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Abstract

The boraamidinate ligand, [RB(NR′)2]2−, is isoelectronic with the corresponding and extensively studied amidinate ligand, [RC(NR′)2]−. Thi
review provides the first comprehensive account of the coordination chemistry of the boraamidinate ligand with s-, p- and d-block metals. The focu

is on the methods available for the synthesis of metal complexes, as well as the variety of bonding modes exhibited by these dianionic ligands at metal
centers. The properties and reactivity of individual metal boraamidinates are discussed and, where appropriate, compared with those of the related
amidinate complexes. In particular, the formation of the radical anion, [RB(NR′)2]−•, by the oxidation of main group complexes is highlighted.
© 2006 Elsevier B.V. All rights reserved.
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different bonding modes adopted by the bam ligand in the solid
state. The second half of the review consists of a survey of indi-
vidual s-, p- and d-block metal complexes. The final section is
eywords: Boraamidinates; Coordination complexes; Synthetic methods; Bond

. Introduction

Coordination complexes play an essential role in the cre-
tion of new materials. Examples of applications range from
heir role as catalysts for the generation of organic polymers to
heir incorporation in novel molecular magnets. They are also
f increasing interest as single-source precursors of thin film
emi-conducting materials or nanoparticles, and in the genera-
ion of ceramics. Fundamental investigations into the syntheses
nd solid-state structures of metal complexes of new or emerg-
ng ligand systems are an essential prelude to probing potential
uture applications.

Extensive studies of amidinate (am) ligands, [RC(NR′)2]−,
ave shown the steric and electronic properties of ams are readily
aried by changing the organic substituents, R and R′, often
ffecting the metal coordination geometry. The monoanionic am
igands can display a variety of bonding modes. Most commonly,
ms act as four-electron donors and coordinate in a bidentate
ashion through N,N′ chelation. The coordination chemistry of
he am ligand up to 1994 is summarized in two reviews, which
over the syntheses and structural features of a comprehensive
ange of s-, p-, d- and f-block metal complexes [1].

More recently, the focus of investigation into am complexes
as shifted to their reactivity, in particular their role as poly-
erization catalysts. These experimental studies have been

omplimented by detailed theoretical investigations [2]. Early
olymerization studies focused on group 4 am complexes that
ere found to be active catalysts for various substrates [3–8].
anadium-based am complexes have been used in the polymer-

zation of ethylene [9,10]. Copper am complexes have been
escribed as air- and moisture-tolerant catalysts for the living
olymerization of carbodiimides [11], as well as precursors for
tomic layer deposition of copper metal [12]. Yttrium(III) ary-
amidinates have shown catalytic activity in rac-lactide (LA)
olymerization [13]. The ring-opening polymerization (ROP)
f �-caprolactone using lanthanide am complexes has been
eported [14,15]. Research has also focused on am complexes
ontaining aluminum as the central element that can also serve
s catalysts [16–22].

From this overview it can be inferred that the field of am
oordination chemistry has reached maturity. By contrast, inves-
igations of the isoelectronic boraamidinate (bam) ligand are
uch more limited [23]. Like the am ligand, the electronic and
teric properties of the bam ligand can be tuned by changing
he substituents on the amido nitrogen atoms (R′) and by vari-
tion of the R substituent on boron. The three-atom backbone
odes; Stable radicals

f the bam framework is structurally similar to that of the am
igand, with replacement of carbon by electron-accepting boron
t the bridgehead (Chart 1). Significantly, this substitution gen-
rates a 2− charge on the bam ligand. This is in contrast to the
onoanionic am ligand, which may require additional ancil-

ary anionic ligands in higher oxidation-state metal complexes.
he dianionic charge also leads to interesting redox behavior,

or example the generation of stable neutral radicals of p-block
etal bam complexes [24].
The focus of this review is the coordination chemistry of

he dianionic boraamidinate (bam) ligand [RB(NR′)2]2−. The
rst bam metal complex was reported in 1979 [25]. Investiga-

ions prior to 1998 were limited to complexes of groups 4 and
4–16 metals [26–38]. More recently, interest in these dianionic
igands has been rekindled through reports of (i) the struc-
ural characterization of dilithio bams [39–41], (ii) a solid-state
tudy of dithallium complexes [42], (iii) trisubstituted octahe-
ral group 4 dianions (tris-bams) [43], (iii) a titanium mono-bam
sed in polymerization studies [44], (iv) a paramagnetic vana-
ium(IV) bam complex [43], (v) bam complexes in which the
igand bridges very short group 6 metal–metal triple bonds [45],
vi) spirocyclic zinc and magnesium complexes [46], (vii) group
3 bam complexes [41,47], and (viii) paramagnetic early main-
roup metal bam complexes [24,46]. In addition, a new ligand
omprised of a five-atom backbone that is a hybrid of the bam
nd am skeletons has recently been reported (Chart 2) [41,48].
hese hybrid bamam ligands are formally isoelectronic with the
biquitous �-diketiminate (nacnac) ligands [49].

This review will begin with an examination of the various
ethods available for the synthesis of metal complexes of the

am ligand. This will be followed by a brief description of the
Chart 1.
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Chart 2.

evoted to a discussion of the chemistry of the hybrid bamam
igands.

. Synthetic methods

The most common route to bam metal complexes employs
etathesis between a metal halide and a dilithio bam complex,
i2[RB(NR′)2]. Consequently, this section will begin with a dis-
ussion of the syntheses of these important boron-containing
eagents. Other methods for the syntheses of bam complexes
nclude the use of trimethylsilylamido reagents and cycloaddi-
ion reactions.

.1. Metallation of bis(amino)boranes

The metallation of bis(amino)boranes is a potentially useful
pproach to bam complexes of alkali and alkaline earth metals.
he preparation of dilithiated reagents 2 (Scheme 1) represents

he widest use of this approach. Bis(alkylamino)phenylboranes
hB[N(H)R′]2 (1) have been known since 1957 [50]. A variety
f derivatives have been prepared by the reaction of PhBCl2 with
our equivalents of the appropriate amine [51]. More recently,
ompound 1 (R = Ph) has been prepared from the reaction of
ichlorophenylborane with four equivalents of a lithiated alky-
amide [40a] as shown in Scheme 1. The monoamino derivatives
3) are prepared from the reaction of dichlorophenylborane with

wo equivalents of a primary amine (Scheme 1) [41]. Asymmet-
ically substituted bis(amino)phenylboranes (4) are obtained by
reatment of the monoamino chloroborane PhBCl[N(H)R′] with
n excess of a lithium amide.

t

m
o

Scheme 1
istry Reviews 251 (2007) 897–924 899

The first dilithio bams Li2[RB(NR′)2] (2) were reported in
990. They were prepared by dilithiation of PhB[N(H)R′]2 with
BuLi and used as in situ reagents in reactions with metal halides
27,28]. More recently, an alternative and potentially more ver-
atile route to B-alkyl or B-aryl bams was reported that involves
he reaction of tri(alkylamino)boranes B[N(H)R′]3 (5) with three
quivalents of an organolithium reagent RLi (R = alkyl, aryl)
Scheme 2) [39]. In addition to effecting dilithiation, the RLi
eagents serve as nucleophiles, replacing one N(H)R′ group by
he substituent R. This method allows for variation of the sub-
tituent on boron, by the use of different RLi reagents, and avoids
he need to prepare dichloroboranes RBCl2. The application of
his method led to the first X-ray structural characterization of a
ilithio bam complex [39,40a].

