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Abstract

Laddering is well-lmown in organolithium chemistry and has become the standard
principle for describing various structural f-es

of these aggregated species in the solid

state. Here the cwent state of laddering theory is described and a bifkcating
modification is proposed to account for structural trends noted since development of the
original principle. Where 'primary ladderingy'describes the initial aggregation of
monomeric units,"secondary Iadderingy'deals with the assembly of these primary units
into larger structures. Several new organolithium systems are presented and discussed in
terms of this binary principle.
Nthough the chemistry of carboxylates pC02J' is well-developed, previous
investigations of isoelectronic species such as amidinates pC(NR')2]-, oxoamidates
@2CO(NR)]; and thioamidates mCS(NR')]- are limited. Here a synthetically facile route
to such species as their lithium derivatives is presented and explored. The syntheses and
characterization of several novel complexes of the lithium amidinate ~i[(rz-~u)C(N'Bu)Zl
with the lithium salts LiX (X = OH, CI, Br, I) and Liz0 are reported. In addition, a

lithium oxoamidate L~[(~-Bu)CO(N'BU)]
and three lithium thioamidates Li@XCS(NR')]

(R= n-Bu, R'= 'Bu; R = Me, R' = 'BU,Me) are described. Each of these systems is
discussed in terms of primary and secondary laddering, with particular attention paid to
the effects of solvation and heteroatoms. Some generd observations concerning the
impact of steric constraints on solvation and oligomerization are noted.

Metathetical chemistry is employed to produce main-group and tramition metal

derivatives of amidinates, oxoamidates, and thioamidates. Syntheses of PhB[(n-

Bu)CE(N'Bu] ~1 (E = N'BU., 0,S) via reaction of ~i[(n-BU)CE(N'BU)]
with PhBCh are
reported. The novel copper(I) thioamidates {Cu~CS(NR')]},(x = 4, R = n-Bu, R'= 'Bu;
x = 6, R = Me,

R'= Me), synthesized via reaction of lithium thioamidates with CuCl, are

also described. The structure and bonding of these compounds is discussed, and some
trends concerning copper(I) complexes with ligands containing anionic N-C-S ligatures

are noted,

Finally,the efficacy of a bficated theory of laddering relative to the original
principle is evaluated, and some new directions for future research are presented. Four
serendipitously obtained hydrolysis products (previously unreported) are also presented
and briefly discussed as a matter of record.
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Figure A 3 : Intramolecular hydrogen bonding in 59 and 61. Only the NH
protons are shown.
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Figure A.4: ORTEP of 62 showing the atom labeling scheme (only one of two
molecules in the asymmetric unit is shown). Thermal ellipsoids are depicted at
50% probability level.
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Figure AS: Intramolecular hydrogen bonding in 62 and 29. Only the MI
protons are shown,

205

List of Tables
Table 3.1: NMR Data for I8 and 19
Table 3.2: Crystal Data for {~i[(n-Bu)c(N~Bu)~]
) p ~

i 2 (19)
0

Table 33: Selected Bond Distances and Bond Angles in 19
Table 3.4: Crystal Data for ((L~[(~-BU)C(N~BU)~])~~L~OH-THF]~
(22)
Table 3.5: Selected Bond Distances and Bond Angles in 22
Table 3.6: Crystal Data for {(L~[(~-BU)C(N'BU)~])~L~C~-THF)
2 (23)
Table 3.7: Selected Bond Distances and Bond Angles in 23
Table 3.8: Crystal Data for {(Li[(~-BU)C(N'BU)~])~~L~B~~THF
]2 (24)
Table 3.9: Selected Bond Distances and Bond Angles in 24
Table 3.10: Crystal Data for {(Li[(~-Bu)C(N'BU)~]
12*~iI-21XF(25)
Table 3.11: Selected Bond Distances and Bond Angles in 25
Table 4.1: Crystal Data for (Li[(n-Bu)CO(NtBu)] I6(26a)
Table 4.2: Selected Bond Distances in 26a
Table 43: Selected Bond Angles in 26a
Table 4.4: Crystal Data for(Li[(n-Bu)CS(NtBu)]l6*C7H8(27a)
Table 4.5: Selected Bond Distances in 27a

,

Table 4.6: Selected Bond Angles in 27a
Table 4.7: Crystal Data for {L~-THFW~CS(N~BU)
]1, ( 2 8 a . m )
Table 4.8: Selected Bond Distances, Bond Angles, and Torsion Angles in
28aoTHF
Table 4.9: Crystal Data for M~cs(HN~Bu)
(29)

Table 4.10: Selected Bond Distances, Bond Angles, and Torsion Angles in 29

136

Table 4.1 1: Crystal Data for (Li.2THFFfeCS(NMe)] ), (30aa2THF)

139

Table 4.12: Selected Bond Distances, Bond Angles, and Torsion Angles in
3Oae2TElF

140

Table 5.1: Crystal Data for (Cu~eCS(NMe)])6(3la)

170

Table 5.2: Selected Bond Lengths and Bond Angles in 31a

171

Table 53: Crystal Data for (Cu[(n-Bu)CS(NtBu)] }2 (32a)

175

Table 5.4: Selected Bond Lengths and Bond Angles in 32a

Table 5.5: Crystal Data for P~c~B[(~-Bu)C(N'BU)~]
(51)
Table 5.6: Selected Bond Distances, Bond Angles, and Torsion Angles in 51
Table 5.7: Crystal Data for P~c~B[(~-Bu)cs(N'Bu)](53)
Table 5.8: Selected Bond Distances, Bond Angles, and Torsion Angles in 53
Table A.1: Crystal Data for O=C(%IN'BU)~(59)
Table A.2: Selected Bond Distances and Bond AngIes in 59
Table A3: Crystal Data for S=C(HN'BU)~(61)
Table A.4: Selected Bond Distances and Bond Angles in 61
Table A.5: Crystal Data for MeCS@NtBu) (62)
Table A.6: Selected Bond Distances and Bond Angles in 62

List of Abbrwiations and Symbols
degree(s)

A

Angstrom

Anal. Calcd

calculated (elemental) a d y s i s

Ar

aryl group

BDC

1,4-benzenedicarbovlate

BDTA

1,4-bemenedithioamidate

BTC

1,3,5-benzenetricarboxylate

C

Celsius

CP

cyclopentadienyl group

CVD

chemical vapour deposition

CY

cyclohexyl group

d

doublet

d(A-B)

distance between A and B

dec.

decomposition

e

electron(s)

EI-MS

electron impact mass spectrometry

Et

ethyl group

eV

electron volt(s)

FAE3

fast atom bombardment

FT

Fourier transform

g

gram(s>

HiEDTA

ethylenediaminetetraaceticacid

HMPA

hexamethylphosphorictriamide, OP(NM4)t

HOESY

heteronuclear Overhauser effect spectroscopy

Hz

hertz

I

nuclear spin quantum number

i-Pr

iso-propyl group

IR

infrared

LDA

lithium diisopropyl amide

LRMS

low resolution mass spectrometry
me?a

molarity, mO'/L
multiplet

molecular ion
methyl group

Mes

mesityl group: 2,4,6-trimethylphenyl

Mes*

supermesityl group: 2,4,6-tri-tert.-butylphenyl
milliliter(s)
miltimole(s)
mass spectrometry

naph

1-naphthyl group

n-butyl group

NMR

nuclear magnetic resonance

0

ortho

ORTEP

Oak Ridge thermal ellipsoid plot

P

Para

Ph

phenyl group

PMDETA

pentamethyldiethylenetride

PPm

parts per million

p-tolyl

para-tolyl group

PY

pyridine/pyridyl group

9

quartet

0

quadrupole moment

S

singlet

Sol

solvent

t

triplet

'Bu

tert,-butyl group

THF

tetrahydrofixan

TMEDA

N&gfl-tetramethy1ethylenediamine

TMS

tetramethylsilane:SiMe4

v

frequency

6

chemical shift (parts per million)

T

torsion angle

h

wavelength

Y

Chapter 1:

Introduction

1.1.0 - Introduction and Context

The idea that opposites attract and bind to form a neutral whole is known
throughout history in every imaginable context, and as such has become virtually

archetypal- The chemistry version, namely that neutral cccomplexes"arise from the
combination of positive and negative moieties, is much younger. Studied formally only
since the mid-nineteenth century, the notion of "coordination chemistry" has provided a

great leap forward in terms of understanding physical phenomena on a molecular level

[I]. In a story that is probably apocryphaI, the Swiss chemist Alf?ed Werner is alleged to
have dreamed a new theory of how metals bind to ligands one feverish night in 1892.
Upon waking, he reportedly set pen to paper immediately, wrapping up around 5 o'clock

in the morning. Kis ideas (for which he had no experimental proof) were greeted with

some skepticism by the scientific community of the day, and Werner subsequently
devoted a great deal of his Me to proving his many detractors wrong [2].
Werner's new paradigm included the idea that complex formation was dependent
on both the charges of the species involved and their spatial orientation. This
harmonization of steric and electronic considerations paved the way for our modern
understanding of how inorganic complexes form and behave. Indeed, the field of "ligand
design" is one of the fastest paced and most important eontiers in chemistry today and
"coordination chemistry," as the study of electron donor-acceptor relationships has come
to be known, is of fuadarnental scientific importance.

One extremely broad class of ligands contains "anions," or ligands formally
possessing some amount of negative charge (in the form of electrons). In species where

such negative charge can be shared over several atomic centres, ligands may be capable
of binding in many different ways to electron acceptors. Thus, even in cases where
empirical formulae are well established, b s c d characterization can reveal novel and
quite unexpected spatial arrangements of atoms. Anions must be paired with positively
charged "cations" to achieve charge neutrality, thus most complexes are in fact
cation/anion pairs; sodium chloride, for example, consists of a sodium cation

(mand a

chloride anion (C1-).
The work presented here is concerned mainly with aniodcation
complexes containing elements fkom the Ccmain-group"of the periodic table, ie., groups 1
and 2 (the cbs-block")for cations, and anions containing group 13-18 (the '>-block")
centres.
Architecture among main-group complexes is extremely diverse. Our group has

been concerned for some time with elucidating novel cluster structures containing various

S-

andpblock elements, usually involving amido [-NIX2] and/or imido groups [=NR].

The nature of such work generally involves aposteriori rationalization; viz. we tend to
understand the formation of our structures much better after we have seen what they
actually are. Despite much work in this area over the past several years, the goal of being
able to accurately predict structures a priori remains elusive. The present work wiU
attempt to make strides towards increasing the precision of such predictions for so-called
"laddered" complexes (vide inza) by defining some of the variables involved and
undertaking a study of their interplay in real systems. In the following sections, an

explanation of the theory of laddering is presented in a historical context., and a

modification is proposed. This is followed by the introduction of a class of complexes
suitable for evaluating the efficacy of the mod5cation; subsequent chapters will detail
experimental work exploring the behaviour of these complexes. Although the goal of
developing a complete theory with predictive validity far exceeds the scope of this single
investigation, it is hoped that some useM comments on laddering in general will be
possible at its conclusion.

1.1.1

- Historical Development of Laddering as a Theory
In its broadest incarnation, "laddering" can be described as any lateral association

of E-M (E = group 15- 17, M= group 1-2) merits to form @Mjzrings (Figure 1.1) [3].

Typically these interactions are eIectrostatic in origin, occurring as a result of polarity
within the E-M moiety, and can be considered essentially ionic 141. Bond polarity does

not result exclusively in laddering, however, for many polar compounds exist in

unladdered conformations. Moreover, the requisite formation of four-membered rings
serves to make laddering stericdly unfavourable in many cases. Generally speaking,
lateral association of EM firagments takes place only as a respo~lseto a specific set of
conditions (vide inpa),some of which are electronic in origin and some of which are
steric.

8+
2 M-E

E-M

6P

I

I

I
I

a

M
*-

E

I

Figure 1.1: Association of polar E-M frslgments.

The concept of ladderingper se first appeared in the literature to explain the
formation of imidolithium hexamers [PR'C=NLiI6 [5].This being the case, the
prototypical ccrung"is a

fragment (Figure 1.1:E = N, M = Li). These seminal

compounds contained &q6
cores and were described by Snaith et al. as "stacked pairs
of cyclic trimers" joined by Li-N bonds. Such an explanation harmonized well with
earlier examples from allcyl-lithium chemistry, for which similar stacking to foxm @KLiJ4
tetramers and mil6
hexamers had been observed for alkenyl and alkynyl substituents

c6lThe rationale originally proposed to explain the occurrence of ring stacking was
two-fold: 1) ring stacking raised the coordination number of the elements involved,
favourably dissipating electronic charge; and 2) coplanarity of the /&iEJ, ring and

substituents ensured that no unfavourable steric interactions occurred [S]. Although this
initial explanation was insigl~tfhl,it necessitated planarity at E, and some subsequently

5
characterized examples (e-g., lithium primary and secondary amides) proved problematic.

In reporting the first structural characterization of a secondary amidolithim species, the
lithiated pyrrolidine adduct (Li[C&I8N]3*PMDETA)2 (1,PMDETA =
pentame&yldiethylenetriamine), Snaith et al.broadly theorized that "lithium amides
cannot adopt stacked structures" due to steric constraints imposed by the projection of
substituents above and below the &NJ.ring plane

[A.Instead, compounds such as

lithiated pyrrofidine adopted laddered structures based solely on laterally associated

rings provided the substituents involved were not too bulky (Figure 1.2).

Figure 1.2: Laddered structure of 1.

The original rationale for laddering in this and other amidolithiurn species was
similar to that proposed for ring stacking in imidolithium system: it occurred to raise the
coordination number of nitrogen and lithium so long as steric congestion was not
prohibitive. Indeed, the structure above exemplifies both laddered and unladdered &iNl
fragments depending on the steric constraints present; the solvated fkigment is sterically

prevented fiom associating, and as a result the coordination number of nitrogen is lower
there than in the Iess sterically encumbered, laddered, middle section of the dimer.

It is now known that laddering can give rise to many different cluster

architectures depending on the steric and electronic environment of the centres involved,
and the presence/absence of coordinating solvent. In addition to "open" ladders of
various lengths, a variety ofc'closed" ladder cIusters can also be constructed fkom the
basic KiNl2 unit (Figure 1.3).

'open ladder"
structure

'dosed laddef
structures

cube

hexagbnl prism

octagonal prism

Figure 13:Lateral association of N and Li centres producing "'open ladderyyor cyclic,
"closed ladder" aggregates.
These examples may also be viewed as stacked ring structures in some cases,
despite not being planar at nitrogen. Thus the scope of the theory of laddering is in fact

greater than originally predicted, and ring stacked (or closed ladder) structures can be
viewed as a subset of laddered structures in general. Aggregation via laddering is now

well known throughout organo-alkali-metal chemistry and a wide variety of clusters

ranging fkom dimers to polymers have been observed [3].

-

1.1.2 Cisoid and Transohi Geometries

Extension of tbe laddering model to include amidolithiurn systems eventually
required modification of the theory as a whole to accommodate new structural motif%.Of
particuIar interest was the observation that the use of primary and non-symmetrical,
secondary amides led to cisoid and firnoid conformations among LLiN3 rings (Figure
1.4).

cisoid

Figure 1.4: Cisoid and tramoid orientations in: a) primary lithium amides; b)
asymmetric, secondary lithium arnides; c) arrays of three contiguous four-membered
rings,

These terms were originally coined to describe the orientation of substituents in 4membered &do-lithium rings containing primary or asymmetric secondary amides [8];
they are used here in a more general sense to describe the orientation of any three
contiguous (edge-sharing) four-membered rings with respect to one another (Figure 1.4~).

For primary amides where R is a pendant arm that binds to the metal cation at the $position, the two uses are identical. The effect of cisoid~trmoidgeometry is particularly
significant for primary amides (Figure 1.4a), but also for secondary amides when the two
substituents are very different in their steric bulk (Figure 1-4b). Since ring conformation
has a profound effect on the eventual outcome of laddering, a general theory of how such
aggregation occurs must account for this important steric phenomenon.
The consequences of cisoid and tramoid conformations are made manifest in the

undulation of various laddered amidolithium oligomers and polymers. For example, the
extended structure of rnonolithiated ethylenediamine (Lim(CH&NH2]),

(2) consists

of an infinite ladder with alternating cisoid/fran.soidconformations among &NJ2
rings
[9]. This results in what Mulvey terms "a sinusoidal, ribbon-like appearance" [3e] (Figure
1.5). Such an arrangement minimizes steric repulsion among the ethylenediamine arms
while maintaining the lateral &iE] contacts which form the polymer.

Figure 1.5: A portion of the polymeric ladder structure of (Lim(CH2)&JH&

(2).

Although the results are not always so striking as in 2, amidolithium ladders and
related structures generally evince some curvature or twisting due to orientation of

substituents. Where laddering is limited to dimerization by b

w R groups and/or
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solvation, traylsoid geometry is most often observed [IO], as would be expected on steric
g~omds.However, in ladders with three or more rungs there is often a preference for
regions of cisoid geometry, either exclusively or intermixed with f r m o i d regions.
Presumably this is because cisoid geometry provides greater separation of substituents on
neighbouring rungs than would the corresponding tmmoid arrangement. The distribution
of ringconformationsimpacts the overall topology of the ladder as curving occurs to
minimize van der Waals repulsions between substituents. For example, in 4-rung ladders,

exclusive transoid geometry produces a sterically crowded, repeating stair-shape,
whereas exclusive cisoid geometry produces a cumihear shape (Figure 1.6).

exclusively transoid

exclusively cisoid

Figure 1.6: Alternative conformations in 4-rung amidolithium ladders.

As more rungs are added to an amidolithium ladder, exclusive cisoid geometry
becomes untenable on steric grounds. One elegant solution to this difficulty is illustrated
by 2, wherein adjacent, cisoid [LiNHRI2 (R = (CHZ)~NHZ)
rings are linked to one

another in a pansoid fashion. This arrangement benefits from the steric advantages

offered by both conformations, and the overall shape of the ladder becomes a sinusoidal
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curve composed of contiguous four-rung stepshapes and four-rung curves. In such cases

the least sterically encumbered position adopts pansoid geometry while the most
sterically encumbered is cisoid.
h o t h e r solution to repeating cisoid geometry entails wrapping around to form a
closed ladder structure, i e . the kN fragments at opposite ends of a growing ladder join

through lateral association. Recent examples of this phenomenon include a
based octameric structure for L~[LBuNHJ
(3) [l 11 (Figure 1.7),and a &i3N3I2-based
hexameric structure for LipliNHl(4) [12], both of which are primary amides with
exclusively cisoid geometry in the solid-state,

Figure 1.7: Exclusively cisoid structure of (Li['B-)a
omitted for clarity).

(R = 'BU;hydrogen atoms

The structure of (Li['BuNHJ)g is also signiscant because it is not reasonable to
invoke ring stacking as a mechanism for its formation. This supposition is not only
intuitively true (among other things, formation of tetrameric Pi4N4J rings seems less
likely than association of dimeric @iNjtrings), but is also supported by the metrical

parameters of the structure [I 11. Recalling that ring stacking was the assembly mode of
choice in the original literature on laddering, this and other recent work on lithium

11
amides suggests that the closed ladder motif is a more useful model. Indeed, in retrospect
the "ring stacked" imidolithium hexamers and alkylithium structures discussed earlier are
arguably better rationalized through laddering principles alone. Although ring stacking
may still be a useful conceptual pattern, laddering is well-suited to replace it as a more
general and powesful model for

[Lmaggregation. This is not to say that ring formation

does not occur (e-g.,recent work by Snaith and co-workers showed that the chiral lithium

amide [(PhC(H)Me)2NLi] is a cyclic trimer in the solid-state [13]), but rather that it need
not necessarily be invoked to explain cyclic ladder structures.

1.13 - structures Involving Li/O and Li/S Laddering

Many examples of structures predicated on Li/O Iadderiog can be found in the
Literature [3]. To a lesser extent, the same phenomenon has also been observed in lithiumthiolate chemistry, where aggregation about FiS] hgments and/or [LiS]2 rings has been
noted in a number of cases [14]. The architecture of such compounds can generally be
rationalized by using the principles of laddering as it applies to Li/N and other systems;
the topic has been reviewed extensively [3] and it will not be covered in detail here.
An interesting subset of Li/O laddered compounds arises from the emerne

oxophilicity of the lithium cation and its resultant tendency to react with trace amounts of
water (normally generating LiOH and/or LizO in situ).Indeed, it has been noted that on
prolonged storage, even commercially available solutions of tert-butoxylithium afford a

small amounts of crystalhe ( t ~ u ~
l o~* (iL) i ~ ~[15].
) 6 Similarly, lithiation of 1,3-

dimethoxybenzene using a commercial reagent has been observed to give a minute yield
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of [2,6-(MeO)2Ca3Li]6*Lifl [lq.More recently, cluster compounds involving Li/O

fkagments (presumably arising fkom crystallization in the presence of LiOH and/or Li2O)
have been observed in a number of cases where commercially obtained lithiating reagents
were used [lq.An unexpected aO-based structure has also been recently reported,
although here the 0" centre apparently derives from solvent (THF) rather than a
hydrolyzed lithiating reagent [I 81.

1.1.4

- Laddering in Other Systems: Heteroatom Effects
Lithium amide chemistry has clearly had a tremendous influence on the evolution

of the laddering principle. The relevance of the principle, however, extends beyond
organo(nitrogen)lithium chemistry to a variety of laddered structures based on EM-like

w]fragments. Here the term "heteroatom" is used to denote any other atom playing the
role of lithium or nitrogen in a laddered system; in such cases gross structural features are
expected to be familiar, with more subtle effects arising from factors such as heteroatom
charge, size, and preferred coordination environmentThe substitution of lithium by other cations is limited largely to amidosodium,
amidopotassium, and amidornagnesium species, as well as various heterobimetallic
systems [3e].In the magnesium case, the most obvious change involves the charge of the
cation. Because magnesium must be coordinated by two amide ligands in order to
achieve charge neutrality, significant laddering is less likely to occur due to steric
congestion around the wgN+merit.
J
Thus, magnesiation of dibenzylamine gave
wg(NR2)2J2(5, R = CHzPh), a dimeric product containing a single wgN12ring which
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does not fkther associate p9] (Figure 1.9). Two related, heterobimetdlic species can be
prepared from the same reagent via simultaneous addition of equal quantities of
magnesiating and lithiating reagent: b i ~ M g ( N R ~(6)
) ~ crystakes
j
in the absence of
donor solvents, and @4g(N&)3Li.py] (7; py = pyridine) fiom pyridine [19] (Figure 1.8).

Figure 1.8: Structures of 5-7 (R = CH2Ph).

Each of the structures 5-7 can be rationalized by considering a bent Wg(NR&] moiety
containing two WgNl charms" that ladder insofar as steric constraints permit. In the case

of 5, a WgN-jz ring is formed via laddering of two WgNI fragments fkom different
monomer units. In 5 and 6, lateral association of bw

merits with

produce

the observed structures. In all cases, further Iaddering is prohibited by the pendant benzyl

substituents adlor solvation. (It seems reasonable to speculate that such might not be the
case if smaller R groups were employed.) The key point as far as laddering is concerned

is that lateral association of Fh4Jhgments to form

rings is the dominant

structuralmotif, even though the steric constraints imposed by the magnesium dication
prevent association beyond two rungs.
A converse example is provided by the first reported magnesium imide compound

[(THF')Mg=NPh]6 [20].In this case only a single substituent is present on magnesium,
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making the situation sterically similar to a lithium amide. This lack of steric constraint
results in a cyclic ladder (hexagonal prism) arrangement of MgITJrungs that does
involve lateral association of

rings.

A second illustration of this point is provided by the recent report of sodium and

heterobirnetallic lithidsodium derivatives of tert.-butylamide [2 11. Coupled with the
aforementioned account of ( L ~ ~ B Wls (3), these structures form an interesting study
on the effect of cation identity in amido systems. Although solvation is also variable
among the three compounds, 3, & i N a ( t B D ~(8,] TMEDA =

tetramethylethylenedihe), and [ ~ ~ ( ' B ~ N H ) ] ~ . ' B ~(9)
NH
exhibit
~ ] ~ a great deal of
similarity in their modes of aggregation, if not in their overall structure (Figures 1.7, 1.9).

8

9

Figure 1.9: Laddered structures of 8 and 9,

In ali three systems there are regions of cisoid laddering which give rise to a
certain amount of cuwature. In 8,adjacent cisoid w a N J sunits are inverted relative to one
another to produce an alternating convex-concave pattern, much as was observed for
(Lim(CH2)2NH2])43(Figure 1.5). The inversion of geometry in 8 (a trmoid

mw2

ring) is apparently caused by the steric interference of a solvent molecule. In the
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heterobimekdlic system 9, a cisoid &NJ2ring again produces a convex ladder which is
expanded to four rungs by incorporation of t r m o i d FiN/NaNJ rings at both termini.
Sodium presumably prefers the @ansoid position due to its larger size and the resultant
decrease in steric congestion experienced by substituents relative to lithium. Further
laddering is prevented by solvation of the sodium centres,
While the examples above do not represent an exhaustive list of lmown cation-

substituted systems, it is clear that choice of cation does not affect the general features of

the laddering process. Substitution of lithium by sodium, magnesium, etc., certainly
entails structural consequences, but these are handled relatively easily by considering the
particular cation involved (size, charge, etc.) within the context of the laddering principle.

This is not to suggest that cation choice is inconsequential (indeed, the altered reactivity
of heterobimetallic systems is a driving force for their continued study [3e, 2 1I), but
rather that a new conceptual framework is not required to rationalize the structural effects
of alternate cations.

The same is largely true when nitrogen is substituted by other main-group
elements like pnicogens, chdcogens, or halogens. Laddering still occurs, but the auxiliary
effects caused by the heteroatom can be quite dramatic, in some cases even dominating
the structure as a whole [22]. When E is a halogen, PiEl hgments have been observed
to laterally associate in a wide variety of ways with other &iEl (E = halogen, 0, N, etc-)
fragments [23], some of which are not generally observed in the &iNl case. For example,

lateral association in the adduct [(2-MeC5H4N)2aLiE]2(LO, E = C1, Br, I) can be
intempted by using a more sterically encumbered nitrogen ligand, producing the

monomeric adduct [(3,5-Me2CfiN)2aLiElz (11,E = C1, Br, I) (Figure 1.10) [23c, dl.
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Such a structure, involving mono-coordination of E, would not be easily attainable for
chalcogens and pnicogens. Thus, although laddering is preferable for lithium halide
fhgments, the presence of mitigating steric factors can produce results quite different
&om those observed in amidolithim chemistry.

Figure 1.10: Laddered (10, E = Cl, Br, I; L = 2-MeC5H&J) and unladdered (11,E = C1,
Br, I; L = 3,5-Me2CsH3N) lithium halide complexes.

This being said, the laddering principle still clearly applies to halogen containing
systems, and many structures are known in which PNJand LiE] (E = halogen) rungs
are incorporated into the same laddered structure. Thus, as was the case for the
heterocations discussed previously, incorporation of halogens into [LW-~ype
fkameworks can usually be explained through general laddering principles by taking into
account the unique stenc and electronic properties of the heteroatom involved.

The same conclusion can be extended to other s-block/p-block laddered
aggregates as well. Indeed, although Mulvey has noted that there is "a bewildering
diversity of geometrical arrangements" [3e] among such compounds, the basic laddering
h e w o r k is a common structural thread running through many alkali metal or alkaline
earth complexes of group 15-17 elements. Thus heteroatom inclusion generally produces
structures that can be rationalized through the principles developed for pure

[Lw
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frameworks, with differences arising due to unique steric and electronic (e.g charge)
factors associated with the heteroatom of interest Although this produces an extremely
wide range of geometries, the laddering principle as it applies to general JME] fbgments

is d c i e n t as an explanatory tool in many cases,

1.1.5

- SoIvation Effects
Donor solvent molecules are thought to break large (possibly infinite) ladder

structures down into smaller ladders of finite length [24] in one of two ways: 1) by the
formation of PMJbonds which are too sterically encumbered to undergo lateral
association; 2) by maximizing the coordination number of cations through solvent
contacts. Given that laddering occurs in order to increase coordination of M and E in the
absence of steric hindrance, this seems like a fairly effective strategy. Solvents which are
effective at limiting ladder length typically have one or more Lewis basic centres capable
of forming dative bonds with cations such as lithium, sodium, magnesium, etc.. Common
examples include TMEDA, PMDETA, and THF (THF = tetrahydrofuran), among others.
Although the structural consequences of solvation on laddered structures are often rather
dire, solvent incorporation can be treated as a special case of heteroatom inclusion. As the

Lewis basic site is normally nitrogen or oxygen,

FMl bonds to solvent molecules are

strongly reminiscent of b e n t s involved in laddered structures. The main differences
between these and typical @MI ladder rungs are: a) that the

bond formed by

solvation is dative rather than covalent; b) that E is usually sterically crowded and
coordinatively saturated in the solvent molecule. Thus, cation solvation by donor solvents

typically produces

bonds which are ill-suited for laddering, effectively prohibiting

m e r aggregation.

It is commonly held that the structures of many unsolvated amidolithiurn and
related compounds are polymeric in the solid-state. Unfortunately, this often precludes
their structural characterization by X-ray difkction methods because they precipitate as

amorphous solids. Various polymeric structures are known (vide supra),but as of yet the
i

only example of a crystallographically characterized, solvent free, lithium amide polymer
is lithium diisopropylamide (LDA), which is udaddered [25]. It is conceivable the
advancement of other solid-state techniques (eSg powder difEaction) will alleviate this
deficiency in the foreseeable fbture. Solvation has also been suggested as a mechanism
for the ' ~ v e I h g 7of' cyclic ladder structures; for example, the open ladder structure of
{Li2[C(NFh)3]*3THF)2(12) [26]can be conceptualized as resulting from solvation of the

hexagonal prismatic structure adopted by {Liz[C(NtBu)3])z (13) (Scheme 1.1) [24d,26,

THF
THF
2WF
Li--

k
Hexagonal prismatic
stnrcture of 13

Tbv7-mTHF

(R= 'Bu)

THF

it,

Y-~--+~~ +

THF

THC!

s

M F

Increased solvation of the
peripheral lithium centres
-ca&es fiuther unraveling

Further solvation yields the "open laddern
structure of 12 (R= Ph)

MF

Scheme 1.1: Structural relationship between 12 and 13.

TiiF
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It is worth noting that solvation does not always lead to limitation of the laddering
framework A recently reported polymer of lithium benzylamide persists in the solid-state
despite benzylamine solvation of every second lithium centre along the ladder (Figure
1.1 1) [24]. The geometry of this infinite Iadder alternates between cisoid and tramoid in
contiguous F N j 2 rings along the polymer length, or equivalently as adjacent cisoid

Fw2rings which are inverted relative to one another. Inversion occurs as a result of the
observed solvation, and alternate lithium sites are consequently too sterically hindered to
pennit fiuther interaction with solvent molecules.

--cis trans cis

R

Sol

/

Figure 1.11: Polymeric structure of f Li.Sol[HNR]12), (R= CH2Ph, Sol = RN&;
hydrogen atoms are not shown).
The elucidation of laddered structure architecture in solution (as opposed to
solvated species in the solid-state) is a topic of considerable interest, due in no small part
to the many and complex relationships between solvation, aggregation, and reactivity in
organolithiums [28]. The ubiquity of lithio reagents is well-established in synthetic

organic chemistry in particular [29],thus understanding the structures of these species in
solution is a crucial goal to consider when examining their solid-state structures.

Although it is possible to study the aggregation of organolithium reagents in solution

20

directly (mainly using NMR techniques) [29,30], solid-state studies still predominate in

the literature, and crystallography remains the method of choice for discerning structures.

1.1.6

- A General Statement of the Laddering Principle
Since conformation of FiN12
rings has such an important bearing on the overall

shape of laddered structures, understanding their mode of aggregation (occurring after the
initial ring-forming

merit association) is necessary to explain the laddering

principle a s a whole. In this work the elucidation of a "secondary laddering principle" is
proposed to describe the aggregation of &iN12rings, much as the original "primary"
laddering principle described aggregation of &qto form

&w2.The invocation of this

new secondary principle could be used, for example, to explain the preponderance of
hexagonal prismatic and other closed ladder structures observed in organofithiurn
chemistry 133 through discussion of ring geometry (vide supra). In addition, secondary
face-to-face (rather than edge-to-edge) aggregation of

@,w2
rings could be construed to

account for many cases of apparent ring-stacking, thus bringing this class of structures
M

y under the umbrella of the laddering principle proper.

The basic principles underlying this modified theory of laddering can be summarized as
follows:

1) The primary Zadderingprinciple states that where bonds exist between E (a
group 15- 17 element) and M (a group 1-2 element), the

hgment will

undergo lateral association, or "laddering," with other active fragments to produce

[EM12 rings provided steric encumbrance is not prohibitive. Such association

occurs to dissipate electronic charge by raising the coordination numbers at both
centres.

E

I

M

M
+

I

E

'primary'
laddering

- i-----7
M-----

2) The s e c o n d q ladderngprinciple states that

E

rings will associate with

other PhlrJ2rings to further raise the coordination numbers of E and M when
steric c o n s ~ tare
s not preclusive. Furthermore, where [EW2aggregation does
occur, the structure of the compound as a whole can be rationalized by an
examination of the geometry of the

pwzrings.

"secondarym

M-E

M-E

laddering

E-M-----

*

I I

M-E-----

i-i

M-E

The primary l a d d e ~ principle
g
is essentially a rephrasing of the rationale
originally introduced to explain the molecular architecture of imidolithium and

amidolithiurn aggregates. The secondary laddering principle is a suggested modification
to account for consequences arising from the geometry about

pwzrings. Beyond these

two general statements, it is apparent fkom the brief survey given earlier that at least two

other factors need to be considered to fleshout a general theory of laddering:

Solvation Efects: Solvation normally competes with laddering as a mechanism of
delocalizing electronic charge on cations. This generally limits or prohibits laddering
due to steric congestion around the active fkagment.

Heteroatorn Effects: Although the prototypical active fiagment is PiN-J,
the
principles of laddering can be applied to any

VM] system by taking into account the

unique steric and electronic characteristics of the heteroatomts) involved. Where
laddering can potentially occur via a number of disparate active fragments, it will do
so through lateral association of the least sterically encumbered.

It is important to note that, as they stand, these principles are usefid mainly for
rationalizing structures which have already been deduced-they

do not yet function very

accurately in a predictive sense. While it is now possible in most cases to anticipate
whether a given species will laterally associate, predictions of the exact conformation
that laddering will produce are usually still made in vain. This can perhaps be attributed
to the fact that whether any laddering occurs is a function only of the primary l a d d e ~ g
principle, whereas the actual laddered structure as a whole is a function of the secondary
laddering principle coupled with heteroatom and solvation effects. One of the biggest
problems in understanding laddering in its entirety is deciding which of these effects
takes priority in a given set of circumstances. For example, although solvation is wellknown to prevent laddering in the majority of cases, examples exist of unsolvated,
laddered structues obtained in solvents that normaily coordinate. Until the various

precepts of laddering (primary, secondary, and auxiliary effects) are better understood in

a hierarchical sense, the predictive validity of the theory as a whole is unlikeIy to

increase. To achieve such understanding, a chemical system capable of probing these
various effects will be necessary.

