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Abstract

The solution structure of lithiated N-iso-propylacetaldimine, 1, was
detarmined by a variety of NMR methods. 15N.61j Doubly labelled samples of 1 allowed
the determination of lithum-nitrogen connectivities on the basis of 15N-6Li NMR
coupling patterns. The lithiated imine was found to exist as a rapidly exchanging mixture
of two isomeric dimers and a triple ion, whose relative proportions were sensitive to THF
concentration, and which exhibited discrete 13C and 15N NMR signals at -90°C. The
NMR signals for each of these nuclei were found to coalesce at higher temperatures. Under
conditions of increasing THF concentration the triple ion was favoured. Addition of HMPA
or PMDETA resulted in solutions containing only triple ions and monomers, but no dimers.
The triple ion was found to be solvated by only one more molecule of THF than was the
dimer, and HMPA and PMDETA were demonstrated to have the effect of displacing THF from
coordination to the lithiated imine.

The choice of solvent, and by inference, the nature of the dominant solution
structures, was found not to alter the predominant-selectivily for alkyiation to yield
>90%syn products.

A structurally similar compound, lithiatad N-iso-propylpropionaldimine, 3,
was found to exhibit coalescence behaviour in the 13C spectrum similar to that observed
for 1. Upon addition of HMPA, however, an apparently new species was observed. 1y
NMR evidence suggested that this new species had anti stereochemistry. Alkylation of
solutions of 3 containing HMPA were found to give anti products in the same proportion as
the new species introduced upon addition of HMPA, while in the absence of HMPA there
was 93% syn selectivity.
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Glaims 1o Original R I

The structures attributable to signals observed in low temperature NMR
spectra of THF solutions of lithiated N-iso-propylacetaldimine were
established, primarily using €Li-1SN doubly labelled samples. These results
correct a previous claim in the literature.

The atorementioned lithiated imine was found to exist as a mixture of about
30% of each of two stereoisomeric dimers and 40% of a triple ion in 0.67 M
THF/hexanes solutions at -80°C.

The relative proportions of each of the three species was found to be
influenced by concentration, temperature, THF concentration and by additives
such as HMPA or PMDETA which are known to coordinata strongly to lithium,
13¢ relaxation time were used as a lool for determining relative molecular
sizes, and the results were consistent with the structural determinations.
Changes in the medium, and hence changes in the proportions of the various
aggregate forms were found not to affect the proportion of syn methylation
products.

NOQE Difference measurements indicated the presence of an unknown, but
substantial amount of the anti isomer of lithiated N-tertutylacetaldimine in
THF solutions, providing firm support for previously published suggestions

of such stereochemistry.
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Chapter 1: introduction

11 _An Overview

During the rise of carbanion chemistry to a position as the
predominant - general synthetic approach to carbon-carbon bond
formation, enolate chemistry has maintained a leading role.
Concurrent with the refinement of enolate chemistry has been the
development of "enolate equivalents"1-3, which can lend new
reactivity and selsctivity to the already versatile enolate. Among
these enolate equivalents is a family derived from deprotonation of
ketone and aldehyde equivaleﬁts, which include imines,
N,N-dialkylhydrazones, oximes and oxime ethers and the structurally
related nitrosamines2:4. |

When an unsymmetrical ketone is deprotonated, the
kinetically favoured enolate tends to be that formed by deprotonation
at the less substituted position, while the thermodynamically more
stable enolate tends to be that which possesses the more substituted
C-C partial double bond4-6. Imines and related C=N containing
molecules, as ketone equivalents, offer the possibility of different
regioselectivity and stereoselectivity in the Kkinetic and
thermodynamic product of deprotonation, (also termed "lithiation" if a
lithium base is used for deprotonation) and subsequent alkylation4.

Most aldimines and ketimines have a thermodynamic

preference for the anti geometry, and syn imines readily isomerize
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at room temperature to adopt the less hindered anti geometry7. The
initial product of alkylation of the anion formed by deprotonation o to
the C=N double bond of an aldimine has the more hindered syn

geometry7 (Figure 1).

Eigure 1: Syn lithiation and alklation of aldimines

R L+ R R
- - -
{iq Li BASE k syn Mel II\I
H J k k
N\
CR, Rz tl:r:c2
CHy

In the kinetic deprotonation of symmetrical ketimines where
there are two possible sites for deprotonation there is often little
regioselectivity in proton abstraction syn or anti to the alkyl group
on nitrogen8-10, but the more stable anion at equilibrium tends to be
the less substituted one and always has a syn stereochemistry.
Alkylation always yields initially a product in which the substituent
on nitrogen is syn to the newly introduced alkyl group7-”. In
ketimines this - can allow for regioselective alkylation opposite to
that obtained via alkylation of the thermodynamically more stable of
the two possible ketone enolates. Should the substituent on nitrogen
be an optically active chiral auxiliary, optical activity in the product
may be induced!:2:12 4 result which would not be possible for
lithium enolates of ketones or aldehydes.

This apparent preference for the more hindered syn geometry
about the carbon-nitrogen partiai double bond has been dubbed the

*syn-effect”. The terms syn and anti refer to geometries in which



the carbon atom through which the substituent on nitrogen is bonded
lies in the plane of the "aza-allylic" portion of the molecule. The
origin of the syn-effect and the synthetic opportunities presented by
the behaviour of lithiated imines have both served as foci for
research efforts.

Enolate chemistry provides an example of how knowledge of
solution structures can provide new perspectives on the
understanding of patterns of reactivity. Seebach et al. and Dunitz et
al. determined the crystal structure of a lithium enolate which
afforded insight into reactivity patterns13v14. Similarly, Jackman
and Lange studied the effect of changing the coordinating ability of
solvents on the ratio of carbon versus oxygen methylation of lithio
iso-butyrophenone and concluded that aggregate structure was a
determining factor in the regioselectivity of the reaction15.

Until recently the exact nature of the lithiated imine prior to
alkylation has not been investigated; nor has the origin of the
syn-effect been satisfactorily and conclusively established. In the
research reported herein the solution structure of a Iit'hiated N-alkyl
aldimine will be explored, with an expectation that this may
eventually serve as a foundation for further investigations into the

origin of the syn-effect or for improvement of synthetic approaches.

12 A tion of Lithiated O i Molecul

Many organolithium compounds have been prepared and
studied, including alkyilithiums15-28 |ithium enclates29-33,
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lithium amides30,34-38  Jithium anilides39.:40, lithiated
imines41-43 iithiated aromatics44-48, lithiated sulfones2? and
others20,35,45,49-63 1t is the rule, rather than the exception, that
organolithiums form aggregates. In all probability lithiated
aldimines would be expected also to exhibit aggregation behaviour,
since there is no reason to expect them to behave differently from the
majority of other organolithium compounds.

Organolithiums are known to form a variety of oligimers in

solution, ranging from dimers to nonamers, and often in solution exist
as mixtures undergoing rapid exchange 16-19,21,24,26,29,
31,35-37,40,53,57,64,65 it has been found that the position of the
equilibrium among interconverting species can be dramaticaily
influenced by variations in solvent 16,17,27,33,53  concentration
24,53 ang temperature 17,24-26,53, geveral trends are evident. For
a given organolithium, higher oligimers are favoured in non-polar,
hydrocarbon solvents and lower aggregates tend to be favoured in
media containing polar, donor solvents31 such as ethers16,17.27,31
hexamethylphosphoramide (HMPA)40 or amines16:21,27 ang by
decreased concentration1€.19.66  The degree of aggregation can also
be affected by the steric bulk of the lithiated molecule and by
internal chelation of the lithium47,20,

An investigation of the solution structure of a lithiated
N-alkyl acetaldimine should begin with a review of the structures of
other lithiated organo-nitrogen molecules, such as amido lithiums,
imido lithiums, species formed upon lithiation of carbazoles,
pyrazines and disilazanes, and of course, the solution structures of
other lithiated imines and lithiated hydrazones.



In many cases, NMR has proven to be one of the most valuable
tools for investigation of solution structures, while X-ray
crystallography has been the obvious choice for solids.

X-Ray crystal structures of. lithiated organo-nitrogen
molecules have been published on a regular basis by Snaith and
co-workers in Scotland. They, and others, have found that a large
variety of amido and imido lithiums crystallize as hexamers39.51
tetramers39.59, trimers34,35,67 and dimers 35.36,52,56-58,
60,61,68-70  Only when crystallized as adducts with coordinating
solvents such as diethyl ether35.56,70 ~ pMmpa35.62
N,N,N'N"-tetramethylethylenediamine (TMEDA)58, N,N,N',N",N"-penta-
methyidiethylenetriamine (PMDETA)34 or pyridine35 were dimers or
monomers found, but these solvents do not always cause low states
of aggregation: diphenylimido lithium crystallizes as a tetrameric
1:1 adduct with pyridine59 and as a hexamer with HMPAS!1 and
pyrrolidino-lithium crystallizes as a trimer in the presence of
PMDETAS7. The groups of Lappert, Seebach, Boche and Schieyer have
also reported crystal structures of an lithium amidosilazane®2, a
lithio pyrazine37, a lithium imide58, and a lithio carbazole’0,
respectively, and found structures generally consistent with the
trends found by Snaith and cbworkers. (The nomenclature is
inconsistent in the literature; for example, a lithio amide is the same
as an amido lithium, but IUPAC nomenclature favours the latter
format.)

Common to all of these lithiated organo-nitrogen crystal
structures is a framework of alternating lithium and nitrogen atoms

(Figure 2). In dimers there is always a planar Li-N-Li-N  ring
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structure39,52,57,58,61,69-71  where usually the angle at lithium is

in the range of 108+4° and the angle at nitrogen is closer to 72+4°,
Higher aggregates may have a lithium-nitrogen framework of a form
best described as a "ladder" 35’72’73, composed of an extension of
the dimeric-type planar rhomboid structures, or a framework like one

of a variety of cluster-like structures usually consisting of stacked
Li-N rhomboids 35:72,73,

Eigure 2: Typical structural types for Li-N aggregates

In solution chemistry, HMPA has traditionally been viewed as
a solvent which breaks up aggregates74’75 by strongly coordinating
(via the oxygen atom) to lithium and solvating lithium better than it
can be solvated internally by the organic anion. This conventional
interpretation is generally substantiated by the crystal structures of
lithiated organo-nitrogen compounds, in that the HMPA adducts are
often lower order oligomers, such as dimers, in which HMPA is
coordinated to lithium. Interestingly, the HMPA adduct with lithio

diphenylimide®1 serves as as example of this model, while also
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illustrating some of the dangers of reliance on "conventional wisdom".
This adduct has been found to have the formula [Li"4HMPA]+
[(N=CPhy)slis*3HMPA]", in which HMPA has succeeded in strongly
solvating and stripping away a single lithium atom, and yet the
species remains a hexamer. Thus the model in which HMPA is able to
strongly coordinate to lithium is supported, but the expected
conversion into lower order aggregates was not observed. Two
crystal structures have also been reported in which HMPA serves as a
bridging ligand through oxygen, where four-membered Li-O-Li-O rings

are formed within a dimeric speciesﬁa'76 (Figure 3).

Eigure 3: HMPA as a bridging ligand
P(NMez):, Q
\ P(NMey); Q
~ l “ I
Br—u’ Au—-Br C N L

P(NM92)3
L= NMe,

Snaith and coworkers have suggested that the N-Li bonds are
ionic in character and that the tendency to aggregate is dominated by
the need of the lithium ion to be strongly solvated and that
aggregation into polymers is prevented , only by the steric
requirements of the organic moieties attached to
nitrogen’2,73,76-78 Indeed, one of the few monomeric
organoiithium molecules yet discovered is the highly hindered lithio

2,4,6,tri-tert-butylbenzene4? crystallized as a diamine solvate,



although the equally hindered lithium tri-tert-butyl- aniline
crystallized as a dimeric etherate’8.

Only when chelating ligands are used have monomeric
lithiated organo-nitrogen species been identified in the solid. Among
the chelating ligands reported to favour monomeric species are
TMEDA34, a bidentate ligand, and its tridentate homologue, PMDETA34
and also N,N,N',N'-tetramethyl-1,3-propanediamine47. As with HMPA,
the deaggregating effect is not universal, in that dimeric and
tetrameric TMEDA adducts have been reported®8. The success,
relative to HMPA, of these ligands in forming monomers may lie in
their multidentate character, and their comparatively small steric
bulk, since lithium may be reluctant to coordinate with more than one
ligand as large as HMPA7S. Theoretical calculations have shown that
amide coordination to the metal cation results in a strong
thermodynamic stabilization of the ion pair (Li-N bonding is ionic in
character) due to an electrostatic field effect’ .

Although comparisons between crystal and solution
structures must always be made with caution, the crystal structures
described above serve to illustrate the variety of structural types
possible for lithiated organo-nitrogen molecules, and to illustrate the
ubiquitous pianar Li-N-Li-N ring in dimeric aggregates.

The crystal and solution structures of a variety of lithiated
hydrazones, amides, anilides and imines have also been studied.
These studies have a greater relevance to the study of the lithiated
imine reported herein than the crystal structures discussed above,
since in most cases they involve solutions of lithiated

organo-nitrogen compounds, and because, like lithiated N-alkyl-



acetaldimines, they all have two substituents on nitrogen. In this
regard, because of the potential for internal chelation, perhaps
lithiated hydrazones should be considered separately, except for their
similarity to lithiated imines as enolate equivalents.

The studies of lithiated organo-nitrogen molecules in solution
by Collum are perhaps the most comprehensive. Using NMR and
cryoscopy for solution studies and comparing these results to  X-ray
crystal structures, Collum and co-workers have elucidated the
solution structures of some lithium amides, lithiated imines and
lithiated hydrazones. In THF, three lithium amides (cyclohexyl-
-iso-propyl3€, diphenyl37 and di-iso-propy!38 ) and lithiated
cyclohexanone r.)hem),rlimine42 were found to exist primarily as dimers
possessing the Li-N-Li-N four-membered ring, with small amounts of
a monomer which increased with increasing THF concentration.
Similar results were reported by Seebach and Bauer, who found that
dilute THF solutions of lithium di-iso-propylamide consisted of 5:1
mixture of monomer and dimer1®, and by Jackman et al.,, who found
that lithium N-iso-propylanilide existed as a dimer in diethylether
solutions and that monomer and a triple ion were formed upon
addition of HMPA40. Lithiated hydrazones were also found to be
aggregated, as tetramers in which lithium was also internally
solvated by the B-nitrogen atom48.71,

To date all of the lithiated imines whose structures have been
elucidated have had a phenyl group bonded directly to the nitrogen.
Specifically these molecules have been lithiated cyclohexanone
N-phenylimine (Colium and Kallman)42, the iithiated N-phenylimine of
methyl-tert-butylketone (pinacolone) [N-(2,2-dimethyl-1-methylene-
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propyl)-N-lithio-benzen-amine] (Knorr et al.)43, and lithium N-iso-
propylanilide (Jackman et aI.)40, whose structure is very similar to
that of a lithiated imine (Figure 4). All have been found to be
predominantly dimers in ether solvents. Knorr found that his
lithiated imine was a dimer in the solid, and that the lithium was 13

coordinated by a lone pair on nitrogen and an adjacent 'double bond'

from the benzene ring.

Eigure 4: Lierature examples of some lithiated imines

U\N/Q Li\N U\N/l\

I S

Colium Knorr Jackman

This raises the question as to whether the phenyl substituent is a
determinant of solution aggregate structure in these lithiated imines.
That question will be addressed in the work presented in this thesis,
since the lithiated imine whose solution structure is the subject of

this research possesses only aliphatic groups.

1.3 _The Syn -Effect

The behaviour of some lithiated imines has been thoroughly

studied, and some of the more important aspects are summarized
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here. By studying the deprotonation of N-alkyl imines of 3-pentanone
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labelled with 13C at the syn methyl group, Bergbreiter, Newcomb and
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coworkers have demonstrated that deprotonation of a symmetrical
ketimine with lithium di-iso-propylamide (LDA) is not strongly
regioselective with respect to the syn and anti positions but that
selectivity for anti deprotonation increased with increasing bulk of
the nitrogen substituent®. The thermélly equilibrated anions were
found to have syn geometry about the aza-allylic portion of the
molecule {(on the basis of the syn alkylation product). They also
found that there was an isomerization about the C=N bond in the
starting imines resulting from a reversible aldol-type attack of
initially formed lithiated imine upon the neutral iminesS.
Bergbreiter, Newcomb et al.10, Jung and Shaw80 and Fraser et al.81
aiso observed, independently, a lack of strong syn/anti
regioselectivity in the initial site of deprotonation of
unsymmetrically deuterium-labelled N,N-dialkylhydrazones with LDA.
(Deprotonations with alkyllithiums instead of LDA may result in
different regiochemistry in the deprotonation and subsequent
alkylation of iminesaz.)

The strongest evidence for the syn stereochemistry of the
lithiated imine comes from the stereochemistry of the alkylation
products, in which the substituent on nitrogen is syn to the newly
introduced group8-11s83. It has been assumed on the basis of the syn
stereochemistry of the product that the lithiated intermediate must
have had syn geometry. This would seem to be a fairly reasonable
assumption, since only the syn product is observed even though the
anti product is thermodynamically more stable8:11:12,83 " |n most of
such cases the initially observed syn product isomerizes thermally

to the anti isomer8:11.83  (various mechanisms for isomerizations
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about C=N bonds have been proposed84-87, but a summary of them is
beyond the scope of this discussion).

In fact, the evidence of predominantly syn geometry in the
lithiated molecule provided by the syn stereochemistry of the product
is not in itself compelling, since there are at least two other
explanations for the formation of the less stable syn alkylation
product. The first alternative explanation is that the lithiated
molecules possess a geometry that is neithe'r syn nor anti , but that
the initially formed alkylation product has a lower energy pathway to
the syn geometry than to the anti 43. Knorr's crystal structure of
the lithiated N-phenyl imine of pinacolone43 has shown that in at
least that example the configuration about the aza-allylic moiety is
neither syn nor anti , but in Knorr's report it was a solid structure
and the lithiated imine was atypical, since it possessed a bulky
tert-butyl group at the formyl carbon and a phenyl substituent on
nitrogen, all of which could introduce ‘an unusual bias to the
stereochemistry. The second alternative explanation is that the
anions possess genuine syn and anti geometries in rapid equilibrium
but that there is a lower energy pathway to syn alkylation products.