In 2002, it was shown that the reaction of trisaminoboranes
with three equivalents of an organolithium reagent can also

ead to the formation of trilithiated imidoboranes [52,53]. The
atter can exist as the trilithio complex, as in the case of the
nilido derivative 6, which dimerizes in the solid-state incorpo-
ating molecules of lithium chloride. However, when the organic
ubstituent on nitrogen is 2-pyridyl, the observed product is
i4[B(NR)3NHR](THF)3 (7). This complex consists of the fully
eprotonated [B(NR)3]3− trianion and a molecule of Li[N(H)R].
his suggests that both triple deprotonation and B–N bond cleav-
ge occur in this reaction. The steric and electronic shielding
f the boron atom, as well as the solvent used, has also been
hown to have an effect on the reaction pathway. When using this
ethod as a synthetic route to dilithiated boraamidinate com-

lexes, the competition between deprotonation and formation
f the borate, as well as B–N bond cleavage must be considered.
he coordination chemistry of the [B(NR)3]3− trianion with a
ider range of metals has yet to be investigated.
The widely used reagent Li2[RB(NR′)2] (2, R = Ph, R′ = tBu)

an be prepared by either of the two aforementioned meth-
ds. However, the preferred synthesis is the dilithiation of
hB[N(H)tBu]2, since this method avoids the need to separate
he product, by crystallization, from Li[N(H)tBu].
Examples of metallation reactions involving organo-

agnesium or organoaluminum reagents are limited to
ne for each metal. The bis-solvated magnesium bam

.
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omplex Mg(OEt2)2[PhB(�-NDipp)2] (8) (Dipp = 2,6-
i-iso-propylphenyl) is obtained by the reaction of the
is(amino)borane 1 (R = Ph, R′ = Dipp) with an excess of
/sBu2Mg (Scheme 3) [47].

Methane elimination occurs in the reaction of Mes*B-
NHMe)2 (Mes* = 2,4,6-(tBu)3C6H2) with trimethylaluminum
n hot toluene to give the aluminum bam complex [Mes*-
N(Me)Al(Me)N(Me)–]2, which was assigned an eight-
embered ring structure on the basis of the observation of a
olecular ion for the dimer in the EI mass spectrum [35].

.2. Metathesis using dilithio complexes

A selection of the main-group metal bam complexes that have
een produced by the reaction of dilithio bam reagents with the
ppropriate metal halide is shown in Chart 3. This metathetical
pproach has provided mono- and bis-bam complexes of the

ollowing s- and p-block elements: Mg (9) [47], Al (10, 13), Ga
11, 14, 16, 18), In (12, 15, 19) [24,41,46,47], Tl (17) [42], Ge
20), Sn (21) [27,32,38], Te (22, 23) [34,40], Pb (24) [27,28,38],
(25) [40a], As (26), Sb (27) and Bi (28) [40b].

Scheme 3.
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.

The reactions of dilithio bams with organometallic halide
eagents have been shown to generate the expected organometal-
ic bam complexes. The treatment of Li2[PhB(NtBu)2] with

Grignard reagent in a 1:2 stoichiometry affords the
i(organomagnesium)bam complexes 29 and 30 in 37–66%
ields (Scheme 4) [46].

The heterometallic complex Mg[PhB(�3-NtBu)2]2(LiO-
t2)2 (9) can be prepared by metathesis of two equivalents of
i2[PhB(NtBu)2] with MgCl2 [46]. More unusually, this same
ompound is also obtained in excellent yield by the reaction of
i2[PhB(NtBu)2] with a variety of Grignard reagents in a 1:1
toichiometry (Scheme 4) [46].

The reactions of Li2[RB(NR′)2] with dimethyltin dihalides
roduces either mono or bridging organotin bam complexes (31
nd 32), which have been isolated with a variety of different
ubstituents on the boron and nitrogen atoms in 30–70% yields
Scheme 5) [27,32,38].

The transition-metal bam complexes that have been obtained
y the metathetical approach are illustrated in Chart 4. The list
ncludes mono-, bis- or tris-bam complexes of Ti (33, 35), Zr (34,
6, 38), Hf (37, 39) [27,43,44], V (42) [43], Zn (43) [46a] and Cd
44) [46b], as well as Mo (40), W (41) complexes in which the
am ligand bridges two transition-metal centers [45]. In common
ith main-group metal bam complexes, Li2[PhB(NtBu)2] has

erved as the most common dilithio reagent for transferring the
am ligand to transition-metal centers via metathesis.

.3. Reactions of dichloroboranes with dilithiobis(amino)
eagents

Examples of the reaction of dichloroboranes with dilithi-
ted bis(amino) reagents are restricted to the formation of a
ellurium bam complex [PhB(�-NtBu)2]Te( NtBu) (45) from

ichlorophenylborane with {Li2[Te(NtBu)3]}2 (Scheme 6) [36].
he latter reagent may be considered as the dilithiated derivative
f the bis(amino)iminotellurane [tBuN(H)]2Te NtBu. In view
f the extensive variety of dilithiated bis(amino) reagents avail-
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ble for main group elements [54,55], this synthetic method is
otentially of wide application.

.4. Cycloaddition reactions

A variety of cycloaddition reactions have produced sili-
on, phosphorus, and sulfur mono-bam complexes. For exam-
le, the photolytically generated silylene: SiMes2 reacts with
he iminoborane [(Me3Si)tBuN]B NtBu to generate the silicon
omplex [MesB(�-NtBu)2]Si(Mes)(SiMe3) (46) in 23% yield
Scheme 7) [31].
The initial product 47 of the cycloaddition of tert-butyl-
tert-butylimino)borane with tert-butyl(tert-butylimino)-
hosphane undergoes disproportionation to give two
hosphorus-containing products. The bam complex [tBuB(�-

w
c

tBu)2]PtBu( NtBu) (49) contains a phosphorus(V) atom,
hile the other product (48) combines with a further equiv-

lent of tBuP NtBu to produce the P–P bonded species
tBuB(�-NtBu)2]tBuP–PtBu (50) (Scheme 8) [26].

Reactions of N,N′-substituted sulfur diimides with alkyl or
ryl bis(methylthio)boranes proceeds via a 1,3-cycloaddition
ith the formation of sulfur(II) bam complexes (51) in 38–85%
ield (Scheme 9). This reaction presumably involves the reduc-
ive elimination of MeS–SMe [29,30].

.5. Use of trimethylsilylamido reagents
In a few cases, the reaction of trimethylsilylamido reagents
ith metal chlorides has been employed to produce bam

omplexes using the formation of trimethylsilyl chloride as
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he driving force. An intriguing example is the reaction of
eN[PhB(NMeSiMe3)]2, which embraces an NBNBN frame-
ork, with titanium tetrachloride to give the binuclear titanium
am complex Ti2(�-NMe)Cl4[PhB(�3-NMe)2] (52) and the
orazine [Ph3B3N3Me3] (53) (Scheme 10) [33]. The forma-
ion of 53 formally results from the elimination, and subsequent
rimerization, of the “PhBNMe” monomer during the course of
he reaction.

.6. Miscellaneous methods

The fluoro-bis(amino)borane FB[N(H)Dipp][N(SiMe3)R]
R = tBu) (54) reacts with tBuLi in a 1:1 molar ratio, with elim-
nation of LiF, to give the iminoborane 55, which isomerizes
o form the silicon bam complexes Me2Si[MeB(�-NDipp)(�-

tBu)] (56) and Me2Si[MeB(�-NDipp)2] (57) in 20 and 54%
ields, respectively (Scheme 11) [37]. When this reaction is
arried out in a 1:2 molar ratio, tert-butyl bam derivatives

e2Si[tBuB(�-NDipp)(�-NR)] (58) are produced in 63–74%

ields (Scheme 11). These silicon derivatives contain rare
xamples of unsymmetrical bam ligands, i.e. with different
ubstituents on the two nitrogen atoms.

l
c
b

Scheme 5
.

The reaction of Li[N(BMe2)(SiMe3)] with SnCl2 results
n a low yield (6.5%) of the dimeric complex {Sn[MeB(�-
SiMe3)2]}2 (59). This process is thought to involve an initial
etathesis followed by ring closure with the elimination of
Me3 (Scheme 12) [25].

. Bonding modes

The primary emphasis of the investigations into bam com-
lexes synthesized up to this time has been on structural char-
cterization in the solid state. The diversity of bonding modes
bserved is outlined schematically in Chart 5. For the sake of
larity, the substituents R and R′ on the boron and nitrogen atoms
f the bam ligand are omitted.

.1. Mono-boraamidinate

.1.1. Bonding mode A

Bonding mode A involves N,N′-chelation of a single bam

igand to a single metal center (Chart 5). It is the most common
oordination motif for bam complexes. In general, the B–N
ond distances in the bam ligands in complexes of this type are

.



