165.9 (\CMe), 143.7, 143.3, 142.5, 126.6,
125.4, 124.0, 123.6, 123.24(), 101.7 (PbCHMe,), 97.5 (middleCH), 28.2 CHMey),
27.6 CHMe,), 24.7 (CHMe,), 24.3 (CHMe,), 24.2 (CHMey), 24.1 (CHMe,), 23.0
(NCMe), 17.2 (Pb®e).

2Pp{"H} NMR (125.4 MHz, GDs, 30°C):5 3144.9

Elemental Analysis for §HssNoPb: Calc.: C, 57.55; H, 7.19; N, 4.20. Found: C497
H, 7.27; N, 4.15.

UV-vis (CsHe, 25°C):Amax 332.0 NMAsecondand48.0 nm.

Synthesis of p-diketiminate lead sec-butyl; LPb*Bu (5)

Lead chloride2 (300 mg, 0.45 mmol) was dissolved in ~10 ml ofigvle in a Schlenk
tube, and cooled to -78°BuMgCl (1.9 M, 260ul, 0.5 mmol) was mixed with ~5 ml
of toluene in another Schlenk tube, and was addmohdse to the cold solution @f

The mixture was left to stir at -78°C for two houafter which the toluene was
evaporated, replaced with pentane and the orangtasofiltered through Celite®. The
solution was placed at -30°C and small, dark oramgstals were observed after a few
days. Yield: 186 mg (60.7%).
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'H NMR (399.5 MHz, GDs, 30°C):5 7.06 (m, 6H, H), 4.63 (s, 1H, middle B), 3.80
(sept, J = 6.8 Hz, 2H,KMe,), 3.32 (sept, J = 6.5 Hz, 2HHMe,), 2.46 (m, 1H,
PbCH(Me)CH;Me), 1.73 (s, 6H, N®le), 1.61 (d, J = 7.3 Hz, 3H, PbCME)CH;Me),
1.45 (d, J = 6.7 Hz, 6H, Q¥e,), 1.25 (m, 14H, PbCH(Me)d;Me, CHVe,), 1.18 (d, J
= 6.7 Hz, 6H, CiVle,), 0.80 (t, J = 7.3 Hz, 3H, PbCH(Me)GHe).

13C{*H} NMR (100.5 MHz, GDs, 30°C):5 169.5, 166.1 (KMe), 143.9, 143.3, 142.5,
131.8, 125.4, 124.0, 123.64%), 108.7 (PERH(Me)CH,Me), 97.5 (middleCH), 28.3,
28.2 CHMey), 27.7 (PbCH(Me&JH,Me), 26.9, 26.8CHMe,), 25.0, 24.7, 24.3, 24.2,
24.1 (CHMey), 23.1, 23.0 (N®e), 15.6 (PbCH(Me)ChkMe), 13.0 (PbCH@e)CH,Me).
2pp{'"H} NMR (125.4 MHz, GDs, 30°C):6 3262.2

Elemental Analysis for §&HsoN2Pb: Calc.: C, 58.13; H, 7.34; N, 4.11. Found: CP87
H, 7.29; N, 4.02.

UV-vis (CeHe, 25°C):Amax 300.0 NM Asecondan452.0 nm.

Synthesis of p-diketiminate lead neo-pentyl; LPbNp (6)

Lead chloride2 (300 mg, 0.45 mmol) was dissolved in ~10 ml ofiwle in a Schlenk
tube, and cooled to 0°C. NpLi (35 mg, 0.45 mmolywaxed with ~5 ml of toluene in
another Schlenk tube, and was added dropwise tooldesolution oR. The mixture
was left to stir for two hours, after which theuehe was removead vacuo. Pentane
was then added and the orange solution filterealitiir Celite®. The solution was
concentrated and placed at -30°C. After a weelyge&rystals suitable for X-ray
analysis were observed. Yield: 209 mg (66.8%).

'H NMR (399.5 MHz, GDs, 30°C):5 7.03 (m, 6H, Hy), 4.60 (s, 1H, middle B), 3.76
(sept, J = 6.9 Hz, 2H,ldMe,), 3.28 (sept, J = 6.8 Hz, 2HHMe,), 1.71 (s, 6H,
NCMe), 1.49 (d, J = 6.9 Hz, 6H, Q¥k,), 1.23 (d, J = 6.9 Hz, 6H, Q¥k,), 1.21 (d, J =
6.8 Hz, 6H, Ciley), 1.16 (d, J = 6.8 Hz, 6H, Q¥k,), 0.87 (s, 2H, PbB,'Bu), 0.66 (s,
9H, PbCH'Bu).

3c{*H} NMR (100.5 MHz, GDs, 30°C):5 166.2 (NCMe), 143.4, 143.3, 142.8, 125.4,
123.9, 123.6 (Gy), 114.0 (PRH,CMe;), 97.3 (middleCH), 36.6 (PbCHCMe3), 28.3
(CHMey), 27.7 CHMe,), 26.6 (CHMey), 24.8 (CHMe,), 24.6 (CHMe,), 24.4 (CHMey),
22.9 (NQVie).

2Pp{"H} NMR (125.4 MHz, GDs, 30°C):8 3506.3
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Elemental Analysis for &Hs,N,Pb: Calc.: C, 58.69; H, 7.48; N, 4.03. Found: C5838
H, 7.56; N, 3.98.
UV'VlS (CGHG, 25°C))\max 3430 nm)\secondar)A-490 nm.

Synthesis of -diketiminate lead benzyl; LPbBn (7)

Lead chloride2 (300 mg, 0.45 mmol) was dissolved in ~10 ml ofigvle in a Schlenk
tube, and cooled to -78°C. BnMgCl (20% wt., 343 thgb mmol, THF) was mixed
with ~5 ml of toluene in another Schlenk tube, arad added dropwise to the solution
of 2. The mixture was left to stir for two hours, aftenich the toluene was removad
vacuo, pentane was added, and the orange solutiorefiltdrough Celite®. The
solution was concentrated and the product leftyestallise at -30°C, yielding pale
orange crystals. Yield: 126 mg (39.2%).

'H NMR (400 MHz, GDs, 30°C):8 7.03 (M, 6H, Hy), 7.01 (t, J = 7.6 Hz, 2H, m4h),
6.60 (t, J = 7.4 Hz, 1H, p4#d, 5.97 (d, J = 7.4 Hz, 2H, og), 4.67 (s, 1H, middle B),
3.77 (sept, J = 6.9 Hz, 2HHMe,), 3.21 (sept, J = 6.8 Hz, 2HHMey), 1.77 (s, 2H,
PbCH,), 1.72 (s, 6H, N®™e), 1.46 (d, J = 6.9 Hz, 6H, QWk,), 1.27 (d, J = 6.8 Hz, 6H,
CHMe,), 1.18 (d, J = 6.8 Hz, 6H, QWk,), 1.07 (d, J = 6.9 Hz, 6H, QHE,).

13c{*H} NMR (100.5 MHz, GDs, 30°C):5 165.5 (NCMe), 143.4, 143.2, 142.7, 141.9,
127.2,125.7, 124.2, 124.0, 122.4,{£};, 98.2 (middleCH), 94.6 (PbEH,), 28.3
(CHMey), 27.6 CHMe,), 26.5 (CHMey), 24.7 (CHMe,), 24.6 (CHMe,), 24.2 (CHMey),
23.0 (NQVie).

2'ph{*H} NMR (83.6 MHz, GDs, 30°C):5 2871.5

Elemental Analysis for &H4sNoPb: Calc.: C, 60.40; H, 6.71; N, 3.91. Found: C460
H, 6.79; N, 3.87.

UV-vis (CsHe, 25°C):Amax 316.0 NMAsecondand42.9 nm.

Synthesis of S-diketiminate lead tert-butyl; LPb'Bu (8)

Lead chloride2 (300 mg, 0.45 mmol) was dissolved in ~10 ml ofigvle in a Schlenk
tube, and cooled to -78°@ulLi (1.89 M, 240ul, 0.45 mmol) was mixed with ~5 ml of
toluene in another Schlenk tube, and was addeduisefo the cold solution & The
mixture was left to stir at -78°C overnight, aféenich the toluene was removed
vacuo, replaced with pentane and the bright orange isoldiltered through Celite®.
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Large, red crystals, suitable for x-ray analysisrevobtained from a concentrated
pentane solution at -30°C. Yield: 174 mg (56.0%)

'H NMR (400 MHz, GDs, 30°C):8 7.06 (M, 6H, Hy), 4.67 (s, 1H, middle B), 3.85
(sept, J = 6.9 Hz, 2H,ldMe,), 3.22 (sept, J = 6.8 Hz, 2HHMe,), 2.20 (s, 9H, Gley),
1.75 (s, 6H, N®e), 1.44 (d, J = 6.9 Hz, 6H, QWk,), 1.26 (d, J = 6.9 Hz, 6H, Q#k,),
1.21 (d, J = 6.8 Hz, 6H, Q¥e,), 1.18 (d, J = 6.8 Hz, 6H, QHE,).

3c{*H} NMR (100.5 MHz, GDs, 30°C):5 167.9 (NCMe), 144.6, 143.3, 142.3, 125.3,
123.8, 123.6 (Gy), 123.2 (PEMes), 97.7 (middleCH), 28.6 CHMey), 28.0 CHMey),
26.9 (CHVie,), 26.6 (CHVle,), 25.0 (CHMe,), 24.6 (CHMey), 24.1 (Pb®es), 23.5
(NCMe), 23.0 (Pb®™es).

2Pp{"H} NMR (125.4 MHz, GDs, 30°C):5 3684.2

Elemental Analysis for &HsoNoPb: Calc.: C, 58.13; H, 7.34; N, 4.11. Found: CP68
H, 7.28; N, 4.03.

UV-vis (CgHe, 25°C):Amax 375.0 nm.

Synthesis of p-diketiminate lead phenyl; LPbPh (9)

Lead chloride2 (300 mg, 0.45 mmol) was dissolved in ~10 ml ofiwle in a Schlenk
tube, and cooled to -78°C. PhMgBr (3.0 M, 1600.45 mmol) was mixed with ~ 5ml
of toluene in another Schlenk tube, and was addgadse to the solution &. The
mixture was left to stir for two hours, after whitte toluene was removéa vacuo,
pentane was added, and the yellow solution filténeough Celite®. The solution was
concentrated and the product crystallised at -3@Mang cubic yellow crystals. Yield:
80 mg (25.4%).

'H NMR (500 MHz, GDs, 30°C):8 8.51 (d, J = 6.9 Hz, 2H, odd, 7.58 (t, J = 7.6 Hz,
2H, m-Hoy), 7.12 (m, 6H, Hy), 7.04 (m, 1H, p-H), 4.80 (s, 1H, middle B), 3.58
(sept, J = 6.9 Hz, 2H,KMMe,), 3.22 (sept, J = 6.8 Hz, 2HHMe,), 1.77 (s, 6H,
NCMe), 1.38 (d, J = 6.9 Hz, 6H, QWk,), 1.25 (d, J = 6.9 Hz, 6H, Q#k,), 1.07 (d, J =
6.9 Hz, 6H, CHiley), 0.52 (d, J = 6.7 Hz, 6H, QWE,).

13c{*H} NMR (100.5 MHz, GDs, 30°C):5 164.1 (N\CMe) 144.8, 143.6, 142.0, 137.5,
130.0, 126.8, 125.9, 124.3, 123.7,(£} 98.3 (middleCH), 28.3 CHMe,), 27.3
(CHMey), 25.0 (CHMey), 24.4 (CHMey), 24.2 (CHMey), 24.0 (CHMey), 23.5 (NQMe).
2Pp{"H} NMR (125.4 MHz, GDs, 30°C):8 2419.0
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Elemental Analysis for &H44N2Pb: Calc.: C, 59.90; H, 6.56; N, 3.99. Found: CP60
H, 6.49; N, 4.10.
UV-vis (CgHe, 25°C):Amax 397.0 nm.



2. Synthesis, structure and reactivity of B-diketiminate

plumbylene and stannylene complexes
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2.1 Low-coordinate group 14 metal complexes

2.1.1 Low-coordinate group 14 metal systems

Complexes containing group 14 metals with a lowrdo@tion number are relatively
rare, although they can be synthesised by addifotarge, sterically encumbering
groups to surround the metal centre and prevegobmierisation. In the 1970’s Lappert
and co-workers synthesised some of the very firstmples of a group 14 heavy
element in a low-coordination environment, with thpreparation of divalent
germanium, tin and lead silylamides and silylalkghmplexe$*%* Whereas the tin and
lead dialkyl specie&XIll could be synthesised directly from the metal aidde, the

germanium species could only be synthesised franbigtrimethylsilyl) amideLXIl ,

to avoid the appearance ofGRtadical specie®’

Scheme 35 — Synthesis of low-coordinate group li#aeiides and silylalkyls.

Li Li

SiMeg ; ; Me,Si
L N .
MesSi—N MesSi~  “SiMes Me;Si” SiMe, >‘S'Me3
M: MCl, ‘M
/ = M=S P
MesSi—N M= Ge, Sn, Pb n, Pb >—Si|v|e3
SiMes MesSi
Li
LXII ! LXIIT
| Me3Si/\SiMe3 }
M =Ge, Sn

Whilst the lead compounds have both been repogedanomeric in natur&;®the tin
complexes of both the amide and alkyl substitudragse been shown to exhibit

dimerisation in both solution and the solid sfat®.

R
Pb R Sn—=Shn—=R
R

monomeric dimeric

Figure 35 — Lead and tin forms of silylamideXIl (R = N(SiMg),) and
silylalkyls LXIlI (R = CH(SiMg),).
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Heavily silylated ligands such as those preseritdti andLXIll have been widely
used to isolate examples of group 14 metals in tme@rdination numbers. Most
examples tend to contain electronegative substitgesups, such as those based on
carbon and nitrogen. A hypersilyl liganttig-(trimethylsilyl)silyl, [Si(SiM&;)3]) has
been used by Klinkhammer and co-workers to geneaageexamples of tin and lead as
electron-rich carbene analogif8sSynthesised by a metathesis reaction between the
alkali metal salt of the hypersilyl ligand, and tp@up 14 metal amides of typeIl ,

the tin and lead compoundsXlV and LXV were the first examples of bis-silyl

substituted stannyl-and plumbylenes.

Scheme 36 — Hypersilyl tin(ll) and lead(ll).

_ (Me3Si);Si Si(SiMe3)s
Sn(N(SiMe3),), \ S
Sn=Sn
| s\
(Me3Si)3Si Si(SiMes)3
MesSl LXIV
Me;Si—Si- -Li
Me3Si
| (Me3Si)3Si\
: /Pb:
Pb(N(SIMe3)2)2 (Me3S|)3S|
LXV

Power and co-workers produced details of low-cowth lead complexes with a variety
of small, terminal organic groups using a very lul&rphenyl ligand system, {8s-
2,6-(2,4,6Pr:CeH.)2]” (Ar¥).%% Those complexes with alkyl and aryl substituenesew
observed to be monomeric, and those with halides wiserved to dimerise, albeit by

long-range interactions.

Scheme 37 - Low-coordinate lead systems with Arr A 2,4,6-

triisopropylphenyl.

A Ar A
PbCl, Y MeMgBr Me
—l — Pb _ Pb
Ar Ar Ar

2

LXVI LXVII
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Large aryl substituents have also been used tdiseaimultiple bonding to heavy group
14 metal atoms. In 1996, Power and co-workers géeerthe first example of a triple
bond to a heavy group 14 element, in the synthekiEXVIII , a two-coordinate

germanium compound bound to molybdeniinMultiple bonds between group 14
elements can be obtained by the corresponding tieducof the metal halide with an
alkali metal [XIX), with the quantity of alkali metal directly afferg the resultant

metal-metal bond order — one equivalent result® imetal-metal single bond, two
equivalents result in a metal-metal double bond| so or’® The lead analogue of

LXIX can be generated with LiAlHnstead of the pure alkali metal.

Scheme 38 — Synthesis of multiple-bonded group ®fahctomplexes. Ar =
2,4,6-triisopropylphenyl.

Ar Ar _
Ar Ar
@ Na[Mo(Cp)(CO)s] _Cl NaorK M
GeiM‘O M = Ge M = \M
~ Cl:O\CO M= Ge,
Ar Ar Sn o Ar
LXVIII LXVI LXIX

When considering cationic metal complexes, a dodesy a terphenyl ligand system is
that they would produce a one-coordinate speciéschwvould be less stable than a
two-coordinate species. Upon reaction witls-pentafluorophenyl borane, Ar*PbMe
LXVI was observed to have the terminal methyl groupratistd to give a quasi-one-
coordinate lead cation, with toluene coordinateth®metal centre in the solid stéte.

However, this is a very rare example of a one-doatd group 14 metal cation, and

highlights the difficulty in isolating low-coordit@lead complexes.

Scheme 39 — Synthesis of a one-coordinate leadncatith Ar*. Ar = 2,4,6-

triisopropylphenyl.

Ar Ar
Me  B(CsF
QPK e Q%* [B(Me)(CeF o)l
Ar Ar

LXVII LXX
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2.1.2 Group 14 metal ionic complexes

There are very few examples of two- or three-cowmtdi group 14 metal cationic
complexes in the literature. No examples of twordowmte lead(ll) cations can be
found, other than the work presented in this chragteblished in our group’s paper
(appendix 4Y° Only one example of a tin(ll) cation has been regabin the literature

(scheme 40), stabilised by long range interactiitis a triflate anion I(XXIl ).”*

Scheme 40 — Generation of tin catiofiPg(AT)Sn]".[OTf]" (ATI =
aminotroponiminato, 1,2-N,N’-(s)

"Pr "Pr "Pr
\ \ \
NH

i) "BuLi /N\§n—CI AgOTf /N\ ‘ISn+ [OTH
—_— 7 —_— /
@:N\ ii) SnCl, N\ N\
"Pr "Pr "Pr
LXXI LXXII

The first example of a two-coordinaediketiminate group 14 cationic complex was
isolated by Power and co-workers, and containsria@@um centre, with a very bulky
[HO{B(CeFs)s}-] anion’? The closest distance between the cationic andatfienic

fragments was observed to be a Ge-F distance &f&8.@ distance close to that of the
sum of the respective van der Waals radii (3.47 ®e procedure to synthesise
germanium catio.XXIV involved treating the parent chloride with a mnetwf tris-

pentafluorophenyl borane and deoxygenated watdgrto a borate-type species, prior
to the removal of the chloride. Simple reaction pefrent chlorideLXXIll  with

deoxygenated water did not produce a reactionpadth Roesky showed that, if carried
out in the presence of an N-heterocyclic carbeneas possible to form the terminal

germanium hydroxidé&®

Scheme 41 — Formation of a germanium cation anch@aum hydroxide with
deoxygenated water. Ar = 2,6-diisopropylphenyl.

Ar OH Ar CI Ar
o H,0 only Lo | B(CeFs)3
N—Ge N—Ge B(CeFs)s N+ /
C 7 —X— v — ;C Ge” HO
iN‘ N H20 '\{/ B(CoFs)
Ar Ar Ar
LXXV LXXIII LXXIV

AN
T Mes\N N/Mes ’

H,0
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Attempts by our group to duplicate these resultgifgll) and lead(ll)p-diketiminates
failed, as the BDI tin and lead chlorides reacteeatly with deoxygenated water.

The germanium catiobXXIV has been studied in some detail by Driess and co-
workers, and they have succeeded in forming a aleutvo-coordinate germylene
complex’® A strong base was used to deprotonate one of #t@yingroups on the
backbone of th@-diketiminate ligand, to produce a diene-type gtre; thus removing
aromaticity from the eN,Ge ring and forming the germanium spedie&XV . Driess
also made use of lithiurbis-(trimethylsilyl)Jamide to form the neutral, two-calmate
germylene from the parent chloride in higher yield®wever, for heavier group 14
metals such as lead, this route results in thehegg of the corresponding lead amide,

L (vide supra). *®

Scheme 42 — Generation of a neutral, two-coordiB&tegermylene. Ar = 2,6-
diisopropylphenyl.

Ar CI /Ar
Kjr—c';e LiN(SiMe3), J N_ base ﬁr\ . B(CéFs)s
C v — Ge <~ (C " >Ge* HO
N s N
) N \ B(CsFs)3
Ar \Ar Ar
LXXIII LXXV LXXIV

GermlyeneLXXV shows novel reactivity at the backbone methyl gsoat the R
position; not a usual site for reactivity irpadiketiminate-type complex. Reaction with
trimethylsilyl triflate results in a TMS-methylersetstituted BDI germanium triflate,
and reaction with 1,2-dibromoethane adds a brotudke germanium centre and binds
two BDI units together via the methylene groupthatR position, with the elimination
of ethane (scheme 43).

Scheme 43 — Reactivity of germlyelngXV . Ar = 2,6-diisopropylphenyl.
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Recently, Jones and co-workers have published wowhich BDI germanium and tin
chloride are reduced with elemental lithium, ané abserved to undergo a ring
contraction to form a five-membered cyclopentadienanalogué® A very bulky B-
diketiminate ligand was used, witért-butyl groups at the Roosition (F“BDI), instead

of the more common methyl groups. Reaction of‘ 8Dl metal chloride with excess
lithium in THF afforded a Cp-like anionic structueith ann>-bound lithium for both
germanium and tifi-diketiminates (XXVIII ). However, attempts to prepare the lead
counterpart of ?“BDI)GeCl and £“BDI)SnClI produced no identifiable produéts.

Scheme 44 — Synthesis of germylidenide and staeyile Cp-like ring
structures. M = Ge, Sn. Ar = 2,6-diisopropylphenyl.

.
ring s Bu /N\ Ar
contraction — M—N’
tBU Li
Li(THF)
'Bu xs. Li
Bu— ~Sy- M- THF
Al

LXXVIII
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2.2 Synthesis and reactivity of pg-diketiminate plumbylene and stannylene
complexes

2.2.1 Synthesis and characterisation df-diketiminate plumbyl-(IN-ene tris-
(pentafluorophenyl) (methyl) borate, [LPYB(Me)(CsFs)s]” (10)

Addition of one equivalent of the bulky neutral &oe B(GFs)s to the lead methyl
complex3 at -10°C resulted in complete conversion of thiboyealkyl complex to a
red compound within one hour. Methyl bordi@ was isolated in 66% yield, and was
found to only be soluble in polar solvents suchdimhloromethane. ComplekO was
also observed to be very stable towards temperangdight, unlike its parent complex,
lead methyB.

Scheme 45 — Synthesis of [LPb][B(Me)(CsFs)s]” (10). Ar = 2,6-
diisopropylphenyl.

ﬁ;r..':fs B(CeFs)3 ﬁr
$%_N, —CeTel $%_N;Pb+ B(Me)(CoFo)s
[N [N
Ar Ar
3 10

Despite repeated attempts at crystallisation imralver of solvents, no crystals suitable
for X-ray diffraction were able to be grown. Howevevidence from théH NMR
spectrum shows only one septet for ispropyl methyne protons on the ligandéat
2.77 0 = 6.8 Hz), indicating a symmetrical environmeraward the metal centre. The
abstraction of the methyl group from the lead atsriurther supported by a shift in the
'H NMR spectrum of the resonance corresponding eéontiethyl substituent t 0.45,
from & 0.56 in the parent meth@l Despite repeated attempts, in increments ddin-
10,000, n®Pb NMR spectroscopic signal was able to be detectechethyl borate
10, potentially due to a short relaxation time of fead nucleus® The *F NMR
spectrum shows only three fluorine environmentspms would expect from a non-
coordinating pentaflurophenyl compound. Horton eodvorkers have reported that the
difference in chemical shift betweeneta- and para-positioned fluorine atoms in a
[RB(CsFs)3]” group (where R = Me, Bn) is a good indication ofvhstrongly the anion
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is coordinating to the catiofi.A3(m,p-F) values of 3 — 6 ppm were observed to indicate
coordination, whereas values less than 3 ppm iteticaoncoordination. Th&d(m,p-F)
value observed for methyl borai® was 2.6 ppm, consistent with a noncoordinating

anion.

2.2.2 Synthesis and characterisation pfdiketiminate plumbyl-(Il)-enetetrakis-
(pentafluorophenyl) borate, [LPOIB(CeFs)4]” (11)

Lead boratell was generated by addition of one equivalent dfidin tetrakis-
(pentafluorophenyl) borate to a toluene solutionle#d chloride2 at -78°C. After
warming to room temperature and stirring for thimynutes, the solution was filtered
through Celite® and boratel was isolated in 33% yield. Similar to methyl ber&o,
boratell was observed to be stable for long periods at rtemperature, and did not
decompose on exposure to light sources. Botatevas found to be only soluble in
halogenated solvents such as dichloromethane, acahtposed to a complex mixture

of products in the presence of ethereal solvents) as THF.

Scheme 46 — Synthesis of [LPHB(CsFs)4] (11). Ar = 2,6-diisopropylphenyl.

'?‘r (IJI LiB(CeFs)a '?‘r

iﬂ?”’ — iz;w B(CoF o)
Ar Ar
2 1

The complex was crystallised from a slow condengsabif pentane into a concentrated
solution in dichloromethane. The X-ray crystal stune revealed a coordinated DCM
molecule. Potentially due to the presence of BfdM molecule, the metal centre is
moved out of the plane of the ligand backbone #g80.A, and the Pb-CI1 distance is
significantly longer in boratd1 than in the parent lead chlori® as expecte® A
long-range interaction is also observed betweemtél centre and a fluorine from the
[B(CeFs)4] anion, with Pb-F3 distance of 3.319(4) A, justhiitthe sum of the Pb-F
van der Waals radii of 3.49 A. This interaction nmt even be present in the solution
phase, evident from th&F NMR spectrum. The Pb-N bond distances (avera2@ &)
are shorter than those reported for the electioatgtbound LPb(OTf) (average 2.28
A) reported by Roesky and co-workéfsas well as the parent lead chlori2léaverage
2.29 A)* indicating a more electropositive metal centree N-Pb-N2 bond angle of
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84.34(16)° is slightly wider than the chloride (82.77(7)°)* and the lead alkyl
complexes, most likely due to the reduction ofistbulk around the metal centre.

Table 16 — Bond angles (°) and lengths (A) for ['PEB(CsFs)s” (11) with
coordinated DCM.