5 1.2 - LITHIUM AMIDINATES AND RELATED COMPOUNDS
1.2.0

- Introductory Statement and Context
Broadly defined, a "ligand" may be classified as any molecule or ion capable of

donating electrons [3 11. Although often negatively charged, such species (also called

can be neutral or even positive. Indeed, Werner's
''Lewis bases" or c'nucleophiles~y)
seminal studies on the topic demonstrated that metal salts such as CCCoC13~6NH3"
are
correctly formulated as [C0W3)6]Cl3, wherein neutral NH3molecules are directly
bound to the metal [32]. Modem ligand chemistry is an extremely broad and diverse
field; examples are numerous and diverse, ranging from ethylenediaminetetraaceticacid

W D T A , Figure 1-12),used for removal of metal ions from drinking water, to the
porphyrk (Figure 1.12) found in hemoglobin and other metalloproteins, to carboxylates

and related ligands (vide in$-a) that play a crucial role in DNA and amino acids. The
study of ligand behaviour is marguably an extremely pervasive and central concept
within chemistry as a whole.

ethylenediaminetemcetic acid (H4EDTA)

porphyrin

Figure 1.12: Two examples of important ligands, H4EDTA and porphyrin.

-

12.1 The Ubiquity of Amidinates and Related Ligands

Carboxylate anions [RC027 are ubiquitous ligands in many areas of chemistry, as

are dithiocarbamates and a number of other related anions (e.g-,xanthates,
thiocarbamates, dithiocarboxylates, etc.) [33]. Somewhat less common are isoelectronic
carboxylate analogues that retain the central CR portion of the ligature while replacing
oxygen with various other main-group centres (eSg amidinates [PC(NR')z]-,

oxoamidates

[pCO@lR')]-, thioamidates IpCS(NR')]-, thiocarboqlates P C 0S]; dithiocarboxylates

WSd-,etc,). Like carboxylates themselves, these heterocarboxylate derivatives can
generally be understood as monomeric units in which a single unit of negative charge is
delocalized throughout an v C y 1 (X, Y = main-group centre) unit.

carboxylate

amidinate

carbamate

thiocarbamate

dithiocarbamate

xanthate

oxoamidate

thioamidate

thiocarboxylate

dithiocarboxylate

The most studied ligands among those depicted above (after carboxylates
themselves) are the NN-bis(trimehylsily1)beddinates (phC(NSiMe3)z]-,a sub-class
of amidinates. N-Silylated bemamidinates have long been considered useful reagents for
bidentate chelation of main-group and transition-metal centres; their synthesis and use in
a variety of contexts has been reviewed [34]. Amidinates in general have been proposed

as suitable ligands for transition-metal-fiee ethylene polymerization catalysis because
they possess desirable metal binding properties and may be sterically and electronically

tuned by modification of R and R1[35]. Additional interest is conferred on main-group
amidinates due to their potential as precursors to main-group nitrides (e.g. via chemical
vagour deposition (CVD) methods) [3q. To this end, Jordan and co-workers have
described ligands such as meC(NSiMe3)2]; phC(NSiMe3)~]-,and developed general
routes to ~ ( N R ' ) ~ ] A I M
(R~=zMe, R'= 'pryCy; R = $u, R'= ' ~ rCy,
, SiMe3) [35] and

['BUC(NR)~]G~R~
(R= 'pryCy, 'BU; R'= Me, CH2Ph, Et) [36a], as well as several

26
cationic aluminum and gallium amidinate complexes [37.Richeson has reported novel
indium complexes involving bis(aUqVary1)amidinates BC(NR']< @ = H,R'= Cy; R =

$u, R'= SiMe3, Cy; R = Me, R = Cy) [38], as well as a variety of other examples [39].

The gallium thiocarboxylate MeGaMeC(O)Slz.DMPY (DMPY = 3,s-dimethylpyridine)
has already been used to deposit thin 61ms of high purity, crystalline gallium sulfide by

aerosol-assisted CVD [40].
Recent examples of transition-metavheterocarboxylatecomplexes include those
involving amidinates [34,41] as well as guanidinates [394 421. Notwithstanding the
gallium example cited above, Dean and co-workers note that the chemistry of

thiocarboxylates '%as not been very extensively studied," citing only three references to
previous work in their report on zinc, cadmium and mercury complexes of these ligands
[43]. Thioamidates BCS(NR')]- are of particular interest due to their ambidentate

combination of hard (N) and soft (S) centres and their use as chelating ligands has been
reported several times [44] (the first account described a niobium0 species
[(CH3)CS(NCH3)]&TbCI3 [45]). In addition, these ligands are germane for studies of
peptides wherein carbonyl oxygen atoms are replaced by sulfur, the resulting
'?hiopeptides" contain thioamidate groups which can alter conformation and bioactivity

in larger molecules [46].

Lithium amidhates are often utilized as sources of anionic ligands in metathetical

syntheses, and their production in situ is a common synthetic strategy. Examples of

structmdy characterized alkali-metal amidhates are far more rare. Although few

publications exist on the subject, lithium heteroarnidates have been shown to aggregate in

the solid-state in all but a few cases [47,48], all of which are highly solvated monomers.
The most common unsolvated conformation is a dimeric step-sbape [34] (Figure 1-13),

although other conformations are known [49].

Figure 1.13: Dimeric step-shaped conformation common to Iithiated carboxylate
analogues.
Except for lithiated N,N'-dialkylbe-dinates

[34], investigation of the solid-

state structures of lithium heteroamidates has been surprisingly limited to date. The only
lithium dithiocarboxylate species that has been structurally characterized is a monomer
due to solvation of lithium by TMEDA [48a], and investigations of lithium

monothiocarboxylates [50] and carbamates [51] are also limited to single reports. Kato

and co-workers have recently reported heavy alkali metal derivatives of thiocarboxylates

1521 and dithiocarboxyIates [53], as well as sodium and potassium salts of
tellurocarboxyfates [PC(O)Te]-1541 (though these latter two species were not structurally
characterized). Seebach et al.have reported structural characterization of the lithium

oxoamidate {L~[(C~H~)CO(N'P~)]
) x - n (14)
~ ~US]
~ both in the presence and absence of

THF, giving hexameric (14aoZTHF; x = 6, n = 2)' and octameric (14b; x = 8, n = 0)
aggregation respectively. The core of 14a-2THF consists of a Li303hexagonal prism (i-e.
a cyclic ladder), while the core of 14b is four stacked Liz02 rings, or alternatively, two
Li404 cubes (Figure 1.14).

14a.2THF

14b

Figure 1.14: Hexameric and octameric cores of 14.
Interestingly, both of these clusters may be generated by aggregation of stepshaped dimers. In the case of 14a02THF, the dimer is partially degraded due to solvation
by THF, but it is clear that the fhdarnental dimeric unit still plays an important role in

the formation of the aggregated structure. In Figure 1-15, dimen are highlighted by
emboldened bonds, and dashed lines indicate centres which are not formaUy bonded, but
serve to complete dimeric structures. The hexamer 14aa2THF is observed to result fkom
the h e r i z a t i o n of dimers, and the octamer 14b fiom tetramerization of dimes (though

in this case the transannular bonds in two of the dimeric units must be sacrificed,
presumably to accommodate the steric demands of the aggregate as a whole).

*

AIphanumenc compound labels are used here to distinguish different oligomers. For example, 14 refers
to L~[(CZ&)CO(N~P~)]
while 14b denotes the octamer (L~[(C&I~)CO(N'P~)J)~.
Species which are

solvated in the solid-state are explicitly defined as such (e.g 14a02THF).

N-C

Figure 1.15: Cores of 14ae2THF and 14b viewed as aggregates of dimers (for clarity, Ph
groups on C and ' ~ groups
r
on N have been omitted).
Given the interesting propensity for aggregation that appears to be the norm
among various lithiated amides, oxides, and thiolates, further investigation of lithium
heteroamidates (which are expected to exhibit similar behaviour) should prove fruidid.

1.23 - Methods of Synthesis

Carboxylates in particular are often produced by deprotonation of the appropriate
parent species, ie. a carboxylic acid (Scheme 1-2). Polycarboqlate ligands such as
mDTA,(Figure 1.13) are converted to their various anionic forms in this way as well.
Use of an organofithim base (e-g. n-butylLithium) for deprotonation generates the
lithiated anion directly, along with an organic by-product (e-g. n-butane in the case of n-

butyllitbium). This route may be used to isolate lithiated species, or produce them in situ
for fiuther reaction. Deprotonation has also been used recently to produce various
heterocarboxylates; amidinates fkom amidines 141b-c, 48b], for example, and
guanidinates fkom guanidhes [42,49].

- -

I

I

base

RG-A

0

0

0

Scheme 12:Generation of a carboxylate anion via depiotonation.
Although this method is attractive for its synthetic facility, its scope is limited by
the availability of suitable protonated parent compounds. A much more generally usem
route utilizes reaction between nucleophiles and heteroallenes p=C=Y; X, Y = 0, S,

NR, etc.] to produce heterocarboq4ates. For example, allcyllithium reagents react with
heteroallenes directly to give lithiated anions (Scheme 1.3); use of this route to synthesize
carboxylic acids (F e., Scheme 1.3, X = Y = 0)is sufficiently well known to rank mention

in a standard text on organic synthesis [ S q .

Scheme 13:Addition of allcyllithium reagents to heterodenes producing Iithiated
heterocarboxyIates.
This route to heterocarboxylates is attractive from a synthetic standpoint because
it is relatively simple and produces no by-products. In addition it utilizes starting

materials that are available widely and in great variety; because they have other uses,

many such reagents are also quite economical as well. This allows for the convenient
modification of the properties of both starting materials and products.

-

§ 1 3 TRESIS OBJECTIVES

13.1 - Statement of Purpose

Given the general statement of the laddering principle suggested in section 1.1.6,
three variables are pertinent when considering aggregation via lateral association: 1) the

steric environment about the active fragment; 2) electronic factors influencing the

polarity of the active merit; 3) solvation (or lack thereof) of the active k g m e n t This
being the case, useful systems for the studying of laddering processes should be
synthetically convenient and allow for the independent variation of steric, electronic, and
solvation environments about an active fragment. Amidolithiurns have been used in this
regard with great success [3]; this thesis will explore the use of lithium

heterocarboxylates as probes for understanding laddering in general, and secondary
ladde~g
in particular. In addition, because heterocarboxylates are important ligands in
main-group and transition-metal chemistry, metathetical reactions of these reagents will
also be explored.

13.2 - Lithium Heterocarboxylates as Probes for Understanding Laddering

Heterocarboxylates differ 60m (for example) amidolithiurn species in that anionic
charge is typically spread over an WCY] fkgment rather than localized on a single
centre. As a result, Lithium usually undergoes chelation in a bidentate fashion, and such
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species express a preference for four-membered rings. Even so, species such as lithium

amidinates generally do dimerize via lateral association of FNjfragments(primary
laddering) to give a step-shaped ladder (vide suprazFigure 1.14) [34]. Such compounds
appear more laddered than they really are, however, as the outer ccrungs"are not rungs in

the usual sense, but rather arise incidentally fiom the bidentate chelation mode of the

WCNJ unit As a result, designation of cisoid versus hamoid geometry necessarily
describes more than just the orientation of substituents at nitrogen; the terminology refers
to the arrangement of entire WCNLi] units with respect to the central &

N 2

ring. Thus,

the stepshape adopted by amidinates should be considered a 2-rungprimary ladder, and
more specifically a tramoid arrangement about a single & i N 3 ring. This sterically
requisite geometry generally restricts such species to primary laddering.

The situation is somewhat more complex in the case of oxoamidates,
thioamidates, etc. because anionic charge is spread over an asymmetric WCYI unit.
Bidentate chelation of lithium thus produces a four-membered ring with both [LiY] uld
[LiNl edges, giving rise to three viable primary laddering scenarios involving

piV2, or bi2m(Figure 1.16).
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Although PiNJladdering is not unreasonable in such a case (cf:the imidolithium
hexamers discussed earlier), aggregation of F i v £@men& will generally be the more
favourable path on steric grounds if there are no substituents on Y (e-g., Y = S, 0,etc-).
This in turn allows for further aggregation via secondary lateral association of the
unencumbered KiYlz rings thus created. Secondary laddering may then occur under
steric control precisely as has been described for other [LiYJ2ring systems,
Lithium heterocarboxylates are not unique in their general form, nor in their use

for understanding laddering. Indeed, the lithium salts of p(Nt~u)312(E= S [57J,Se [58],
and Te [59]) and [SO(NR)(R.')]" (R= R.'= 'BU and R = 'BU,R'= SiMe3)[60] have

revealed novel aggregate structures as small as dimers and as large as octamers.
Likewise, three lithium heterocarbonate compounds have been reported as their lithium
salts to date, and these too exhibit novel trends in self-aggregation. The dimer

(Liz[CS(NPh)z]*HMPA)2 -A

= hexamethylphosphoric triamide, 0P(NMe2)s]has

been crystallized in the presence of the highly coordinating solvent
hexamethylphosphoramide (HMPA; (Me2N)3PO), revealing an 8-membered LitNzS2C2
ring as the structural core of the molecule. The related species (Li2[C(lWh)3]m3THF)2
(12) [26]and (L~~[C(N'BU)~])Z
(13) [27Jadopt disparate but related 3-dimensional
conformations based on Li/N aggregation (vide supra).

The advantages of heterocarboxylates over other similar systems as probes for
understanding laddering lie chiefly in their ease of preparation. A wide range of
commercially available heteroallenes and organolithium reagents offers the potential for
facile preparation of a large number of LiwCY] derivatives with great variation in the

nature of X and Y (e.g., with respect to electronic properties and substituents, where

applicable). Also, unlike alkylithiums, lithium beterocarboxyIates are generally not
expected to be polymeric in the solid-statedue to their tendency towards bischelation at

lithium. Investigation of both solvated and unsolvated structures should hence be
feasible, or at least more feasible than for lithium amides. Lithium heterocarboxylates
thus d o w convenient and independent tuning of steric, electronic, and solvation

environments about the active fhgments of a ladder system, in theory making them ideal
probes to further the understanding of aggregation via lateral association.

Chapter 2:
Experimental TechnQues

5 2.1 - GENERAL LABORATORY PROCEDURES OF INTEREST
2.1.0

- Introduction
Many of the compounds described in this thesis are incompatible with oqgen

and/or water, even in very minute quantities. Since both of these are present in air, the
study of materials which react with them is soruetimes referred to as "air-sensitive
chemistry." A wide array of equipment and special techniques have been developed to
handle air-sensitive compouflds by rigorously excluding water and oxygen. This chapter

will give a brief introduction to air-sensitive or "inert atmosphere" chemistry with

particular reference to procedures used to prepare compounds described in this thesis.

2.1.1

- General Techniques
Several of the most common Mculties encountered in inert-atmosphere work

are alleviated by the use of vacuum pumps capable of producing pressures in the milli-

Torr range. In addition, a number of commercial products have been developed over the
past several years which facilitate air-sensitive syntheses. Whenever possible, alI

handling of air-sensitive reagents should be undertaken in an atmosphere of dry argon
gas. Although nitrogen gas (which is substantially cheaper) is often used as a substitute,it

is harder to dry than argon and tends to be more reactive. In either case, the gas should be
passed through a drying column containing Drierite and P4010(s) immediately prior to
use.

Except where noted, air-sensitive reagents (including those purchased fiom
commercial suppliers) were stored in an argon-filled glovebox and transferred to reaction
vessels immediately prior to use. Liquid reagents were normally distilled over an
appropriate drying agent and stored over molecular sieves. Handling of reagents outside
the glovebox was accomplished using a glass vacuum Line equipped with four glass
stopcocks (Figure 2.1).

argon inlet

vacuum

+

innnr + argon outlet
glass stopcocks

Figure 2.1: A typical glass stopcock vacuum line (argon manifold has been raised in the
diagram for clarity).
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On such a line, rubber tubing connected to hose joints below stopcocks d o w s glassware
equipped with similar joints to be connected to the manifold. Turning a stopcock 180°
switches the hose joint interface fiom vacuum to an argon stream; in this way, vessels can
be evacuated and filled with an inert atmosphere of dry argon.

2.1.2

- Glassware
Reaction vessels were typically pear-shaped Schlenk tubes equipped with 14/20

ground-gIass joints, needle valves with Teflon keys, and hose-joint sidearms. When
necessary, vessels were stoppered either with rubber septa (Aldrich SubaSeal), or
preferably, with ground-glass stoppers. All ground-glass joints were lubricated with
silicone grease. Transfer of solvent and/or liquid reagents between vessels was
accomplished under inert atmosphere using stainless steel transfer needles. Glassware
was normally cleaned by immersion in a KOWethanol bath overnight, followed by
rinsing in dilute hydrochloric or nitric acid, washing with distilled water and acetone, and
drybg in a hot (400°C)oven for several hours. Transfer needles were rinsed with water

and acetone and thoroughly dried before use.

2.13 - Solvents and Other Commercial Reagents

Solvents were purchased commercially and distilled prior to use. Toluene,

tetrahydrofixan, hexane, and diethyl ether were all distilled twice over a mixture of
sodium metal and benzophenone. Pentane was distilled twice over sodium metal.

Acetonitrile was distilled over a mixture of fiaO(s) and benzophenone. Deuterated
solvents ~ 2 ~ c h l o r o m e t h a nD6-benzene,
ey
Ds-toluene, Ds-THF, and D3-acetonitrile)
were purchased fkom Cambridge Isotope Laboratories in pre-dried ampoules and
degassed using three fi.eeze/thaw cycles prior to use- AU solvents were stored over
molecular sieves in glass flasks equipped with Teflon needle valves and hose-joiut

sidearms.
Most other commercial reagents were obtained fiom Mdrich and used as received
(except where noted). These include 1,3-bis(tert.-butyl)carbodiimide, terk-butyl and
methyl isocyanate, fert.-butyl and methyl isothiocyanate, n-butyllihium in h e m e s
(1-OM), methyllithium in diethyl ether (2.4M), lithium chloride, Iithium bromide, lithium

iodide, lithium oxide, lithium hydroxide monohydrate, dichl~ropheny~borane~
and
copper@) chloride. All chemicals were stored under nitrogen or argon.

2.1.4

- Growing, Mounting, and Handling of Crystals
Perhaps the single most important set of procedures used by the modem synthetic

inorganic chemist are those designed to produce and mount crystals suitable for X-ray
analysis. Ideally the goal of such procedures is to generate single crystals ( i e . crystals

which are not clustered or twinned) that are in the range of 0.1-0.4mm in three
dimensions. The methods by which this may be achieved are many;presented here are a
few general techniques that were successful for compounds discussed in this thesis.

Theoretically, suitable crystals should be slowly deposited fkom solutions
saturated with the species of interest Although there are several ways that such solutions
-

can be produced, the &st step is almost always to dissolve a small amount of sample
(typically -100 mg) in a minimum of solvent This is normally done in a test tube or

some reasonable facsimile thereof. It is worth noting that the size of crystals obtained is
usuaUy inversely related to the number of nucleation sites present; since nucleation can

be caused by powder, dust, or foreign objects in solution, it is essential that these
impurities are rigorously excluded.
A variety of techniques are available to bring an almost-saturated solution to the

point of saturation,whence crystal growth may begin. Perhaps the most simple is to allow
some of the solvent to evaporate, slowly increasing the concentration of the sample. For
air-sensitive reagents, this technique can be undertaken in an inert environment such a s a
glovebox, although care must be taken because airborne solvents (particularly ethers) can
have an adverse effect on both the contents of the glovebox and the catalytic d a c e used
to keep the environment inert. Some solvents, most notably diethyl ether and THF, are

readily absorbed into rubber septa. Capping a test tube containing these solvents with a
septum can thus be used to draw solvent slowly £?om solution

Since solubility is expected to decrease with temperature for most species, a
second way of bringing solutions to saturation is to cool the solvent. Tmmersion of a test

tube containing the solution of interest in a cold liquid (cooled ethanol, for example) or
storage in a fieezer for extended periods of time will sometimes produce good crystals. A
variation on this technique is to over-saturate a solution at room temperature, heat it until

all of the sample has dissolved, and then slowly cool to room temperature or below.
A third, more complicated method involves layering of solvents or "liquid

-ion."

In this case, two solvents must be chosen; one in which the species of interest
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has high solubility (A), and one in which it is somewhat less soluble (B). The sample is

fidly dissolved in A, and pure B is carefully layered on top of this solution. As solvents A

and B slowly mix (typically over a period of hours or days), crystals may form at the
d
2.2). The solvent
interface where the A/B solvent mixture becomes s a ~ t e (Figure
system in such cases must be chosen with some care; in addition to the requisite
solubility characteristics mentioned earlier, A must have a significantly higher density

than B,and the two must be miscible.

l e l

Figure 2.2: Growing crystaIs by layering of solvents.
A variation on this technique utilizes vapour diffusion to produce crystals (Figure

2.3). In this case the species of interest is dissolved in the solvent of choice in a small

vial. This vial is placed inside a larger vial containing a s m d amount of a different

solvent; the second solvent must be more volatile than the first, and the species of interest

must be less soluble in it. The inner vial is left open while the outer vial is capped. Over
time, the volatile outer solvent migrates to the inner vial, causing the species of interest to
crystalkze as its solubility in the changing solvent mixture decreases.

This is typically a

much slower process than liquid diffusion and can result in bigger, higher quality
crystals. In d cases, mechanical disturbance of the crystal growing vessel ultimately
resuIts in smaller crystals. Thus, crystals should be grown away fiom vibrating machinery
such as vacuum pumps, and vessels should ideally be checked (ie. disturbed) only every

4-5 days-

Figure 23: Growing crystals by vapour diffusion.

Once a crop of crystals is produced, those suitable for X-ray analysis must be
identified, isolated, and mounted before structural characterization can begin. Selection
of a single crystal should generally be done using a microscope with a polarizing filter on
the lens and a rotating, poIarized light source. Ideal crystals have straight, sharp edges,
are of appropriate size, are fiee from defects such as lines, cracks, and bubbles, and rotate
the plane of polarized light Many crystals quickly degrade when warmed to room

temperature, or when removed fiom their mother liquor (especially if the solvent is
particuiarly volatile), thus, crystal selection should be done as quickly as
possible--ideally before the crystals are removed fiom the crystal growing vessel. When
this is not feasible, it is sometimes possible to immerse crystals in inert liquids such as

fkesh solvent or various oils to prolong the time available for crystal selection. Such a
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procedure is also sometimes necessary when large crystals must be cut down to suitable
size. Care must be taken in such cases to ensure that the medium of choice will not react
with the compound being investigated (genemy a process of trial and error).
After a crystal has been selected it is generally mounted in one of two ways; in a
flame-sealed glass capillary, or on the end of a glass fibre in epoxy or oil (Paratone 8277,
Exxon Corp.). Both processes involve a considerable amount of physical d p u l a t i o n of
the crystaI, and considerable care must be exercised to ensure that the mounting
procedure does not result in damage to the crystal itself

§ 2.2

- INSTRUMENTATION

2.2.0

- Introduction
In any branch of chemistry, considerable importance must be attached to the

instruments and procedures used for routine analyses. Because the majority of
instruments are not designed to handle samples under inert conditions, special
(sometimes inventive) procedures may be required to obtain meaningfid results for air-

sensitive compomds. The following section details the instruments and methods used for
r o b e analyses of compounds in this thesis.

2.2.1 - Instrumentation and Preparation of Air-Sensitive Samples for Analysis

Nuclear Magnetic Resonance (N'MR) Spectroscopy:

Samples were prepared under inert conditions by adding the species of interest to

an =-tube

in a glovebox, capping with a septum, and adding deuterated solvent via

cannula on a vacuum line or in the glovebox prior to capping. Routine 'H- and 13c-~MR
spectra were obtained at 200 and 50.3 1 1 MHz, respectively, using a 5 mm probe in a
Bruker ACE200 instnunent equipped with a TecMag Macintosh software interface. I 1B-

NMR spectra were obtained at 64.188 MHz using a 5 mm probe in a Varian XLNMR

instrument, also equipped with a TecMag interface. Solid-state ' ~ i and
- 13c-NMR
spectra, as well as some solution "B-NMR spectra, were obtained on a Bruker A m 0 0

instrument utilizing a BL4 probe at 116.610, 75.456,and 96.27 1 MHz, respectively. A
Bruker AM400 instrument with a 5/10 mm multi-nuclear probe and XWPN-NMR
software were used for variable temperature ' ~ i -and 'H-NMR solution studies at
155.480 and 400 MHz, respectively.

Samples for analysis by electron impact mass spectrometry @I-MS) were
prepared by adding finely ground solid to a glass capillary under inert atmosphere in a

glovebox, sealing with silicone grease, and flame sealing in air. Fast atom bombardment

mass spectrometry (FAB-MS) samples were prepared by mixing the solid sample with
dried solvent in air immediately prior to analysis. Low resolution EI mass spectra were
collected on a VG 7070F instrument operating at 70 eV.High resolution EI and FAB
mass spectra were collected on a Kratos MS80 magnetic sector instrument utilizing
xenon atoms and a matrix of 3-nitrobenzyl alcohol (NBA).

Elemental analysis:

Measurements of carbon, nitrogen and hydrogen content (by percent) in samples
were performed on a Control Equipment Corporation (CEC) 440 Elemental Analyzer by
the Department of Analytical Services, University of Calgary. Such measurements were

not made under inert conditions.

Fourier transform S a r e d (FTIR) spectra were obtained on a Mattson Genesis
Series instrument equipped with Winlst (PC) software. Samples (either as neat liquids or
Nujol mulls) were prepared under inert conditions in a glovebox and placed between
circular KBr plates. When necessary, these were wrapped about their circderence with

Teflon tape to prevent exposure to air in the course of analysis.

CrystaIIography:

Details on specific crystallographic analyses are given in the body of this thesis.

Chapter 3:

Suit C

o of the Lithim
~
Amidinate
~
tif(n-B~)C(nCBu)~~

5 3.1 - INTRODUCTION
The prototypical inorganic "template" is a metal cation which functions by

arranging ligands in solution. Examples of this sort of behaviour abound in the literature,
and the topic is well-covered by recent reviews [61,621. When acting as templates for

ligand reactions, metal cations usually organize reactive sites at the perimeter of a
coordination sphere. For most metals, the normal mode of Ligand coordination can be
defined by a fundamental polyhedron, and template behaviour can be rationalized in
terms of whether reactive sites encompass comers, edges, or faces of the polyhedron.
When an edge is involved, a new chelate ring generally forms and the product will often
be a macrocyclic ligand. Conversely, when a face is involved the product is generally a
cage. Examples of the former include tetraazamacrocycles such as porphyrim (e-g. using

a square planar lVi2+template) [61a]. Examples of the latter include sepulchrates, the
cage-equivalent of t e ~ c r o c y c l e (e-g.
s using an octahedral co3+template) [63].
Over the past s e v e d years there has been growing interest in the ternplating
effect of added salts in various chemical reactions [a]
The
. most studied and probably
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the most important salt effects are those caused by lithium salts (LiX) [65]- This results

partly fkom the properties of ~ iand
+ its derivatives, namely: 1) ~ i has
+ the highest charge
density of all the alkali-metal cations; 2) organolithium compounds and lithium salts are
generally somewhat soluble in organic solvents; and 3) there are a wide variety of lithium
reagents (including salts) cheaply available fkom commercial sources. Indeed, the
dehitive work on the subject (Loupy and Tchoubar's SaIt Effects in Organic and
Organometallic C h e m i s ~1641
) has been called "a true orgy of lithium salt effects" by

one reviewer 1651.
The ubiquity of lithio reagents is well established; to wit, it is estimated that over
95% of contemporary natural product syntheses utilize one or more lithium-containing

reagents (among them many lithium amide bases and other N-lithiated species) [29]. In

addition, lithium salts are often formed as intermediates and/or by-products in common
inorganic reactions like deprotonation [66],amide transfer [66],and metidlation [67].

This being the case, examination of interactions between LiX salts and other species that
may be present in a reaction mixture (ie. as products, reactants, or intermediates) is
clearly of interest. Indeed, aggregates resulting fiom such interactions have been
implicated as reactive intermediates in a number of cases [29,67~1.
For virtually any reaction involving polar species, LiX can reasonably be
expected to have an effect on the reaction pathway. The range and nature o f effects
caused by LiX addition are both extremely broad topics and no attempt will be made to
catalogue them here. As an illustrative example, consider an important class of effects

which utilize the steric hindrance caused by a coordinated salt to affect reaction
orientation (i.e. regioselectivity and/or stereoselectivity). The regioselective metallation

of a molecule with multiple acidic sites by an organolithium base provides a case in
point, e.g the deprotonation/lithiatioa of 2-(2-fury1)pyridine (15) by n-butyfithium in

TEE leads to a mixture of two products. One of these results Grom metallation at the a
site (16,53%), and the other by metallation at the y site (17,47%) (Scheme 3. I), even
though metallation at the a site should be preferred a priori on steric grounds [68].

THF
ti

Scheme 3.1: Metallation of 15by n-butyllithium.

The appearance of both products can be attributed to a proximity effect wherein
coordination of the lithium cation of n-butyIlithium by nitrogen gives rise to the y
derivative (Figure 3.1a). Presumably this effect will also be observed to some extent at
oxygen, although the complexation is expected to be weaker (and hence less influential)
than it is for nitrogen. Addition of TMEDA to the reaction mixture causes deoligomerization of n-BuLi, and hence favours proton abstraction at y due to increased
access to complexation by nitrogen. This gives a product mixture containing 95% 17 and

only 5% 16. Conversely, addition of a lithium salt GiC104) to the reaction mixture in the
absence of TMEDA favours proton abstraction at the a site because the salt effectively
competes with n-BuLi for complexation at nitrogen (Figure 3.1 b) and thus prevents
prevalence of the proximity effect mentioned earlier. The presence of LiCL04 thus gives a
product mixture featuring 84% 16 and 16% 17. In this way the added salt functions as a
template that discourages reaction at the y site.

Figure 3.1: a) Proximity effect at the a site; b) prevention of the proximity effect by
addition of LiCl04.
While only a single example has been given here, it is clear from a wealth of other

documented occurrences [61,64,65] that added salts can function as templates in
effecting molecular o r g e t i o n of substrates. This ability is made manifest in a variety

of ways, including alteration of the "natural" regioselectivity of a particular reaction.
Although the ubiquity of such added salt effects has been the subject of considerable
interest to date, much work remains to be done in order to W y understand how salt
templates function, and fkthermore to predict how they may be usefully employed in
chemical syntheses. One way of gaining such understanding is by examining lithium salts
which act as permanent templates-i.e.

compounds in which a salt template is "trapped"
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within a product Such salt adducts are often unanticipated, undesirable products, isolated

accidentdy and in unexpectedly high yields (vide infia);this is particularly interesting in
the context of metathetical reactions of organolithium reagents because they may interact

with any LiX produced (or with LiX that is added, or present as a .impurity) [66,67,69].

5 3.2 - COMPLEXES WITH LiOEK AND Li20
3.2.0 - Introduction

N-Silylated bemamidinates have long been considered useful reagents for
bidentate chelation of main-group and transition-metal centres [34, 701,and lithium
amidinates are ubiquitous as a source of &ionic ligands in metathetical syntheses [35,
36b, 391. Structural information for these latter reagents is limited to complexes in which

the lithium ions are coordinated to Lewis bases such as ArCN (Ar = aryl) [71], THF [72],
HMPA, TMEDA, or PMDETA [48b]. Ostensibly intentional use of the lithiated species

as ligands (rather than as a source of anionic amidhtes) has not been previously
explored-toour knowledge. Although lithium diisopropylamide (LDA) [69b] and other
compounds [66,67b-c, 69a] have been used to trap sundry LiX fragments, we are not

aware of any antecedent examples where lithium amidinates act in this capacity. In view
of this paucity, new complexes that use such neutral "Lithio-Ligands" to capture small
molecules through electrostatic interaction are of significant interest.

3.2.1

- Synthesis of L~[(~-BU)C(N~BU)~]
(18) and (L~[(~-BU)C(N'BU)~)~*L~~O
(19)
One class of compounds which can be produced by Scheme 1.3 is lithiated N,N'-

bis(aikyl)amidinates, Li[R'C(NR)2], ie. via the coupling of 1,3-bis(alkyl)carbodiimides
with alkyllithium reagents (Scheme 3.2) [35,39,73].

R N C N R

Li0

Scheme 3.2: Addition of organolithium reagents to carbodiimides.
One advantage of the route illustrated in Scheme 3.2 is that both necessary
staaing rnateniaIs can be obtained in wide variety fkom commercial sources. We have

prepared and isolated the lithium N,Nf-bis(aUqd)amidinate L i [ ( n - B u ) ~ m ~ ~ u(18)
) l ] via
reaction of 1,3-bis(tert. -butyl)carbodiimide with n-BSi (ie. Scheme 3-2, R = 'BU,R'= nBu) in 90% yield. However, attempted crystalhation of 18 from a saturated solution of

toluene and subsequent analysis by single crystal X-ray difEaction (performed by Dr. G.

P.A. Yap, University of Ottawa) revealed (Li[(n-Bu)C~I'Bu)~]]~~Lifl(19),
an
unexpected ~ - L ~ Gbased
O~+
tetramer containing one molecule of LizO Cc~andwiched"
between two dimeric (Li[(n-Bu)C(NtBu)zJ)z ladders (Figure 3.2) [74]. Relevant
crystallographic data and selected metrical parameters are summarized in Tables 3-2-3.3

(section 3.5.2, pages 77-82).

Figure 3.2: ORTEP of 19 showing the atom Iabeling scheme. Thermal ellipsoids are
drawn at the 30% probability level and hydrogen atoms have been removed for clarity.
The Li20in 19 can be attributed to one of two sources. It is not improbable that
some hydrolysis of n-BuLi during storage produces oxygen-containing impurities. These
in turn would get passed on to the reaction m i m e during addition to 'BUN=C=N'BU,

conceivably yielding minute amounts of the observed product In order to test this
hypothesis, the Zi-N'MR spectrum of fiesh n-BuLi (2.5 M solution in hexanes, Aldrich)
was measured in D6-benzene and found to contain a doininant singlet at -0.22 ppm

(versus LiCVD20), and a much smaller singlet at -0.89 ppm. Upon intentional hydrolysis

of the sample, the peak at -0.89 ppm was observed to grow in relative area and intensity.

Although the identity of the species producing the signal at -0.89 ppm has not been
established, it seems reasonable to conclude that it is an oxygen-containing hydrolysis
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product, and thus may be a source of Li20 in the formation of 19. Since Liz0 itself is
insoluble in D6-benzene, the peak at -0.89 ppm may arise fiom LiOH (or some LiOHcontaining aggregate) produced via equation 3.1.

n-BuLi + H20

-

LiOH + n-BuH

(3-1)

Even when synthesis of 18 was undertaken with fiesh n-BuLi, a few crystals of 19
were obtained. Although this could be explained by hydrolysis ofthe organolithium
reagent, hydrolysis of 18 itself could also explain the formation of 19. The adventitious
presence of water has been previously identified as the source of Liz0 in aggregates with
lithium amides [17a,dl. Two "sacrificial" molecules of 18 would be required in this case,

and the amidine t ~ u ~ = ~ ( N H ' ~ u ) ((20)
n - ~isua) by-product (equation 3.2).