Surprisingly, in most cases where alkylation of a lithiated
imine or related molecule results in a product having a syn
orientation of the newly introduced alkyl group with respect to the
substituent on nitrogen, the syn geometry of the lithiated precursor
has not been directly established. The most direct indication of syn
geometry in the lithiated imine is based on the 13C NMR chemical
shift difference upon lithiation of imines, where syn carbon atoms a

to nitrogen were observed to have an upfield shift upon lithiation”.88,
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The magnitude of the thermodynamic preference for the syn
geometry in lithiated imines is difficult to estimate since none of the
anti isomer is observed in most cases. The only cases where the anti
geometry is observed occurs in lithiated endocyclic ketimines8 9
where excessive ring strain would be introduced upon adoption of the
syn geomstry and is suspected in lithiated aldimines where the
nitrogen bears a bulky tert-butyl substituent’. An attempt has been
made to estimate the magnitude of the thermodynamic preference for
the syn stereochemistry in lithiated imines!1. In typical cases
where alkylation of a lithiated aldimine yields >96% of the syn
product, as determined by NMR at -20°C, the anti isomer of the
lithiated imine must be at least 1.2 kcal mole~! less stable.
Assuming that the same steric factors are important in both the
neutral and the lithiated imines, it appears that this relative
instability occurs in spite of the 3.0 kcal mol~1 preference for the
anti jsomer of the neutral imine. (NMR at 25°C reveals less than 0.5%
syn isomer of the neutral imine). The sum of these two values leads
to the conclusion that the anti isomer of the lithiated imine would be
at least 4.2 kcal mole™1 less stable than the syn isomer at 25°C.

There is one example of a lithiated imine in which the syn
and anti isomers are reported to exist in equilibrium. According to
Bergbreiter, Newcomb and coworkers, upon lithiation of N-cyclohexy!
propionaldimines in the presence of HMPA up to 20% of the anti
isomer was observed90. The proportion of the anti isomer was
dependent upon the concentration of HMPA and i'n the absence of HMPA
only the syn isomer was observed. They suggested that the two

isomers observed represented one species with an E configuration at
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the partial carbon-carbon double bond and the more stable syn
stereochemistry of the substituent on nitrogen and another species
with a more stable Z configuration at the partial carbon-carbon
double bond and the less stable anti stereochemistry of the nitrogen
substituent. It may be suggested that the competing steric
requirements of the N-cyclohexyl group and the methyl of the propyl
chain in the Z isomer were responsible for destabilizing the syn
isomer relative to the anti isomer. The role of HMPA was suggested
to be one of catalyzing the isome}ization, but a more reasonable
explanation may be that HMPA affects the distribution of the two
isomers at equilibrium. The role of HMPA remains unsatisfactorally
explained and the syn and anti geometry of the lithiated imine is only
inferred.

The origin of the syn-effect remains ambiguous, in part
because of the experimental limitations imposed by the failure in
most cases to observe the syn and anti isomers simultaneously,
which would allow an examination of the factors affecting their
equilibrium. This makes lithiated N-alkyl propionaldimines a
potentially valuable tool for exploring the causes of the syn-effect.
In the work reported here, the role of HMPA in the context of its
effect on the aggregation and the syn-anti equilibrium of lithiated
N-iso-propyl propionaldimine will be examined.

1.4 _The Origin of the Syn-Effect.

The origin of the syn-effect has been investigated extensively

using theoretical and computational methods rather than chemical
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experimentation.  Analogous syn geometry has also been reported as
preferred in vinyl others®1, methyl formate esters?2, and butenyl
(allylic) anions93, all of which are isoelectronic with lithiated
imines (Figure 5). (Various nomenclature has been used to describe
this geometry: syn, endo, cis and Z.) Each of these types of molecule
has been the focus of molecular orbital calculations to determine the
origin of this geometry. It is tempting to ascribe a common origin for
all of these systems, but there is not even a concensus for any single
system. These explanations serve as simple models to illustrate the
various theories which have been used to explain lithiated imine
stereochemistry.

For the allylic anion alone there have been three explanations
for the observed 2 kcali mole~1 preference for the endo (2)
configuration. Schleyer et al. have suggested that homoaromatic
stabilization across the termini of the 4-atom system using a pseudo
n-orbital at the methyl group is responsible for the effect4 (Figure
6). They argue that in the anionic allylic system there are six (4n+2)
n-electrons occupying the system, making it homoaromatic in the
endo configuration. In the cation, however, there are only 4
n-electrons, making the endo configuration anti-aromatic, and
therefore less stable than the exo configuration, in agreement with
experimental observations. Schiosser and Hartman have suggested
that hydrogen bonding between the protons of the methyl group (C-4)
and the excess electron density at C-1 stabilizes the endo

configuration93 (Figure 6).
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Figure 5. Structures isoslectronic to lithiated imines
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Eigure 6: Homoaromatic and hydrogen-bonding explanations of the syn-efiect

homoaromatic hydrogen bonding

Bank et al. suggested that unfavourable interactions between
the dipole moment of the methyl group and the negative charge of the
allylic portion of the molecule in the exo configuration of the anion
are removed by adopting an endo configurationgs. The stability of
the cis conformation of formate esters has been studied
computationally by Epiotis et al., who concluded that the source of
stability of this geometry is én n%c* hyperconjugative interaction
between the lone pair electrons on oxygen and the o orbital of the
C=0 double bond96 (Figure 7). The stability of the cis geometry in

vinyl ethers may result from the same type of interaction®7.
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Eigure 7: n-—ox interactions
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Each of the above explanations may be applied to the
aza-allylic anion formed upon deprotonatior; of enolate equivalents.
In lithiated oximes, oxime ethers and N,N-dialkyl hydrazones
chelation arguments have been invoked to explain the syn -effect98.
In these molecules interactions are also possible between the
aza-allylic moiety and lone pairs on the hetero atom bonded to
nitrogen in the molecules listed above, making the homoaromatic
argument attractive. The chelation argument suggests that the metal
ion (Li*) is chelated between the aza-allylic portion and the
heteroatom bonded to nitrogen48:55,61,71 | jithiated imines,
however, chelation is clearly impossible due to the lack of a suitable
heteroatom adjacent to nitrogen.

Theoretical calculations by Houk, Fraser et al. led to the
conclusion that origin of the syn -effect in lithiated imines may be
the result of a dipolar interaction®®. These calculations suggested
that the magnitude of the syn-effect in lithiated imines was too large
to be the result of homoaromaticity involving a pseudo n-orbital at
the N-alkyl group or from hydrogen bonding. It was also argued that
in lithiated ketimines, n—o* interactions would require that the o*; ¢
orbital of the double bond be of significantly lower energy than the

C*c.c orbital of the single bond, which according to others may be an
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unreasonable assumptionwo. Houk, Fraser et al. concluded that the
syn- effect in lithiated imines was the result of a dipolar interaction
in which the repulsion between the partial negative charge at the
terminal carbon of the allylic system and the nitrogen lone pair is
minimized in the syn configuration. Streitwieser et al. have
recently reported that ab initio molecular orbital calculations reveal
that the origin of the syn effect in oxime carbanions is electrostatic
and that 1,4 -through-space conjugative interactions are
insignificant1071.

Another proposal can be made: that the syn-effect may be
simply the result of steric interactions between a highly solvated
lithium atom bonded to nitrogen and the substituents on C-3 which
makes the syn configuration the less hindered one. The role of steric
hindrance in the origin of the syn-effect can be evaluated only when
the solution structures of lithiated imines are well characterized.

The above proposals are not mutually exclusive, and the

syn-effect may be the result of several factors acting in concert.

1.5 Purpose,

In 1981 Fraser et al. reported that the low temperature 13C
and TH NMR spectra of lithiated N-iso-propylacetaldimine exhibited
two signals for each of the imine nucleil02, and that the barrier for
interconversion of these two species was 12.5+.5 kcal mole~!. Sound
reasons were provided in support of an explanation of this exchange

phenomenon as slow rotation of the iso-propyl group with respect to
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the aza-allylic portion of the molecule. Since 1981 several reports
have appeared in the literature in which similar low temperature NMR
behaviour for other lithiated organo-nitrogen molecules has been
observed and established to be the result of exchange among various
aggregate structures16.17.20,23,24,26,36,37,40-43,53,64,103 Ay
the time of Fraser's 1981 paper no example was known of
inter-aggregate exchange in organoclithiums having a barrier as large
as 12.5 kcal mole~1 26,28,31  The research reported herein
represents a re-investigation of the NMR behaviour and solution
structure of lithiated N-iso-propylacetaldimine within the context of
aggregation.

A further purpose of the research reported in this thesis is to
elucidate the solution structure of lithiated N-iso-propyl-
acetaldimine, to examine the effect, if any, of dominant solution
structures on alkylation stereochemistry, and to examine the effect
of additives on the aggregation behaviour and the alkylation
stereochemistry of lithiated N-iso-propylpropionaldimine.

16 Selected NMR Methods,

A number of NMR techniques have been used in the study of the
solution structures of lithiated aldimines, and the reader must have
an elementary understanding of these techniques in order to fully
appreciate the work presented in this thesis.

The study of lithiated N-iso-propylacetaldimine has as its
starting point an observation of an unusual duplicity of signals for

the lithiated imine carbon and hydrogen atoms in low-temperature
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13C and TH NMR spectra’02. These two species were found to be
interconverting via a two-site chemical exchange process, the origin
of which will be elucidated in this thesis. The activation energy for
this process was determined at the coalescence temperature.

The coalescence temperature, T,, is the temperature at which
the two signals observable at lower temperatures can be no longer
resolved as discrete signals104-107  For coalescences of 13¢
signals especially, the broadening of the signals near the coalescence
temperature is often so extreme that the signal-to-noise ratio is so
low that no signal can be seen at Tc unless a very large number of
transients is acquired.

The barrier for interconversion between two equally
populated sites can be calculated using this equation102,107,108.

. T
AGt= 4.57 cal mol K T/ 10.32 + log.o[—0tC
T c 9l ooKks av.

where T is the coalescence temperature (°K), and Av is the frequency
separating the two resonances at the coalescence temperature.
Obviously, at the coalescence temperature one cannot determine the
frequency difference between the two signals, so this difference
must be estimated from the frequency differences at temperatures
well below coalescence where the signals are well resolved.

For exchange between unequally populated sites the barrier
calculated from the coalescence temperature represents a composite
of the barriers for the forward and reverse reactions, which can be
emperically calculated to be a weighted average of the barriers for

the forward and reverse reactions?09. |t should be noted that the
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coalescence temperature provides a measure of the activation barrier
only at that temperature.

Under appropriate conditions, T4 relaxation times may
provide information about molecular 5iz629,31,107,110,111 ang thus
it was proposed that the measurement of 13C relaxation times for
lithiated imine and solvent resonances would be a useful tool for the
investigation of aggregates and solvation.

A measured Tq is a composite of dipole-dipole relaxation and
relaxation processes resulting from other influences, such as spin
rotation, chemical shift anisotropy and scalar coupling. In the case of
13¢C, relaxation is usually dominated by the dipole-dipole
mechanism105,107,110  athough cases of contributions to the
relaxation by spin rotation are common105,111,

The lifetime of a species undergoing two-site chemical
exchange with another species is (1/kgxchange) @Nd the relaxation of
each of the signals is characterized by its own T4. If the lifetime of
the magnetic excited state is equal or greater than the time during
which a species resides in a certain chemical state, or in other
words, if the rate of chemical exchange is faster than the individual
rates of dipole-dipole relaxation the observed relaxation rate will be
averaged among all the exchanging species by the chemical exchange.

It has been established that, except for very small molecules,
the nuclei of 13C atoms bearing protons relax by dipole-dipole
interactions, where the rate of relaxation, 1/T-;DD, is characterized
Ey the equation31,110;

1{90 = nh? vy Ye: 1ot
All terms except T, are constant: n = number of attached protons, y =



22

gyromagnetic ratio, and r = C-H internuclear separation. The term T,
is the correlation time for rotational rearientation, which is in turn

characterized by equation (M):
V1
kT

Te=

V is the molecular volume and n is the viscosity of the medium. Thus
it follows that T{DD is inversely proportional to viscosity, and more
importantly, to molecular volume, Thi‘s derivation uses the
assumption that the molecule is spherical and much larger than the
solvent. In more quantitative studies these relationships have been
used to determine actual molecular volumes29:31, In the work

presented here relative volumes will be considered only qualitatively:

1/ o Vn

T1DD

That the relaxation is dominated by dipole-dipale
interactions, and therefore that Ty is related to volume, can be
established by measuring the nuclear Overhauser effect (NOE) of
saturation of proton resonances on the carbon nuclei of interest: a
full NOE proves that relaxation is in the extreme narrowing
regime106,112,

The nuclear Overhauser effect is a term describing the
enhancement of signal intensities for one type of nucleus (ie. 13C)
induced through decoupling of another magnetically active nucleus (ie.
TH) by means of radio-frequency saturation106,108,112  For carbon
atoms possessing directly bonded protons the most common means of
relaxation of 13C nuclei is via dipole-dipole interactions with its
protons, to which the 13C nuclei are coupled. For a simple case of a

single 13¢ nucleus bearing one proton there are four possible spin
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states: agoy, Booy. acBy and BoBy. as illustrated schematically in
Figure g106

Eigure 8: The nuclear Overhauser effect

BeBrg BoB
acB
Bcon
L £ acoy
All possible transitions Saturation of 1I-i {black arrows)
are shown Enhanced '°C transitions {open arrows)

In the scheme on the left in Figure 8 all possible transitions
between states for absorption and release of energy are shown. Upon
saturation with the proton frequency, populations of the levels are
perturbed, causing greater population differences between the
populations of the carbon spin states ag and B, which results in
enhanced absorptions for carbon and therefore more intense resonance
signals. The magnitude of the enhancement is measured by comparing
13¢ signal intensities between spectra acquired with proton
decoupling (nuclear Overhauser enhanced) and with decoupling only
during the F.1.D. acquisition (suppressed Overhauser).

Such enhancements due to the nuclear Overhauser effect for
13C as the result of TH decoupling can have a maximum value of
2.988, meaning that the enhanced signal is 2.988 times more intense
than the signal without an NOE. Throughout subsequent discussions

the term NOE will refer the Nuclear Overhauser Effect, as defined
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above.

A full NCE can be obtained only under conditions where the
means of reiaxation of the 13C nuclei of interest is completely by
dipole-dipole interactions with directly bound protons. The NOE
measurement allows one to determine whether dipole-dipole
relaxation dominates (extreme narrowing conditions), and therefore

whether a correlation between T4 and molecular volume is valid.

Proton-proton nuclear Overhauser effects can permit
determination of close spatial relationships between 1H atoms within
a molecule?13.114 The method relies on the fact that, in dilute
solutions, the relaxation of a 1H nucleus is primarily via
intra-molecular dipolar interactions107, By perturbing the thermal
equilibrium distribution of magnetic spin states at one proton (by
saturation), neighbouring nuclei will have perturbations in their
Boltzman equilibrium distribution which result in an enhancement of
the signal intensity for the second nucleus. In principle, the
magnitude of these enhancements may be up to 50% and can permit
quantitative determinations of internuclear distances, but in practice
quantitative measurements are difficult and only qualitatively can
internuclear spatial relationships be determined.

The NOE-difference experiment is the most common method of
measuring a proton-proton nuclear Overhauser effect, for which two
spectra are required. [n one of the spectra, one set of protons of
interest are rcaturated with a narrow, selective band of radio
frequency irradiation during a pre-aquisition period prior to the radio

frequency pulse in order to perturb the Boltzman distributions. The
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decoupler is turned off during the acquisition to allow for observation
of coupling. The second spectrum is acquired with the decoupler set
to a very distant frequency. The second spectrum is then subtracted
from the first, resulting in a negative signal for the irradiated
protons and a positive signal for iy protons experiencing a nuclear
Overhauser effect. Quantitative results are obtained from the

integrals of these signals.
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Chapter 2: Results and Discussion

-Iso- |
Effect of Temperature,

A series of temperature dependent changes occurred in the
13C NMR spectrum of lithiated N-iso-propylacetaldimine, 1. A
standard sample of 1, [0.67 M in tetrahydrofuran/hexanes (1.8:1 by
volume}], prepared by deprotonation of N-iso-propylacetaldimine,
1-H, with LDA, was found to exhibit a sharp signal for each of the
carbon atoms in its room temperature 13C spectrum1°2. Except for
the signal of the methyl carbons of the iso-propyl group, which was
obscured by hexanes resonances, the signals of the anion were well
resolved from other resonances. The anion NMR signals all had
chemical shifts distinct from those of the initial imine, 1-H, as
listed in Table 1.

Jable1
13 C Chemical Shifts for 1-H and12

Carbon Atom Parent Lithiated
Imine Imine

Iso-propyl methy! 25.5 obscured
Iso-propyl methine 62.9 51.8
“Formy!" 157.5 154.1
Terminal methyl/ 23.0 66.0

methylene

2 & in ppm relative to THF (5 69.0); 20°C
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As the temperature was lowered each of the observable
lithiated imine 13C signals broadened, passed through a coalescence
temperature and eventually became two s.ignals‘lo"2 (Figure 9).
Excluding the aforementioned iso-propyl methyl carbon signals, all of
the other carbon atoms gave two signals which cnuld be readily
observed, except for the downfield signal‘of the terminal methylene
carbon, which, on the basis of its pattern of coalescence behaviour
and its observation in solvents other than THF (vide infra ), was
determined to lie under the THF solvent peak at 63 ppm. The chemical

shifts and coalescence temperatures are shown in Table 2.

Table 2
13C NMR (75 MHz) Coalescence Behaviour of 1

Carbon Atom  +20°C =30°C Ic AHzZ
formyl 154,12 158.0 . =7x2°C 4505
152.0
methylene 66.0 69.8° — —
63.0 _ -
methine 51.8 58.0 10+£2°C 7305
48.3

3 3ppm  ° obscured by THF

The barrier to interconversion between 1a and 1b was
determined from the coalescence temperature102,108 15 pe 12.5:0.5
kcal mole™1.