N1-Pb-N2 84.34(16) N1-Pb 2.239(4)
C1-N1-C6 | 121.5(4) N2-Pb 2.226(4)
C1-N1-Pb 125.8(4) Pb-Cl1 3.208(6)
C6-N1-Pb 112.7(3) Pb-F3 3.319(4)
C3-N2-C18 | 121.3(4) Gem-Cl1 1.769(14)

C3-N2-Pb 126.8(4) Gem-CI2 1.738(13)

C18-N2-Pb | 111.9(3) N1-C1 1.346(7)
N1-C1-C2 124.4(5) C1-C2 1.396(8)
C1-C2-C3 130.4(5) C2-C3 1.399(8)
C2-C3-N2 124.0(5) C3-N2 1.335(7)

Pb — plane 0.480

The'H NMR spectrum in deuterated DCM, shows one semeesponding to thiso-
propyl methyne protons on the ligandd®.76 0 = 6.9 Hz), indicating a symmetrical
environment around the metal centre, similar td #e@n in théH NMR spectrum of
methyl boratel0. This is in contrast to the structure seen insibled state, and could be
due to a truly symmetrical environment around thE(plane being present when the
complex is in the solution phase, or to a rapicemsion, in which the DCM molecule
moves in and out of the coordination sphere oflélael atom, resulting in an average
spectrum being observed in solution. Crystal pagkances could also contribute to the
movement out of the plane of the lead atom wherctimplex is in the solid state, due
to the presence of the coordinating DCM moleculbisTwas explored further in
computational studiesiifle infra). The *®F NMR spectrum shows three signals which
are in very close agreement to the correspondmpts in methyl borat&0, indicating
the presence of a noncoordinating pentafluoropheoyate compound. A°’Pb{*H}
NMR signal was observed at-951, significantly upfield from the alkyl complex
(averaged ~3000 ppm).



110

o2l Ny
N+ I~ \

Cl2

Figure 36 — [LPb] [B(CeFs)4]” (11) with coordinated DCM. 30% probability
ORTEP ellipsoids, BDI ligand and thregRg rings minimised, and H-atoms
omitted for clarity.

\/ cH

\
P~
c1 M / \ po
e v

Figure 37 — [LPDb] [B(CsFs)s]” (11) side-on, showing position of coordinated
DCM molecule. 30% probability ORTEP ellipsoids, BIjand minimised and
[B(CgFs)4]” @anion and H-atoms omitted for clarity.
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2.2.3 Synthesis and characterisation d-diketiminate stannyl-(I)-ene tris-
(pentafluorophenyl) (methyl) borate, [LSHB(Me)(CsFs)s] (12)

In the same fashion as the lead complek@sand 11, tin methyl boratel2 was
synthesised by addition @fis-pentafluorophenyl borane to a dicholoromethanetiswiu
of B-diketiminate tin(ll) methyl at -10°C. After warmgnto room temperature, and
stirring for two hours, the solvent was removed paté yellow methyl borat&2 was
isolated in 38% vyield. The tin complex was obsert@de insoluble in aliphatic and
aromatic hydrocarbon solvents, but was solublealodgenated and ethereal solvents
such as dichloromethane and diethyl ether. The oo was also observed to be very
stable at room temperature, and did not show eeeleh degradation upon exposure to

light sources.

Scheme 47 - Synthesis of [LSn][B(Me)(CsFs)s (12. Ar = 2,6-
diisopropylphenyl.

ﬁil\é’l: B(CeFs)3 ﬁr
?N/ —_— ;C:N>Sn+ B(Me)(CeFs)s”
A A
Ar Ar
12

Attempts to crystallise a sample of methyl borbk2an non-coordinating solvents were
unsuccessful. However, on cooling a concentratethgi ether solution of the complex
to -30°C, crystals were obtained suitable for X-thfjraction studies. The solid-state
structure has a diethyl ether molecule bound to rttegal centre, where the Sn-O
distance is 0.133 A longer than that in the tréf|ldtSnOT* and 0.364-0.382 A longer
than in the tin alkoxide complexes, LSnOR (FPs *Bu, ‘Bu).*® Due to the presence of
this coordinated EO molecule, the tin atom is displaced from th&l£plane by 0.473
A. This is 0.334 A and 0.177 A smaller than thepllisement in the parent LSnMe and
the triflate, LSNOTf, respectivef{}:** The Sn-N bond distances are shorter than those of
the parent LSnMe (by ~0.07 A) and of LSnCI (by 404), but very similar to those of
LSnOTf3*%* This indicates a more electropositive metal cengred supports the
evidence for the presence of a cationic tin spettesommon with lead boratkl, the
N1-Sn-N2 bond angle of 86.61(7)° is wider than fhaent LSnMe (84.69(7)%,
potentially due to the decrease in steric bullhatrhetal centre.
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oxygen atom is very close to planarity, and threerdinate.

The DOP around the tin atom is 98.13%, which igl&Smaller than that reported for
the tin triflate3* However, the DOP around the oxygen is 2.86%, shgwhat the

Table 17 — Bond angles (°) and lengths (A) for [I'SiB(Me)(CsFs)s]” (12)
with coordinated diethyl ether.

N1-Sn-N2 86.61(7) N1-Sn 2.1342(1J7)
C1-N1-C6 117.97(17) N2-Sn 2.1480(17)
C1-N1-Sn 124.86(14) Sn-O 2.3872(17)
C6-N1-Sn 117.16(13) B-C52 1.633(4)
C3-N2-C18 | 120.44(18) 0-C30 1.445(4)
C3-N2-Sn 126.51(15) 0-C32 1.447(4)
C18-N2-Sn | 112.29(12) N1-C1 1.347(3)
N1-C1-C2 124.5(2) C1-C2 1.392(3)
C1-C2-C3 128.7(2) C2-C3 1.395(3)
C2-C3-N2 123.6(2) C3-N2 1.332(3)
Sn—plane |0.473 DOPRin (%) 98.13
DOPoxygen (%) | 2.86
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Figure 38 — [LSn] [B(Me)(CsFs)3]” (12) with coordinated BO. 30% probability
ORTEP ellipsoids, BDI ligand, ethyl groups angF&£rings minimised, and H-

atoms omitted for clarity. /

Cc32

Figure 39 — [LSn] [B(Me)(CeFs)s]” (12) side-on, showing position of
coordinated EO molecule. 30% probability ORTEP ellipsoids, BDgand
minimised and [B(Me)(gFs)s]” anion and H-atoms omitted for clarity.
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In the®H NMR spectrum (CBCl,), only one environment is observed for thepropyl
methyne protons on the ligand,&2.71 0 = 6.8 Hz), leading to the same conclusion as
for lead boratell; the environment in solution allows the ether male to rapidly
move in and out of the coordination sphere of tletat or the metal centre is displaced
from the GN, plane in the solid state due to the coordinatibrdiethyl ether. A
19%5n{*H} NMR signal was observed &-139.5, significantly upfield from that of the
parent LSnMe, ab 192.73°

2.2.4 Synthesis and characterisation @fdiketiminate stannyl-(ll)-enetetrakis-
(pentafluorophenyl) borate, [LSNB(CeFs)4]” (13)

Similar to the case with the corresponding leadesys boratell, treatment of LSnCI
with one equivalent of Li[B(gFs)4] at -78°C results in the formation of stannylene
[LSn]" [B(CsFs)s]” after two hours of stirring at room temperaturdteA filtration
through Celite®, tin borat&3 was isolated in 42% yield. In addition to beindusde in
halogenated solvents such as dichloromethane, eb@fais also stable in ethereal
solvents such as diethyl ether. However, despjeated attempts, no crystals suitable

for X-ray diffraction studies were able to be grown

Scheme 48 — Synthesis of [LSHB(CsFs)4]” (13). Ar = 2,6-diisopropylphenyl.

ﬁ\r ('IJI ,?\r
_ LiB(CeFs5)4
iN/Sn - . i'\l>8n+ B(CsFs)4
N N
N N
Ar Ar

13

The'H NMR spectrum shows one environment for is@propyl methyne protons on
the ligand at 2.95 J = 6.8 Hz), indicating a solution-phase symmetnei®nment
around the metal centre, similar to the rest ofsimges. Three distinct environments are
present in the® NMR, with a Ad(mp-F) value of 2.6 ppm, indicating a non-
coordinating anion. A**Sn{*H} NMR signal was observed & 197.0, significantly
downfield from that of the parent tin chloride, LGnat & -2243* Despite multiple

attempts, a satisfactory elemental analysis far ¢bmpound was unable to be obtained.
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2.2.5 Synthesis and characterisation of -diketiminate  stannyl-(l1)-ene
tetrachloroaluminiate, [LSAHJAICI 4" (14)

By the addition of AI({ to the tin chloride, LSnCI, the chloride group vedostracted in

a similar fashion to the methyl group in the leadhplex10 and the tin compled2. A
dichloromethane solution of aluminium trichlorideldh at -78°C was treated with one
equivalent off-diketiminate tin(ll) chloride and allowed to warim room temperature.
After stirring for two hours, tin tetrachloroalunme 14 was isolated in 33% yield. The
complex was found to be only soluble in halogenatddents such as dichloromethane,
and did not show any evidence of decompositionxpogure to light sources.

Scheme 49 — Synthesis of [LSHRICI 4] (14). Ar = 2,6-diisopropylphenyl.

,?\r Clll ,?‘r
_ AICI
c NS o Nt Aol
N N
Ar Ar
14

The solution-phastH NMR spectrum in deuterated DCM showed one enwiremt for
the iso-propyl methyne protons on the ligand, with a septed 3.26 J = 6.7 Hz),
indicating a symmetrical environment around theaheéntre, in similar fashion to the
rest of the plumbyl and stannyl complexes in théese A **°Sn{*H} NMR signal was
observed ad 626.6, significantly more downfield from the otrstannylene complexes
in the series, as well as the parent tin chlorilesharp?’Al{ *H} NMR signal was

observed ab 99.7, indicative of an [AIG] anion’’

However, when placed in a concentrated dichloroarethsolution at -30°C to
crystallise, the compound decomposed and crystdlis a compound in which the BDI
ligand is protonated at thgcarbon, and coordinated to a cationic aluminiumtree
(figure 40). This compound has not been previouoklgracterised, and does not appear
in the Cambridge Structural Database. However, itespur attempts, the complex is
unable to be reproduced, due to the exact conditionformation being unknown; the
BDI-Al complex [(H)LAICI;]" [AICI4” was generated by accident. Searches of the
Cambridge Structural Database do not reveal amgr atbmplexes with a similar ligand.
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Figure 40 — [(H)LAICH" [AICI4] with coordinated DCM. 30% probability
ORTEP ellipsoids, BDI ligand minimised and H-atoomsitted for clarity.

This aluminium complex has a tetrahedral carbomhay-position in the backbone,
which is pushed out of the plane of the ligand sinailar way to the metal atom (figure
41). The crystal adopts a boat-type configuratieith the aluminium atom displaced
out of the N1-C1-C3-N2 plane of the ligand by 0.846They-carbon, C2, is displaced
by a smaller amount from this plane (0.370 A). mwwoordinating dichloromethane
molecule is also observed in the crystal structwrth Al-Clpcwm) distances upwards of
5.79 A, far outside the van der Waals radii ford€l interaction.



Figure 41 — [(H)LAIC}H]" [AICI 4] side-on, showing displacement of C2 from the
ligand plane. 30% probability ORTEP ellipsoids, B@and minimised and H-
atoms, coordinated DCM molecule and [AfChnion omitted for clarity.
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2.3 Reactivity studies

A neutral phosphine was added to one equivalemeathyl boratelO in an attempt to
generate a coordination complex in scheme 50. W@oldlition, a colour change from red
to yellow was observed, and a new peak was présetie P NMR spectrum. The
reaction was seen to decompose after a few dayah temperature into an
unidentifiable mixture of products. However, theactivity was unable to be duplicated

when the reaction was scaled up.

Scheme 50 — Addition of coordinating PMe [LPb] [B(Me)(CsFs)3]” (10). Ar
= 2,6-diisopropylphenyl.

Ar Ar

| |

N—Pb* B(Me)(CsFs)y PM —Pb* B(Me)(CeFs)s
iN/ (Me)(CgFs)3 €3 i:/ ~ (Me)(CeFs5)3

N N PMe3

Ar Ar

10

In an attempt to form a neutral lead (ll) speciasalogies were drawn with the
germanium equivalent studied by Dreiss and co-wsrkeOne equivalent of butyl
lithium was added to methyl borai® (scheme 51). However, this resulted in an
immediate precipitation of black powder, assumetad®b(0). ThéH NMR spectrum

showed a complex mixture of products that were lentabbe isolated.

Scheme 51 — Test reaction, with suggested prothratleprotonating one of the
methyl groups to form a neutral, two-coordinate nylene. Ar = 2,6-

diisopropylphenyl.

,?\r . "BuLi ,?\r
N—Pb* B(Me)(CqFs)s™ ; A\
?N/ (Me)(CeFs)3 X 7 N(Pb

) 2
}Ar - Li(Me)B(C4F5)3 }Ar
- BuH

10
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2.4 Computational studies

Using the same methodology (B3LYP) as with the latigmplexes, lead borafel and

tin methyl boratel2 were studied using Gaussian GO3W and GaussvieW. v9.
Combined optimisation/frequency calculations usinty the LANL2DZ basis set were
carried out over both complexes, using the solidesstructure as a starting point. A
second set of calculations was carried out withxedhbasis set of LANL2DZ over the
metal centre, to account for the large number e€tebns, with 6-31G* used over all
other atoms. The compounds were treated as ionicatnre, and the anions were
omitted from the calculations to reduce procesgintge. The charge defined in all
calculations is +1. Any coordinating solvent molesuwere still included, and the
stabilisation effect due to the solvent interactiomere calculated by performing
calculations on the lone solvent molecules, andkinimg the energies derived from
these with the energies from the free cation catmns, then finding the energy
difference. However, where two or more fragments aholecule interact, their basis
functions overlap during the course of a calculateamd improve the calculation of
derived properties such as energy. Therefore, tieegy of the system of interacting
fragments does not equal the sum of the energyaol éendividual fragment, when
added to the stabilisation energy. This mismatalefisrred to as basis set superposition
error (BSSE). The calculations carried out on leachplex11 and tin compleXl2 are
not corrected for thi§€> BSSE can be calculated by using Counterpoise CGiore

calculations, but our attempts at this failed.

The HOMO, LUMO and lone pair energy levels wereagied from the NBO analysis
of the calculations, and the number of energy keumtween the lone pair and the
HOMO was noted. In common with the lead alkyl coexgls, the natural electron
configuration was noted, comprising measuremerdk as the occupancy asdandp-

orbital contributions to the lone pair.

Data tables can be found in appendix 2 (bond lexdpbnd angles and molecular orbital

energy levels).
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2.4.1 Discussion of geometry optimisations

For the lead pentafluorophenyl borate [LPH(CsFs)s]” 11, computational calculations
were performed on the free cation, [LPnd on the dichloromethane-solvated cation,
[LPb]".DCM. The metal centre is shown to lie within theNgplane in the free cation,
but is moved out of the plane in the dichloromethaoordinated compound by 0.05 A
in the single basis set calculation, and by ~ &d@ the mixed set calculation. This is
much less than in the solid state structure, botesehat expected, as the calculations
omit the bulky anion which would have played a éample in the packing of the
molecules within the crystal. The internal N1-Pb-&®jles are slightly larger (~2-4°)
than those in the lead alkyl complexes, most likdlg to the absence of a substituent
on the metal centre, which is now two-coordinate,opposed to three-coordinate.
Although the solid state structure was used as $t&ting geometry, the
dichloromethane molecule was shown to change pasiélative to the lead centre over
the course of the calculation (figure 42). This radia of position moves the solvent
molecule so that the Pb-Cl distance increases Bd08(6) A in the solid state to an
average of 4.857 A in the calculations, accounfirgthe two different calculations.
This computed distance lies outside of the Pb-Gi dar Waals radii of 3.77 A,

indicating that the metal centre is indeed two-dawate in the gas phase.

Figure 42 — Solid state (starting) geometry (left)d optimised geometry (right)
for solvated cation [LPB]JDCM.
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In a similar fashion to lead borafe, calculations were performed on both the free
cation and the solvent-coordinated cation of tirthyleborate [LSn] [B(Me)(CsFs)3]”

12, with both the single and mixed basis sets. Coatthn of diethyl ether to the metal
centre moves the tin atom out of thgNg plane of the ligand by a very similar amount
in both the single and mixed basis set calculatiansund 0.373 A. This is far greater
than the displacement of the metal centre in thevipus lead cationic complex,
possibly due to the greater interaction from theesd molecule. The distance between
the tin atom and the 88, plane of the ligand is ~ 0.1 A smaller than isdevit in the
solid state, allowing an indication of the effeofssolid-state as opposed to gas-phase
structure, as well as the added presence of thenaonmitted in the computational
calculations. The Sn-O distance is ~ 2.435 A, hgween lengthened by ~ 0.5 A from
that found in the solid state. However, this distalies well within the Sn-O van der
Waals radii of 3.69 A, indicating a coordinationdraction between the two fragments.
The internal N1-Sn-N2 angle is an average of 88.@Tfich is ~ 0.5° larger than the
internal angle in the reported LSnO*ffand ~ 5° larger than those reported in the tin

alkoxides®®

The diethyl ether molecule in tin methyl boraflies in anendo- position, on the same
side of the GN, plane as the metal atom, with a very low DOP adothve oxygen of
0.48% for the single set calculation, and 0.91%tf@r mixed set calculation. These
values indicate the environment around the oxygemas very close to planarity,
perpendicular to the{Bl, ring. The DOP of the oxygen in the crystal struetis around
2% larger than that found by computation. The DOPthe tin atom from the
calculations is ~ 94%. This is ~ 4% smaller thaat thbserved in the solid state and

around 3-6% smaller than that observed in thelkioxide crystal structure®.
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Figure 43 — Optimised geometry for solvated cafid@®n]*.Et,O.

2.4.2 Solvent stabilisation effects

Although the close proximity of the dichloromethanelecule stabilises the lead cation
by 3.16 kcal mat, this stabilisation is not due to any direct borgdbetween the metal
centre and the solvent. The electronic energiestfieymal enthalpies (H) and thermal
free energies (G) for the single basis set calmraivere very high due to the final

position of the coordinated dichloromethane molecdalthe output (figure 44).

Figure 44 — Position of the DCM molecule in thepuitfrom the single basis set
calculation (left) and the mixed basis set caleafairight). An N-aryl ring is

omitted for clarity, but was present in the caltiolas.
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The dichloromethane lies further away from the leadtre by 1.432 A in the single set
calculation than in the mixed set calculation,tse produces values afE, AH andAG
that are much closer to that of a free cation. &loee, the energy difference between
this calculation and the sum of the true free catiad dichloromethane is very large.
Repeat calculations produced the same positioningeosolvent molecule, and so the
result was assumed to be an inherent cause of tl@ngANL2DZ basis set over all of
the atoms. The mixed basis set calculations pratifee more plausible results,

indicating that the solvated cation is ~ 3.2 kcal frmore stable than the free cation.

Table 18 — Energy differences between calculatfondead boratell Values

are the stability of the solvated cation vs. fragan + dichloromethane.

Basis set AE AH AG AS

(kcal mol%) (kcal mol%) (kcal mol%) (cal K* mol™)
Single | -558,000 -558,000 -558,000 24.5
Mixed | 3.16 2.61 -4.55 24.0

In addition to the above stabilities, the strengthsolvent interaction with the metal
centre can also be supplied from the calculatidssthe position of the DCM molecule
differs between the single basis set and the midassis set calculations, this affects the
strength of the interaction. The single basis a&tutation shows little to no interaction
between the DCM and metal centre (< 0.5 kcal thavhereas the mixed set shows a
small interaction of 1.0 — 1.2 kcal miolThis supports the conclusion that the DCM

molecule is weakly-coordinating.

Using the single basis set on the tin methyl bot&f¢he coordinated tin cation appears
to be ~ 8.1 kcal mdl less stable than the combination of the free natiod solvent
molecule. However, the mixed basis set calculadioows that the coordinated cation is
~ 4.2 kcal mol more stable. Using the same reasoning as withetite compound.1,
the use of the LANL2DZ basis set over all atomsdpoes higher values fayE, AH
and AG than the calculation where LANL2DZ is used in jooiction with the 6-31G*
basis set. As the mixed basis set produced motkbteeresults in the calculations for
lead boratel ], it is logical to extend this plausibility to timeixed set calculation for the

tin complex12, and place less importance upon the values defieed the single basis
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set calculation. As such, we can see that the msetdcalculation shows that the
coordinated cation is more stable than the fremmatvhich is what is observed in the

solid state.

Table 19 — Energy differences between calculatfongin methyl boratel2.
Values are the stability of coordinated cationfiese cation + diethyl ether.

Basis set AE AH AG AS

(kcal mol%) (kcal mol%) (kcal mol%) (cal K* mol™)
Single -8.09 -8.15 -22.0 46.4
Mixed | 4.17 4.11 -9.95 47.2

It is worth noting that thG term for both the tin and lead compounds is negaas
the entropy term is increased for the two distimzilecules of the free cation and
solvent, against the single coordinated complexs Tutweighs any thermodynamic

stabilisation effects from the coordination of #mdvent to the cation.

When regarding the energy of solvent interactiothéometal centre, a larger value is
expected for the tin complex, compared to the tEadplex, as the coordinating ether
molecule is much closer to the metal centre. Thglsibasis set calculation gives this
energy as 24.5 kcal mlwhereas the mixed set calculation provides dsjigower
value of 22.2 kcal mdl These values are much higher than the solvesttaction
energy of the lead complex, and so support then@aif a more-strongly-coordinating

solvent molecule in the tin complex.

2.4.3 Molecular orbitals

Both calculations for the lead cationic complekassign very similar energies (within
1-2 kcal mot") to the HOMO and LUMO in each calculation. The HOMUMO gap

is ~ 95 kcal mot, around 35 kcal mdl smaller than the majority of the lead alkyl
complexes. In common with the lead alkyl complestks, LUMO of the lead cationic
complex11 is a dumbbell shape of an emgiyrbital, centred on the lead atom. This

shows that the positive charge of the complex &.k&ck of electrons) can be formally
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placed on the metal centre. However, in contragitedead alkyl complexes, the empty
p-orbital in the cationic complex is aligned with thyl groups on the BDI ligand, with
the lobes of the orbital facing away from the arbmangs (figure 45), consistent with
the abstraction of a terminal substituent from iietal atom. This positioning of the
orbital indicates that the cationic complex maynhbere reactive than its precursors in
the lead alkyl series, as electrons can now betddnanhindered, into the emppy
orbital. The HOMO of lead cationic compléXd is located on one of the aryl rings of
the BDI ligand (also figure 45) and is one of thhemaatic C-C bonding orbitals. The
orbital shapes of both the HOMO and LUMO did noampe between the solvated
cation and free cation calculations, and so theealud the LUMO also demonstrates

that there is no solvent coordination to the metaltre.

Figure 45 — View of the LUMO (left) and HOMO (righof the lead cationic

complex11l. DCM molecule excluded for clarity; the present&bich does not

affect the shape of the orbitals.

The lead-centred lone pair is found at the HOMOe&M®! in the solvated calculation,
and at HOMO-11 in the free cation calculation. Ehesbitals have similar energy to
each other, at around -340 kcal fhoThis is lower in energy that the lone pair orhiita

the lead alkyl complexes, possibly due to the atxsesf another substituent and its

associated molecular orbitals on the lead atom.
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Figure 46 — View of the lead-centred lone pair fiize cation [LPb] (left,
HOMO-11) and solvated cation [LPHAPCM (right, HOMO-15).

The HOMO-LUMO gap in the ether-coordinated tin nyéttorate complex2 differs
between the two calculations, but both assign \&milar energies to the HOMO
energy level. The single set calculation indicaaelOMO-LUMO gap of ~ 64 kcal
mol?, whereas the mixed set calculation indicates aofayearly double this energy, at
~ 104 kcal mot. For the free cation, both calculations revealHi@MO-LUMO gap to
be ~ 93 kcal mét. In contrast to the lead cationic complé, where the solvent
molecule is non-coordinating, the inclusion of tw@ordinating ether molecule in tin
complex12 alters the orbital assigned as the LUMO of the glem In the free cation
calculations, where there is no coordinating sdivealecule present, the LUMO of the
complex is an emptp-orbital (figure 47), in much the same manner ashi lead
complex1l. This is to be expected, as the central tin atertwb-coordinate, with no
terminal substituent present. However, in the delyecation calculation, when the
diethyl ether molecule is included, the LUMO of ttmmplex is no longer an empy
orbital on the tin centre, but is now located ore @i the carbon atoms on thgNz
backbone of the BDI ligand (also figure 47). Theverment of the LUMO can be
attributed to the oxygen atom of the ether moledaleating electrons into thgeorbital
on the metal centre, as this is the lowest-enenggcupied orbital on the free cation, as
described above. The presence or absence of thdigating diethyl ether molecule

does not affect the position of the HOMO, and inhbthe free- and solvated cation
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calculations, the HOMO is located on an aryl rifigh® BDI ligand, in a very similar

fashion to the lead compléx (vide supra, figure 45).

Figure 47 — View of the LUMO of the free cation S (left) and solvated
cation [LSn].EtO (right).

For both the free and solvated cation, the lonewas recorded at the HOMO-9 level,
with both calculations reporting very similar engifgr the lone pair in the free cation,
at ~ 299 kcal mél. In the solvated cation, the lone pair was founché higher in
energy, probably due to the coordination of a suiveolecule to the tin centre. The
single set calculation reported the tin lone paibe ~ 10 kcal mdl lower in energy

than the corresponding orbital from the mixed sdétwation.
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Figure 48 — View of the tin-centred lone pair foed cation [LSn] (left) and
solvated cation [LSA]ELO (right).

2.4.4 NBO analysis and natural electron configuration

From the NBO analysis, the occupancy and contoinutd the lone pair from the and
p-orbitals could be recorded. The lead cation catmra showed a highes-orbital
contribution to the lone pair by around 2.2% whempared to the parent lead chloride
2, and a much highes-orbital contribution, of around 6.5%, than the lealityl
complexes. The free cation contributed a very #lglhigher amount than the
coordinated cation (~ 0.1 %). The tin complexeso afiowed a highes-orbital
contribution to the lone pair than was presenthie tin chloride, with the solvated
complex giving a ~ 2% higher contribution, and thee cation giving a ~ 4% higher
contribution. Comparisons were made with the sisglecalculations only, as this was
the same level of theory used on the halide systéfise increase is-character from a
halide, to an alkyl, to a solvated cation, to &feation corresponds with an increase in
the population of the Horbital (6 in the case of lead), and is consistent with the
strength of the metal-substituent interaction —weaker the interaction, the leslp

mixing is observed in the lone pair, leading toadee contribution from ths-orbital.
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Compound Natural electron Lone pair NBO on Lone pair
configuration (Pb/Sn Pb/Sn occupancy
LANL2DZ on all atoms.
[LPb]".[DCM] | 6s (1.87), 6p (0.65) s[94.00%] 1.979
p 0.06 [6.00%)]
[LPb]” 6s (1.87), 6p (0.64) s[94.09%] 1.979
p 0.06 [5.91%)]
[LSn]".[Et,0] 5s (1.77), 5p (0.72), | s[88.64%] 1.963
6p (0.01) p 0.13 [11.36%)]
[LSn]* 5s (1.81), 5p (0.72) s[90.52%)] 1.973
p 0.10 [9.48%)]
LANL2DZ on Pb; 6-31G* on all other atoms.
[LPb]".[DCM] | 6s (1.91), 6p (0.66), | S[95.57%)] 1.986
7p (0.01) p 0.05 [4.43%)]
[LPb]” 6s (1.89), 6p (0.69) s[94.74%)] 1.986
p 0.06 [5.26%)]
[LSn]".[Et,O] 5s (1.77), 5p (0.72), | s[88.64%)] 1.963
6p (0.01) p 0.13 [11.36%)]
[LSn]” 5s (1.83), 5p (0.76) s[91.32%)] 1.981

p 0.10 [8.68%]
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25 Summary

We have synthesised a series of low-coordinate é@aldtin cationic complexes. Initial
reactions were carried out from lead metByas the methyl substituent was observed to
be able to be abstracted by a bulky borane spetiesmethodology was extended to
the parent chlorid@ and the analogous tin complexes, LSnCl and LSniéch were
found to form ionic tin complexes of similar forma the lead analogues. Aluminium
trichloride was also able to be employed to abstitae chloride substituent from the
parent tin chloride compound, LSnCl. This was ueabl be carried out successfully
with the equivalent lead complex. In solution,thl cations appear as symmetrical, but
in the solid state some are observed to coorditwas®lvent molecules. Computational
calculations have revealed that the solvated coxeplare slightly more stable than
their free cationic analogues. Whilst the tin catis observed to coordinate to a
molecule of diethyl ether, the lead cation showsiaimal stabilisation effect from a

very weakly coordinated DCM molecule.
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2.6 Experimental details

Synthesis of p-diketiminate lead tris-(pentafluorophenyl) methyl borate; [LPb]”
[B(Me)(CsFs)z]  (10)

Lead methyl3 (100 mg, 0.15 mmol) was dissolved in ~ 10 ml ahttbromethane in a
Schlenk tube, and cooled to -10°C. To this was dddsolution of B(GFs)s (80 mg,
0.15 mmol) in ~10 ml of dichloromethane from anotBehlenk tube, dropwise. The
bright orange-red solution was left to stir forrthiminutes, then the dichloromethane
solution concentrated and stored at -30°C to emgrucrystallisation. Yield: 120 mg
(66.7%).