In order to test whether this was a feasible method of producing 19, a sample of
18 was quantitatively hydrolyzed in a toluene solution. After storage of this reaction

mixture at -14OC for several days, crystals of 19 were harvested in 30% yield. The
remaining mother liquor contained a mixture, discemable by 'H-NMR, of meacted 18

and the protonated by-product 20. Thus, hydrolysis of 18 is clearly established as a route
to 19.

This raises the question of whether slightly wet solvents or reagents could explain
the formation of 19 when intentional hydrolysis does not take place (Le- whether the
notion of contaminated n-BuLi need be invoked at all for the first scenario mentioned
above). Indeed, although it seems that commercial n - B S i is hydrolyzed to a small extent
even when fresh, practically speaking it may be impossible to rule out the possibility of
accidental hydrolysis elsewhere in the synthesis. In any case, stoichiometric hydrolysis of
18 via equation 3.2 is a proven and reproducible route to 19. Thus even if 19 can be
produced in diminutive quantities &om minutely hydrolyzed n-BuLi, intentional
hydrolysis of 18 is clearly the superior and higher-yielding route.
Interestingly, experiments aimed at producing 19 fiom 18 via direct reaction with
Liz0 (equation 3.3) were unsuccessful. Conversely, the reaction of 18 with LiOH
(equation 3.4) does produce 19 in yields somewhat higher than the direct hydrolysis route
(41% versus 30%).

toluene

5 Li[(n-Bu)C(N'~u)~l+
LiOH
18

--,

Thus, 19 can be produced fkorn 18 by reaction with LiOH, or by quantitative
hydrolysis, but not by direct addition of Li2O. This may be because Li2O in the
crystalline state adopts an antifluorite structure (in which ~ iis ~
coordinated
+
to four 02-

centres in a tetrahedral fashion) making it unsuitable as a precursor for the linear
arrangement observed here. Conversely, anhydrous LiOH adopts a layer structure with
hear Li-0-Li linkages [75], more closely approximating the Li20 -ent

of 19. In any

case, it is clear fkorn the experiments described here that Li20 must be generated in sihc in

order to effect the synthesis of 19 fiom 18-This result harmonizes with recent
investigations by Driess and co-workers into alkali metal phosphanide and arsanide
clusters containing Li2O. For example, it was found that dilithiated primary phosphanes
could only be isolated in crystalline form when lithiation with butyllithium (in toluene)

was carried out in the presence of "a trace amount" of LiOH [7q. Like 19, these clusters
contain central Liz0 units which apparently facilitate crystahation.
Formation of the

core of 19 appears to exert a strong influence on the

conformation of this compound in the crystalline state. The assembly of this 19-atom
cluster (Figure 3.3) can be conceptualized as two laddered {L~[(~-B~)C(N'BU)~J
)2 dimers
being captured by an incipient LizO fragment to give the observed product (Figure 3.4).

Rather than adopting a cisoid or tramoid arrangement, the dimeric ladder units twist by
folding along a line connecting the two Li-atoms of the central &STJz ring to give a
puckered, butterfly conformation [[&iNI

= 149.94(1 O)'].

Figure 33: ORTEP of the 19-atom core of 19.Thennd ellipsoids are drawn at the 30%
probability level and only the a-carbon atoms of the n-butyl and tert.-butyl groups are
shown.

Each Li2N4C2 unit in 19 consists of two Li[(n-B~)C(bl'Bu)~]monomers which
dimerize by primary laddering to give three contiguous four-membered rings. Such
dimers should formally be considered two-rung [LSr]2 ladders, essentially single fourmembered rings with pendant amid0 substituents. The outer [ W L i ] rings in each dimer
do not arise fiom laddering, but rather fiom bidentate chelation of lithium by the anionic
amidinate ligand. Folding of this ladder on chelation of Li20 gives rise to a unit which is
independently chiral, and in each molecule of 19 two such folded ladders of the same
chirality are present. In each unit cell, both enantio~nersof 19, and hence both
enantiomers of the folded ladder shape, are seen.

1
N-U----

7

N-C

(in situ)

19

Figure 3.4: Conceptualization of the aggregation process for 19. Dashed lines indicate
bonds being formed; n-Bu and $u groups on C and N,respectively, have been removed
for clarity.
An important difference between this aggregate and previously reported LizO-

containing aggregates is that the molecule of LizO in 19 can be readily distinguished.

This is somewhat unusual; six-fold coordination of 02-by metal cations in molecular
compounds is rare and normally involves regular Oh symmetry [17a, 174 761,effectively

rendering alI of the lithium atoms identical and making identification of a discrete Liz0
fragment impossible. Although the central M - L ~ O ~
unit
+ of 19 is approximately
octahedral, the relatively low symmetry of the molecule (C2)
in the solid-state allows for
facile recognition of the nearly linear LizO molecule [LLi(l)OLi(2) = 175.8(2)O]. The

oxygen atom is tightly coordinated to all six lithium atoms, but the mean Li-0 di-ce

in

the Li20 molecule [1.830(4) A] is significantly shorter than that in the molecule as a
whole [mean value, 1.869(4) A]. Distortion of the octahedral w - L ~ ~ unit
o ~ 'is evinced
both by the varying L P L i separations (which range fiom 2.169(5)

A across the LizN4Cz

units to 3.127(5) A) and by the deviation of various PiOLi] bond angles fiom ideal
octahedral values (ie. 90' and 180"). Recently reported adducts of Li2S and Na2S with
lithiated [ s ( N E ~ ) ~dianions
]~dowed identification ofthe added hgments through
similar considerations [77J.

Although all six lithium atoms in 19 can be viewed as four-coordinate, there is
considerable variation in the Li-Nbond distances. Those belonging to the Li20 molecule
are bonded symmetrically to two nitrogen atoms of different Li2N4C2 units [(dci-N)(=

2.106(4) A], and also involved in a third, weaker Li---Ninteraction [2.573(4) A]. This
results in a ccpin~hing
in" of the Li2N4C2ladders as reflected by the values of I/T.iOLil=
70.9(2)" and [LNCNl = 115.4(2)", as well as very short transannular Li---Lidistances. The
other four lithium atoms are bonded unsymmetricaUy to two nitrogen atoms of the same
Li2N4C2 unit [dl(Li-N)!

= 2.03(2)

A and 2.36(2) A]. As a result there are three four-

coordinate and one five-coordinate nitrogen atoms in each Li2N4Czladder. The mean C-

N bond distances are slightly longer for the four-coordinate compared to the fivecoordinate nitrogen atoms [1.346(2)

A versus 1.329(2) A]. As expected, the endocyclic

C-N bonds all exhibit some double bond character [jd(C-N)I = 1.337(2) A], whereas the
exocyclic C-C bond distances [Id(C-C) = 1.533(3) A] are all very close to the theoretical
single bond length of 1.54 A. The geometry about the "central" carbon atom, Li[(n-
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Bu)cwBu)2], in each monomer unit is nearly planar [IX(LC) = 359.8 O]], indicating sp2hybridizationA mixed metal species closely related to 19 was recentLy reported by

Mulvey and co-workers [78].Synthesis of the b e m a i n a t e phC(NSiMe3)zJ-in the
presence of both M ~ and
~ ~+ i gave
+ rise to the novel cage compound

{Li2MgphC(NSiMe3)2l)4.Li20 (21) when oxygen was not rigorously excluded from the
reaction mixture.

Figure 3.5: Schematic representations of 19 (n-Bu and $u groups on C and N,
respectively, have been removed for clarity) and 21 (Ph and SiMe, groups on C and N,
respectively, have been removed for clarity).

In this case the authors maintain that moisture contarnination of the mixture
should lead to hydroxide formation. They go on to suggest that because there is no
evidence of this (i-e. no hydroxide in the crystal structure), molecular oxygen must be the
contaminant rather than moisture. However, as was shown for 19, the presence of a Li20

fragment may in fact result f?om hydroxide formation, thus accidental hydrolysis should
not be d e d out as the source of 21. In any case, the two structures are strikingly similar

(Figure 3.5); two of the lithium cations in 19 are replaced by a single magnesium dication
in 22 while the remainder of the cluster remains effectively unchanged. As was the case

in 19,the Li-0 bond distances in 21 are significantly shorter within the Li20 fjragment
[d(Li-0) = 1.799(11) A] than without [d(Li-0) = 1.919(11)

A]. Trends in other metrical

parameters are also consistent from 19 to 21,with expected deviations arising as a
consequence of the presence of M ~in~21.+

-

3.22 Synthesis of ((L~[(~-BU)C(N~BU)~])~~L~OH.THF)~
(22)

In both 19 and 21, dimeric fithiurn Sunidinates acted as lithio-ligands in the
entrapment of LiaO kgments. Although lithiated amidines are well known sources of
anionic amidinate ligands in metathetical reactions, use of the lithiated species
themselves as ligands is relatively novel. In view of this, any new complexes which
utilize neutral lithio-ligands to capture small molecules through electrostatic interaction
are of significant interest- One potential problem with such a strategy is the reactivity of
such reagents, particularly with respect to protonation. Equation 3-4 provides an example
of this; LiOH cannot be trapped by 18 in toluene because protonation of the lithio-Iigand
occurs and LizO is produced. However this is apparently not true when the same reaction
is undertaken in a coordinating solvent,
Commercially obtained LiOHeH20 was ground and dried for two hours at 150°C
under vacuum to give anhydrous LiOH (as verified by 'H-NMR). A mixture of this
reagent with two equivalents of 18 in THF at room temperature formed a clear yellow
solution with undissolved LiOH settling out Over 48 hours of stirring, the reaction
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mixture became white and opalescent with no discernible precipitate present. Pumping
down yielded a dull white solid in c a 90% yield, and recrystallization of this material in
hexane or pentane provided clear, colourless blocks after several days at room
temperature. An X-ray structural determination performed by Dr. M. Parvez (University
of Calgary) revealed that the composition of these crystals was {(Li[(n-

BU)C(N'BU)~])~L~OH-THF)~
(22, Figure 3.5) [79]. Relevant crystallographic data and
selected metrical parameters are summarized in Tables 3-4-3.5 (section 3-5.3,pages 8285).

Figure 3.6: ORTEP of 22 showing the atom labeling scheme. The& ellipsoids are
drawn at the 30% probability level and only the a-carbon atoms of tert-butyl and n-butyl
groups are shown. Symmetry operations for the starred atoms: *, 1 - x, 1 y, 1 - z.

-
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Unlike the corresponding reaction of LiOH with 18 in toluene to produce 19
(equation 3.4), the presence of THF apparently prevents protonation of 18 by LiOH and
allows facile isolation of the hydroxide-containing complzx 22 (equation 3-5). Indeed,
attempts to deprotonate 22 using n - B S i were unsuccessful, suggesting that the hydroxyl
proton is relatively inert. This is probably due to the steric protection offered by n-Bu,

'Bu,and THF substituents, all of which hinder access to the central &iOHI2 portion of
the molecule.

4 Li[(n-Bu)C(Nt~u)2] + 2 LiOH

18

-

{(Li[(n-~u)CwBu)z
J ) 2 e ~ ~ 2~ * ~ i ~ ~ )
22

In contrast to the chelation of Li20 by dimeric lithium amidinates in 19,22 can be
understood as chelation of LiOH by monomeric lithium amidinates. This process is
evidently facilitated by the presence of coordinating solvent molecules which maximize
coordination of lithium, forestalling the impetus for dimerization of the lithiated
amidinate. The conceptual assembly illustrated in Figure 3.7 represents one possible way

that this aggregation could occur; because identification of the lithium cation originating
specifically from the LiOH hgment is not possible, a number of other, similar processes
cannot be ruled out. For example, an alternative route to 22 might involve complexation

of a &iOq2 h e r with a dimeric lithium amidinate. In either case, the neutral, lithiated
amidinate 18 acts as a lithio-ligand, chelating LiOH to produce a three rung ladder which

subsequently dimerizes by secondary l a d d e ~ about
g
Li-0 edges to give 22.
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Figure 3.7: A possible mechanism of assembly for 22. Dashed lines indicate bonds being
formed; n-Bu and 'Bu groups on C and N, respectively, have been removed for clarity.

The aggregate acquires its distinctive shape (S4-symmetric) by virtue of the
conformation adopted by each of the F f i i O ] rings. Each 3-rung Iadder is composed of
contiguous cisoid and pansoid 4-membered rings, an arrangement which m h i m i z e s
steric congestion among the various substituents present and imparts a gentle undulation
to the structure as a whole. The two halves of the dimer are W e d by a trmoid pi012
ring. The Li-N distances around the outside of the Iadder show no significant variation

and are slightly shorter than the Li-N distances across the ''rungs" [ld(Li-N)I = 2.042(9) A
versus 2.1 18(9) A]. The geometries about C1 and C 14 are essentially planar p ( L C ) =
360" in both cases], As was observed for 19, the internal FJw
angles of the amidinate

ligands [[LNCNI = 114.4(4)O] are diminished relative to their external counterparts
[ILNCCI = 123.8(5)"].
Further examination of the metrical parameters for 22 reveals an unanticipated
asymmetry in the amidinate ligands. Although the observed the C-N distances within the

m m units ofthe amidinates are all consistent with some delocalized x-bonding

throughout, one C-Nbond in each ligand is sirncantly shorter than the other [d(Cl-NI)
= 1.322(6) A versus d(C1-N2) = 1.340(6)
= 1.361(6) A].

A;d(C 14-N3) = 1-313(6) A versus d(C 14-N4)

The shorter bonds involve 3-coordinate N-atoms, and the longer ones 4-

coordinate N-atoms. The effect is more pronounced in one amidinate moiety than the
other due to a long range interaction between N1 and Li3 [d(NI --Li2) = 2.353 4,
effectively raising the coordination number of both atoms involved (a similar contact is
observed in 19). Presumably Li3 remains unsolvated due to steric hindrance from its two

bulky NtBu neighbows. The Li-0 distances in 22 are unremarkable [Id(Li-O)l = 1-980 4
range 1-918(9)-2.0 8 1(8) A (solvent contacts excluded)].
Although complexes of LiOH with a lithio-ligand [69c, 801 and with other main-

group centres [8 11 have been reported before, we are not aware of any previous examples
which are formed by simple addition of the two reagents. Thus, despite being quite selfevident, the directed synthesis presented here apparently has not been used before to
prepared lithio-ligand/LiOH adducts. More commonly, hydrolysis of a Iithio reagent
produces LiOH in situ, which then undergoes complexation. For example, Roes& et al.
deliberately hydrolyzed n-BuLi in THF in order to prepare the adducts
E ( M ~ s ) ~ - L ~ O H ~(E
TH
= Al,
F Ga) [8 11. In a related preparation, Lambert and coworkers isolated the aggregate (Li[otBu]) lo*&i0H]6from a concentrated solution of

L~[O'BU]in hexane after prolonged exposure to moist air [69c]. This complex comprises
two hexagonal prismatic Li6[(O(O$u)s(OH)]units linked by a crossed LiOH ladder
framework. The Li-0 distances in the LiOH portion of this molecule are somewhat
longer [Idci-O)l = 2.145 A] than those observed in 22. The two values are not directly
comparable, however, since 0 1 is five-coordinate in 22, whereas four three-coordinate

and two six-coordinate oxygen atoms are present in the LiOH ladder h e w o r k of
(L~[O'BU])~~&~OH]~.

In light of these past reports, we have verified that 22 can also be produced in c a
75% yield by quantitative hydrolysis of 18 in THF (equation 3.6).

THF

9 3.3 - COMPLEXES WITH LITHIUM HALIDES
33.0 - Introduction

A survey of recent examples of lithium halide adducts provides examples of

compounds formed both through in sim [go, 821 and ex situ [66,77,80,82d, 831 salt
addition. Mixed lithium halide/organolithium systems are of interest because many
metathetical reactions of organolithiumreagents yield lithium halides. These halides can
then associate with meacted starting material to form aggregated species [82d]. Thus, in
order to understand the reactivity of organolithium reagents in such situations, it is
necessary to understand how they interact with lithium salts.

Given that 18 can act as a lithio-ligand to entrap Liz0 and LiOH, reactions with
other L X salts are clearly germane to a greater understanding of the phenomenon. The
methodology used to synthesize 22 was successfully employed to isolate and characterize
the novel species (&~[(~-BU)C(N~B~)~])~*L~X~THF)~
(23, X = C1; 24, X = Br) fkom the

reactions of 18 with LiCl and LiBr, respectively [79].

Figure 3.8: ORTEPs of 23 and 24 showing the atom labeling schemes. Thermal
ellipsoids are depicted at 50% probability level and only the a-carbonatoms of terL-butyl
and n-butyl groups are shown. Symmetry operations for the starred atoms: *, 1 - x, -yy
1-2.

X-ray structural determjnations performed by Dr. M. Parvez (University of
Calgary) revealed that both compounds were approximately isostructural with 22 (Figure

3.8). Relevant crystallographic data and selected metrical parameters are summarized in
Tables 3.6-3.7 for 23 (section 3.5.4, pages 85-88) and Tables 3.8-3.9 for 24 (section
3.5.5, pages 88-91). We note that inferior crystals of 23 resulted in a relatively low
quality data set, and the accuracies of the metrical parameters quoted for this system are

consequently limited.
The average Li-Br distance in 24 [ld(Li-Br)l= 2.57(2)
the average Li-Cl distance in 23 [Id(Li-C1)1= 2.402(12)

A] is 0.17(2) A longer than

A], a 7.0% increase consistent

with the predicted lengthening of 0.15 A [84] [cf:Id(Li-O)l = 1.996(9)

A in 221. These

lithium-halide distances are similar to those observed in previous lithio-1igmdLiX
complexes (cf: Id(Li-&)I= 2.608(7) A in Lip(SiMel)2]. (Li[OC(tBu)=CH21)2

oLiBre2TMEDA [67b];Id(Li-C1) 1 = 2.4090 8, in (Li~(zl?r)~]
)z*LiC1.2TMEDA [69b]
and 2.3 89 A in pi2& ((Me3SiNCH2CH2)3N)2
].LiCI [66J).

The Li-N distances around the outsides of the ladders aie virtually identical
[Id@-N)[

= 1.977(14)

A for 23 and 1.98(3) A for 241, and, as with 22, slightly longer

than the Li-N distances across the "rungs" [ld(Li-N)I = 2.067(13) A for 23 and 2.06(3) A
for 241. Although the C-N bond distances within the VCN] units of the amidinate

ligands in 23 and 24 suggest delocalized n-bonding, bonds involving three-coordinate Natoms are again significantly shorter [Id(C-N)I = 1.31 8 0 A for 23 and 1.308(17) A for
24] than those involving four coordinate nitrogen atoms [Id(C-N)I = 1.354(7) A for 23

and 1-356(16)

A for 241. As was observed for 22, long range interactions between Li3

and N3 [d(Li3--N3) = 2.962 A for 23 and 2.637 A for 241 stabilize these formally threecoordinate centres. Geometry about the central carbon atoms of the amidinate ligands is
planar in all cases p(LC) = ca. 360°] with the internal N-C-N angles being somewhat
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less than 120° [ILNCN[= 1 12.4(Q0 in 23 and 114.4(1Q0 in 241. Solvent contacts are

similar in the two molecules with d&i-0) = 1.93 1(13) A for 23 and 1.93(2) A for 24.

33.2 - Synthesis of & ~ [ ( ~ - B u ) c ~ ' B u ) ~(25)
])L

Unlike the isoelectronic species LiX (X = O& C1, Br), reaction of LiI with 18
produced a monomeric aggregate (C2-symmetric) solvated by two molecules of THF 1791.
Addition of freshly dried LII to two equivaients of 18 in THF at room temperature gave a

clear, yellow solution. Removal of solvent fkom this reaction mixture yielded a yellow oil

which was rendered crystalline by the addition of hexane.

Figure 3.9: ORTEP of 25 showing the atom labeling scheme. Thermal ellipsoids are
depicted at 50% probability Ievel and only the a-carbon atoms of tert.-butyl and n-butyl
groups are shown.
An X-ray structural determination perfomed by Dr. M Parvez (University of Calgary)

revealed that the composition of the crystals was (L~[(~-BU)CNBU)~J)~-L~I*
(25)

(Figure 3.9). Relevant crystallographic &ta and selected metrical parameters are

s

e

d in Tables 3.1 0-3.1 1 (section 3-5.6, pages 9 1-95).
The structure of 25 is comparable to one half of the dirneric arrangement adopted

by 22-24, and as such lends credence to the mechanism o f assembly suggested in Figure

3.7.In this case, however, solvation of a second lithium centre on the same side of the 3rung ladder deviates the need for dimerization as a mechanism to disperse electronic
charge. Presumably solvation is thermodynamically favoured over dimerization in the
case of LiI due to the relatively weaker Li-I bonds (as reflected

in the low lattice enthalpy

AHL = 761 kJ/mol; cf: 852 lcJ/mol for LiCl, 815 k.J/mol for LiBr [85]). The low charge-to-

radius ratio of I- compared to that of the lighter halogens also decreases the likelihood of
dimerization. The sites of solvation of 25 are evidently directed by steric factors; the
uasolvated lithium centre is hindered by two adjacent N'BU groups, whereas the two
solvated centres have only one such bulky neighbour.

The overall shape of the three-rung ladder in 25 is similar to that observed for 2224. The Li3-I1 bond forming the middle rung of the ladder system is significantly longer

[2.979(13) A] than the other two Li-I bonds [d(Lil-11)
2.797(11)

= 2-741(1 1)

d(Li2-11) =

A]. As a consequence, the average Li-I distance in 25 [IdGi-11) = 2.839(12) A]

is 0.26(2) A longer than the average Li-Br distance in 23 (cf.a predicted lengthening of
0.1 9 A based on covalent radii [84]). Although somewhat shorter than that recently

reported for the triazasSte/LiI complex L ~ ~ [ S ( N ~ B U ) ~ ] * L ~[(d(Li-I)(
P ~ ~ T H=F2.944(11)

A]

[69fj, the average Li-I distance in 25 is longer than those reported for the arenethiolate

complex Li[SCfi3-2,wCH2NMe2)]*LiI*2THF
[69h] and the related species (Li[OC&2 , 6 i ( C H 2 M ) t 4 M e ] * L [69i]
~
[IdGi-I)I = 2.760(10) A and 2.776(9) A,
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respectively]. The complex ([2-Me@y)]*LiI)2 contains a &iI]z ring with distances
similar to those observed in 25 [d(Li-I) = 2.821(10) A] [82c].
Interestingly, there is no significant difference between Li-N bond lengths in the

rungs of 25 [ld(Zi-N)I = 2.064(12) A] and those around the outside of the ladder [Id(LiN)I = 2.029(12)], suggesting that this effect may arise as a consequence of dirnerization in

22-25. A long range contact between N 1 and Li3 [dm1-LS) = 2.3 88 A] again accounts
for an observed variation in the C-N bond lengths of 25, although the effect is not as
pronounced as in the cases previously discussed. As was observed for 22-25, the
geometries about CI and C14 are planar B L C 1) = 359.7", X(LC14) = 359.S0], and the
internal NCN angles at these atoms are sinaller [ILNCNI = 112.5(5)"] than the exterior
angles [ILNCCI = 123.6(Q0].

-

§ 3.4 TRIENDS AMONG SALT COMPLEXES OF LITHlUM AMDINATES

3.4.1

- NMR data (See also § 3.5)
Although it is possibie to study the aggregation of certain well-chosen

organofithiurn species in solution using NMR techniques [28,29,30,86], solid-state
studies preponderate in the literature and crystallography remains the method of choice
for discerning the architecture of oligomeric complexes. While both techniques are
helpful investigative tools, they generally produce different kinds of understanding; NMR
studies are usefid for exploring the interdependent behaviour of aggregates in solution,
while crystallographic studies focus on discrete oligomeric structures in the solid-state-

71

Put another way, NMR can provide information on dynamic processes relating different
oligomers while crystallography tends to provide information concerning the static state
of a single oligomer. The former technique focuses on the behaviour of aggregates in
solution while the Iatter focuses on their identity as crystalline solids.

Lithium consists of two stable isotopes: 6Li [abundance 7.42%, 1= 1, Q = 4x1o

- ~ ~

m2, receptivity 3.58 (cf: 1.00 for 13c)],and ' ~ i[abundance 92.58%, I = 3/z, Q = -4.5~10-~*

m2, receptivity 15401. The availability of 6~i-labeled
compounds (6~i-n-butyIlithium
is a
notable example [87])has increased dramatically in the last few decades. This is due in
large part (unfortunately!) to the widespread use of 6 ~ininuclear weapons, which has
made 6~i-rnetaI
relatively inexpensive [88]. Consequently, the popularity of twodimensional N M R techniques such as fii, 'HJ-HOESY (heteronuclear Overhauser effect
spectroscopy) and others [89] has also increased. However, such methods are considered

useful mainly in the context of "simple" organic chemistry (to observe and understand
the site of directed, single lithiations, for example [89]) and have not received much
attention for the study of organolithium clusters to date.

In spite of the fact that solution and solid-state behaviours can reasonably be
expected to relate to one another, there is certainly no guarantee that the relationship will
be obvious-orsimple. Here we are interested mainly in solid-state structures, hence NMR
data are examined only insofar as they can be correlated with the picture obtained fiom

X-ray dBaction experiments. This is certainly not intended to suggest that one technique
is more important or informative than the other, but rather to point out that a complete
description of the solution behaviour of these species, understood through comprehensive

N M R experiments, lies outside the scope of this study.

SolutionNMR data indicating single environments for carbon and hydrogen
suggest a higher average symmetry for 19

(a,
obtained either by ignoring or including

all weaker L P N interactions, Figure 3-10)in solution compared to that observed in the
solid-state (Cz).
Unfortunately, the broad peaks observed in solid-state NMR spectra

make resolution of signals arising fiom nearly-equivalent centres impossible. Thus a
meaningfid comparison of structural differences in solution versus the solid-state cannot
be made on the basis of NMR data done.

Figure 3.10: C2and R2versions of 19.In A no weak L P N interactions are considered,
whereas in B all such contacts are indicated as bonds. In all cases n-Bu and 'BU groups on
C and N, respectively, have bee= removed for clarity.
Mass spectra and elemental analyses give virtually identical results for 18 and 19,
presumably because these two methods of analysis are not performed under inert
conditions. Thus, both methods show evidence of hydrolysis of 18. Indeed, for most
methods of characterization, 18 and 19 give extremely similar results. The most reliable
way o f distinguishing one fiom the other is NMR spectroscopy-particularly

solid-state

13c-NMR
spectroscopy wherein the signal arising fkom the "central" carbon atom, Li[(n-

B U ) ~ ~ J ~ B evinces
U ) ~ ] ,an upfield shift of -5 ppm upon trapping of the LizO fbgment.
This phenomenon can be rationalised in terms of increased electron donation from N to

Li in 19 as compared to 18, effectively deshielding the central carbon. A corresponding
upfield shift from 18to 19 is seen in the 'H-NMR spectra of the two species (Table 3-1).

Table 3.1: NLM k Data for 18 and 19

(solution)
1.32 (s, m)
0.90 (s)
178.44(s)
51-64 (s)
33-75(s)
33-20(s)
33.03 (s)
24.05 (s)
14.17 (s)
175.31 (s)
5 1.28 (s)
34.14 (s)
34.14 (s)
34.14 (s)
24-08(s)

-

l3c-NMR
(solution)

1.46 (s, m)

1 0.97 (s)

179.64 (s)
51.93 (s)
34.58 (s)
34.46 (s)
32.88 (s)
23.46 (s)
15.53 (s)
180.55 (s)
52.67 (s)
35.52(s)
35.52(s)
35.52(s)
24.45 (s)

In solution, 22-24 also appear to possess greater symmetry than in the solid-state.
Proton and I3c-M4Rspectra at room temperature are typical of single environments for
the ligands and only a single peak is seen in the 'L~-NMRspectrum- Solid-state NMR is

not an effective investigative tool for these compounds as the broad peaks obtained make
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identification of near-coincident signals impossible. The Ti-NMR spectra of 22 and 23
both exhibit only one singlet at room temperature, however variable temperature NMR
studies reveaIed three environments for Li atom zt reduced temperatures, as would be
expected h m their solid-state structures.

Solution NMR data for 25 indicated single environments for the amidinate

ligands, once again suggesting higher average symmetry than in the solid-state. On
cooling, the singlet observed in the 'L~-NMRspectrum at room temperature splits first
into two signals (as would be expected for the solid-state structure), then into three. This
latter behaviour is simiIru to that observed for 22-24; it may indicate that dimerization

occurs in solution at lower temperatures although this seems unlikely since it would
involve dissociation of one THF ligandThe hydrolysis product 20 can be easily distinguished from the itmidinate
complexes discussed here on the basis of its solution 'H-NMR spectrum. Although the n-

Bu peaks do not generally h c t i o n well as a diagnostic tool, two strong peaks resulting
fiom 'BUgroups (6 = 1.44,1.30 ppm) and a broad resonance fiom the NH proton (6 =
3.17 ppm) of 20 can usually be distinguished, even in mixtures.

3.4.2

- Structural Trends and Consequencesfor Laddering
We have shown that the lithium amidinate 18 can be used as a neutral lithio-

ligand to chelate lithium salts, generating a variety of novel laddered aggregates Figure
3.1 1).
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Figure 3.11: Summary of the laddering behaviou of 18 under various conditions.
Dashed lines indicate bonds being formed; n-Bu and 'Bu groups on C and N,
respectively, have been removed for clarity.

Whereas dimeric lithium anidinate ladders act as ligands in non-coordinating
solvents (eSg 19), solvated monomeric units appear to be the active ligands in THF.
Addition of lithium halides to a solution of 18 in THF generates an LiX fkagment ligated
by two solvated lithium amidinates; this interaction of [LEI edges is an example of
primary laddering. In the case of LiCl and LiBr, secondary laddering effectively
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competes with solvation as a mechanism of dispersing charge, and fuaher association of

[LiNLiX] rings via LiX edges yields the products 22 and 23. The role of heteroatom
effects in laddering is demonstrated by the case of LiI, where solvation is apparently
favoured over secondary laddering and no fuaher association occurs.

The effects of solvation on the laddering behaviour of 18 are illustrated most
clearly by its reaction with LiOH, whether added directly or produced in sihr by
hydrolysis. When THF is present, monomeric 18 aggregates with LiOH via primary and
secondary laddering to give the product 21, and L~[(~-Bu)c(N'Bu)~].THFis the active
lithio-ligand in solution. No conversion of LiOH to LizO is seen, indicating that the
hydroxyl proton of 21 is relatively inert with respect to protonation of 18. We speculate
that this is due to the steric protection offered by THF molecules and butyl groups in 21.
When no THF is present, 18 undergoes primary laddering to form a dimer {Li[(nBu)C(N'BU)~])~,
and it is this species that then acts as the lithio-Iigand (ie. a secondary
laddering unit). When LiOH (or water) is added to a solution of 18 in THF, no LiOH
adduct is isolated. M e a d a molecule of 18 is protonated to form 20, and the Li20 adduct

19 is isolated. Thus, different products are observed depending on whether the reaction
between 18 and LiOH (or water) is carried out in THF or toluen-a

dramatic example of

the consequences of solvation on laddered systems.

Since many syntheses make use of steps which generate lithium salts in situ, we
suggest that the use of 18 (or similar compounds) as a lithio-ligand to entrap small polar
molecules may offer a new perspective for examining the many salt-substrate interactions
that undoubtedly occur in common reaction chemistry. It is clear fiom the molecular

architecture discussed above that compounds such as LiX (X = C1, Br, I, OH) and LizO
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can and do function as templates, effecting o r g h t i o n of organolithium substrates on a
molecular level Since this affects the reactivity of such systems, understanding the
complexation of lithium amidinates and related species with alkali-metal salts is a topic
of considerable importance and certainly worthy of fuaher study. With that in mind, we
note that the revised formulation of the laddering principle proposed in Chapter 1has
been extremely uses here; the disparate behaviour of the various systems presented
above can be rationalized and understood in the context of primary and secondary
laddering directed by heteroatom and solvation effects. Thus, this modified statement of
the Iaddering principle has been shown to have some validity, and may be of significance

for describing and predicting the molecular architecture of a much broader range of
organolithium complexes.

5 3.5 - EXPERIMENTAL SECTION

See C-ter

3.5.1

2 for general procedures and instrumentation details-

- Synthesis of Li[(n-Bu)c(Nt~u)2](18)
A yellow, 2.5 M solution of n-BuLi in hexanes (3.7 mL, 9.0 mmol) was added

dropwise via stainless-steel cannula to a stirred, clear, colourless solution of tertbutylcarbodiimide (1-422g, 9.22 rnrnol) in hexane (-1 0 mL) at room temperature. This
produced a transparent, light yellow reaction mixture which did not change in appearance
over two hours of stirring. Removal of volatiles in vacuo gave a viscous yellow oil which
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was twice redissolved in diethyl ether (-5 mL) and subsequentlypumped down to a fine

yellow powder. Total yield of yellow product identified as Li[(n-BU)C(N'BU)~]
was 1.884
g (8.63 mmol, 94%). Melting point: 5144°C (yellow liquid). On exposure to air, the

crystalline material rapidly turns to a viscous brown oil.

Anal. calcd. for Cl3H2-+T2Li
[%I: C, 72.52; H, 12.47; N, 12.83. Found: C, 69.57;

H, 12.46; N, 12.18. IR (KBr, Nujol mull), v [cm-'1: 2727, 1273, 1217,1189, 1084. 'HNMR 1200 MHz, ij(TMS in CDCb)] in C6D6at 2S°C:6 = 2.7-2.3 (m,
2H), 2.0-1.7 (m,

2H), 1.32 (mys, (coincident) 20H), 0.90 (t, 3H). "c-NMR
(solution) [50.288 MHz,
G ( T M S in CDC13)] in C a 6 at 25°C: 6 = 178.4 (s) ~'N~Bu)~n-E3u],
51-6 (s) [-c(CH3)s],

33-7(s) [-CcH3)3], 33.2 (s) [-_C2CH2CH2CH3], 33-0(s) [-CH&H2CH2CH3], 24.1 (s) [CH2CH&H2CH3],14.1 (s) [-CHrCH2CHsH3]. I3

~ (solid-state)
[75.432
~

MHz,
~
14

lcHz spin rate, G('I'MS)] at 2S°C: 6 = 175.3 (s) ~ ~ I ' B U ) ~ ~ -51.3
B U(s)
] , [-G(CH3)3], 34.1
(broad s) [-Cm3)3y -a2CH2CH2CH3,-CHsH2CH2CH3], 24.1 (s) [-CH2CH&H~CH3],
14.2 (s) [-CH2CH2CHsH3].'L~-NMR(solution) L155.508 MHz, S(1M LiCl in DzO)] in
C g 6 at 25OC: 6 = -0.62 (s). 'L~-NMR (solid-state) [116.54 MHz, 14 kHz spin rate,
6(LiCl)] at 25OC: 6 = 1.46 (s). LRMS (EI, 70eV): m/e 2 12, {H[C(N'BU)~(~-B)]
+ 21%.