C. Fedorchuk et al. / Coordination Chemistry Reviews 251 (2007) 897–924 903

Chart 4.

eme 6

e
o
b
1
r

3

m

b
e
A
B
w

Sch

qual within experimental error and fall within the narrow range
f 1.436(2)–1.471(4) Å reflecting delocalized boron–nitrogen
onding. The N–B–N bond angles fall within the range
02.6(4)–112.5(3)◦. In most cases the four-membered MNBN
ing is essentially planar.
.1.2. Bonding mode B
Bonding mode B is found in dimeric complexes in which

onomeric units (mode A) are connected by additional M–N

Scheme 7.

t
T
m
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.

onds (Chart 5). Thus the bam ligands in these complexes
xhibit one three-coordinate and one four-coordinate N atom.
s expected, there are significant differences between the two
–N bond lengths in the bam ligands of these complexes, as
ell as disparity between M–N bond distances, resulting from

he different coordination environments of the nitrogen atoms.
he M–N bond lengths linking the two monomer units are not
uch longer than those observed in the MNBN metallacycles

or all complexes.

.2. Bis-boraamidinate

.2.1. Bonding mode C

In bonding mode C, two bam ligands N,N′-chelate the central

etal or element in a spirocyclic fashion (Chart 5). This is the
econd most common mode observed for bam complexes char-
cterized by X-ray crystallography thus far. With the exception
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f the di-iso-propylphenyl derivatives 18 and 19 [41] (Chart
), all of the bis-bam complexes displaying mode C contain
he [PhB(NtBu)2]2− ligand. The spirocyclic neutral radicals
[PhB(�-NtBu)2]2M}•, formed by one-electron oxidation of
he corresponding anions, have also been structurally charac-
erized in the solid state and these show that the bam ligand
etains bonding mode C when oxidized [24].

Three examples of neutral spirocycles of the type M[PhB(�-

tBu)2]2, M = Ti (35) [27], M = V (42) [43], and M = Te (22)

34], have been reported. The B–N bond distances in these
omplexes fall in the range 1.411(7)–1.48(1) Å, very similar to
onding mode A, while the mean M–N distances and NMN

E
t
L
b

Scheme 1
.

ngles reflect the increasing atomic size of the central atom
Table 1).

.3. Tris-boraamidinates

.3.1. Bonding mode D
Bonding mode D applies to complexes in which three bam

igands N,N′-chelate a single pseudo-octahedral metal center.

xamples of tris-bam complexes reported to date are confined

o complexes of larger transition metals. The group 4 complexes
i2[M{PhB(�3-NtBu)2}3] M = Zr (38), M = Hf (39) adopt this
onding mode [43].

0.
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.4. Bridging boraamidinates

.4.1. Bonding mode E
The third most common bonding mode found in bam com-

lexes is that in which both nitrogen atoms of the bam ligand
ridge two metal centers (Chart 5). The widely used dilithium
eagents Li2[RB(NR′)2] (2) [39,40a] and the thallium(I) com-
lexes Tl2[PhB(�3-NR′)2] (17) (R′ = iPr, tBu) exhibit bonding
ode E [42].
The magnesium complex (tBuMg)2[PhB(�3-NtBu)2]·
iCl(OEt2)3 (30) (Scheme 4) and the titanium complex
i2[PhB(�3-NMe)2](�-NMe)Cl4(THF)2 (52) (Scheme 10)
lso adopt bonding mode E [33,46]. In 30, both nitrogen atoms
f the bam ligand are linked to two magnesium centers which,

3

t
a

Scheme 1
1.

n turn, are bridged by the chloride ion of a LiCl molecule [46].
imilarly each nitrogen atom of the bam ligand in 52 connects

wo titanium centers, which are bridged by an NMe group [33].
n both complexes, the B–N bond distances are equal within
xperimental error with a mean value of ca. 1.45 Å. The Mg
toms in 30 adopt very distorted tetrahedral geometries (bond
ngle range ca. 66–138.5◦) with the smallest angles associated
ith the N–Mg–N unit, while the Ti atoms in 52 are in a
istorted octahedral environment.
.4.2. Bonding mode F
In bonding mode F, two bam ligands bridge two metal centers

o give an eight-membered ring (Chart 5). It can be considered
s an alternative to mode B for the dimerization of two four-

2.
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embered rings. In the case of F, however, ring-opening occurs
o give an eight-membered ring with only three-coordinate
itrogen atoms. This is one of the less common coordination
otifs for bam complexes and only two examples have been

eported. The tin complexes {SnMe2[�-RB(NMe)2�2N,N′]}2
31, R = 2,4,6-(iPr)3C6H2 or Mes*) (Scheme 5) [38,35] exhibit
n Sn2N4B2 ring in a chair conformation. Although the Sn–N
ond lengths are similar to those found for the mono-bam
in complex 32 [C6F5B(�-NtBu)2]SnMe2 (ca. 2.06 Å) [32],
he N–B–N and N–Sn–N bond angles are significantly larger
han those observed for group 14 bam complexes involving
our-membered SnNBN rings.

.4.3. Bonding mode G
Bonding mode G involves three bam ligands spanning a

etal–metal triple bond (Chart 5), an arrangement that has only
een observed for the group 6 complexes 40 and 41, M M[�-
hB(NR′)2�2N,N′]3 (M = Mo, W), which exhibit pseudo-D3h
ymmetry [45].

. A survey of boraamidinate complexes

In this section individual bam complexes will be surveyed
ith an emphasis on their syntheses and solid-state structures.

mportant structural parameters for all complexes that have been
haracterized by single crystal X-ray crystallography are sum-

arized in Table 1. The discussion is divided into sub-sections

hat, in sequence, discuss bam complexes of s-, p- and d-block
lements. The formation of complexes containing a [bam] rad-
cal anion coordinated to the metal center is a recurring feature
f the chemistry of early main-group systems.

[

h
e
i

.1. s-Block metal complexes

Groups 1 and 2 bam complexes have been limited to lithium
nd magnesium derivatives. An area of possible future study is
he generation of heavier alkali-metal complexes that may serve
s alternative reagents for the transfer of the bam ligand to other
etal centres.

.1.1. Lithium
The first X-ray structural determinations of dilithio bam

omplexes were reported in 2000 [39–41]. Those investiga-
ions showed that the extent of aggregation is influenced by
he organic substituent (R) on both boron and nitrogen. The
undamental building block is the Li2N2B unit [39,40] (Chart
). In the case of the dimers {Li2[RB(�3-NtBu)2]}2, R = Ph
60), nBu (61), tBu (62), two of these units participate in a
ace-to-face interaction through lithium–nitrogen contacts to
ive a bicapped cube. In the trimeric example {Li2[MeB(�3-
tBu)2]}3 (65), three Li2N2B units associate edge-on through

ithium–nitrogen contacts to give a tricapped hexagonal prism
39]. This demonstrates that a small change in the substituent at
he boron bridgehead may affect the size of the aggregate formed
n the solid state. It is noted, however, that the multinuclear
1H, 11B, and 7Li) NMR spectra of the crude product, prior to
ecrystallization of 65, reveals the presence of a second oligomer
entatively identified as the dimer {Li2[MeB(�3-NtBu)2]}2 (63)
39].
Small changes in the size of the imido substituents can also
ave an effect on the extent of aggregation in the solid state. For
xample, the iso-propyl derivative {Li2[PhB(�3-NiPr)2]}3 (66)
s trimeric [42], whereas the tert-butyl analogue 60 is dimeric.
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Table 1
Selected bond distances (Å) and bond angles (◦) for bam complexes

Compound Bonding
mode

B–N M–N N–B–N N–M–N

PhB[N(H)Dipp]2 [41] 1.420(3), 1.414(3) 118.5(2)