'H NMR (399.5 MHz, CBCl,, 30°C):8 7.43 (m, 6H, Hy), 5.50 (s, 1H, middle B),
2.77 (sept, J = 6.8 Hz, 4H,HMe,), 2.02 (s, 6H, N®le), 1.27 (d, J = 6.8 Hz, 12H,
CHMe,), 1.23 (d, J = 6.9 Hz, 12H, Q#E,), 0.45 (s, 3HMe).

¥c{*H} NMR (125.7 MHz, CDQCl,, 30°C): & 167.5 (N\CMe), 142.9, 137.4, 129.5,
125.1 (Gyy), 115.9 (middleCH), 28.0 CHMey), 26.6 (CHMey), 26.3 (NQMe), 23.0
(ArsBMe).

% NMR (375.9 MHz, CCl,, 30°C):6 -133.0 (d, J = 19.7 Hz, 6B;F), -165.3 (t, J =
20.4 Hz, 3Fp-F), -167.9 (td, J = 23.5, 6.1 Hz, 6R;F).

Elemental Analysis for &H44N2F1sBPb: Calc.: C, 50.04; H, 3.82; N, 2.43. Found: C,
50.13; H, 3.77; N, 2.36.

IR (KBr, nujol) / cm® : 1641.18 (s), 1510.62 (s), 1261.00 (s), 1087Hr), (1019.90
(br), 799.79 (s).

Synthesis of p-diketiminate lead tetrakis-(pentafluorophenyl) borate; [LPb]”
[B(CeFs)4] (11)

Lead chloride2 (150 mg, 0.22 mmol) was dissolved in ~ 10 ml dfi¢me in a Schlenk
tube, and cooled to -78°C. Li[B§Es)4] (200 mg, 0.29 mmol) was mixed with ~10 ml of
toluene in another Schlenk tube, and added dropteisghe cold solution oR. The
mixture was allowed to stir for thirty minutes, exfwhich the toluene was removied
vacuo, and dichloromethane was added. The bright redgaraolution was filtered by
filter cannula to remove the white by-product, ahén concentrated to encourage
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crystallisation. Crystals were grown from slow dgfon of pentane into a concentrated
dichloromethane solution of the compound at -30f€ld: 95 mg (33.1%).

'H NMR (499.91 MHz, CBCl,, 30°C):5 7.44 (m, 6H, Hy), 5.48 (s, 1H, middle B),
2.76 (sept, J = 6.9 Hz), 4H,HMe,), 2.02 (s, 6H, N®le), 1.28 (d, J = 6.8 Hz,12H,
CHMe,), 1.23 (d, J = 6.9 Hz, 12H, Q#k,).

3c{*H} NMR (100.5 MHz, CDCl,, 30°C): & 171.2 (N\CMe), 144.2, 142.2, 130.0,
128.8, 124.5, 123.9, 114.5 {{), 91.8 (middleCH), 27.9, 27.4, 25.9, 25.6CHMe,),
23.3,23.2, 23.0, 22.9, 22.4 (Gd,), 21.5 (NQVie).

F NMR (375.9 MHz, CBCl,, 30°C):8 -131.3 (m, 6Fp-F), -162.0 (t, J = 20.3 Hz, 3F,
p-F), -165.9 (m, 6FNn-F).

2Ph NMR (83.6 MHz, CBCl,, 30°C):5 -951.2

Elemental Analysis for EH4iN2F0BPb: Calc.: C, 48.81; H, 3.15; N, 2.15. Found: C,
49.30; H, 3.47; N, 1.92.

IR (KBr, nujol) / cmi* : 1644.57 (s), 1261.30 (s), 1089.65 (br), 102139 800.81 (s),
722.87 (s).

Synthesis of p-diketiminate tin tris-(pentafluorophenyl) methyl borate; [LSn]”
[B(Me)(CsFs)z]  (12)

LSnMe (200 mg, 0.35 mmol) was dissolved in ~ 10frdichloromethane in a Schlenk
tube, and cooled to -10°C. B{ks)s (186 mg, 0.35 mmol) was mixed with ~10 ml of
dichloromethane in another Schlenk tube, and adidepwise to the yellow solution.
The solution was left to stir for two hours, thdre tmixture was filtered, and the
dichloromethane removeith vacuo. A pale yellow solid was isolated. Yield: 130 mg
(37.5%).

'H NMR (499.91 MHz, CRCl,, 20°C) :5 7.48 (m, 6H, Hy), 6.18 (s, 1H, middle B),
2.71 (sept, J = 6.8 Hz, 4H,HMe,), 2.13 (s, 6H, N®e), 1.29 (d, J = 6.8 Hz, 12H,
CHMe,), 1.20 (d, J = 6.9 Hz, 12H, Q#E,), 0.46 (s, 3HMe).

¥3c{*H} NMR (100.5 MHz, CDCl,, 20°C) :5 170.1 (N\CMe), 142.9, 136.8, 129.9,
125.3 (G, 108.9 (middleCH), 28.6 CHMe,), 26.1, 24.1 (CiNey), 23.0 (NQVie),
21.1 (AsBMe).

11951 NMR (223.6 MHz, CBCl,, 30°C):5 -139.5

Elemental Analysis for £H4N2F1sBSn: Calc.: C, 54.21; H, 4.14; N, 2.64. Found: C,
54.30; H, 4.23; N, 2.56.
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IR (KBr, nujol) / cni' : 1957.41 (s), 1642.55 (m), 1595.40 (m), 151057 1268.11
(m), 1168.34 (br), 1022.08 (M), 952.04 (br), 84895, 801.10 (s), 753.43 (), 694.09

(s).

Synthesis of S-diketiminate tin tetrakis-(pentafluorophenyl) borate; [LS1] " [B(CeFs)4]”
(13)

LSnClI (100 mg, 0.17 mmol) was dissolved in ~ 10ofndlichloromethane in a Schlenk
tube, and cooled to -78°C. Li[B§Es)4] (117 mg, 0.17 mmol) was mixed with ~10 ml of
dichloromethane in another Schlenk tube, and adttepwise to the cold LSnCI
solution. The mixture was allowed to stir for twouns, after which the pale yellow
solution was filtered to remove the white by-praguand then concentrated to
encourage crystallisation. Yield: 87 mg (42.0%).

'H NMR (499.91 MHz, CBCly, 30°C):8 7.36 (m, 6H, Hy), 5.88 (s, 1H, middle B),
2.97 (m, 4H, EIMey), 2.03 (s, 6H, N®le), 1.25 (d, 12H, CMe,), 1.23 (d, 12H,
CHMe,).

¥c{*H} NMR (100.5 MHz, CDCl,, 30°C): 5 168.5 (N\CMe), 143.5, 138.2, 128.9,
125.0 (Gyy), 105.7 (middleCH), 28.6 CHMey), 26.1, 24.1 (CiNey), 23.5 (NQVie).

% NMR (375.9 MHz, CCl,, 30°C):6 -133.1 (d, J = 19.2 Hz, 6B;F), -165.3 (t, J =
20.3 Hz, 3Fp-F), -167.9 (td, J = 23.3, 6.2 Hz, 6R;F)

1%Sh NMR (223.6 MHz, CBCl,, 30°C):8 197.0

IR (KBr, nujol) / cm' : 1642.05 (s), 1511.13 (s), 1259.16 (m), 11678 078.33 (m),
798.67 (s), 773.24 (s), 755.10 (s), 694.10 (s), BE%s).

Synthesis of p-diketiminate tin tetrachloroaluminiate; [LSn] * [AICl] (14)

AICI3 (47 mg, 0.35 mmol) was mixed with ~10 ml of didllmethane in a Schlenk
tube, and cooled to -78°C. LSnCIl (200 mg, 0.35 mim@as dissolved in ~ 10 ml of
dichloromethane in another Schlenk tube, and tloeddiropwise to the cold AlEl

solution. The mixture was allowed to stir for twouns, after which the pale yellow
solution was filtered, and then concentrated taarage crystallisation. Yield: 82 mg
(33.2%).
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'H NMR (499.91 MHz, CBCl,, 30°C):8 7.43 (m, 6H, Hy), 5.35 (s, 1H, middle B),
2.83 (sept, 4H, BMey), 2.21 (s, 6H, N®e), 1.30 (d, 12H, CNley), 1.28 (d, 12H,
CHMe,).

¥3c{*H} NMR (100.5 MHz, CDCl,, 30°C): 5 159.3 (NCMe), 140.6, 139.0, 123.6,
121.3 (Gyy), 92.1 (middIeCH), 26.4 CHMey), 22.3, 21.2 (CMey), 18.5 (NQVie).

2’Al NMR (104.1 MHz, GDs, 20°C) :8 99.7

119510 NMR (149.0 MHz, €Dg, 20°C) :5 626.7

Elemental Analysis for £H41N>CI,AISn: Calc.: C, 49.24; H, 5.80; N, 3.96. Found: C,
49.35; H, 5.96; N, 3.92.

IR (KBr, nujol) / cm® : 1169.34 (br), 1020.68 (m), 966.06 (m), 891.35 (s



3. Synthesis, structure and reactivity of B-diketiminate

magnesium complexes
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3.1 Magnesium and other s-block g-diketiminate complexes

The chemistry o6-block -diketiminate complexes is very varied. Whilst maian be
used as intermediates to generate more complex aamdg, s-block complexes
themselves are nevertheless very interesting. ifsieelikample of a fully characterised,
crystalline, alkali metaB-diketiminate was produced by Lappert in 1994, ioletéh from

a lithium alkyl and phenyl cyanide, as describedvab(Xll )."* Lappert has used the
same methodology to generate a large number o@initf-diketiminates, by varying
the reagents and conditions, in addition to thagmee or absence of a coordinating co-
ligand, such as THF or tmedfln the absence of such a co-ligand, the resulting
complex was observed to dimerideX¥KIX ), to fill out the coordination environment
around the lithium atom. However, the presence abdigand allowed monomeric
forms of lithiatedp-diketiminates to be isolated, with the co-ligamdinatingin lieu

of a secong@-diketiminate unit.

Scheme 52 — BDI dimerisation affected by the presef a co-ligand.

_THF

PhCN, THF -7 THF
\
/ SiMe3
MesSi

--Li

Me3Si
\ /SIMe3 Me,
PhCN, tmeda

The majority of lithium B-diketiminates are formed by lithiation of the malitp-
diketimine by reagents such as methyl- or butylithh. The compound Li[{(2,6-
'Pr,CsH3)NC(CHs)} ,CH] was obtained in this fashion, in a monomerivaed form, a
dimeric form and a dodecameric foffnThe presence of a coordinating solvent yields
the monomeric form, by coordination of a solventlesale with the lithium metal

centre. The absence of a coordinating solvent alliw® compound to crystallise in two
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associated forms. The dimeric form exists wherditheam atom is coordinated to the

diisopropylphenyl ring on the ligand of a secondlenole. The dodecameric form

exists where this coordination extends along arcledisix (BDI)Li units, which are

then duplicated by an inversion centre.

LXXXII

Ar

/
N\LL

Pr iPr
iPF\G ipr

“--Li<zi

Al

LXXXIII

LXXXIV

Figure 49 — Monomeric (left), dimeric (centre) atmtlecameric (right) forms of
(BDI)Li. Ar = 2,6-diisopropylphenyl.

A potassiump-diketiminate salt has been isolated by Clegg amwlockers, where the

BDI ligand has been observed to coordinate ifi-éashion to the potassium cenffe.

This is presumably due to the larger ionic raditithe potassium ion, making it more

difficult to fit into the coordination site of th8DI ligand, when compared to the

smaller lithium ion. The compound also shows a ¢ewg to polymerise by g°-

coordination from the metal atom to the aryl ring @ neighbouring molecule in the

solid state, which is assumed to be replaced withinderaction to toluene when

dissolved in solution.

Scheme 53 — Synthesis of BDI potassium. Ar = 2i§agropylphenyl.
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When using &@-diketiminate ligand around an alkaline earth metattre, the second
coordination site on the metal allows a wide varief small organic groups to be
substituted, and there are many examples of greaptdiketiminate complexes in the
literature. One of the simplest examples is a msigne methyl complex, commonly
synthesised by one of two methods. Gibson and aier® reported the synthesis of
MeMg[{(2,6-'PrLCsH3)NC(CHs)} ,CH].OEL (LXXXVI ) from the neutrap-diketimine

and dimethylmagnesium, in the presence of diettiyer® whereas Bailey and co-
workers have produced the THF equivalddXXXVIl ) from a two-stage process via

the lithium salt (XXXII ), and then subsequent reaction with a methyl Grigff!

Scheme 54 — Synthesis of solvated monomeric (BDNEIgpecies. Ar = 2,6-
diisopropylphenyl.

/Ar
j N "BuLi
—N THF
‘Ar
LXXXII
MgMe,,
Et,O MeMgBr
{\r /Me {\r /Me
N— N—
;C N(Mg\ ;C N(Mg\
N OEt, N THF
Ar Ar
LXXXVI LXXXVII

If the synthesis of &-diketiminate magnesium alkyl complex is carried mua polar
solvent, such as diethyl ether or THF (scheme th&)) a solvent molecule is observed
to coordinate to the metal centre. Upon removdhefcoordinated solvent, both Bailey
and Gibson observed the molecule to dimerise, Wiitiging methyl groups between
the two magnesium centrdsXXXVIIl ).2%% The dimer can also be synthesised in one
step, by treating the neutral BDI ligand with dimgdiagnesium in a non-polar solvent

such as toluene (scheme 55).
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Scheme 55 — Synthesis of [(BDI)MgMedlimer. Ar = 2,6-diisopropylphenyl.
Sol. = E3O, THF

Ar
Ar Ar /
Me Ar
! / Me\\ \ NH
C N;Mé _ Heat C N—Mg. MgN MgMe, 7/
l\{ \Sol. in vacuo N/ e \‘N = toluene .
N
Ar Ar Al \Ar

LXXXVIII

Gibson’s work also shows the influence of steri@@&s — when a similar reaction is
carried out with a bulkyert-butylmagnesium alkyl in a polar solvent, the monome

structure is obtained LKXXIX ).22 This monomeric structure without solvent
coordination can also be obtained from some Grifyn@agents, but even if carried out
in a non-polar solvent, the residual ether preseiat Grignard reagent solution can be

seen to coordinate to some complexX&S)

Scheme 56 — Effect of increasing the steric bulkhef Grignard reagent. Ar =
2,6-disopropylphenyl. R Bu, 'Pr, Ph.

/Ar /Ar
NH n . =N
BulLi N
/ ol Li
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Ar Ar
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Nﬁr Heat Nf‘r /Ph
ea ~
C MR ;C M
i AN
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Ar Ar
LXXXIX XC

Gibson and co-workers have shown that these al&sgseffective precursors o
diketiminate magnesium alkoxides or amides uponitiaddof one equivalent of a
corresponding alcohol or amine, respectiVélgynthesised in a “one-pot” procedure,
the alkoxide structures displayed a dimeric fornthveridging alkoxide units between
two magnesium centres. The amides generated lsathe procedure were found to be
monomeric in nature, probably due to the increassteric bulk from a two- to three-

coordinate substituent on the metal afém.
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Scheme 57— Conversion ¢¥-diketiminate magnesium alkyl complexes to

alkoxides and amides.

Y Ar Ar

M on N PrOH N ngy ProNH N{\r Mg
N—~mg. \Mg/ - ~Mg-"Bu __ 2" _ - \(
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Ar )\ Al Ar Ar
XCI LXXXIX XCII

Using a sterically uncrowdefgtdiketiminate ligand, a monometallibis-p-diketiminate
compound can be synthesised, which can be formed ube dialkylmagnesium
pathway in scheme 55. In this compound, the sulestis at the Rpositions, normally
occupied by large aryl rings, are instead methylugs, allowing space for twg-

diketiminate fragments to coordinate to the sam&hoentre®

Scheme 58 — Synthesislm&-p-diketiminate magnesium.

Bis-B-diketimininate magnesium complexes were also erpldy Lappert and co-
workers, using slightly bulkier substituents in tRé and R positions, to form
Mg[{(Me 3Si)NC(Ph)LCH], (similar toXCIIl ). The steric constraints of this molecule
force the central magnesium atom in a distortedhltedral environment, with thg

diketiminate ligands almost orthogonal to each othe

Group twop-diketiminate halide complexes can be obtaineddagtion of a neutrdl-
diketimine directly with a Grignard reagent, butb&n has shown that this leads to a
dimeric magnesium halide structure, similar to #kyl and alkoxide structures
LXXXVIIl andXCl respectively’? Synthesis of a monomeric BDI magnesium halide
has been carried out by Jones and co-workers asingdo-Grignard in a polar solvent
(XCV).2° However, the presence of a coordinating solvergldgi the solvated
compound. To overcome this, and generate an urisdivenonomeric BDI magnesium

halide, Jones employs tart-butyl group at the Rposition on the BDI ligand. This
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provides sufficient steric bulk to prevent both dimmsation and the coordination of
solvent.

Scheme 59 — Generation piiketiminate magnesium halides. R = NRy. Ar
= 2,6-diisopropylphenyl.

Ar Ar R /Ar Ar

X MeMgX NH o
%:N\Mg\ Mg/Né eMg Y MeMg iN;Mg\
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Ar
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Jones and co-workers have also expanded their toottke rest of group 2, and have
published the only known structure of-@iketiminate beryllium halide, generated from
the potassiunp-diketiminate and beryllium diiodid€. A calcium analogue was also
synthesised using the same procedure, but showgxlilar tendency to dimerise as the
magnesium compound.

Scheme 60 — Generation of beryllium and calcpsdiketiminate halides. Ar =
2,4,6-trimethylphenylXCVIll ), 2,6-diisopropylphenylXCIX).

OEt,

Ar Ar Ar
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Reducing the solvated magnesium iodid@iketiminate complexXCV with potassium
metal, Jones synthesised the no\etiketiminate magnesium dimer [Mg{(2,6-
'Pr,CsH3)NC(CHs)} ,CH] (C). This (BDI)MgMg(BDI) complex is reported as thiest
example of $-diketiminate magnesium(l) compoufft.
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Scheme 61 — Synthesis of Jones’ (BDI) magnesiuutifher C. Ar = 2,6-
diisopropylphenyl.
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In 2009, Jones reported a potential applicatiothef dimer as a reducing agent, in
order to generate a rare example of digermaniunst@hilised by an N-heterocyclic
carbené’ The magnesium dime was converted to the bridged chloride dirK@iV ,

described eatrlier.

Scheme 62 — The ability of dim& to reduce Ge(ll) to Ge(0). Ar = 2,6-
diisopropylphenyl.
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The bulkytert-butyl B-diketiminate magnesium butyKCVI) has been used by Jones
and co-workers to produce the dimeric magnesiunmritigdcomplexCll, with the
hydrides bridging the two metal centres (scheme®B3he bulkytert-butyl groups at
the R positions are required to presumably better eectbe hydride atoms in the
coordination site of the metal, and prevent decaitjpm of the product. Subsequent
treatment with N,N-dimethylaminopyridine (DMAP) @s a monomer, with

coordination of a DMAP molecule to the magnesiumieeClIl ).2°
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Scheme 63 — Synthesis pfdiketiminate magnesium hydride dimer. Ar = 2,6-

diisopropylphenyl. NMe,
7
Ar Ar Ar Ar o Nx
Bu n ; / -H \ 'Bu { 4
N\ _"Bu PhSiH, Nerr" N N DMAP N—Mg
QMo T (M g N S
B N H N g
u [N [N 4 u Y
Ar Ar Ar Ar
XCVI1 Cl1 CIII

Calcium-containing BDI complexes have been shownHily and co-workers to
catalyse the intramolecular hydroamination of aralkenes, and were the first
examples that showed that calcium could be used lagiroamination cataly&t.A B-
diketiminate calcium amide precataly3tVv is prepared from the neutdiketimine,
potassiumbis-(trimethylsilyl) amide and calcium iodid®.This precatalyst is initiated
with a primary amine, after which the insertionaof alkene into the Ca-N bond occurs
as the rate-determining step to yield the calcidkylaCVI. A further equivalent of

primary amine liberates the product, and regenetaeactive catalygV.*

Scheme 64 — Hydroamination by BDI calcium amidest A 2,6-
diisopropylphenyl.
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Complexes of the heavier group two metals are é&ms lcommon than those of
magnesium and calcium, but a few exampleg-diketiminate strontium and barium
complexes have been synthesised. Roesky and ccergohiave published an example
of a monomeric strontium amide complex, and itssegoent hydrolysis into a dimeric

strontium hydroxide (scheme 68)Subsequent work has also shown the halogenation
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of the amide complex can produce dimeric fluorideldoride complexes, showing the
first examples of halogenated strontiyfvdiketiminates”® Interestingly, in both the
hydroxide and the halide dime®V/Ill andCIX, the two metal atoms exhibit different
coordination environments to each other, even thobgth strontium atoms are
coordinated to one BDI ligand and both bridging foyatde groups. One metal atom is
coordinated to one molecule of THF, giving a digdr trigonal bipyramidal
environment, whereas the other is coordinated trtwlecules of THF, in a distorted
octahedral environment. This is in contrast to thagnesium XCIV) and calcium

(XCIX) dimers, in which both metal atoms have the samoedination geometry.

Scheme 65 — Synthesis of strontifrdiketiminate complexes
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A very small number of barium complexes have begihesised, with Mair and co-
workers publishing a novetis-p-diketiminate-dibarium complexCX) in 1998, using
cyclohexyl groups in the Roosition on the ligand (scheme 68)When replaced with
the more rigid 2,6-diisopropylphenyl groups, bariwomplexes analogous to those
described above can be synthesised, such as anbethylsilylamide CXI) and a
monometallic, bi-diketiminate CXI1), as reported by Hill and co-workefsThe
monometallic, bis-BDICXII is likely to be able to be synthesised with a mrlkgand
than the magnesium analog0€Clll , due to the increase in ionic radius from
magnesium to barium, allowing larger ligands to dmeomodated around the metal

centre.
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Scheme 66 — Bariufirdiketiminate complexes
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3.2 Synthesisand reactivity of g-diketiminate magnesium complexes

3.2.1 Synthesis oB-diketiminate magnesium alkyl complexes

B-Diketiminate magnesium methyl and benzyl compleiésand 16 are known
complexes, both synthesised by Bailey and co-wsrHering the last decad® Their
approach was followed and involved using an exo&S8uLi to deprotonate the neutral
ligand1 and generate the lithiated Bisitu. Addition of methyl- or benzylmagnesium
bromide produced a bright pink solution after stgrovernight. After filtration to
remove the lithium bromide by-product, pale pinistals were isolated in good yield,
with *H NMR data matching that of the literature compaurithe origin of the pink
colour is unknown, and was not referred to by Baitethe original synthesis of these

compounds.

Scheme 67 — Synthesis of LMgMelS and LMgBn (6). Ar = 2,6-
diisopropylphenyl.
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3.2.2 Reactivity studies with heterocumulenes

Initial studies on an NMR scale showed that carldovxide reacted readily with

benzene solutions of both metiyd and benzyll6, although in the case of the benzyl
complex, reaction times were increased from onevtohours to overnight. However,
reactions with both one equivalent and one atmaospbeessure of carbon dioxide
resulted in a very complex mixture of products demitifiable by'H NMR.
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Scheme 68 - Reactivity studies for insertion withO,C Ar = 2,6-

diisopropylphenyl.
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3.2.3 Synthesis and characterisation oB-diketiminate magnesium N,N’-
dicyclohexylethylamidinate, LMg[(NCyCMe] (17)

Addition of one equivalent of dicyclohexylcarbodide (DCC) to a hexane solution of
magnesium methyl5 produced the DCC-inserted proddgtin 41% yield after stirring
at room temperature for two days. The pale yellomglex was observed to be soluble
in aliphatic and aromatic hydrocarbon solvents, opahated solvents such as
dichloromethane and ethereal solvents such asytisther.

Scheme 69 - Synthesis of ethylamidinate complex Ar = 2,6-
diisopropylphenyl.
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Crystals suitable for X-ray diffraction were abtelte grown in a concentrated solution
of toluene, layered with hexane. The solid-statecsire shows the magnesium atom in
a pseudo-tetrahedral environment, with the magnesatom bound to four nitrogen
atoms. The Mg-N bond lengths are very similar toheather, around 2.05 A. This is
very similar to the Mg-N bond lengths reported bynt&r and co-workers in other
magnesium monoamidinat&sThe presence of the bidentate amidinate ligandesov
the magnesium atom out of the plane of the BDIlighy 0.973 A, with the NCN spine
of the amidinate perpendicular to theNg backbone of th@-diketiminate. The internal
N3-Mg-N4 and N3-C30-N4 bond angles of the amidirate around 66° and 113.6°
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respectively, and are consistant with the corredipmnangles in Winter's compourig.
Despite multiple attempts, a satisfactory elemeatalysis for this compound was

unable to be obtained.

Table 21 — Bond angles (°) and lengths (A) for LMGf/).CMe (17).