The resonances of the formyl carbon occupy an otherwise
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Figure 9
13C spectra of 1 at +20°C and -60°C (0.87 M in THF/hexanes).
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vacant region of the spectrum (150-160 ppm), so subsequent
attention and discussion will concentrate on the behaviour observed
at the formyl carbon, although most behaviours were seen to be
duplicated at the other carbon atoms.

At -30°C the ratioc of the minor signal ta (formyl carbon:
158ppm) to the major =gnal 1b (formyl carbon: 152 ppm) was 1:1.2
and the peaks remained broad. As the temperature was lowered
further, to -60°C, the ratio of 1a to 1b changed to 1:1.5 and the
signals sharpened further, although the upfield signal (1b) was
broader than the downfield one (Table 3 and Figure 10).

Iable3
Temperature dependence of 1
Jemperature lailb
-20°C 1:11.1(x.1)
-30°C 1:1.2
-40°C 1:1.3
-50°C 11.4
-60°C 1:1.5
~70°C (1b-1c+1d) 1: (1.7)
-80°C (te+1d) 1: (1.8)

As the temperature was lowered further from -60°C another
decoalescence was observed. The upfield signal (1b) separated into
two signalé at -80°C, while the downfield signal sharpened. The three
signals at -80°C have chemical shifts of 158.0ppm (1a), 153.2 ppm
(1e) and 152.5 pppm (1d) (Figure 10). (Smaller signals in the formyl

region were not reproducible and may be impurities or minor species.)
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Eigure 10
13C spectra of 1 at -60°C to -90°C (formyl carbon).

1a 1b
-60°C

-70°C

.

la 1c 1d
158.0 1532 1525 ppm

-90°C

K
v
80°C
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160 150 ppm
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Upon further cooling there was little further change except
for a slight broadening of the signal 1¢. Since no further
decoalescences were observed at accessible temperatures (= -100°C)
the working assumption was made that the three gignals 1a, 1¢ and
1d observed at -80°C represent three discrete speciegs. For the
beniiit of the reader, at this point it will be revealed that the results
of subsequent experiments will lead to the conclusion that 1a and t1d
are a pair of stereocisomeric dimers and that 1¢ is more highly
solvated triple ion as illustrated in Figure 11. A large body of
evidence leading to these conclusions will be presented first in order
to build convincing support for this eventual conclusion (see section
2.1.10).

Figure 11 Structures assigned to species 1a, 1c and 1d

;~<:>~5 < (e
— S

trang dimer cls dimer triple lon

1a 1d 1¢c

The behaviour observed in the 13C spectrum of 1 is mirrored
in the TH spectrum (Figure 12). At 20 °C the TH spectrum of the
lithiated imine in THF(Hg) solvent consisted of a doublet of doublets
at 56.68 ppm (Jgs=7.8 Hz, Jya06=13.6 Hz) for the formyl proton, a pair
of doublets at 32.96 ppm (Jy05=13.6 Hz) and 82.67 ppm (J,=7.8 Hz)
for the two methylene protons, and a multiplet at §3.1 ppm and a
doublet at 80.92 ppm for the protons of the iso-propyl group.

Superimposed on the lithiated imine spectrum is the solvent spectrum
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and that of di-iso-propylamine. As the temperature was lowered all
of the resonances of 1 broadened and passed through coalescence
temperatures. The formyl proton had a coalescence temperature of
-23+3°C and displayed two signals below this temperature, which
both became resolved into doublets of doublets as the temperature
was lowered to -40°C (Figure 13). The other protons either remained
too broad below their coalescence temperatures to allow any
meaningful description or interpretation or they lay under solvent or
di-iso-propylamine peaks.

The coalescence temperature for the formyl proton was
-25+3°C, and the activation barrier for this exchange process was
calculated to be 12.0 +.2 kcal mole!, the same value as reported
previously by Fraser et al.102 and as measured in the 13C and 'H
spectra.

The two signals observed for the formyl proton at low
temperature have unequal integrals, and the ratio of the major
(upfield) species to the minor is the same as that observed in the 13¢C
spectrum over the temperature range of -40°C to -60°C. The
activation barrier was found to be the same, within the limits of
uncertainty, for the exchange processes observed in the 13C and 'H
NMR spectra. Furthermore, the signals for the major species in both
the TH and 13C spectra are much broader than the minor species. This
correspondence of behaviour between the TH and 13¢ spectra allows
us to state that it is the same exchange phenomenon which can be
observed in the NMR spectra of both nuclei. We can therefore assign

the major and the minor species observed in the proton spectrum as
1b and 1a respectively.
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Figure 13

TH spectra of 1- Coalescence of formyl proton.

+20°C

W

-60°C

7.0 6.6 6.2 ppm

34



35

Lithiated N-iso-propylacetaldimine was previously studied by
Fraser et al. who used 13C (20 MHz) and TH (100 MHz) NMR to study
the temperature-dependent behaviour down to -60°C102. The data
reported above at temperatures 2-60°C are a repeat and confirmation
of the observations made by Fraser. The following experiments
represent an attempt to unravel the origin of the low temperature
NMR behaviour observed for 1. Since greater detail is available from
the 13C spectrum than from the TH spectrum, most of the subsequent
investigations were performed using 13C NMR.

A temperature of -80°C was selected for most further
experiments since at this temperature the 13C NMR signals for
species 1a,1¢, and 1¢ are at their optimal resolution and because
this is very close to the temperature of the dry-ice/acetone bath

(-78°C) in which one usually performs alkylation
reaction88,12,83,90,115'

212 Exchange Phenomena

In the previous section the temperature dependent behaviour
of iithiated N-iso-propyiacetaldimine was described. In the 13C NMR
spectrum a coalescence of resonances for the formyl carbon was
observed at -7°C (75MHz) and a second apparent coalescence was
observed at ~-70°C.

For the higher temperature coalescence the barrier to
interconversion between 1a and 1b was determined from the

coalescence temperature to be 12.5+0.5 kcal mole*1. Since the ratio
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of the two interconverting signals may not he 1:1 at the coalescence
temperature (see Table 3}, this activation barrier represents a
weighted average of the barriers for the forward and reverse
reactions 109,

The second apparent coalescence, between the two signals 1c
and 1d and which occurs at -70°C, may result either from true
chemical exchange or a fortuitous coincidence of temperature
dependent chemical shifts at temperatures above -70°C. This concern
arises due to the temperature dependence of the chemical shift of
signal 1b (152.0 ppm at -60°C), the unusual shape of the signal at the
coalescence temperature (see Figure 11) and because the chemical
shifts of 1¢ (153.2 ppm) and 1d (152.7 ppm) are not distributed on
either side of 152.0l ppm as would be expected for a well-hehaved
coalescence behaviour. Should this behaviour be the resuit of
chemical exchange, an activation barrier can be roughly calculated to
be 10+1 kcal mole-l. This value is sufficiently close to the barrier
calculated for the higher temperature coalescence to allow one to
suggest that a similar chemical exchange process may be responsible
for both the lower and higher temperature phenomena. The paralle!
temperature dependent behaviour observed in the 13C and the TH NMR
spectra may supp'drt the contention that it is a second exchange
process which is responsible for the coalescence of signals for 1¢
and 1d in the 13¢C spectrum. In both the 13C and TH NMR spectra one
exchange process is observed at a higher temperature and then a
second seems to occur at lower temperatures, although in the TH
spectrum it appears that the chemical shift difference between the
two new species (1¢ and 1d) is insufficient to be resolved at 300MHz.
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There have been numerous reports in the literature of
coalescence behaviour for lithiated organic molecules similar to the
coalescence observed for 1, and they have been variously interpreted
as resulting from aggregation phenomena 16,17,20,27,31,36,37,40,
42,53,103 (otamers102,103 and solvation states
16,17,20,31,40,103, whnen originally reported by Fraser in 1981, the
higher temperature exchange process observed in NMR spectra of 1
was interpreted as slow rotation of the iso-propyl group102. This
interpretation was based on studies of the effect of various
substituents and on molecular orbital calculations. At that time
there had been few reports26,28,31 of inter-aggregate exchange
among various organolithium species which were slow enough to be
observable by low-temperature NMR spectroscopy. Since 1981 there
has been a steady flow of papers emanating from the laboratcries of
Seebach, Fraenkel, Jackman, Snaith, Collum, Thomas, and others,

reporting observation by NMR of chemical exchange among
organolithium aggregate structuresi6.17,24,25,27,29,31,35-37,40,
42,47,53,64,103

The activation barriers reported for inter-aggregate exchange
processes for alkyllithiums have ranged from 7 to 14 kcal mole™!
24,25,27,28,64 The activation barriers reported here for the
chemical exchange among species 1a, 1¢ and 1d fall within this
range, so it is entirely possible that the low-temperature NMR
behaviour of lithiated N-iso-propylacetaidimine may also be due to
inter-agggregate exchange. Researchers in the laboratories of
Collum, Knorr and Jackman have independently obtained evidence for

similar exchange phenomena for some other lithiated organo-nitrogen
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compounds, and have all concluded these to be the result of
interconversion of various aggregated structures but have never
reported the magnitude of the barriers for interconversion 36-41,43
More specifically, Collum and Knorr and their colleagues, on the basis
of their discoveries of interconverting dimeric lithiated
organo-nitrogen molecules, have suggested that the observations
reported by Fraser in 1981 should be reinvestigated in the context of
aggregation41v43. In the next section the involvement of aggregation

of lithiated imine 1 as a factor in its low-temperature NMR behaviour

will be examined.

213 Is thi , tion Pt 2 Eff { Mixed Lithiated
Imines.

The origin of the multiplicity of signals observed for the
lithiated acetaldimine 1 may arise from a number of causes, among
them hindered rotation about bonds102.103 or aggregation. It has
been suggested by both Coilum and Knorr that interconversion of
various aggregated species may explain the exchange behaviour
reported by Fraser for 141,43,

In order to determine whether aggregation may play a role in
the exchange process, an experiment was davised!16 in which a
mixture of two lithiated imines was prepared. The hypothesis was
that if the ratio of the species 1a:1c:1d was altered by the addition
of another lithiated imine it could be said that intermolecular effects
were responsible, most reasonably involving hetero-aggregation of
the two different lithiated imines.
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it was desirable to select as the second lithiated imine one
which presented a simple 13¢ spectrum, ideally a single peak at
-80°C. Lithiated N-tert-butylacetaldimine, 2, matched the ideal,
since a single 13C NMR signal was observed for the formyl carbon at
-80°C and since this lone peak has a chemical shift (153.0 ppm) which
is different from that of 1a, 1¢c or 1d.

NMR samples of each of the pure lithiated imines 1 and 2
were prepared such that the two samples had equal volumes and
concentration. The 13¢C spectra of the individual imines were
measured at -80°C and then the solution of 2 was transferred by
cannulus to the NMR tube containing 1. The 13C NMR spectrum of this
sample of mixed lithiated imines was then measured at -80°C. The
initial spectra of 1 and 2 and the spectrum of the mixed lithiated
imines are shown in Figure 14. The signat for 2 remained unchanged
as a. result of mixing, but the relative proportions of 1a, 1¢c and 1d
changed quite dramatically.

In the mixed lithiated imine sample the concentration of
species 1c was reduced below the limit of detection, and the ratio of
1a to 1d changed from 1:1 to 1:6.5. Ths ratio of 2 to the sum of all
species 1 remained unchanged, so therefore the signal for 1¢ is not
hidden under the signal for 2. The strong effect of 2 on the ratio of
species observed for 1 can lead to at least three suggestions as to
the nature of 1a, 1¢ and 1d:

1) Species 1a, 1c and 1d are all monomers possessing

different degrees of solvation. If solvent coordinates
much more strongly (or weakly) to 2 than to 1 ', the more

highly solvated (or poorly solvated) species arising from
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Eigure 14
Mixed lithiated imines experiment.
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1 are strongiy disfavoured.

2) Species 1a, 1¢c and 1d are rotamers within a common or
variable state of aggregation, and the formation of mixed
aggregates with 2 disrupts the distribution of rotameric
forms.

3) Species 1a, 1c and td have different states of
aggregation, (but not necessarily different levels of
aggregation: monomer, dimer, trimer etc.), whose relative
proportion is disrupted by hetero-aggregation with 2.

Hypothesis (1) can be discarded by an examination of the
conditions of the experiment. The concentration of THF in the
solution is ~10 times the total concentration of imines. Under such
conditions of a largé excess of coordinating solvent it is impossible
that 2 could coordinate enough solvent to completely eliminate
species 1c¢, since lithiated species are constrained to 4 or less
solvent molecules per lithium by the limited coordination sphere of
lithium®3,

Both hypotheses (2) and (3) require that at least one of the
species 1a, 1¢ and 1d is an aggregated species and that some of the
aggregates are a mixture of 1 and 2. Therefore aggregation is at
least partially responsible for the multiplicity of signals observed in
low temperature NMR spectra of 1. The involvement of rotamers as
well as aggregation would be expected to lead to a more complex set
of NMR signals than would aggregation alone.

Inherent in this interpretation is the assumption that “the
chemical shifts of these lithiated acetaldimines are sensitive to the

type of aggregation, but not to the identity of their partner(s) in
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aggregates. Since all of the signals observed in this mixed lithiated
imine experiment are at chemical shifts identical to those observed
for pure 1 and 2, it can be safely assumed that they are the same
types of species (ie. dimers, clusters, etc.) which are observed in both
pure and mixed samples.

Upon addition of PMDETA, a ligand which is expected to break
up aggregates34:66,72,73  the ratio of species for lithiated imine 1
in the mixed lithiated imine sample returned to the ratio observed for
pure 1 in the presence of PMDETA, demonstrating that 2 has no effect
on 1 when aggregation is reduced. A more detailed examination of the

effects of PMDETA on lithiated imine 1 follows in Sections 2.1.5 and
2.1.6.

2.1.4 Effect of Solvent and Concentration on 1.

The chemical literature dealing with lithiated organic
molecules demonstrates overwhelmingly that solvation of the lithium
is a ocrucial factor in determining the solution and crystalline
structure(s) of the lithiated molecules. THF is known to coordinate
strongly to lithium through a lone pair of electrons on the oxygen
atom. This coordination is stronger than is possible by acyclic
ethers, such as diethylether, which is a less polar and poorer donor
solvent than THF117.118 gince the ring tends to pull back the
a-methylene groups leaving the oxygen lone pairs more exposed in
THF. Indeed, a passing observation was made that 1 appears to be
less soluble in diethylether than in THF/hexanes.

In the previous section it was demonstrated that the
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behaviour observed in the low temperature '3C NMR spectrum of
lithiated imine 1 has at least some involvement of an aggregation
phenomenon. In order to further investigate the aggregation of this
lithiated imine an examination of the effect of changing the polarity
and coordinating ability of the solvent towards .lithium and of
changing the concentration of the lithiated imine 1 was conducted.

In order to examine the role of THF in determining the
solution structures of 1, a 0.67 M solution of the lithiated imine was
prepared in toluene/hexanes solvent (1.8:1 by volume). Toluene was
selected because it is a non-polar, non-coordinating solvent in which
lithiated imines are soluble, and because it is stable to strongly basic
conditions and has a low freezing point {-95°C)119. To this solution
were added aliquots of THF and the effect of adding THF was
monitored by 13C NMR at -80°C. One equivalent of THF adds
approximately 5% to the volume of the solution: addition of 5
equivalents resulted in a net dilution to 0.5 M. Figure 15 shows the
effect of increasing THF concentration on 1.

A solution containing no THF exhibited two very broad signals
(line-width 210 Hz) at 164.4 ppm and 158.0 ppm. When one equivalent
of THF was added only species 1a and 1d were observed, in a 1:1
ratioT When 2 equivalents of THF were added all three of the species
1a, 1¢ and 1d were observed, in the ratio of 45% : <5% : 50% (5%).
At 5 equivalents of ;I'HF the ratio of 1a :1¢ :1d changed to 38% : 21%
:41% (£5%). In a standard solution of 1 in THF/hexanes the ratio of 1a
:1c :1d is 36% : 28% : 36% (+5%). (In toluene/hexanes solutions of 1
having only one or two equivalents of THF added a new signal was

observed at 69.8 ppm, which is almost certainly one of the resonances
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due to the methylene carbon, but which is obscured by the intense THF
signal at 69 ppm at higher THF concentrations.)

For the soiution of 1 in toluene/hexanes to which 2
equivalents of THF were added (comprised of 1a and 1d) the
coalescence temperature for the formyl carbon signals was found to
be in the range of -10°C to 0°C. This indicates that the barrier for
interconversion of these two species is not greatly affected by THF
concentration. '

When 0.67 M solutions of 1 in (a) toluene/hexanes diluted
with 2 eq. THF, (b) toluene/hexanes diluted with 5 eq. THF or (c)
THF/hexanes were further diluted by doubling their volumes by
addition of toluene, which has the effect of both bulk dilution and
decreasing the THF concentration, the proportion of 1¢c generally
decreased relative to 1a and 1d. In contrast, when a 0.67 M solution
in THF/hexanes was diluted to 0.33 M by the addition of THF species
1¢ increased relative to 1a and 1d. (Table 4).

In all cases the ratio of 1a to 1d v'vas virtually insensitive to
total concentration or to THF concentration, remaining at 1 : 1 within
the limits of uncertainty in the determination of the relative areas of
signals. 1a and 1d must have a common level of aggregation and
solvation; otherwise their relative ratio would be dependent upon
total concentration. The proportion of 1¢ relative to 1a and 1d was
moderately sensitive to THF concentration, increasing with
increasing THF concentration. This increase was not the result of
bulk dilution, since dilution with toluene had the opposite effect on
the proportion of 1c¢ than did dilution with THF. '
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Jable 4
Effect of [THF] on 1
THF/hexanes 6.23 0.67 36:28:36
toluene/hex + 5 THF 2.61 0.52 38:21:41
toluene/hex + 2 THF 1.34 0.61 >45:<5:50

THF/hex: dilute w. THF 11.8 0.33 22:55:22
THF/hex: dilute w. toluene 3.12 0.33 39:21:40
toluene/hex + 5 THF 1.30 0.26 38:21:41

It can be concluded that species 1c is more highly solvated by
THF than either 1a or 1d, and that 1a and 1d share a similar degree
of solvation. It is not possible to make any conclusions regarding the
relative states of aggregation of 1¢ compared to 1a and 1d on the
basis of these experiments, only that 1a and 1d share a common level
of aggregation.