3.5.2

- Synthesis of &~[(H-BU)C(N'BU)~]]~*L~ZO
(19)
a) From HzO and L~[(~-BU)C(U'BU)&
A syringe was used to add distilled Hz0 (7

pL, 0.38 mmol) to a stirred clear yellow solution of ~ i [ ( n - ~ u ) ~ ( N l $ (0.500
u ) ~ ] g, 2.28

mmol) in toluene (5 mL) at room temperature. This initially produced an oily white solid;

~

on stirring for several minutes, an opaque yellow solution ensued. The reaction mixture
was allowed to stir for lh, reduced in volume under dynamic vacuum by ca SO%, and

placed in a chemical freezer (-14OC) for several days to promote crysta.llhtion. Total
yield of &~[C@'BU)~(~-BU)]}~*L~~O
as coloucless, crystalline material (rectangular
prisms, f h t crop) was 0.102 g (0.1 13 mmol, 30%). Melting point 132-134°C.

b) From L ~ O Hand Li[(n-Bu) C(Z'#BU)~J:I~
an alternate route to (Li[(nBu)C(N'BU)~])~*L~~O,
commercially obtained LiOH*H20was ground and dried for 2h at

150°Cunder vacuum to give anhydrous LiOH (as verified by 'H-ISMIX). The resultant
white solid (0.0 115 g, 0-480 mmol) was added to 5 equivalents of Li[C(N%u)z(n-Bu)]
(0.585 g, 2.68 mmol) in a pear-shaped Schlenk vessel under inert conditions. Addition of
toluene (5 mL) at room temperature produced a clear, colourless solution with some

white precipitate. An ultrasonic bath was employed for -30s to facilitate dissolution of
the LiOH, producing a cloudy, white solution. This was stirred for 48h at room
temperature. On cessation of stirring the reaction mixture was colourless and slightly
cloudy. Removal of solvent under dynamic vacuum yielded a viscous, yellow oil. This
was rendered crystalline by washing with cold pentane (2 x 5 mL),and pumping down

gave a dry white powder. Total yield of solid identified as ( L i [ ( n - ~ u ) C ~ ~ B u ) ~ ) p L i @
was 41% (0.180 g, 0.199 mmol).
Anal. calcd. for (C13H27N2Li)4*Li20[%I: Cy69.16; H, 12.05; N, 12.41. Found: C,

69.40; H,12.78; N, 12.51. IR (KBr, Nujol mull), v [cm"]: 2727, 1309, 1217, 1189, 1083,
1054, 1025,966,800. 'H-NMR [200MHz, G(TMS in CDC13)]in C6D6at 25OC: 6 = 2.72.5 (m, 2H), 2.1-1.8 (m, 2H), 1.46 (m, s, (coincidental) 20H), 0.99 (t, 3H). l3c-NNR

(solution) [50.288 MHz, 8(TMS in CDC13)Jin Gas at 25OC: 6 = 179.6 (s) E(NtBu)2n-
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Bu], 51.9 (s) [-C(CH3)3], 34.6 (s) [-C&H3)3], 34.5 (s) [-GH2CH2CH2CH3l732.9 (s) [CH&H2CHaCH3], 23.5 (s) [-CH2CHa2CH3],

15.5 (s) [-CH2CH2CHtCH,]. 13c-~MR

(solid-state) c75.432 MHz, 8 kHz spin rate, G(TMS)] at 25°C: 6 = 180.6 (s) ~(N'Bu)2n-

Bu], 52.7 (s) [-c(CH3)3], 35.5 (broad s) [-Cm3)3,

- Q ~ Z C H ~ C H ~ -C H ~ .

CH&H2CH2CH3],24.5 (s) [-CH2CHa2CH3], 14.4 (s) [-CH2CH2CHa3]. 'LI-NMR
(solution) E155.508 MHz, 6(1M LiCl in DzO)] in C f l s at 25°C: 6

= -0.82

(s, -2Li), -123

(s, -1Li). 'L~-NMR(solid-state) C116.54 MHz, 14 kHz spin rate, G(LiC1)I at 25OC: 6

=

2.97 (s). LRMS @I, 70eV): 212, {H[C(N'BU)~(~-BU)])+,
21%.

X-rayquality crystals (and crystals used for analyses) were obtained as colourless
blocks by recrystallhation from a saturated toluene solution cooled to -20°C for 4 days.
Crystals were also obtained fiorn a saturated solution of toluene kept at room temperature

for several weeks. All data for single crystal X-ray diflkction studies were collected at
low temperature using an epoxy-coated crystal mounted on a glass fibre. Measurements
were made on a Siemens SMART CCD diffiactometer with graphite-monochromated
Mo-Ka radiation (k= 0.71073

A). The structure was solved by direct methods [go] and

expanded using full matrix least squares on F~ [9 11. Non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included at geometrically idealized positions and
were not refined. Relevant crystallographic data are presented in Table 3.2, and pertinent
metrical parameters are given in Table 3.3.

Table 32: Crystal Data for ( L i [ ( n - B u ) C ~ ' B ~ ) ~ ] ) ~(@
19)
~ifi
DZfiactometer
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume

z

Calculated density
Absorption coefficient
Fooo
Crystal size
8 range for data collection
Limiting indices
Reflections collected / unique
Completeness to theta = 28.8 1
Absorption correction
Refinement method
Data / restraints / parameters
Goodness-of-fit on F~
Final R indices @>2a(I)][a, b]
R indices (all data) [a, b]
Largest difE peak and hole

Siemens SMART CCD - University of Ottawa
c52H108Li6Nso

903.10
-70(2)"C
0-71073h;
Triclinic, P- 1
a = 10.137(3) A
b = 14.205(4) A
c = 21.961(6) A
3008(l)-A3
2
0.997 ~ g . / m ~

a = 91.718(5)"

P = 103.207(5)"
y = 101.442(5)"

0.058 m m L

1004
0.1 x 0.2 x 0.2 mm
1-47"to 28.81"

-135h512,-18IkIl8,0~1529
24534 / 13710 pint
= 0.07011
87.3%
None
Full-matrix least-squares on F~
13710 / 0 / 604
1.056
R(F) = 0.0545, WR(F') = 0.0821
R(F) = 0.171 1,
= 0.0891
0.212 and -0.208 e.A'

WR(FZ)

Table 33: Selected Bond Distances and B
Atoms
Bond Length (A)
0-Li(1)
1.805(4)
0-Li(2)
l.801(4)
0-Li(3)
1.880(4)
0-Li(4)
1,883(4)
0-Li(5)
1.852(4)

m d Andes in 19

Atoms
N(8)-C(48)
N(8)-c(44)
N(8)-Li(5)
N(8)-Li(1)
C(9)-C(10)
C(22)-C(23)
C(35)-C(36)
C(48)-C(49)
Atoms
Li(2)-0-Li(1)
Li(2)-0-Li(5)
Li(1)-0-Li(5)
Li(2)-0-Li(6)
Li(1)-0-Li(6)
Li(5)-0-Li(6)
Li(2)-0-Li(3)
Li(1)-0-Li(3)
Li(5)-0-Li(3)
Li(6)-0-Li(3)
Li(2)-0-Li(4)
Li(1)-0-Li(4)
Li(5)-0-Li(4)
Li(6)-0-Li(4)

Bond Length (A)
1.356(2)
1.478(2)
2.062(4)
2.092(4)
1.530(3)
1.534(2)
1.532(3)
1-538(3)
Bond Angle (O)
175.77(19)
96.01(18)
80.89(17)
8 1.62(18)
lOO.Ol(19)
71.53(18)
101-ll(18)
82,06(16)
162.85(18)
109.80(19)
81.62(17)
96.95(18)
113.68(18)
162.90(18)

5

3.5.3

- Synthesis of { & ~ [ ( ~ - B U ) C ~ ' B U ) ~ ] ) ~ * L (22)
~OH.~]~
Commercially obtained LiOH.&O (Aldrich) was ground and dried for 2h at

150°C under vacuum to give anhydrous LiOH (as verified by 'H-NMR). This white solid
(0.04 1 g, 1.72 mmol) was added to Li[(n-Bu)c(NtB~)~]
(0.744 g, 3-41 mmol) in a pearshaped Schlenk vessel. Addition of THF (7 mL) at 23OC produced a clear yellow solution
with some precipitate. This was stirred for 48h, producing a white and opalescent

reaction mixture with no obvious precipitate. Removal of excess THF under dynamic

vacuum yielded a dry, off-white powder. TotaI yield of solid identified as

{(L,~[(~BU)C(.N~BU)~])~*L~OH*THF)~
was 89% (0.809 g, 0.759 mmoI). Melting point: 4850°C (clear liquid).

Anal. calcd. for (C13H27N2Li)4.LiOH[%I: C,67.65; H,11.92; N, 10.52. Found:
C, 67.62; H, 12.40; N, 10.52. IR (KBr, Nujol mull), v [cm"]: 3677,2727, 1515, 1356,
1272,1217,1190,108 1,1053,898,829,801,595,559,477,445. 'H-NMR [200 MHz,
s ( T M S in CDC13)] in CaDs at 25°C:6 = 3.5-3.6 (m, THF, 4H),2.5-2.7 (m, [-

C&CH2CH2CH3Iy 4H),1-7-2-9 (m, [-CH2CI&CH2CH3], 4H), 1-43 (s, [-C(CI&)3 1, 32H,
and m, THF,4H), 1.3-1.4 (m, [-CH2CH2C&CH3], 4H), 0.96 (f (m, [-CH2CH2CH2CB],

6H).l3c-~h4It
(solution) c50.288 MHz, 6(TMS in CDC13)]in C a 6at 25°C: 6 = 179.4
6 ) [(~-Bu)GSBU)~],
68.2 6)ml,5 1-5 (s) [-c(CH3)3], 33-6(s) [-Cw3)3,
-CH&H2CHtCH3],
-CHZCH~CH~CH~,

25-3 (s)

-

m],24.1 (s) [-CH2CHsHzCH3], 14.4

(s) [-CH2CH2CHm3]. '~i-NMR(solution) [116.54 MHz, 6(1M LiCl in DzO)] in CsD6

at 2S°C: 6 = -0.70. LRMS (70 eV,EI): m/e 532.7, [(L~[(~BU)C(N~BU)~])~~L~OH*TE~F],
1%; 212, [ ( n ~ u ) ( H b i t ~ u ) ~ = ~ t 100%.
~u]+,

Crystals suitable for analysis by X-ray m c t i o n were obtained fkom saturated

solutions of hexane or pentane after several days at room temperature. Data were
collected at low temperature using an epoxycoated crystal mounted on a glass fibre. All
measurements were made on a Rigaku AFC6S dBktorneter with graphitemonochromated Mo-Karadiation (h= 0.71069 A). Empirical absorption corrections
were applied [92], a .the structure was solved by direct methods p3] and expanded

using Fourier techniques [94]. The THF atoms were disordered over two sites with
unequal site occupancy factors. Non-hydrogen atoms were refined anisotropically with

the exception of the carbon atoms of THF, which were refined isotropically. Hydrogen
atoms were included but not refined. The hydrogen atom attached to 0 1 was located fiom

a difference map and included in the refinement at that position. Full-matrix least-squares
refinement on F~ was performed using SHELX-97 [95]. Relevant crystallographic data
are presented in Table 3.4, and pertinent metrical parameters are given in Table 3-5.

TabIe 3.4: Crystal Data for {(L~[(~-BU)C(N'BU)~])~~L~OH*THF)~
(22)
Diffractometer
Empirical f o d a
Fonnula weight
Temperature
Wavelength
Crystal system, Space group
Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Fooo
Crystal size
,2
~
,

Reflections collected
Independent reflections
Structure solution
Refinement method
Data F>20(l)] / parameters
Max. s W e r r o r in .fin;llcycle
Goodness-of-fit
Residuals: R [a], Rw b]
Largest cliff peak and hole
Corrections
Transmission factors [min.; max,]

Rigaku AFC6S (Mo-Ka) - Calgary
C3&3N402Li3

532.68
-103(2)"C
0.71069.A
Triclinic, P-1 (#2)
oc = 94.30(2)O
a = 13.142(4) A
b = 13.239(4) 8,
p = 99.40(2)"
y = 64.32(2)"
c = 11.425(2) A
1767(1) A3
2
1.001 ~ g / r n ~
0.6 cm-'
592.00
0.50 x 0.50 x 0.40 mm
50.1"
6556
6257 pin=t0.0641
.Direct Methods (SIR92 1931)
Full-matrix least-squares
1857 / 363
0.045
0.98 1
R = 0.0671, R, = 0.1837
0.32 and -0.43 e . ~ - ~
Lorentz-polarization
Absorption (empirical)
0.97 12; 1.OOOO

Table 3.5: Selected Bond Distances anc Bond Angles in 22
Atoms
Atoms
Bond Lendh
C(l)-N(l)
C(l)-w)
C(14)-N(3)
C( 14)-N(4)
Atoms
N(1)-C(1)-N(2)
N(1)-C(1)-C(2)
C(2)-C(1)-N(2)
N(3)-C(l4)-N(4)
N(3)-C(14)-C(15)
C(15)-C(14)-N(4)

-

3.5.4

Bond Length (A)
1.322(6)
1.340(6)
1.3 13(6)
1-361(6)
Bond Angle (O)
111.8(4)
125.3(5)
122.7(5)
114.4(4)
123.8(5)
121.5(4)

- Synthesis of { & ~ [ ( ~ - B U ) C ~ ~ B U ) ~ ] ) ~ L ~(2C3)I ~ T H F ) ~
A sample of commercial LiCl(0.049 g, 1.16 rnmol) was ground and dried under

vacuum at 180°C for 2h- The white powder thus obtained (0.049 g, 1.16 rnmol) was
placed in a pear-shaped Schlenk vessel with Li[(n-Bu)C(NtBu)2] (0.504 g, 2.3 1 rnmol).
Addition of THF (10 mL)at 23°C gave a clear yellow solution with a small amount of
white precipitate. The mixture was allowed to stir for 18h, during which time a clear,
virtually colourless solution developed. Removal of solvent in vacuo produced a dry

yellow powder which was washed with hexane (2 x 5 mL). Total yield of solid identified
as ((Li[(n-Bu)C(NtBu)2])~*LiC1~THF
l2 was 92.0%(0.585 g, 0.53 1 mmol). Melting point:

128-132°C (decomp. to orange solid); 290-296°C (dark orange liquid).

Anal- calcd- for C60H124&Li602C12[%I: C, 65.38; H, 11.34; N, 10.17. Found: C,

65.82; H, 10.98; N, 11.14. IR (KBr, Nujol mull), v [cm-'1: 2727, 1652, 1272, 1201,1047,

87
894,826,800,644,507. 'H-NMR [ZOO MHz, S(TMS in CDC13)] in C&
3.6-3.8

(mTH.F, 4H), 2.5-2.7 (m, [-C&CH2CH2CH3], 4H), 1.9-2.1 (m,

at 2S°C: 6 =
[-

CH2C~CH2CH3],4H), 1.50 (s, EC(Cl&)3], 32H), 1.3-1.5 (myTHF, 4H), 0.99 (t, [CHtCHtCH2CEJ], 6H)."c-NMR (solution) C50.288 MHz, G(TMS in CDC13)I in C7Dg at
7OC: 6 = 179.2 (s) [(Pz-Bu)G(MBu)~],
68-8 (s) [THF], 51-4 (s) [-c(CH3)3], 34.9 (s) [-

32.8 (s) 1-m2CH2CH2CH3],29.6 (s) [-CH&H2CH2CH3], 25.9 (s) [THF3,24.3

Ca3)3j,

(s) [-CH2CHm2CH3

I, 14.9 (s) [-CH2CH2CH&H3]. 'L~-NMR (solution) [155.508 MHz,

S(1M LiCl in I32011 in C7D8at 25OC: 6
2.41 (s). 7

~

= -1 -69 (s);

at -33°C: 6

=

-1.24 (s), -1.68 (s), -

i(solid-state)
- ~ C1~16.54~M E k , 5 kHz spin rate, 6(LiCl)] at 2S°C: 6

=

-

2.35 (s). LRMS (EI, 70eV): mle 478, [(~i[~(Nt~u)2(nBu)]
) 2 * ~ i ~ l ] -8%;
t - , 2 12,
[(~EIU)(HN~BU)C=NIBU]+,
100%.

Crystals suitable for analysis by X-ray difhction were obtained from hexane
washings after storage at -14°C for several days. Data were collected at low temperature

using an epoxy-coated crystal mounted on a glass fibre. All measurements were made on
a Rigaku AFC6S diBktometer with graphite-monocbrornated Mo-Koc radiation (h=

0.71069 A). Empirical absorption corrections were applied [92], and the structure was
solved by direct methods [96] and expanded using Fourier techniques [94]. The non-

hydrogen atoms were refined anisotropically. Hydrogen atoms were included at
geometrically idealized positions (with d(C-H) = 0.95 A) but not refined. Full-matrix
least-squares refinement was performed using teXsan [97l. Relevant crydographic data

are presented in Table 3.6, and pertinent metrical parameters are given in Table 3.7.

Table 3.6: Crystal Data for (~~[(~-BU)C(N'BU)~])~~L~CI~THF}~
(23)
Diffr-actometer
Empirid formula
F o d a weight
Temperature
Wavelength
Crystal system, Space group
Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

Fooo
Crystal size
2%mx

Reflections collected
Independent reflections
Structure solution
Refinement method
Data p>3a(I)] / parameters
Max. sWerror in final cycle
Goodness-of-fit
Residuals: R [a], Rw @]
Largest diff. peak and hole
Corrections
Transmission factors [d
;max.]
.

Rigaku AFC6S (Mo-Ka) - Calgary
C30&2N40Li3C1
551.12
103(1)"C
0,71069 A
Moncclinic, PZ1/n (#14)
a = 13.514(5) A
a = 90,000"
b = 11.619(6) A
p = 99.78(4)"
c = 24.020(8) A
y = 90.000"
3717(3) A3
4
0.985
1.27 cm'
1216.00
0.62 x 0.50 x 0.39 mm
55.2"
9412
9042 mmt= 0.0621
Direct Methods (SAP191 [9q)
Full-matrix least-squares
2527 / 353
0.00
3.04
R = 0.061, R,,,= 0.071
0.25 and -0.24 e . ~ - ~
Lorentz-polarization, Absorption
(empirical), Decay (3.1 0%),
Secondary extinction (1.20 101e-7)
0.8960; 1.OOOO

~s/"'

-

3.55 Synthesis of { & ~ [ ( ~ - B U ) C ( N ' B U ) ~ J ) ~ ~(24)
L~BP~]~

Commercial LiBr (0.10 1 g, 1.16 mmol) was ground and dried under vacuum at
180°C for 2h prior to use. This white powder was mixed with Li[(n-B~)C(flBu)~]
(0.498
0

-9

2.28 mmol) in a pear-shaped SchIenk vessel under inert conditions. Both reagents

dissolved cleanly in THF (10 mL) at room temperature to give a clear yellow solution.

After 18h of stirring, no further changes in the reaction mixture were observed. Removal
of excess solvent under dynamic vacuum yielded a dry yellow powder, which after

washing with pentane (2 x 5 mL), pumped down to a white powder. Total yield of solid
was 95% (0.642 g, 0.539 mmol).
identified as ((L~[(~-BU)C(N~BU)~])~.L~BPTHF)~
Melting point: 15 8-160°C (clear yellow liquid). Anal. calcd. for
C&12..&Li&Br2

[%I: C,60.50; H, 10.49; N,9.41. Found: C, 60.15; H, 10.95; N, 9.19.

IR m r , Nujol mull), v [crn"]: 2727,1653,1302,1262, 1222,1198, 1044,890,825,801.
'H-NMR [200 MHz, G(TMS in CDC13)]in CaDsat 25°C: 6 = 3.6-3.8 (m, THF,4H),2.5-

2.7 (m, [-C&CH2CH2CH3 I, 4H), 1-8-2.1 (m, [-CH2CECH2CH3], 4H), 1-52 (s, [-

C(Cs),], 32H), 1.3-1.5 (m, THF,4H),0.98 (t, 6H).13c-NbR
(solution) [SO-288MHz,
6(TMS in CDCb)J in c7Ds at 7°C:6 = 179.4 (s) & ~ J ~ U ) ~ Z - B
69.3
U ](s)
,

m],51.9 (s)

[-C(CEf3)3], 34.5 (s) [-C(CHt)3], 34.2 (s) [-SHZCH~CH~CH~],
33.9 (s) [CH&EZzCH2CEJ,
25.8 (s)

m],24.3 (s)

[-CH2CHa2CH,], 14.9 (s) [-

CH2CH2CH&H31-'L~-NMR(solution) [155.508 MHz, 6(1M LiCl ia DzO)] in C7Dg at
2S°C: 6 = -1.79(s); at -53OC:6 = -1.16 (s), -1.70 (s), -2.60 (s). LRMS (EI,70eV): m/e

212, [(~Bu)(HN~Bu)C=NIBU]+,
100%.
Crystals suitable for analysis by X-ray difbction were obtained fiom pentane

washings after storage at 11°C overnight. Data were collected at low temperature using
an epoxy-coated crystal mounted on a glass fibre. All measurements were made on a

Rigaku AFC6S rnactometer with graphite-monochromated Mo-Karadiation (k.=
0.71069 A). Empirical absorption corrections were applied [92], and the structure was

solved and expanded using Fourier techniques [94]. The lithium atoms and carbon atoms
of the THF molecule were refined isotropically while all other non-hydrogen atoms were
refined anisotropically.Hydrogen atoms were included at geometrically idealized
positions (with d(C-H) = 0.95 A) but not refined- Full-matrix least-squares refinement

was performed using teXsan 1971. Relevant crystallographic data are presented in Table
3.8, and pertinent metrical parameters are given in Table 3.9.

Table 3.8: Crystal Data for {(L~M~-BU)C(N'BU)~])~.L~BPTHF]Z
(24)

Diffrslctorneter
Empirical formula
Fonnula weight
Temperature
Wavelength
Crystal system, Space group
Unit cell dimensions

Volume

z

Density (calculated)
~ b s o 6 t i o ncoefficient
Fooo
Crystal size
2em,
Reflections collected
Independent reflections
Structure solution
Refinement method
Data P>3a(I)J / parameters
Max. shWerror in final cycIe
Goodness-of-fit
Residuals: R [a], Rw p]
Largest dlff. peak and hole
Corrections
Transmission factors [min.; max.]

AFC6S (Mo-Ka)
C30&2N40Li3Br
595.57
- 103(1)"C
0.71069 A
Monoclinic, P21/n (#I4)
a = 15.163(5) A
a = 90-000"
b = 15.746(3) A
p = 109.32(2)O
c = 17.024(6) A
y = 90,000"
3835.7(18) A3
4
1.031 ~
~
r
n
~
10.8 cm'
1288.00
0.50 x 0.48 x 0.20 mm
40.0"
4161
3884 [Pht= 0.0401
Fourier techniques (DIRDIF94 [p4])
Fa-matrix least-squares
1226 / 317
0.02
1.63
R = 0.047, Rw= 0.045
0.31 and -0.34 e . ~ - ~
Lorentz-polarkation
Absorption (empirical)
Decay (0.75%)
0.8358;1.OOOO

Rig&

Br(1)-Li(2*)
O(1)-Li(1)
Li(l)-N(2)

35.6

2,46(2)
1-93(2)
1.98(3)

~(14)-~(3)
Atoms
N(1)-C(1)-N(2)

1.303<16j
Bond AngIe ( O )
116.3(15)

- Synthesis of &~[(~-BU)CW'BU)~])~-L~I-~THF
(25)
Commercial LiI (0.257 g, 1-92 mmol) was ground and dried for 3h at 180°C

under vacuum producing a grey powder. This was added to Li[(n-BU)C(N'BU)~]
(0.838 g,
3.84 mmol) in a pear-shaped Schlenk vessel under inert conditions. Addition of THF (10

mL) at room temperature dissolved both reagents completely to give a clear yellow
solution. This was stirred for 4h at room temperature, during which time no M e r
change in the reaction mixture was observed Removal of excess THF in vanro yielded

an oily yellow solid. This was dissolved in hexane (10 mL) to give a clear yellow
solution, which subsequently pumped down to a fine, dry, yellow powder. Total yield of
solid identified as (Li[(n-Bu)C(NtBu)2])2eLiIa2THF was 95.3 1% (1.176 g, 0.9 15 mmol).

Melting point: 93-99OC (clear yellow liquid).
Anal. calcd for C&70N&i3021

[%I:

C, 56.08; H,9.72;N, 8.72. Found: C, 56.37;

H, 10.00; N, 8.42. IR (KBr, Nujol mull), v [cm-'1: 2725, 1652, 1305, 1262, 1198, 1048,

93
1019,918,893,873,825,800,640,561,509. 'H-NMR [200 M E , 6 ( T M S in CDCls)] in

C& at 25OC: 6 = 3.6-3.8 (m, THF,SH), 2.5-2.8 (m, [-CECH2CH2CH3l74H), 1.8-2.1

(a[-CH2C&CH2CH3I9 4H), 1-50 (s, [-C(C&)3],

3 2 H ) y 1-3-1-5(Q THF, 8H)y 0-97(5

6H)."c-NMR (solution) C50.288 MHz, 6 w S in CDC13)] in C7Ds at 7OC: 6 = 179.0 (s)
E(Nt~u)2n-BU],
69.8 (s)

m],51.8 (s) [-s(CH3)3], 34.4 (s) [-CW3)3],

33.9 (s) [-

CH2CH2CH2CH3],33.5 (s) [-CHm2CH2CH3]7 25.9 (s) [THF],24. I (s) [CH2CHa2CH3],

14.6 (s) [-CH2CH2CHsH3'J.7

6(1M LiCl in D20)] in C7Ds at 25°C: 6

= -2.05

~

i(solution)
- ~ [155.508
~ ~ MHz,

(s); at 7OC: 6

= -1.82 (s),

-2.15 (s); at

-33'C: 6 = -1-67(s), -2.25 (s), -2.76 (s). LRMS @I, 70eV): m/e 212, [(n-

BU)(HN'BU)C=N'BU]+, 100%.
Crystals suitable for analysis by X-ray difEaction were obtained f?om hexane
after storage at 11°C overnight. All measurements were made on a Rigaku AFC6S
difkactometer with graphite-monochromated Mo-Ka radiation ( 7 =
~ 0.71069 A)).
Empirical absorption corrections were applied [92], and the structure was solved by
direct methods [93] and expanded using Fourier techniques [94]. All non-hydrogen atoms
were refined anisotropically except C(29) and C(30) (these atoms were disordered and
dowed to r e h e isotropically over two sites each with partial occupancy factors).

Hydrogen atoms were included but not refined. Full-matrix least-squares refinement on

F~was performed using SHELX97 [95]. Relevant crystallographic data are presented in
Table 3.10, and pertinent metrical parameters are given in Table 3.1 1.

Table 3.10: Crystal Data for {(L~[(~-BU)C(N~BU)~~
]2e~iI@2TEl?
(25)
Difhctometer
Empirical formula
Formula weight
Tempemure
Wavelength
Crystal system, Space group
Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Fooo
Crystal size
2~,,
Reflections collected
Independent reflections
Structure solution
Refinement method
Data p>2c5(I)3 / parameters
Max. shift/error in h a 1 cycle
Goodness-of-fit
Residuals: R [a], Rw b]
Largest cliff. peak and hole
Corrections
Transmission factors [min.; max.]

Rigah AFC6S (Mo-Ka) - Calgary
Ca70N402Li31

714.68
-103(l)OC
0.7 1069 A
Monoclinic, P21/n(H4)
a = 12.306(6) A
a = 90.000°
b = 18.276(8) A
B = 96.61(4)"
y
= 90.000°
c = 19.000(6) A
4245(3) A3
4
1.118 M K / ~ ~
7.84 crn'
1520.00
0.38 x 0.35 x 0.32 mm
55.1"
10567
9770 p i n t = 0-0831
Direct methods (SIR92 [93])
Full-matrix least-squares on F~
4300 / 409
0.079
1-024
R = 0.0529, R,,= 0.141 8
1.26 and -0.93 e . ~ - ~
Lorentz-polarization
Absorption (empirical)
Decay (13 1 % )
0.9080; 1.OOO

Table 3.11: Selected Bond Distances and Bond Andes in 25

Chapter 4:
Lithium HeferoamItUda
fRT

8 4.1 - LITHIUM HETEROAMIDATFS 'WLTH BUTYL SUBSTITUENTS
4.1.0

- Introduction
While carboxylate anions [RC02]- are versatile ligands and metal carboxylates

have widespread uses [98], other isoelectronic species are less well known. With the
exception of amidhates (vide supra), relatively little work has been done on
heterocarboxylate systems. For example, although metal complexes of the

dithiocarboxylate anion [RCS2]- have been investigated extensively, structural
determinations of lithium derivatives were reported only recently; the two known cases
are both monomers due to solvent coordination [SI,991-In contrast, dimeric, eightmembered ring structures have been observed for the thiocarboxylate

(LimOS]*TMEDA)2 [50] and the gumidinate (L~[(HNBU)C(N~BU)~]
)2*THF [27l.
Anionic guanidinattes have also drawn recent attention as ligands for transition-metals
[39e, 421.

97
We are interested in preparing lithium salts of heteroamidates LipCE(NR')] (e-g.,

E = 0,S, etc) in order to elucidate modes of aggregation in the solid-state and observe
ligand behaviour. Surprisingly, only a few transition-metal thioamidates have been
reported, and none of these were prepared by metathetical routes [MI. Alkali metal
derivatives were heretofore unknown, although several mixed Mg/AI systems containing
thioamidate and oxoamidate ligands have been prepared by routes involving insertion of
iso(thio)cyanates into Mg-Rbonds [100]. These examples notwithstanding, further
investigations into the structural features of lithium thioamidates and other
heteroamidates are in order, and should form an important prelude to examination of their
coordination chemistry.

-

4.1.1 Synthesis of the Lithium Oxoamidate Li[(n-Bu)CO(NtBu)] (26)

The lithium oxoamidate Li[(n-~u)C0(N~Bu)]
(26) was synthesized as shown in
Scheme 4.1 (see section 4.4.1) [I 0 11. Addition of n-BuLi to a slight excess of tert.-brrtyl
isocyanate in hexanes at -78" C gave a white solid identified as (L~[(~-BU)CO(N'BU)])~
(26a) in essentially quantitative yield. Crystals used for analyses were obtained as

colourless blocks fiom a saturated solution of T I E cooled to -20°C overnight- X-ray
quality crystals were obtained by recrystallking this materid from toluene over 8 days at

-20°C.Less satisfactory crystals could be obtained fiom saturated solutions of hexane or
diethyl ether stored at -20°C over longer periods. On exposure to air, the crystalline
material rapidly turned to a viscous brown oil.

Scheme 4.1: Reaction between 'B~NCOand n-BuLi to give 26.

The solution 'H-,

13cand
, 'L~-NMR spectra of 26 indicated single environments

for tert-butyl and n-butyl groups, and also for lithium atoms in the compound (vide
in&)).

StructuraI determination by single crystal X-ray diikction methods was

performed by Dr. G-P. A. Yap (University of Ottawa), and revealed a solvent-free

hexameric aggregate (L~[(~-BU)CO(N$U)])~
(26a) based on a LisOs hexagonal prism
(Figure 4.1).

Figure 4.1: ORTEP of 26a showing the atom labeling scheme. Thennal ellipsoids are
drawn at the 30% probability level and hydrogen atoms have been removed for clarity.

Somewhat surprisingly, no THF was observed in the unit cell of 26a. A separate
determinationi revealed that crystals grown fiom THF had disordered solvent molecules
in the lattice, but none that were coordinated to any part of the hexameric unit Relevant

crystallographic data and metrical parameters are summized in Tables 4.1 -4.3 (section
4.4.1, pages 124-127).

The structure of 26a consists of two central Li303rings in which alternating Li-0
bonds are bridged by (n-Bu)C-N('Bu) units,producing a D3-symmetric 'kilobate"
arrangement (illustrated schematically in Figure 4.2)- Two such rings form a Lk06
hexagonal prism; somewhat surprisingly, the lobes in the hexagonal prism are eclipsed
rather than staggered, which would seem a priori to be a less favourable conformation on
steric g~ounds.The Li-0 distances alternate within the Li303units with mean values of
2.085(5)

A and 1.869(5) for the bridged and unbridged bonds, respectively. The mean

bond length for the Li-0 bonds connecting the two Lia03rings is 1.963(5) A. The mean
bond angles in the Li303rings of 26a are ca 118 O at oxygen and ca. 119" at lithium.

Figure 4.2: Schematic (idealized) view down the C3-axisof 26a highlighting its
Mobate" codonnation.

t

Parameters for the unit cell containing THF (severely disordered): monoclinic, CUc; a = 34.692(2)
= 23.710(2) A,

c = 21.01 111)

a = 90°,

= 2 16.1 10(1)O, y= 90°; volume = 155 29(2) A3,Z = 8.

b

The mean Li-N bond length in 26a is 2.004(5)

A. The mean endocyclic C-N and

C - 0 bond distances are 1.279(4) A and 1.313(3) & respectively, suggesting some

double bond character in both cases; theoretical values for sp2-hybridization at nitrogen
and carbon give d(C-N) = 1.287 A and d(C-0) = 1.407 A [102]. In contrast, the mean
exocyclic C-Nbond length of 1.473(4) A is actually slightly greater than the expected
single bond value [d(C-N)

= 1.407 A],

indicating little delocakation of electron density

outside the four-membered [CNLiO] ring systems. Surrounding the hexagonal prismatic
core, each [CNLiO] ring is nearly planar [IE(LN)I

= 359-7O and

IZ(LC)I

= 359.9"]

but

highly distorted, with mean bond angles of cn 1 17.S0, 90°, 66O, and 85" at C, N, Li, and

0, respectively. This is consistent with sp2-hybridizationat nitrogen and endocyclic

carbon centres.

-

4.12 Synthesis of the Lithium Thioarnidate L~[(~-BU)CS~~'BU)]
(27)

The lithium thioamidate L~[(~-BU)CS(N'BU)]
(27) was synthesized from n-BuLi
and tert.-butyl isothiocyanate via Scheme 4.2 in a manner analogous to that described for
26 (see section 4.4.2) 11011. Crystals of (Li[(n-Bu)CS(NtBu)]

(27a) were obtained as

colourless blocks fiom a saturated solution o f toluene cooled to -20°C overnight. As was
observed for 26, the solution 'H-,
I3c-,
and '~i-NMRspectra of 27 indicated single
environments for tert.-butyl and n-butyl groups, and also for the lithium atoms in the
compound (vide infia).

Scheme 4.2: Reaction between 'B~NCS
and n-BuLi (1 :1) to give 27.
Structural determination by single crystal X-raydifhction methods was
performed by Dr. G. P. A. Yap (University of Ottawa), and revealed the hexameric
aggregate (L~[(~-BU)CS(N'BU)]}~
(27a), centred around a LisSs hexagonal prism (Figure

4.3).

Figure 4.3: ORTEP of 27a showing the atom labeling scheme. Thermal ellipsoids are
drawn at the 30% probability level and H-atoms have been removed for clarity.
Symmetry operations3relating atoms (marked A above): #2, 1 - x, 3 - y, 1- z.

2 The unit cell of 27a contains two independent aimeric units (ie. halves of hexamers). The symmetry
operations relating atoms in the h e m e r not pictured are: #1,1- x, 2 -y,2 - z.