N1-Mg-N2 | 94.33(6) N1-C1-C2 123.88(1P)
N1-Mg-N3 | 121.81(7) C1-C2-C3 130.14(1p)
N1-Mg-N4 | 120.49(6) C2-C3-N2 123.44(1p)
N2-Mg-N3 | 129.85(6) N1-Mg 2.0394(15)
N2-Mg-N4 | 126.45(6) N2-Mg 2.0348(15)
N3-Mg-N4 | 66.09(6) N3-Mg 2.0233(15)
C1-N1-C6 120.33(15) | N4-Mg 2.0805(15
C1-N1-Mg | 114.41(12) | N3-C30 1.340(2)
C6-N1-Mg | 124.55(11) | N4-C30 1.336(2)
C3-N2-C18 117.33(14) | N1-C1 1.329(2)
C3-N2-Mg | 114.03(11) | C1-C2 1.412(3)
C18-N2-Mg | 128.29(11) | C2-C3 1.404(3)
C30-N3-Mg | 91.27(10) C3-N2 1.337(2)
C30-N4-Mg | 88.94(10)

N3-C30-N4 | 113.56(15) | Mg — plane 0.973
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Figure 50 - LMg(NCy)CMe (17). 30% probability ORTEP ellipsoids, BDI

ligand minimised and H-atoms omitted for clarity
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Figure 51 — LMg(NCy)CMe (17) side-on, showing configuration around the metal
centre. 30% probability ORTEP ellipsoids, BDI ligaminimised and H-atoms omitted
for clarity.
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The*H NMR spectrum of DCC shows a characteristic signd 3.12, assigned to the
two protons on the N-bonded carbon atoms of thdobhgxyl rings. This signal is
clearly identifiable, as it has no other peaks rieam the spectrum. In th&#H NMR
spectrum of the DCC-inserted methyl complEx a shift in this signal t@® 2.84 is
observed. The presence of cyclohexyl groups chittex spectra arourd1.0 — 2.0, but
the distinct doublets assigned to tkepropyl protons on the ligand are still visibledat
1.30 and & 1.29, although they overlap slightly with each esth The septet
corresponding to the two methyne protons of theesempropyl groups is clearly
visible at & 3.49. This single signal demonstrates that therexa unsymmetrical
environment around the metal centre, unlike in I alkyl complexes, where this
signal is split. The signal assigned to the mesijdstituent ad -1.25 in the magnesium
methyl 15 is no longer present, but a new singlet, integgato 3 protons is observed at
0 1.65 in the product7. The chemical shift for the amidinate central carlatom C30
is observed ad 172.8, as the carbon unit is sandwiched betweennitvogen atoms.
This shift is in agreement with other metal-cooaded amindinate complexes, such as
those reported by Jordan and co-worker€XNs ~168)?” and by Otero and co-workers
(NCN 3 ~157)% The peak corresponding to the backbone protomemBDI ligand has
shifted slightly fromd 4.83 in the precursdrb, to 6 4.89 in the insertion produd. A
coordinated THF molecule was not observed in anthefNMR spectroscopic data,
unlike in the precursor complek5. This lack is most likely due to the interaction
between the magnesium and the nitrogen atoms witlenamidinate structure not

allowing coordination of a solvent molecule.

3.2.4 Synthesis and characterisation oB-diketiminate magnesium N,N’-
dicyclohexylphenylethylamidinate, LMg[(NCyBn] (18)

Analogous to the DCC-inserted methyl, magnesium DCC-inserted benz8 was
synthesised by addition of one equivalent of DCCataoluene solution of benzyl
precursorl6. After stirring overnight, the pale yellow insemi productl8 was isolated
in 50% vyield. Attempts to obtain crystals suitafde X-ray diffraction of complexL8
were unsuccessful, despite attempting to do so avithnge of solvents and conditions.

The product was observed to be soluble in ethe@saknts, as well as most aliphatic
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and aromatic hydrocarbon solvents. Despite mul@lempts, a satisfactory elemental
analysis for this compound was unable to be obthine

Scheme 70 — Synthesis of phenylethylamidinate cemnd8. Ar = 2,6-
diisopropylphenyl.
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The characteristic signal of the DCC reagent hifteshin the'H NMR spectrum of.8,
and is observed & 2.84. The signal assigned to the LQthit in the benzyl group,
present ad 1.47 in the magnesium benzb, has shifted t@ 3.60 in the insertion
productl18, significantly more downfield due to a C-C bond/ing been formeahx-to
the benzyl group. The amidinate central carbon dtasa very high chemical shift in
the *C{’H} NMR spectrum, atd 173.2, which is comparable to other amidinate
13c{*H} shifts, as mentioned previously*®® The aromatic protons on the benzyl group
can still be individually identified, with all theesignals having moved downfield in the
product. Similar to the methyl insertion product the BDI ligand backbone proton
signal has shifted only slightly, from4.78 in the benzyl precurs@b to 6 4.85 in the
benzyl productl8. The signals corresponding to the methyl protomgheiso-propyl
groups on the aromatic rings of the ligand arerbfeasible atd 1.24 andd 1.36,
though they are surrounded by many multiplets fritv@ cyclohexyl group protons
betweend 0.85 tod 1.45. The methyne protons on the saswepropyl groups show
their distinctive septet ai 3.50. Analogous to the methyl insertion complek the
environment around the metal centre in the benzgdyct 18 is shown to be
symmetrical in solution. Unlike the parent benzgimplex 16, no molecule of THF is
present in the insertion complé8, as no evidence for coordination is seen in'the
NMR spectra. This is most likely due to the incee@s steric bulk around the metal
centre, removing the THF molecule from the coortlamasphere, in a similar fashion to

that in the methyl insertion compléx.
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3.2.5 Synthesis and characterisationfediketiminate magnesium diphenylphosphide,
LMgPPh.THE (19)

Magnesium diphenylphosphid® was synthesised from the addition of one equivtalen
of diphenylphosphine to a toluene solution of thethgl precursod5. After addition,

the solution was stirred at 75°C for five days, #meldesired phosphid® was isolated

in 59% yield. Diphenylphosphid&d was observed to be soluble in most aliphatic and
aromatic hydrocarbon solvents, as well as etheselaents such as diethyl ether and

THF.

Scheme 71 — Synthesis of magnesium diphenylphosph@l Ar = 2,6-
diisopropylphenyl.
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Crystals suitable for an X-ray diffraction studyreerown from a layered mixture of
toluene and hexane, and the solid-state structiogvs that diphenylphosphid&9
retains the coordinated THF molecule from the sigrtparent methyll5. The
magnesium atom is displaced 0.551 A from theN.Cplane, with the phosphide
substituent arranged in thleo- position. To avoid the phosphorus lone pair claghi
with the coordinated THF molecule, the diphenylgitode group is orientated so that
the phenyl substituents are on the same side d¥iti® bond as the THF molecule (as
shown in figure 53). The phosphorus atom has a BOP45 %, which is considerably
smaller than both the calcium analogue reporteBdyett and Hill (DOB = 84.3 %)
and the simpler lithium diphenylphosphide, LIBRDOR = 61.4 %) produced by
Mulvey and co-worker&? This trend of increasing DOPs is in common witle th
increase in van der Waals radii from magnesium3)1t@ lithium (1.82) to calcium
(2.00), and may help to explain the change in D@Rhe phosphorus, especially
between the tw@-diketiminate complexes.



153

Very few magnesium — phosphorus bonds have beemtegp The Mg-P bond distance
in diphenylphosphidel9 is 2.5309(11) A. This is very similar to the Mgd®nd
distance in the magnesium phenylphosphide complgiPMPh)(tmeda), reported by
Raston (Mg-P = ~ 2.59 Af? the novel phospha-Grignard {Mg[P(SiN&Br.THF},,
reported by Coles (Mg-P = ~2.56 ‘&) and the disubstituted magnesium phosphide
Mg[P(SiMey);]..(THF), reported by Westerhausen (Mg-P = 2.50'%&)The THF
molecule in diphenylphosphid#d is coordinated to the metal centre, with a Mg-O
distance of 2.017(2) A. This is similar to the esponding Mg-O distance in the THF-
coordinated complex Mg[P(SiMe]..(THF), (Mg-O = 2.06 A)'%? Despite multiple
attempts, a satisfactory elemental analysis forppnmd19 was unable to be obtained.

Table 22 — Bond angles (°) and lengths (A) for LNMGRPTHF (19).

N1-Mg-P 122.46(8) N1-Mg-O 104.02(9
N2-Mg-P 120.22(7) N2-Mg-O 103.95(9
N1-Mg-N2 | 93.49(9) O-Mg-P 109.96(7
C1-N1-C6 119.1(2) Mg-P 2.5309(11)
C1-N1-Mg | 120.86(18) | N1-Mg 2.063(2)
C6-N1-Mg | 120.02(17) | N2-Mg 2.057(2)
C3-N2-C18 | 120.1(2) Mg-O 2.017(2)
C3-N2-Mg | 120.87(18) | P-C30 1.837(3)
C18-N2-Mg | 118.99(17) | P-C36 1.836(3)
N1-C1-C2 124.2(2) N1-C1 1.327(4)
C1-C2-C3 129.9(3) | | c1-C2 1.410(4)
C2-C3-N2 123.9(3) C2-C3 1.414(4)
Mg-P-C30 | 111.19(10) | C3-N2 1.327(3)
Mg-P-C36 104.31(9) Mg — plane 0.551
C30-P-C36 103.98(13) | DOPg) (%) 45.03
DOPwgthr) (%) | 26.48




Figure 52 — LMgPPhTHF (19). 30% probability ORTEP ellipsoids, BDI ligand

minimised and H-atoms omitted for clarity.

Figure 53 — LMgPPhTHF (19) side-on, showing configuration around the
metal centre. 30% probability ORTEP ellipsoids, Bigand minimised and H-

atoms omitted for clarity.
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The 'H NMR spectrum of diphenylphosphid#9 in deuterated benzene shows
resonances & 3.56 and 1.10, indicating the presence of a coordinated fidfecule.
There is a broad signal visible@®.88, which corresponds to a methyne resonande, an
is associated with the two broad methyl peak® dt43 andd 0.84. These peaks
combine to represent two of the faso-propyl groups on the aromatic rings of the BDI
ligand, and the broadness of the peaks indicaterttegy be subject to restricted motion,
and possibly exchanging close to the slow exchdimgie The other twoiso-propyl
groups show a doublet &1.16 (J = 6.2 Hz), which corresponds to the remgin
methyl protons, and a methyne resonance overlditdtive THF signal ab 3.56. These
sharp signals indicate thesm-propyl groups are exchanging at the faster exchange
limit, and are fully equilibrated. The doublet cdybossibly be due to through-space
interaction between the methyl groups and the pdimrgs lone pair, suggesting that
these signals correspond to fise-propyl groups further away from the central metal
atom (the “lower” pair ofiso-propyl groups, if consulting figure 53, for example
However, without further, 2-D NMR experiments, thg merely speculation. The
protons on the phenyl groups of the phosphide ¢sm @ observed clearly in tHel
NMR spectra, with theneta-protons observed &t6.89 (J = 7.7, 1.6 Hz) and a multiplet
corresponding to thertho- andpara- protons ad 6.77. There is one sharp signal in the
31pf'H} NMR spectra aB -46.7, indicating one single phosphorus envirormierthe
molecule, slightly upfield from that of the neutpdlosphine, HPRhatd -40.7.

3.2.6 Synthesis and characterisation of B-diketiminate magnesium
dicyclohexylphosphide, LMgPGWHF(20)

Magnesium dicyclohexylphosphide comp&was generated from the addition of one
equivalent of dicyclohexylphosphine to a toluentuison of the methyl precursdib.
The solution was heated with stirring at 85°C fBrdays, after which time the solution
was filtered through Celite®, and phosphid20 isolated in 69% vyield.
Dicyclohexylphosphid€0 was observed to be mostly soluble in aliphaticrogdrbon
solvents, and was found to be very soluble in atmmiaydrocarbon and ethereal
solvents such as toluene or THF. Despite repedatedhpts in a number of solvent

conditions, no crystals suitable for X-ray diffriact analysis could be grown. In
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addition to this, despite repeated attempts, afaatory elemental analysis for this
compound was unable to be obtained.

Scheme 72 - Synthesis of magnesium dicyclohexyjgide 20. Ar = 2,6-
diisopropylphenyl.
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The 'H NMR spectrum of dicyclohexylphosphid20 is similar to that of the
diphenylphosphide complet9. The presence of a coordinated THF molecule is
observed, with broad peaks&®8.89 and 1.79. The methyneso-propyl protons on the
BDI ligand are determined as a broad peak &t27. The methyl protons on tihao-
propyl groups, however, show as only one doubled dt.22, illustrating that the
dicyclohexyl complex20 is likely to be symmetrical in solution. The cyleéxyl ring
protons show as a number of multiplets frén®.85 tod 1.45. There is a very slight
shift in the®'P{*H} NMR signals from reagent to product, with dicglkxylphosphine
displaying a signal ad 28.1, and the dicyclohexylphosphide prodR@tdisplaying a
signal atd 28.8.
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3.3 Computational studies

In common with the computational studies on thel lakkyls and cationic complexes,
studies were carried out on the magnesium phosoagplexes using Gaussian GO3W
and Gaussview v9.0. The B3LYP function and 6-31@sig set were used to study the
all atoms in the molecules, negating the need ihgr aixed basis set calculations, as
was the case in the lead and tin calculatierde(supra). The calculations were carried
out using the crystal structure as starting poart diphenylphosphidd9, and then
manually changing the phenyl groups for cycloheggbups in the calculation for
dicyclohexylphosphid&0. As no crystal structure was acquired f);, comparisons
were only able to be made in the calculationse®tbe effect of removing aromaticity
from the substituent. Calculations were also pentmt with the THF molecule
removed, in order to study the effect of a coordidasolvent molecule, and td, AH

andAG values used to quantify any stabilisation effects

Data tables can be found in appendix 3 (bond lendtbnd angles and molecular orbital

energy levels).

3.3.1 Discussion of geometry optimisations and structdiféérences

S-diketiminate magnesium diphenyl phosphide, LMgPPh,. THF, 19

A slightly asymmetric environment around the metagéntre in magnesium
diphenylphosphidd 9 is evident from the calculations, with one N-M@Rgle being
around 4° larger than the other, but both are iodgagreement with the solid state
structure. Theexo- conformation between the metal and the phosphidstguent is
still present, with the magnesium atom roughly shene distance from the;il; plane

(~ 0.55 A). The DOP of the phosphorus atom is 4%lkmin the calculation than in
the solid state, but this may be due to the slighvement of the phenyl rings as the
structure moves from the solid phase in the crystdhe gas phase in the calculation.
This slight change can also be noted in the DOfRefnagnesium, with the coordinated
THF molecule on the"vertex of the metal atom, otherwise occupied leyltme pair
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in the lead and tin calculations. The calculatibaves a DOP ~ 1% less than in the solid
state, which accounts for the slight lengtheninghef Mg-O bond by 0.1 A. The Mg-P

bond length shows good agreement with the solié staucture.

A larger structural change is apparent in the sdlee calculation, with a rotation
along the Mg-P bond of ~ 24°, due to the steriedmem afforded by the removal of the
THF molecule. This extra freedom increases the PO#e phosphorus by ~ 3%, and
shortens the Mg-P bond by ~ 0.05 A. In additionttis, the N-Mg-P bond angles
increase, flattening the environment around theahesntre, reducing the DOP of the
magnesium atom to < 1%. The distance between tlgnesaum atom and thesN,

plane is also greatly decreased by ~ 0.4 A.

Figure 54 — Optimised geometry for solvated LMgRPHF (left) and
unsolvated LMgPPh(right).

[-diketiminate magnesium dicyclohexylphosphide, LMgPCy,. THF, 20

Due to the absence of a crystal structure for msigme dicyclohexylphosphid20, no
comparisons can be made to the solid state. Howawsng the structure and
calculation results for diphenylphosphidl®, the phenyl rings on the substituent were
replaced with cyclohexyl rings, in order to brieByudy any differences within the
calculations. This would provide some understandihthe material in the solid state,
as it is observed that the computational calculatiprovide good agreement with the

solid state structural data for all of the caldala$ undertaken in this work.
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The environment around the metal atom in the THduatl calculation for
dicyclohexylphosphid@0 is still slightly unsymmetric, with one N-Mg-P dagslightly
larger (~ 4°) than the other. The complex displaygxo- configuration with regard to
the phosphide substituent, with the magnesium aitughly the same distance from the
CsN2 plane as in the calculation for diphenylphospHileThe DOP of the magnesium
has increased from the dipheriy® calculation to 31.5%, an increase of ~ 6%, most
likely due to the greater degrees of freedom a#drtb the cyclohexyl substituents over
the phenyl rings in the previous complex. The D@Rte phosphorus atom, however,
has decreased by ~ 14%, indicating a flatteningth& environment around the
substituent as the Mg-P-C and C-P-C angles incr@dse Mg-O bond is increased by
around 0.05 A from the diphenyl compouth€, with the Mg-P bond decreased by a

comparable amount.

The solvent-free calculation displays a similaustural geometry to the solvated
calculation. However, there is a rotation about MgP bond, as one cyclohexyl unit
was observed to rotate by ~ 102°, with the othéatimy through 70°. This acts to
decrease the bond angles around the phosphorusatdmesults in a sharpening of the
DOP of the phosphorus by ~ 16.6 %. Unlike the adgbe diphenyll9, removing the
coordinated THF molecule in dicyclohexy® does not shorten the Mg-P bond by a
great amount, and the desolvation flattens therenmient around the metal centre,
reducing the DOP of the magnesium atom to < 1%ndlwith this, the magnesium
atom is observed to move closer to th&lfplane by ~ 0.26 A from the solvated state.

Figure 55 — Optimised geometry for solvated LMgRTMF (left) and
unsolvated LMgPCy(right).
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3.3.2 Solvent stabilisation effects

The presence of the coordinated THF molecule canséen to stabilise the
diphenylphosphide complex9 by 13.4 kcal mat. This stabilisation effect explains
why a coordinated THF molecule is present in tHelsiate. TheAG energy term is
negative, indicating the coordinated complex is let@able than the sum of the free
complex and THF. This can be attributed to entrefiects from moving from a single,
coordinated species to two separate molecules. Nbtlgese values are corrected for

basis set superposition erfdr.

Table 23 — Energy differences between calculatfonsliphenyl phosphidé&9.
Values are the stability of coordinated complexfree complex + THF.

AE (kcal mol) [ AH (kcal mol") | AG (kcal mot?) | AS (cal K* mol®)
134 12.9 -1.16 47.0

A similar stabilisation can be seen with the diopaxyl phosphide20, with the
presence of the coordinated THF molecule stabiisire structure by 10.3 kcal ol
Although no crystal structure was obtained for dioliexyl 20, it is reasonable to
assume that the solid state structure would comtaioordinated molecule. As with the

diphenyl complexL9, theAG term is negative, and can be attributed to erdreiffects.

Table 24 — Energy differences between calculatfonslicyclohexyl phosphide
20. Values are the stability of coordinated complexfiee complex + THF.

AE (kcal mol) | AH (kcal mol") | AG (kcal mot") | AS (cal K* mol™)
10.3 9.63 -2.71 41.4
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34 Summary

The insertion of heterocumulenes into the Mg-C bohgidiketiminate magnesium
alkyl complexes was investigated. Although carbmxide was found to yield a
complex mixture of products, insertion of DCC allmhgeneration of two amidinate
structures. Addition of phosphines to the magneslkyl complexes yielded two new
BDI magnesium structures with terminal phosphidariids. The generation of the
phosphides proved to be a slow process, which duaneé been accelerated by reaction
of BDI magnesium chloride and a lithiated phosphalgield the same magnesium
phosphide complexes. Computational calculationgwarried out on the magnesium
phosphide complexes to investigate the effect ves stabilisation on the molecule.
The presence of a coordinating solvent was foundabgulation to carry a positive

effect with regard to the stabilisation energy.
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3.5 Experimental details

Synthesis of S-diketiminate magnesium methyl; LMgMe (15)

B-Diketiminel (2.0 g, 4.78 mmol) was dissolved in ~20 ml of Tida Schlenk tube,
to which was addetBuLi (2.37 M, 2.1 ml, 4.97 mmol). The mixture wdkwaed to

stir for ~30 minutes at room temperature, afterchivMeMgBr (1.4 M, 4.3 ml, 6.02
mmol) was added dropwise to the dark yellow sohutithe mixture was left to stir
overnight whilst heating at 30°C, after which tisdusion had taken on a deep orange
hue. The THF was removéd vacuo, hexane was added and the bright pink solution
filtered through Celite®. The hexane was removedenmeduced pressure and the
intense pink powder used without further purifioati Yield: 1.88 g (86.1%).

'H NMR (499.91 MHz, @Ds, 30°C):8 7.16 (m, 6H, Hy), 4.83 (1H, middle €), 3.53
(t, J =6.4 Hz, 4H, THF), 3.36 (sept, J = 6.5 H4, €HMe,), 1.67 (s, 6H, N®e), 1.28
(d, J = 6.8 Hz, 12H, CMe)), 1.24 (d, J = 6.9 Hz, 12H, Q#tk,), -1.25 (s, 3H, MgVle).
Literature'H NMR (250 MHz, CDCJ): 8 7.2 — 6.8 (m, 6H, k), 4.71 (s, 1H, middle
CH), 3.71 (t, 4H, THF), 3.11 (sept, J = 7.0 Hz, 4HiNIe,), 1.82 (t, 4H, THF), 1.60 (s,
6H, NOMe), 1.10 (d, J = 6.0 Hz, 24H, Q#k,), -2.00 (s, 3H, Mgve).?*

Synthesis of S-diketiminate magnesium benzyl; LMgBn (16)

B-Diketiminel1 (2.0 g, 4.78 mmol) was dissolved in ~20 ml of Tidfa Schlenk tube,
to which was addetBuLi (2.37 M, 2.1 ml, 4.97 mmol). After stirring fe-30 minutes
at room temperature, BnMgClI (1.5 M, 4.0 ml, 6.0 niymeas added dropwise, and the
pale yellow mixture was allowed to stir overnighd@°C. The THF was removed
vacuo, hexane was added, and the solution filtered tirdCelite®. The hexane was
removed under reduced pressure and the brightsuiidk used without further
purification. Yield: 1.32 g (52.0%).

'H NMR (499.91 MHz, @Dg, 30°C):8 7.21 (m, 6H, Hy), 6.89 (t, J = 7.6 Hz, 2Hy-
Hpp), 6.60 (t, J = 7.2 Hz, 1H-Hpy), 6.42 (d, J = 7.0 Hz, 2t;Hpy), 4.78 (1H, middle
CH), 3.53 (br, 4H, THF), 3.22 (br, 4HHMe,), 1.65 (s, 6H, N®e), 1.47 (s, 2H,
MgCHy), 1.21 (d, J = 6.8 Hz, 24H, Q#k,).
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Literature®™H NMR (250 MHz, GDg): 8 7.34 (s, 5H, toluene), 7.15 — 7.33 (m, 6H,
Han), 7.01 (t, J = 7.65 Hz, 2Hin-Hpr), 6.72 (t, J = 7.46 Hz, 1kb-Hpr), 6.54 (d, J =

7.02 Hz, 2Hp-Hpp), 4.90 (s, 1H, middle B), 3.66 (t, 4H, THF), 3.10 — 3.48 (m, 4H,
CHMey), 2.24 (s, 3H, toluene), 1.77 (s, 6H, M6), 1.60 (s, 4H, THF), 1.34 (d, J = 6.86
Hz, 24H, CHVle,).*®

Synthesis of S-diketiminate magnesium dicyclohexyl ethylamidinate; LMg[ (NCy).CMe]
17)

Methyl compoundL5 (150 mg, 0.33 mmol) was dissolved in ~10 ml ofdrexin a
Schlenk tube. Dicyclohexylcarbodiimide (68 mg, OmB3810l) was dissolved in ~5 ml of
hexane and added to the pink solutiod®at room temperature. The mixture was
stirred for 48 hours, after which the pale yellaviusion was concentrated and cooled to
-30°C to encourage crystallisation without anyHertpurification. Yield: 89.5 mg
(40.9%).

'H NMR (499.91 MHz, @Dg, 30°C):8 7.17 (m, 6H, Hy), 4.89 (s, 1H, middle B),

3.49 (sept, J = 6.8 Hz, 4HHMey), 2.83 (m, 2H, NgH), 1.69 (s, 6H, N®le), 1.65 (s,
3H, NCMe)N), 1.59 (m, 8H, KTy), 1.30 (d, J = 6.8 Hz, 12H, Q#k,), 1.29 (d, J = 6.9
Hz, 12H, CHMey), 1.09 (m, 12H, ITy).

3c{H} NMR (125.7 MHz, GDs, 30°C):5 172.8 (N\C(Me)N), 168.9 (\CMe), 145.2,
142.3,137.4,128.9, 128.1, 125.2, 124.7, 1234)\3P4.1 (middleCH), 53.8 (NCcy),
36.7 Cy), 35.0 CHMe,), 27.9, 26.1, 25.5 (Cy), 24.9, 24.2, 23.8 (@#)), 21.0

(NCMe), 11.8 (NCMe)N).

Synthesis of S-diketiminate magnesium dicyclohexyl phenyl ethylamidinate;
LMg(NCy),CBn (18)

Benzyl compound 6 (113 mg, 0.21 mmol) was dissolved in ~10 ml ofigvie in a
Schlenk tube. Dicyclohexylcarbodiimide (43 mg, Or2iol) was dissolved in ~5 ml of
toluene and added to the pale pink solutiofh@®t room temperature. The mixture was
stirred for 48 hours, after which the toluene wamevedn vacuo. Hexane was added,
and the pale yellow solution cooled to -30°C toamage crystallisation without any
further purification. Yield: 77 mg (49.7%).
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'H NMR (499.91 MHz, @Ds, 30°C):8 7.17 (m, 6H, Hy), 7.08 (d, J = 7.3 Hz, 2H;
Hpr), 7.03 (t, J = 7.6 Hz, 2Hin-Hpy), 6.94 (t, J = 7.2 Hz, 1Hx-Hpy), 4.85 (s, 1H, middle
CH), 3.60 (s, 2H, PhB,), 3.50 (sept, J = 6.8 Hz, 4HHMe;), 2.84 (m, 2H, NGH),
1.66 (s, 6H, N®e), 1.47 (s, 2H, ), 1.34 (d, J = 6.8 Hz, 12H, Qt,), 1.26 (d, J =
6.8 Hz, 12H, Ci¥le,), 0.92 (m, 18H, ITy).

3c{*H} NMR (125.7 MHz, GDs, 30°C):5 173.2 (N\C(Me)N), 169.1 (\CMe), 145.6,
142.2,137.3,128.2, 128.1, 125.9, 124.9, 123.4(®4.4 (middIeCH), 54.0 (NC¢y),
37.1 Cy), 32.9 CHMey,), 28.1 (PITH,), 26.0, 25.6 (Cle,), 25.1, 24.2, 24.03Yy), 21.0
(NCMe).