By examining the nature of species in toluene/hexanes
solutions containing only very small amounts of THF (<2 equivalents)
it may be possible to estimate the number of solvent molecules
coordinated to 1a and 1d. (1a and 1d are the predominant species
with 2 equivalents' of THF present). When 1 equivalent (per lithium
present in the solution) of THF is present the spectrum was identical
to that observed when 2 equivalents were present, except that none of
1c was observed. Since 1a and 1d had sharp signals only when 1 or
more equivalents of THF are present, and they appeared unchanged as
more THF or toluene was added, it is reasonable to surmise that 1a

and 1d are solvated by one THF molecule per lithium. Various
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solvation models will be examined in Section 2.1.12.

g v Coordinating Ligand : Disol :
of THE

Hexamethylphosphoramide (HMPA) and pentamethyldiethylene-
triamine (PMDETA) are ligands which are known to bind strongly to
lithium in lithiated organic34,35,50,61,62,67,69,72,73,76 zpq
inorganic compoundsss. The usual effect of these ligands is to
displace coordinated solvents, such as ethers, from the metal. Often
the binding of these ligands to lithium is strong enough to overcome
and replace intra-aggregate bonds, resulting in disruption of the
aggregation and the formation of Ilower states of
aggregation72'73v77, such as monomers.

HMPA coordinates lithium through the oxygen atom, and is a
stronger Lewis base than most ether solvents’4:75. PMDETA
coordinates through the electron lone pairs on each of the three
nitrogen atoms. In principal PMDETA can coordinate via one, two or
all three of its nitrogen atoms: coordination by two3%:72.73 and three
nitrogens34:103 has been reported. Undoubtedly the "chelate effect"
provides a driving force for multidentate binding of lithium by
PMDETA. Similar bidentate ligands are TMEDA 30,44,46,52,
58,60,72,73 gthylenediamine45 and N,N,N',N'-tetramethyl-
propanediamine“. which have been shown to coodinate strongly to
lithium.

The effect of these ligands on the coordination of THF to the
lithium atoms of 1 was examined by monitoring the Ty of the THF
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carbon nuclei as a function of added ligand. In theory, the T4
relaxation time is inversely proportional to molecular volume.

The Ty of the a-carbon (Cq) of free THF solvent should be
long, reflecting the slow relaxation of the free solvent, which is a
small and highly mobile molecule, and should be. similar to that
measured for THF in a 1.8:1 mixture of THF and hexanes (~10 s). The
T4 of THF bound to lithiated imine aggregates should be much shorter,
reflecting the fast relaxation in large molecules, since the THF will
be part of large species with low mobility. In a solution of 1 in
toluene/hexanes containing only 1 equivalent of THF, where 2l of the
THF are likely to be bound to lithium, the Ty of Cq was found to be
0.5+ .05s at -60°C. This value will be taken as the T4 of bound
solvent.

In standard 0.67 M THF/hexanes solutions of the lithiated
imine there is an excess of THF, so the measured relaxation rate
(T1‘1) of the single observed NMR signal of the THF C4 carbon atom
will represent a weighted average of the relaxation rates of free and

bound THF, as expressed in this equation:

1 1 1
T, = T fres ree TrTboundxbound X=mole fraction

To a standard 0.67 M solution of 1 in THF/hexanes were added
portions of the ligand (PMDETA or HMPA). After the addition of each
aliquot the T4 relaxation times of Cq and Cp of THF were measured. A
plot of the inverse of the THF carbon relaxation times versus the
number of equivalents of PMDETA and HMPA is shown in Figure 16.

NOE measurements on the THF carbon nuclei showed an NOE in

the range of 2.6 to 3.0 over a range of additive concentrations. This
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confirms that the relaxation of these nuclei falls in the extreme
narrowing domain, and thersefore that dipole-dipole relaxation
dominates. Under these conditions a correlation exists between T
and molecular volume. (For simplicity, only the T4 of C4 will be
discussed, although the behaviour at Co parallels that at Cq.)

Figure 16
Plot of Ty of THF(C,,) vs [HMPA] and [PMDETA]
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As PMDETA was added at -60°C the relaxation rate of THF
decreased, which can be interpreted as an increasing contribution of
free THF (which relaxes more slowly) to the averaged relaxation rate
which was being measured. In other words, the THF was being
displaced by PMDETA from coordination to lithium. A controi
experiment was performed in which PMDETA was added in portions to
a solution of THF and hexanes {1.8:1). The relaxation rate of THF
increased (from.0.1s"1 to 0.13s"1) with 4 equivalents of added
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PMDETA, as might be expected for what appeared to be an increasingly
viscous solution. This shows that the decrease in the relaxation rate
of THF upon addition of PMDETA to a solution of 1 was not the result
of dilution or change in medium.

These results show that PMDETA effectively displaces THF
from coordination to the lithiated imine.  As will be discussed later,
during the addition of PMDETA the types of lithiated imine species
changes due to the addition of PMDETA, and it cannot be determined
from this single experiment whether PMDETA behaves as a mono-, bi-
or tri-dentate ligand, nor can the number of THF molecules displaced
from any one species be determined.

As with PMDETA, the addition of HMPA to a THF/hexanes
solution of 1 at -60°C also resulted in a decrease in the rate of
relaxation of the '3C resonances of THF. A control experiment in
which the Ty of THF was measured as HMPA was added to a 1.8:1
mixture of THF and hexanes revealed a slight increase in Ty (decrease
in relaxation rate) with added HMPA and the solution became noticibly
more viscous. This increased viscosity may account for the change in
the THF T4 in the control sample.

The shape of the plots of T4-1 vs [PMDETA] and T{-! vs
[HMPA] suggest that PMDETA binds more strongly to lithium than does
HMPA, since with addition of PMDETA there is a more rapid decrease
in the relaxation rate than upon addition of HMPA, where the decrease
in 13C relaxation rate is indicative of displacement of THF from the
lithium ions. This apparently stronger binding of PMDETA to lithium

may be simply the result of the fact that PMDETA is a tridentate
ligand.
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In order to make a valid qualitative comparison of the binding
constants of HMPA and PMDETA one shouid consider PMDETA to be a
tridentate ligand such that the concentration of binding sites
(nitrogen atoms) is three times the concentration of PMDETA.
(Although there is evidence from the literature of PMDETA behaving
as both a bidentate and a tridentate ligand, in the absence in this
work of any evidence favouring either case, PMDETA will be
arbitrarily considered to be tridentate). When the relaxation rates of
the THF carbon atoms are plotted against 3X[PMDETA] and [HMPA] on
the same graph (Figure 17) the effect of PMDETA appears to be
essentially the same as the effect of HMPA. This demonstrates that
PMDETA is not an inherently strongser binding ligand for lithium than
HMPA. |

Figure 17
Plot of T4 of THF(C,,) vs [HMPA] and 3X [PMDETA]
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Thus it can be concluded that both PMDETA and HMPA are able
to displace THF from coordination to 1, and that PMDETA and HMPA
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displace THF and therefore bind to lithium with similar strength.

216 Effect of PMDETA . New Species,

it was found that concurrent with the solvation of the
lithiated imine by PMDETA and HMPA was a change in the proportions
of 1a, 1c and 1d and the introduction of new lithiated imine species.
This is a further indication that solvation plays a role in determining
the solution structures of 1.

Addition of PMDETA caused a number of changes in the types
of species observed in the 13C spectrum of a 0.67 M solution of
lithiated imine 1 in THF/hexanes at -80°C, as illustrated in Figure 18.
When 0.33 equivalents of PMDETA were added the signal for 1a
became broad, and the signals for 1¢ and 1d appeared to coalesce. At
O.S equivalents the broadening of all of the signals increased and then
at 0.66 equivalents the signals began to sharpen again. When a total
of 1.0 equivalent had been added the signais were again as sharp as
those in the initial condition before addition of PMDETA but the
chemical shifts were different than in the absence of PMDETA. The
chemical shift of the signal arising from coalescence of the signals
for 1c and 1d was the same as that of 1¢ (153.2 ppm), while the
signal arising from the coalescence observed at the signal for 1a was
shifted downfield to 159.0 ppm. The ratio of the integral of the peak
at 153.2 ppm to that at 159 ppm was 3:1.

It appears that the addition of small amounts of PMDETA

causes an increased rate of exchange among the species 1a, 1¢ and
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1d, resulting in the coalescence, while at the same time causing
species 1¢ to predominate. During the coalescence process it appears
that the signal which arose at 159 ppm was indeed a new species (1e)
rather than species 1a shifted to lower field, since in the spectra of
solutions containing 0.5 and 0.66 equivalents of PMDETA two peaks
were apparent in the region of 158-160 ppm. The small signal further
downfield from that of 1e may be an impurity or yet another minor
species of 1. It is not possible to interpret the changes observed in
the lowfield region: the most simple observation is that the major
species in the presence of 1 equivalent of PMDETA is 1c. On the
basis of the effect of changing the polarity of the solvent the species
1c has been previously established (Section 2.1.4 ) to be the most
highly solvated of 1a, 1¢ and 1d. When PMDETA was added to
toluene/hexanes solutions of 1 which contained 2 equivalents of THF,
very similar observations were made, except that two signals wers
observed to arise from the coalescence at 158-160 ppm; one at 159
ppm and another at 157 ppm.

Given the chelating ability of PMDETA, it is not surprising
that it favours the most highly solvated species 1¢, as established in
the previous section. At concentrations of PMDETA below 1
equivalent, where PMDETA has not fully displaced THF from the
lithium atoms of 1, rapid exchange between species partially and
fully solvated by THF and/or PMDETA is a likely explanation for the
coalescence observed.

It was found that the 13C signals of the PMDETA ligand
itself were exceptionally broad, in the range of 18 to 35 Hz at half
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height, even when one equivalent of PMDETA was present. PMDETA, in
absence of 1, has 13C linewidths in the order of 3 to 5 HZ, suggesting
that the large linewidths observed in the presence of 1 were the
result of some type of exchange process. It was found that the
linewidths were independent of concentration, demonstrating that the
exchange process is intramolecular. One explanation may be that only
two of the three nitrogen atoms of PMDETA can coordinate to 1 at any
given moment and that there is moderately'fast interchange among
the three possible combinations of coordinating nitrogen atoms.
Another possible explanation is that there are various conformations
of the PMDETA chelate (with three nitrogens coordinated to lithium)
and of the lithiated imine relative to PMDETA which are
interconverting, akin to the various conformers of PMDETA—ch'elated

neo-pentyllithium reported by Fraenkel et al.103

217 Effect of HMPA : New Species,

HMPA was found also to affect the proportions of 1a, 1¢ and
1d in a 0.67 M solution of 1 in THF/hexanes at -80°C (Figure 19).
Addition of 0.25 equivalents of HMPA resulted in a broadening of the
signals for 1¢ and 1d, and appeared to favour the conversion of 1d
into 1¢ while simultaneousiy the proportion of 1a decreased. As
more HMPA was added the proportion of 1¢ increased at the expense
of 1a and 1d, and the signal for 1¢ shifted downfield. The signal for

1c initially had a chemical shift of 153.2 ppm but as more HMPA was
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added it moved downfield, eventually to 154.5 ppm when 2
equivalents of HMPA were added. Upon addition of 2 more equivalents
of HMPA 1c¢ was the dominant species, the concentration of 1d was
reduced to zero, and 1a was reduced to ~10% of the total.

It appears that the addition of HMPA favours species 1c at
the expense of 1a and 1d. That a highly polar solvent such as HMPA
should favour the formation of 1¢ is consistent with the previous
interpretation that 1c¢ is a highly solvated species. The gradual
downfield shift of the signal attributed to 1¢ may result from a
sensitivity of the chemical shift of species 1c to the nature of the
-~ivent which is coordinated to it (either THF or HMPA) or to bulk
solvent polarity. ‘

Solutions of 1 in toluene/hexanes show a similar behaviour
upon addition of HMPA: 1¢ is favoured at the expense of 1a and 1d and
the resonance for 1¢ gradually shifts downfield.

An attempt was made to study the binding of HMPA to lithium
via 31P NMR. Unfortunately, the 31P chemical shifts of free HMPA
and of what was presumed to be lithium-coordinated HMPA were
found to be the same, and no lithium-phospharus coupling!20 was
observed even at temperatures as low as -125°C, thus precluding a
simple NMR investigation. Further 31P NMR studies were not
attempted.

In summary, HMPA has been shown to displace THF from
coordination to the lithiated imine 1, and to favour the formation of

the most highly solvated species, 1¢.
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> 18 Is Dici lamine Coordinated to 12

Collum41 et al. and Tamm et al.33 have shown that
di-iso-propylamine, the conjugate acid of the LDA used in the
lithiation, can coordinate to lithiated species. In order to fully
characterize the solution structure of the lithiated imine 1 it must
be determined whether di-isopropylamine (DIPA) is coordinated to 1.
Three experiments were used to approach this question.

in the first experiment the supernatant was removed from a
sample of lithiated imine 1 which had been precipitated from
THF/hexanes solution by aliowing it to stand at -78°C for 24 hours.
The 13C NMR spectrum of 1 redissolved in fresh THF showed a 50%
reduction in the intensity of the signal for the methine carbons of
DIPA (45.0 ppm), as calibrated against the signals of 1. This suggests
that DIPA is not strongly coordinated to crystalline 1.

The second and third experiments investigating possible
coordination of DIPA to 1 used the measurement of T as a probe of
the molecular volume of DIPA. In one experiment 1 was prepared as a
THF/cyclohexane solution by deprotonation of 1-H using sec-butyl-
lithium instead of LDA. DIPA was then titrated into the solution of 1
and the T4 of the methine carbon of DIPA was measured at -60°C at
various concentrations of DIPA over the range of 0.33 to 3.0
equivalents. Over this range the T4 of DIPA remained constant at
2.9+.3s, indicating that the moiecular volume of DIPA remained
constant over the range of DIPA concentration for which T{ was
measured. |f DIPA was coordinating to the lithiated imine its T4

should be very much lower when coordinated than when unbound.



59

Therefore DIPA did not coordinate to the lithiated imine, and thereby
become part of a much larger, less mobile species. A secondary
observation was that the sample of 1 prepared with sec-butyllithium,
and thus free of DIPA, had the same ratio of species and the same
temperature dependent behaviour as a sample prepared using LDA as
the base and that the ratio of species was unaffected by added DIPA.

In the third experiment a standard sample of 1 was prepared
using LDA as ihe base and PMDETA was titrated into the solution. The
T4 of DIPA was measured at -60°C over a range of PMDETA
concentrations from 0 to 1.5 equivalents and was found to be
constant, indicating constant molecular volume for DIPA. Assuming
that PMDETA, because it is a tridentate ligand, would bind to lithium
much more strongly than DIPA, PMDETA should displace any DIPA from
1 and therefore cause an increase in the T of DIPA. The lack of a
measurable effect of PMDETA on the T4 of DIPA demonstrates that
PMDETA does not displace DIPA from 1. Thus we can condlude that
DIPA is not coordinated to 1.

The three experiments above demonstrate that DIPA does not
coordinate to 1 in either the solid or in THF solutions.

2.1.9 T4 Measurements on 1a.1c and 1d; Relative Sizes of these
Species

The T4 relaxation times of species 1a,1¢ and 1d were
measured in an endeavour to determine qualitatively the relative

molecular volumes of the aggregates whose structures are
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represented by the 13C signals 1a,1¢ and 1d.

The Tq's of the 13C signals of the formyl carbons of 1a,1¢
and 1d were measured at -80°C in a standard 0.67 M solution in
THF/hexanes using the inversion-recovery (180-1-90) method.
Nuclear Overhauser enhancement (NOE) measurements of the three
signals were made in order to determine whether these nuclei were
undergoing relaxation in the extrame narrowing region, where it is
possible to make a correlation between molecular volume and T4. The

results of the Ty and NOE measurements are reported in Table 5
{theoretical maximum = 2.988).

Jabled
T4 and NOE data at -80°C

Species I NXE
1a 0.21+.03s _ 2.3t.2
1¢c 0.18+.03s 2.3+.2
1d 0.19+.03s 2.3t.2

The TH/13C heteronuciear NOE measurements are the best
values determined in a series of experiments in which variations
were made in the pre-acquisition period during which the NOE is
allowed to equilibrate. [t was found that the NOE was sensitive to
the length of this delay, possibly due to the counteracting effects of
the physical desirability of as long a pre-acquisition period as
possible and the technical consideration in which undesirable heating

of the sample may occur during the period in which the decoupler is



61

on.

The NOE measurements show that dipole-dipole relaxation is
not the sole mechanism of relaxation of the carbon nuclei. it is
possible that the low temperature may have caused an increase in t,
such that the relaxation was no longer in the extreme-narrowing
regime, but such a thermal effect should be accompanied by a
lengthening of the T4 relative to that measured at a higher
temperature . T4 Relaxation times of the formyl carbons of 1a and
1b were measured at -60°C and were found to be longer (~.3s) than at
-80°C. More likely, another relaxation mechanism, such as that
caused by paramagmetic impurities such as oxygen may account for
the failure to observe a full NOE at -80°C.

It is possiblve to roughly estimate the lifetime for chemical
exchange among 1a, 1¢ and 1d at -80°C based on the rate of exchange
measured at the coalescence temperature for 1a and 1b. If, for
simplicity, one considers the exchange process to be between two
sites, the residence time for each species undergoing chemical
exchange (Tgyx) at -7°C can be calculated to be 0.001s. The entropies
of activation for some interaggregate exchange processes in
alkyllithiums have been reported, and have varied from 20 cal mole-]
K1 for exchange via a dissociative mechanism to -30 cal mole-1 K-1
for an associative mechanism24. Using these values as a range for an
estimated entropy of activation for the exchange among species for 1,
then Ty at -80°C can be estimated to be in the range of 300 to
0.02s121,  This means that the lifetime for chemical exchange at
-80°C may be shorter than the Ty relaxation time. This result should

be taken as an indication that the relaxation rates for each of the
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species have be averaged by chemical exchange if the exchange is
fast. It should be noted, however that the identical T4 and NOE values
measured for each of the three species suggest that they have very
similar structures: this is certainly true, since all are variants of
lithiated imine 1.