Group 1
{Li2[PhB(�3-NtBu)2]}2 [40a] E 1.448(3), 1.449(3) 2.017(4)–2.077(4) 109.5(2) 69.9(1)–110.6(2)
{Li2[nBuB(�3-NtBu)2]}2 [39] E 1.451(4)–1.464(4) 2.009(6)–2.091(5) 108.2(2), 108.5(2) 71.0(2)–110.8(2)
{Li2[tBuB(�3-NtBu)2]}2 [40a] E 1.476(4), 1.479(4), 1.476(2) 1.976(4)–2.154(5) 105.2(2), 105.5(2) 72.0(2)–113.2(2)
{Li2[MeB(�3-NtBu)2]}3 [39] E 1.451(3)–1.456(3) 2.001(4)–2.100(4) 110.0(2), 110.5(2) 70.8(1)–153.7(2)
Li2(THF)2(�-THF)[PhB(�3-NDipp)2] [41] E 1.415(5), 1.446(4) 2.010(6)–2.115(6) 111.4(3) 71.8(2), 69.1(2)
Li2(Et2O)2[PhB(�3-NDipp)(�3-NtBu)] [41] E 1.428(3), 1.451(3) 1.985(5), 2.010(4) 109.9(2) 72.3(2), 72.5(2)
{Li2[PhB(�3-NiPr)2]}2 [42] E 1.437(2)–1.439(2) 1.995(7)–2.117(7) 112.0(2), 112.9(2) 70.8(3), 70.9(2)
{Li2[PhB(�3-N(2-OMe)C6H4)2]}2 [56] E 1.430(2), 1.429(2) 1.984(3)–2.090(3) 116.8(1) 105.1(1), 107.5(1)

Group 2
Mg(Et2O)2[PhB(�-NDipp)2] [46a] A 1.439(5), 1.449(5) 1.985(3), 1.973(3) 112.5(3) 74.7(1)
{Li(Et2O)]Mg[PhB(�3-NtBu)2]}2 [46a] C 1.446(2)–1.449(2) M = Mg: 2.086(1)–2.093(1);

M = Li: 2.023(3)–2.045(3)
106.7(1), 107.1(1) M = Mg: 67.54(5)–138.54(5);

M = Li: 69.88(9), 69.56(9)
(tBuMg)2[PhB(�3-NtBu)2]·LiCl(OEt2)3 [46[46a] E 1.446(3), 1.456(3) 2.131(2)–2.192(2) 105.6(2) 65.53(8), 65.73(8)

Group 4
Ti[PhB(�-NtBu2)]2 [27] C 1.48(1), 1.453(9) 1.880(5), 1.895(5) 110.5(6) 79.2(2)–126.8(3)
[PhB(�3-NMe)2]Ti2(�-NMe)Cl4(THF)2 [33] E 1.453(6), 1.447(5) 1.863(3)–2.135(3)
{[PhB�-NtBu)2]Ti(�-Cl)2}n [44] A 1.471(4), 1.464(4) 1.852(2), 1.850(2) 109.5(2) 80.7(1)
Bn2Ti[PhB(�-NtBu)2] [44] A 1.467(3), 1.455(3) 1.853(2), 1.858(2) 109.3(2) 79.97(8)
Zr(THF)[PhB(�-NtBu)2]2 [43] C 1.467(7) 2.122(4), 2.044(4) 111.2(4) 70.5(2)–174.1(2)
Li2Zr[PhB(�-NtBu)2][PhB(�3-NtBu)2]2 [43] D 1.442(5)–1.480(5) 2.053(3)–2.604(3) 110.4(3), 111.6(3),

109.7(3)
71.9(1), 109.1(1), 58.5(1)

Li2Hf[PhB(�-NtBu)2][PhB(�3-NtBu)2]2 [43] D 1.42(1)–1.47(1) 2.031(6)–2.752(6) 110.9(8), 112.3(7),
107.8(7)

71.8(2), 59.2(2), 56.1(2)

Hf(THF)[PhB(�-NtBu)2]2 [43] C 1.464(9) 2.103(5), 2.030(5) 111.2(4) 71.0(2)–173.5(2)

Group 5
V[PhB(�-NtBu)2]2 [43] C 1.460(5), 1.459(6), 1.459(6) 1.853(3), 1.851(3) 106.9(4) 78.5(1–127.7(2)

Group 6
Mo Mo[�-PhB(NEt)2�2N,N′)3 [45] G 1.429(7)–1.452(7) 1.975(4)–2.002(4) 117.0(3), 117.9(5),

117.3(5)
W W[�-PhB(NiPr)2�2N,N′]3 [45] G 1.44(1)–1.47(1) 1.984(7), 1.985(7), 1.959(8) 118.0(8), 119(1)

Group 12
{Li(Et2O)[PhB(�-NtBu)(�3-NtBu)]}2Zn [46a] C 1.425(7)–1.443(7) M = Zn: 2.013(4)–2.076(4);

M = Li: 2.01(1)–2.07(1)
106.0(5), 106.9(4) M = Zn: 68.4(2)–136.6(2);

M = Li: 69.3(4), 68.4(3)
{Li(Et2O)[PhB(�-NtBu)(�3-NtBu)]}2Cd[46b] C 1.440(6)–1.448(7) M = Cd: 2.257(4)–2.272(3);

M = Li: 1.993(9)–2.029(9)
107.9(4), 108.2(4) M = Cd: 62.0(1), 62.2(1);

M = Li: 71.0(3), 71.1(3)

Group 13
[PhB(�-NtBu)2]AlCl(OEt2) [47] A 1.442(2), 1.455(2) 1.806(1), 1.802(1) 106.36(9) 79.99(4)
{[PhB(�-NtBu)2]2Al}•[24] C 1.445(3), 1.449(3) 1.842(2), 1.852(2) 104.2(2) 76.37(9)–128.5(1)
{[PhB(�-NtBu)(�3-NtBu]GaCl}2 [47] B 1.552(3), 1.394(3) 1.897(2), 1.966(2), 2.042(2) 107.4(2) 118.73(8), 74.11(8), 89.92(7)
Li(THF)4[PhB(�-NtBu)2]GaCl2·GaCl3 [47] A 1.565(4), 1.377(4) 1.880(2), 2.048(2), 1.966(2) 107.2(2) 74.13(9)
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Table 1 (Continued )

Compound Bonding
mode

B–N M–N N–B–N N–M–N

Li(Et2O)Ga[PhB(�-NtBu)(�3-NtBu)]2 [47] C 1.491(5), 1.423(5) 1.887(3), 1.974(3) 107.7(4) 75.1(1)–140.9(2)
{[PhB�-NtBu)2]2Ga}• [24] C 1.445(3), 1.438(3) 1.923(2), 1.922(2) 104.7(2) 72.81(9)–130.6(1)
{[PhB(�-NtBu)(�3-N’Bu)]InCl2·LiCl(THF)2 [47] B 1.393(5)–1.538(5) 2.099(3)–2.566(3) 110.2(3), 112.2(3) 61.2(1)–124.01(2)
Li(OEt2)In[PhB(�-NtBu)(�3-NtBu)]2 [47] C 1.472(3), 1.424(4) 2.195(2), 2.069(2) 111.6(2) 68.28(8)–157.5(1)
[Li(OEt2)4]{In[PhB(�-NDipp)2]2} [41] C 1.427(6)–1.442(6) 2.123(4)–2.133(3) 110.3(4), 110.8(4) 67.1(1)–143.3(1)
Tl2[PhB(�3-NtBu)2] [42] E 1.44(4), 1.43(4) 2.40(2)–2.53(3) 109(3) 55.7(8), 58.0(8)
Tl2[PhB(�3-NiPr)2] [42] E 1.43(2)–1.62(2) 2.38(1)–2.70(1) 119(1), 109(1) 57.4(4)–66.4(5)