Synthesis of S-diketiminate magnesium diphenyl phosphide; LMgPPh; (19)

Magnesium methyl5 (105.8 mg, 0.232 mmol) was dissolved in ~10 ntodaiene in a
small ampoule, and BRH (40ul, 0.232 mmol) was added. The ampoule was sealed
and the pink solution was heated, with stirring7stC for five days (~120 hrs). The
toluene was removed vacuo, and the pale orange material was placed at -802C
mixture of toluene layered with a small amount exdne. Crystals suitable for X-ray
diffraction analysis were observed after a weelel&i86 mg (59.3%)

'H NMR (499.91 MHz, @Ds, 30°C):8 7.10 (m, 6H, Hy), 6.89 (td, J = 7.7, 1.6 Hz, 4H,
Mm-Hpy), 6.77 (M, 6HP-/p-Hpy), 4.75 (1H, middle @), 3.56 (t, J = 6.6 Hz, 6H, THF/
CHMey), 2.88 (br, 2H, EIMey), 1.62 (s, 6H, N®e), 1.43 (br, 6H, CiNey), 1.16 (d, J =
6.2 Hz, 12H, Cie,), 1.10 (m, 4H, THF), 0.84 (br, 6H, Gi,).

13C{*H} NMR (125.7 MHz, GDs, 30°C) :5 168.6 (\CMe), 145.3, 132.1, 131.9, 125.4,
122.5 (G, 94.3 (middleCH), 70.3 (FCpn), 24.9, 24.4CHMe,), 24.1, 23.9 (CiNe),
21.0 (NQVie).

31pf'H} NMR (161.7 MHz, GDs, 30°C) :5 -46.7

Synthesis of S-diketiminate magnesium dicyclohexylphosphide; LMgPCy, (20)

Magnesium methyl5 (225.5 mg, 0.494 mmol) was dissolved in ~10 ntbohaiene in a
small ampoule, and G§H (100pl, 0.494 mmol) was added. The ampoule was sealed
and the pink solution was heated, with stirring8stC for 28 days. After this time, the

toluene was removed vacuo, and the pale yellow material placed at -30°C in a
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mixture of toluene layered with a small amount exdine to encourage crystallisation. .
Yield: 216 mg (68.6%)

'H NMR (499.91 MHz, @Ds, 30°C):8 7.17 (m, 6H, Hy), 4.81 (1H, middle €), 3.89
(br, 4H, THF), 3.27 (br, 4H, BMe,), 1.79 (br, 4H, THF), 1.67 (s, 6H, N®), 1.41 (m,
16H, FCy»), 1.22 (d, J = 6.8 Hz, 24H, Q#E,), 0.92 (m, 6H, Bys,).

3C{*H} NMR (125.7 MHz, GDs, 30°C) :5 163.0 (\CMe), 141.0, 137.6, 120.1, 118.8
(Caryl), 89.6 (middleCH), 64.3 (FE¢y), 23.2, 23.1CHMe,), 20.4, 20.3 (CMey), 20.1
(NCMe), 19.5, 19.3 (Byy)

31p{’H} NMR (161.7 MHz, GDs, 30°C) :8 -28.8



4. Macrocyclic amines and amine ethers
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4.1 Introduction to macrocyclic chemistry

4.1.1 Metal complexes of macrocycles

Macrocyclic ethers have been known for many yeait) the 1987 Nobel Prize in
Chemistry being awarded to Charles Pedersen faythiesis of 18-crown-6 and other
large crown ethers. From the outset, it was ndtatithese compounds can form stable
complexes with many metal salts, formed by cootttbnaof the oxygen atoms to the
metal cation. Pedersen also noted that the codroing independent of valence, with a
1:1 stoichiometry of polyether : metal ion in thenmpounds he studiéd® Aspects
influencing the stability of these crown complexeslude physical factors such as the
size difference between the ion and the ring, steéndrance and the placement of the
oxygen atoms within the ring, as well as electraffects, such as the electrical charge
on the ion, as well as the tendency of the ion dordinate to solvent molecules,
hindering coordination to the macrocycle. Macroiychmines are analogous to
macrocyclic ethers, but with a substituent presemteach nitrogen, allowing the
possibility for functionalisation. Curtis presemiseview on the coordination chemistry
of metal-amine complexes and describes the creafidransition metal complexes of

tetradentate aminé&?

In terms of nomenclature, Pedersen referred toicyethers as “crowns”, as they
mimicked the crown of a monarch when coordinatingtmetal centr€® The prefix
states the size of the ring, and the suffix sttesiaumber of oxygen atoms within in the
ring. Hence, “18-crown-6" describes an 18-membegragether with six oxygen atoms
within it. For cyclic amines, the term “N-ane” ismamon. For the cyclic amines in this
work, the number prefixing the “N” will describegmumber of nitrogen atoms present,
and the number prefixing “-ane” will describe thegrsize. Hence, “3N9ane” describes
a nine-membered ring containing three nitrogen aterthe systematic name would be
triazacyclononane. This terminology can be simylagktended to larger and more
complex cycles.
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Figure 56 — A potassium macrocyclic ether (18-crdiynleft) and nickel

macrocyclic amine (hexamethyl-4N14ane, right).

Nickel, copper and zinc complexes were investigdtgdZompa and co-workers, and
potentiometric titrations were carried out to invgete the stability of complexes
containing macrocycles of various ring siz&s'° Complexes of nine-, ten-, eleven-
and twelve-membered triamines were synthesisedfbotdpectroscopic measurements,
and also as a result of studying the acid dissocatonstants for the hydrochloric salts
of the amines. For most metal complexes, the ptiesolution was found to rise as the
ring size of the ligand increased. This means ¢baper triazacyclononane has a lower
pKa than copper triazacyclododecane, and it is shohat Weprotonation of a
coordinated water molecule is more facile in a clexpthat contains a smaller
macrocyclic ring. Zompa suggested this could be tdua smaller macrocycle binding
closer to the metal centre, and so forcing the mat@ecules to bind further out in the

coordination sphere, and so, be more accessildepmtonatiort®®

+

NK /0H2—|

NH
NO
NH—=Ni—OH NHcl
Ng 7 °NO
OH, NH 3
CXII1 Ccx1v

Figure 57 — Nickel complex [Ni(3N12ane)(OH¥®B),]" (left) and copper
complex [Cu(3N11lane)(Ngk] (right).

The pH is also observed to be higher as the mdtahges from copper to zinc.
Calculation of formation constants for the largeacmocycles, such as 3N1lane and

3N12ane, indicated that the copper complexes weeentost stable and the zinc
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complexes the least stable, although this orderstability was reversed for the
complexes of triazacyclononatf®!® In addition to complexes containing one
equivalent of macrocycle per metal atobns-complexes were also synthesised, and
Zompa noted that they contained distorted octahegametries. For copper bis-
macrocycles, it was reported that only one of tlgeles was fully coordinated in
solution, probably due to the other cycle underg@rchange with water molecults.
Bis-complexes of nickel were observed to exhibit geoicedtisomerism, as shown in
figure 58%°°

Figure 58 — Geometrical isomers of [Ni(3N10aifé) Staggered geometry
(left), and off-eclipsed (right).

Otherbis-macrocycle complexes have been synthesised by \Atidghnd co-workers,

in an attempt to study low-spin iron centt&sTwo macrocycles in his-complex have
been shown to exhibit a ligand field strength alivass high as that of 2,2’-bipyridine,
which has previously yielded low-spin complexes bafth Fé" and F&".°® Both
cationic species [Fe(3N9anE) and [Fe(3N9ang)** crystallise in a staggered
structure, very similar to that of the nickel coeplCXV described above. It is
observed that although £eand F&" are very small ions, the Fe-N bond lengths are
stretched within the complexes, most likely du@da der Waals repulsion between the
3N9ane ligands.

o ol
K)j

NH—= Fe’=NH
< / \ Ny
QNH NS

CXVvII

Figure 59 — Staggered conformation of [Fe(3N9gfeand [Fe(3N9ane)*".
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Using lead, a significantly larger metal ion thather Fé* or Fé*, Wieghardt and co-
workers have managed to isolate some exampleswoob-macrocycle compounds,
specifically [Pb(3N9ane)(CI£);] CXVIII and [Pb(3N9ane)(N§y] CXIX 1%

0 Pb)
N _ NH O=N’
R_ 0-Cio; 7N
NH—=Pb—£0 NH—=Pb--O
\ \ \
NA O cio, NA~ 0. -0
0,Cl \O A
L-p
Pb o b>
CXVIII CXIX

Figure 60 — Structures of [Pb(3N9ane)(®QKPand [Pb(3N9ane)(NE).

The complexes contain one macrocycle that liesrenside of the metal centre. In both
complexes, the perchlorate or nitrate ligands leritly other lead-macrocycle units in
the solid state, giving an oligomeric structure.blosth complexes, the bound oxygen
atoms form a three-membered plane below the lead,gtarallel to the plane defined
by the nitrogen atoms. The lead lone pair is sedyetstereochemically active, pointing

outwards through the centre of this oxygen pf4ie.

In order to prevent oligomerisation, sterically kulubstituents can be bound to the
nitrogen atoms on the 3N9ane ring. Meyer and cd<arsr have bound very large
adamantyl-phenoxide groups to 3N9ane, and havegiedea uranium complex, which
has been shown to undergo coordination fron, @CQthe very elusive linear binding
mode, O— C = O™ The bond lengths and vibrational frequencies ofeskin the
infra-red spectrum suggest a metal-centred ondreteoxidation upon coordination of
CO,. The binding site on the uranium centre is credigdthe adamantyl groups
pointing in the same direction, forming a thin,ingical cavity, which provides access
to an incoming ligand but acts to prevent the caxglom dimerising at the metal
atom. In addition to Cg the complex has also shown similar reactivity daois

trimethylsilylazide, yielding a linear U-NNN struse*°



171

Ad o
Ad L
N O c
o/ 1> i
L U |
Q\/N O_LTJ
o N
Ad B -
CXX

Figure 61 — Adamantyl-phenoxide-substituted [U(3NS% (left; top-down
view) and cylindrical binding mode of GO(right; side-on view). Ad =
adamantyl.

However, dimerisation can be desirable, when pgpbittramolecular reactivity of
complexes. Wieghardt hydrolysed the mononuclearptex[Mo(3N9ane)G] CXXI
in aqueous solution to yield the hydroxide-bridggiduclear complexes, shown in

scheme 73t

Scheme 73 — Dimer complexes of [Mo(3N9ane)].
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NH-’MO\—/MO*NH T’ NH—>|\/I|O\—/MO<-NH
|
NG| O] RN 2 N 507 THN
oHO
o) CXX1v

CXXIII



172

In the presence of sodium acetate, a bridging sc€éXIl is formed. In the presence
of sodium hydrogen carbonate, bridging carbor@XIll is formed. Treatment of
carbonateCXXIIl with perchloric acid yielded a novel molybdenum @imer, with

two bridging oxygen atoms, and a Mo-Mo bond. Eadilylmdenum centre was also

doubly-bound to an additional oxygen ato@XKIV ).***

Dinuclear cobalt complexes with a bridging phenglgbhate diester ligand were
investigated by Williams and co-workéré. Both methyl and 2-hydroxypropyl
phosphate complexes were reported, and were olagstrwendergo both hydrolysis and
dissociation to form hydroxide-bridged complexesieT2-hydroxypropyl phosphate

complex also exhibited affinity for undergoing tsasterification (scheme 74).
Scheme 74 — Hydrolysis, dissociation and trangéstgion of [Co(3N9ane]

complexes. X =p-NO,;, H. Hydrolysis and Dissociation;, R = GH
CH,CH(OH)CHs. Transesterification; R = G&H(OH)CHs.

x~©—o\ /OR o\\ /OR
3+

NH~ N _hydrolysis NH~a N
NH / % / \NH NH N / NH
NH NH

CXXV CXXVI
transesterification
dissociation /—(
o.__0O
AN 3+

0 OH Oy 0
Ho o H
NH- ‘/ \ N NH\C\O/ \C/O/N
NH N / \NH NH’;/ o~ QNH
NH H  HN

CXXVII CXXVIII

The rate of dissociation was found to be very sfowthe methyl —para-nitrophenyl
diesters (R = Ck X = p-NOy), with the hydrolysis pathway favoured. The reeeis
true for the unsubstituted phenyl ester (X = H)gevehthe rate of hydrolysis is found to
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be very slow. Although this pattern is repeated tfug 2-hydroxypropyl ester (R =
CH,CH(OH)CH), the transesterification pathway is favoured &il,wndependent of
the X group-*2

Burstyn and co-workers have synthesised a seriesopper-macrocycle complexes,
specifically to catalyse the hydrolysis of a phasphdiester \{de infra).'** Copper
dichloride and dibromide adducts of 3N9ane, 3N10amE 3N1lane were synthesised
from treatment of aqueous solutions of the metklvgizh the hydrochloric salt of the
macrocycle, followed by subsequent neutralisatiah Wwase. There was shown to be a
shift in geometry from square pyramidal to trigoriapyramidal as the ring size
increased, with a corresponding decrease in thartis between the copper atom and

the plane defined by the three nitrogen atoms.

T\ (\N
N \
(N, ] (N,
UG CN'ﬁ”_Br
Br
CXXIX CXXX

Figure 62 — Square pyramidal [Cu(3N9ang)@eft) and trigonal bipyramidal
[Cu(BN1lane)Bi (right).

However, despite the differences in configuratiorthe solid state, all of the copper
complexes exhibit a square planar geometry in molutwith evidence such as high
energyd-d electronic transitions, rather than low energygimons, which are more
indicative of trigonal bipyramidal structur&s:*'* Another reason for the square
pyramidal geometry in solution could be the cooation of water molecules to the
copper centre. Coordinated water has been showe tonportant when using these

complexes in the hydrolysis of phosphate estérs.
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4.1.2 Synthesis of macrocyclic amines and ethers

The most common method toward synthesising cyctiana structures was first
popularised by Richman and Atkins in 1972 The synthesis they report involves three
main steps. The first is the tosylation of a linaarine or alcohol to protect the nitrogen
atoms, and activate the oxygens. In the second syepsation with another tosylated
reagent is carried out. The resulting macrocyclehsn heated in strongly acidic
conditions in the third step to remove the tosyataups, and subsequently treated with

sodium hydroxide to yield the final macrocytté.

Step 1 — Tosylation

Richman and Atkins report the tosylation of diedmgtriamine in pyridine, followed by
aqueous workup'® It is this method that is referred to as “Methotlit our synthetic
procedure detailed belowide infra), with minor modifications. Pyridine acts as both
the solvent and base, to deprotonate the initi@ham

Scheme 75 — Tosylation of diethyltriamine by Riclmaad Atkins.

Pyridine, 60°C H H
HoN NH N N
2 \/\”/\/ 2 o Ts™ \/\l}l/\/ Ts
I
I
© CXXXI
Na* Na* NaOEt
N- N~
Ts” \/\'Tl/\/ Ts
Ts
CXXXII

The sodium sal€XXXIl was found to easily crystallise from hot ethanslktutions of
tosylated amin€XXXI . Although isolation of the sodium salt was carreed in many
synthetic procedures® it could also be generatédlsitu for the purpose of the next

Step:.I.19,120

As a variation of this tosylation procedure, Paolend Micheloni reported that
triethylamine could be used instead of pyridine tiwe tosylation of diethanolamiri#:

An earlier paper by Mertes and co-workers repousidg triethylamine as the base in
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the tosylation step, but carried out the reactiomlichloromethane as a solvéfft.To
avoid using large quantities of triethylamine, tilertes method was preferred by us
over the Paoletti method, and it was designatetMashod B” in our synthesesvigle
infra). A variation on the Mertes procedure (Method B)sweported by Jenneskens and
co-workers, simply by changing the base to powdgrethssium hydroxide for the
tosylation reactiori?® Using this instead of triethylamine is referrecago“Method C” in

our synthetic procedures.

Step 2 — Cyclisation

Richman and Atkins generate their macrocyclic caxes$ by treating the disodium salt
CXXXIl with another tosylated compound in N,N-dimethyifi@mide (DMF)-*° This

procedure is very common, and few variations ekistas also found that, aside from a
tosylated compound, disodium s@XXXIl could also react with dihalide complexes

in the same fashion, to produce the same cyclisetpounds>*%°

Scheme 76 — Cyclisation of macrocyclic amines inlDM = OTs, ClI, Br, I.

Na* Na*

é ¢ Ts
TN \/\r}l/\/ N~ s N
Ts DMF
———— >  Ts—N N—Ts
CXXXII
+ "
X ~ N N X Ts
+S CXXXIII

Step 3 — Removal of tosyl groups

The main method, used by Richman and Atkins, ferdatosylation of cyclic amines,
involves heating the tosylated macrocycle at 100fConcentrated sulphuric acid for
70 hours, to isolate the sulphuric salt, which ewerted to the neutral amine by
treatment with sodium hydroxide and activated carfib Dreissen and co-workers
perform this reduction with the use of a Dean-Stgrgaratus, to remove water from the

solution to keep the product di¥/
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Scheme 77 — Detosylation of macrocyclic amines

Ts
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However, a problem that became apparent in ouredwdas that the sulphuric salt was
unstable, and was not easily handleable. In addiothis, the neutralisation of the
sulphuric salt by sodium hydroxide often did noglgi a pure product in consistent
amounts. The solution to these problems is discukder {ide infra) in our synthetic

section.

Further functionalisation of macrocycles

As stated previously, the nitrogen atom in macrbcyamines can be substituted with
various group that may influence the reactivity stéric bulk of the compound.
Barefield and Wagner produced a method for metimgat 1,4,8,11-
tetraazacyclotetradecane (4N14ane), by treatingi¢lugral macrocycle with a mixture
of formic acid and formaldehydé After neutralisation of excess acid, the product
4N14ane-Mg (CXXXV ) was formed in yields of up to 80%.

Scheme 78 — Methylation of 4N14ane.

/_/7 \_\ i) HCOOH, HCOH /_/7 \_\
J_/ ii) NaOH J_/

CXXXV

For larger functional groups, Halfen and co-workpastly detosylated a macrocyclic
complex, and treated this with an alkyl halide tb&itute larger alkyl groups at the
detosylated nitrogen aton®. Removal of the remaining tosyl groups gave a coiere

route to unsymmetrically-substituted cyclic amimenpounds.
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4.1.3 Phosphate ester hydrolysis by metal centres

Within cells in the body, lead has been shown teoeste with nucleic acids, and
compete for cysteine-rich binding sites with zioas, due to its ability to form strong
bonds with thiol units?’ At concentrations higher than around |24, lead has been
shown to hydrolyse RNA units in a catalytic fashioma a lead hydroxide

intermediaté?® The hydrolysis has been suggested to occur iemnise fashion from

the lead hydrate, and cleaves the RNA polymerdicsphate centre (scheme 79).

Scheme 79 — Accepted mechanism for the stepwiskiheluced hydrolysis of
RNA. L = spectator ligand.
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0=P< o-IP\B{ Con o7 o\
0 _0) LPb/ HO—PbL
3‘ 3!
CXXXVI CXXXVII CXXXVIII
- [LPb]*
5' 5 ‘
\O \O
0 BASE ) o BASE
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) Q O~H O\P/S
“ o 07 XO-H
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After initial coordination to the phosphate, thadehydroxide deprotonates the 2’-OH
(CXXXVII ), which attacks the phosphate diester, causirayalge of the P-O bond and
the formation of a five-membered cyclic phosph&@%XXVIIl . The second step
involves attack at the phosphate centre by and#laer hydroxide, which results in the
penta-coordinate phosphat@XXXIX , which decomposes to monophospl@ . This
mechanism is similar to the hydrolysis of carboxycid esters and phosphate diesters
carried out with zinc, copper and cobalt hydroxjdaad has highlighted that the
coordination of the metal centre to the phospratmiimportant factor in the hydrolysis

reaction™*® The hydrolysis reaction was studied in detail byridw and co-workers,
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using the 4-nitrophenyl phosphate ester of progylgiycol 1) as a model system for
the backbone strand of RNA? Morrow notes that, although RNA itself can be used
mechanistic studies, many systems readily pretgitaetal hydroxides or metal
nucleotides in the course of the study. By usingadel system, such as a phosphate

diester, these unwanted precipitates are mininosedoided entirely.

0 O

\ /7

P—Q_ OH
o4 A

Figure 63 — 4-nitrophenyl phosphate diester of plepe glycol 21).

The hydrolysis of the phosphate ester (scheme @@upes the cyclic phosphafeLI
and one equivalent gdara-nitrophenolate, the latter of which has a distmgsorption
at 400 nm. By monitoring the reaction with UV-viglspectrophotometry, the increase

in absorption at 400 nm can be observed as théioearogresses.> %3

Scheme 80 — Hydrolysis of phosphate die2fer

O O \//
O N L3 ©
21 CXLI

Morrow reports that hydrolysis of phosphate e&tewas carried out in a combination
of sodium nitrate and HEPES buffer solution (N-(@Hoxyethyl)piperazine-N'-
ethanesulphonic acid) at pH 6.85 at 37°*€These conditions were chosen in order to
mimic the physiological environment, albeit slightlacidified to prevent the
precipitation of metal hydroxide species that ooedirat more basic pHs. Hydrolysis
with a range of di- and trivalent metal ions shoviiest-order kinetics with respect to
the phosphate within the concentration ranges D%ta 1 x 10° M. The studies also
showed first-order kinetics with respect to the ahebns, but over a broader

concentration range (table 25.
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Table 25 — Concentration ranges for metal ions gmpiirst-order dependence.

Concentration range (M) Metal ions

1.0x 10°t0o 5.0 x 10 Pyt La’", N&, EUY, G&*, T', YB**, LU

6.0x 10*to 1.4 x 1C° Zn’t

1.0x10°t0 4.0 x 10° Co’, Ni**, Mn**

5.0 x 10°to 3.0 x 10" cut

0.1t0 0.6 ca, Mg~

Performing the hydrolysis kinetics in the presewnéethe spectator ligantis-(tris-
(hydroxymethyl)aminomethane)propan€XLIl , Yatsimirsky prepared reaction
solutions by combination of metal and ligand stsckutions to the desired volume,
effectively generating a metal-ligand complém situ!®' For the hydrolysis of
nitrophenyl phosphates by lanthanide complexest-@irder kinetics were observed
with respect to the phosphate undergoing hydralysithe presence of a high excess of
metal complex, and the formation of metal hydroxmemplexes was observed by

potentiometric titrations.

HO H H OH
HO OH
CXLII

Figure 64 -Bis-(tris-(hydroxymethyl)aminomethane)propane spectator tigan

Synthesis of a metal-ligand complex can also beechout prior to the kinetic study, as
described by Burstyn and co-workét3.A series of copper macrocyclic complexes
were synthesisedvifde supra) and shown to be active with respect to phosphate
hydrolysis. The K, of the coordinated water molecules was shown tafteeted by the
size of the coordinated macrocyclic ring; the;pkcreased as the ring size increased.
As the coordinated water molecules are the soufcégh@® hydroxide ions which
hydrolyse the phosphate, th&pof these water molecules directly affects the cdte
hydrolysisi*® To study the reactivity of these different com@gxn the hydrolysis of
the phosphate ester, the concentrations of the lic@téaining species and the

phosphate were alternately varied, and studiedyubi® method of initial rates — in this
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case, the reaction was observed for no more tharhoar. The proposed mechanism is
shown in scheme 81, and shows equilibria betweerfrde metal complexCXLIII )

and the metal complex bound to the phosphaxd (v ).**3

Scheme 81 — Proposed mechanism for copper-catghysesphate hydrolysis. R
= para-nitrophenyl.

2+ *

H+
QNH\ /OHz_l j QNH\ /0H_|

[ NH—=C( NH—ZCu
éNH/ OH, é\NH OHy
CXLIII

//o /\ (0]
-O—P— /
O~R~OH -o—|=>\’—04<j>—No2

OR oR

Ho H20
2 H,0

The hydrolysis of phosphate diestet can therefore be shown as a consecutive
reaction, with the first step the coordination bt tmetal species to the phosphate
diester, which then undergoes hydrolysis to forme firoduct, and releasgara-
nitrophenolate. McDaniel and Smoot developed amgeémgproximation for the kinetics
of a consecutive reaction of this type using tready-state approximation (equation
(4))_132

[A] —= [B] 2~ [C] (4)

K.1

Assuming the intermediate B is used up as soohiasieated (i.e. the concentration is
negligible), the appearance of product C dependtusively on the concentration of

reagent A. However, if a catalytic compound is pres such as in the phosphate
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hydrolysis reaction or enzyme kinetics, a seconderyn must be introduced and the
reaction becomes as shown in equation (5), follgvtichelis-Menten type kinetics.

K4 k2
[S]+[M]~T—~[I]—>[P]+[M] (5)
-1
(S = substrate, M = catalytic metal-containing $p®c| = coordinated

intermediate, P = product).

Flooding the reaction with excess substrate remtweslependence on it from the rate
equation, effectively making the metal complex ttage-determining reagent, and
therefore, the coordination of metal complex tos$tdie k;) the rate-determining step.
This methodology is saturation kinetics, where ¢hisran excess of substrate, and the
reaction can proceed at its maximum rate. Thisfeature of enzyme kinetics, where an
excess of substrate allows all available enzymdibgnsites to be filled, and the rate of

reaction ceases to increase.
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4.2 Results and discussion

4.2.1 Synthesis of barium 2-hydroxypropyl 4-nitrophenkibgphateZ1)

The synthesis of phosphate die2érused a slightly modified procedure based on the
previously reported synthesis by Brown and co-wwk® A solution of disodium 4-
nitrophenyl phosphate in water was passed downlaneo of IR-120 ion exchange
resin to exchange the sodium ions for protons. déar eluent was collected and made
basic to pH 8 by the addition of aqueous ammonia.efAcess of epoxypropane was
added, and the mixture refluxed at 30-35°C fordhaays, after which the solvent was
removed under reduced pressure to yield a brighaweoil. The oil was passed down
the IR-120 ion exchange column, and the colourtdssnt made almost neutral to pH
6.5 with aqueous barium hydroxide solution. Exdemsum hydroxide was precipitated
by addition of ethanol, and removed with a cengggfu Removal of solvent under
reduced pressure yielded a yellow oil, and acetea® added to precipitate the desired

phosphat@1, which was collected as a white powder and dmeti3% yield.

Scheme 82 — Synthesis of phosphate diiter

*NaO O *H,NO O
\ /, \//

. .
P—ONa* i) H* resin P—ONH,*
O,N o O,N o}
ii) NH;

) \/
P—0 OH oL P—0O OH
/ i) H™ resin /
O,N o} ~—— O.N o
? ( > i) BaOH), ( > /\
21
The'H NMR spectrum shows two doublet resonances8&27 and 7.48, corresponding

to the aryl protons, as well as three signals 208, 3.89 and 3.47, assigned to the alkyl

protons in the propyl chain on the phosphate. Hanewo resonances are observed in
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the 3*P{*H} NMR spectrum, corresponding to the two possilsiemers of dieste21
(scheme 83). The two isomers occur upon additich@®epoxypropane. A resonance at
0 -5.83 is assigned to the major isomer, which mnx when the epoxypropane is
attacked at the least hindered end. A much lessisetresonance at-6.30 is assigned
to the minor isomer, which is formed when the epogpane is attacked from the more

hindered end.