At -60°C a full NOE (2.8 to 3.0) was measured for 1a and 1b
and the Ty relaxation times of the two signals were the same
(0.33+.03 s). The NOE results demonstrate that dipole-dipole
relaxation is dominant at -60°C, but do not provide any indication of
whether the relaxation times are averaged by chemical exchange,
which should be faster at -60°C than at -80°C. Since, at -60°C, a full
NOE was measured for the two signals it can be inferred that the
three species 1a, 1¢ and 1d, which are represented at -60°C by the
two signals 1a and 1b, should have full NOE enhancements at -80°C
and that the relaxation at -80°C is by the dipole-dipole mechanism.

Thus it may be said that although a full NOE was not measured
for 1a,1¢ and 1d at -80°C that the relaxation must be by the
dipole-dipole mechanism, and therefore that it is valid to apply the
relationship between T4 and volume. Thus it can be concluded that
the three species 1a,1c and 1d have similar molecular volumes
therefore -a common or similar level of aggregation, whether that be
monomeric, dimeric, trimeric, etc., provided that chemical exchange
is slow relative to the relaxation rates. it has already been
established in the experiment involving a mixture of lithiated imines
that at least some of the three species 1a,1¢c and 1d are aggregated.
In conjunction with the Ty result it can be concluded that all of the

three species have similar degrees of aggregation. |If all species have
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a similar levet of aggregation and at least one is known to be

aggregated, it can also be concluded that none is a monomer.

21,10 V5N and BLi Doubly labelled Samples: Lithium-Nitrogen

It has been demonstrated by Jackman and coworkers, and later
by Collum and coworkers, that heteronuclear coupling between 15N
and BLi in doubly labelled samples (>95% labelled at both nuclei) can
be a powerful tool for the determination of lithium-'nitrogen
connectivities in N-lithiated molecules such as lithium amides and
lithiated imines16,36-40,42  Herg are described the resuits of
15N/6Li double labelling NMR experiments as applied to the problem
of the solution structures of lithiated N-iso-propylacetaldimine.

Doubly labelled TSNy 61 sampies of lithiated imine 1
(1SN/BLi-1) were prepared in a variety of solvents, and their 15N, 6Li
and 13C NMR spectra were measured. Preliminary experiments were
conducted in order to select conditions which provided relatively
simple 13¢ and natural abundance SLi spectra and these same
conditions were then repeated for the double labelling experiment.
The 6Li spectra were measured at -90°C because preliminary
experiments showed a coalescence of SLi signals beginning, in most
samples, at temperatures higher than -90°C. The 15N spectra were
measured also at -90°C for comparison to the 6Li spectra. As
discussed in a previous section, there is little difference between the
13¢ spectra at -80°C and -90 °C.
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A sample of 15N/BLi-1 was prepared as a 0.67 M solution in
toluene/pentane to which two equivaients of THF were added (see
Figure 20). The '3C spectrum at -80°C revealed this sample to
contain 1a and 1d in roughly equal proportion and a small amount of
1c. The 13N {1H} spectrum of this sample had three signals: a broad
peak at 90.6 ppm, a quintet (1:2:3:2:1, Jy_\; = 3.4 Hz) at 80.0 ppm and
a minor, broad peak at 82 ppm. The ratio "of the two major signals
was 1:1. The quintet indicates that the 19N nucleus resonating at
80.0 ppm is coupled, and therefore bound, to two identical SLi nuclei
(the spin of BLi is 1122), 1t was not possible to resolve the broad
downfield signal (90.6 ppm) by either raising or lowering the
temperature by 10°C, but it was noted that the upfield quintet
broadened slightly at -100°C. The minor species observed in the 15N
spectrum was not resolved, but its envelope appears to be flat on top,
suggestive of a 1:1:1 triplet rather than a singlet or other 'sharp’
signal type. It has been reported that.the, fluxionality of similar
aggregate systems causes broadening of the lines resulting in a
failure to resoive the 1SN-8Li couplings, thus making the double
labelling NMR experiment ineffective®7:42,  Such fluxionality may be
the cause of the poor resolution observed for the 19N signai at 90.6
ppm.

The linewidth and shape of the broad signal at 90.6 ppm are
suggestive of an envelope of a quintet of coupling to BLi similar to
that of the upfield quintet. especially since the alternative coupling
pattern of a 1:1:1 triplet (bound to one 6Li) would have a very

differently shaped envelope. A more quantitative approach was used
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to test the hypothesis that the broad downfield signal is essentially
identical to the well resolved quintet at 80.0 ppm except for a large
difference in linewidths. Using a curve-fitting program available in
the XL-300 software’23, a set of five Lorentzian curves were
generated to fit the 1:2:3:2:1 quintet at 80.0 ppm (Figure 21). This set
of five curves was then shifted downfield such that they were
centered at the mid-point of the broad signal at 90.6 ppm. The 13C
spectrum showed that the two major species were present in a 1:1
ratio, so the intensities of the generated signals were kept constant
while the linewidth of each of the five generated signals was
increased equally. It was possible to create a reasonably close fit of
the quintet to the observed spectrum using this method, while a poor
match of peak shapes was obtained when attempting to fit a 1:1:1
triplet to the signal at 90.6 ppm. (The splitting of all of the
multiplets was kept constant at 3.4 Hz, since that was the coupling
observed at lithium.) A 1:3:6:7:6:3:1 coupling pattern (N bound to
three 6Li) would also fit the observed envelope very well, suggesting
a ladder-type structure. A ladder structure is unlikely, however,

since it would also require that some of the lithium nuclei be bound
to three nitrogens, resulting in a quartet in the 6Li spectrum. Also,
the ratio of the two species in question, 1a : 1d, was found to be
insensitive to concentration or to THF concentration: that these
species should be unequally solvated or unequally aggregated, as
would be required should one species possess a ladder-type structure,
is inconsistent with the experimental observations. It can be
concluded that the two major signals in the 15N NMR spectrum are

both quintets representing species in which the nitrogen atoms are
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each bound to two lithium atoms.

In the SLi spectrum only gne signal was observed, which was
split by the 1SN nuclei (the spin of 15N is -1/2 122} into a 1:2:1
triplet with Jy.; = 3.4 Hz, indicating that all lithium atoms have a
similar environment and that they all are bound to two nitrogen
atoms. The fact that only one BLi sighal was observed, having well
resolved coupling, tends to support the assertion that the broad 15N
signal at 90.6 ppm has a coupling constant to 6Li similar or identical
to that of the well resolved quintet at 80.0 ppm. A smal! broad signal
downfield and partially overlapping the triplet in the ©Lj spectrum
may correspond to the minor species (1c¢) observed in the 13C and 15N
spectra. Thus it can be concluded that the majority of lithium nuclei
have a common magnetic and chemical environment, and that most of
the lithium atoms are bound to two nitrogen atoms. Collum reported
similar results for cis and trans dimers in solutians of lithium
iso-propylcyclohexyl amide, for which two 13N signals but only one
BLi signal were observed36.

Based on the patterns of the 1SN-6Li couplings, it can be
deduced that in the two major species, 1a and td, all of the nitrogen
is bonded to two lithiums and that all of the lithium is bonded to two
nitrogens. 1a and 1d must contain rings of alternating lithium and

nitrogen atoms as shown in Figure 22,
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Figure 22, Possible lithium-nitrogen connectivites
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In structure C, a ladder type stucture, the centrai lithium and
nitrogen atoms must be bonded to three other nuclei while the
termivial lithium and nitrogen atoms would have two directly bonded
nuclei. this clearly does not fit with the observed coupling pattern.
Therefore 1a and 1d must possess a structural element such as
structure A or structure B (or possibly a higher cyclic aggregate).

T4 Measurements and the insensitivity of the ratio of 1a to
1d indicate that species 1a and 1d have the same level of
aggregation. The lithium spectrum of a m‘ixture of 1a and 1d has a
single signal, suggesting that the two species have similar structures
with respect to the lithium nuclei. These observations lead to the
reasonable conclusion that the two species 1a and 1d are probably
stereoisomeric forms of a single type of aggregate, such as a cyclic
dimer or trimer of a structure consistent with the 6Li-19N coupling
patterns.  Following the arguments put forth by Collum38.:37 for
lithium dialkylamides, it is possible to differentiate between cyclic
dimers and trimers. A cyclic trimer would have two possible
structures:  all cis (structure B-cis) or cis-cis-trans  (structure
B-trans) (Figure 23).



70

Eigure 23: Possible isomeric trimars

49" ~p=
Lu’ ‘L.

"IIN ~” N““ uuN N“"

-< =

Structure B-cis would have only one signal in the 13C and 15N NMR
spectra, while structure B-trans would be expected to have a set of
two signals in the 13C and 19N NMR spectra, in a ratio of 2:1. This is
clearly at odds with the observed spectra. Structure A, however, can
exist in only a cis or a trans geometry, and each form would have

only one signal in the 13C and 1SN NMR spectra.
Figure 24: Trans and cis dimers of 1
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trans dimer cis dimer

Thus it can be concluded that 1a and 1d are a 1:1 mixture of
isomeric closed dimers whose structures are shown in Figuie 24.
These dimers each possess a four membered ring of alternating
lithium and nitrogen atoms forming the framework for the aggregate.
This conc[usibn has some support from the chemical literature, since
for the structurally related lithium amides there have been only three

examples34.36,46,124-127 ¢ cyclic trimers, and in all cases there
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was no coordinating sclvent present. Snaith has concluded that higher

oligimers are possible only for ligand-free lithium amides35.72.73,

Another doubly labelled sample of lithiated imine 1 was
prepared in toluene/pentane and 4 equivalents of HMPA were added.
This sample should demonstrate the effect solely of HMPA since the
HMPA does not compete with THF for coordination sites on lithium nor
is it assisted by THF in solvating the lithtum. At -80°C the 13C
spectrum of this sample had two signals for the formy! carbon, at
154.5 and 154.0 ppm, in a 4:1 ratio. (see Figure 25) The 19N NMR
spectrum at -90°C also exhibited two signals in a 4:1 ratio, at 108.0
ppm and 104.7 ppm. The downfield (major) 15N signal was split into
a 1:1:1 triplet (Jy. = 6.6 Hz) and the upfield signal was split also |
into a triplet (Jy. ;= 7.3 Hz). The lithium spectrum had a triplet
(Jn.ij= 6.4 Hz) at 1.4 ppm, a doublet (Jy. ;= 7.5 Hz) at 0.6 ppm, a sharp
singlet at -0.7 ppm and a broad 'lump' ranging from 0.0 to 1.5 ppm. A
curve-fitting program was used to estimate the integrals of each of
the signals, and the ratio of the triplet:doublet:singlet was
determined to be 2:1:2 (Figure 26). The broad lump was discounted as
an impurity peculiar to this sample, since it was not observed in the
BLi spectrum of a similar natural abundance sample (see Figure 25),
but its estimated area was considered during the curve-fitting
proceedure.

The 15N and 6Li spectra bear a striking resembiance to those
recorded by Jackman for a lithiated aniline under similar conditions,
including the addition of 4 equivalents of HMPA40.  Jackman's

interpretation may be a reasonable explanation for the results
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15N-6Li-1 in toluene/pentane with 4 eq. HMPA.
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Eigure 26; Curvefitfor 5L spectrum {triplet and doublet only).
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reported here: that the lithiated imine exists as a mixture (4:1) of

two species, one of which has two different kinds of lithium.

The major species in the 6L spectrum has one lithium atom
bonded to two nitrogen atoms, giving rise to the triplet in the 6L
spectrum, and another lithium not bound to nitrogen, giving the
singlet. In this species all of the nitrogens are bound to one lithium
atom, resuiting in the 1:1:1 triplet in the 19N spectrum. This species
can be described as an "open dimer" or a "triple ion"27.40,55 45

structure is shown in Figure 27.

Eigure 27: Triple ion and monomer of 1
Li N LiS4+ S,Li——N
e e
2
opsn dimer monomer
tripie ion

The minor species is one in which each lithium is bound to one
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nitrogen and vice versa , resulting in a doublet and a triplet in the BLi
and 1SN spectra, respectively, and can be only a monomer.

It is likely that the triple ion structure is favoured under
these conditions as a result of the strongly coordinating nature of
HMPA, which is able to partially strip lithium from nitrogen to
preduce “free lithium", which is probably highly solvated by HMPA.
Similarly the lithium of the monomeric species is likely to be highly
solvated by HMPA. Even under these forcing” conditions HMPA alone is
unable to solvate the lithium well enough to reduce it to
predominantly monomeric structure. Previously (Section 2.1.7) it was
shown that HMPA does not strongly displace THF from coordination to
the lithiated imine.

it has been previously determined that the addition of HMPA
to THF/hexanes solutions of 1 favours 1¢, and T4 measurements have
suggested that 1c is of similar size to the closed dimers 1a and 1d.
We can therefore conclude that the signal at 153.2 ppm in
THF/hexanes solutions of 1, which has been described as the single
species 1¢, is a triple ion. It should be noted that at temperatures
below -80°C the signal at 153.2 ppm in THF/hexanes solutions of 1
broadens further. Thus the possibility remains that this signal does
not represent a single species but results from two species, the

triple ion and another one, likely a monomer.

The effect of PMDETA was also investigated using the
8Li/1SN double labelling technique. To a 0.67 M solution of
TSN/6Li-1 in toluene/pentane was added 2 equivalents of THF and 1
equivalent of PMDETA (see Figure 28). The investigation was
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complicated by the observation in the 13¢ spectrum of new species
introduced in the regior of 157 to 160 ppm by the addition of PMDETA,
as previously observed in similar natural abundance samples.

The 15N spectrum exhibited two triplets, one at 101 ppm
(JN-Li= 6.6 Hz) and the other at 99 ppm (Jy. ;= 6.3 Hz), in a ratio of
approximately 3:1. The BLi spectrum consists of a sharp singlet,
indicating lithium not bound to nitrogen, a doublet (Jy. ;= 6.6 Hz),
* indicating lithium bound to one nitrogen, and a series of three or more
1:2:1 triplets, indicating lithium bound to two nitrogen atoms.

The 15N spectrum of the lithiated imine sample containing
PMDETA shows that all of the nitrogen atoms in both species are
bound to only one lithium atom. The species present must be either
triple ions or monomers: there cannot be any closed dimers. The
coupling patterns in the BLi spectrum suggests that there is a
mixture of triple ions and monomers formed by the addition of
PMDETA. The doublet in the BLi spectrum must be a monomer, and the
triplets and the sharp singlet are characteristic of triple ions. That
there is a variety of triple ion structures may be explained by analogy
to the solution structure of neo-pentyllithium in the presence of
PMDETA reported by Fraenkel!03, in which rotamers about the
lithium-CHp bond and various conformers of the PMDETA ligand were
observed in low temperature 13¢c NMR spectra.  Similar slow
rotations may be responsible for the behaviour observed in the low
temperature NMR spectra of 1.

In the chemical literature there are examples of correlations



76

15N-6Li-1 in toluene/pentane with 2 eq. THF and 1 eq. PMDETA
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between chemical shifts and aggregate structure. For example, in
many organolithium compounds the 13¢ resonance of the carbon
closest to lithium in the more highly aggregated species is downfield
from the less highly aggregated species!?,26,32,37,
42,53,103,128,129  pyt there are enough exceptions from this
trend15:31 that 13C shifts should be considered a poor indicator of
aggregate structure. Collum has claimed a correlation between
15N-61 coupling constants and aggregate structure in which dimers
have couplings in the range of 3-4 Hz and monomers have couplings in
the range of 6-7 Hz37. Since the range of coupling constants is small
and the set of data limited to a few examples such correlations
should at this stage be viewed with extreme caution. (Recently
Collum reported that dimeric di-iso-propylamine had Jy.;=5.0 Hz38.)
Nevertheless, the 19N-8Lj coupling constants measured for lithiated
imine 1 are consistent with the trends described by Collum: the dimer
has Jy. ;=3.4 Hz while the triple ion has Jy..;=~6.5 Hz and the
monomer has Jy.;=~7.4 Hz. In the three exanples39:40,42 in which
lithiated organo-nitrogen compounds have been investigated by
15N-61 double-labelling NMR experiments and in which both dimers
and monomers have been observed, no trend was observed in the 15N
NMR shifts of monomers relative to the 19N NMR shifts of the more
highly aggregated species. Therefore, 19N shifts do not afford
information regarding aggregate structure. Similarly, no trend exists

in Li NMR shifts with respect to aggregation states.
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1 Mol Mechanics Calculati

Molecular mechanics calculations have been found to be a
useful method for predicting energies of many molecules and
transition state structures’30, In molecular mechanics calculations
the total energy of a molecule is calculated as the sum of all the
energies associated with bonds, bond angles, torsion angles and
non-bonded (van der Waals) interactions13!. Each of these factors is
expressed as a force constant (or a van der Waals repulsive
potentials) whose magnitudes are determined empirically. Starting
from a prescribed geometry, the geometry of the molecule whose
energy is to be determined is modified such that a minimum is found
on the potential energy surface. The key to success in molecular
mechanics calculations is to use a good set of force-field parameters
for the system under study.

Molecular mechanics calculations were applied to the
structures of the lithiated imine 1 in an effort to determine if the
relative energies could be calculated for the cis and trans dimeric
structures assigned for species 1a and 1d.

MM2 molecular mechanics calculations were used to
estimate the relative stabilities of the cis and trans dimers of
lithiated N-iso-propylacetaldimine. @ The program used for the
calculations did not have force-field parameters suitable to the
Li-N-Li-N ring and parameters were not readily available, so the
geometry of the ring was held rigid using bond lengths and bond
angles typical of those reported from X-ray crystallographic studies

of lithiated organo-nitrogen molecules (Figure 29).
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The angle at nitrogen was set at 74°, the angle at lithium at
i04°, the Li-N bond length was set at 2.0A, and the ring was
restricted to a plane, as is experimentally typical of
lithium-nitrogen rings34,35,50,56-58,60,62,67,72,73,76,78  The
organic portion of the molecule was treated as an ene-amine, whose
force constants were easily parameterized using data included in the
program, except that the optimal lengths and angles through the
aza-allylic portion of the molecule were set”at the angles calculated
by Fraser and Houk for lithiated imines using 4-31G molecular
orbital calculations®9.