One toluene molecule per hexameric unit was also observed in the crystal lattice,
but there was no interaction between 27a and the solvent. Subsequent investigations
utilizing THF as a solvent for crystal growth produced good quality crystals that did not

contain any solvent (as verified by 'H-NMR). Salient details describing the X-ray
structural detexmixlation of 27a are summarized in Table 4.4, and selected bond lengths
and angles are given in Tables 4.5 and 4.6, respectively (section 4.4.2, pages 126-13 1).
Evincing clear structural similarity to 26a, the structure of 27a consists of two
central Li3S3rings forming a LkS6 hexagonal prism. Although oligomeric structures are
common for lithium thiolates [14d,1031,there is only one previous example of a
hexagonal prismatic Li6S6 arrangement [14b]. Interestingly, whereas 26a adopts a
trilobate conformation in which alternating Li-0 bonds in the Li303rings are bridged by

(n-Bu)C-N('Bu) units, the sulfur analogue adopts a D3d ''paddle-wheel" arrangement in
which the bridging units connect the two Li3S3rings (Figure 4.4). The mean Li-S distance

within the rings is 2.405(7) A, slightly shorter than that observed for the bridged Li-S
bonds between the rings [Id(Li-S)I = 2 . 6 3 8 0 A] (cf:2.34(2)-2.51(2)

A for bi{SC&(R)-

CH(Me)NMez)16,for which the data set is of 'karather low quality" [14dJ).

Figure 4.4: Schematic (idealized) view down the C3-axis of 27a highlighting its 'paddlewheel" conformation.
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The mean Li-N bond length in 27a is 1.988(7) A, similar to that observed for 26a.
However, the mean C-S bond length of 1.773(5)

A in 27a is 0.46 A longer than the

conesponding value for (d(C-0)(in 26a. Nonetheless, both the mean endocyclic C-S and
C-N bond distances [Id(C-N)[
= 1.268(5) A within the four-membered rings] are shorter

than would be expected for single bonds, suggesting some double bond character in both
cases (as expected for sp2-hybridizationat nitrogen at carbon within each four-membered
ring). The mean exocyclic C-N and C-C bond lengths of 1.485(5) A and 1.507(6)

&

respectively, do not H e r significantly fkom those observed for 26a, and simiIarity to
expected single bond values indicates Iittle delocalization of electron density outside the
four-membered [CNLiSJ ring systems.
The mean bond angles in the Li3& rings of 27a are ca. 11loat sulfur and ca. 106O
at lithium. The four-membered [CNLiS] rings forming the "paddles" are planar but
highly distorted, with [C(LN)I= 359.7O and IZ(LC)I = 360.0" and mean bond angles of

ca. 118", 105O, 67",and 69.5' at C, NyL i and S, respectively. Such distortion is also
evident in the bond distances described earlier. As was observed for 26a, this is
consistent sp2-hybridizationat nitrogen and endocyclic carbon centres.

-

4.13 A Comparison of Conformations for (L~[(~-BII)CE@'BU)]J~
(E = 0, S)

Comparing the hexameric cores of 26a and 27a with tert-butyl and n-butyl
groups omitted (Figure 4.5) makes manifest both similarity and discord; the likeness of

the two L i a 6 hubs stands in contrast to the dissimilarity of the ligand orientation.

Figure 4.5: ORTEPs of the cores of 26a and 27a. Thermal eUpsoids are depicted at 30%
probability level; for clarity, only the a-carbon atoms of the tert.-butyl and n-butyl
groups are shown.
To a certain extent, the similitude and merence can both be explained by a
single conceptual process: in 26a and 27a the formation of hexamers can be visualized as
a trimerization of tub-shaped, cisoid dimers (Figure 4.6). In the case of 26a, aggregation
dher" come to
occurs such that the transannular bonds of a c6(~i[(n-Bu)CO(Nt~u)])z

comprise the Li303 rings in the hexamer. In 27a, however, the tramannular bonds of a

"{~i[(n-Bu)CS(N'Bu)1}2 dimer" evolve into the links between the two Li3S3hexagonal
rings of the hexameric unit Thus, where 26a adopts a D3-symmetric7trilobate
conformation in the solid-state, 27a is observed to assume a D3&symmetric,paddlewheel like shape.
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Figure 4.6: Conceptualintion of the self-assembly processes for 26a and 27a (dashed
lines indicate bonds being formed; n-Bu and $u groups on C and N, respectively, have
been removed for clarity)-

The cisoid dimea suggested here have not actually been observedper se to our
knowledge; the process depicted above is hypothetical and not experimentally proven.
However, some credence is lent to the notion of aggregation via dimers by the fact that
26a adopts a conformation in which the lobes of the Li303rings are eclipsed rather than

staggered While a staggered codomation (Figure 4.7) wodd certainly be less stericdy
hindered, it is not accessible as an aggregate of dimers. We note also that both forms of
the lithium oxoamidate 14 (described in Chapter 1) can be generated fkom cisoid dimers

in a manner similar to that described for 26a and 27a.

Figure 4.7: A possible (but unobserved) conformation for {L~[(~-BU)CE@J~BU)J]~
(n-Bu
and 'Bu groups on C and N, respectively, have been removed for clarity).

Consideration of the metrical parameters already discussed for 26a and 27a
provides a possible explanation for the observed juxtaposition of structural parallelism
and disparate molecular architecture. fresumably the most favoured conformation in both
cases will be that which results in the least steric hindrance for tert.-butyl and n-butyl
substituents, while at the same time maximally relieving strain among four-membered

[CNLiE] rings. Because the Li-S bonds in 27a are longer than their Li-0 counterparts in
26a, it is reasonable to assume that steric constraints play a lesser role in 27a. This being

the case, the paddle-wheel conformation evidently provides greater relief of ring strain

than the tdobate conformation (based on the fact that this conformation is actually
observed for 27a). Apparently the shorter Li-0 compared to Li-S distances result in steric
constraints which prevent 26a fiom adopting the otherwise preferred paddle-wheel
conformationThe construction of Li6E6 hexamers in this way provides an interesting illustration
of the self-assembly of larger clusters by the oligomerization of smaller clusters. It also
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demonstrates the consequences of replacing bulky NR groups (e-g.,those in amidinates)
with smaller, isoelectronic substituents. Previous work in our group has shown that the
replacement of one of the imido groups attached to each sulfur in the hexagonal

prism(Li2[S(N'~u)~) yields the 36-atom cluster (Li2[SO(NtBu)2) formed by the
aggregation of three hexagod prisms via Liz02faces [60].The implications of this
struc-

pdnciple for the self-organization of main-group element clusters remains a

topic of ongoing investigation.

4.2.0

- Introduction
The simple route used to synthesize 26 and 27 can reasonably be expected to

extend to other similar systems, potentially involving any of an ever-burgeoning array of
commercially available isocyanates and isothiocyanates [104]. Our interest in species

such as 26 and 27 led us to consider the effect of changing the size of the R groups
employed. We reasoned that replacing bulky n- and tert -butyl goups in 27 by more
svelte methyl groups might af5ord alternative aggregation pathways resulting in higher
oligomers. Herein we disclose that the choice of R groups in lithium thioamidates
significantly S e c t s not only the aggregation pathway for such species, but also the
degree of solvation in a coordinating solvent (THF).Control over aggregation is
apparently dominated by steric factors, which in turn direct solvation to produce various
oligomers and polymers in the solid-state.

-

42.1 Synthesis of the Lithium Thioamidate L~W~CS(N*BU)]
(28)

The reaction of tert.-butyl isothiocyanate with methyllithium in diethyl ether
(28) (equation 4.1) as a moisture-sensitive white solid in
produced LiweCS(Nt~u)]
essentially quantitative yield.

MeLi + 'B~NCS----t

~iwecS(N~~u)]
28

Unlike 27, the new thioamidate 28 is only sparingly soluble in non-coordinating
organic solvents. Both species are highly soluble in coordinating solvents, however, and
good quality crystals were isolated on recrystalkation of 28 from THF-An X-ray
structural determination performed by Dr. M. Parvez (University of Calgary) revealed the
single-strand polymer {LieTHFLMeCS(NtBu)] (28aaTHF), with a backbone consisting
of alternating bridged and unbridged Li-S bonds (Figure 4.8) [105]. Relevant
crystallographic data are presented in Table 4.7, and pertinent metrical parameters are
given in Table 4.8 (section 4.4.3, pages 132-135).
The lengths of the bridged and unbridged Li-S bonds in the backbone of

2 8 a . m are significantly different, the former being longer than the latter by -0.1

[d(Lil-S1)= 2.562(8)

A

d(Li1*-S 1) = 2.463(8) A]. These distances are similar to the

alternating values [d(Li-S)

= 2.513(6), 2.459(7)

A] obsenred in the &is], polymer

backbone of phSLi.(NCsHs)2], [14a], in which the sulfur atoms are also threecoordinate, but none of the Li-S bonds are bridged.

Figure 4.8: a) ORTEP of 28amTHF showing the atom labeling scheme. Thennal
ellipsoids are depicted at 50 % probability level; for clarity, hydrogen atoms have been
omitted and only the oxygen atoms of the THF molecules are shown. Symmetry
operations for the starred atoms: *, x - 1/*, % - y, z; **, '/2 + x, '/2 - y, z. b) A second view
of 28aeTH.F showing the orientation of the THF molecules.
The geometry about the C-N bonds in each thioamidate molecule is cis. This
facilitates bidentate chelation of a single lithium ioa by N and S within the same
monomer unit to give four-membered &iNCS] rings. A distorted tetrahedral coordination
sphere about lithium is completed by interaction with the oxygen atom of a single THF
molecule [d(Lil-0 1) = 1.907(9) A] and by contact with the s u l k atom of an adjacent
monomer unit to form the polymer chain. The geometry at sulfur is three-coordinate and

lies between a planar T-shape and'trigonal pyramidal, with the largest angle being
subtended by the Li-S-Li unit of the polymer backbone [L(Lil-S 1-Lil * = 131.6(4)O].

Each of the four-membered rings in 28aeTEF is approximately planar [T = 5.7(5)" and -2.8(2)O in adjacent rings], as are the geometries about N1 PLNl = 359.7OI

and C5 p L C 5

= 360.0°].AU

four-membered rings and associated organic groups lie in

the same hemisphere with respect to the polymer backbone, but neighbowing units are
oriented in opposite directions to minimize steric crowding. The THF molecules exhibit a

similar arrangement in the opposite hemisphere (Figure 4-8b).
The serendipitous isolation of MeCS(HNtBu) (29, Figure 4.9), the hydrolysis
product of 28, facilitates further examination of the metrical parameters of 28aaTHF.

Figure 4.9: ORTEP of 29 showing the atom labeling scheme. Thermal ellipsoids are
depicted at 50 % probabsty level.
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A few crystals of 29 were isolated fiom a solution of 28 in hexane stored at -14°C for

several weeks. Investigation of these by single crystal X-ray diffraction methods was
undertaken by Dr. M. Parvez (University of Calgary). Relevant crystallographic data are
presented in Table 4.9, and pertinent metrical parameters are given in Table 4.10 (section
4-4.4, pages 134-136).

A comparison of bond lengths in 28a.THF and 29 clearly indicates delocalized

multiple bond character within the thioamidate backbone of the former. To wit, the C-S
bond in 29 [d(CI -S) = 1.675(2) A] is shorter than that in 28a.THF [d(CS-S 1) = 1.750(5)

A], white the C-N bond is somewhat longer [d(Cl-N)
1-271(5)

= 1.326(3)

in 29; d(C5-N1) =

A in 28aoTBF]. Unsurprisingly, the (endocyclic) SCN bond angle in 28a-THF

CL(S1-C5-Nl) = 117.3(3)O] is considerably contxacted with respect to its counterpart in

29 [L(S-C 1-N) = 126.64(16)0]. This is accommodated by a decrease in the N-C 1-C2
angle of 29 [I 13.98(18)" ] relative to the corresponding (exocyclic) angle in 28a-THF
[L@1 -CS-C6) = 128.4(5)O]. Planarity at the central carbon atom of the PCS] unit is
maintained in both 28a.THF and 29.

42.2 - Synthesis of the Lithium Thioamidate LiweCS(NMe)] (30)

To H e r probe the effects of steric hindrance on solvation and aggregation of

lithium thioamidates we sought to reduce the size of organic substituents in
Li[RCS(Nw] relativc to those in 28. The addition of a slight excess of MeLi to methyl
isothiocyanate in diethyl ether at -7g°C precipitated LiweCS(NMe)] (30) as a rnoisturesensitive yellow solid in 84% yield (equation 4.2).

MeLi + MeNCS

-

Li@kCS@Me)]
30

Like 28, the lithium thioamidate 30 was insoluble in non-coordinating organic
solvents, but very soluble in THF. Recrystallbation fkom THF provided crystals of

{Lia2THFWeCSw e ) ] ) , (30aa2THF'), which readily lost solvent molecules on

standing. An X-ray structural detection performed by Dr. M. Parvez (University of
Calgary) revealed a single-strand polymer with LiNCS repeat units and ham geometry
about the C-N bond (Figure 4.1 0) [105]. Relevant crystallographic data are presented in
Table 4.10, and pertinent metrical parameters are given in Table 4.12 (section 4.4.5,

pages 136-141).

Figure 4.10: ORTEP of dOa*ZTEF showing the atom labeling scheme. Thermal
ellipsoids are depicted at 50 % probability level and hydrogen atoms have been omitted
for clarity. Symmetry operations for the starred atoms:
* , x - ' / 2 , '/2 y, 2; * * , x + I/2, 1 -y,r.

-

Unlike ZSa*THF, each lithium ion in 30amZTHF is solvated by zwo THF
molecules [[d(Li-O)l = 1.968(15) A] and the sulfur atoms are two-coordinate. A related
arrangement has been observed for the 1:1 complex [LiSCN.TMEDAl,, although this
species contains linear LiNCS repeat units [4, 1061.The novel single-strand polymer
30a.2TEF provides the first example of a thioamidate in a bridging, rather than a

chelatin& mode with tras-geometry at the C N bond.

methyl groups
polymer
backbone

polymer
backbone

THF

Figure 4.11: Packing of a) 28aaTHF and b) 3Oam2THF with a view down two monomer
units of n e i g h b o h g polymer backbones.
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In the case of 28a*THF, orientation of like organic groups toward one another

-

caused interstrand separations on the order of 11 12 A (Figure 4.11a), effectively
preventing any interaction between neighbouring strands. A similar arrangement is
observed in 3Oaa2THF. The two solvent molecules coordinated to each lithium ion
protrude in four directions from the polymer backbone and impose separations of 8- 10 A
between polymer chains (Figure 4.1 lb).

The geometry at the three-coordinate carbon atoms in 30aa2THF is planar PLCl
= 360.0°] and that at the nitrogen atoms is almost planar BLN1= 354.7"].

C-S bond distances are 1.279(8) and 1.7 16(8)

The C-Nand

respectively, indicating delocalized

multiple bonding in the NCS units. For comparison the corresponding mean bond

distances in the chelated complex NbC13weC(S)(NMe)]2 are 1.30(2) and 1.73(2)

A,

respectively [44q- The NCS angle in 30a.2THF [L(Nl -C 1-S 1) = 127.3(7)"] is
considerably larger than the corresponding endocyclic angles observed in 27a [lL(NCS)I
= 117.3 (2)O] or 28a.THF

[L(N1-C1
-S 1) = 1 17.3(3)O], but close to that of 29 [Lwl-C1-

S) = 126.64(16)"]- The Li-N and Li-0 distances in 30a-ZTHF are unremarkable and

similar to those observed in 27a and 28a*THF. The Li-S distance of 2.497(12) A is close
to the mean value of 2.405(7) A found for the Li-S bonds in the Li, S3 ring of 271, and

lies between the values found for bridged and unbridged Li-S bonds in 28aoTHF. The
torsion angles for neighbouring LSTCS units are 166.0(8)O and -150.5(7)".

5 4 3 - TRENDS AMONG FOUR LITHIUM HETEROAMIDATES

-

43.1 NMR Data (See also 5 4.4)

The NMR parameters of 26 and 27 are unremarkable, with 'H- and "c-NMR
spectra indicating highly symmetrical structures with single environments for n-Bu and
t

B u groups. A singlet is also observed in the ' ~ NMR
i
of both species, suggesting single

environments for lithium in solution. While this could imply that the hexameric structures
observed in the solid-state are retained in solution, other possibilities with the requisite
symmetry (ems,a step-shaped dimer) cannot be ruled out on this basis alone. Molecular

weight determination by cryoscopic and/or variable temperature osmometric methods has
been employed in other instances to determine the state of ofigomerization of
organolithiums in solution [107].Such measurements coupled with VT-NMR studies
could perhaps be used to conclusively elucidate the solution behaviour of 26 and 27 in
the future.

The orientation of the polymer backbone in 28a.TEXF is such that the chemical
environments of ndjacent monomer units are symmetrically distinct. We speculate that
this [ABAB...]arrangement may correspond to two similar sets of peaks observed in the
1

H- and "c-NMR spectra of 28amTBF. These are virtually identical in shape and area,

with corresponding peaks differing only very slightly in chemical shift (eSg, -C 0.3 ppm

for 'H-NMR spectra). Similarly, two very closely spaced pairs of resonances are
observed for NCH3 and CCH3groups in both the 'H- and 13C-NMR spectra of the
recrystallized complex 30a.2THFy and two resonances may also be resolved for the

carbon atoms in the polymer backbone. Although other explanations are possible, these

data suggest that the polymeric structures of 28aoTHF and 30aoZTHF may be retained in
solution.
The NMR spectra of 30ae2T'HFin Ds-THF prior to recrystdization revealed the
presence of a second species exhibiting a similar pattern of very closely spaced
resonances for the NCH3 and CCH3 groups and the chain C atoms. Variable temperature

NMR spectra showed that 3Oaa2THF and the second species interconvert reversibly,
although the effects of temperature changes in the range -75 to +50°C were s m d . In

view of this facile interconversion we tentatively suggest that the second species is
another conformational isomer, possibly the cis-isomer (Figure 4-12), of Ma-2THF in
which adjacent monomer units are in slightly different environments as a result of
twisting about the Li-S bond.

Figure 4.12: Structural drawings of a) tram and b) cis isomers of 30a*2THF.Dashed
lines indicate delocalized bonding.

4.3.2

- Extended Structures fkom Dimeric Precursors
It is noteworthy that the structures of 26% 27% 28a*TBF, and 30a.2TBF can all

be generated from similar dimeric precursors. For example, trimerization of dimeric
cisoid units produced the hexameric Wobate" and ccpaddle-wheel"conformations

adopted by 26a and 27a, respectively (vide supra, Figure 4.6). Although the relationship
both polymeric forms can be derived fiom
is not as explicit in 28a.THF and 30a@2THF,
dimers in these cases as well-

R'N-Li-S-CR

lHF
M F
precursor

RC-S-----

RC-S-----

I

R1N7Li+--S-CR

R'N-ti-S-CR

f

M F
TiiF

*

C

-

2 THF

Figure 4.13: Schematic depiction of the generation of 28aoTHF and 30a.2THF from a
common dimeric precursor (LipCS(NR')])2. Dashed lines indicate bonds being broken.

The extended anangement seen in 28aoTHF can be produced through the
solvation of both lithium centres in a cisoid dimer leading to the rupture of one Li-S bond
(Figure 4-13), The orientation adopted by 30a02THF can be generated either fiom M e r
solvation leading to disruption of the exocyclic Li-Sbonds, or directly from the common
dimeric unit through solvation of each lithium ion by two THF molecules (Figure 4.13).
Recent work in the field of lithium amide chemistry has suggested that
organolithium ladder polymers may be broken down into chains of finite length by
solvation [24], and that cyclic ladder structures can be unraveled through similar means
[27J. Indeed, seminal work in this area showed that the helical polymer structure of

(Lim(i-Pr)J

1,

[25] is disrupted by coordinating solvents, e.g. {LieTHFw(i-Pr),]

1,

[lot?]. However, solvation does not always lead to limitation of the laddering h e w o r k .
For example, lithium benzylamide [24a] and sodium tert.-butylarnide [21] both form
W t e ladders despite solvation by their parent amines. In addition, we showed in

Chapter 3 that solvation and laddering can both h c t i o n simultaneously as mechanisms
for the dispersal of electronic charge in mixed lithium arnidinate/lithiium halide systems
1791-

Given the observed dependence of structure on solvation for lithium tbioamidates
and other organolithium species, the fact that 27a remains unsolvated in the solid-state,
even when recrystallized fkom THF, is of significance. We suggest that this occurs for
two reasons: 1) the steric bulk of the substituents in 27 hinders solvent molecules from
entering the coordination sphere of lithium; and 2) aggregation via laddering competes

with solvation as a route to dispersal of electronic charge at both termini of the &is]
bond in 27. Hence, when R and R'are large in Li[RCS(NR')], solvation is impeded and
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unsolvated, laddered oligomers are favoured, As the size of the substituents employed is
decreased, solvation becomes more facile and the dimeric unit breaks down to give the
polymeric unit seen in 28a.THF.
Likewise, it appears that the preference for a solvated, single-strand polymeric
arrangement in 30aa2THF (rather than unsolvated, oligomeric alternatives) reflects the
m . a lsteric requirements of the methyl substituents attached to the thioamidate. In
direct analogy to the relationship between 27a and 28amTHF, the reduced bulk of the
organic groups in 30 compared to those in 28 apparently allows solvent molecules to
enter the coordination sphere of lithium more easily. Thus, solvation becomes the most
efficient way of dispersing electronic charge at lithium and a linear fragment is produced.

The polymeric arrangement of 30aa2THF can be generated from 28amTHF by
visuakhg a second molecule of solvent attaching to the lithium centres and concomitant
breaking of the Li-Sbonds within the four-membered rings. Thus, in contrast to previous
reports which have indicated that donor solvents disrupt or limit organolithium
oligomerization [24,27, 106% 1081,solvation actually appears to promote polymerization
for lithium thioamidates when it is not sterically prohibited.

The three structures 27a, 28a*THF, and 30aa2THF can be viewed as discrete
points along a continuum: at one extreme, very bulky substituents in 27a prevent
(sterically) solvation and yield an unsolvated, oligomeric structure; at the other extreme,
very small substituents in 30 allow solvent molecules to enter the coordination sphere of

lithium freely, producing the solvated, single strand polymer 30aa2THF. Intermediate
between these termini, the use of one small and one bullcy substituent in 28 produces

partial solvation of lithium by THF and yields a polymeric m y 28aaTHF in which the
-

thioamidate units chelate lithium in a bidentate fashion. Aggregation in all three systems
can be conceptualized to occur vrb a dimeric precursor unit under the control of solvation

effects, which are in turn directed by steric factors related to the organic substituents
employed.

-

4 3 6 Conclusions and Consequences for Laddering

We have shown that for lithium thioarnidates the degree of solvation by THF
depends heavily on the steric environment around lithium. When bulky organic
substituents are employed, solvation is hindered and unsolvated, finite oligomers result.

For smaller substituents, solvation at lithium occurs readily and, in contrast to previously
reported organolithium systems, actuallypromotes polymer formation. In all three cases
presented here, formation of the observed solid-state structure can be rationalized by
considering the effects of sterically-directed solvation on a dimeric unit The implications
of this observation for related systems such as alkali-metal amidinates and other
heteroamidates-as

well as for the reaction chemistry of these and other reagents-is

a

topic that we continue to investigate.
W~thinthe context of laddering, the trends summarized above can be formulated

in terms of primary and secondary laddering with modifications arising fiom solvation
and heteroatom effects. All of the solid-state structures discussed here can be derived
from dimeric precursors formed via primary laddering. The disparate hexamers 26a and
27a arise similarly through secondary laddering of these dimers, with dimer orientation

within the hexamers differing due to heteroatom effects. In the case of 28aaTHF and

30a.2THF2 solvation competes with primary Iaddering as a mechanism to disperse
charge at lithi-

and the steric congestion caused by solvation prevents laddering fiom

occurring. Thus, although aggregation does occur, it does not do so through lateral
association of Li-E b e n t s (even when such fjragments are available, as in 28a-THF).

Although the structures of 26a, 27a, 28aoTHF, and 30a.ZTHF are at first glance
quite diverse, the general statement of laddering proposed in Chapter 1 appears robust
enough to explain the observed similarities and differences. In particular, the idea of
secondary laddering mitigated by solvation and heteroatom effects is u s e l l for
explaining the specific architecture of these aggregated structures. Primary laddering is
certainly also important here, but generally only insofar as whether it actually occurs;

subtle effects governing the direction and result of aggregation processes are better
understood in terms of secondary laddering. Thus, at least for the examples given here,
the proposed modification to the original laddering principle (ie., the inclusion of

secondary laddering as an explanatory tool for laddered structures) appears justified and
useful.

g 4.4 - EXPERIMENTAL SECTLON
See Chapter 2for general procedures and instrumentation details.

4.4.1

- Synthesis of ~i[(n-BU)CO(N'BU)]
(26)
A yellow, 2.5 M solution of n-BuLi in hexanes (5.0 mL, 12.5 mmol) at room

temperature was added dropwise via a stainless-steel transfer needle to a stirred, clear,
colourless solution of tert-butyl isocyanate (1-354 g, 13.66 mmol) in hexane (-7 mL)
cooled to -78°C.This caused immediate precipitation of a white solid with concomitant
emanation of heat from the reaction vessel. The reaction mixture was allowed to warm to
room temperature and stirred for a further two hours, during which time no further
changes were obsemed. Removal of volatiles under dynamic vacuum yielded 2.016 g of
a fine white powder identified as (~i[(n-~u)C0@J~Bu)]
(2.06 mmol, 98.8 %). Melting
point: 141-144OC.
Anal- cdcd. for (C9H1aNOLi)6 [%I :C,66.24;

11.11;N, 8.58. Found: C,66.2 1;

1 1.48; N, 8.33. IR (KBr, Nujol mull), v [cm-'1: 2727, 1579 (C-0 stretch), 1277, 1210,
1092,1022,848,622. 'H-NMR [200 M?k, GUMS in CDC13)] in CsDs at 25OC: 6 = 2.39

(m,2H), 1.92 (my2H), 1.47 (q, 2H), 1.31 (s, 9H), 1.04 (t, 3H). 13c-NMR
[50.288 MHz,
G(TMS in CDC13)I in C6D6at 25°C: 6 = 175.2 (s) [(n-BU)CO(N'BU)], 50.2 (s) [-

-C(CH3)J, 32.8 (s) [-Cw3)3],
24.2 (s) [-CH2CHa2CH3],

36.2 (s) [-GH2CH2CH2CH3], 30.9 (s) [-CH&HzCH2CH3],
and 14.7 (s) [-CH2CH2CHQ13]. 'L~-NMR [I55.SO8 MHz,

123

6(1M LiCl in DzO)]in C D 6at 2S°C: 6

= -1.56

(s). LRMS @I, 70eV): m/e 157, (H[(n-

BU)CO(N~BU)])+,
40%.

Crystals used for analyses were obtained as colourless blocks from a saturated
soIution of THF cooled to -20°C overnight. X-ray quality crystals were obtained by
recrystallizing this material from toluene over 8 days at -20°C. AU data were collected at
low temperature using an epoxy-coated crystal mounted on a glass fibre. Measuements
were made on a Siemens SMART CCD diffractometer with graphite-monochromated

Mo-Ka radiation (h = 0.7 1073 A). The structure was solved by direct methods [log] and
expanded using full matrix least squares on F~[110]. Non-hydrogen atoms were refined
anisotropically- Hydrogen atoms were included at geometrically idealized positions and
were not refined. Relevant crystallographic data are presented in Table 4.1, and pertinent
metrical parameters are given in Table 4.2 and 4.3.

Table 4.1: Crystal Data for (L~[(~-BU)CO(N'BU)~]~~
(26a)
Diffiactometer
Molecular formula
FonnuIa weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions
Volume

z

Calculated density
Absorption coefficient
Fooo

Crystal size
0 range for data collection
Limiting indices
Reflections collected / unique
Refinement method
Data / restraints / parameters
Goodness-of-fit on F~
Final R indices p2a(I)] [a,b]
R indices (all data) [a, b]
Largest dE peak and hole

Siemens SMART CCD - Univ. of Ottawa
C&108L~606

979-10
-70(2)"C
0.71073
Monochic, P2'/n
a = 14.1190(8) A
a = 90.000°
b = 25.188(2) A
$ = 110.690(1)"
c = 19.981(1) A
y = 90.000"
6647.67(1) A3
4
0.978 bIglrn3
0.061 mm-'
2160
0-1 x 0-1 x 0.1 mm
1.36" to 23.50°
-185hI18,-335kL33,-1511126
29768 / 9811 [Pint
= 0.0941]
Full-matrix least-squares on F~
9625 / 0 / 649
1.026
R(F) = 0.0759, WR@) = 0.1979
R(F) = 0.1053, W R ( F=~ 0.2367
~
0.370 and -0.259 e.A-

Table 4.2: Selected Bond Distances in 26a
Atoms
Bond Length -(& Atoms
Li(1)-O(3)
1.875(5)
O(l)-c(l)

Bond Length (A)
1-315(3)

Table 43: Selected Bond Angles in 26a
Atoms
A n g l e (O)
Atoms
O(3)-Li(1)-O(4)
93.9(2)
C(4 1)-O(4)-Li(6)

-

(Continued...

I

145-3(2)

-

O(2)-Li(4)-0(1)
O(2)-Li(4)-N(4)
O(1)-Li(4)-N(4)
O(2)-Li(4)-0(4)
O(1)-Li(4)-O(4)
N(4)-Li(4) -0(4)
O(1)-Li(5)-O(2)
O(1)-Li(5)-N(5)
O(2)-Li(5)-N(5)
O(1)-Li(5)-O(5)
O(2)-Li(5)-O(5)
N(5)-Li(5)-O(5)
O(4)-Li(6)-O(3)
0(4)-Li(6) -N(6)
O(3)-Li(6)-N(6)
O(4)-Li(6)-O(6)
O(3)-Li(6)-O(6)
N(6)-Li(6)-O(6)
C(1)-O(1)-Li(5)
C(1)-O(1)-Li(4)
Li(5)-O(1)-Li(4)
C(1)-O(1)-Li(1)
Li(5)-O(1)-Li(1)
Li(4)-O(1)-Li(1)

Continued...

94-9(2)
141.2(3)
123.1(2)
121-4(2)
97.6(2)
65.4(2)
94.4(2)
139.6(3)
125.3(2)
120.2(2)
98.7(2)

65.7(2)
94.5(2)
140.5(3)
124.6(2)
118.2(2)
99.3(2)
65.5(2)
144.9(2)
124.1(2)
85.5(2)
86.7(2)
118.5(2)
82,5(2)

C(51)-O(5)-Li(3)
C(51)-O(5)-Li(2)
Li(3)-O(5)-Li(2)
C(51)-O(5)-Li(5)
Li(3)-O(5)-Li(5)
Li(2)-O(5)-Li(5)
C(6 1)-O(6)-Li(2)
C(61)-O(6)-Li(3)
Li(2)-O(6)-Li(3)
C(61)-O(6)-Li(6)
Li(2)-O(6)-Li(6)

146.3(2)
123.7(2)
85.4(2)
86.2(2)
117-7(2)
81.2(2)
146.6(2)
123.7(2)
84.8(2)
85.4(2)
119.5(2)

c(l)-N(l )-c(@
C(1)-N(1)-Li(1)
C(6)-N(1)-Li(1)
C(21)-N(2)-C(26)
C(2 1)-N(2)-Li(2)
C(26)-N(2)-Li(2)
C(31)-N(3)-C(36)
C(3 1)-N(3)-Li(3)
C(36)-N(3)-Li(3)
C(41)-N(4)-C(46)
C(41)-N(4)-Li(4)
C(46)-N(4)-Li(4)
C(5 1)-N(5)-C(56)
C(5 1)-N(5)-Li(5)
C(56)-N(5)-Li(5)
C(61)-N(6)-C(66)
C(61)-N(6)-Li(6)
C(66)-N(6)-Li(6)
N(1)-C(1)-O(1)
N(l)-c(l)-c(2)
O(1)-C(1)-C(2)
N(2)-C(2 1)-0(2)
N(2)-C(21)-C(22)
O(2)-C(2 1)-C(22)

126.5(2)
89.5(2)
143.8(2)
126.3(2)
89.3(2)
142.8(2)
126.7(3)
90.2(2)
141.9(3)
126.8(2)
90.2(2)
142.6(2)
127.2(3)
90.5(2)
142.3(2)
126.4(2)
90.8(2)
142.5(2)
117.5(2)
129.5(2)
113.0(2)
117.5(2)
128.4(3)
113.9(2)

4.43

- Synthesis of L~[(~BU)CS(N~BU)]
(27)
A yellow, 2.5 M solution of n-BuLi in hexanes (4.45

mL, 11-0mmol) cooled to

0°C was added dropwise via a stainless-steel transfer needIe to a stirred, clear, colourless
solution of tert-butyl isothiocyanate (1-442 g, 12.52 mmol) in hexane (-lOmL), also
cooled to O°C. This immediately produced an opaque white reaction mixture. The
solution was allowed to warm to room temperature and stirred for a further two hours,

during which time no fuaher changes were observed. Removal of volatiles in vacuo
yielded a fine white powder. This was washed twice with hexane (2 x 5 d)
and
, again
pumped to dryness under dynamic vacuum. Total yield of white solid identified as
{~i[(n-~u)Cs(N'Bu)])a
was 1.934 g (1.80 mmol, 97.0 %). Melting point: 155-156OC
(decomposition to a brown solid); 184- 186OC (brown liquid).

Anal. calcd. for ( C C J H ~ ~ N S
[%I:
L ~C,
) ~60.3 0; H, 10.12; N,7.8 1. Found C, 59.69;

H,10.67; Ny7.86. IR (KBr, Nujol mull), v [cm-'1: 1584 (C-S stretch), 1362, 1232, 1202,
1141,1042,805,738,719,622,45 1. 'H-NMR [200 MHz, G(TMS in CDC13)]in C& at
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25OC:6 = 2.72 (m, 2H), 2.07 (m, 2H), 1.40 (m, 2H), 1.33 (s, 9H), 0.941 (t, 3H). 13c-

NMR c50.288 MHz, 6(TMS in CDC13)I in c6D6at 25°C: 6 = 185.9 (s) KS(N~BU)~-BU],
56.0 (s) [-c(CH3)3], 3 1.7 (s) [-CcH3)3], 43.1 (s) [-waCH2CH2CH3],
CHazCH2CH3],

32.5 (s) [-

24.0 (s) [-CH2CH&H2C&IY and 14.6 (s) [-CHzCH2CH&H3]. ' ~ i -

NMR [I 55.508 MHz, 6(1M LiCl in DzO)] in C6D6at 25OC:6 = -0.315 (s). LRMS ( ' I ,
70eV): mle 173, (H[(~-BU)CS(N'BU)])+,56%-

Crystals of 27a suitable for X-ray m a c t i o n experiments were obtained as

colourless blocks from a saturated solution of toluene cooled to -20°Covernight, AU data
were collected at low temperature using an epoxy-coated crystal mounted on a glass

fibre. Measurements were made on a Siemens SMART CCD diffractometer with
graphite-rnonochromated Mo-Ka radiation (h= 0.71073 A). The structure was solved by
direct methods [go] and expanded using full matrix least squares on F
' [911. Non-

hydrogen atoms were r e k e d anisotropically. Hydrogen atoms were included at
geometrically idealized positions and were not refined. Relevant crystaUograpbic data are
presented in Table 4.4,and pertinent metrical parameters are given in Table 4.5 and 4.6.