Scheme 83 — Generation of the isomers of phosghaster21. Attack at least
hindered end (right) gives the major product, &ttaicmost hindered end (left)

give the minor product. Ar’ para-nitrophenyl

+ - + - + -
HNQ 0 HNO O . HNO O
P-O0 OH ~—— P—ONH;f —— P-0_ OH
Ar—0 o, - A0 A Ar—0
minor major

Care was taken when refluxing the mixture, as gdomeaction time led to increased
quantities of the more-hindered product, identifigdthe increase in intensity of the
minor-product signal ab -6.30. Optimum yields of the least-hindered (mamoduct

were achieved with around 70 hours of refluxing.

4.2.2 Macrocycle synthesis

Six starting materials were used to generate & leagge of macrocyclic ligands, over a
total of four synthetic steps with isolatable protuat each stage. The methodology
involved was broadly very similar, independent ¢ tfinal product, however, each

material was required to be treated slightly défety. No pattern was evident, and so

the optimisation of reaction conditions was donertal and error.

Starting materials containing primary or secondarynes were protected (or activated,
in those materials containing alcohols) by the tholdiof a tosylate group under basic
conditions. These tosylated compounds were thelisegcin N,N-dimethylformamide,

after which the tosyl groups were removed by thalitamh of sulphuric and
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hydrochloric acids to form the salts of the macobey. Addition of strong base to these
salts, and the removal of water yielded the neligahds.

4.2.2.1 Tosylation of starting materials

Three methods of protecting linear amines and alsolvere used, depending upon the
individual compound. The presence of base was redjuo deprotonate the starting
material to allow addition of the tosyl group. Thwee bases used were pyridine
(method A), triethylamine (method B) and potassiuydroxide (method C), and each
was used under slightly different conditions (Segeeimental section for further

details).

Characterisation was carried out By and**C{*H} NMR spectroscopy in deuterated
chloroform and mass spectrometry. The NMR speatodyred a very clear spectrum
for the tosylated compounds. Key resonances toredseere aromatic doublets and
methyl group resonances on the tosylate groupsCaficsignals for the main backbone

of the compound.

General Procedure — Tosylation

The compound to be tosylated was added slowly golation of tosyl chloride in the

presence of the appropriate base. In all casesadtgion was observed to be greatly
exothermic, and care was taken to maintain a cohstaction temperature by slowing
the addition as necessary. Upon complete additidheostarting material, the reaction
was allowed to stir overnight and come to room terafure. Ice and hydrochloric acid
were used to remove excess base, and to washgheiotayer containing the tosylated
product. Further washing with deionised water amblsequent drying of this organic
layerin vacuo produced the product in good yield, which waseam#d and used in the

next step without further purification. Starting texdals and their respective products

are shown in table 26, and all reported yields 80%.
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Table 26 — Starting materials, respective methodstesylated products.

Starting material Methodology Tosylated product
Method A H H
HgN\/\N/\/NHg o _I_S/N\/\N/\/N\_I_s
H (Pyridine, 60°C) 1
N,N-diethylenetriamine 22
Method B TS N NN TS
HZN/\/\”/\/\NHZ H [?] H
(DCM, NEt;, 0°C) Ts
N,N-dipropylenetriamine 23
HO -~y Method B 1O e
Ethan-1,2-diol (DCM, NE&, 0°C) 24
HO™ " 0OH Method C Tss g™~ T8
Propan-1,3-diol (DCM, KOH, -10°C) 25
HO\/\N/\/OH Method B TS/O\/\N/\/O\TS
|
H (DCM, NEt, 0°C) Ts
N,N-diethanolamine 26
HO_~o~~-OH Method C e U Vv NP
Diethylene glycol (DCM, KOH, -10°C) 27

The *H NMR spectra of the tosylated products showed thase compounds were
isolated cleanly, with signals corresponding totthsyl groups (two sets of aryl protons
and a methyl group) and the €lgroups clearly visible. In produc®2, 23 and 26,
where three tosyl groups are present, a seconof $esyl group signals are observed,
corresponding to the tosyl group on the centrabgan atom. A mass spectrum for each
product was recorded, with a mass peaak)(corresponding to the sodiated ion of each
respective compound observed.
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4.2.2.2 Cyclisation of starting materials to protected noagcles

The protected amineé&2 and23 were combined with the activated alcohd; 25, 26
and27 to generate six cyclised compounds containingpgén or oxygen heteroatoms
within the ring structure. The method used was dase the cyclisation method
described by Atkins and Richmaf?. At this stage, all the nitrogen atoms still reneain
protected with tosyl groups, an indicator that ddog used to observe the compound by
'H and™*C{*H} NMR study.

General Procedure — Cyclisation

The tosylated macrocycles were generated by additicone equivalent of one of the
activated alcohols to a hot (100°C) dimethylformaéen(DMF) solution containing one
of the protected amines and an excess of potassabonate. After complete addition,
and subsequently allowing the mixture to cool, watas added to dissolve the excess
base, and the mixture left to stir overnight tewallprecipitation of the product. The
pale, sticky solid was then filtered from the mathiguor, washed with copious
amounts of deionised water and dried at high teatpex (~150°C)n vacuo. Yields of
the cyclised products varied from ~ 30 — 80%. ReslidMF, observed in thtH NMR
spectra of the cyclised products, did not appeaaffiect the subsequent deprotection

step.

Table 27 shows the combinations of activated aligirotected amine and respective
cyclised product. The experimental section providesther reaction details.
Combinations of alcohol and amine that do not applk not provide an isolatable

product.
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Table 27 — Combinations of protected amines antvadet alcohols to form

cyclised product28 —33.

Activated alcohol

Protected amine

Cyclised product

Ts
N t N
Ts™ \/\ITJ/\/ Ts ( w
Ts
o . 27 Ts/N\_/N\Ts
Ts" "o 0 28
24 TS
[N e N Sl N
H | H
Ts T /N N\T
S \ / S
23
29
Ts
Te Ts Ts< 2 TN s (\N/j
o "o N | N
Ts _I_/N N\T
s s
25 23 .
30
'Il's
N
y H
Ts~ \/\ITI/\/ “Ts Ts—N N—Ts
Ts
2 )
Ts l}l Ts 31
Ts
26 /Ts
N
TS\N/\/\N/\/\N/TS /—/7 \—\
H ) H Ts—N N—Ts
Ts \_\; /_/
N
23 \Ts
32
'Il's
T O™ T TN Ts—N N—Ts
Ts k/
27
22 ©
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TheH NMR spectra of the compounds all displayed distsignals corresponding to
the tosyl groups on the cyclised compounds. Thangk 4-axis symmetric compounds
3N9ane-Tg 28, 3N12ane-Ts 30 and 4N12ane-Ts31 displayed the two aromatic
doublets and the methyl group singlet represemai¥ only one tosyl group
environment. The compounds 3N1lang-A% 4N14ane-T£32 and O3N12ane-Es83,
containing one axis of symmetry, displayed multifggyl group resonances, respective
of the number of tosyl group environments pres8ignals corresponding to the ¢H
units of the macrocycle backbone are identifialmieath complexes, and can be assigned
to the appropriate protons. A mass spectrum wawded for all compound28 — 33,
with a mass peakn{z) corresponding to the sodiated or potassiated abreach

respective compound observed.

4.2.2.3 Removal of tosyl groups to form hydrochloride salts

The tosyl groups were removed by heating the ptedemacrocycle in sulphuric acid to
produce the sulphate salt of the material, in alainfiashion to the method by Atkins
and Richmarf'® However, the sulphate salt was observed to béculiffto handle
easily, and the method did not give consistentiyeatable yields of the products.
Removing the water from the compound in the fin@psalso proved to be very
difficult. An improvement to this method was suggesby Driessen and co-workéf$,
but was also found to have the same water-remokatblgm. Both methods also
required prolonged heating of concentrated sulghadid at high temperatures. We
carried out these procedures in an attempt to ageinthem, but faced the same
problems, in addition to the obvious safety conaafrigh-temperature concentrated
sulphuric acid. Karsten Meyer and Oanh Lam providedwith a “fast-cracking”
method, which only required short, vigorous heatimgconcentrated sulphuric acid,
followed by hydrochloric acid workup* The hydrochloride salt was stable enough to
be isolated, and removal of water from this sattved easier to accomplish than from

the sulphate analogue.
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General Procedure — Fast Cracking

The macrocycle to be cracked was added to hot (566ncentrated sulphuric acid,
which resulted in the solution darkening, and stirat for 15-20 minutes. The brown-
black mixture was then pouregry carefully into ice-cooled ethanol, in a procedure
that was observed to be very exothermic. Slow addiof the acid mixture and
vigorous stirring of the ethanol was important irder to prevent clumping of the
precipitated material. The beige-grey powder wdkecied by filtration, then dissolved
in water and heated to near reflux. Concentratetidohloric acid was then added very
slowly. After complete addition of the acid the heas removed and the light brown
solution was allowed to stand overnight, resultimg the precipitation of the
hydrochloride salt of the macrocycle as a whitg;stalline powder. Yields of this
method of cracking were very high, resulting in asihcomplete conversion to the
hydrochloride salt.

The hydrochloride salts were observed to be faremstable than their sulphate
analogues, and could be stored indefinitely in alesk vial on the bench. The
hydrochloride salts were observed to be solublagueous solvents, and insoluble in
organic solvents. NMR spectra for all salts wedrded in RO, rather than deuterated
chloroform. In all*H NMR spectra, no tosyl peaks were observed, winiditated their

removal. Aside from the residual water peak, ongjnals corresponding to the GH

units on the macrocycle backbone were observedcaunltl be assigned accordingly.
The hydrochloride units could not be observed, aating these units are probably

undergoing rapid proton exchange with th@©Zolvent.

Table 28 shows the hydrochloride s&ts— 37 obtained from their respective tosylated
precursors 3N9ane-788, 3N12ane-Ts30, 4N12ane-Ts31 and O3N12ane-E83.

Attempts to crack 3N1lane-429 and 4N1l4ane-T,;s32 were not successful. These
were the two more difficult macrocycles to cyclisad so were omitted from the fast-
cracking process.
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Table 28 — Fast cracking of tosylated macrocy2®&$0, 31 and33to produce
hydrochloride salt84 — 37. Conditions: i) HSQy, 150°C. ii) HCI, 100°C.

Tosylated macrocycle Hydrochloride salt

Ts H*Cr
|

@ -

N
N N CrH* N\~ H*Cr

Ts™ ~—" "Ts
28 34
Ts H*CI

CrH* v H*Cr
35

30
1|'s H*CI
N N
Ts—N N—Ts CFH* N N H*CF
N N
Ts H*Cl
31 36
Ts H*Cr
N N
Ts—N N—Ts CrH* N N H*Cr
o 0
33 37

4.2.2.4 Neutralisation to generate macrocyclic compounds

The method of neutralising the hydrochloride saltss a slight modification of the
procedure by Driessen, and employed the use ofisotliydroxide and a Dean-Stark
water eliminator. The neutral macrocyclic compoundsre found to be very
hygroscopic, and were observed to deliquesce ibseg to even small quantities of
water. Removal of water from a neutral macrocyclkgsviound to be a non-trivial

procedure, with fairly strong conditions requirdéthr example, exposure to activated
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molecular sieves did not remove water associateth whhe macrocycles. The
compounds were stored in an inert atmosphere govabavoid exposure to moisture,

after dryingin vacuo overnight.

General Procedure — Neutralisation

The hydrochloride salt was dissolved in a mixturgvater and toluene in a roughly 2:3
ratio. Sodium hydroxide was added to the mixturbictv was then heated at reflux.
Additional portions of sodium hydroxide were reguirto be added throughout the
procedure, as the water was removed from the na@xtiar the Dean-Stark apparatus.
When all the water had been distilled off, the ¢vle was removed under reduced
pressure to yield the neutral macrocycle as a whiwder in medium-low yields of
around 20 — 40%.

Table 29 — Neutral macrocycle88, 39 and 40, acquired from their

corresponding salts.

Hydrochloride salt Neutral macrocycle
H*Cr H
) N
N N HN NH
CrH* N__/ H*Cr N
34 38
H*Cr
N
N H
CIrH* N N H*Cr NH HN
H
N N
H*Cr
39
36
H*Cr N
N H
CrH* N N H*Cr NH HN
o 0
40
37
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The '"H NMR spectrum of each of the neutral macrocyclé®sws resonances
corresponding to the GHunits in the respective macrocycle backbone, wicah be
assigned accordingly. Although no amine protons lsandetected in théH NMR,
probably due to exchange with the solvent, masstspa peaksr{yz) were recorded

corresponding to the protonated forms of the néotegcrocycles.

4.2.2.5 Furthur macrocycle functionalisation

A brief study was carried out to investigate theglbility of further functionalising the
macrocyclic ligands in the series, with the intentiof investigating the effect of
functionalisation upon the phosphate hydrolysisctiea. The methylation of larger
macrocyclic ligands was reported by Barefield andgvér, and it was this procedure

that was adopted for the generation of 3N9ang-4&>°

1.4.7-trimethyl-1.4,7-triazacyclononan&lf

3N9ane38 was dissolved in water with an excess of formid and formaldehyde. The
mixture was heated to reflux for 24 hours, afteioht was allowed to cool. Sodium
hydroxide solution was added to create a stronglgidenvironment to neutralise
excess acid. The methylated product, 3N9ane-Mewas extracted with chloroform,

and isolated as a yellow oil in 82% vyield.

Scheme 84 — Methylation of 3N9aB8to produce 3N9ane-Md 1.

H l

N N
( w i) HCOOH, HCOH ( w
ii) NaOH
HN NH _N N
38 41

The'H NMR spectrum shows an uncluttered spectrum, Withdistinct resonances, of
integration 3:4. The resonancedd.60 is assigned to the gHrotons on the ring of the
ligand, with a resonance &t 2.31 corresponding to the methyl amine groups. The
13c{*H} NMR spectrum shows a similar set of resonaneéth one atd 57.1 assigned

to the CH units, and another resonancé 6.7 corresponding to the methyl groups. In



193

addition to this, a mass spectrum peak was prestemiz 172, representative of the
protonated complex, 3N9ane-pd".

4.2.3 Macrocyclic complexes with metal centres

Metal complexes of macrocyclic ligands are well-kngvide supra), and it was
attempted to synthesise a small number of metalagung complexes to investigate
the binding properties of the macrocycles. Follayiine procedures detailed earlier,

complexes of lead, copper and zinc were attempted.

Lead(ll) nitraté®®

3N9ane38 was mixed with aqueous Pb(N)@in the presence of excess sodium nitrate
at 60°C. Sodium hydroxide was added and storageéGabvernight yielded a fine white
powder. However, this powder was completely insl@duand resisted any attempts to
characterise it. Further concentration of the sotudlid not produce any further

material.

Scheme 85 — Attempted synthesis of Pb(3N9anejNO

H i) Pb(NO3)2,
N o QNH
( w NaNO3, 60°C NO;

NH—=P5
. / N
HN NH i) NaOH < NO;
N—S
n
38 insoluble

Copper(ll) and zinc(Il) chlorid&

3N9ane.3HCB4 was mixed with an ethanol solution of excess @itas hydroxide,
and a solution of either copper(ll) or zinc(ll) chtle was added. The solution was
concentratedn vacuo, and cooled to 4°C to encourage crystallisatiomci/stals were
observed in the case of the zinc complex, butgeldrlue plate was formed from the
copper-containing solution. HowevéH NMR spectroscopy showed that this did not

contain any macrocyclic proton resonances.
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Scheme 86 — Attempted synthesis of M(3N9ane)®™ = Cu, Zn.)

*Cr

H
N
i) KOH QNH\ Cl
. NH/M\
N N i) MCl, éNH Cl
CIH* ~__"  H*Cr

34

4.2.4 Studies on the hydrolysis of 2-hydroxypropyl 4-oithenyl phosphate

Kinetic studies were carried out to study the hiyhie mechanism gbara-nitrophenyl
phosphate1 as a model system for the lead-based cleavagdNéf Rur aim was to
investigate the effect on reaction rate by the gmes of different-sized macrocyclic
ligands, and derive a quantitative correlation leetw the rate of hydrolysis of the
phosphate diester and thK of the lead-macrocycle complex. This would provice
with further evidence for both the mechanism of Rbléavage, and evidence for the

rate-determining step for the cleavage reaction.

A buffer solution of 0.01 M HEPES (N-(2-hydroxyetjpiperazine-N’-ethanesulphonic
acid) and 0.1 M sodium nitrate was prepared iniMQliwater, and the pH adjusted to
6.85 by dropwise addition of concentrated sodiundrbiyide solution at 37°C. All
quantities of phosphate and metal salts were fyestépared in this buffer solution.
Studies of reaction kinetics were carried out onVarian Cary 50 UV-vis
spectrophotometer equipped with a water-coolediePathip set at 37°C. 2.00 ml of
nitrophenylphosphat@1 in the buffer solution was placed in a quartz Udl,cand
warmed to 37°C in the spectrophotometer housinghbyPeltier system. 2l of 1 x
10° M lead nitrate solution was added, and an autainatethod was begun
immediately. For ten minutes, an absorbance readig) taken every thirty seconds,
and then every four minutes for a subsequent nimatyites at 405.1 nm to observe the
increase in concentration of theara-nitrophenolate produced by the hydrolysis

reaction.

The kinetic runs were duplicated a number of titeetest for reproducibility, and then
the procedure was then carried out for differemtcemtrations of phosphate. The runs

were found to be reproducible; however, there wamesslight variation in the initial
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absorbance of the solutions, but only within 0.0®.%2 absorbance units. Plots of
concentration opara-nitrophenolate against time provided reaction rédegach of the
studies at different starting concentrations of guimate 21 (figure 65). The
concentration of nitrophenolate was calculated gqughre extinction coefficient from
Morrow’s work, € = 18 500 M crit.**°
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Figure 65 — Concentration para-nitrophenolate against time (five repetitions).

Initial phosphate concentration = 2.0 X1

The two-stage equation for the hydrolysis reactsostated below, and the rate equation
can be derived as follows:

k4 Ky
[S]+[M] - 1] [P]1+[M] (6)
-1
(S = substrate, M = catalytic metal-containing $p®c| = coordinated

intermediate, P = product).

The generation of product P depends upon the ctratiem of intermediate | and the
rate constarky.

dIPT = &> 1] ()
dr
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Assuming the intermediate | is converted to prodacas soon as it is formed, the
generation of intermediate | depends as follows:

dll = & [SIMI -k, [ -k, [ (8)
dr

Therefore, the concentration of intermediate | loanvritten as:

[l = &, [SI[M]

9
ey ()

Combining equations (7) and (9), the generatioprofduct P — the observed rate of
reaction — can be written as:
d[P] = k
de

obs [M] (10)

Where:
kobs = k2 k] [S]

11
Lk (11)

Hence, a graph df,,s against substrate concentration [S], would yielstraight line
with slope corresponding to the overall reactide @nstank:,, where:

kcat = k2k1

(12)
ky+k,
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Table 30 — Observed reaction rat&s,s (M s') obtained from each run for
differing initial concentrations of nitrophenyl ptghate21. Within the cell; 2.0

ml of 0.01 M HEPES, 0.1 M NaNgbuffer), 2.0ul of 1 x 10° Pb(NQ),.

Initial phosphate 1.00 x 10° 2.00 x 10° 3.00 x 10° 5.00 x 10°
concentration (M):

Run 1 1.75 x 18 3.14 x 10 4.83x 10 4.98 x 10°
Run 2 1.59 x 19 3.34x 10 4.41 x 10 4.64 x 10°
Run 3 1.58 x 19 3.08 x 10’ 4.60 x 10° 4.46 x 10°
Run 4 1.55 x 19 3.16 x 10’ 4.43 x 10 4.21 x 10
Run 5 1.59 x 19 3.34x 10 4.69 x 10° 4.08 x 10°
Average rate (M9 | 1.61 x 10’ 3.21x 10 4.50 x 10° 4.47 x 10°
Standard Deviation | 7.9 x 16 1.2 x 10" 1.4 x 10%° 3.6 x 10%

The reaction rates from the lower three phosphateentrations appear consistant; as
the initial concentration increases, the rate attien increases. However, the spread of
results from the highest concentration (5.00 X M) shows anomalies. The standard
deviation is very large when compared to the awerate — at least 2.5 times larger than
the standard deviation for the other phosphateargnations. Therefore, we postulated
that this concentration was not following the sagdile as for the rest of the reactions.
This is more easily seen on the reaction rate lprafifigure 66, where the lower three
phosphate concentrations form a trend, but the enigtoncentration lies off the
trendline. This reveals the presence of saturatithin the solution, which is that the
reaction rate is proceeding as fast as it is abl@he overall rate constart,;, derived
from the three data points that lie on the straighe, is 1.45 x 18 s. However,
comparing with Morrow’s data, our results showlditin the way of agreement, as the

rate constant for the lead-based hydrolysis inteek is given as 2.7 x 10s*.1%°
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Figure 66 — Change in reaction rate, dependent ujpdral phosphate

concentration. Saturation kinetics are observd8Jat> ~ 4.00 x 15 M.

Studies to investigate the effect of the preserice macrocycle were carried out with
the addition of one equivalent of 3N9&3f&(vide infra) to the metal salt solution during
preparation. The same methodology was carriedasuhe metal salt/macrocycle study
that was carried out for the lone metal salt stsididowever, an almost complete
inhibition of reaction was observed, with a drop reaction rates of an order of
magnitude. For studies where the initial concemnabf phosphate was low (1.0 or 2.0
x 10% M), very low absorbances were observed of arou®@ & 0.06. The higher
concentration (5.0 x TOM) was already discounted for erroneous dataémtietal salt
study. Figure 67 shows the plot of concentratiomitbphenolate against time for the
kinetic study of 3.0 x I® M phosphate with 1.0 x TOM lead nitrate, in the presence of
1.0 x 10° M of 3N9ane. The reaction rates for the repetitiare shown in table 31, and
we can see that the rate has slowed greatly iprémence of a macrocycle. However, in
the absence of other suitable conditions to sthdyhtydrolysis reaction, there were few

conclusions that we could draw from this.



199

1.00E-05

9.00E-06-
8.00E-O6 
7.00E-06
6.00E-06
5.00E-06 
4.00E-06

3.00E-06-

Conc. para-nitrophenolate (M)

2.00E-06+

1.00E-06-

0.00E+OO T T T T T
0 1000 2000 3000 4000 5000 6000

Time (s)

Figure 67 — Concentration péra-nitrophenolate against time (five repetitions).

Initial phosphate concentration = 2.0 X1

Table 31 - Reaction rates (M)sobtained from each run in the presence of one

equivalent of 3N9ana8.

Initial phosphate concentration (M): 3.00 x 10°

Run 1 3.45 x 10°
Run 2 2.69 x 18°
Run 3 3.27 x 1%’
Run 4 2.19 x 18°
Run 5 1.96 x 18°
Average rate (M9 2.71 x 10"
Standard Deviation 6.51 x 16

We can see from these results that the rate hagdlsignificantly in the presence of a
macrocycle, but the standard deviation — the spo#adaction rates — is now large in
comparison to the average rate. This is potentidilg to the coordination of the
macrocycle to the metal centre. This coordinatiounla provide steric hinderance to the

hydrolysis reaction, physically preventing the leadntre coming close to the
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phosphate, as well as modify thEg of the coordinated water molecules to the lead

centre to slow the rate of hydrolysis.

In order to eliminate the possibility of inherembplems with the hydrolysis reaction
under study, attempts were made to reproduce thdtseof Morrow, following her
stated methodology exactlyf However, despite repeated attempts at duplicatian,
were unable to produce agreeable results. As aegoesce of this, our study was set

aside.
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4.3 Summary

A range of macrocyclic amines and amine ethers baea synthesised and
characterised at each stage of the synthetic ppobemost cases, literature procedures
were found to be sufficient; however, many omigpedblems that could only be solved
by trial and error. Three slightly different metlsoaf tosylating amines and alcohols
were used to prepare materials for cyclisationctvivas found to produce better results
when carried out on a larger scale. Removal ofdkg groups from the cyclised
products was carried out by a novel “fast-crackinggthod, yielding the stable
hydrochloride salts as an intermediate compoundhEufunctionalisation of the
macrocycles was investigated, in addition to fogmmetal complexes. We also present
a modified synthesis for barium 2-hydroxypropylirephenyl phosphate, to be used as

a model system in studies of the hydrolysis of RNA.

Our hydrolysis studies followed a similar procedtoehat carried out by Morrow and
Burstyn:***3°but with an excess of phosphate substrate to flbedeaction and make
the metal complex the rate-determining reagenttteitdata obtained from our kinetic
studies were not consistent with any previous pagteAttempts to duplicate the
experimental work of Morrow, following her methodgly exactly did not give the
same results® In case the lead species was causing unforesedsieprs with the
kinetic study, a similar repetition of existing Wwowas carried out, following the
experimental study by Mancin and co-workers, usiig as the catalytic specits.
However, this did also not produce the same, on ewailar, results to those reported
by the original authors. For these reasons, owtidrstudy was postponed indefinitely.
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4.4 Experimental details

Synthesis of barium 2-hydroxypropyl 4-nitrophenyl phosphate (21)

Disodium 4-nitrophenyl phosphate (1.94 g, 7.34 mmas dissolved in water (5 ml),
and the yellow solution run through a column caritay IR-120 ion exchange resin.
The portions of the clear eluent visible under Wyht were collected, combined and
brought to pH 8 by addition of a few millilitres aimmonia solution, resulting in the
appearance of a bright yellow colour. Epoxypropé® ml, excess.) was added, and
the mixture refluxed at 30°C for three days. Thigesat was removeth vacuo, giving a
bright yellow oil. Diethyl ether was added untiketmixture turned slightly cloudy, and
the mixture was stored at -30°C overnight, afteiciWwithe solvent was removed
vacuo once again. The oily yellow product was dissolwedvater (12 ml) and passed
through the IR-120 column, again giving a colowslekient. The portions visible under
UV light were collected, and made almost neutrdd (p 6.5) with agueous saturated
barium hydroxide solution. The mixture was concatettl to ~ 20 ml, and double the
volume of ethanol (~ 40 ml) was added. A white jpk&ate was observed, and was
removed by centrifuge. The solvent was then remare@cuo to yield a pale yellow
oil. Acetone (20 ml) was added, and the mixturetrifeiged to separate the fine white
precipitate from the solution layer. The solutioasndiscarded, and the white powder
carefully collected and dried. Yield: 0.77 g (42)8%

'H NMR (399.5 MHz, CROD, 30°C):8 8.27 (d, J = 9.0 Hz, 2H,44), 7.48 (d, J = 9.0
Hz, 2H, Hyy), 3.98 (m, 1H, &), 3.89 (m, 2H, Ei,), 3.83 (m, 1H, ®l), 3.47 (d,J=5.4
Hz, 3H, H3).

3p{’H} NMR (161.7 MHz, CROD, 30°C): 5 -5.83 (major isomer), -6.30 (minor
isomer).