Group 14
(Mes)(Me3Si)Si[MesB(�-NtBu)2] [31] A 1.450(5), 1.436(6) 1.745(4), 1.768(3) 101.6(4) 79.1(1)
Me2Si[MeB(�-NDipp)2] [37] A 1.445(2) 1.744(1) 102.5(2) 80.5(1)
Me2Sn[C6F5B(�-NtBu)2] [32] A 1.425(9), 1.418(9) 2.050(5), 2.069(5) 109.4(6) 68.6(2)
{Me2Sn[�-2,4,6-(iPr)3C6H2B(NMe)2�2N,N′]}2 [38] F 1.437(3), 1.417(3) 2.059(2), 2.054(2) 117.7(2) 110.51(8)
{Me2Sn[�-Mes*B(NMe)2�2N,N′]}2 [35] F 1.425(6), 1.431(6) 2.043(3), 2.066(3) 120.0(4) 113.5(13)
{Sn[MeB(�-N SiMe3)(�3-NSiMe3)]}2 [25] B 1.48(3), 1.42(2) 2.25(1), 2.23(1), 2.11(1) 112(2) 82.3(5), 67.0(5), 95.0(5)
Li(THF)LiPb[PhB(�3-NtBu)2]2 [46b] Ea 1.412(4)–1.490(4) 2.309(2), 2.346(3) 106.5(3), 112.9(3) M = Pb: 59.84(9), 99.47(9),

105.17(9)
{Pb[PhB(�-NtBu)(�3-NtBu)]}2 [28] B 1.498(8), 1.39(1) 2.329(6), 2.250(5), 2.407(5) 111.2(5) 62.8(2), 83.8(2), 98.2(2)

Group 15
[PhB(�-NtBu)2]PBr [40a] A 1.440(4) 1.688(3) 97.9(3) 80.1(2)
[tBuB(�-NtBu)2]PtBu( NtBu) [26] A 1.458(3), 1.448(3) 1.709(2), 1.711(2) 98.0(2) 79.7(1)
[PhB(�-NtBu)2]P[N(H)tBu] [40a] A 1.438(2), 1.436(2) 1.740(1), 1.745(1) 98.6(1) 77.37(7)
{[PhB(�3-NtBu)(�-NtBu)]P(�3-NtBu)Li}2 [40a] A 1.417(2), 1.476(2) 1.766(1), 1.811(1) 99.1(1) 75.99(5)
LiAs[PhB(�-NtBu)(�3-NtBu)]2 [40][40b] B 1.412(4), 1.459(4) M = As: 1.789(4), 1.968(5),

1.972(5)
109.0(3) M = As: 76.7(2), 101.3(2),

107.9(2)
Li(OEt2)As[PhB(�-NtBu)2]2 [40b] Bb 1.371(3), 1.527(2) M = As: 1.845(2), 1.876(2),

1.962(2)
103.3(2), 116.6(2) M = As: 72.45(6), 109.38(7),

111.05(7)
LiSb[PhB(�-NtBu)(�3-NtBu)]2 [40b] B 1.411(7), 1.453(8) M = Sb: 1.938(5), 2.147(5),

2.199(6)
110.5(5) M = Sb: 69.0(2), 98.5(2),

104.0(2)
{Sb[PhB(�-NtBu)2]}2[�-PhB(NtBu)2] [40b] A,Fc 1.438(4)–1.463(4) 2.065(3)–2.089(2) 105.7(3), 106.4(3),

116.8(3)
67.9(3), 67.3(1),
103.6(1)–110.3(1)

Li(OEt2)Bi[PhB(�3-NtBu)2][PhB(�-NtBu)(�3-NtBu)] [40b] Ad 1.398(5)–1.485(5) M = Bi: 2.239(3)–2.444(3) 108.5(3), 111.7(3) M = Bi: 59.6(1), 63.2(1),
91.2(1), 91.6(1), 101.9(1)

Group 16
S[PhB(�-NtBu)2] [30] A 1.439(2) 1.735(1) 98.5(2) 77.8(1)
S[C6F5B(�-NtBu)2] [29] A 1.417(4) 1.730(3) 99.8(3) 77.6(2)
{Cl(�-Cl)Te[PhB(�-NtBu)2]}2 [40a] A 1.447(3), 1.447(3) 2.000(2), 2.000(2) 103.5(2) 69.33(7)–97.38(5)
(tBuN )Te[PhB(�-NtBu)2] [36] A 1.45(1), 1.46(1) 2.081(7), 2.081(6) 104.1(8) 67.0(3)
Te[PhB(�-NtBu)2]2 [34] C 1.448(5), 1.411(7), 1.414(8),

1.448(5)
2.147(3), 2.147(3), 2.035(4),
2.037(4)

106.8(4), 106.9(4) 66.5(1), 101.1(1), 161.2(1),
102.1(1), 105.8(2), 66.6(1)

a See description in Section 4.2.2.
b With loss of transannular Li–N and As–N bonds (see Section 4.2.3).
c The third boraamidinate ligand bridges two Sb centres.
d See description in Section 4.2.3.
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NtBu)2]Li(OEt2)x}• (69) in which the radical monoanion
[PhB(NtBu)2]−• is chelated to a diethyl ether-solvated lithium
cation (Scheme 13) [46]. The experimental EPR spectrum was
Ch

dimer is also observed for the case of {Li2[PhB(�3-N(2-
Me)C6H4)2]}2 (64) where the organic substituent on the imido
roup features a methoxy side-arm which leads to donation of
he oxygen lone pair to the lithium centers [56]. A larger increase
n the steric bulk of the substituent at nitrogen leads to the
ormation of the monomeric dilithio bams Li2(THF)3[PhB(�3-
Dipp)2] (67) and Li2(Et2O)2[PhB(�3-NDipp)(�3-NtBu)] (68)

41], although solvation of the lithium ions may pre-
mpt the association via Li–N interactions in these two
erivatives.

As indicated in Table 1, the shortest B–N bond distance,
.415(5) Å, for the dilithio bams is observed for the N-di-iso-
ropylphenyl derivative 67 [41]. The range of N–B–N bond
ngles exhibited by these complexes is 105.2(2)–111.4(3)◦. The
argest value is found in 67 in order to accommodate the steric
ulk of the R′ substituents [41]. Agostic C(H)· · ·Li interactions
ccur in the solid-state structures of the dimeric dilithio bams
0–62 and also in the trimeric complex 66.

In the 1H NMR spectrum (295 K) of 68, two separate methine
esonances and four doublets for the iso-propyl methyl groups
or the Dipp substituents are observed [41]. These NMR data
re unique for bam complexes incorporating Dipp substituents,
eflecting both the lower symmetry of this molecule and hindered
otation of the N-aryl groups in solution. For comparison, the 1H
MR spectra of complexes such as Me2Si[MeB(�-NDipp)(�-
R′)], R′ = tBu (56), Dipp (57), exhibit one septet for the two
quivalent methine protons and a pair of doublets of equal inten-
ity for the diastereotopically inequivalent iso-propyl methyl
roups (Scheme 11) [37]. In contrast, only one resonance is
bserved in the 1H NMR spectra for both the CH and CH3 groups
f the Dipp substituents of the aminoboranes PhB[N(H)Dipp]2
41] and FB[N(H)Dipp][NSiMe3(R)] (54) (R = Dipp, tBu, Me,
t, iPr, SiMe3) [37].

The most significant difference between the behavior of bam
omplexes, compared to that of their am counterparts, involves
heir redox properties. As a result of the 2− charge on the bam
igand, it is possible to generate, by a one-electron oxidation,
he anionic radical [bam]−• which can be stabilized by coordi-
ation to a metal center. The first indications of the formation
f paramagnetic early main-group metal bam complexes came
rom investigations of dimeric dilithium derivatives 60–64 in
002 [40]. It was observed that the initially colorless solutions
f these reagents became red upon exposure to air. In preliminary
PR studies, a five-line pattern was resolved, indicating coupling
f the unpaired electron to two equivalent 14N nuclei. In subse-
uent studies, variable-temperature EPR spectroscopic studies
evealed the formation of the monocyclic radical {[PhB(�-
Scheme 13.
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Fig. 1. Experimental (a) and simulated (b) X-band EPR spectra of a diethyl ether
solution of {[PhB(�-NtBu)2]Li(OEt2)x}• (69) at 233 K; (c) SOMO (isosurface
values ±0.06) of {[PhB(�-NMe)2]Li(OMe2)2}•. Reproduced with permission
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imulated by invoking hyperfine interactions of the unpaired
lectron with one lithium atom (7Li, I = 3/2, 92.41%; 6Li, I = 1,
.59%), two equivalent nitrogen centers (14N, I = 1, 99.6%), and
ne boron atom (10B, I = 3, 19.9%; 11B, I = 3/2, 80.1%)] (Fig. 1).
he plausibility of this assignment was supported by DFT

alculations for the model system {[PhB(NMe)2]Li(OEt2)x}•.
s indicated in Fig. 1, the electron density in the SOMO
f this radical is primarily located on the two nitrogen
toms.