Table 4.4: Crystal Data for(Li[(n-BU)CS(N'BU)]
] 6 * ~ 7 & (27a)

Difhctometer
Molecular formula
F o d a weight
Temperature
Wavelength
Crystal system, Space group
Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Fooo
Crystal size
8 range for data collection
Limiting indices
Reflections collected / unique
Rehement method
Data / restraints / parameters
Goodness-of-fit on 'F
Final R indices p>2a(I)1 [a, b]
R indices (all data) [a, b]
Largest dE peak and hole

Siemens SMART CCD - Univ. of Ottawa
C61Hll&i@6S6
1167.6
-70(2)OC
0.71073 A
Triclinic, P- 1
a = 14.466(2) A
a = 95.025(1)"
b = 16.454(2) A
p = 90.858(1)O
c = 16.454(2) A
y = 105.112(1)"
3763.7(8) A3
2
1.030 ~ g / r n ~
0.218 mml
1276
0.4 x 0.4 x 0.4 rnm
1.24" to 25.00°
-19IhIl9,-19IkI21,-21I1I22
27368 / 13032 Ipht= 0-08131

Full-matrix least-squares on F~
13025 / 9 / 700
1.004

R(F) = 0.0676, wlC(F2) = 0.1505
R(F) = 0.1399, WR(F? = 0.1821
0.952 and -0.502 e.A-

Table 4.5: Selected Bond Distances in 27a
Atoms
-Bond
Length (A) -Atoms
s(1)-c(1)
1.774(4)
Li(l)-N(1)

2.00 l(7)

Table 4.6: Selected Bond Angles in 27a
Atoms
C(1)-S(1)-Li(2)
109.3(2)
N(4)-Li(4)-S(6)#2

Angle (O)
125.0(3)

C(2 1)-S(2)-Li(1)
C(2 1)-S(2)-Li(3)
Li(1)-S(2)-Li(3)
C(21)-S(2)-Li(2)
Li(1)-S(2)-Li(2)
Li(3)-S(2)-Li(2)
C(3 1)-S(3)-Li(2)
C(3 1)-S(3)-Li(l)#l
Li(2)-S(3)-Li(l)#l
C(3 1)-S(3)-Li(3)
Li(2)-S(3)-Li(3)
Li(l)#l-S(3)-Li(3)
C(4 1)-S(4)-Li(5)
C(4 1)-S(4)-Li(6)#2
Li(5)-S(4)-Li(6)#2
C(4 1)-S(4)-Li(4)
Li(5)-S(4)-Li(4)
Li(6)#2-S(4)-Li(4)
C(51)-S(5)-Li(6)
C(5 1)-S(5)-Li(4)
Li(6)-S(5)-Li(4)
C(5 1)-S(5)-Li(5)
Li(6)-S(5)-Li(5)
Li(4)-S (5)-Li(5)
C(6 1)-S(6)-Li(4)#2
C(6 1)-S(6)-Li(5)
Li(4)#2-S(6)-Li(5)
C(6 1)-S(6)-Li(6)
Li(4)#2-S (6)-Li(6)
Li(5)-S(6)-Li(6)
(1-L(l)S(31
(1)-Li(1)-S(2)
S(3)# 1-Li(l)-S (2)
(1)-Li(1)-S(1)
S(3)#I-Li(1)-S(1)
S(2)-Li(1)-S(1)

E

Continued.. .

104.0(2)
110-2(2)
112.1(2)
69.3(2)
73.0(2)
67.5(2)
107.3(2)
105.7(2)
111.5(2)
70-O(2)
67-8(2)
70.1(2)
106.8(2)
109.8(2)
112.2(2)
70.0(2)
70.6(2)
71.4(2)
109.0(2)
111.2(2)
108.8(2)
70.0(2)
71.6(2)
70.6(2)
107.8(2)
108.0(2)
112.8(2)
69.4(2)
71.3(2)
71.0(2)
126.8(3)
128.2(3)
104.1 (2)
67.4(2)
110.3(2)
106.6(3)

N(5)-Li(5)-S(6)
N(5)-Li(5)-S (4)
S(6)-Li(5)-S(4)
N(5)-Li(5)-S (5)
S(6)-Li(5)-S(5)
S(4)-Li(5)-S (5)
N(6)-Li(6)-s(5)
N(6)-Li(6)-S(4)#2
S(5)-Li(6)-S (4)#2
N(Q-W6)-S(d)
S(5)-Li(6)-S(6)
S(4)#2-Li(Q-S(6)
c(l)-N(l )-c(@
C(1)-N(1)-Li(1)
C(6)-N(1)-Li(1)
C(21)-N(2)-C(26)
C(2 1)-N(2)-Li(2)
C(26)-N(2)-Li(2)
C(3 1)-N(3)-C(36)
C(3 1)-N(3)-Li(3)
C(36)-N(3)-Li(3)
C(41)-N(4)-C(46)
C(41)-N(4)-Li(4)
C(46)-N(4)-Li(4)
C(51)-N(5)-C(56)
C(5 1)-N(5)-Li(5)
C(56)-N(5)-Li(5)
C(6 1)-N(6)-C(66)
C(6 1)-N(6)-Li(6)
C(66)-N(6)-Li(6)
N u 1-c(1) - w )
N(l)-c(l)-s(l)
C(2)-C(1)-S(1)
N(2)-C(2 1)-C(22)
N(2)-C(2 1)-S(2)
C(22)-C(2 1)-S(2)

128.2(3)
125.4(3)
104.9(2)
67.7(2)
109.2(2)
109.5(2)
123.2(3)
126.3(3)
109.5(3)
67.0(2)
108.1(3)
107.6(3)
126.9(3)
104.0(3)
128.7(3)
125.9(3)
105.0(3)
128.0(3)
126.0(4)
106.5(3)
127.5(3)
125.7(4)
105,1(3)
129.1(3)
125.8(4)
104.1(3)
129.8(3)
127.0(3)
105.3(3)
127.6(3)
130.1(3)
118.3(3)
111.6(3)
129.5(3)
117.4(3)
113.1(3)

N(2)-Li(2)-S(3)
N(2)-Li(2)-S(l)
S(3)-Li(2)-S (I)
N(2)-Li(2)-S(2)
S(3)-Li(2)-S (2)
S(1)-Li(2)-S (2)
N(3)-Li(3)-S(l)#l
N(3)-Li(3)-S(2)
S(l)#l-Li(3)-S(2)
N(3)-Li(3)-S(3)
S(1)#1-Li(3)-S(3)
S(2)-Li(3)-S (3)
4.43

128.0(3)
124.1(3)
106.1(2)
67.3(2)
113.3(2)
106-6(2)
125.6(3)
127.9(3)
105.1(3)
66.2(2)
108.5(2)
111.1(3)

N(3)-C(3 1)-C(32)
N(3)-C(3 1)-S(3)
C(32)-C(3 1)-S(3)
N(4)-C(41)-C(42)
N(4)-C(41)-S(4)
C(42)-C(4 1)-S(4)
N(5)-C(5 1)-C(52)
N(5)-C(5 1)-S(5)

129.7(4)
117.4(3)
112.9(3)
129.8(4)
117.2(3)
112.9(3)
128.7(4)
118.0(3)

N(6)-C(6 1)-C(62)
W)-c(61)-s(6)
C(62)-C(6 1)-S(6)

128.9(4)
118.1(3)
113.0(3)

- Synthesis of L~WS(N'BU)J (28)
A clear, colourless solution was produced by adding fert.-butyl isothiocyanate

(1.290g, 11.20 mmol) to diethyl ether (10 mL) and stirring at room temperature. To this
solution methyllithium in diethyl ether (1.4M, 8.0 mL., 11.20 -01)

was added dropwise

over several minutes via stainless steel transfer needle. After ca.50% of the akylithium
reagent had been added a white solid was observed and, after complete addition, the
reaction mixture became white and opaque. This slurry was allowed to stir for two hours,
during which time no further changes were observed Removal of volatiles under
dynamic vacuum yielded a white powder identified as 28 (1-441 g, 10.5 1 mmol, 94 %).
Melting point: 111-113OC (dec.).

Anal. calcd. for C6H12NSLi [%I: C,52.53; H, 8.82; N, 10.21. Found: C,51.84; H,
9.14; N,10.64.

IR (KBr, Nujol mull), v [cm-'1: 2702,2617,2071, 1983, 1584, 1564,

1461,I367,1232,1209,1125,1032,1005,991,889,806,771,727,580,525. 'HNMR
[200 MHz, G(TMS in CDC13)] in C4D80at 25°C: 6 = 3.58 (broad s, THF), 2.33,2.11

133

(both s, W~CS@BU)J,3H), 1.73 @roads, TEE), 1.35, 1.18 (both s, &~~cs@~Bu)],
9H).

13c
NMR

c50.288 MHz, G(TMS in CDC13)] in C4D80at 25OC: 6 = 189.24 and

172.17 (both s, wecS(NtBu)]), 67.49 (q, THF),55.12 and 54.51 (both s, G(C&),),
40.16,30.80 (both s, m C S ( N t ~ u ) ]3H),
, 31.45 and 29.40 (both s, Cw3)3),

25.3 5 (q,

THF)).' ~ NMR
i
[155.508 MHz, G(1M LiCl in D20)] in C a s Oat 25°C: 6 = -1.22 (s).
LRMS @I, 70eV): d e 131, {HweCS(Nt~u)]+],53%.
Crystals suitable for X-ray difhction studies were obtained from a saturated, 1:1
mixture of hexane and THF stored at -20°Cfor several days. All data were collected at

low temperature using an oil (Paratone 8277, Exxon Ccrp.) coated crystal mounted on a
glass fibre. Measurements were made on a Rigaku AFC6S diffractometer with graphite-

monochromated Mo-Ka radiation (h= 0.7 1069 A). Empirical absorption corrections
were applied [922l, and the structure was solved by direct methods [93] and expanded
using Fourier techniques [94]. Non-hydrogen atoms were refined anisotropicdy.
Hydrogen atoms were included at geometrically idealized positions and were not rehed.

Full-matrix least-squares refinement was performed using the teXsan [97l
crystallographic software package of Molecular Structure Corporation. Relevant
crystallographic data are presented in Table 4.7, and pertinent metrical parameters are
given in Table 4.8.

Table 4.7: Crystal Data for (Li*THFmS(Nt~u)l),(28amTHF)
Difhctometer
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, Space group
Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Fooo
Crystal size
2~,,
Reflections collected
Independent reflections
Structure solution
Refinement method
Data B>3o(I)] / parameters
Max sWerror in Einal cycle
Goodness-of-fit
Residuals: R [a], Rw b]
Largest c
i
s
.peak and hole
Corrections
Transmission factors

m.;min.]

Rigaku AFC6S (Mo-Ka) - Calgary
CloH&ILiOS
209.28
-103(1)"C
0.71069 A
Monoclinic, P21/a (#I4)
a = 90.000 "
a = 9.129(2) A
b = 11.099(2) A
p = 94.14(2) O
c = 12.537(2) A
y = 90.000 "
1267.0(4) A3
4
1.097 ~ g / r n ~
2.2 cm"
456
0.50 x 0.50 x 0.30 mm
50.1 "
2516
2364 Bht= 0.0411
Direct Methods (SIR92 C931)
Fourier Techniques (DIRDIF94 [94])
Full-matrix least-squares
1021 / 127
0.01
1.87
R = 0.049, Rw = 0.047
0.29 and -0.27 e . ~ - ~
Lorentz-polarization
Absorption (empirical)
0.9427; 1.OOOO

4.4.4

- Crystallographic Characterization of M~cs(HN'Bu) (29)
A few crystals of 29 were isoiated fiom a solution of 28 in hexane stored at -14OC

for several weeks. AU data were collected at low temperature using an oil (Paratone 8277,
Exxon Corp.) coated crystal mounted on a glass fibre. Measurements were made on a
Bruker AXS P4lRAlSMAR.T 1000 CCD ~ a c t o m e t ewith
r graphite-monochromated
Mo-Ka radiation (li = 0.71 073 A). An empirical absorption correction was applied [Ill],

as well as corrections for Lorentz and polaimtion effects [112]. The structure was solved
by direct methods [90]and refined using the full-matrix least squares method on F~ [I 131.

Non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included at
geometrically idealized positions and were not refined. Relevant crystallographic data are
presented in Table 4.9, and pertinent metrical parameters are given in Table 4.10.

Table 4.9: Crystal Data for M~CS(HN'BU)(29)

D B ktometer
Empirical formula
FonnuIa weight
Temperature
Wavelength
Crystal system, Space group
Unit cell dimensions

Bruker AXS P4WSmart CCD @lo-Ka)
C6H13NS
131.23
-80(2)OC
0.71073
Orthorhombic, Pbca (#61)
a = 90.000 O
a = 11.659(3) A
p = 90.000 O
b = 9.629(3) A
c = 13.883(4) A
y = 90.000 O
Volume
1558.6(8) A3
z
8
Density (calculated)
1.1 19
Absorption coefficient
0.323 cm"
Fooo
576
crystal size
0.82 x 0.35 x 0.25 mm
51-36"
2~Reflections collected
2090
Independent reflections
1387 Ipht= 0.02851
Structure solution
Direct Methods (SHELXS-97 [go])
Refinement method
Full-matrix least-squares on F'
(SHELXL-2 [113])
Data @>2a(I)]/ parameters
1387 / 74
Max. sWerror in final cycle 0.006
Goodness-of-fit
1.099 (on @)
Residuals: R [a], R, [b]
R = 0,0391, Rw = 0-1276
Largest cliff. peak and hole
0.300 and -0.286 e . ~ ' ~
Corrections
Lorentz-polarization
Absorption (empirical, SADABS [I 111)
Trans.factors
min.]
0.7778; 0.9237

m-;

[a1

R = ZIIFol - (Fcll~lFol

Cbl

Rw = CZW(&?
w =@
[ ):

- F ~ ) ~ E w 2()2F]IR
~ (all data)

+ (0.0769~)~]-~

P =~ l a x ( ~ 2 , O
+ )2~$]/3

- Edmonton

4.4.5

- Synthesis of Li@MeCS(NMe)J (30)
NOTE: This compound rapidly decomposes on exposure to air and produces a

considerable stench.

A clear, yellow solution was produced by adding methyl isothiocyanate (0.947gY
12.95 mmol) to diethyl ether (10 mL) at 23OC. This mixture was cooled to -80°C and a
1.4M solution of methyllithium in diethyl ether (9.8 mL, 13.7 mmol) was added dropwise
over several minutes via stainless steel transfer needle. This produced a murky, yellow
solution that, on warming to 23OC, became bright yellow and complete$ opaque. Stirring
continued for a M e r l h with no observable change. On cessation of stirring, a yellow
precipitate settled out below a clear, very slightly yellow mother liquor. This liquid was
decanted, and subsequent removal of residual solvent under dynamic vacuum produced
30 as a fine, yellow powder (1.023 g, 10.77 mmol, 83 YO)).

Charactetu~fion
of 30: Melting point: 185-187OC (dec.). Anal. calcd. for
C3H&LiS

[%I:

C, 37.89; H,6.36 ;N, 14.73. Found: C, 37.92; H, 6.11; N, 13.97.

Characterization of 30~*2E?F:
Melting point: 22 1-224OC (dec.). Anal. calcd. for
C3E&NLiSe(C&O)2 (CI
1H22NLiSO2)[%I: C, 55.21; H, 9.27;N, 5.85. Anal. calcd. for

Q&NLiS*(CJ-&O) (C7H14NLiSO) [%I: C,50.29; H, 8.43; N, 8.38. Found (for example):
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C, 50.10; H,7.72; N, 8.18. Elemental analyses for 3Oa-xTHF gave values of x ranging
fiorn 0.5 to 1.5 (4 samples) depending on the age of the sample. IR (KBr, Nujol mull), v
[cm-'1: 2727,1910,1582,1304,1172,1115,940,801,640,587. 'H-NMR [ZOO MHz,

6(TMS in CDCI,)] in C&O at 25OC (NOTE:1 drop C&

added for referencing

purposes): 6 = 3.53 (m,THF), 3.30 and 3.29 (s, weCS(NMe)], 3H), 2.54 and 2.53 (s,
meCS(NMe)], 3H), 1.49 (myTEIF). I3c-NMR 150.288 MHz, 8(TMS in CDCI,)] in
C4D80at 27OC: 6 = 189.03 and 188.98 (s, wecS(NMe)]), 67.40 (q, THF), 41.18 and
41.10 (s, @4eCS@M&4

I), 36.46 and 36.26 (s, W&S(NMe)]),

25.3 1 (q, THF). 'L~-NMR

[155.508 MHz, 6(1M LiCl in D20)] in C a s O at 27°C: 6 = 1.48 (s). LRMS (EI, 70 eV)
m/e 89, (HweCS(NMe)] )+, 100%.

N M t datafor the confonnationul isomer: 'H-NMR [200 MHz, G(TMS in

CDCI,)] in C D 8 0at 25OC (NOTE: 1 drop Gas added for referencing purposes): 6 =
3.53 (m, THF), 2.84 and 2.83 (s, weCS(NMe)], 3H), 2.33 and 2.32 (s, &CS(NMe)],

3H), 1.49 (m, THF)."c-NMR
(solution) l50.288 MHz, 6(TMS in CDC13)]in CD8O at
27OC: 6 = 191.71 (s, weCS(NMe)]), 67.40 (q, THF), 38.44 and 38.26 (s, weCS(NMA],
3H), 27.04 (s, ~eCS@Me)J,3H), 25.3 1 (q, THF).

Crystals suitable for X-ray e c t i o n studies were obtained fiom a highly
concentrated THF solution stored at -14°C for 4 days. All data were collected at low
temperature using an oil (Paratone 8277, Exxon Corp.) coated crystal mounted on a glass
fibre. Measurements were made on a Rigaku AFC6S diffractometerwith graphitemonochromated Mo-Ka radiation (h= 0.7 1069 A)).Empirical absorption corrections

were applied, 1921, and the structure was solved by direct methods [93] and expanded

using Fourier techniques [94]. Non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were included at geometrically idealized positions and were not relined-

Full-matrix least-squares refinement was performed using the teXsan [97l
crystallographic software package of Molecular Structure Corporation. Relevant
crystallographic data are presented in Table 4.10, and pertinent metrical pammeters are
given in Table 4.12.

Table 4.11: Crystal Data for &ie2THFweCS(NMe)l), (30aeZTHF')

D~ctometer
Empirical fonnula
Formula weight
Temperature
Wavelength
Crystal system, Space group
Unit cell dimensions
Volume

z

Density (calculated)
Absorption coefficient
Fooo
crystal size
2~,,
Reflections collected
Independent reflections
Structure solution
Refinement method
Data p>3a(I)] / parameters
Max. sWerror in final cycle
Goodness-of-fit
Residuals: R [a], Rw b]
Largest cliff. peak and hole
Corrections
Transmission factors [max.; min-]

Rigaku AFC6S (Mo-Ko~)- C a l g q
CIlH&iSO~
239.30
-103(1)°C
0.71069 A
Monoclinic, P2 1/a (# 14)
a = 90.000 "
a = 10.974(3) A
p = 91-33(3) "
b = 8.575(5) A
y = 90.000 "
c = 14.898(5) A
1401.6(10) A3
4
1.134 ~ g / r n ~
2.16 cm520.00
0.42 x 0.38 x 0.22 mm
50.1 "
28 14
2669 [Pint
= 0,0621
Direct Methods (SIR92 [93])
Full-matrix least-squares
695 / 145
0.02
1.78
R = 0.053, Rw = 0.043
0.22 and -0.21 e . ~ ' ~
Lorentz-polarization
Absorption (empirical)
0.9680; 1,0000

Table 4.12: Selected Bond Distances, Bond Angles, and Torsion Angles in 30aa2TBF
Atoms
Atoms
Angle (O)
Li(1)-S(1 *)
2.497(12)
N(1)-Li(1)-S(1 *)
119.0(7)

Chapter 5:
Derivatives of Heteroamidates via Metathetical Chentishy

5.1.0

- Introduction
A number of recent reports have focused on the use of cyanate [114], thiocyanate

[115], and thiocarboxylate [llq anions as ligands for coinage metals, particularly Cum.
Much of this interest has stemmed fium the discovery of molecular magnetic materials
comprised of metal-cyano bridges [117]. Further impetus for the study of copper centres
ligated by N- and S-containing compounds is provided by their biological relevance. For

example, blue-copper proteins are well-known to carry out electron-transfer using a

Cu(I)/Cu(II) redox couple [118].
Investigating the structural features of alkali-metal heterocarboxylates is an

important prelude to understanding their ligand behavior. Prior to our work in this area,
however, no transition-metal or main group derivatives of thioamidates had been
prepared by metathetical routes [MI. Having characterized several thioamidate ligands as
their lithium salts [I 0 1, 105, see also Chapter 41, we wished to show that these could be
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employed in metathetical reactions with mition-metal and main-group substrates. The
structural consequences of replacing alkali metals with coinage metals in main-group

cluster compounds can be difficult to predict. For example, Wright and co-workers have
observed subtly different behaviour for [(&2(NCy)4)2&]

(M = Li [l 191, Na, Cu [120])

than for the related system [(Sb2(NCy)4)2h&] (M = Li [I 211, Na [122], Cu, Ag [123]). In
the latter case the structure of the Li-derivative differs significantly fiom the Na, Cu,and
Ag-derivatives, all of which are approximately isostructural. The arsenic compound
shows similar behaviour in the Li and Na cases, but the Cu-derivative exhibits a

''dramatic change" in cluster architecture.
Here we describe the synthesis and X-ray structural characterization of two
copper0 thioamidates Cu(RCS(NR')] (31: R, R'= Me; 32:R = n-Bu, R'= 'BU)prepared
via equation 5.1.

Both 31 and 32 occur as a mixture of hexarner and tetramer (Cu[RCS(NR')

I),

x = 4;31b, 32b: x = 6) with the major oligomer in each case being dictated by

(31a, 32a:
steric

considerations. Since we are not aware of any previous reports examining the structural
relationships between these two known oligomeric architectures, a number of similar
systems fiom the Iiterature are also discussed for comparison.

5.1.1

- Synthesis and Structure of CnweCS(NMe)] (31)
Because we had previously observed that weCS(NMe)J- acts as a bridging ligand

as its lithium derivative [105], we reasoned that it might also bridge copper centres to

form polymeric arrays. Such behaviour has been observed previously for cyanates [I141

and thiocyanates [I151 "solvated" by N-donors such as pyridine, p@e,

4,4'-dipyridyl,

and trans- 1,2-bis(4-pyridy1)ethylene. In contrast, the related thiocarboxylates

phg]p(SC(O)Me)2]

(M = Cu, Ag) and pt3NH"J[~g{sC(o)Ph)~]
have discrete

structures in the solid-state 11161.

The addition of LiweCS(NMe)] (30) to an equimolar amount of CuCl in
acetonitrile (equation 5.1:R, R'= Me) produced an orange solid that was moderately
stable in air. CHN analyses were consistent with the empirical formula CumeCS(NMe)]

(31), and red plates crystallized fiom a solution of 31 in acetonitrile at -14°C. A structural
determination of this product by single-crystalX-ray di£fiaction was undertaken by Dr.

M. Parvez (University of Calgary) and revealed the hexameric aggregate
(CuweCS(NMe)]) 6 (31b, Figure 5.1). Relevant crystallographic data and selected

metrical parameters are summarized in Tables 5.1-5.2 (section 5.4.1, pages 169-173).

The thioamidate ligands in 31b bridge three CU+centres in an q l - ~p2-S
,
fashion,
and six CuweCS(NMe)] units are organized in paddlewheel arrangement with D3d
symmetry. The core of the molecule consists of a pseudo-hexagonal prismatic [ C U ~ S ~ ]

unit wherein two stacked, chair-shaped Cu3S3rings are joined by the C-N bridges of the
thioamidate ligands but nut by Cu-S bonding. Repeating this reaction and/or

recryskdking the product in excess THF,pyrazine, or 4,4'-dipyridyl gave only 31b as a
product.

Figure 5.1: ORTEPs of 31b showing the atom labeling scheme. Thermal ellipsoids are
drawn at the 50% robability level. Symmetry tramformatons used to generate
equivalent atoms: *, /2 - x, ' / 2 - y, z.a) Down the C3-axis of symmetry, with H-atoms
removed for clarity; b) down a C2-axis, with CH3groups removed for clarity.

P

The architecture observed in 31b is similar to that observed for {Li((n-

BU)CS@'BU)])~ (27a)[10 11. In 27a, however, a true hexagonal prismatic core involving
4-fold coordination of lithium is achieved through the formation of Li-S rungs between
the two Li3S3 rings (Figure 5.2). To wit, the mean Li-S bond distance in 27a is 2.405(7)

A within the Li3S3rings, and 2.638(7) A for the bridged Li-Sbonds. For comparison, the
mean Cu-Sdistance in the Cu3Q rings of 3lb is 2.252(4) A, whereas the non-bonded CuS distances between the two rings are greater than 3.2 A in all cases. Thus replacing 4coordinate lithium with 3-coordinate copper@) allows the two E3S3 rings of the hexamer

to move farther apart while the overall hexagonal prismatic shape of the complex is
retained. In our previous discussion of lithium oxoamidate and thioamidate hexamers
(Chapter 4), we suggested that longer inter-ring and rung distances in the a E 6 cores of
these aggregates should favour a paddlewheel over a trilobate conformation. This
hypothesis appears to be borne out in the present case.

Figure 5.2: Schematic diagrams of the cores of: a) 31b ( M e groups on C and N removed
for clarity); b) 27a ('BU groups on N and n-Bugroups on C removed for clarity).
Despite the bridging mode of the thioamidate units in 31b there is still
considerable contraction of the internal bond angle at carbon [ILSCNI = 119.1 (12)OI
compared to 29 and 3Oa*2THF [LSCN = 126.64(16)' and 127.3(7)O, respectively].

Surprisingly,this parameter does not differ significantly in 31b and 27a, suggesting that
it may arise as a consequence of the paddlewheel conformation itself rather than due to

any steric pressure applied by bulky substituents and/or intra-ring bonding (viz. bidentate
chelation). Accommodation for the increased distance between the two E3S3rings is
apparently made at N,the mean internal angle is much larger in 31b [ILCuNCI=

123.03(11)0] than in 27a [ILLiNCI = 105.0(3)0]. The corresponding angle in 30a*ZTBF

L47
[ILLiNCI = 127.3(7)*] is quite close to that in 31b, suggesting that the Li-S rungs in 27a
are actually responsible for the contraction.

The mean C-N bond length within the NCS unit of 31b [ld(C-N)I

= 1.273(17) A]

is similar to that observed in 27a and 30a02THF [Id(C-N)I = 1.268(5) and 1.279(8)
respectively]. The Cu-Ndistances in 3lb [ld(Cu-N)I

= 2.026(12)

A; cf. a predicted length

of 2.06 A [I241 when copper is four-coordinate] are actually quite close to typical Li-N
distances [e-g Id(Li-N)I = 1.988(7) A in 27al. The C-S bond lengths in both 31b and 27a
[Id(C-S)( = 1.773(16)

A and 1.773(5) A, respectively] are elongated with respect to those

in 30a-2THF [d(C-S) = 1.7 16(8) A], providing fuaher evidence that structural changes

arising &om the lack of inter-ring Cu-S contacts in 31b are manifested mostly in a change
of geometry around nitrogen. For comparison, the corresponding mean bond distances in
the chelated complex NbC1, WeCS(NMe)l2are jd(C-S)I = 1.732 A and [d(C-N)(= 1.30(2)

44 [44fl-

5.1.2

- Synthesis and Structure of CU[(~-BU)CS(N'BU)](32)
The reaction O~L~&Z-BU)CS(N~BU)]
(27) with CuCl in acetonitrile (equation 5.1 :

R = n-Bu, R'= 'Bu) produced pale yellow and brown products in 72% and 15% yields,
respectively, both of which were moderately stable in air. Colourless crystals of the
yellow product were obtained fiom hexane washixlgs of the bulk mixture after storage at 14°C overnight. A structural determination by single crystal X-ray cliffkction methods

was carried out by Dr. G. Schatte (University of Calgary), and revealed an unsolvated,
tetrameric aggregate (CU[(~-BU)CS(N*BU)]
14 (32a) centred around a tetrahedral CQ core
-

(Figure 5.3). Relevant crystallographic data and selected metrical parameters are
summarized in Tables 5.3-5.4 (section 5.42, pages 173-1 77).

c2'

CIO*

Figure 5.3: ORTEP of 32a showing the atom labeling scheme. Only the a-carbon atoms
of the B U and n-Bugroups on N and C, respectively, are shown. Thermal ellipsoids are
drawn at the 30% probability level. Symmetry transformations used to generate
equivalent atoms: *, -x, 1l2- y, Z; 1l4- X, y '/4, '/4 - I;",x + I 14, f 14 - y, 5/4 - 2I,

-

Each face of the Cq-tetrahedron in 32a is bridged by a q 'ON,
pz-S thioamidate
unit. Such an arrangement resembles the more well-known structural archetype A,
adopted by CCuXLJ4QC

= halide, L = phosphine, arsine) [125].

The tetramer 32a can be

considered an analogue of A wherein no L are present and X is a thioamidate rather than
a halide.

The thioamidate unit in 32a is almost planar, and the plane of the bridging unit
approximately bisects the triangle defined by the three copper centres it bridges. Thus,
the torsion angle Cul*-N1-C1-S I is close to zero
distances are similar [d(Cul-S1) = 2.267(3)

= -0.2(16)0], and the pertinent Cu-S

& d(Cu1-S1') = 2.282(3) A]. The same

situation is encountered in 31b,for which the corresponding mean torsion angle is also
very small [ l l ~ l i= 5.7(18)"]. The internal angle of the bridging unit in 32a [L(Nl-C1-S 1)
= 119.9(10)"] is also close to that observed for 31b

[119.1(12)"], although the internal

angle at N is somewhat smaller [L(C1-N1-Cul*) = 1 16.5(9)" for the former versus

123.03(1 I)" for the latter].
Bond distances within the thioamidate unit of 32a do not differ significantly f?om
those observed earlier for similar compounds [d(Cl-Nl)= 1286(13) Pi; d(C1-S 1) =

1.776(11) A]. The Cu-Ndistance [d(Cul-Nl *) = 1.994(9) A] is close to that seen in 31b

[Id(Cu-N)I= 2.026(12) A] and virtually identical to the mean Li-N distance reported for
27a [Id(Li-N)I = l.988(7)A].

The issue of Cu-.-Cuinteractions in Cue) polynuclear compounds is a matter of
some contention. While in many cases Cu---Cu
distances are comparable to those
observed in the metal (240 A), putative Cu*.-Cu
interactions have been claimed for

distances as high as 3.2 A [12q. However, since Cu(1) is a dlo system, metal-metal

bonding is expected to be very weak. Furthennore, since bridging ligands are always
present in such systems, it is difficult to determine the extent to which Cu---Cu
interactions direct structural characteristics, if at all. Nonetheless, recent reports
correlating experimental results with calculations have clearly demonstrated the existence
and importance of such bonding [127]- Indeed, according to Pyykk6 and coworkers, "it
is now well established that attractive intra- and intermolecular secondary bonding
interactions between dlo cations lead to formation of dimers, oligomers, chains, and
sheets" [127c]. Here we assume the presence of very weak Cu---Cubonding as manifested
in relatively short Cu-Cudistances. The tetrahedron formed by the four copper centres is
fairly regular, with one nominaUy longer Cu---Cuinteraction [d(Cu(l)-Cu(l)*)

4 d(Cu(1)-Cu(1)')

= 2.592(2)

d(Cu(1)-Cu(1)")

= 2.592(2)

= 2.721(3)

A] and Cu---Cu---Cu
angles

close to 60° [63 -32(6)",58.34(3)", 58.34(3)O].

8 5 2 - TRIENDS IN COPPER@)THIOAMIDATE CHEMISTRY

5.2.1

- NMR Data (See also 8 5.4)
For both 31 and 32,NMR spectra of the bulk products in arene solvents indicated

mixtures. In the case of 31,the predominant species was the hexamer 31b identified by

X-ray crystallography. This could be isolated fiom the bulk mixture by fkwtional
crystalkation, and was readily identified both by its color and by 'H-NMR resonances at
2.65 and 1.88 ppm. A second species, probably the corresponding tetramer 31a, was
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identified as a minor product by resonances corresponding to CH3 groups at 4-27and
1.36 ppm in the 'H-NMR spectrum of the bulk product. Despite numerous attempts, we
were unable to obtain crystals of this oligomer suitable for X-ray analysis. A third
product, also colorless, was deposited fiom a variety of solvents (e.g hexane, THF,
MeCN, CH2C12,etc.), and was discernable by its 'H-NMR spectrum consisting of a
single singlet at 0.59 ppm. The yield of this latter compound was c 1% (estimated by 'H-

NMR; cf: 66% for 3 l b and 5% for 31a), and despite repeated attempts we were
unsuccessful in obtaining crystals suitable for X-ray analysis.

Only two products were present in the bulk mixture of 32. These could be easily
separated on the basis of their disparate solubility characteristics and were identified by
their distinctive 'H-and '

3

~

spectra.
~ The tetramer 32a is obtained as a pale yellow

powder (colorless when crystalline), whereas the second producf tentatively identified as
a hexameric aggregate (32b),is brown. During the melting point determination of 328,a

color change

om pale yellow to brown was observed before melting (100- 103OC)-This

led us to consider whether conversion of 32a to 32b might take place at high temperature.
Accordingly, variable temperature proton NMR studies were conducted on a solution of
32a in Dg-toluene. No changes were observed up to 100°C, however above this

temperature a second set of signals corresponding to 32b emerged. On cooling to room
temperature the new signals remained, and the solution had become brown in color. In
addition, we observed (by 'H- and 13c-NMRthat
) a solution of 32a in D6-benzene slowly
converts to the brown product 32b over several days at room temperature. These
observations lead us to infer that the hexamer is favoured thermodynamically over the
tetramer in this case, and that irreversible conversion from the latter to the former takes
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place in solution. A similar phenomenon has been reported by Samuelson and co-workers
to an
for the conversion of the 'f.ellowish" dimer (CU[(OC&I&I~-~)CS(NP~)](PP~~)~)~
orange hexamer (33) containing no PPh3 in a mixture of CH2C12and MeCN (3:2) [I285

-

5.23 Hexameric Cum Aggregates

Although 31 and 32 are the first examples of copperO thioamidates and the
metathetical route presented here is a new path to metal thioamidate derivatives, the
[CwS6]-based paddlewheel conformation adopted by 31b is not novel. The copper0
azaxanthates 33 [I281 and 34 [I291 were prepared by insertion of isothiocyanates into the
Cu-0 bonds of copper@ aryloxides, while 35 [I301 was formed via reaction of the
appropriate isothiocyanate with [Cu(MeCN)4]C104 in the presence of methanol, Each
adopts an open, hexameric paddlewheel conformation analogous to that of 3lb.