Elgure 29: optimat geomaetries for MM2 calculations
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Each of the lithium atoms was solvated by a molecule of
dimethyl ether, which was intended to approximate solvation by THF.
The solvent was placed in the plane of the N-Li-N-Li ring, with the
lithium having a trigonal-planar geometry.

The cis and trans dimeric structures were optimized starting
from syn geometry at the aza-allylic portion, and local minima were
determined. No effort was made to determine minimized energies for
dimers containing anti lithiated imines. It was found that the

energies of the cis and trans dimers differed by only 0.154 kcal
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mole-1, which means that the ratio of the two closed dimers should
be approximately 60:40 (cis:trans) at -80°C.

As described above, in the calculations the lithium-nitrogen
ring structural element was kept rigid. This rigidity would be
expected to increase the amount of strain in the molecule, since it
might be expected that twisting or other motions of the ring would
sarve to reduce unfavourable steric interaction. Thus, should some
flexibility of the ring be allowed one might expect the energies of the
opimized structures to be lowered and the energy difference between
the cis and trans dimeric structures to be less.

The small calculated energy difference between the two
dimers is in agreement with the experimental observation that 1a and
1d are in equal proportion at -80°C, and is therefore supportive of

the conclusion that those two species are isomeric forms of closed
dimers.

2.1.12 Models for Inter-Aggregate Exchange.

Having established that species 1a and 1d are a pair of
cyclic dimers, and that species 1¢ in THF/hexanes solutions is most
likely an open dimer, attention can now be focussed on the degree of
solvation of the three species. |

It was found previously that the proportion of 1¢ relative to
1a and 1d was sensitive to THF concentration and to bulk
concentration, but that the ratio of 1a to 1d was insensitive to these
changes in the medium. These observations indicate that the two

species 1a and 1d are equally solvated while species 1¢ is more
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highly solvated than the other two species. Using these observations
in conjunction with the structural information provided by the
double-labelling experiment it was possible to develop several
models for the equilibrium among species 1a, 1¢c and 1d. Model
equilibrium equations were proposed in which species 1¢ was an open
dimer, consistent with the double-labelling results, and also a
monomer.

In all of the models species 1a and 1d were considered as
identical dimers in order to simplify the calculations. The sum of
[1a] + {1d] will be referred to as [D}], and the concentration of triple
ions will be termed [T]. The term Sjqg refers to solvent which is not

coordinated to lithium, S to solvent coordinated to the lithium, and ™M
to monomes.

Modet 1: Triple lon < — Dimer

K
T.MS —/————==-D.nS + (M-n} Siea
‘ [D.nS] [Sree] ™™
(T.m§]
m=3,4,5; n=2,3,4
m>n

[Steel = [Siera] - M[T.MS]-n[D.nS]
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Madel 2: Monomer < — Dimer

2 M.mSKﬁ D.nS + (2m-n) Syee

[D.NS] [Siee] ™™
[M.mS]?

m=3; n=2,3.4
[Strea] = [Siota] = 2M[M.mS}-n[D.nS]

For each of the models the equilibrium constant K was
determined for "standard" conditions, having 0.67M of 1 in
THF/hexanes solution. Under these ~conditions the total THF
concentration was 6.23M, and the ratio of 1a:1¢:1d was 36:28:36. For
a triple ion/dimer equilibrium the concentrations of the species
would be [D]= (0.36 X 0.67 moles I"'1) and [T]= (0.28/2 X 0.67 moles
l'1), while for a monomer/dimer equilibrium the concentrations
would be [D]= (0.36 X 0.67 moles I"1) and [M]= (0.28 X 0.67 moles | -1).

Once the equilibrium constant was determined for standard
conditions the ratio of species was predicted from the model - for
other conditions of lithiated imine concentration and THF
concentration. Each of the models was tested by accurately
recalculating the ratio of species under the standard conditions used
for deriving the equilibrium constant. The three cases to which each
of the models was applied were (1) 0.33 M 1 in a mixture of THF,
hexanes and toluene, having 3.12 M THF, (2) 0.33 M 1 in THF/hexanes,
having 11.8 M THF, and (3) 0.52 M 1 in toluene/hexanes with 2.61 M
THF added. The results are tabulated in Table 6.



Jable 6

Models for aggregation and solvation.

MODEL ma predicted ratio 1a:1c:1d
conditions —» (1) (2) (3)
observed - - 39:21:40 22:55:22 38:21:41
triple ion/
dimer 3 2 42:16:42 28:42:28 47.6:47
" 4 2 45:10:45 17.66:17 49:2:49
" 4 3 42:16:42 27:46:27 48:4:48
" 5 2 47.6:47 17:66:17 mere
" 5 3 45:10:45 17:66:17 48:4:48
" 5 4 42:16:42 27:46:27 47:6:47
monomsetr/
dimer 3 2 50:~0:50 6:88:6 eeeenes
" 3 45:10:45 15:70:15 mmmmeen
" 4 42:16:42 28:44.:28 R
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The results of the calculations of various equilibria show
that models in which there is a lesser degree of [THF] dependence fit
the observed concentration and THF dependence of the proportions of
1a, 1¢ and 1d better than do models having a greater dependence on
THF concentration. Although none of these simplified models fits the
observed data under all combinations of total concentration and THF
concentration, triple ion/dimer equilibria appear to be more

appropriate. This is consistent with the previous assignment of the
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solution structures of 1a, 1¢ and 1d based on 15N/BLi couplings. The
equilibrium models also allow some insight into the degree of
solvation of the triple ion and the dimers. Models in which the triple
ion ([Li(NRs)2)Lit) is solvated by only one more THF molecule than
the dimer appear to predict ratios of species better than models in
which the triple ion is solvated by two THF molecules more than the
dimer: the ratio appears to be only moderately sensitive to THF
concentration. The failure to fit exactly any of the experimental
results may be due to the simplicity of the models, which do not
account either for the coexistence of dimeric species possessing
different degrees of solvation or for the coexistence of both
monomers and triple ions.

it can be tentatively concluded that the dimer is solvated by
either 2,3 or 4 THF molecules and that the triple ion is solvated by

cne more THF molecule than is the dimer.

21,13 Alkylation Products of 1.

To this point it has been assumed that the lithiated imine 1
possesses syn geometry. Although studies by Fraser have shown that
changes in 13C chemical shifts upon lithiation of imines can be
indicative of stereochemistry’/ 88, the stereochemistry of the
alkylation products is the most compelling evidence for the
stereochemistry of the anion. In order to confirm the syn/anti
stereochemistry of 1, methylation reactions were performed using

conditions which were reported to result in a high proportion (>95%)
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of syn alkylation products. Other alkylation reactions were conducted
in solvent mixtures in which the structures of the dominant species
were known in order to determine if differences in solution
structures (ie. dimers versus triple ions and monomers) influence the
proportion of syn and anti alkylation products.

Samples of lithiated imine 1 in a variety of solvent
conditions were alkylated by dropwise addition of methyl iodide with
vigourous stirring at -78°C, following as closely as possible the
method which is reported to give >95% syn alkylation11,12,132,133
The 13C NMR spectra of the samples were measured immediately
after addition of the methyl iodide. The total elapsed time for sample
manipulation prior to acquisition of the spectrum was less than 3
minutes. In the alkylated samples there was often a precipitate
(presumably lithium iodide) which reduced the resolution of the
spectra and may also have had an effect on chemical shifts.

A 0.12 M sample of 1 in THF/hexanes (20:1) was methylated
as described above. These solvent conditions were selected in order
to reproduce conditions known to result in exclusively syn
methylation. It was found that there were two initially formed
products, in a ratio of 90:10 (see Table 7). The major product
exhibited 13C NMR signals at 165.8 and 51.9 ppm, for the formyl and
a-carbons of N-iso-propylpropionaldimine, while the minor product
had shifts of 162.8 and 63.8 ppm. Upon warming the major initial
product converted to the minor one, with a half-life at 0°C of less
than 5 minutes. On the basis of known alkylation behaviour of
lithiated  imines®:11.12 and the observed chemical shift
differences88, it can be concluded that the dominant species formed
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initially upon alkylation was the syn alkylation product, which
isomerized to the anti upon warming. The chemical shifts of the
formyl and o-carbon atoms of the anti isomer of the expected
alkylation product, N-iso-propyipropionaldimine, independently
synthesized, were found to be 161.7 and 63.2 ppm in THF solvent
(relative to THF §69.0ppm). In most samples a side product was
formed due to the alkylation of LDA, yielding methyl
di-iso-propylamine. This compound has a 13G NMR signal at 52.0 ppm,
close to the iso-propyl resonance of the syn imine product.

A 0.67 M sample of 1 alkylated in toluene/hexans solvent to
which 2 equivalents of THF and 4 equivalents of HMPA were added
(composed predominantly of triple ion species 1¢ and monomer)
initially gave mostly the syn product, at 163.8 and 52.1 ppm, and a
mixture of 5% of unreacted 1 and two other unidentified products
(about 5-10% each), having shifts of 167.5, 165.6 ppm. After
warming to +20°C for 1 hour and then again measuring the NMR
spectrum at -80°C the dominant species was one having resonances
at 161.7 and 63.0 ppm , which was assigned as the anti isomer. A
sample of 1 in THF/hexanes (a mixture of ta, 1¢ and 1d) gave as the
initially formed products two species with NMR resonances at 164.2
and 51.7 ppm and 162.0 and 63.6 ppm, respectively, in a 83:17(15)
ratio. These were assigned as the syn and anti products. After
warming the dominant species was the anti isomer, with a resonance
at 162.0 .ppm.‘ A sample alkyiated in toluene/hexanes to which 2
equivalents of THF were added (species 1a and 1d) gave as the
alkylation product predominantly a species with a 13C resonance at
170.1 ppm and a minor product(.16%) at 169.0 ppm. The chemical
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shifts of these species suggest that the major product was the syn
imine and after warming there was a single broad peak observed at

168.4 ppm, indicating isomerization to the anti product.

Jable 7
Alkylation product syn/anti ratios for 1.

Alkylation Condit %syn Santi

0.12Min THF 90+5 1015

0.67 M in THF/hexanes 8315 1745

0.67 M in toluene/hexanes 8415 1615
+2eq. THF

0.67 M in toluene/hexanes 9015 1015
+ 4 eq. HMPA

In each of the samples the major initial prociuct was the syn
isomer, having a downfield chemical shift for the formyl carbon atom
and an upfield chemical shift for the «-carbon, while the
thermodynamicaily more stable product in each case was the anti
isomer, exhibiting chemical shifts for the formyl carbon upfield and
the a-carbon atom downfield from the kinetically favoured syn
alkylation product. The variation of chemical shifts among the
samples may be the result of solvent effects on the chemical shifts
of the products, or the result of the effect of the lithium iodide
precipitate.

The dilute THF sample gave mostly (90%) syn product, while
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the more concentrated THF/hexanes solution of 1 gave a 83:17
mixture of syn and anti products. This difference may result from
heating of the more concentrated sample during the alkylation.

The ratio of syn to anti products represents 2 minimum
value since isomerization may have occurred prior to or during the
NMR measurament, so the sample at the moment of alkylation may
have had a higher proportion of syn products. Although it was found
that at -78°C there was no isomerization of the product in 90
minutes, suggesting that thn syn/anti ratios measured represent true
product distributions at the moment of alkylation, the sample (or
localized regions within the sample) may have briefly warmed during
the alkylation such thermal isomerization was possible for a short
period of time immediately following alkylation. The rate of
isomerization may also be solvent dependent, which may account for
the . different ratios of initial alkylation products observed for each
of the three samples discussed above.

it can be concluded that by changing the solvent in which
alkylations of lithiated N-iso-propylacetaldimine are performed that
no significant changes in alkylation geometry resuit. Thus, in this
case at least, solvent, and therefore, by inference, the differences
between the structures of the closed dimeric species 1a and 1d and
the open dimer 1¢, appear not to have an effect on the preference for
syn alkylation of this aldimine. Collum and colleagues have found
evidence that triple ions were not the reactive species in the
methylation of a lithiated hydrazone95.
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221 Lithiated N-Iso- | onaldimine (3):G | Qbservati
and Effect of Temperature,

Lithiated N-iso-propylpropionaldimine, (3), was prepared by
deprotonation of the parent imine using LDA. At +20°C the 13¢C
resonance of the formyl carbon of the imine shifted upon lithiation
from 161.7 ppm (relative to THF=5 69ppm} to 152.1 ppm and broadened
in a 0.67M soiution in THF/hexanes. As ‘the temperature of the
sample was lowered the formyl carbon displayed a series of
decoalescences. A coalescence occurred between -15°C and -30°C,
below which two signals of roughly equal proportion were observed
for the formyl carbon, at 155.3 and 150.0 ppm. Below -35°C there
was little further change in the spectrum until temperatures
approached -60°C, when the signal at 150.0 ppm became resolved as
two signals, at 150.1 and 149.2 ppm. These patterns were generally
repeated at the other 13C signals of the lithiated imine. The anion
precipitated from THF/hexanes (1.9:1) solution at lower
temperatures.

A sample of lithiated imine 3 prepared in toluene/hexanes
solution to which 2 equivalents of THF were added exhibited one
signal at 152.4 ppm which underwent a decoalescence near -30°C,
resoiving into two signals of equal integral having shifts of 155.3 and
149.0 ppm, and a minor species at 150.2 ppm (see Figure 30). It may
be proposed that the minor species is the same species as observed at
150.1 ppm in the THF/hexanes solution, but that it is a more highly
solvated species, and therefore disfavoured under conditions of low

THF concentration. Similarly the two major species at 155.3 and
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Ei¢ure 30

13¢ spectra of 3 at +20°C and -60°C (formy! carbon).

wudd
(441 et mom ovi

wdd wichd
<5l Colutrl 1991 §o1
1 L h )

o.oou_-ll\oJ

A 1%%% 0,02 + Wb

‘/

samads mau

VY ‘b3 Z yum
SURXAY/JHL UL Y L9°0

SaueXY/UING) UL Iy £97

202+

JHL b2z pm
SR L W N £9°0



91

148.0 ppm may be the same two species which have similar chemical
shifts in the THF/hexanes solution.

There is a very strong similarity between the temperature
dependent behaviours of lithiated imines 1 and 3, in that both exhibit
three signals at low temperature in THF/hexanes solutions (see
Figure 30), but that under conditions of low THF concentration oniy
two of these signals predominated. In light of the parallel behaviours
of lithiated imines 1 and 3 as a function of temperature and solvent,
as observed in their NMR spectra, one may make conjectures about the
solution structures of 3 based on the structures determined for 1.
Although it is always with caution that one makes inferences about
one structure based on evidence from another molecule, the almost
exact duplication of behaviour b‘etween 1 and 3 and the fact that they
differ by only one methyl group justifies such an extrapolation. Thus
it will be proposed that lithiated imine 3 exists in THF/hexanes
solution as a mixture of dimers (155.3 pp'm and 148.0 ppm) and a
triple ion (150.1 ppm).

-1so-pr lpropion

In only one respect did the behaviour of 1 and 3 differ
substantially. In THF/hexanes or toluene/hexanes solutions of 3 to
which 2 equivalents of HMPA have besen added twgq signals were
observed for the formy! carbon in the 13¢ spectrum at +20°C. These
two signals had chemical shifts of 153.2 and 152.1 ppm and were in a

ratio of 1:4 in THF/hexanes (see Figure 30). In toluene/hexanes
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TH spectra of 3: effect of HMPA
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solutions the two signals, at 153.5 and 152.6 ppm, were in a ratio of
1: 2.3 at +20°C. The behaviour in the proton spectrum mirrors that in
the 13¢ spectrum. At +20°C in the proton spectrum of a THF/hexanes
solution of 3 to which 2 equivalents of HMPA were added (Figure 31)
the formyl proton exhibited two doublets, in a 1:4 ratio. The major
species, at 6.66 ppm, was a doublet with J=12.7 Hz, typical of
coupling to a trans vicinal proton across a double bond, indicating
that there is an E configuration at the partial C-C double bond (Figure
32).

Eigure 32; 1H-TH Copulings for 3: Effect of HMPA

/LﬁT s /J"'-,i,.r’u
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l JH-H“ - 6.9 Hl I JN-N"“- 12.7HZ
H CH,
Z

The minor species, at 6.27 ppm, had coupling indicative of a Z
configuration (J=6.9 Hz). Similarly, in toluene/hexanes solutions of 3
containing 4 equivalents of HMPA the TH NMR spectrum exhibited two
resonances for the formyl proton, having coupling similar to the
THF/hexanes sample, and in a similar ratio as measured for the two
signals in the 13¢ spectrum. In toluene/hexanes solutions to which
no HMPA was added only the major species (J=12.7 Hz) was evident,
but the region of the spectrum was close to the resenances of the
toluene and was partially overlapped by signals which were
apparently spinning sidebands.

in the proton NMR spectrum of a 0.67 M THF/hexanes solution
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of 3 a small amount, about 3%, of the minor species (J=6.9 Hz) was
aiso observed (Figure 31) .

At +20°C in THF/hexanes the ratio of the minor species, 3-Z,
to the major species (3a, 3b and 3¢ are in rapid exchange at +20°C
and exhibit a single signai: 3-E) was dependent upon HMPA up to 4
equivalents, (see Table 8), beyond which no further change was
observed. The addition of PMDETA or TMEDA did not cause an increase
in the proportion of 3-Z above 3%.

Jable 8
Effect of HMPA on the ratio of 3<E : 3-Z

Eq. HMPA R332
0 973
1 80:10
2 80:20
4 70:30
5 70:30

In a solution of the 3 in toluene/hexanes the ratic of 3-E to
3-2 was found to be only 75:25 even when 4 equivalents of HMPA
were added, suggesting that perhaps the magnitude of the effect of
HMPA on the stereochemistry of the lithiated imine is enhanced by the
presence of THF, or in other words, that HMPA and THF work
cooperatively. It was found that the addition of PMDETA to a THF
solution of 3 did not produce a measureable amount of a species

having a 13C resonance in the region of 153-153.5 ppm, where the
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signal for 3-Z would be expected.