N
t
t
h

Chart 7.

.1.2. Magnesium
The chemistry of magnesium complexes of the am ligand

s extensive [57–60]. They have been used as reagents for the
ynthesis of transition-metal complexes and as precursors in
hemical vapor deposition experiments. By contrast, investi-
ations into magnesium bam complexes have been limited to
tructural determinations and redox behavior.

There are four known structurally characterized examples of
agnesium complexes of the bam ligand (Chart 7). Complex
adopts bonding mode A and is formed by the simple double

eprotonation of the parent bis(alkylamino)phenylborane using
ibutylmagnesium (Scheme 3) [46]. Dimerization of this com-
lex in the solid state is presumably prevented by the bulky di-
so-propylphenyl substituents on nitrogen. Instead, the remain-
ng coordination sites on the tetrahedral magnesium center are
ccupied by two molecules of diethyl ether. Complexes 9, 29
nd 30 are synthesized by metathesis of the appropriate dilithio
oraamidinate with Grignard reagents, in varying stoichiome-
ries, as outlined in Section 2.2 (Scheme 4) [46]. Complexes 29
nd 30 both adopt bonding mode D, with the boraamidinate lig-
nd bridging both metal centres. Complex 30 additionally binds
molecule of the by-product lithium chloride in the solid state,
hen crystallized from diethyl ether.
The remaining complex 9 assumes bonding mode C,

nvolving the N,N′-chelation of the spirocyclic dianion
Mg[PhB(�-NtBu)2]2}2− to two monosolvated lithium cations.
he central magnesium atom exhibits a distorted tetrahedral
eometry linking two four-membered NBNMg rings that are
on-planar. The additional coordination of the nitrogen centers
o lithium has no measurable effect on the B–N bond distances,
hich are the same within experimental error as those observed

n complex 8. The geometry about the nitrogen atoms, however,
s quite distorted from ideal tetrahedral angles (ranges: ca.
7–135◦) with the smallest values associated with the B–N–Li
ngle.

The stoichiometric oxidation of 9 with iodine has been probed
y EPR spectroscopy (Scheme 14) [46]. The experimental EPR
pectra, supported by results from DFT calculations, confirm
hat the resulting bright pink radical {Li(Et2O)Mg[PhB(�-
tBu)2][PhB(�3-NtBu)2]}• (70) adopts a Cs-symmetric struc-
ure in solution with localized spin density on the bam ligand
hat is not coordinated to lithium. The EPR spectrum exhibits
yperfine structure resulting from interaction of the unpaired
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lectron with two inequivalent nitrogen atoms, the central metal
25Mg, I = 5/2, 10.1%), and one boron atom.

.2. p-Block metal complexes

Complexes of the p-block elements with bam ligands have
een studied more extensively than those of s- or d-block metals.
omplexes of all group 13–16 elements, with the exception of

elenium, are known.

.2.1. Boron, aluminum, gallium, indium and thallium
The coordination chemistry of the am ligand with group

3 elements has been thoroughly investigated [1,16–22,60–69].
his intensive interest has largely been kindled by the observa-

ion of the catalytic activity of aluminum ams [16–22,63,64].
roup 13 complexes of nitrogen-centered ligands have also
ttracted recent attention as precursors for electronic materi-
ls such as aluminum and gallium nitride [65]. For the related
am ligands, the coordination chemistry with group 13 elements
as recently been expanded; thirteen complexes, which adopt

b
f
i
a

Scheme 1
4.

hree of the six observed bonding modes, have been structurally
haracterized (Table 1). To date, however, no studies of polymer-
zation activity of group 13 bam complexes have been reported.

As noted in Section 2.2, the spirocyclic anions {M[PhB-
NtBu)2]2}−, M = Al (13), Ga (14), In (15), as their lithium
erivatives are prepared by metathesis of two equiva-
ents of Li2[PhB(NtBu)2] with the appropriate metal halide
Scheme 15). These anions are N,N′-chelated to a monosolvated
ithium cation when R = tBu (13–15) [47], whereas a solvent-
eparated ion pair is formed for the bulkier Dipp derivatives (18
nd 19), which are prepared in a similar manner [41].

A perusal of the structural parameters listed in Table 1 reveals
hat the bond angles at the central group 13 element deviate

arkedly from tetrahedral (ranges ca. 75–141◦ in 14; 68–157.5◦
n 15). This distortion is partly due to the N,N′-chelation of
he anion to a monosolvated lithium counter-ion. The B–N

ond distances involving three-coordinate nitrogen in the
our-membered BN2M rings are ca. 0.05 Å shorter than those
nvolving four-coordinate nitrogen atoms. Concomitantly, there
re significant differences of ca. 0.1 Å in the M–N distances

5.
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nvolving the three- and four-coordinate nitrogen atoms. In
ontrast, all the nitrogen atoms are three-coordinate and the
–N bond distances are approximately equal (ca. 1.43 Å) in

he solvent-separated ion pairs 18 and 19 [41].
As indicated in Scheme 15, the mono-bam complexes Ph(�-

tBu)2AlCl(OEt2) (10) and [Ph(�-NtBu)2MCl]2, M = Ga (11),
= In (12) are intermediates in the formation of 13–15. Indeed,

n the case of aluminum, it is preferable to isolate 10 prior to reac-
ion with the second equivalent of Li2[Ph(�-NtBu)2], in order to
ptimize the yield of 13 [24]. The M–Cl functionality in these
roup 13 complexes provides an opportunity to install an alkyl
roup on the metal center. By analogy with related aluminum
m complexes [16–22], the alkene polymerization activity of the
esulting aluminum bam complexes is of potential interest.

Only one study to date has been carried out to produce
oraamidinate complexes of the heaviest member of group 13.
he dithallium(I) complexes Tl2[PhB(�3-NR′)2] (17) (R′ = tBu,

Pr) were synthesized by the reaction of the corresponding
ilithium boraamidinate complex with thallium(I) chloride
Scheme 16) [42]. X-ray characterization of these complexes
as shown that the ligand adopts the bridging bonding mode
. This is the same bonding mode observed in the analogous
ilithium complexes (Chart 6) and the metrical parameters of
he ligand remain unchanged on coordination to thallium. How-
ver, instead of forming dimeric or trimeric aggregates in the

olid state through metal–nitrogen contacts, the thallium com-
lexes assume extended structures through weak intermolecu-
ar thallium–thallium contacts (R = tBu, 3.228(3)–3.772(2) Å;

= iPr, 2.950(2)–3.553(2) Å). In the case of the iso-propyl

g
B
o
r

Scheme 1
6.

erivative, there are an increased number of intermolecular
etal–metal contacts, which are shorter when compared to those

n the tert-butyl derivative. This is presumably a result of the
educed steric interactions that allow the molecules to pack
loser together.

The one-electron oxidation of the monoanions 13–15 with
odine produces the neutral radicals {M[PhB(�-NtBu)2]2}•
M = Al (71), Ga (72), In (73)] (Scheme 17). The Al and Ga
omplexes, 71 and 72, can be isolated as dark red or dark green
rystals, respectively, that are stable under an inert atmosphere
or months [24]. In contrast, the dark green complex 73 has only
een characterized in solution [46].

Theoretical calculations on the D2d symmetric diamagnetic
odel systems {M[PhB(NMe)2]2}− (M = B [46], Al [24], Ga

24], In [46]) showed that the HOMOs transform as the a2 irre-
ucible representation in the D2d point group (Fig. 2). Thus, a
ne-electron oxidation yields the corresponding neutral radicals
[PhB(NMe)2]2M}• with 2A2 ground state and D2d symmetry
Fig. 2).