P"'
cu

33: R = Ph,R'= C&-4-Me

34: R = Me, R'= C&-4-Me
35: R = CH2=CHCH2,R'= Me

A number of other bent-VCS], anionic Iigand systems are also known to form

paddlewheel ~ 1 - ~ swith
r s CuO. These include the pyridine-thiolates 36 (also with A g o )

[13 1],37 [132],38 [133], and 39 [134]. The deprotonated thiourea derivative 40 [I351

and the dithiocarbamates 41 [13q and 42 [I371 behave similarly-

The wide variety of substituents employed in the compounds above suggests that
it is the bent-[NSCJ ligature observed in 31-42 that favours an open paddlewheel
architecture. Indeed, such arrangements are evidently favoured in a wide variety of
compounds with diverse steric considerations, the pertinent commonality among them
being the anionic WCS] hgment. Although extremely bulky substituents could perhaps
be employed to reduce oligomerization even fiather, the paddlewheel hmework does
seem to be relatively robust 11321.
Conversely, only one open paddlewheel hexamer not utilizing a bent-WS]
fiagment has been observed. Copper@) dipropylthiocarbamateCu[OCS(Pr2N)] instead
makes use of a bent-[OCS] vinculum 11381. The related compounds AgPr2NCS21 and
Ag[OCS(Pr2N)] were also found to be hexameric in solution, but neither was structurally
characterized in the solid-state. The copperm thiolate Cu[SC&-o-SiMe,]

forms a

structurally related dodecameric complex with [SCuS] units lioking two [Cu3S3]rings

[139].

As was discussed for the lithium oxoamidate and thioamidate hexamers reported

in Chapter 4, the formation of 31b can be visualized as a trimerization of three tubshaped dimeric Cum thioamidates (Scheme 5.1). Although not isolated in the solid-state,

such dimers would likely be stabilized by very weak Cu-*'Cuinteractions in solution, as is
observed for dimeric copper0 amidinates (videin*)).

Scheme 5.1: Formation of 31b and 32a via dimer aggregation. Dashed lines indicate
weak Cu---Cuinteractions. The substituents on carbon and nitrogen have been removed
for clarity.

This route presents a direct analogy to that suggested for the formation of 27a
[I 01, 1 051, except in that case the dimeric unit {Li[(n-Bu)CS(N'Bu)

l2 had transannular

Li-Sbonds which eventually formed the rungs of a closed paddlewheel hexamer. An
analogous difference is exhibited by lithium and copper0 amidinates. The former

generally occur as step-shaped dimers (B), while the latter are eight-membered rings
stabilized by weak, transannular metal-metal interactions (C) [34a].

-

53.3 Tetmmeric CuO Aggregates

As was the case for the hexamer Sla, the molecular architecture observed for the

tetramer 32a is not novel. In 32a, bridging of each face occurs through a ~ I - N , p.2-S
thioamidate unit (Figure 5.4); this is precisely the arrangement seen in 31a, except in that
case no Cu---Cuinteractions were present The insertion of isothiocyanates into the Cu-0
bonds of copper0 aryl oxides produces the copper(1) azaxanthates 43 and 44, which are
isostructural with 321 in the solid-state. Indeed, all of the copper(I) azaxanthates reported
to date are either hexameric or tetrameric, except where monomers and dimers are
stabilized by phosphine coordination at copper [I 16, 130, 140, 1411.

32a: R = n-Bu;R! = 'BU Cpresent work]

43: R = OEt; R' = Me [I401
I

8

44: R = 0C6H3Me2-2,6;R'= Ph [I411
Cu

Figure 5.4: Bridging of one Cu3 face of a Cw tetrahedron by thioamidates and
azaxanthates.

Other anionic ligands which adopt the same bridging mode (and tetrameric form)

as thioamidates as copper(I) derivatives include the imidazolethiolate 45 [142],
pyridineselenolate 46 [143],the dithiocarboxylate47 [144], the silylphosphide 48 [145],
and the phosphorodithioate 49 [I 461.

A related arrangement is seen for the copper@)thiocarboxylate complex
( C U ~ [ ~ ~ C ( O ) S ] ~ ((50)
F P ~11471;
~ ) ) differences between 50 and 32a, 43-49 arise mainly
due to phosphine coordination of copper@) in 50. Several examples of adamantane-like

CwS6cores containing CQ tetrahedra have been observed for complexes of copper@)
with bidentate thiolate ligands (Le. [ c u ~ L ~
where
~ - ]L is a dithiolate) [148]. The bridging

mode in such aggregates is ql-S,pz-S (similar to Figure 5.4), however only three faces of
the tetrahedron are bridged. Other bonding modes for similar ligands include the bridging
of Cut edges instead of faces [149], and the Linking of tetrameric aggregates to form
decanuclear clusters 11501.
As was the w e for the hexameric copper0 thioamidate paddewheel systems

previously discussed, tetrahedral tetramers can be conceptualized as aggregates of dimers
(Scheme 5.1). Aggregation occurs such that weak, tramannular Cu---Cu
interactions

(which may help to stabilize a putative dimer) are preserved. The tetramer evolves via the

formation of further Cu---Cuinteractions and,more importantly, Cu-S interactions
between dimeric units. Some variation in Cu---Cudistances is observed in 32% with links
between the dimers being somewhat shorter than tramannular interactions [2.590(2)
versus 2.719(2)

A]. This disparity is probably a consequence of the shorter interactions

having complementary Cu-S links whereas the longer ones do not. For comparison, the
CW--Cu
distance in the dimeric copperO beddinate(Cu[PhCmSiMe3)2]]2 is 2.45

5.2.4

A

- Tetramermexamer Competition
The two copper@ thioamidates reported here are the first examples of such

species. Of the five known copper(I) azaxmthates, three (3335)are hexameric
paddlewheel aggregates while the remaining two (43-44) are tetrameric. What is striking
about this dichotomy is its apparent randomness-there does not seem to be any obvious
correlation between steric considerations and adoption of the hexameric or tetrameric

form. For example, 43 is tetrameric despite its small substituents, while the relatively
more hindered systems 33 and 34 are hexameric. Similarly, 32a is tetrameric, even

though the lithium analogue is a hexameric paddlewheel.
Interestingly, there is a correlation among the colour of the oligomers: while the
hexameric species range from deep yellow to red, the tetramers are all either very pale
yellow or colourless. CopperO has no d+d transitions and its compounds are expected
to be coiourless, however many are known with various hues [152].This is thought to be

due to charge transfer (both LMCT and MLCT) [153], the efficacy of which ostensibly
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depends greatly on Ligand geometry and orientation. This being said, the appearance of
redlorange copper@) compounds in particular is difficult to predict or rationalize. As
Melnik et u2- concluded in a review on the subject, '?here is evidently no structuraI
rationale for the observed red colour" of such compounds [153].
Equilibrium between dirneric, tetrameric, and hexameric forms has been
suggested previously, but only in the context of examining the effect of coordinating
phosphine ligands on the position of such equlibria [128, 1411. We add to these
p r e l i .thoughts our observation that both the hexamer and the tetramer can be
viewed as aggregates of h e r s . Furthermore, a possible explanation for the observed
lack of correlation between sterics and molecular architecture in copper0 thioamidates is
that product mixtures may contain observable quantities of both hexamer and tetramer.
While steric considerations are expected to influence the relative amounts of each
oligomer formed, they will not necessarily determine which crystallizes first. Here, the
observed ratio hexamer:tetramer is significantly biased towards the hexamer (12: 1) for 31
(which has methyl substituents), and towards the tetmner (1:5)for 32 (which has more
bulky butyl substituents).
Because most analytical methods will not distinguish between the two oligomers,

and physical separation is diftiicult (due to similar solubility behaviour and other
characteristics), tetramer/hexamers mixtures are wont to be difficult to identify. We
speculate that in some previous cases mixhues may have been described as pure hexamer
or tetramer based on which species crystallized first rather than on their actual
constituency. Hence a ''pure" bulk product might have contained both oligomers. Some
support for this hypothesis may be construed from the obsemation of SamueZson et al.,

.
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who isolated a tetramer in low yield despite modeling studies which indicated that a
hexamer would be stericdy viable; in other cases modeling results accurately predicted
the observed oligomer [129].

5 5 3 - METATHETICAL CHEMISTRY WITH PhBC12
53.0

- Introduction
There is an extensive literature of heterocyclic compounds involving boron-

nitrogen linkages [154]. This can be at least partially attributed to the fact that boron,
cabon, and nitrogen appear serially in the periodic table, making the B-N unit an
inorganic analogue of C-C. Strengthening this analogy is the character of the B-N bond,
which may be described by the two resonance structures illustrated in Figure 5.5.

D

E

Figure 5.5: Resonance structures describing boron-nitrogen bonding.

Although contribution of E to the overall structure might be expected to impart
considerable polarity to the B-N bond, such is not the case. In fact, the disparity in
electronegativity between the two elements (2.0 for boron versus 3.0 for nitrogen [155])
produces a o-bond in D with polarity diametrically opposite that of the n-bond in E.

Thus, the combination of the two resonance structures is a bond evincing negligible
poIarity [156]. Modeling studies suggest that nitrogen bears a larger net negative charge

than boron, indicating that the 0-bond effect probably outweighs the competing n-bond
effect This correlates well with the experimental observation that electrophilestypically
attack at nitrogen, and nucleophiles at boron [157J.
As might be expected from the analogy between B-Nand C-C, a large number of

ring systems containing B-N bonds are hown. For example, boron nitride (BN) versions
of graphite and diamond have been prepared, as has borazine (F3nN3&,so-called
"inorganic benzene"), a compound which exhibits little aromaticity but otherwise has
physical properties similar to those of benzene [1581. Four-membered rings are

uncommon in comparison with larger ~g sizes, but such systems are well edablished for
three-coordinate boron when another heteroatom (e-g.Si [159], P [159,1601,and Te [59,
16 11) is incorporated into the ring.

Carbon-containing four-membered B-N heterocycles are relatively rare. Paetzold
et ul. prepared the three-coordinate boron system C&B(~L-N~BU)~CP~~
(50) by
cycloaddition (Scheme 5.2) [162],

Scheme 5.2: Cycloaddition to give a novel four-membered main-group heterocycle.

A similar approach employing iso(thio)cyanates was used by Biirger et al. to

create related four-coordinate boron systems (Scheme 5.3a) [I63 1. Interestingly, these

complexes undergo thermally induced isomerization of the N,N'-chelated complex to the
unsymmetrical (N,E-chelation) isomer (Scheme 5.3b). This process occurs more readily
for E = S than for E = 0, and it is prevented by bulky R groups, e-g. 'BU.

E = 0;R = Me, 'Bq Ph, CF3
E = S; R = Me, Et,$u, Ph,pC-

Scheme 53: a) Cycloaddition reaction between iso(thio)cyanates and (CF3)2B-NMe2; b)
thermal isomerization of the product.
An alternative method has been used to synthesize PNCNJ heterocycles. While

addition of Li[PhC(NSiMe3)2] to BCl3 produces an intractable, oily material, reaction of
the same reagent with BBr3 gives yellow crystals of B[C@Tsih~fe~)~Ph]Bn
in 93%yield
[344 1641. To our knowledge, no other compounds containing @3NCN]rings have been

reported to date.

53.1 - Synthesis of P ~ B [ ( ~ - B U ) C ( N ~(51)
BU)~

The complex P~B[(~-BU)C(N'BU)~]C~
(51) was obtained as a moisture-sensitive, pale
yellow solid by the metathetical reaction illustrated in equation 5.3 [165].

Addition of a slight excess of PhBClz to L~[(~-Bu)c@'Bu)~]
(18) in toluene
produced a clear yellow solution after filtration. This was pumped down to an oil, which
was rendered crystalline by the addition of cold diethyl ether. Good quality crystals of

this material grew readily from a 1:1 mixture of pentane and &ethyl ether. Structural
determination by single-crystal X-ray difEactio11methods was perfonrted by Dr. M.
Parvez (University of Calgary), and revealed a monomeric, four-membered ring structure

(Figure 5.6). Relevant crystallographic data and selected metrical parameters are
summarized in Tables 5-5-5.6 (section 5 -4.3, pages 177- 18 1).

Figure 5.6: ORTEP of 51 showing the atom labeling scheme. Thermal ellipsoids are
drawn at the 30% probability level.

The C-N bond distances L1.32 l(6) and 1.341(6) A] in the amidinate 51 are
almost equal and intermediate between C-N double-bond and C - N ( S ~ single-bond
~)
values (1.287 and 1.512

respectively [155]). The sums of the bond angles at the three-

coordinate nitrogen and carbon centres are ca. 360".These structural features indicate
delocalized bonding in the WCN] unit with approximately equal contributions fiom the
*

two canonical forms F and G (E = N'BU). The B-Nbond lengths are also approximately

equal [I .590(6) and 1.567(6) A] and fail within the range of 1.55-1-61A found for other

B-Nbonds involving four-coordinate boron linked to three-coordinate nitrogen [166].

-

5.33 Synthesis of PhB[(n-Bu)CE(Nt~u)]~l
[E = 0 (52), S (5311

The complexes PhB[(n-Bu)CE(Nt~u)JC1 = 0 (52), S (53)J were prepared in a
manner similar to 51 [equation 5-41 11651.These heterocycles are, to our knowledge, the

first examples of p-block element complexes of these bidentate ligands.

~h~[(n-BU)CE(N'BU)]C~
+ LiCl
E = 0 (52), S (53)

Although numerous attempts to obtain crystals of 52 suitable for X-ray
crystallography were unsuccessfizl, satisfactory crystals of 53 could be obtained from a
1:1 mixture of pentane and diethyl ether stored at -18°C for several days. A structural

determinationperformed by Dr. M. Parvez (University of Calgary) revealed a monomeric
boron thioamidate containing a four-membered P S I ring (Figure 5.7). Relevant
crystallographic data and selected metrical parameters are summarized in Tables 5.7-5.8
(5.4.5, pages 182-187).

Figure 5.7: ORTEP of 53 showing the atom labeling scheme. Thermal ellipsoids are
drawn at the 30% probability level.

StructuraUy similar to 51, the [BNCS] ring of 53 is essentially planar with a
torsion angle of 1.2(3)". For comparison, the related complex P~B[(HN~BU)CS(N'BU)]C~
(54) contains a PNCS] ring with a torsion angle of -3.92" [I65J. The anionic ligand in

54 is chelated to boron in an N,S rather than N,N'bonding mode, consistent with the

previous obsexvations of Bilrger for related ligands in four-coordinate boron complexes

[163].Interestingly, the endocyclic and exocyclic C-N bond lengths in 54 are identical at
1.323(3) A. The shortness of the exocyclic bond suggests a significant contribution fkom

the resonance form H to the overall structure (cf: Scheme 5.3).

As in 51, the sums of the bond angles at the three-coordinate nitrogen and carbon
centres are ca. 360" in 53, indicating delocalized bonding in the WCS] unit The C-S
bond lengths in 53 and 54 are equal at 1.74

which is close to the typical single-bond

distance for s$-carbon atoms attached to two-coordinate s u b [166]. This observation
and the relatively short C-N bond distance [1.302(4) A] suggest that resonance forms F
and G (E = S) are much more important contributors than H to the structure of 53.The B-

S bond lengths in 53 and 54 [2.032(4) and 2.008(3) & respectively] are also somewhat

longer than the mean single-bond value of 1.90 A for four-coordinate boron attached to
two-coordinate sulfur [166]. This may reflect the relatively weak afbity of the hard
Lewis acid boron for a soft Lewis base donor, sulfur,compared to nitrogen, a hard Lewis

base centre.
The endocyclic bond angles at boron and carbon f d within the narrow ranges of
81.6(3)-84.9(2) and 101.6(4)-105.0(3)0, respectively, for 51,53,and 54. However, as a

result of the ability of two-coordinate sulfur to accommodate relatively small bond

angles, there are substantial differences in the other two endocyclic bond angles for the S-

containing rings compared to the corresponding values for 51. Thus the endocyclic bond
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angles are c u 71" at sulfur and ca. 100" at nitrogen in 53 and 54, and 88-89"at the
nitrogen atoms in 51.

533 - N M R Data (See also 5 5.4)

Compounds 51-53 were all characterized by 'H-,

13cand
,

"B-NMR

spectroscopy. The "B-NMR chemical shifts were in the range of 6-12 ppm, consistent
with tetra-coordinate boron [167], and 'H- and 13c-NM~
spectra indicate single

environments for the ligands in all cases. We note that four-coordinate boron compounds
involving the &fe2P(S)NR]-ligand (isoelectronic with [RCS(N'BU)]+)exist in solution as

an equilibrium mixture of monomers and dimers [168]. However, a variable temperature
1

H-NMR study of 53 in the temperature range -80 to 100°C did not imply any similar

behaviour. The I3c-NMRresonance of the central carbon in the amidinate unit of 51
appears at 176.3 ppm, slightly upfield compared to the shifts observed for the lithium
amidinate/salt complexes (ca.180 ppm) discussed in Chapter 3. A similar phenomenon is
observed for the 'H- and "c-NMR resonance of the B U groups among these compounds

(eSg 1.17 ppm versus c a 1-45 ppm for proton resonances). These disparities may result
fiom ?hegreater (electrostatic) electron withdrawing effect of L? as compared to
P~(c~)B+.
No such systematic variation is evident when comparing 52 and 53 to the
pertinent lithiated species discussed in Chapter 4, however, suggesting that more complex
considerations may play a role.

5 5.4 - EXPERIMENTAL SECTION
See Chapter 2 for general procedures and imtrumentation details.

5.4.1

- Synthesis of CuweCS(NMe)] (31)
Addition of dry acetonitrile (15 d)
tzo CuCl(0.079 g, 0.80 mmol) produced a

clear, paIe green solution. This was added dropwise to a stirred yellow solution of

Li[MeCS(NMe)] (30) (0.076 g, 0.80 mmol) iln acetonitrile (15 mL) over several minutes
at 23°C. As addition proceeded, the reaction mixture initially became clear and amber in

color, and m

y turned orange and opaque. After lh of stirring, the solution was allowed

to settle, giving a clear, faintly orange mother liquor over an orange solid. The

supernatant liquid was decanted and the solid washed with acetonitrile (2 x 10 rnL) and
methylene chloride (2 x 10 mL). Removal o f solvent fiom the remaining material under

dynamic vacuum yielded a dry, orange powder identified as CupeCS(NMe)] (31)
(0.098 mmol, 0.089 g, 72%). Mp: 146-149°C (dec.). Anal. calcd. for CuC3&NS CO/o]: C,
23.75; H, 3.99; N, 9.23- Found: C, 24-10; H,3.61; N, 8.27.
3la. The tetrameric oligomer (CumCS(NMe)])c (3la) could not be separated

fiom the hexamer 31b, and attempts to grow crystals suitable for X-ray dBkction were
uosuccessfid. It was identified in the bulk product mixture by 'H-NMR [ZOO h4Hz,

&TMS in CDCI3)] in C& at 25°C: 6 = 2.65
&CS(NMe)],

(s, weCS(N&&],

3H), 1.88 (s,

3H). Yield 5%, estimated by 'H-NMR of the bulk mixture.

31b. Storage of the decanted mother liquor fiom the reaction mixture for 48h at 14OC yielded red crystals of (CUW~CS(NM~)])~
(31b), identified by X-ray difEaction,
Yield 66%, estimated by 'H-NMR of the b u k mixture. IR (KBr, Nujol mull), v [cm-'1:
2727,1574,1305,1261,1169,111 1,937,801. 'H-NMR [200 l
M&

G(TMS in CDCl3)]

in C a d at 2S°C: 6 = 2.65 (s, MeCS(NAM ],3H), 1.88 (s, MeCS@Me)], 3H). I3c-NM~
80.288 MHz, i5(TMS in CDC13)] in C4Ds0 at 27°C: 6 = 183. I2 (s, MecS(NMe)]),

41.92 (s, weCS(NMMD, 24.07 (s, mCS(NMe)]). LRMS (EI, 70 eV): m/e 89,
{HmeCS(NMe)])+,46%.
X-ray data were collected on 31b at low temperature using an epoxy-coated
crystal mounted on a glass fibre. Measurements were made on a Rigaku AFC6S
~ c t o m e t ewith
r graphite-monochromated Mo-Ka radiation (h= 0.71069 A). Both a

linear correction factor and an empirical absorption correction [92] were applied. The
structure was solved by direct methods [93] and expanded using Fourier techniques [943.
Noa-hydrogen atoms were refined anisotropically. Hydrogen atoms were included at
geometrically idealized positions and were not refined. Full-matrix least-squares
refinement was performed using the teXsan 1971 crystaUographic software package of
Molecular Structure Corporation. Relevant crystallographic data are presented in Table
5.1, and pertinent metrical parameters for the structure are given in Table 5.2.

Table 5.1: Crystal Data for (CufMeCS(NMe)l]6 (31b)

Diffr-actometer
Molecular fonnula
Formula weight
Temperature
Wavelength
Crystal system, Space group
Unit cell dimensions

VoIume

z

Density (calculated)
Absorption coefficient
Fooo
Crystai size
2&nimc
Reflections collected
Independent reflections
Structure solution
Refinement method
Data [I>3o(I)] / parameters
Max. sWerror in final cycle
Goodness-of-fit
Residuals: R [a], Rw [b]
Largest diff. peak and hole
Corrections
Transmission factors [max.; min.1

Rigaku AFC6S (Mo-Ka) - Calgary
cl&H36N6s6c~
910.16
-103(1)"C
0.71069 A
Monoclinic, C2/c (# 15)
a = 18.760(8) A
a = 90.000"
b = 15.168(9) A
8 = 104.56(4)O
c = 1 1.757(8) A
y = 90.000°
3237.9(31) A3
4
1.867 ~ g / m ~
42.77 cm"
1824.00
0.50 x 0.20 x 0.03 mm
50-1"
6148
5994 B&= 0.0731
Direct Methods (SIR92 [931)
Full-matrix least-squares
1114/ 163
0-01
1-38
R = 0.049, Rw = 0.050
0.69 and -0.64 e ' . ~ ' ~
Lorentz-polarization
Absorption (empirical)
Decay (2.99%)
0.4895; 1.OOOO

Atoms
Cu(1)-N(1)-C(4)-S (2)

Cu(2)-N(2)-C( l )-S(Z )
Cu(3)-N(3)-C(7)-S(3)
Atoms
S(1)-Cu(1)-S(3 *)

-6.6(17)
-3.2(19)
7.4(18)

-nA
11730(17)

-

5-42 Synthesis of CU[(~-BU)CS(N~BU)]
(32)

A pale green solution of CuCl(0.2 11 g, 2.12 -01)

in acetonitrile (5 d)
was

added dropwise to a stirred sluny of L~[(~-Bu)cs(N'I'Bu)]
(27) (0.382 g, 2.12 mmol) in
acetonitrile (5 d)
over several minutes at 23OC. An opaque orange reaction mixture
ensued and, on cessation of stirring, a white solid was observed to settIe out below a clear
orange mother liquor. This mixture was left to stir for 30-

during which time no

further changes were observed. The orange solution was decanted, and the remaining

solid was washed with acetonitrile until the washings became colorless (3 x 5 mL).
Removal of residual solvent fiom the solid material under dynamic vacuum produced a
pale yellow powder identified as {cu[(~-Bu)cs(N'Bu)])~ (32a) (0.359 g, 1.509 mmol,
75%) by X-raycrystallography. The mother liquor and washings were also collected and
pumped to dryness, yielding an orange powder. This was washed with CHzClz (2 x 5 mL)
and again pumped to dryness, producing a solid presumed to be {CU[(~-B~)CS(N'BU)])~

(32b) (0.075 g, 0.032 mmol, 15%).
32a. An alternative procedure was employed to produce crystals of 32a suitable
for X-ray difhction and other analyses. The reaction was carried out in hexane (10 mL)
with a few drops of acetonitrile. Removal of solvents in vacuo gave an oily brown solid.

Extraction of this product with hexane (2 x 5 mL) and MeCN (2 x 5 mL)left a dry brown
solid on pumping down. Clear colorless crystals of the tetramer 32a were obtained fkom
the h e m e washings after storage at -14OC overnight Mp: 100- 103OC (brown solid),

126-130°C(brown liquid). Anal. calcd. for CuGHlgNS [%I: C, 45.83; H, 7.69; N, 5.94.
Found: C, 45.9 1;H, 7.58; N, 5.90. IR (KBr, Nujol mull), v [cm-'1: 2726, 1558, 1302,

173
1261,1231,1190,1139,1101,1035,1023,802,722. 'H-NMR [200 MHz, 6 W S in
CDC13)] in CDs at 25OC: 6 = 2.8-2.6 (m, [-CECH2CH2CH3], 2H), 2.2- 1-9(m, [CH2C&CH2CH3], 2H), 1.46 (s, [-C(C&)3], 9H), 1.4-1.2 (m, [-CH2CH2C&CH3], 2H),
0.88 (t, [-CH2CH2CH2C&], 3H) "c-NMR
L50.288 MHz, 6(TMS in CDC13)] in C D s at
27OC: 6 = 186.3 (s, [(n-Bu)ss(Nt~u)]),58.7, (s, Fc(CH$3]), 41.2 (s, [CH2CH2CH2CH3]), 32.9 (s,
-

ECH&H2CH2CH3]), 3 1.9 (s, [-C@I3)3]), 23.7 (s, [-

CH2CHgH2CH3]), 14.5 (s, [-CH2CH2CH&H3]). LRMS @I, 70 eV): m/e 173, {H[(nBu)CS@ltBu)]]+,39%.
32b. 'H-NMR [200 MHz, G ( T M S in CDC13)] in C6D6at 25OC: 6 = 2.8-2.6 (m, [-

C&CH2CH2C&], 2H), 2.3 -2.1 (m, [-CH2C&CH2CH3IY 2H), 1.36 (s, [-C(CEJ3)3], 9H),

1.3-1 -1(my[ - C H ~ 2 C & C H ~ ]2H),
, 0.86 (t, [-CH2CH2CH2C&], 3H) 13c-NMR[50.288

MHz 6(TMS in CDC13)I in C&

at 27°C: 6 = 184.5 (s, [(n-Bu)~S(Nt~u)]),
57.6, (s, [-

C(CH3)3]), 40.8 (s, [-ptCH2CK22CH3]),
-

32.6 (s, [-CH&H2CH2CH3]), 32.1 (s, [-

C(CH3)3]),24.0 (s, [-CH2CH&H2CH3]), 14.7 (s, [-CH2CHzCH2CH3]).

X-ray data were collected on the colourless product 32a at low temperature using
an oil (Faratone 8277, Exxon Corp.) coated crystal mounted on a glass fibre.

Measurements were made on a Rigaku AFC6S diffr?lctometer with graphitemonochromated Mo-Ka radiation (h= 0.71069 &. The program teXsan [97]was unable

to determine the space group for this compound, therefore Bruker-AXS SWELXTL

XPREP [I121 software was used. The result was checked against the reflection file5and
with the program PLATON [169]. Both a linear correction factor and an empirical

Systematic absences oE.hW, h + k + I # 2n; hkO, h # 2n;001: 1# 4n.
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absorption correction [92] were applied to the data The structure was solved by direct
methods [I 701 and refined using the M-matrix least-squares method on F~ [l 131. Nonhydrogen atoms were refined anisotropically. Hydrogen atoms were included at
geometrically idealized positions and were not refined.
The thermal parameters for the carbon atoms (C2 to C5, especially C5)of the n-

butyl group are higher than would normally be expected. This is due to a small degree of

uncertainty in the positions of C2 and C3, which results in a positional disorder for C4

and C5. SHELXL-97 [I131 suggested that a model without splitting the carbon atoms of
n-butyl group would be preferred, and we note that the refinement of a disordered model
failed. The maximum and minimum peaks in the final difference Fourier map

corresponded to 0.24 and -0.23 e-/A3,respectively, and the final R1was 0.042,
confirming that the solution was satisfactory even if the obsematiom/parameterratio
(47011 15 = 4:l) was rather low. Relevant crystallographic data are presented in Table 5.3,

and pertinent metrical parameters for the structure are given in Table 5.4.

Table 5.3: Crystal Data for {CU[(~-BU)CS(N~BU)]]~
(32a)
Rigaku AFC6S (Mo-Ka) - Calgary

- D~ctometer
Molecular formula
Formula weight
Temperature
Wavelength
Crystal system, Space group
Unit cell dimensions

c36HnN4s4cu
943-42
-1 03(1)"C
0.71069 A
Tetragod, 141/a(#88)
a = 18.157(3) A
a = 90.000°
b = 18.157(3) A
= 90-000.
c = 14.624(5) A
y = 90.000"
482 l(1) A3
4
1.298 ~ g / m ~
19.38 mm"
1984
0.40 x 0.40 x 0.35 mm
50.1"
1250
1196 I p h t = O.OOO]
Direct Methods (SIR92 1931)
Full-matrix least-squares on F~ [I131
470 / 113
0.000
0.973
Ri = 0.041 6, w R =
~ 0-1397
0.235 and -0.23 1 e ' . ~ ' ~
Lorentz-polarization
Absorption (empirical) [92]
0.5503; 0.5 1 11