Literature'H NMR (300 MHz, CROD): 8 8.25 (d, J = 9 Hz, 2H, Ay, 743 (d, I =9
Hz, 2H, Hyy), 3.92 (M, 1H, @), 3.83 (m, 2H, €l,), 1.16 (d, J = 6 Hz, 3H,Kx)."*®

Synthesis of tritosyl-diethylenetriamine (22)

Tosyl chloride (380 g, 1.99 mol) was placed in megk round-bottomed flask equipped
with a magnetic stirrer. Pyridine (1 litre) was addand the flask warmed to 50°C to
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dissolve the tosyl chloride. Upon cooling to ~30NCN-diethylenetriamine (69 g, 0.66
mol) was dissolved in a further 100 ml of pyridia@d was added dropwise to the TsCl
solution. The addition was slow enough so as nalltiw the reaction temperature to
exceed 60°C. Upon complete addition, the mixture strred whilst heating at 60°C
for another thirty minutes, and then allowed to Ict@m room temperature. The
transparent orange solution was poured into a abfiesk equipped with an overhead
stirrer, and ~600 ml water was added. Upon additiba solution was seen to turn a
custard yellow colour. The mixture was allowed tio gvernight, and then was cooled
in an ice bath for two hours. The beige-yellow @&dtirecipitate was collected by
filtration and washed with cold ethanol. After drgiin vacuo, the total yield was 279 g
(74.4%).

'H NMR (499.91 MHz, CDG, 30°C):8 7.74 (d, J = 8.2 Hz, 4H,43), 7.59 (d, J = 8.2
Hz, 2H, Hyy), 7.29 (d, J = 7.1 Hz, 6H,49), 5.11 (t, J = 5.8 Hz, 2H, M), 3.17 (t, J =
5.6 Hz, 4H, N(H)G1y), 3.12 (t, J = 5.7 Hz, 4H{,CN(TS)CHy), 2.41 (S, 6H, EG3tosy)),
2.15 (s, 3H, El3tosyl)-

3c{*H} NMR (125.7 MHz, CDC}4, 30°C):§ 143.6, 136.7, 134.7, 129.8, 129.7, 127.3
(Caryl), 50.5 (N(HXCH>), 42.6 (HCN(TS)CH>), 21.5 CHstosy1)-

ESI-MS:m/z 588.13 [GsH3:N30sSsNa]™. Calculated 565.14 [gH31N206S3].

Synthesis of tritosyl-dipropylenetriamine (23)

Tosyl chloride (87.5 g, 0.459 mol) was placed imand bottomed flask equipped with
a magnetic stirrer. Dichloromethane (750 ml) wadeal] and the suspension cooled to -
10°C. N,N-dipropylenetriamine (21.6 ml, 0.153 matjethylamine (50 ml, 0.36 mol)
and dichloromethane (250 ml) were placed togethes dropping funnel, and added
dropwise to the cold TsCI suspension over an hgiuimg a pale yellow solution and a
white gas. This was left to stir and warm to ro@mperature overnight, after which ice
(~250 ml) and 3M hydrochloric acid (150 ml) weredad. The mixture was stirred for
thirty minutes until the ice melted. The organigdawas then separated and washed
with 150 ml portions of water, hydrochloric aci@dtsrated sodium hydrogen carbonate
solution and brine. The solution was dried over mesgum sulphate, and concentrated
in vacuo, and cold ethanol added. This was then coole@@8G, and stored overnight,
giving a beige solid mass and a layer of solventéwvarmed to room temperature, the

solvent was concentratad vacuo once more, and hot ethanol was added, and the
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solution stirred vigorously for twenty minutes. Theige precipitate was collected by
filtration and washed with cold ethanol. After drgi the yield was 66.6 g (73.4%).

'H NMR (499.91 MHz, CDG, 30°C):8 7.70 (d, J = 8.2 Hz, 4H, 43), 7.61 (d, J = 8.2
Hz, 2H, Hyy), 7.27 (d, J = 6.8 Hz, 6H,k)), 5.19 (br, 2H, M), 3.08 (t, J = 6.7 Hz, 4H,
N(H)CHy), 2.93 (t, J = 6.2 Hz, 4H{,CN(Ts)H,), 2.40 (s, 3H, Chiosy, 2.39 (S, 6H,
CHstosy), 1.69 (pent, 4H, CHCH.CHy).

13c{*H} NMR (125.7 MHz, CDC}4, 30°C):§ 143.7, 136.8, 135.5, 129.9, 129.7, 127.0
(Caryl), 46.8 (N(HCH,), 40.1 (HCN(TS)CH>), 29.2 (CHCH,CHy) 21.5 CHs(tosy))-
ESI-MS:m/z 616.16 [G/H3sN30sSsNa]™. Calculated 593.45 [GH35N3206S3].

Synthesis of ditosyl-ethan-1,2-diol (24)

Tosyl chloride (58.4 g, 0.306 mol) was placed iroand bottom flask equipped with a
magnetic stirrer. Dichloromethane (750 ml) was ad@mnd the suspension cooled to -
10°C. 1,2-ethandiol (8.5 ml, 0.153 mol), triethylam (50 ml, 0.36 mol) and
dichloromethane (250 ml) were placed together imrapping funnel, and added
dropwise to the cold TsCl suspension over twentyutas, giving a pale yellow
solution and a white gas. This was left to stir aram to room temperature overnight,
after which ice (250 ml) and 3M hydrochloric acibQ ml) were added. The mixture
was stirred for thirty minutes until the ice meltd@dhe organic layer was then separated
and washed with 150 ml portions of water and briflee solution was dried over
magnesium sulphate, and was evaporated to drynegacuo, leaving a pink-beige
residue. The residue was washed with diethyl dtheemove excess tosyl chloride, and
the precipitate filtered off and dried. Total yieBY.1 g (65.5%).

'H NMR (499.91 MHz, CDG, 30°C):3 7.71 (d, J = 8.2 Hz, 4H,44), 7.32 (d, J = 8.0
Hz, 4H, Hyy), 4.17 (s, 4H, Ch), 2.44 (s, 6H, Ch).

¥C{*H} NMR (125.7 MHz, CDC}, 30°C): 8 145.2, 132.4, 129.9, 127.9 4(), 66.6
(OCH2) 21.7 CHstosy1)-

ESI-MS:m/z 393.04 [GeH1506S,Na]". Calculated 370.37 [gH1506S;].

Synthesis of ditosyl-propan-1,3-diol (25)

1,3-propandiol (11.0 ml, 0.153 mol) and tosyl ckder (58.4 g, 0.306 mol) were

dissolved in dichloromethane (500 ml) in a 3-neckmehd bottomed flask, which was
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then cooled to 0°C. Powdered potassium hydroxide7(&, 1.23 mol) was added
slowly, giving an opaque white solution. The mixwas allowed to stir and warm to
room temperature overnight, after which dichloramaee (500 ml) and ice (600 ml)
was added, and the mixture was stirred until teehi@d melted. The organic layer was
separated, and the aqueous layer washed with & gonabn of dichloromethane (100
ml). The dichloromethane washings were combinedh #ie rest of the organic layer,
which was then washed with 150 ml portions of watett brine, giving a clear solution.
This solution was reduced to dryneassvacuo, giving a white solid. Total yield was
46.5 g (79.0%).

'H NMR (499.91 MHz, CDGJ, 30°C):5 7.72 (d, J = 8.3 Hz, 4H,49), 7.32 (d, J = 8.4
Hz, 4H, Hyy), 4.04 (t, J = 6.0 Hz, 4H, Q&) 2.43 (s, 6H, Chtwosy, 1.98 (pent, J = 6.0
Hz, 2H, CHCH,CH,).

¥C{*H} NMR (125.7 MHz, CDC}, 30°C): 8 145.0, 132.7, 129.9, 127.9 4(), 65.8
(OCHy), 28.7 (CHCH2CHy), 21.6 CHstosyl)-

ESI-MS:m/z 407.06 [G/H200sS:Na]". Calculated 384.30 [GH2006S].

Synthesis of tritosyl-diethanolamine (26)

Tosyl chloride (87.5 g, 0.459 mol) was placed irand bottom flask equipped with a
magnetic stirrer. Dichloromethane (750 ml) was add@ad the suspension cooled to -
10°C. Diethanolamine (15 ml, 0.153 mol), triethylaen (50 ml, 0.36 mol) and
dichloromethane (250 ml) were placed together imrapping funnel, and added
dropwise to the cold TsCl suspension over twentyutas, giving a pale yellow
solution and a white gas. This was left to stir aradm to room temperature overnight,
after which ice (250 ml) and 3M hydrochloric acib(Q ml) were added. The mixture
was stirred for thirty minutes until the ice meltddhe organic layer was then separated
and washed with 150 ml portions of water, hydrooblaacid, saturated sodium
hydrogen carbonate solution and brine. The solutias dried over magnesium
sulphate, and was concentraiedacuo. Cold ethanol was added and the solution left at
-30°C overnight, after which it was observed toéhawelidified. Upon warming slowly
to room temperature, a white solid was observedghwivas collected by filtration and
washed with cold ethanol. After drying, the totadlgt obtained was: 28.1 g (32.3%).

'H NMR (499.91 MHz, CDG, 30°C):3 7.74 (d, J = 8.3 Hz, 4H,44), 7.59 (d, J = 8.3
Hz, 2H, Hyy), 7.34 (d, J = 8.0 Hz, 4H, ), 7.27 (d, J = 8.0 Hz, 2H,4), 4.09 (t, J =
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6.0 Hz, 4H, OE1,), 3.36 (t, J = 6.0 Hz, 4H, N&), 2.44 (S, 6H, Chiosy), 2.41 (s, 3H,
CHstosyl)-

13c{1H} NMR (125.7 MHz, CDC}, 30°C):5 145.2, 144.1, 135.3, 132.5, 130.0, 128.0,
127.3 (Guy), 68.3 (QCH;), 48.5 (\CH2), 21.6 CHaosy)-

ESI-MS: 2 590.09 [GsHaeNOsS:Na]". Calculated 567.59 [gHaNOSs].

Synthesis of ditosyl-diethylene glycol (27)

Diethylene glycol (14.5 ml, 0.153 mol) and tosylaide (58.4 g, 0.306 mol) were
dissolved in dichloromethane (500 ml) in a 3-neckmehd bottomed flask, which was
then cooled to 0°C. Powdered potassium hydroxide7(®, 1.23 mol) was added
slowly, giving an opaque white solution. The mixwas allowed to stir and warm to
room temperature overnight, after which dichloramaee (500 ml) and ice (600 ml)
was added, and the mixture was stirred until teehiad melted. The organic layer was
separated, and the aqueous layer washed with & gamabn of dichloromethane (100
ml). The dichloromethane washings were combineth wie rest of the organic layer,
which was then washed with 150 ml portions of wated brine, giving a very pale
yellow solution. This solution was reduced to disgie vacuo, giving a white solid.
Total yield was 52.9 g (83.3%).

'H NMR (499.91 MHz, CDG, 30°C):3 7.75 (d, J = 8.3 Hz, 4H,44), 7.32 (d, J = 8.4
Hz, 4H, Hyy), 4.07 (m, 4H, TsO8,), 3.58 (m, 4H, E1,0CH,), 2.42 (s, 6H, Chiosy)-
¥C{*H} NMR (125.7 MHz, CDC4, 30°C): 3 145.0, 132.9, 129.9, 127.9 4(), 69.0,
68.7 (GCHy), 21.6 CHstosy1)-

ESI-MS:m/z 437.07 [GeH2,0;S;Na]". Calculated 414.42 [GH,,0;S;].

Synthesis of 1,4,7-triaza-1,4,7-tritosyl-cyclononane; 3N9ane-Ts; (28)

Tosylated diethylenetriamin22 (47.1g, 83.3 mmol) and potassium carbonate (45 g,
0.33 mol, 4eq) were dissolved in dimethylformam{@®0 ml) in a round bottomed
flask equipped with a magnetic stirrer and conderiBee flask was heated to 100°C
and allowed to stir for an hour. Tosylated ethahdd (30.9 g, 83.3 mmol) was
dissolved in dimethylformamide (275 ml), and thisswadded dropwise to the hot
solution, forming a cloudy white suspension. Thetore was left to stir at 100°C for

thirty minutes, after which the heat was removed waater (450 ml) was added. The
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mixture was then allowed to stir overnight, aftdrielh a white solid had precipitated.
The white solid was collected by filtration and Wwed with cold ethanol. After drying
in vacuo, the yield was 37.5 g (76.0%).

'H NMR (499.91 MHz, CDG, 30°C):3 7.68 (d, J = 8.2 Hz, 6H,44), 7.30 (d, J = 8.2
Hz, 6H, Huy), 3.40 (s, 12H, 6,), 2.41 (s, 9H, E3gog)).

¥C{*H} NMR (125.7 MHz, CDC}, 30°C): 5 143.9, 134.7, 129.9, 127.5 4), 51.9
(CH2), 21.5 CHstosy1)-

ESI-MS:m/z 630.12 [G7H33N30sS:K] *. Calculated 591.60 [GH33N306Sg).

Synthesis of 1,4,8-triaza-1,4,8-tritosyl-cycloundecane; 3N1lane-Ts; (29)

Tosylated dipropylenetriamin23 (40.0g, 67.5 mmol) and potassium carbonate (38 g,
0.27 mol, 4eq) were dissolved in dimethylformam{880 ml) in a round bottomed
flask equipped with a magnetic stirrer and conderiBee flask was heated to 100°C
and allowed to stir for an hour. Tosylated ethahdd (25.0 g, 67.5 mmol) was
dissolved in dimethylformamide (100 ml), and thisswadded dropwise to the hot
solution, forming a cloudy white suspension. Thetore was left to stir at 100°C for
thirty minutes, after which the heat was removed water (100 ml) was added, giving
a clear solution. The mixture was then allowed tio a/ernight, after which a thick,
sticky white deposit had appeared. The white maltevias collected and stirred in
dichloromethane overnight. The solvent was remoumngacuo to give a white powder,
in 13.5 g (32.4%) yield.

'H NMR (499.91 MHz, CDG, 30°C):8 7.65 (m, 6H, Hy), 7.29 (m, 6H, Hy), 3.40
(m, 4H, NCH,), 3.25 (m, 4H, NEly), 2.97 (br, 4H, NE,), 2.40 (s, br, 9H, Bstosyy),
1.88 (br, 4H, CHCH,CHy).

¥C{*H} NMR (125.7 MHz, CDC}4, 30°C):§ 143.9, 133.8, 129.8, 129.7, 127.6.{{%
52.4, 48.9, 43.4 (NH,), 24.2 (CHCH,CH,), 21.5 CHsztosyl)-

ESI-MS:m/z 642.17 [GoHz7N30sS:Na]’. Calculated 619.45 [gH3/N206S3].

Synthesis of 1,5,9-triaza-1,5,9-tritosyl-cyclododecane; 3N12ane-Ts; (30)
Tosylated dipropylenetriamin23 (23.9g, 40.3 mmol) and potassium carbonate (22 g,

0.16 mol, 4eq) were dissolved in dimethylformam{880 ml) in a round bottomed

flask equipped with a magnetic stirrer and conderiBee flask was heated to 100°C
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and allowed to stir for an hour. Tosylated propahd5 (15.5 g, 40.3 mmol) was
dissolved in dimethylformamide (150 ml), and thisswadded dropwise to the hot
solution, forming a cloudy white suspension, whatbared after a few minutes. The
mixture was left to stir at 100°C for one houreafivhich the heat was removed and
water (250 ml) was added slowly. The mixture wamnthllowed to stir overnight, after
which a white solid had precipitated. The solid wabBected by filtration, washed with
cold ethanol and drieiah vacuo, giving a yield of 19.3 g (75.7%).

'H NMR (499.91 MHz, CDG, 30°C):3 7.64 (d, J = 8.1 Hz, 6H,44), 7.30 (d, J = 7.9
Hz, 6H, Hyy), 3.20 (t, J = 6.7 Hz, 6H, Ng3), 3.12 (m, 6H, NEy), 2.42 (s, 9H,
CHagosyp), 1.91 (pent, J = 6.5 Hz, 6H, GEH,CH,).

¥%C{'H} NMR (125.7 MHz, CDC}, 30°C):§ 143.6, 135.1, 129.8, 127.3, (), 47.8,
45.5 (NCHp), 26.3 (CHCH2CHy), 21.5 CHstosy1)-

ESI-MS:m/z 672.16 [GoH39N30sS:K] ™. Calculated 633.45 [gH39N306S3].

Synthesis of 1,4,7,10-tetraaza-1,4,7,10-tetratosyl-cyclododecane; 4N12ane-Ts; (31)

Tosylated diethylenetriamin22 (21.2g, 37.4 mmol) and potassium carbonate (21 g,
0.15 mol, 4eq) were dissolved in dimethylformam{@60 ml) in a round bottomed
flask equipped with a magnetic stirrer and conderBee flask was heated to 100°C
and allowed to stir for an hour. Tosylated dietHanmone 26 (21.3 g, 37.4 mmol) was
dissolved in dimethylformamide (120 ml), and thisswadded dropwise to the hot
solution, forming a cloudy yellow suspension. Thigtare was left to stir at 100°C for
thirty minutes, after which the heat was removed aater (200 ml) was added. The
mixture was then allowed to stir overnight, aftemnieth a white solid had precipitated.
The white solid was collected by filtration and Wwed with water and cold ethanol.
After dryingin vacuo, the yield was 15.3 g (52.6%).

'H NMR (499.91 MHz, CDGJ, 30°C):5 7.66 (d, J = 8.2 Hz, 8H,43), 7.31 (d, J = 8.2
Hz, 8H, Hyy), 3.41 (s, br, 16H, By), 2.42 (s, 12H, B3osyi)-

¥C{*H} NMR (125.7 MHz, CDC}, 30°C):8 143.9, 129.9, 127.7, (), 52.3 (NCHy),
21.5 CHs(tosyl))-

ESI-MS:m/z 827.17 [GeH44N40sS4K] ™. Calculated 789.02 [gH44N40sSy].
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Synthesisof 1,4,7,11-tetraaza-1,4,7,11-tetratosyl-cyclotetradecane; 4N14ane-Ts, (32)

Tosylated dipropylenetriamin23 (14.8g, 25.0 mmol) and potassium carbonate (14 g,
0.10 mol, 4eq) were dissolved in dimethylformam{@25 ml) in a round bottomed
flask equipped with a magnetic stirrer and conderiBee flask was heated to 100°C
and allowed to stir for an hour. Tosylated dietHanmone 26 (14.2 g, 25.0 mmol) was
dissolved in dimethylformamide (75 ml), and thisswadded dropwise to the hot
solution, forming a cloudy yellow mixture. The flawas left to stir at 100°C overnight,
after which the heat was removed and water (250va$) added. The mixture was then
allowed to stir overnight, after which a sticky ¢eimaterial had precipitated. The solid
was collected by filtration and washed with coltiagtol. After substantial dryingn
vacuo, the yield was 12.3 g (60.2%).

'H NMR (499.91 MHz, CDGJ, 30°C):5 7.72 (d, J = 8.2 Hz, 2H,43), 7.66 (d, J = 8.2
Hz, 4H, Hyy), 7.63 (d, J = 8.2 Hz, 2H,4), 7.33 (dd, J = 14.3, 6.6 Hz, 8Hal), 3.35
(m, 4H, NCH,), 3.19 (m, 4H, NEly), 3.14 (m, 4H, NE,), 3.10 (t, J = 6.9 Hz, 4H,
NCH,), 2.45 (s, 3H, Elsosy), 2.44 (S, 6H, Gl3gosy), 2.43 (S, 3H, Gl3qosyy), 1.89 (M,
4H, CH,CH,CHy).

3c{*H} NMR (125.7 MHz, CDC}, 30°C):$ 143.8, 135.6, 135.0, 134.9, 129.9, 127.4,
127.3, 127.2, (Gy), 50.0, 48.4, 48.3, 48.0 (MH,), 29.7 (CHCH.CH,), 21.5
(CH3(tosyl-

ESI-MS:m/z 855.20 [GeHeN40sS4K] ™. Calculated 817.07 [gH4sN40sSy].

Synthesis of 1-oxa-4,7,10-triaza-4,7,10-tritosyl-cyclododecane; O3N12ane-Ts; (33)

Tosylated diethylenetriamir22 (39.6g, 70 mmol) and potassium carbonate (402§ O.
mol, 4eq) were dissolved in dimethylformamide (500 in a round bottomed flask
equipped with a magnetic stirrer and condenser. fldsk was heated to 100°C and
allowed to stir for an hour. Tosylated diethylengcgl 27 (29.0 g, 70 mmol) was

dissolved in dimethylformamide (200 ml), and thisswadded dropwise to the hot
solution, forming a cloudy white suspension. Thetare was left to stir at 100°C

overnight, after which the heat was removed andew&00 ml) was added. The
mixture was then allowed to stir for two hours,eafwhich a white solid had

precipitated. The white solid was collected byrdilton and washed with cold ethanol.
After dryingin vacuo, the yield was 37.39 g (84.0%).
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'H NMR (499.91 MHz, CDGJ, 30°C):5 7.79 (d, J = 8.3 Hz, 2H,43), 7.61 (d, J = 8.2
Hz, 4H, Hyy), 7.38 (d, J = 8.1 Hz, 2H, ), 7.29 (d, J = 8.1 Hz, 4H, ), 3.63 (m,
4H, OCHy), 3.50 (t, J = 6.4 Hz, 4H, N&), 3.18 (m, 8H, NEl,), 2.44 (s, 3H, E3osyl),
2.41 (s, 6H, Elzosy)).

3C{*H} NMR (125.7 MHz, CDC}, 30°C):§ 143.6, 143.3, 136.7, 135.1, 129.8, 127.5,
127.3, (Gyy), 72.0 (GCHy), 50.7, 50.6, 48.0 (@H,), 21.5 CHaosy)).-

ESI-MS:m/z 658.17 [GoH37N30;S:Na]’. Calculated 635.81 [gH3/N320,Sq].

Synthesis of 1,4, 7-trihydrochloro-1,4,7-triazacyclononane; 3N9ane.3HCI (34)

Concentrated sulphuric acid (~16 M, 33 ml) was @tam a 250ml round-bottomed
flask fitted with a stirrer bar and condenser, hpdted to 150°C. 3N9ane=sI28 (30 g,
0.05 mol) was added with the evolution of a whigs.gThe black mixture was stirred
for 15 minutes, after which the heat was removed #re mixture allowed to cool
enough to be handled easily. The mixture was tloemgalvery slowly in small portions
into fast-stirring, ice-cooled ethanol (300 ml)suking in an immediate brown-grey
precipitate. The precipitate was filtered off anaisived with cold ethanol.

The grey solid was then dissolved in water (25 imla 250 ml round-bottomed flask
equipped with a stirrer and condenser. This watelda just below reflux temperature,
and concentrated hydrochloric acid (~12M, 25 miswaddedvery slowly via pipette,
resulting in the evolution of white gas. Upon coatpladdition, the pale yellow-brown
solution was stirred at reflux for 30 minutes. Theat was then removed, and the
solution allowed to stangithout stirring overnight, after which an off-white solid was
observed. The solid was filtered off, washed witaaol and diethyl ether, and dried
via suction in air. Yield: 9.48 g (79.7%).

'H NMR (499.91 MHz, RO, 30°C):8 3.72 (s, 12H, E)).

13C{*H} NMR (125.7 MHz, DO, 30°C):5 41.8 CHy).

Synthesis of 1,5,9-trihydrochloro-1,5,9-triazacyclododecane; 3N12ane.3HCI (35)

Concentrated sulphuric acid (~16 M, 30 ml) was @tat a 2-necked, 250ml round-
bottomed flask fitted with a stirrer bar and corgkam and heated to 150°C. 3N12ane-
Ts3 30 (25.6 g, 0.04 mol) was added with the evolutiodanfie amounts of white gas.

The brown-black mixture was stirred for 15 minutaf$er which the heat was removed



211

and the mixture allowed to cool enough to be hahdasily. The mixture was then
pouredvery slowly in small portions into fast-stirring, ice-coolethanol (300 ml),
resulting in an immediate brown-grey precipitated atlouds of white gas. The
precipitate was filtered off and washed with cottiamol. The grey solid was then
dissolved in water (30 ml) in a 250 ml round-botezhflask equipped with a stirrer and
condenser. This was heated to just below refluxptgature (95°C), and concentrated
hydrochloric acid (~12M, 25 ml) was addedry slowly via pipette, resulting in the
evolution of more white gas. Upon complete addititre pale brown solution was
stirred at reflux for 30-45 minutes. The heat wsntremoved, and the solution allowed
to standwithout stirring overnight, after which a pale brown solid was obsé. The
solid was filtered off, washed with ethanol andtloye ether, and dried via suction in
air, in quantitative yield. Yield: 11.1 g (100%).

'H NMR (499.91 MHz, RO, 30°C):8 3.27 (s, 12H, NE,), 2.23 (s, 6H, CHCH,CH,).
¥c{*H} NMR (125.7 MHz, DO, 30°C): § 44.6, 40.7, 36.6, 23.7, 22.6, 22.2, 18.9
(CHy).

Synthesis of 1,4,7,10-tetrahydrochloro-1,4,7,10-tetraazacyclododecane; 4N12ane.4HCI
(36)

Concentrated sulphuric acid (~16 M, 44 ml) was @b a 2-necked, 250ml round-
bottomed flask fitted with a stirrer bar and congkam and heated to 150°C. 4N12ane-
Ts, 32 (40 g, 0.05 mol) was added with the evolutionafye amounts of white gas.
The dark brown mixture was stirred for 15 minui@$er which the heat was removed
and the mixture allowed to cool enough to be hahdasily. The mixture was then
pouredvery slowly in small portions into fast-stirring, ice-coolethanol (400 ml),
resulting in an immediate white-grey precipitatel &urther evolution of white gas. The
precipitate was filtered off and washed with coltiamol. The grey solid was then
dissolved in water (30 ml) in a 250 ml round-botezhilask equipped with a stirrer and
condenser. This was heated to just below refluxpature (95°C), and concentrated
hydrochloric acid (~12M, 30 ml) was addedry slowly via pipette, resulting in the
evolution of more white gas. Upon complete addititve pale yellow solution was
stirred at reflux for 30-45 minutes. The heat wentremoved, and the solution allowed

to standwithout stirring overnight, after which ice-cooled ethanol was agldesulting
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in the precipitation of a white solid. The solidsM@tered off, washed with cold ethanol
and diethyl ether, and dried via suction in aireldi 10.9 g (96.2%).