The model systems predict that the spirocyclic radicals 71–73
ould retain the D2d symmetry of their parent diamagnetic

nions {M[PhB(�-NtBu)2]2}−. This was confirmed by X-ray
tructural analyses of 71 and 72 that reveal only slight devia-
ions from the idealized structures. In the solid state, 71 and 72
ie on a crystallographic two-fold axis that imposes crystallo-

raphic equivalence on the two bam ligands. The four-membered
N2M rings are essentially planar and are orthogonal to each
ther. The metrical parameters of the bam ligands in these two
adicals are identical within experimental error (Table 1). The

7.
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Fig. 3. Experimental (a) and simulated (b) X-band EPR spectra of a diethyl ether
solution of {Al[PhB(�-NtBu)2]2}• (71) at 298 K. (c) The SOMO of {Al[PhB(�-
NMe) ] }• drawn at isosurface level±0.05. (d) Spin density map of {Al[PhB(�-
N
d

s
e
[

ig. 2. Schematic frontier orbital diagrams of (a) {[PhB(NMe)2]2Al} and (b)
[PhB(NMe)2]2Al}• [24]. Reproduced by permission of The Royal Society of
hemistry.

eometry about the central metal atom is distorted tetrahedral,
6.37(9)–128.5(1)◦ in 71, 72.81(9)–130.9(1)◦ in 72, as a result
f geometric constraints imposed by the bam ligands. The NBN
ngles of the bam ligands (104.2(2)◦ in 71, 104.7(2)◦ in 72) are
he smallest observed of all the bis-bam spirocycles adopting
onding mode C, most likely due to the relatively small size of
he metal centers.

Single point calculations for the model radicals {M[PhB-
NMe)2]2}• (M = B, Al, Ga, In) in their optimized geometries
ave shown their SOMOs consist solely of nitrogen p-orbitals
nd are equally delocalized over all four nitrogen atoms
Fig. 3(c)). Furthermore, Mulliken population analysis revealed
he spin density to be equally distributed among all nitrogen
enters (Fig. 3(d)). Although the SOMOs do not include contri-
utions from boron or from the central metal, these atoms also
ave non-zero spin density values arising from spin polarization
ffects as revealed in their EPR spectra (Figs. 3 and 4). The
xperimental EPR spectra of the spirocyclic radicals 71–73 can
e simulated by assuming hyperfine interaction of the unpaired
lectron with the central metal (27Al, I = 5/2, 100%; 69Ga,
= 3/2, 60.1%; 71Ga, I = 3/2, 39.9%; 113In, I = 9/2, 4.3%; 115In,
= 9/2, 95.7%), two equivalent boron atoms, and four equiv-
lent nitrogen centers [23,43]. Hence, the spectral simulations
nd DFT calculations indicate uniform spin delocalization
hroughout both bam ligands in these radicals, and confirm the
etention of spirocyclic structures in solution.
In an attempt to synthesize the boron analogue of 13–15,
he reaction of Li2[PhB(�-NtBu)2] with BF3·OEt2 in a 2:1
olar ratio was investigated [46]. This synthetic approach is

ot as straightforward as observed for complexes 13–15. NMR

a
N
[
l

2 2

Me)2]2}• drawn at isosurface levels 0.02 (�-spin density) and−0.002 (�-spin
ensity) [24]. Reproduced by permission of The Royal Society of Chemistry.

pectroscopic analysis of the reaction mixture revealed the
xistence of more than one reaction pathway. The borazine
PhF2B3N3

tBu3] (74) has been isolated from this reaction
nd characterized by X-ray crystallography and multinuclear

MR spectroscopy [46,70]; cf. formation of the borazine

Ph3B3N3Me3] (53) (Scheme 10) [33]. Formation of the mono-
ithiated spirocyclic bam complex Li(Et2O)B[PhB(NtBu)2]2
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ther solution of {Ga[PhB(�-NtBu)2]2}• (72) at 298 K [24]. Reproduced by
ermission of The Royal Society of Chemistry.

75) is indicated on the basis of multinuclear NMR spectra.

urther evidence is provided by the EPR spectroscopic investi-
ations of the bright purple diethyl ether solution formed upon
xidation (Scheme 18). This confirmed the presence of the per-
istent spirocyclic radical {B[PhB(�-NtBu)2]2}• (76) [46].
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Scheme 1
istry Reviews 251 (2007) 897–924

.2.2. Silicon, germanium, tin, and lead
Bam complexes of all four group 14 elements have been

eported. They adopt a variety of bonding modes, A, B, C,
or F in the solid state (Chart 5). A mixed lithium and lead

omplex displays a unique trimetallic bridging mode. The
wo structurally characterized examples of bam derivatives of
ilicon take the same form, with the ligand adopting bonding
ode A (Chart 8) [31,37]. The syntheses of complexes 46

nd 57 are outlined in Sections 2.4 and 2.6, respectively. As
ndicated in Table 1, the parameters of the boraamidinate ligand
how delocalised B–N bonding with B–N bond lengths in the
arrow range 1.436(6)–1.450(5) Å. The N–B–N angles in 46,
01.6(4)◦, and 57, 102.5(2)◦, are considerably compressed
rom the ideal trigonal planar geometry due to coordination to
he small silicon center.

Metathesis reactions of dilithio bams with group 14 halides
ave led to the characterization of bis-bam complexes of germa-
ium (20) and tin (21), in which the ligand would be expected
o exhibit bonding mode C [27,38]. However, these complexes
ave yet to be characterized in the solid state.

The reaction of dilithio bams with one equivalent of a
imethyltin dihalide affords complexes 31 and 32. It has been
hown, in the case of this reaction, that the bonding mode
dopted by the bam ligand is dependent on the steric bulk of
he substituents on nitrogen. A dimeric complex 31 with bridg-
ng bam ligands, bonding mode F, is preferred for R = Me and Et.
owever, with bulkier groups on the bam ligand, a monomeric

omplex, 32, is observed [27,32,38].
A more unusual synthesis of a tin bam complex, 59, involv-

ng metathesis followed by the elimination of BMe3 [25], is
epicted in Scheme 12. The dimeric product observed adopts
onding mode B and is isostructural with the lead complex
Pb[PhB(�3-NtBu)(�-NtBu)]}2 (24). Interestingly, the synthe-
is of 24 initially involved the reaction of two equivalents of
i2[PhB(NtBu)2] with PbCl4. However, reduction of the metal

enter occurs to give the dimeric lead(II) complex, which may
lso be obtained by using PbCl2 [28]. Solution NMR data of 24,
hich adopts a dimeric structure in the solid state, are consistent
ith dissociation into two monomers [28]. Mass spectrometry

8.
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lso indicates that this lead(II) complex breaks up in the gas
hase. The related tin(II) complex 59 exhibits fluxional behav-
or above 333 K in solution [25].

The bis-bam lead(II) complex Li(THF)LiPb[PhB(�3-
tBu)2]2 (77) has recently been prepared by the reaction of PbI2
ith two equivalents of Li2[PhB(NtBu)2] [46b]. Interestingly,
ne of the bam ligands bridges the Pb atom and the unsolvated
i ion (bonding mode E) while the second bam ligand exhibits
unique motif, bridging all three metal centres.

.2.3. Phosphorus, arsenic, antimony and bismuth
Several phosphorus bam derivatives have been characterized

n the solid state. All of these are mono-bam systems that adopt
onding mode A (Table 1). Recently, a series of bam complexes
as been prepared and structurally characterized for the heavier
roup 15 elements (As, Sb and Bi), in which the ligand displays
variety of coordination modes [40b].