The behaviour observed for 3 is the same as reported by
Newcomb and Bergbreiter and coworkers regarding the TH spectrum of
lithiated N-cyclohexylpropionaldimine in THF solutions to which
HMPA had been added?0. They had also observed (at +20°C) a single
species in the TH NMR spectrum of THF solutions of the lithiated
imine, but two species upon addition of 2 equivalents of HMPA. The
coupling patterns of the two species indicated also an E configuration
in the major species and a Z configuration in the minor species. Their
interpretation was, as shown in Figure 33, that the E isomer had the
usual syn configuration of the aza-allylic portion of the molecule, but
that the Z isomer has an anti configuration of the aza-allylic moiety
(likely due to the unfavourable steric interactions of the allylic
methyl group and the N-cyclohexyl group).

Eigure 33: Lithiated N-cyclohexylpropionaldehyde: Z-anti and E-syn isomers
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The evidence offered by Newcomb and Bergbreiter concerning
the syn-anti stereochemistry of their lithiated propionaldimine relies
solely on inferences based on the stereochemistry about the partial

C-C double bond. Proof of the possible anti configuration of the
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aza-allylic portion in the Z isomer would require either direct
avidence from NMR or evidence of initially formed anti alkylation
products in a proportion similar to the proportion of the Z isomer.
One may speculate about the origin of the E/Z isomerism in 3
based on structural features established for lithiated 1 and
extrapolated to 3. In the absence of HMPA it has been proposed that
the lithiated imine exists as a mixture of dimers and a triple ion.
Upon addition of HMPA triple ions and monofmers should be favoured.
Since the Z isomer is observed only under such conditions, it may be
suggested that the Z isomer is the preferred conformation of
monomeric lithiated imine 3. The new observation that small
amouhts of 3-Z are present even in THF/hexanes alone shows that
HMPA is not necessarily the only factor affecting the E-2
sterecchemistry, although other ligands, such as PMDETA and TMEDA
did not increase the proportion of 3-Z. One possible explanation for
this behaviour is that in the monomer there is n3—coordination of the

aza-allylic moiety which stabilizes the anti isomer43.60,
223 Alkylation Products of 3,

Samples of lithiated imine 3 in a variety of soivent
conditions were alkylated by either one of two methods; addition of
methyl iodide with vigorous stirring at -78°C to a 0.67 M solution of
3 in a flask, followed by transfer via cannula to an NMR tube, or
addition of methy! iodide directly to a dilute (0.12 M) solution of 3 in
an NMR tube, and the 13C NMR spectrum of the samples were measured

immediately after addition of the methyl iodide. The total elapsed
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time for sample manipulation prior to acquisition of spectra was less
than 3 minutes, during which time the mixture was kept at -78°C.
The product of methylation of 0.12 M samples of 3 in THF/hexanes
(20:1) was comprised of a mixture containing 93(x5) % (Table 9) of a
product characterized by 13C resonances at 168.6 and 51.6 ppm and a
remaining portion of a product having 13C resonances at 166.3 and
63.4 ppm. Warming of the solution resulted in isomerization of the
the major species to the minor, with a half-life of 125 minutes at
-20°C. The initial major species was assigned as the syn isomer of
the expected product, N-iso-propyl-iso-butyraldimine, while the
minor product was assigned as the anti isomer. Alkylation of 0.67 M
THF/hexanes (1.8:1) resulted in an initial product mixture which was
78+£5% syn. This lower yield of syn products may be the result of
isomerization due to heating of these more concentrated samples
during the alkylation reaction. This heating may also account for the
failure to obtain greater than 94% syn products from methylation of
the 0.12 M samples of 3. In most samples a side product was formed
due to the alkylation of LDA, yielding methyldi-iso-propylamine. This
compound' has a 13C NMR signal at 52 ppm, close to the iso-propyl
resonance of the syn imine product.

A sample of the lithiated imine 3 was prepared as a 0.12 M
solution in THF/hexanes (20:1) to which 2 equivalents of HMPA were
added. A 13C spectrum of this sample revealed that the ratio of 3-E
to 3-Z was 80:20 (+5) at both +35°C and at -80°C. When this sample,
and another identical sample were alkylated, the ratio of syn to anti
products was found to be 80:20 (£5). It may be concluded that,

within experimental error, the ratio of syn to anti alkylation
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Jable9
Alkylation product syn/anti ratio for 3

Alkylation Coniti psvn opanti
0.12 M in THF {NMR tube) 9315 715
0.12 M in THF/hexanes 8015 2015

+ 2 eq. HMPA
0.67 M in THF/hexanes 7815 2245
0.67 M in THF/hexanes 33110 66110

+ 2 eq. HMPA

preducts was the same as the ratio of the lithiated imine species 3-E
to 3-Z. Therefore it can be concluded that the species 3-Z has anti
stereochemistry.

Upon methylation of a 0.67 M THF/hexanes solution to which 2
equivalents of HMPA had been added the major product formed
initially was a product having resonances for the «-carbon atom at
62.7 ppm and for the formyl proton at 166.3 ppm, indicative of an anti
stereochemistry. The minor species had a signal at 51.2 ppm,
indicative of anti stereochemistry, and a weak signal at 165.3 ppm.
Since the signal-to-noise ratio for the formyl carbon was poorer than
at the a-carbon and the shift differences for the formyl carbon are
typically much smaller than those at the a-carbon, the syn/anti ratio
measured at the a-carbon was considered to be a better indication of
the proportions of the species under consideration. The ratio of
species measured at the a-carbon was 2:1, indicating a syn/anti
ratio of 33:66 (+10)%. A repeat of this alkylation experiment
produced >60% anti alkylation product. A solution of the same
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concentration, but with no HMPA, alkylated by the same method gave
>75% syn products. These results tend to confirm that the addition of
HMPA causes the formation of an anti anion which alkylates to give
anti products. Again, local heating during the methylation reaction
may account for the higher proportion of anti products than would be
expected based on the ratio of 3-E to 3-Z (80:20 15).

231 Determination of Syn/Anti St hemist

An effort was made to determine syn/anti stereochemistry
using the NOE-difference NMR experiment to determine spatially close
sots of nucleil13.114 it was hypothesized that in anti lithiated
aldimines protons on the nitrogen substituent should be close to the
formyl proton, and that in syn lithiated imines the substituent should
be close to the vinyl protons and that these close interactions should
result in measurable NOE differences upon irradiation of the protons
of the nitrogen substituent.

NOE-Difference spectra were measured at room temperature
for N-tert-butyl-acetaldimine (2-H) and N-iso-propylacetaldimine
(1-H) and their lithiated derivatives (2 and 1). All prior evidence
suggests that both of the parent imines have anti stereochemistry at
the Cu«N double bond and there has been some indication that the
lithiated tert-butyl imine has anti stereochemistry about the
aza-allylic portion”:11, it remained to determine whether the anti
stereochemistry would cause an NOE effect on the formyl proton upon

irradiation of the protons on the nitrogen substituent, and to then
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measure the NOE on the lithiated acetaldimines.

Irradiation of the tert-butyl group of imine 2-H resulted in
a 1315 % NOE at the formyl prcton. The same experiment conducted on
the lithiated imine 2 resulted in a 10% NOE at the formyl proton.
When this result is considered in conjuction with the other published
evidence (alkylation and 13¢ shifts) it can be concluded that lithiated
tort-butylacetaldimine 2 has anti stereochemistry. One caveat must
be mentioned: the MM2 calculations indiéated that the distance
between the tert-butyl group and the formyl proton of the opposite
lithiated imine, if both have syn geometry in a trans dimer, would be
~2.4 A, which is approximately equal to the expected distance in an
anti lithiated imine between the tert-butyl group and its own formyl
proton (~2.3 A) (see Figure 34).

i . Possible origins of 1H- n2
Possible origins of TH-TH NOE i

¢ )
N =~ &
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anti syn

NOE difference measurements on N-iso-propylacetaldimine
result in a 6% NOE at the formyl proton upon irradiation of the
iso-propyl methyl protons. Irradiation of the methyl protons of the
lithiated iso-propyl imine resulted in no NOE at the formy! proton and
a detectable, but not quantifiable, NOE at the methine proton. The NOE
at the iso-propyl methine proton serves to confirm that the
experiment was conducted under conditions in which NOE effects can
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be detected. The lack of a positive NOE at the formyl proton might be
indicative of syn geometry about the aza-allylic portion of the
molecule, but the absence of evidence can never be considered a proof.
Only had an NOE been measured at the endo methylene proton could syn
geometry be proven, but the endo methylene proton is likely to
experience NOE effects only from its geminal (exo ) partner, making it
unlikely that irradiation of the iso-propyl methyl protons would
result in NOE effects at the endo methylene ptoton.

241 Efiect of a Chelating Bis-Phosphine Oxide on Lithiated Lmi

HMPA was found to have an effect on the types of aggregates
predominating in solutions of lithiated imine 1, causing dimeric
structures to be converted into triple ions and monomers. |t was
proposed that a stronger effect may result from coordination of the
lithium by a stronger ligand, in particular by a bidentate ligand of
structure similar to HMPA, The ligand selected was
nonamethylimidodiphosphoramide (NiIPA), having the structure
[{(NMeo)oP(0)}oNMe], which has been shown to chelate extremely
strongly to transition metai ions and main group metal jons134-138
including fithium ions'37. The most promising application is as a
chelating ligand for the extraction of uranium from ores!38. To date
there appears to have been only one report in the literature of the use
of NIPA in organic chemistry, reporting the use of this ligand as a
phase transfer catalyst!39.

Despite the promise of NIPA to be a strong ligand suitable to
organolithium chemistry, it was found that NIPA was unstable to LDA,
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presumably being deprotonated by this strong base, as evidenced by
13¢ NMR spectra showing the formation of di-iso-propylamine and
new resonances in the region typical of HMPA and NIPA (~38 ppm).
Attempts to add NIPA to solutions of lithiated imine 1 resulted in an
initial deposit of a colourless crystalline material which was
followed shortly by apparent decomposition yielding a milky brown
suspension. This behaviour may possibly be due to high acidity of the
ligznd, or to an increased reactivity of the lithiated imine when the
lithium is chelated by NIPA. Further investigations were not
conducted.
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3.1 General Conclusions

A multinuclear NMR approach has been used to elucidate the
solution structure of a lithiated imine. From the preceeding
arguments, it has been concluded that lithiated N-iso-propyl-
acetaldimine in THF/hexanes solution at -80°C exists as a mixture of
two isomeric closed dimeric structures and a triple ion (or open
dimer), whose proportions vary with concentration and especially
with THF concentration. The closed dimers possess a four membered
ring of alternating nitrogen and lithium atoms, and are solvated by
two to four THF molecules per lithium, presumably by coordination to
the lithium atoms. The results of molecular mechanics calculations
are in agreement with the experimental observation that the two
dimeric forms are present in equal proportion at -80°C. The triple ion
structure possesses one lithium atom serving as a bridge between
two nitrogen atoms, and another lithium atom which is not bonded to
any nitrogen atoms. Since the tripie ion is favoured by high THF
concentration, and also by the addition of HMPA or PMDETA, it has
been surmised that the "free" lithium of the triple ion is highly
solvated. Only under conditions of high HMPA concentration or by the

addition of PMDETA are substantial amounts of monomer formed. It
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has been determined that di-iso-propylamine, the conjugate acid of
LDA, does not play a role in the solvation of the lithiated imine.

The product of methylation of the lithiated imine 1 gave
greater than 90% syn product, although under some conditions a lower
ratio of syn to anti products was formed, presumably due to thermal
isomerization resulting from the high exothermicity of the
methylation reaction. The proportion of syn product appeared not to
be affected by the choice of solvent or addition of HMPA, and it has
therefore been concluded that ground state aggregate structures are
not a determinant of alkylation geometries for this lithiated imine.

The temperature dependent 13C NMR behaviour of lithiated
N-iso-propyiprapionaldimine, 3, was found to be very similar to that
of lithiated imine 1 and it was suggested that the solution structures
of 3 were similar to those of 1, except upon addition of HMPA. Upon
addition of HMPA to solutions of 3, a species which is a minor (3%)
component in THF/hexanes solutions increased to 20% of the total.
This species was found to have a Z configuration of the carbon-
carbon partial double bond. Methylation of the lithiated imine 3 was
found to give 93% syn product except in the presence of 2 equivalents
of HMPA, in which case the anti methylation product was formed in a
higher propartion reflecting the proportion of Z isomer of the anion.
It has therefore been concluded that the species having a Z
configuration about the carbon-carbon partial double bond has anti

stereochemistry of the aza-allylic portion of the molecule.
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12 G : Similar Molecules in the Literal

The structures of a number of lithiated amines and reiated
lithiated organo-nitrogen molecules which bear structural
similarities to lithiated imine 1 have been reported in the literature.
These molecules have been found usually” to exist as monomers,
dimers or occasionally as trimers, or as a mixture of these, where
the aggregates possess alternating Iiihium-nitrogen rings of types
similar to those determined for the dimeric structure of 1.

it is informative that there is a striking similarity between
the NMR spectra, and types of species observed, for lithiated
N-iso-propylacetaldimine and lithium N-iso-propylanilide (reported
by Jackman4°). Both molecules exist as a mixture ¢f a monomer and a
triple ion in the presence of 4 equivalents of HMPA. There was also a
strong similarity between the solution structures of 1 and lithiated
N-phenylimine of cyclohexanone42, reported by Collum, in that in
THF/hydrocarbon solutions the dominant aggregate forms were closed
dimers.

Many of the lithiated molecules, including all of the lithiated
imines, for which solution or crystal structures have been previously
determined possessed a phenyl substituent on nitrogen. It had been
shown by Knorr that it is possible for lithium to be bound to nitragen
but also to be =m-coordinated to an adjacent partial double bond of the
aromatic substituent*3. It thus follows that participation of the

phenyl substituent may be a factor in determining the nature of the
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major species in solution. The similarity now demonstrated among
the solution structures of a lithiated N-alkyl acetaldimine, a
lithiated N-phenyt ketimine42, a lithium N-alky! anilide*? and a
variety of lithium amides36.37 suggests that the involvement of the
phenyl substituent is not a major determinant of solution structures
in these lithiated nitrogen compounds.

That strong 6Li-15N coupling was observed in the NMR
spectia of both molecules, yet no 13C-6Li cdupling was observed in
any of the 13C or 6Li NMR spectra, demonstrates that the lithium is
coordinated only to nitrogen in both lithiated molecules. In
neo-pentyllithium the 13¢-6y coupling is 8.9 or 14.7 Hz, depending
on aggregate structure'®, and in tert-butyllithium it ranges from 4.0
to 5.4 Hz25, so similar coupling would be expected if lithium were
bound to carbon in the lithiated molecules, except that couplings of
this magnitude may not be observable since the13C Ilinewidths of
lithiated imine resonances were in the range of 3-6 Hz. Thus it can
be suggested that the lithium binds prirﬁarily to nitrogen in these
cases, and that a description of lithiated imines as N-lithiated
ene-amines may be more appropriate. In other words the resonance
structure in which the negative charge of the aza-allylic group lies on
nitrogen appears to predominate on the basis of the observed
coupling, although the chemical shift of the terminal methylene (66
ppm) is considerably upfield from the expected shift of a terminal
methylene of an enamine (~105 ppm)Mo.



107

3.3 __Solution Structures vis @ vis the Syn- Effect.

One of the reasons for study of the solution structures of
lithiated imines is that information may be gained which may help to
answer the question of the origin of the syn-effect.

NOE difference measurements on lithiated N-iso-propyl
acetaldimine have suggested that the iso-propyl group may occupy a
position syn to the terminal methylene in the dominant conformation.
The dominant species in 0.67 M solutions o. 1 in THF/hexanes
solutions are a pair of closed dimers.

The syn-effect manifests itself most clearly, and usefully, in
the stereochemistry of the first-formed alkylation products. The
stereochemistry of the actual reactive species must therefore be that
which determines the product stereochemistry. It is beyond the scope
of the work presented in this thesis to formulate any conclusions
about the nature of the reactive species in alkylation reactions. It
may be that the reactive species is not one which is observed under
our conditions. Collum has demonstrated that the most reactive
species in alkylations of lithiated amines is a mixed adduct or mixed
dimer between the lithiated molecule and lithium bromide formed
during the course of alkylation with a bromo-alkane55. Alternatively,
it has been suggested that HMPA generally increases the rate of
aikylation reactions74.141; perhaps the more reactive species in the
present system is the triple ion, which is favoured by HMPA. Clearly,
thorough kinetic measurements are required to ' investigate this
prpblem.

In all previous discussions in the literature the syn-effect
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has been regarded as unusual since it appears to possess a sterically
unfavourable geometry. This sterically unfavourable geometry is
most “"apparent” when lithiated aldimimines are drawn using
conventional organic chemistry formalisms showing the aza-allylic
backbone of the anion and either an unsolvated lithium atom bound to
nitrogen or a free lithium ion. The results of the work presented in
this thesis demonstrate that aggregation and solvation of the lithium
are important structurali features which have been generally
neglected in previous treatments. When one considers the volume of
the solvated lithium ar of the other half of an aggregate compared to
the bulk of the organic substituent on nitrogen in lithiated aldimines,
the syn orientation of the organic sublstituent relative to the
aza-allylic portion of the molecule becomes less surprising. I[n the
case of most lithiated aldimines the syn-effect is observed, but one
of the few cases in which anti stereochemistry predominates is in
lithiated imines with the bulky tert-butyl substituent on nitrogen.

For aldimines it is tempting to suggest that the syn-effect may be
the result simply of competing steric influehces which place the
smaller group, typically the alkyl substituent on nitrogen, in the syn
position, but in ketimines the syn and anti positions are
approximately equally hindered. Thus evidence has been presented
supporting an explanation of the origin syn-effect in lithiated
aldimines resulting from the larger bulk of the solvated lithium or
aggregated lithium compared to the bulk of the substituent on
nitrogen, but any explanation of the syn-effect must be compatible

with the behaviour of lithiated ketimines.