Volume

z

Density (calculated)
Absorption coefficient
Fooo

Crystal size

~~~

Reflections collected
Independent reflections
Structure solution
Refinement method
Data @>2a(I)]l parameters
Max. s W e r r o r in final cycle
Goodness-of-fit
Residuals: RI[a], wRz @]
Largest cliff. peak and hole
Corrections
Transmission factors [max.; min.]

[a]

RI = 41Fol - lFcl[EIFolfor ~2 > 2 0 ~ 2 1
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2 2

2

w = [G(F~]+ (0.0571~)F,

p

=

2 1

~ r a ( ~ 2 ,+O2~2113
)
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[aalldata]

C(4)-c@)
C(l0)-C(1 1)
C(10)-C(12)
C(l0)-C(13)
Atoms
Cu(l)*-N(l)-C(1)-S(1)
Atoms

-

N(~)*-CU(~)-S(L)
N(l)*-Cu(1)-S(1)'
S(1)-c~(l)-S(l)~
5.43

- Synthesis of PW

1-482(10)
1,517(17)
1 -530(18)
1-534(15)
Torsion Angle
-0.2(16)

-

(O)
-

A=)
127.2(3)
1 1 1-4(3)
121.00(8)

[(n-BU)C(N'BU)~]
CI (51)

A clear brown solution of PhBC12 (0.925 g, 5.82 rnmoI) in toluene (4
mL)was

added dropwise via a stainless-steel transfer needle to a stined, clear yellow solution of
L~[(~-BU)C(N~BU)Z]
(1.267 g, 5.29 mmol) in toluene (-10 mL) over several minutes at

room temperature. This caused initial formation of a white precipitate, and the solution
gradually became opaque and light yellow. The mixture was allowed to stir for a further

two hours with no M e r changes observed Upon cessation of stirring a white
precipitate settled out beneath a clear yellow mother liquor. Filtration yielded a clear
yellow solution which was pumped down to a viscous yellow oil. Addition of cold

diethyl ether rendered the 02crystalline. After being washed twice with solvent (2 x 5

mL), volatiles were removed fiom the vessel under dynamic vacuum yielding a
crystalline yellow solid identified as P ~ [(n-~u)~(N~Bu)~]C1(1.460
B
g, 4.36 mmol, 82%).

Melting point: 76-79OC.
Anal. calcd. for C19H32N2BC1[%] : C , 68.16;H, 965; N, 8.37. Found: C, 67.76;
H, 9.97; N, 8.45. IR (KBr, Nujol mull), v [cmmL]:
2727,2678, 1275, 1219, 1094,964. 'H-

NMR 1200 MH2, WTMS in CDC13)I in C6D6:6 = 8-1-7.2 (m, 5H), 2.14 (m, 2H), 1.60 (ID,

2H), 1.17 (s, 18H), 1.1 1 (m, 2H), 0.73 (t, 3I-9. "c-NMR 150.288 MHz, G(TMS in
CDC13)l in C& at 2S°C:6 = 176.3 (s) [(~-Bu)(~(N'Bu)~],
134.0-128.2 (rn) w5c6B-],
54.1 (s) [-c(CH3)3], 31.6 (s) [-Cw3)3], 49.3 (s) [-Q32CH2CH2CH~],30.4 (s) [CHQ12CH2CH3], 24.4 (s) [-CH2CH&H2CH3],and 6.4 (s) [-CH2CH2CH&H31. I 'B-

NMR [@-188 MfIz, 6(BF3e0(C2H~)z
in DzO)]in C a 6 at 25°C: 6

= 6.83

(s). LRMS GI,

70 ev): d e 334, (P~B[(~-BU)C(N~BU)~
]cL)+, 100%.
An alternate work-up procedure was employed to produce crystals of this material

suitabie for structural analysis by X-ray dBhction methods. After removal of LiCl fiom
the reaction mixture by filtration, the resultant yellow oil was dissolved in a few drops of

THF,cooled to -80°C, and finally rendered crystalline by the addition of hexane cooled
to -80 C (-1 mL). Removal of volatiles in vacuo yielded a wet looking yellow solid,

which after washing with hexane (8 x 5 mL), gave a dry yellow powder. After
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redissolution of the powder in a mixture of pentane and diethyl ether (1:I), colourless,
prismatic, X-ray quality crystals grew overnight in a test tube at room temperature.
X-ray data were collected at low temperature using an epoxy-coated crystal
mounted on a glass fibre. Measurements were made on a Rigaku AFC6S dBbctometer
with graphite-monochromated Mo-Karadiation (A = 0.7 1069 A). Both a linear correction

factor and an empirical absorption correction (based on azimuthal scans of several
reflections) were applied, The structure was solved by direct methods [9q and expanded

using Fourier techniques [94]. Non-hydrogen atoms were r e h e d anisotropically.

Hydrogen atoms were included at geometrically idealized positions and were not refined.
Scattering factors were those of Cromer and Waber [171],and allowance was made for

anomalous dispersion [172].Full-matrix least-squares refinement and aU other
calculations were performed using the teXsan [97l crystallographic software package of
Molecular Structure Corporation. Relevant crystallographic data are presented in Table
5.5, and pertinent metrical parameters for the structure are given in Table 5.6.

Table 5.5: Crystal Data for P~C~B[(~-BU)C(N'BU~]
(51)

Diffiractometer
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, Space group
Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Fooo
Crystal size
2~,,
Reflections couected
Independent reflections
Structure solution
Refinement method
Data p>3~(I)
1/ parameters
Max, sWerror in final cycle
Goodness-of-fit
Residuals: R [a], Rw p]
Largest diff. peak and hole
Corrections
Trammission factors [max.; min.]

Rigaku AFC6S (Mo-Koo) - Calgary
c19H32N2Bc1
334.74
-103(1)"C
0.71069 A
Monoclinic,
a = 8.816(3) A
b = 11.311(2) A
c = 10.168(3) A
100i.7(5) A3
2

m(#4)
a = 90.000"

p = 98.86(3)"
y = 90-000"

364.00
0-45 x 0.40 x 0.55 mrn
55.1"
2593
2443 p i n t = 0.0341
Direct Methods (SAP19 11 [9q)
Full-matrix least-squares
1346 / 208
0.02
2.00
R = 0.042, Rw = 0.020
0.20 and -0.20 e . ~ - ~
Lorentz-polarization
Absorption (empirical)
Decay (1.88%)
0.8603; 1.0000

5.4.4

- Synthesis of P~B[(~-Bu)co(N~Bu)]CI(52)
A clear brown solution of PhBCl2 (0.889 g, 5.60 -01)

in toluene (-5 mL) was

added dropwise via a stainless-steel transfer needle to a stirred, clear yellow solution of

~i[(n~~u)cO(N'Bu)]
(0.885 g, 5.42 mmol) in toluene (-10 mL) over several minutes at
room temperature, producing a cloudy yellow reaction mixture. After warming to room
temperature, stirring continued for a further 2.5 hours with no apparent change in the
reaction mixture. On cessation of stirring, a white solid settled out below a clear yellow

mother liquor. Filtration of the mixture yielded a clear yellow solution which became a
viscous yellow oil on removal of volatiles in vacuo. Addition of hexane cooled to -80°C
(-5 mL) and subsequent cooling of the product solution to -80°C yielded a yellow solid.

Excess hexane was decanted and the yellow solid pumped to dryness under dynamic
vacuum at -80°C.Upon warming to room temperature, the dry yellow solid reverted to a
viscous yellow oil.Repeated courses of cold hexane washes (6 x 5 mL)produced a much

drier solid, but one which still became oily after several minutes at room temperature.

was 1.03 g (3.69
Total yield of oily yellow solid identified as P~B[(~-Bu)co(N~Bu)]C~
mmol, 68.08%). Melting point: 111-112°C
Anal. calcd. for ClsH23NOBCLCO/o]: C, 64.56; H, 8.33; N, 5.02. Found: C, 63.91;

H, 8.41; N, 4.67. IR (KBr, neat), v [cm-'1: 3075,2963,2935,2874, 1613, 1546, 1396,
1197,948,860, 70 1. 'H-NMR [200 MHz, &(TMSin CDC13)] in ca6:6 = 8.3-7.2 (m,

SH), 1.93 (m, 2H), 1.42 (m, 2H), 1.14 (m, 2H), 0.98 (s, 9H), 0.70 (t, 3H). l3c-NMlX
[50.288 MHz, 6 ( T M S in CDC13)] in C6Dsat 25°C: 6 = 184.2 (s) [(n-I3u)~0(Nt~u)],
136127 (m) K6HSB-],54.12 (s) [-c(CH3)3], 29.95 (s) [-CcH3)3], 3 1.0 (s) [-

C&CH2C&CH3],
-

27.1 (s) [-CH&H~CH2CH3],23.1 (s) [-CH2CHsH2CH3], and 14.5

(s) [-CHZCH~CH~H~].
'IB-NMR

t96.282 MHz, S(BF3eO(C2Hs)t in D20)] in C6D6 at

2S°C: 6 = 11.62 (s). FAB-MS: d e 280,

5.4.5

{~~B[(~-BU)CO(N'BU)JC~])~,
38%.

- Synthesis of P~B[(~-Bu)cS(N'BU)]CI
(53)
A clear brown solution of PhBClz (0.997 g, 6.28 mmol) in hexane (-5 mL) was

added dropwise via a stainless-steel transfer needle to a stirred, clear, colourless solution
of ~i[(n-BU)CS(N'BU)](0.880 g, 4.9 1 mmol) in h e m e (-10 mL) over several minutes at
room temperature. This caused immediate precipitation of pale yellow solid, and the
reaction mixture became opaque and yellow as addition continued. On cessation of

stirring, a white solid was observed to settle out below a clear yellow mother liquor.

Stirring was allowed to continue for a further two hours, after which time the mixture was
filtered to remove LiCI. This yielded a clear yellow solution which pumped down to a
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viscous yellow oil. This oil was redissolved in diethyl ether (-5 A),and stored at -17°C
for 12 h o w , producing a white crystalline solid below a clear yellow mother liquor.
Whife the system was carefully kept at O°C, the mother liquor was decanted, the solid
washed twice with diethyl ether (2 x 3 mL), and the resultant solid pumped down to a

cty,pale yellow powder. This solid became slightly oily on warming to room
temperature. Total yield of product identified as P ~ [(n-BU)CS(N'BU)]
B
~1 was 0.455 g
(1.54 mmol, 31.36%). Melting point: 67-6g°C (yellow oil).

AnaI. calcd. for ClsHvNSBCl [%I: C, 60.92; H, 7.86; N, 4.74. Found: C, 61.82;

H,8.49; N, 4.55. 'H-NMR [200 MHz, G(TMS in CDC13)] in C6D6: 6 = 8.4-7.0

(m, 5H),

2.23 (m, 2H), 1.40 (m, 2H), 1.11 (m, 2H), 1.07 (s, 9H), 0.71 (f 3H). IR (KBr, Nujol

mull), v [cm-'I: 2540, 1557,1288, 1256, 1188, 1079,979,834,756,701. "c-NMR
[50.288 MHz, 6 ( m S in CDCb)] in C6D6at 25OC: 6 = 203.7 (s) [(n-~u))Gs(N'~u)],
136-

128 (m) KH5B-],60.50 (s) [-c(CH3)3], 29.53 (s) [-Ca3)3]

and [-CH&HZCH~CH~]

(?), 37.0 (s) [-m2CH2CH2CH3], 22.8 (s) [-CH~CH~H2CH3],
arid 14.2 (s) [-

CHZCH~CH&H~].
"B-NMR [96.282 MHz, 6(BF3.0(CtHs)z in DzO)] in CD6 at 25°C: 6
= 6.47

(s). LRMS (EIy 70 ev): m/e 295, {P~B~(~-BU)CS(N~BU)]C~}~,
6%.

Crystals suitable for X-ray diffkaction studies were isolated fiom a saturated 1:1
mixture of pentane and diethyl ether stored at -1 8OC for several days. X-ray data were
collected at low temperature using an epoxy-coated crystal mounted on a glass fibre.

Measurements were made on a Rigaku AFC6S difhctometer with graphitemonochromated Mo-Ka radiation (h= 0.71 069 &).
Both a linear correction factor and an

empirical absorption correction (based on azimuthal scans of several reflections) were
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applied. The structure was solved by direct methods C93] and expanded using Fourier
techniques p4].Non-hydrogen atom were rehed anisotropicdy. Hydrogen atoms were
included at geometrically idealized positions and were not refined. Scattering factors
were those of Cromer and Waber [I711, and allowance was made for anomalous
dispersion [172]. Full-matrix feast-squares rehement and all other cdculations were
performed using the teXsan

crystallographic software package of MoIecular

Structure Corporation. Relevant crystallographic data are presented in Table 5.7, and
pertinent metrical parameters for the structure are given in Table 5.8.

Table 5.R Crystal Data for P~CIB((~-BU)CS(N'BU)]
(53)

Difhctorneter
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, Space group
Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Fooo
Crystal size
2~-

Reflections collected
Independent reflections
Structure solution
Refinement method
Data p>3a(I)] / parameters
Goodness-of-fit
Max. sWerror in final cycle
Residuals: R [a], Rw [b]
Largest M.peak and hole
Corrections
Transmission factors [max.; min.]

Rigaku AFC6S (Mo-Ka) - Calgary
Cl5H&J2SBC1
295.68
-1 03(1)OC
0.71069 A
Monoclinic, a / n (# 14)
a = 7.617(2) A
a = 90.000"
b = 1 1200(I) A
P = 90-74(2)"
c = 19.568(2) A
y = 90.000°
1669.1(5) A3
4
1.177 ~
~
r
n
~
3.35 cm'
632.00
0.50 x 0.48 x 0.45 mm
55.1"
4360
4063 (Pht = 0.1511
Direct Methods (SIR92 [93])
Full-matrix least-squares
2431 / 172
2.46
0.0 1
R = 0-046,Rw = 0.059
0.32 and -0.38 e . ~ ' ~
Lorentz-polarization
Absorption (empirical)
0.7836; 1.0000

Table 5.8: Selected Bond Distances, Bond LngIes, and Torsion Angles in 53
Atoms
Atoms
Angle (O)
115.6(3)
C(10)-B(l )-Cl(1 )

w

Chapter 6:

Conciusions and Future Work

-

§ 6.1 CONCLUSIONS

-

6.1.1 The Utility of a Secondary Laddering Principle

The thesis guiding much of the work reported in the previous chapters was that
elucidation of distinct primary and secondary laddering principles would provide a useful
fiamework for describing and understanding laddered structures, and fhrthermore that the
efficacy of such a fiamework would eclipse the theory of laddering as it currently stands.
We believe we have demonstrated, through examination of known systems and

characterization of novel organolithium compounds,that this is indeed the case.
While primary laddering is essentially a rephrasing of the rationale originally
suggested to explain laddered compounds, secondary laddering presents a modification
designed to account for consequences arising from the geometry about EMJ2rings. As
such, primary laddering mainly describes the formation of dimers through association of
monomers, while secondary laddering is predominantly concerned with the formation of
extended structures through the association of dimers. We have shown that the

explanatory power of the primary and secondary laddering principles is sufficient to
explain the formation of several disparate lithium heteroamidate oligomers (14,
14a*2THFY
26a, 27a), some of which are unladdered polymers in their final state
(ZSa.THF, 30ae2THF). Here we note an unanticipated feature of our modified theory of
laddering: it suffices to explain not only laddered structures, but also unladdered systems
topologically related to laddered ones. Put another way, the outcome of secondary
laddering processes on primary laddered hgments need not result in a laddered
structure. This observation is particularly significant in terms of evaluating our
modification of laddering theory; we have apparently gained insight which would have
been unavailable using only the original, unmodified laddering principle.
Furthermore, we have shown that the nature of secondary laddered structures is
strongly dependent on the behaviour of primary laddered hgments under the influence
sterics (eSg & i q 2 ring conformattion), solvation, and heteroatom effects. This is true not
only for homogeneous systems consisting of a single primary fragmentbut also for
systems involving more than one type of monomeric unit (e.g organolithiudlithium
halide systems such as 19 and 22-25). Thus,while the dimeric unit appears to be of
fundamental importance in understanding many laddered structures, primary laddering
may involve any number of monomeric precursors, and secondary laddering can make
use of any primary laddered fhgment. Again, this understanding is rooted in the use of
primary and secondary laddering principles, and is not provided by the original laddering
theory.

Although it was not our intention to suggest an extension of any laddering
principle to transition-metal andlor main-group derivatives of the ligands under

188

investigation, we have seen that a process much like primary and secondary laddering
(involving dimes) can be used to explain the formation of copper@ thioamidate
tetramers and hexamers. While not strictly within the rubric of laddering, the behaviour
of these derivatives can evidently be understood in a similar manner. A complete
investigation of this phenomenon may prove to be procreant (particularly in the case of

CU+,which is similar in size to ~i3,
however it exceeds the scope of the current study.
Finally, we note that the notion of primary and secondary units of aggregation is
well-established in other areas, most notably supramolecular chemistry 11733.Indeed,
although they are not typically discussed as such, oligomeric organolithium compounds
can be considered supramolecules [3a, 1741. Thus, it is perhaps unsurprising that a
concept deemed generally usefid for supramolecular chemistry should also be useful for
organolithium chemistry. The novelty here lies not in the concept of primary and
secondary aggregation itself, but rather in developing an understanding of how this
rationalization can be fruitfUy applied to a specific class of compounds, We believe we
have made a significant stride towards this goal for organolithium species.

-

6.1.2 Concerning Polymeric Organolithium Compounds

It has been accepted as a truism for some time that organolithium species
precipitating as insoluble, amorphous solids (viz. not crystallizing easily) are probably
laddered polymers. While confirmation of this hypothesis has been long anticipated for

Lithium amides in particular, no such unsolvated, polymeric ladder structure has been
characterized to date. In fact, although several unsolvated, laddered lithium amides are
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now known (vide supra),none have proven to be polymeric. Conversely, although some
allcali-metal-amide polymers have now been characterized (notably Lip(i-Pr)z] [S5]),

none have been found that are both laddered and unsolvated. In light of these trends and
the obsemations made here, it seems appropriate to re-examine the likelihood and
probable fi-equency of unsolvated ladder poIymers.
The notion that unsolvated Iithium amides might be laddered polymers was first
proposed by Snaitb and co-workers, who noted about the putative compounds:
cccontinuousring association must presumably have taken place laterally,joining (NLi)

ring edges and so giving ladders," and that "although such ladders will be amorphous
materials, unlikely to be amenabIe to X-ray structural investigation, treatment with Lewis
base donors will lead to crystalline oligomers" [%I. While the Iatter portion of this
hypothesis has been investigated extensively using a variety of laddered systems and
Lewis bases [24], the assertion that amorphous organolithiums may be polymeric has
seemingly gained credence despite a pronounced lack of experimental evidence to
support it. Successive publications relating to the topic have drifted away fiom stating the

idea as a hypothesis and towards assuming it as a fact A recent article, ironically
reporting an unsolvated dimeric heteroditopic dilithium diamide, is typical in asserting
that "in the absence of coordinating Lewis bases, these compounds generally adopt

polymeric infinite ladder structuresyy[1751. Faith in this generality is remarkable given
that no such structure has ever been observed.
While it seems clear (and even intuitive) that solvation of high nuclearity

organolithium complexes by Lewis bases can lead to lower oligomers, it is by no means
apparent that this must be the case. For example, we found in Chapter 4 that solvation can

-
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actually promote polymerization in lithium heteroamidates, and that unsolvated species
tend to be finite oligomers resulting from the aggregation of dimeric units. Despite
countering common wisdom, the most recemt review of organo-alkali-meal complexes
suggests that this phenomenon is by no means unique. Haiduc and Edelm~nnnote in their
survey only two examples of unsolvated organolithim polymers involving i a d d e ~ g

(PiOPh]* [17q and FiC(OEt)==CHt)], [l77]) among fifteen solvated examples, and
tally several unsolvated, finite oligomers 11741. These findings demonstrate three
important points: 1) that solvation does not preclude polymerization, and may even
encourage it in some cases; 2) that unsolvated ladder polymers can indeed be crystallized
(i-e.they are not necessarily amorphous soliids); and 3) that many unsolvated

organolithium compounds, including lithium amides, are finite oligomers rather than
laddered polymers.
It is probable that some organolithium species-particularly

synthesized as recalcitrant, insoluble powdezs-will

those typically

eventually be found to adopt

unsolvated, ladder polymer structures. It is not our intention to argue that this is not the
case and we recognize that the evidence discussed above neither confirms nor disproves

the existence of such species. Rather, we contend that the behaviour of organolithium

complexes with respect to polymerization is described better by primary and secondary
laddering principles thanby the original theory of laddering. As is detailed throughout

this thesis, consideration of our modified laddering theory leaves room and provides
rationale for a number of alternative architectures; it does not point exclusively to

laddered polymers for any particular class o f compounds. Given the wide diversity of
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structures observed for organolithium species, we feel that this is a point in favour of our
proposed amendment.

8 6.2 - FUTUREWORK

6.2.1

- Thioamidates as Bridging Ligands for Transition-metals
The potential utility of thioamidates as bridging ligands in transition-metal

chemistry is perhaps best illustrated by two recent reviews focussing on the use of ligands
containing anionic N-C-S units to construct polynuclear complexes [I 781. While clearly
demonstrating the importance and ubiquity of such species, neither account makes any
mention o f thioamidates at all! Instead, emphasis is placed on a number of other systems,
most notably pyridine-2-thiolate and various derivatives thereof. We suggest that the

facile synthetic methods used to prepare 27-30 could easily be extended to a wide variety
of other similar thioamidate systems, thus providing access to a library of anionic N-C-S
ligands whose steric and electronic properties could be freely tuned throughjudicious

choice of substituents. A rich chemistry, paralleling that of other N-C-S ligands and
related species such as carboxylates, surely awaits.

Much of the interest in these ligatures stems from their tendency to bridge metal
centres, often supported by metal-metal bonds, in polynuclear structures (e.g. 3la, 32a).
Thioamidates are particularly interesting in this respect as they offer both a hard and soft
terminus, raising the possibility of organizing and bridging disparate metal centres.

Although there has been considerable interest in using anionic N-C-Sunits to construct
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hom~nuclearmetal clusters [178], an interesting and largely unexplored possibility is the
construction of analogous heteronuclear clusters. For example, early-late heterobimetallic
complexes have attracted recent attention due to the potential for new structure and
reactivity patterm arising fiom the proximiy of two transition-metals with widely
divergent properties [1791. Current methodology in this area centres around the use of
early transition-metal complexes as ligands for late transition-metal species 1179, 1801.
We speculate that the use of ligands such as thioamidates may offer self-assembly

pathways to such complexes based on selection of znetals through hard-hard/sofi-soft
interactions. In analogy with similar experiments aimed at producing LiMg
heterobimetallic systems (see section 1.1.4), it is possible that simple metathetical
chemistry involving the reaction of a lithium thioamidate with a mixture of early and late
transition-metal chlorides could yield heterobimetallic structures. If successfid, this sort
of expedient synthetic route might provide a convenient portal for the study of early-late
heterometallic transition-metal complexes.

-

63.2 Copper@)Thioamidates as Building Units for Extended Arrays

Porous metal-organic hmeworks are a novel class of solids with promising
properties for applications such as catalysis, separation, gas storage, and molecular
recognition 118 11. Several recent reports by Yaghi [18 1, 1821 and others [I 831 have
focussed on the use of metal carboxy1ates as building units for such frameworks, and a
variety of general strategies for such chemistry have been discussed [173, 1841. The
genesis of this interest stems from recognition that the well-known ''lantern" structure

(Figure 6.la) adopted by many dinuclear metal carboxylates (Wz@CO2)4], M = Cu,Zn,
Cr7Mo, W, Re, Ry etc. [183]) is capable of forming an extended lattice when
polycarboxylate Ligands are employed. The simplest case is obtained when a bear
dicarboxylate such as terephthalate (1,4-benzenedicarboxylate,or BDC, 55) is employed

(Figure 6.1b) producing a porous, two-dimensional lattice."
I

Figure 6.1: a) w(RC02)4]'clantern" structure adopted by many dinuclear metal
carbolcylates (metal-metal bonding may or may not occur depending on the identity of
M); b) two-dimensional lattice formed by M2(BDC)2 building units.

Yaghi and co-workers have employed lantern-type building units composed of
z i n c 0 and polycarbo~latelinkers such as 55 and 1J,5-benzenetricarboxylate (BTC,

56) to synthesize a wide variety of robust, porous networks [182,184]. These can have
cavities as large as 18-5 A in diameter [18 11. While a great deal is now known about such

** For example, the average pore diameter is 6.0 A when M = C u [l83].
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systems, the variables typically explored pertain only to the nature of the poIycarboxylate
linker and the identity of the metal cation. We note that use of the lantern unit itself as a
junction, essentially a two-dimensional comer (Figure 6.2),has so far represented a
fundamental limitation in these investigations. This being the case, novel junctions

capable of extending a network in three dimensions would be of considerable interest,

We submit that the copperO thioamidate oligomers discussed in chapter 5 are good
candidates for this application.

55 @DC)

56 (BTC)

Whereas a lantern unit composed of polycarbo~latelinkers extends four
directions in two dimensions, a copper@)-dithioamidatetetrameric junction could extend
four directions in three dimensions, and a hexameric junction six directions in three
dimensions. Polythioamidate linkers have the potential to connect junctions using either
the substituent on carbon or nitrogen, leaving the other substituent available for hlning
and modification. In analogy with 55, 1,4-benzenedithiobdates (BDTA, 57) linked
through nitrogen centres could be synthesized fiom 1,4dithiocyanatobenzene
(commercially available) and various alkyllithium reagents as illustrated in Scheme 6.1.

Scheme 6.1: Generation of 1,4benzenedithioddates (BDTA, 57).
We note that in addition to being useful reagents for the construction of extended
networks via metathetical chemistry involving transition-metals, these and other
heteroditopic dilithium dithioamidates may themselves exhibit interesting structural
chemistry in the solid-state.

The facile insertion of isothiocyanates into Cu-OAr bonds (see Chapter 5)
provides a possible direct route to copperO-BDTA complexes containing thioamidate

groups linked through substituents on carbon (Scheme 6.2).Such reagents could

presumably be made using a variety of aryl-diols, allowing for the exploration of a wide
range of Iinking uaits-

1) 2 n-BuLi
(- 2 ~ B u H )

2) 2 CuCl
(-2UCI)

HO

CUO

2 RNCS

Scheme 6.2: Generation of coppermBDTA complexes via insertion of RNCS.
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This route may be preferable to one involving the isolation of Li2(BDTA) salts as

the final step would not involve extrusion of LiCl, a potential contaminant in any
extended solid formed. In addition, since many isothiocyanates are volatile liquids,
vapour diffusion could be utilized in the formation of these networks (Figure 6.2).

Ar(0Cu) 2 in solution
RNCS -

,

Figure 6.2: Synthesis of Cu*(BDTA). by vapour m i o n -

The motifs adopted by the Cu2,@DTA), (n = 2 , 3 ) building units can be
conveniently symbolized as shown in Figure 6.3. An M(BDC)-type lantern unit is shown
for comparison.

Ill

Figure 63: Symbolism used to denote: a) comer junctions arising fiom lantern ~ t s b);
tetrahedral junctions arising from a copper(1) thioamidate tetramers; c) paddle-wheel
junctions arising from copper(I) thioamidate hexamers. The substituents on the
thioamidates are not shown.
These novel building units would provide junctions not available in metal
carboxylate arrays, allowing for new types of lattices containing cavities and channels

(Figure 6.4). We note also that because copper(I) thioamidates are normally synthesized

as mixtures of tetramer and hexamer, networks containing both types ofjunction are
feasible. While it is not clear that such metal-organic h.meworks would possess the
rigidity and stability of those based on M(BDC) or M3(BTC)2,the possibility is certainly
interesting and worthy of M e r enquiry.

4
dirhioamidate linking unit

Figure 6.4: Schematic representations of two hypothetical metal-organic h e w o r k s
composed o f Cuz(BDTA): a) tetrahedral junctions;b) paddlewheeljunctions.

Appendix I:

CrysfaUographicCharacteruation of Three Hydrolysik Producfs

§ A1 - INTRODUCTION

Virtually all Iithium salts are moisture-sensitive, and replacement of ~ i by
+ H+

originating fkom trace amounts of water can be probiematic. Despite strict adherence to
the procedures and precautions outlined in Chapter 2 and elsewhere, several hydrolysis

products were serendipitously isolated during the course of the work detailed in the
previous chapters. Described below are three such compounds that were characterized
crystallographically; the structure of 29 is discussed for comparison. To the best of our
knowledge, X-ray structures for these species have not been reported previously.

5 A2 - SERENDIPITOUSLY OBTAINED HYDROLYSIS PRODUCTS

A.2.1- Ureas and Thioureas

Synthetic ueas have been h o w n for nearly 175 years. Indeed, W6hlerfs 1828
synthesis of urea itself [O=C(NH2)2] via thermal isomerization of ammonium isocyanate
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[(NH4)NCO] is widely recognized not only as a turning point in the history of synthetic
chemistry as a whole, but also as the genesis of the field of organic synthesis [I 851. Urea
had been isolated from urine previous to W6hler's experiment, and at the time most

chemists believed that compounds originating fiom living materials (viz.organic
compounds) could not be synthesized in the laboratory as minerals (viz. inorganic
compounds) were [186]. A seminal investigation, Wohler's observations not only
disproved this erroneous theory, but also established that ammonium cyanate and urea
had the same molecular formula- This latter realization challenged the widely accepted

idea that chemical composition uniquely established the structure of a compound, and
would eventually beget many important intellectual offspring. The notion of oligomers,

for example, is traceable to Wohler's work.
Ureas are used today to make various plastics and resins, and as nitrogeneous
fertilizers (this latter use depends on their very slow hydrolysis, first to the corresponding
ammonium carbarnate and then to @l&)C03). World production of ureas in 1970 was

6.5 million tonnes p87j. The organic chemistry of these compounds is well developed

and substituted derivatives are routinely made fkom the parent compound by a variety of
methods 11881. Although less common than ureas, various thioureas have been
synthesized and characterized in analogy with their oxygen-containing counterparts.
Thiourea itself [S=C(NH2)2], for example, can be made via isomerization of ammonium
isothiocyanate [(NH4)NCS] at 160" [1891.

A.22

- Crystallographic Characterization of E=C(HN~BU)~
[E = 0 (59), S(61)]
Deliberate hydrolysis of the putative compound L~~[co(N$u)~~
(58) in toluene

caused evolution of heat and formation of a gel. Addition of excess solvent produced an
opaque, off-white solution fkom which large, colorless crystals of N.W-bis(tertbuty1)urea [o=C(HN~BU)~]
(59) were obtained in quantitative yield after storage at

-

14°C for several days. Various solutions of 58 in a number of solvents also produced

small amounts of crystalline 59 on several occasions, probably as a result of accidental
hydrolysis during prolonged storage. Solutions of L~~[cs(N'Bu)~]
(60) produced small
mounts of NNr-bis(tert.-buty1)thiourea[S=C@DJ~BU)~]
(61) in a similar manner. Both
products were characterized by single crystal X-ray difbction methods by Dr. G. P. A.
Yap (University of Ottawa). Relevant crystallographic data and selected metrical
parameters for these two compounds are summarized in Tables A. 1-A.4 (sections A.3 -1
and A.3.2, pages 207-211).

Figure kl: ORTEP of 59 showing the atom labeling scheme (only one of two molecules
in the asymmetric unit is shown). Thermal ellipsoids are depicted at 50% probability
level and hydrogen atoms have been omitted.

The metrical parameters of 59 are unremarkable. The mean C - 0 distance of
1-247(3) A is shorter than that observed in 26a [Id(C-O)l = 1.3 13(3) A], while the C-N

distances involving the sp2 carbon are longer [Id(C-N)I
1.279(4)

= 1.354(3)

A for 58 versus

A for 26al. For comparison, the corresponding values in N,N'-bis(iso-

propyi)urea [O=C(HNi-Pr)z] are d(C-0)

= 1-263(1 0) A and d(C-N) = 1.33 S(4)

A [190].

A similar observation can be made for 61 and 27a. The mean C-S distance in 27a is

longer than that in 61 [1.773(5)

A versus 1.6920(16) 4, while the pertinent C-N

distances are shorter [1.268(5) 8, versus 1.346(2) A]. As was observed for 26a and 27a,

the geometry about the "central" carbon in 59 and 61 is planar [IZLCI = -360° in all
cases].

Figure A.2: ORTEP of 61 showing the atom labeling scheme. Thermal ellipsoids are
depicted at 30% probability level and hydrogen atoms have been omitted.
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Intramolecular hydrogen bonding is well h o w n in N-H*--0and N-H---Ssystems

[1911, as well as a variety of others [I921. Ureas and thioureas have been observed to
exhibit such interactions, and these often dictate their packing arrangement in the solidstate [I931 (though this is not always the case [190]). Both 59 and 61 pack in chains due
to hydrogen bonding (Figure A.3). However, because the hydrogen atoms were not
located in either X-ray structure, a detailed discussion of the phenomenon is not possible
here.

HlA

'\,

j

Figure kJ: Intramolecular hydrogen bonding in 59 and 61. Only the Mi protons are
shown.

The mean N-H---0distance in 59 is 2.939 A, which is actually slightly shorter

than that observed in urea itseff(3.03 A 11921). However, each oxygen centre in urea
participates in four hydrogen bonds compared to two such interactions in 59- For
comparison, the N-H---0distance in N-terk-buty1JV'-methylurea(an asymmetrical urea
that packs in an arrangement similar to 59) is 2.9565 A [190].The correspondingN-W--S

distance in 61 is 3.479 bi.

-

A.23 Crystallographic Characterizationof M~COW~BU)(62)

The hydrolysis product MeCo(HN$u) (62) was obtained while attempting to
prepare the corresponding lithiated species L~M~CO(N$U)
J via reaction between

methyllithium and tert.-butyl isocyanate (cf: the isolation of 29 while preparing 28 in
Chapter 4). An X-ray structural determination of 62 was performed by Dr. M. Parvez
(University of Calgary). Relevant crystallographic data and selected metrical parameters
are summarized in Tables A.5 and A-6(section A.3.3, pages 21 1-214).

Figure A.4: ORTEP of 62 showing the atom labeling scheme (one of two independent
molecules is shown). T h d ellipsoids are depicted at 50% probability Ievel.
Like 59 and 61, both 29 and 62 pack in chains such that monomer units are Iinked
by intramolecular hydrogen bonding. However, in the case of 29 and 62 only one N-He--E

(E = 0,S) bond is present between monomers (FigureAS). Nonetheless, similsli
intramolecular distances are observed: the N-H---0distance in 62 is 2.914 A while the NH.--Sdistance in 29 is 3.53 L A

Figure AS: Intramolecular hydrogen bonding in 62 and 29. Only NH protons are shorn

-

§ a3 CRYSTALLOGRAPHIC DATA

A 3 . 1 - Characterization of O=C(HN~BU)~
(59)

Melting point: 179-182°C (sub.). Anal. calcd. for C9H2&0 EO/o]: C, 62.73; H,
1 1-72;N, 16.26. Found: C, 62.37; H, 12.02; N, 16.26. IR (KBr, Nujol mull), v [cm-'1:

3366,3188,1668,1634,1559,1293,1208,1038,959,777,634,534,433. 'H-NMR [ZOO

MHz, 8 ( T M S in CDC13)I in Cd16 at 25°C: 6 = 3.1 1 (s, 0C(HNt~u)2,2H), 1.23 (s,
OC(HNt&),,

18H).LRMS (EI, 70eV): d e 172,[0C(fINt~uh]+,
25%.

Crystals used for analyses were obtained as colourless blocks from a saturated
solution of toluene cooled to -14°C for several days. All data were collected at low
temperature using an epoxy-coated crystal mounted on a glass fibre. Measurements were

made on a Siemens SMART CCD di£&actometer with graphite-monocbromated Mo-Ka
radiation (1= 0.71073 A). The structure was solved by direct methods [go] and expanded

using fhll matrix least squares on F~19 11. No absorption correction was applied Nonhydrogen atoms were refined anisotropically. Hydrogen atoms were included at
geometrically idealized positions and were not located or refined. Relevant
crystallographicdata are presented in Table A. 1, and pertinent metrical parameters are

given in Table A.2-

Table kl:Crystal Data for -(HNt~uh

(59)

Diihctometer
Empirical formula
F o d a weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Siemens SMART CCD - Univ. of Ottawa

Volume

z

Calculated density
Absorption coefficient
Fooo
Crystal size
8 range for data collection
Limiting indices
Reflections collected / unique
Refinement method
Data / restraints / parameters
Goodness-of-fiton F~
Final R indices @>20(I)J [a, bJ
R indices (all data) [a, b]
Largest difE peak and hole

C9H20N20
172.27
-70(2)"C
0.71073 A
Orthorhombic, P2 1212 (#I 9)
a = 9.455(3) A
a = 90.000°
b = 13.824(5) A
p = 90.000°
c = 18.004(6) A
y = 90,000°
2353(1) A3
8
0.972 ~
~
/
m
~
0.064 mm"
768
0.1 x 0.1 x 0.1 mm
1-86"to 22.50"
- 1 0 S h l 10,OIkS14,851S19
5468 / 3068 Ip-m, = 0.09941
Full-matrix least-squares on F~
3068 / 0 / 219
1.082
R(F) = 0.0454, WR(F~) = 0.0883
R(F) = 0.0625, WR(F? = 0.0905
0.168 and -0.199 e.A'

Table k2: Selected Bond Distances and Bond Angles in 59
+toms
Bond Length ( d i ) Atoms
01-C9
1.252(3)
C9-N1-C1

126.3(2)

C18-N4-C14
01-C9-N2
01-C9-Nl
N2-C9-N1
02-C18-N4
02-C18-N3

128.9(2)
122.8(3)
122.5(3)
114.6(2)
122.7(3)
122.6(3)

Nl-Cl
N2-C9
N2-C5
N3-C18
N3-C10
N4-C 18

1.466(3)
1.350(3)
1.469(3)
1.352(3)
1.466(3)
1.358(3)

U . 2 - Crystalrographic Characterization of S=c(HNt~u)2
(61)

AU data were collected at low temperature using an epoxy-coated crystal mounted
on a glass fibre. Measurements were made on a Siemens SMART CCD ~ c t o m e t e r

with graphite-monochromated Mo-Kcc radiation (h= 0.71 073 A)).me structure was
solved by direct methods [go] and expanded using full matrix least squares on F* [91]. NO
absorption correction was applied. Non-hydrogen atoms were refined anisotropically.

Hydrogen atoms were included at geometrically idealized positions and were not located
or refined. Relevant crystallographic data are presented in Table A-3, and pertinent

metrical parameters are given in Table A.4.

Table A3: CrvstaI Data for =(HN'BU~
Diffkactometer
Empirical formula
F o d a weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume

z

Calculated density
Absorption coefficient
Fooo
crystal size
8 range for data collection
Limiting indices
Reflections collected / unique
Refinement method
Data / restraints / parameters
Goodness-of-fit on F~
Final R indices U>~G(I)][a,b]
R indices (ddata) [a, b]
Largest difK peak and hole

(611
Siemens SMART CCD - Univ. of Ottawa
c9H20N2s

188.33
-70(2)"C
0.71073 Hi
Orthorhombic, P2 l/c
a = 90.000°
a = 18.027(7) A
b = 6.388(2) A
8 = 104.112(6)0
c = 10.187(4) A
y = 90.000°
1 137.7(7) A3
4
1.100
0.242 mm"
416
0.2 x 0.2 x 0-05 mm
2.33" to 28.58O
-23ShS22,OIk58,OI1<13
7053 / 2647 Iph = 0.0360]
Full-ma& least-squares on F'
2647!0/ 110
1.049
R(F) = 0.0481, WR(F~)
= 0.1235
R(F) = 0.0578, w ~ ( F 2=
) 0.1259
0.366 and -0-223 e.A'

Table A.4: Selected Bond Distances and Bond Angles in 61

A 3 3 - CrysWlographic Characterization of M~CO@N'B~)
(62)

X-ray data were collected at low temperature using an oil (Paratone 8277, Exxon
Corp.) coated colorless crystal mounted on a glass fibre. Measurements were made on a

Rigaku AFC6S difEactometer with graphite-monochromated Mo-Ka radiation (h=
0.71069 A). A linear correction factor was applied, but azimuthal scans of several
reflections indicated no need for an absorption correction. The structure was solved by
direct methods p6Jand expanded using Fourier techniques [94]. Non-hydrogen atoms
were refined anisotropicalIy. Hydrogen atoms were included at geometrically idealized
positions and were not located or refined. Full-matrix least-squares refinement was
performed using the teXsan 1971 crystallographic software package of Molecular
Structure Corporation. Relevant crystallographic data are presented in Table A.5, and
pertinent metrical parameters for the structure are given in Table A.6.

Table AS: Crystal Data for MeCO(HNt~u)(62)
D~ctometer
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, Space group
Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Fooo
crystal size

Reflections collected
Independent reflections
Structure solution
Refinement method
Data U>3cr(I)] / parameters
Max. ~ W e r r o in
r 16inal cycle
Goodness-of-fit
Residuals: R [a], Rw b]
Largest cliff. peak and hole
Corrections

Rig& AFC6S (Mo-Ka) - Calgary
ca13No
115.17
-103(1)OC
0.71069 A
Triclinic, P-1 (#2)
a = 9.6022(12) A
a = 90.71(2)O
b = 9.71 1(3) A
p = 103.453(13)O
y = 100,578(15)"
c = 8.473 (2) A
754.0(3) A3
4
1.014 ~ g / m ~
0.64 c m
256
0.60 x 0.30 x 0.18 mm
25.0 1O
2845
2671
= 0.03q
Direct Methods (SAP19 1 p6'J)
Full-matrix least-squares (DIRDIF94 [94])
1106 / 145
0.00
1.38
R = 0,043, R w = 0.043
0.14 and -0- 12 e ' . ~ ' ~
Lorentz-polarization
Decay (0.40%)

mbt

Table A.6: Selected Bond Distances and Bond Angles in 62
Atoms

Angle (O)

NCl)-C(I)

125.4(3)

1.474(4)

C(1)-N(1)-C(5)
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