'H NMR (499.91 MHz, RO, 30°C):5 3.36 (s, br, 16H, B,)

3c{*H} NMR (125.7 MHz, DO, 30°C):5 47.8, 44.7, 43.8, 41.8 {B)

Synthesis of 4,7,10-trihydrochl oro-1-oxa-4,7,10-triazacyclododecane; O3N12ane.3HCI
(37)

Concentrated sulphuric acid (~16 M, 35 ml) was @tam a 250ml round-bottomed
flask fitted with a stirrer bar and condenser, &edted to 150°C. O3N12ane;T33
(31.8 g, 0.05 mol) was added, resulting in the @v@h of a white gas. The black
mixture was stirred for 15 minutes, after which tieat was removed and the mixture
allowed to cool enough to be handled easily. Theume was then pouregery slowly

in portions, into fast-stirring, ice-cooled ethar{B8D0 ml), resulting in an immediate
white-grey precipitate. The precipitate was filgeraff and washed with cold ethanol.
The grey solid was then dissolved in water (25 imla 250 ml round-bottomed flask
equipped with a stirrer and condenser. This wateldda just below reflux temperature,
and concentrated hydrochloric acid (~12M, 25 miswddedvery slowly via pipette,
resulting in the evolution of white gas. Upon coatpladdition, the pale yellow-brown
solution was stirred at reflux for 40 minutes. Theat was then removed, and the
solution allowed to stand without stirring overniglafter which pale brown-yellow
solid was observed. The solid was filtered off, ek with ethanol and diethyl ether,
and dried via suction in air, giving quantitativielg. Yield: 14.03 g (100%).

'H NMR (499.91 MHz, RO, 30°C):5 3.72 (m, 8H, El,), 1.24 (t, J = 7.0 Hz, 8H, ).
3¢{*H} NMR (125.7 MHz, DO, 30°C):5 57.5 (OCH.), 16.8 (NCH,).

Synthesis of 1,4, 7-triazacyclononane; 3N9ane (38)

3N9ane.3HCI4 (9.5 g, 0.04 mol) was dissolved in water (17 mlgai250 ml round-
bottomed flask equipped with a magnetic stirrer an®ean-Stark water eliminator
apparatus. Toluene (60 ml) and sodium hydroxidg, (3.075 mol, 1.75 eq) was added
to the flask and the mixture heated to reflux ahd tvater distilled off. After
approximately half the water (~ 9 ml) had been readp more sodium hydroxide (3 g,
0.075 mol, 1.75 eq) was added and the mixturettefieflux overnight, until all the
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water had been removed. The clear solution was vech@rom the white residue by
filtration whilst hot, and the toluene was then ox@d in vacuo to give a white
crystalline powder. Yield: 1.01 g (19.6%)

'H NMR (499.91 MHz, DO, 30°C):5 3.03 (s, 12H, €,).

13C{*H} NMR (125.7 MHz, DO, 30°C):5 43.4 CHy).

ESI-MS:mVz 130.13 [GH16N3]". Calculated 129.0 [§E15Ns3].

Synthesis of 1,4,7,10-tetraazacyclododecane; 4N12ane (39)

4N12ane.4HCI36 (10.9 g, 0.035 mol) was dissolved in water (18 ml)a 250 ml
round-bottomed flask equipped with a magneticetiand a Dean-Stark water separator
apparatus. Toluene (60 ml) and sodium hydroxide ¢3.0.086 mol, 2.5 eq) was added
to the flask and the mixture heated to reflux ahd tvater distilled off. After
approximately half the water (~ 9 ml) had been reedp more sodium hydroxide (3.5
g, 0.086 mol, 2.5 eq) was added and the mixtutedefeflux over three days, until all
the water had been removed. The clear solutionrerasved from the white residue by
filtration whilst hot, and the toluene was then ox@d in vacuo to give a white
crystalline powder. Yield: 2.97 g (49.3%).

'H NMR (499.91 MHz, CDGJ, 30°C):6 2.73 (s, 16H, E).

13c{*H} NMR (125.7 MHz, CDC}, 30°C):5 44.7 CH,).

ESI-MS:m/z 173.18 [GH2oN4]*. Calculated 172.0 [§E120N4].

Synthesis of 1-oxa-4,7,10-triazacyclododecane; O3N12ane (40)

O3N12ane.3HCB7 (14.0 g, 0.05 mol) was dissolved in water (20 ml)ai 250 ml
round-bottomed flask equipped with a magneticetiand a Dean-Stark water separator
apparatus. Toluene (60 ml) and sodium hydroxidé3, 0.095 mol, 1.75 eq) was
added to the flask and the mixture heated to reflod the water distilled off. After
approximately half the water (~ 9 ml) had been reedp more sodium hydroxide (3.75
g, 0.095 mol, 1.75 eq) was added and the mixtdteédereflux overnight, until all the
water had been removed. The clear solution was vech@rom the white residue by
filtration whilst hot, and the toluene was then omed in vacuo to give a white
crystalline powder. Yield: 1.04 g (12.0%)
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'H NMR (499.91 MHz, DO, 30°C):5 3.72 (m, 4H, OEl,), 2.85 (m, 4H, NEl.,), 2.80
(m, 4H, NQH,), 2.73(m, 4H, NEl,).

13c{*H} NMR (125.7 MHz, DO, 30°C):5 66.6 (QCH.), 45.1, 45.0, 44.7 (QH,).
ESI-MS:m/z 174.16 [GH2oNz0]". Calculated 173.0 [§B1gNO].

Synthesis of 1,4,7-trimethyl-1,4,7-triazacyclononane; 3N9ane-Me; (41)

3N9ane38 (0.5 g, 3.88 mmol) was dissolved in water (0.5 mla 25 ml round-
bottomed flask equipped with a stirrer bar. Foragd (98%, 4.5 ml) and formaldehyde
(37% soln., 4.0 ml) were added, and the mixturgseeflux for 24 hours. The mixture
was then allowed to cool to room temperature, andgd into water (5 ml), and cooled
in an ice bath. A solution of sodium hydroxide igwater (10 ml) was added slowly
via pipette, with the temperature kept below 10@irey the addition. The pH was
observed to be >12 upon complete addition of tise b&he mixture was extracted with
portions of chloroform, the organic layer driedmwgSQ,, and the solvent removed
vacuo, yielding a pale yellow oil in good yield. Yiel845 mg (82.2 %)

'H NMR (499.91 MHz, CDG, 30°C):8 2.60 (s, 12H, 6), 2.31 (s, 9H, E3).

13C{*H} NMR (125.7 MHz, CDC}, 30°C):8 57.1 CH>), 46.7 CHy).

ESI-MS:mVz 172.18 [GH2,N3]*. Calculated 171.0 [§E121N3].
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Appendices

1. B-Diketiminate lead(ll) alkyl complexes; computatioral details

1.1 p-Diketiminate lead(l1) methyl, LPbMe (3)

1.1.1 Bond angles (°) and distances (A)

LANL2DZ LANL2DZ & 6-31G*
endo- exo- endo- exo-

N1-Pb-C30 91.93 97.42 91.64 96.75
N2-Pb-C30 91.93 97.36 91.64 96.88
N1-Pb-N2 84.82 83.89 84.52 83.18
C1-N1-C6 120.32 121.71 120.38 121.29
C1-N1-Pb 123.70 122.51 122.84 120.89
C6-N1-Pb 115.97 114.80 116.77 116.59
C3-N2-C18 120.32 122.07 120.38 122.30
C3-N2-Pb 123.70 122.52 122.84 120.99
C18-N2-Pb 115.97 114.45 116.77 115.49
N1-C1-C2 125.25 124.98 125.81 125.37
C1-C2-C3 131.01 131.08 131.79 131.58
C2-C3-N2 125.25 125.04 125.81 125.40
Pb-C30 2.283 2.270 2.287 2.275
N1-Pb 2.308 2.311 2.340 2.338
N2-Pb 2.308 2.316 2.340 2.351
N1-C1 1.350 1.349 1.333 1.335
C1-C2 1.421 1.419 1.413 1.409
C2-C3 1.421 1.422 1.413 1.415
C3-N2 1.350 1.347 1.333 1.328
Pb-plane 0.613 0.773 0.627 0.882
DOP (%) 101.47 90.37 102.44 92.43
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1.1.2 Molecular orbital energy levels

LANL2DZ LANL2DZ & 6-31G*
Energy level endo- exo- endo- exo-
HOMO -1 -146.4 -145.4 -143.5 -143.6
HOMO -131.7 -132.1 -125.6 -125.3
LUMO -2.470 -1.016 -0.063 2.702
LUMO +1 9.493 12.36 8.020 9.223
HOMO-LUMO gap | 129.3 131.0 125.6 128.0
LP -214.5 -213.6 -226.3 -225.7
LP level HOMO -10 HOMO -10 HOMO -10 HOMO -10




1.2 p-Diketiminate lead(l1) iso-propyl, LPb'Pr (4)
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1.2.1 Bond angles (°) and distances (A)

LANL2DZ LANL2DZ & 6-31G*
endo- exo- endo- exo-

N1-Pb-C30 91.57 100.22 91.72 99.58
N2-Pb-C30 100.62 100.22 100.56 99.58
N1-Pb-N2 84.67 82.99 84.40 82.47
C1-N1-C6 121.65 121.22 121.52 120.88
C1-N1-Pb 123.52 120.74 122.56 118.96
C6-N1-Pb 114.82 116.91 115.89 118.65
C3-N2-C18 119.13 121.11 119.41 120.88
C3-N2-Pb 123.41 120.74 122.27 118.95
C18-N2-Pb 117.36 116.91 118.22 118.65
N1-C1-C2 125.28 124.85 125.70 125.24
C1-C2-C3 131.10 130.54 131.63 131.10
C2-C3-N2 125.19 124.85 125.77 125.24
Pb-C30 2.318 2.297 2.334 2.313
N1-Pb 2.341 2.323 2.371 2.351
N2-Pb 2.301 2.323 2.332 2.351
N1-C1 1.344 1.349 1.327 1.333
C1-C2 1.428 1.421 1.420 1.413
C2-C3 1.413 1.421 1.405 1.413
C3-N2 1.358 1.349 1.340 1.333
Pb-plane 0.618 0.953 0.652 1.048
DOP (%) 92.38 85.08 92.58 87.08




A225

1.2.2 Molecular orbital energy levels

LANL2DZ LANL2DZ & 6-31G*
Energy level endo- exo- endo- exo-
HOMO -1 -146.1 -131.8 -126.0 -126.2
HOMO -64.61 -120.5 -124.7 -124.0
LUMO -4.113 -64.16 -0.884 -61.12
LUMO +1 -1.862 17.95 8.220 9.035
HOMO - LUMO gap| 60.50 56.38 123.8 62.92
LP -213.3 -213.7 -277.3 -277.2
LP level HOMO -10 HOMO -10 HOMO -10 HOMO -10
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1.3 p-Diketiminate lead(l1) sec-butyl, LPb*Bu (5)

1.3.1 Bond angles (°) and distances (A)

LANL2DZ LANL2DZ & 6-31G*
endo- exo- endo- exo-

N1-Pb-C30 99.95 100.48 100.10 100.18
N2-Pb-C30 91.61 101.15 91.39 100.85
N1-Pb-N2 84.99 82.98 84.63 82.26
C1-N1-C6 119.49 120.68 119.44 120.87
C1-N1-Pb 123.53 120.13 122.68 119.22
C6-N1-Pb 116.73 117.90 117.63 118.38
C3-N2-C18 121.43 120.79 121.29 120.97
C3-N2-Pb 123.78 120.08 122.29 119.14
C18-N2-Pb 114.75 117.84 115.68 118.38
N1-C1-C2 125.43 124.85 125.93 125.22
C1-C2-C3 131.41 130.41 131.92 131.08
C2-C3-N2 125.41 124.81 125.86 125.20
Pb-C30 2.330 2.308 2.346 2.323
N1-Pb 2.317 2.322 2.344 2.354
N2-Pb 2.334 2.321 2.367 2.352
N1-C1 1.355 1.350 1.338 1.333
C1-C2 1.416 1.421 1.407 1.413
C2-C3 1.425 1.421 1.418 1.412
C3-N2 1.346 1.350 1.328 1.333
Pb-plane 0.557 0.994 0.579 1.045
DOP (%) 92.72 83.77 93.20 85.23
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1.3.2 Molecular orbital energy levels

LANL2DZ LANL2DZ & 6-31G*
Energy level endo- exo- endo- exo-
HOMO -1 -146.1 -146.6 -144.8 -144.0
HOMO -133.1 -132.1 -124.8 -126.4
LUMO -3.474 -2.477 -2.583 8.339
LUMO +1 7.662 18.65 8.151 8.885
HOMO - LUMO gap| 129.6 129.7 122.2 134.7
LP -213.7 -213.5 -227.5 -227.1
LP level HOMO -10 HOMO -10 HOMO -10 HOMO -10
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1.4 p-Diketiminate lead(l1) neo-pentyl, LPbNp (6)

1.4.1 Bond angles (°) and distances (A)

LANL2DZ LANL2DZ & 6-31G*
exo- exo-
N1-Pb-C30 96.71 95.28
N2-Pb-C30 97.07 97.24
N1-Pb-N2 82.90 82.49
C1-N1-C6 121.96 121.80
C1-N1-Pb 119.82 118.54
C6-N1-Pb 116.85 118.24
C3-N2-C18 122.02 121.95
C3-N2-Pb 119.84 118.40
C18-N2-Pb 116.71 117.99
N1-C1-C2 124.66 125.06
C1-C2-C3 130.40 131.07
C2-C3-N2 124.67 125.09
Pb-C30 2.290 2.305
N1-Pb 2.319 2.343
N2-Pb 2.320 2.348
N1-C1 1.349 1.333
C1-C2 1.421 1.412
C2-C3 1.421 1.413
C3-N2 1.348 1.332
Pb-plane 1.019 1.080
DOP (%) 92.58 94.43
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1.4.2 Molecular orbital energy levels

LANL2DZ LANL2DZ & 6-31G*
Energy level exo- exo-
HOMO -1 -146.2 -143.8
HOMO -131.9 -126.4
LUMO -1.724 5.850
LUMO +1 15.23 8.741
HOMO - LUMO gap| 130.1 132.2
LP -213.7 -226.8
LP level HOMO -10 HOMO -12
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1.5 p-Diketiminatelead(l1) benzyl, LPbBn (7)

1.5.1 Bond angles (°) and distances (A)

LANL2DZ LANL2DZ & 6-31G*
exo- exo-
N1-Pb-C30 97.65 97.50
N2-Pb-C30 97.76 97.79
N1-Pb-N2 83.01 82.36
C1-N1-C6 121.94 122.10
C1-N1-Pb 120.56 119.26
C6-N1-Pb 116.30 117.25
C3-N2-C18 121.92 122.10
C3-N2-Pb 120.55 119.23
C18-N2-Pb 116.37 117.24
N1-C1-C2 124.67 125.02
C1-C2-C3 130.39 131.01
C2-C3-N2 124.67 125.04
Pb-C30 2.317 2.326
N1-Pb 2.313 2.343
N2-Pb 2.313 2.344
N1-C1 1.349 1.332
C1-C2 1.421 1.413
C2-C3 1.421 1.413
C3-N2 1.349 1.332
Pb-plane 0.973 1.045
DOP (%) 90.64 91.50
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1.5.2 Molecular orbital energy levels

LANL2DZ LANL2DZ & 6-31G*
Energy level exo- exo-
HOMO -1 -136.3 -135.4
HOMO -66.38 -128.9
LUMO -4.834 1.367
LUMO +1 -4.815 6.396
HOMO - LUMO gap| 61.55 130.2
LP -220.9 -232.3
LP level HOMO -13 HOMO -15
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1.6  p-Diketiminate lead(l1) tert-butyl, LPb'Bu (8)

1.6.1 Bond angles (°) and distances (A)

LANL2DZ LANL2DZ & 6-31G*
exo- exo-
N1-Pb-C30 105.48 105.06
N2-Pb-C30 105.04 104.72
N1-Pb-N2 82.82 82.07
C1-N1-C6 121.34 121.29
C1-N1-Pb 116.35 115.46
C6-N1-Pb 119.93 120.57
C3-N2-C18 121.22 121.00
C3-N2-Pb 115.65 114.68
C18-N2-Pb 120.92 121.66
N1-C1-C2 124.79 125.16
C1-C2-C3 130.74 131.28
C2-C3-N2 124.76 125.13
Pb-C30 2.332 2.357
N1-Pb 2.314 2.371
N2-Pb 2.337 2.366
N1-C1 1.349 1.331
C1-C2 1.423 1.415
C2-C3 1.420 1411
C3-N2 1.352 1.336
Pb-plane 1.202 1.251
DOP (%) 74.07 75.72
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1.6.2 Molecular orbital energy levels

LANL2DZ LANL2DZ & 6-31G*
Energy level exo- exo-
HOMO -1 -146.1 -144.5
HOMO -64.01 -126.6
LUMO -2.119 6.916
LUMO +1 -1.950 8.308
HOMO - LUMO gap| 61.9 133.5
LP -213.8 -229.2
LP level HOMO -10 HOMO -12
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1.7 p-Diketiminate lead(l1) phenyl, LPbPh (9)

1.7.1 Bond angles (°) and distances (A)

LANL2DZ LANL2DZ & 6-31G*
endo- endo-
N1-Pb-C30 94.64 94.96
N2-Pb-C30 94.89 94.97
N1-Pb-N2 84.59 84.42
C1-N1-C6 120.37 120.30
C1-N1-Pb 125.24 124.38
C6-N1-Pb 114.38 115.27
C3-N2-C18 120.17 120.29
C3-N2-Pb 125.21 124.37
C18-N2-Pb 114.60 115.29
N1-C1-C2 125.13 125.75
C1-C2-C3 130.86 131.67
C2-C3-N2 125.16 125.75
Pb-C30 2.288 2.296
N1-Pb 2.301 2.333
N2-Pb 2.300 2.332
N1-C1 1.350 1.333
C1-C2 1.421 1.413
C2-C3 1.420 1.412
C3-N2 1.351 1.333
Pb-plane 0.475 0.467
DOP (%) 95.42 95.17
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1.7.2 Molecular orbital energy levels

LANL2DZ LANL2DZ & 6-31G*

Energy level endo- endo-

HOMO -1 -137.7 -135.9

HOMO -66.75 -128.1

LUMO -4.772 -3.355

LUMO +1 -4.471 5.800

HOMO-LUMO gap | 62.0 124.8

LP -216.1 -229.2

LP level HOMO -13 HOMO -13
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2. p-Diketiminate plumbylene and stannylene complexes;

computational details
2.1 p-Diketiminate plumbyl-(11)-ene (solvated), [LPb]*.[CHCl,]

2.1.1 Bond angles (°) and distances (A)

LANL2DZ LANL2DZ & 6-31G*
N1-Pb-N2 86.83 85.76
N1-Pb-Cl1 68.34 131.51
N2-Pb-CI1 68.46 129.03
C1-N1-C6 120.45 120.89
C1-N1-Pb 127.99 127.98
C6-N1-Pb 111.55 111.13
C3-N2-C18 120.58 120.86
C3-N2-Pb 128.06 127.95
C18-N2-Pb 111.36 111.19
N1-C1-C2 123.58 123.86
C1-C2-C3 129.99 130.55
C2-C3-N2 123.50 123.90
Pb-Cl1 5.573 4.141
C-Cl1 1.851 1.793
C-CI2 1.861 1.795
N1-Pb 2.159 2.191
N2-Pb 2.159 2.191
N1-C1 1.364 1.345
C1-C2 1.413 1.406
C2-C3 1.414 1.406
C3-N2 1.363 1.345
Pb-plane 0.050 0.022
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2.1.2 Molecular orbital energy levels

LANL2DZ LANL2DZ & 6-31G*
Energy level
HOMO -1 -210.1 -209.0
HOMO -209.9 -208.9
LUMO -115.1 -113.8
LUMO +1 -89.51 -81.03
HOMO - LUMO gap| 94.8 95.1
LP -335.8 -343.6
LP level HOMO -15 HOMO -15
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2.2 p-Diketiminate plumbyl-(11)-ene (free cation), [LPb]"

2.2.1 Bond angles (°) and distances (A)

LANL2DZ LANL2DZ & 6-31G*
N1-Pb-N2 86.70 86.25
C1-N1-C6 120.36 120.84
C1-N1-Pb 128.18 127.72
C6-N1-Pb 111.45 111.45
C3-N2-C18 120.37 120.84
C3-N2-Pb 128.18 127.72
C18-N2-Pb 111.45 111.45
N1-C1-C2 123.52 123.88
C1-C2-C3 129.91 130.57
C2-C3-N2 123.51 123.88
N1-Pb 2.160 2.182
N2-Pb 2.160 2.182
N1-C1 1.363 1.346
C1-C2 1.415 1.406
C2-C3 1.415 1.406
C3-N2 1.363 1.346
Pb-plane 0.000 0.000
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2.2.2 Molecular orbital energy levels

LANL2DZ LANL2DZ & 6-31G*
Energy level
HOMO -1 -212.4 -211.4
HOMO -212.4 -211.4
LUMO -118.1 -117.2
LUMO +1 -93.61 -85.12
HOMO - LUMO gap| 94.3 94.1
LP -339.3 -347.5
LP level HOMO -11 HOMO -11
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2.3 p-Diketiminate stannyl-(I1)-ene (solvated), [LSn]".[Et20]

2.3.1 Bond angles (°) and distances (A)

LANL2DZ LANL2DZ & 6-31G*

N1-Sn-N2 88.19 88.55
N1-Sn-O 93.09 93.17
N2-Sn-O 94.29 93.61
C1-N1-C6 119.85 120.06
C1-N1-Sn 126.01 124.97
C6-N1-Sn 113.82 114.52
C3-N2-C18 118.99 119.22
C3-N2-Sn 125.86 124.77
C18-N2-Sn 114.90 115.76
N1-C1-C2 123.68 124.10
C1-C2-C3 129.25 129.92
C2-C3-N2 123.70 124.18
C30-0O-Sn 123.35 122.55
C32-0O-Sn 123.62 124.02
C30-0-C32 112.60 112.61
Sn-O 2.385 2.485
O-C30 1.501 1.458
0-C32 1.499 1.457
N1-Sn 2.147 2.159
N2-Sn 2.134 1.144
N1-C1 1.361 1.344
C1-C2 1.418 1.410
C2-C3 1.415 1.405
C3-N2 1.364 1.348
Sn-plane 0.371 0.376
DOP;, (%) 93.8 94.1
DOPyyygen (%) | 0.48 0.91
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2.3.2 Molecular orbital energy levels

LANL2DZ LANL2DZ & 6-31G*
Energy level
HOMO -1 -206.9 -206.4
HOMO -206.2 -205.3
LUMO -142.3 -101.6
LUMO +1 -68.34 -95.02
HOMO - LUMO gap| 63.9 103.6
LP -267.7 -258.1
LP level HOMO -9 HOMO -9
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2.4 p-Diketiminate stannyl-(11)-ene (free cation), [LSn]*

2.4.1 Bond angles (°) and distances (A)

LANL2DZ LANL2DZ & 6-31G*
N1-Sn-N2 88.20 87.99
C1-N1-C6 119.85 120.31
C1-N1-Sn 128.43 127.88
C6-N1-Sn 111.72 111.82
C3-N2-C18 119.85 120.30
C3-N2-Sn 128.43 127.88
C18-N2-Sn 111.72 111.82
N1-C1-C2 122.97 123.32
C1-C2-C3 129.00 129.62
C2-C3-N2 122.97 123.32
N1-Sn 2.088 2.104
N2-Sn 2.088 2.104
N1-C1 1.366 1.349
C1-C2 1.413 1.404
C2-C3 1.413 1.404
C3-N2 1.366 1.349
Sn-plane 0.000 0.000
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2.4.2 Molecular orbital energy levels

LANL2DZ LANL2DZ & 6-31G*
Energy level
HOMO -1 -213.1 -212.2
HOMO -213.1 -212.2
LUMO -119.6 -119.6
LUMO +1 -91.11 -91.11
HOMO - LUMO gap| 93.5 92.5
LP -298.7 -298.7
LP level HOMO -9 HOMO -9
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3. p-Diketiminate magnesium phosphide complexes; compaitional

details

3.1 p-Diketiminate magnesium diphenylphosphide, LMgPPh, (19)

3.1.1 Bond angles (°) and distances (A)

Solvated Free Solvated Free
N1-Mg-N2 | 94.50 94.97 Mg-P 2.552 2.504
N1-Mg-P 119.31 124.96 Mg-O 2.111 -
N2-Mg-P 123.58 139.43 N1-Mg 2.099 2.056
C1-N1-C6 118.23 119.86 N2-Mg 2.106 2.050
C1-N1-Mg | 118.93 122.29 N1-C1 1.338 1.338
C6-N1-Mg | 122.82 117.84 C1l-C2 1.412 1.411
C3-N2-C18 | 119.09 119.55 C2-C3 1.414 1.408
C3-N2-Mg | 119.19 118.07 C3-N2 1.336 1.340
C18-N2-Mg | 121.71 122.39
N1-C1-C2 125.06 124.51 D@Rs (%) 41.13 44.54
C1-C2-C3 | 131.00 130.74 D@Rr (%) | 25.12 0.71
C2-C3-N2 104.21 124.61
Mg-P-C36 | 106.76 106.69 Mg-plane 0.545 0.140
Mg-P-C30 112.01 108.49
C30-P-C36 | 104.21 104.73 N1-Mg-P-C30 177.31 -159.5
N1-Mg-O 104.73 - N1-Mg-P-C36 63.84 88.13
N2-Mg-O | 102.81 -
O-Mg-P 109.27 -
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3.1.2 Molecular orbital energy levels

Solvated Free
Energy level
HOMO -1 -123.3 -136.2
HOMO -116.2 -132.7
LUMO 6.979 -6.634
LUMO +1 20.49 0.834
HOMO - LUMO gap| 123.2 126.1
LPphos -232.6 -232.0
LPphos€nergy level HOMO -17 HOMO -16
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3.2 p-Diketiminate magnesium dicyclohexylphosphide, LMgPCy, (20)

3.2.1 Bond angles (°) and distances (A)

Solvated Free Solvated Free
N1-Mg-N2 | 94.74 94.69 Mg-P 2.508 2.500
N1-Mg-P | 120.42 143.60 Mg-O 2.168 -
N2-Mg-P 116.51 121.57 N1-Mg 2.110 2.071
C1-N1-C6 119.87 119.15 N2-Mg 2.102 2.070
C1-N1-Mg | 118.86 121.53 N1-C1 1.334 1.341
C6-N1-Mg | 121.22 119.24 C1l-C2 1.417 1.408
C3-N2-C18 | 119.66 118.64 C2-C3 1.414 1411
C3-N2-Mg | 118.85 121.70 C3-N2 1.336 1.338
C18-N2-Mg | 121.46 119.61
N1-C1-C2 125.03 124.80 D®@Rs (%) 27.23 43.81
C1-C2-C3 131.03 130.76 DQRHr (%) | 31.48 0.16
C2-C3-N2 124.89 124.66
Mg-P-C36 112.61 109.37 Mg-plane 0.547 0.286
Mg-P-C30 112.68 105.75
C30-P-C36 | 110.20 105.45 N1-Mg-P-C30 176.14 -118.3
N1-Mg-O 99.91 - N1-Mg-P-C36 | 58.44 128.50
N2-Mg-O 99.92 -
O-Mg-P 120.97 -
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3.2.2 Molecular orbital energy levels

Solvated Free
Energy level
HOMO -1 -141.3 -143.4
HOMO -120.3 -130.4
LUMO 8.797 -3.593
LUMO +1 22.47 3.060
HOMO - LUMO gap| 129.1 126.8
LPphos -175.6 -214.6
LPphos€nergy level HOMO-9 HOMO -10
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