109

3.4 _Suggestions for Further Research,

The most pressing problem presented is the determination of
the nature of the reactive species in alkylation reactions of lithiated
imines, which would require a study of the kinetics of the reaction.
In the case of alkylation of lithiated N-iso-propylacetaldimine with
methyl iodide the reaction appears to be instantaneous at -78°C,
precluding investigation by NMR. Either the study of a slower
reaction by NMR, possibly using a different leaving group on the
electrophile or a less reactive electrophile, the use of fast-injection
NMR techniques142, or the incorporation of a chromophore on the
imine which is sensitive to alkylation to allow photometric study,
would facilitate kinetic measurements. Infrared spectroscopy has
also been introduced in recent years as a probe of aggregation of
lithiated molecules143, and may eventually find wider applications in

organolithium chemistry.
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4,1, General Procedures and Materials,

All chemicals were purchased from Aldrich, unless
otherwise specified. Excent whers specifiea otherwise, all solvents
were dried prior to use by distillation from sodium/benzophenone
under an atmosphere of dry nitrogen118, and all reactions and
manipulations were conducted under a positive pressure of argon. All
glassware was flame-dried under vacuum, except for NMR tubes,
which were dried for 24 h at 100°C then filled with argaon while hot,
and syringes, which were dried for 24 h at 100°C then cooled in a

desiccator lined with dry silica (Drierite®©).
.2 Imine Synthesi

Aldimines were synthesised by stoichiometric reaction of
the aldehyde and the primary amine88. Acetaldehyde, propionaldehyde
and iso-butyraldehyde were used without purification and the amines
(iso-propylamine, tert-butylamine) were dried and purified by
distillation from KOH in an inert atmosphers. The apparatus used for
the reaction is shown in Figure 35. The vessel was flame dried at 0.1
mm Hg prior to use. The amine (0.06 moles) and then the aldehyde
(0.06 moles) were added to 5g of MgSO,4 at -78°C in bulb A, which

was accessible by removal of the tap stopper at the top of bulb A,
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while passing a stream of argon through the vessel shown in Figure
35. After 10 minutes the reaction mixture was allowed to warm to
room temperature and was then distilled to bulb B where it was

trapped over 4 A molecular sieves at liquid No temperature.

Figure 35:; Apparatus for aldimine preparation

molecuiat
sieves

The yields were typically 50% to 70% of imine which was
>95% pure by TH NMR, the impurities being unreacted aldehyde or
amine arising from inexact mixing of the reactants. The imines were
stored at -10 °C  under argon, and were used within 24 h of

preparation. NMR data for the aldimines are shown in Table 10.
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Table 10;
14 and 13C NMR Data for Imines

Imine Proton_Shifts? (5 ppm) Carbon_Shifts® (3 ppm)
and_Couplings
N-iso-propyl- 7.62 ppm (q) J= 4 Hz (1H) 157.5, 62.9, 25.5,

acetaldimine 3.25 ppm (m) J= 6 Hz (1H) 23.0
1.74 ppm (d) J= 4 Hz (3H)
1.07 ppm (d) J= 6 Hz (6H)

N-tert-butyl- 7.8 ppm (q) J= 5§ Hz (1H) 154.8, 57.8, 30.7,
acetaldimine 2.0 ppm (d) J= 5 Hz (3H) 23.6
1.2 ppm (s) (9H)

N-iso-propyl- 7.52ppm (1) J=5.4 Hz (1H) 162.4, 63.2, 30.6,
propionaldimine 3.22 ppm (m) J= 6.5 Hz (1H) 25.8, 11.5
2.20 ppm (m) (2H)
1.25 ppm (t) J= 6.8 Hz (3H)
1.05ppm (d) J= 6.5 Hz (6H)

N-iso-propyl-iso- 7.45 ppm (d) J= 5.6 Hz (1H)  166.9, 62.8, 35.2,
-butyraldimine 3.20 ppm (m) J= 6.3 Hz (1H) 25.4, 20.3
2.38 ppm (m) (1H)
1.20 ppm (d) J= 5.4 Hz (6H)
1.03 ppm (d) J= 6.8 Hz (6H)

2 CDClg solvent ® THF solvent
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. p ion of Lithiated |mine NMR_Sarmol

The lithiated imines were prepared under argon at -78°C by
deprotonation of the imine by LDA, using a 5% to 10% excess of LDA.
All soivents [THF (BDH), toluene (Fisher), hexanes (Fisher), diethyl
ether (Fisher)] were freshly distilled from sodium/benzophenone prior
to use. Di-iso-propylamine was used without furthor purification
except that it was stored under an inert atmosphere over 4A
molecular sieves. LDA was prepared by deprotonation of a solution of
di-isopropylamine with 2.5 M n-butyllithium in hexanes (Aldrich ),
which was titrated against 2,5-dimethoxybenzyl alcoholl44 prior to
use.

The lithiated imine samples were prepared in 10mm NMR
tubes fitted to accept a screw cap. Typically, the tube was dried at
100°C and then filled with argon and capped with a septum. The tube
was then placed under a positive pressure of argon via a needle to a
gas line and cooled to -78°C. Solvents and di-iso-propylamine were
added via syringe. To the cold NMR tube was then added an amount of
2.5 M n-butyllithium equimolar to the di-iso-propylamine and the tube
was agitated to mix the reagents. After 10 minutes the imine was
added, and the tube was again agitated, warmed briefly to room
temperature and then recooled. Any additives such as
hexamethylphgsphoramide (HMPA), pentamethylidiethylenetriamine
(PMDETA (K&K Laboratories)) or tetramethylethylenediamine (TMEDA)
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were added via syringe at this time. The sample was then sealed by
wrapping the septum top generously with Parafilm®. The sample
was stored at -78°C until NMR measurements were conducted.

Resultant volumes in a standard lithiated imine sampie
prepared by the method described above are as follows: 2.2 ml THF,
0.43 ml di-iso-propylamine, 1.2 ml butyllithium in hexanes and 0.32
ml of N-iso-propylacetaldimine. This resulted in a total volume of
4.15 ml of a 0.67 M solution. Addition of HMPA or PMDETA resulted in
dilution of the sample. One equivalent of HMPA had a volume of 0.5 ml
and one equivalent of PMDETA had a volume of 0.61 ml.

Samples prepared by direct deprotonation of the imine with
sec-butyllithium were prepared similarly, except that the

sec-butyllithium (1.7M in ether) was added to a solution of the imine
in THF.

15N and 6Li doubly labelled samples were prepared in a
manner similar to natural abundance sampies except that they were
prepared on 1/4 scale in a small flask, then tranferred via cannulae to
argon filled 5Smm NMR tubes which were fitted with a tap to allow
either an argon flow or evacuation of the tube. The doubly labelled
samples were then frozen at liquid nitrogen temperature, evacuated
to 0.1 mm Hg and flame sealed.

15N-Iso-propylacetaldimine was prepared by the method
used for natural abundance acetaldimines, using 15N-iso-propylamine
(MSD Isotopes-custom synthesis).
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SLi-Butyllithium was prepared by reaction of BuCl with Lj
metal145. 0.59 Lithium-6 metal (98% isotopic purity, Cambridge
Isotope Laboratories) was washed with pentane and then pounded, in
the ambient atmosphere, with a steel hammer and anvil into a thin
foil (~1mm thick) in the presence of 10 mg sodium metal. The stee!
implements were polished prior to use in order to reduce the risk of
introducing rust into the lithium, which would be a paramagnetic
impurity in NMR samples. The foil was cut to ~60mm2 flakes and
placed in an argon-filled flask containing 50ml dry ethyl ether, and
cooled to -78°C. To the lithium was added 0.6 mole equivalents of
1-chlorobutane (BDH) dropwise. The reaction was stirred
magnetically for 24 h, during which time the reaction was allowed to
warm to room temperature. The ether was then removed under
vacuum, and the sample pumped at 0.1 mmHg for 1 h to remove ether
and remaining 1-chlorobutane. The butyllithium was dissolved in
10ml of dry pentane and filtered through a fritted glass filter, using
standard Schlenk-type methods. The filtrate was reduced in volume
to ~6 ml, and was found to have a concentration of 3.3 M, as
determined by titration with 2,5-dimethoxybenzyl alcohol.

It was found that this method was superior to other
methods involving reaction of either dibutylmercury or
1-bromobutane with lithium. The butyllithium prepared by either of
these methods was found to be difficult to separate from the
inorganic residues.
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5 Alkylation Reacti

0.12 M Solutions of lithiated imines were alkylated in 10mm
NMR tubes by addition of 1.2 equivalents of iodomethane. Methyl
iodide was cooled to near its freezing point (-64°C) and then a portion
of it was repeatedly drawn into a syringe in order to cool the syringe.
An approprate amount of methyl iodide was withdrawn into the
syringe and was added dropwise to a septum-capped NMR tube
containing the lithiated imine at -78°C, accompanied by agitation of
the NMR tube. The NMR tube was then sealed with Parafim® and
immediately (<3 minutes) transferred to the NMR probe at -78°C for
NMR spectral acquisition.

0.67 M Solutions of lithiated imines were lithiated as
described above except that the reactions were conducted in flasks
accompanied by vigorous stirring and then were transferred via a
cannulus to the precooled NMR tube. The NMR tube was then sealed
with Parafilm® and immediately (<3 minutés) transferred to the NMR

probe at -78°C for NMR spectral acquisition.

4.6 General NMR Methods

All NMR measurements were conducted using a Varian
XL-300 instrument, using the parameters listed in Table11.

Except for lithiated imine samples, proton spectra were
referenced to the residual 'H signal of CDClg (5 7.24 ppm) and 13C
spectra were referenced to CDCIz (5 77.0 ppm). For lithiated imines
the spectra were referenced to THF (1H ;) 33.58 ppm; 13C ,, § 69
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ppm). BLi Spectra were referenced externally to 1M LiCi (3 O ppm) in
D50 at 20°C, and 15N spectra were referenced externally to
15N-aniline (5 0 ppm) at 20°C. 31P Spectra were referenced
externally to 85% H3POy4 (5 0 ppm) in D50.

Table 11
NMR._ Acquisition P
Nucleus  Decoupling Sweep Bulse AT* Bt
Width Width
TH none 4000Hz 30° 1s is
13¢ {1H) 16500Hz 30° 09s 0.9s
6Li {1H) 2200Hz 30° 6.6s 6.6s
15N {1H)§ 15000Hz 30° 1s  2s
31p {1H} 10000Hz 30° 1s  1s
) acquisition time T repetition rate

§ decoupling during acquisition only

Determination of peak areas was done either by standard
integration or by using a curve-fitting program available from the
spectrometer software123. In general, the relative peak areas for aII
1H, 31p and 15N spectra, and 13¢C spectra exhibiting only sharp anion
signals were determined using standard integration, while for all 6L;

spectra and 13C spectra exhibiting broad signals, curve fitting was
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used. Typical 0.67 M anion samples in 10mm NMR tubes required 512
or 1024 transients to obtain an acceptable signal/noise ratio in the
13¢C spectrum. 6Li samples required 32 or 64 transients to obtain a
signal/noise ratio of 50. 19N spectra required about 1024 transients
and 31P spectra required 32.

13¢ spectra were Fourier tranformed with 1 Hz
line-broadening, and no line-broadening was used for other nuclei.
Typical solvent linewidths in 13C spectra at -80°C, with
line-broadening added, were in the range of 3 to 5§ Hz. Similar
line-widths were measured for typical sharp 6Li NMR signals.

The temperature of the NMR probe was regulated using the
internal temperature controller of the instrument, and each probe was
calibrated using an iron constantin thermocouple placed in an
acetone-filled NMR tube in the probe and referenced to 0°C. The
solvent-filled tube was meant to approximate the NMR sample. The
temperature was allowed to equilibrate 10 minutes, with the proton
decoupler activated when calibrating probes other than the proton
probe. An uncertainty whose magnitude is not known in both the
accuracy and precision of the calibration may arise from temperature
gradients within the sample. A further uncertainty in the precision of
the temperature calibration due to the instability of the temperature
controller can be estimated to be +1°C. Low temperature samples
were not allowed to spin, since the spinning rate was found to be
irreqular at low temperature due to accumulated condensation and
ice.

NOE-Difference spectra were acquired by irradiation of one

set of protons during the pre-acquisition period, following standard
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methods described in the NMR instrument manuall14,146  The
pre-aquisition period was set at 30s. Samples of lithiated imine
used for the NOE-difference experiments were prepared in the usual
manner, but in a flask, then the solution was evaporated to dryness
under vacuum and pumped for 1 hr at + 20°C in an attempt to remove
as much of the solvent and di-iso-propylamine as possible. The
lithiated imine was then redissolved in THF-Dg (MSD Isotopes 99.8%
D) and tranferred via a cannula to the NMR tube. Samples of imines
used for the NOE-difference experiments were prepared as ~5%
solutions in CDCl3 (MSD Isotopes 99.8% D) and were degassed by a
series of freeze-thaw cycles at 1 mmHg.

Relaxation times of 13C nuclei were measured using the
inversion-recovery (180°-t—90°-t) method122,148 At least nine
t-values were selected, and the T4 was calculated using a three
parameter curve-fitting program supplied with the XL-300 software.
NOE Measurements were conducted according to the gated coupling
method122.146 py comparing signal heights of spectra acquired with
NOE enhancement to those acquired with NOE supression. During
either the Ty or the NOE experiment, acquisition of the series of
spectra required for the experiment was done using an interleaving of
the acquisitions. .

Uncertainty in the T, measurements arises from the
uncertainty in determining signal heights at each of the T values and
from the uncertainty arising from the three-parameter curve-fitting
performed by the computer. The uncertainty of the curve-fit is
determined by the computer and reported in its output. The

uncertainty in peak heights is not taken into consideration by the



120

computer program, so the uncertainty in peak heights must be

estimated: it was arbitrarily set at +£10%.

Synthesis of "NIPA" Ligand

Nonamethylimidodiphosphoramide (NIPA) was synthesized by
the method partially described by Delpuech et al.137. The sequence of
reactions for the preparation of NIPA is shown below.

Q
y
(1) 2(MezN}sP=0 + ClP=0 ——— = 3 (MeaN)2P<
Cl
Q 0
(2) (MezN)2P< + 2 MeNHz - (MeaN)2P< + MeNH3CH
Cl NH
Me
. O Q
& .
(3) MNPl . o MeFL w12 Byt
NH _ NNa
Me Me
O 0 2
y /
(4) el e P (Me NP _P(NMey),
NNa ct N
Me + NaCl
Beaction (1)147

In a round bottom flask 110g (0.61 moles) of hexamethyi-
phosphoramide (HMPA) was heated to 100°C under an argon
atmosphere, then 46g (0.30 moles) of phosphorusoxychloride (POCIg3)
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was added rapidly with vigorous stirring with a magnetic stir-bar and
the vessel was fitted with a reflux condenser. Initially a solid
yellow-orange product was fc ned, but as the reaction was heated to
150°C the solid melted. Heating at 150°C was continued for 18
hours, and then the product was fractionally distilled at 2 mmHg
pressure. The initial distillate was a mixture of HMPA and POCIj,
having boiling points below 100°C at this pressure. The product,
bis(dimethylamino)phosphorusoxychloride “(PCl), distilled as a
colourless liquid having a boiling range of 100-120°C at 2-5 mmHg
(lit. 110°C at 20mmHg)147 Yield: 123g (78%); TH NMR: § 2.71 (d)
Jp.p= 12.8 Hz; M.S. (m/z): M*= 172, 170

Reaction (2)

A sample of 85g ( 0.5 moles) of PCl was dissolved in 1l of
anhydrous diethylether, and methylamine was bubbled through the
solution. The methylamine was generated by reaction of
methylaminehydrochldride (100g, 0.5 moleé) with a two-fold excess
of KOH in 500 ml pyridine. The methylamine was evolved with the aid
of mild heating (~40°C) and forced to pass through the solution of PCI
by a gentle flow of argon. The reaction was allowed to continue for
24 hours, after which time no more bubbles were evolving from the
methylamine source and a white precipatate (presumably NaCl) was
deposited in the flask containing the ether solution of PCi. The
precipitate was rapidly removed by filtration through cotton wool in
an ambient atmosphere. The ether was distilled out of the vessel
under argon, the residue transferred to a smaller flask and

fractionally distilled at 0.1 mmHg. Initial fractions containing PCI
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were discarded, and the desired product, pentamethylphosphoramide
(PN) was distilled as a viscous, colouriess oil at 110-120°C. Yield:
70g (84%), TH NMR: & 2.46 ppm (d) Jp 4= 9.2 Hz, M.S. (m/z): M*= 165
(calc.=165 M.U.)

Beactions (3) & (4)

A sample of 24g (0.15 moles) of PN was dissolved in 700ml
dry petroleum ether (boiling range: 100-120°C, (BDH)) in a 1! round
bottom flask under an atmosphere of argon. To this solution was
added 3.6g (0.16 moles) of sodium metal (reaction 3). The reaction
was heated to reflux, at which point the sodium was molten and
finely divided by vigorous stirring with a magnetic stir-bar. Reflux
was continued for 48 hours, during which time all but 0.5g (.02 moles)
of sodium was consumed. The unreacted sodium was removed using
tweezers, then the solution was cooled to 0°C, resulting in
solidification of the mixture as a white gel. To the cool gel was
added 25g (0.15 moles) of PCl during 5 minutes (reaction 4). A fairly
vigorous exothermic reaction was immediately apparent during the
addition of PCl.  The reaction was left to stir at 20°C for 24 hours,
then the solvent was removed by distillation under argon followed by
pumping at 0.1 mmHg at 20°C. The desired product was the second
fraction obtained by fractional distillation at 0.1 mmHg, the first
fraction being a mixture of solvent and reactants. The product,
nonamethylimidodi- phosphoramide (NIPA) was distilled as a pale
yellow oil (b.p. 120-140°C at 0.1 mmHg: lit. 124-126°C at 0.1
mmHg135,148) which solidified upon cooling. The product was then

recrystallized from cyclohexane to yield waxy white flakes, m.p.
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63.8-65.2°C (lit. 58°C135.148)  NIPA is extremely deliquescent and
must be manipulated in a dry, inert atmosphere, and should be
considered highly toxic and carcinogenic. The 1H NMR spectrum
showed only traces of residual cyclohexane and no water. Yield: 159
(35%); TH NMR: 5 2.73 t (J=8.7 Hz) 3H, & 2.66 d (J=9.6 Hz) 24H [lit. §
2.76 t (J=9.62 Hz), 5 2.69 d (J=9.55 Hz)149] ; M.S. (m/2): exact mass=
299.165 * .003 (calc=299.154),
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