The complexes [PhB(�-NtBu)2]PX (25) (X = Br, Cl) [40a]

ere synthesized by metathesis of Li2[PhB(NtBu)2] with one

quivalent of the corresponding phosphorus trihalide. The iso-
ation of these mono-substituted complexes provides an opportu-
ity to further functionalize the main-group element center. For

i
N
l
f

xample, reaction of 25 (X = Cl) with lithium tert-butylamide
ffords the mono-bam [PhB(�-NtBu)2]PN(H)tBu (78). Depro-
onation with n-butyl lithium, generates the correspond-
ng monolithiated derivative {[PhB(�3-NtBu)(�-NtBu)]P(�3-

tBu)Li}2 (79), that forms a dimer in the solid state via Li–N
nteractions (Scheme 19) [40]. The PNBN ring contains one
hree-coordinate nitrogen and one four-coordinate nitrogen atom
esulting in a disparity between B–N bond lengths, 1.418(2) and
.476(2) Å, within the bam ligand.

The reactions of Li2[PhB(NtBu)2] with EC13 (E = As, Sb
nd Bi) in a 1:1 molar ratio in diethyl ether produce the mono-
am derivatives PhB(�-NtBu)2ECl, 26–28 in 55–75% yields
40b]. When the same reaction is carried out in a 2:1 molar ratio
n boiling diethyl ether, the complexes LiE[PhB(�-NtBu)(�3-

tBu)]2 80 (E = As) and 81 (E = Sb) are obtained in 55–85%
ields. The unsolvated compounds have a ladder structure,
similar structural motif to that of the dimeric Pb(II) com-

lex 24. Solvation of the Li ion by a diethyl ether molecule

n the arsenic derivative Li(OEt2)As[PhB(�-NtBu)2][PhB(�3-

tBu)(�3-NtBu)] (82) results in the loss of the transannu-
ar Li–N bond to give a bicyclic structure comprised of a
our-membered BN2As and a six-membered BN3AsLi ring
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40b]. By contrast, in the corresponding mono-solvated bis-
uth complex 83, both the solvated Li ion and the bismuth

enter become four-coordinate resulting in a tetracyclic structure
40b].

The derivative {Sb[PhB(�-NtBu)2]2}[�-PhB(NtBu)2] (84)
s isolated in 58% yield from the reaction of Li2[PhB(NtBu)2]
ith SbCl3 in a 2:1 molar ratio in diethyl ether after a short
eaction time at room temperature [40b]. In this unique complex
ach antimony center is N,N′-chelated by a bam ligand and the
wo [Sb(bam)]+ units are bridged by a third [bam]2− ligand.
hus, this dinuclear complex combines bonding modes A and F.

l
S
b
o

Chart 9.
9.

.2.4. Sulfur and tellurium
Bam complexes of group 16 elements, especially sulfur, have

een extensively characterized in solution. The calculated 11B
MR chemical shifts for S[PhB(�-NH)2] and related model

ystems by the IGLO method gave acceptable correlations with
xperimental values [30]. Examination of Table 1 shows that
ve bam complexes have been characterized by X-ray crystal-
ography, four of which adopt bonding mode A (Chart 9 and
cheme 20). The mononuclear group 16 complexes 45 and 51
oth contain almost planar ENBN (E = S, Te) rings [30,36]. Only
ne bis-bam complex Te[PhB(�-NtBu)2]2 (85), which adopts
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lents of Me3SiCl (Scheme 21). This complex forms poly-
meric chains propagated by bridging chlorides to give pseudo-
octahedral geometry around the titanium centers [44]. Com-
plex 86 can then be converted to the corresponding dibenzyl
Sch

onding mode C, has been characterized in the solid state [34].
he B–N bond distances in the ligands of these group 16 com-
lexes are very similar and fall in the range 1.417(4)–1.46(1) Å.
he NBN and NMN angles are larger for the tellurium com-
lexes reflecting the increased size of the bite angle required for
oordination.

The tellurium complex {[PhB(�-NtBu)2]TeCl2}2 (23) forms
centrosymmetric dimer linked by weak Te· · ·Cl interactions

3.2411(6) Å] in the solid state (Scheme 20) [40]. The Te atom is
n a distorted pseudo-octahedral environment, with the lone pair
ccupying one of the octahedral sites. Treatment of 23 with two
quivalents of lithium tert-butylamide produces the mono-bam
omplex [PhB(�-NtBu)2]Te NtBu (45), a rare example of a
onomeric tellurium imide, in 40% yield. The initial step of this

ransformation presumably involves nucleophilic substitution of
he two chloride substituents by tBuNH groups, which is then
ollowed by elimination of tBuNH2 (Scheme 20) [40].

.3. d-Block metal complexes

Early investigations of the coordination chemistry of bam
igands to transition metals were limited to group 4 with only

ono- and bis-bam complexes characterized. A more recent
xamination of early transition-metal complexes has revealed
ris-bam complexes (group 4) or examples where three bam lig-
nds bridge a M M unit (group 6) (Chart 4).

.3.1. Titanium, zirconium and hafnium
There are several structurally characterized examples of

roup 4 metal complexes of the boraamidinate ligand. This has
ostly been driven by the interest in these metals for their cat-

lytic activity and the search for novel ligand systems to enhance
his property.

Monoboraamidinate complexes of the form R2M[PhB(�-
tBu)2] are known for titanium (33) and zirconium (34), with the

igand adopting bonding mode A (Chart 10). These complexes
re synthesized by metathesis of the parent lithium complex
, with the appropriate organometallic group 4 halide. Reac-
ion of two equivalents of the dilithio derivative 2 with the
ppropriate metal tetrachloride affords the neutral spirocyclic
omplexes M[PhB(�-NtBu)2]2, M = Ti (35) [27] and M[PhB(�-
tBu)2]2(THF), M = Zr (36), Hf (37) [43]. Complexes 36 and 37

ontain square-pyramidal metal centers with a molecule of THF
ccupying the fifth coordination site. This is in contrast to the

itanium complex, 35, which has an unsolvated four-coordinate

etal center. This could be due to the smaller titanium cen-
er preferring a four-coordinate geometry, however it cannot be
verlooked that 36 and 37 were both synthesized using the sol-
0.

ated MCl4(THF)2 complexes, whereas 36 was prepared from
nsolvated TiCl4. The metrical parameters of the bam ligand in
omplexes 35–37 do not change significantly with the increas-
ng size of the metal center. For example, the NMN angles
re 70.5(2)◦ in 36 and 71.0(2)◦ in 37, and the NBN angle of
11.2(4)◦ exhibited by both complexes is similar to that observed
or the unsolvated titanium derivative 35 [110.5(6)◦] [27].

Trisboraamidinate complexes, Li2[M{PhB(�-NtBu)2}3],
= Zr (38), M = Hf (39), can also be synthesized by metathesis

or the larger group 4 metals. In these cases, the metal(IV) cen-
er is octahedral, surrounded by three bam ligands, producing
ianions which possess pseudo-D3 symmetry. The inclusion of
he two Li+ counterions, however, lowers the symmetry of the

olecules to pseudo-C2. In two of the bam ligands, one N atom
s in close contact with a single lithium cation, while the other
onnects with both lithium cations leading to longer B–N bond
engths compared to those in the third ligand or in the spirocyclic
is-bam complexes 36 and 37 [43].

Associated structures involving halide bridges are observed
or some mono-bam complexes containing metal-halogen
unctionalities. An interesting example is the titanium com-
lex {Ti(�-Cl)2[PhB(�-NtBu)2]}n (86), obtained by treat-
ent of Ti(NMe2)2[PhB(�-NtBu)2], 33, with two equiva-
Chart 10.
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erivative Ti[(CH2Ph)2[(PhB(�-NtBu)2] (87), by reaction with
hCH2MgCl (Scheme 21) [44].

The replacement of cyclopentadienyl ligands on titanium
r zirconium dialkyls with chelating dianionic ligands is an
rea of current interest in the design of olefin polymeriza-
ion catalysts. To date, there has been only one preliminary
nvestigation of the effect of the electrophilic boron center in

bam ligand on the catalytic behavior of metal complexes.
he activation of 87 with [Ph3C][B(C6F5)4] followed by addi-

ion of 200 equiv. of 1-hexene at room temperature showed no
ormation of poly(1-hexene) [44]. The observed lack of poly-
erization activity was attributed to insertion of a single olefin

nto the titanium–benzyl bond, or the extreme electrophilicity
f the titanium center engendered by the presence of boron
t the bridgehead of the bam ligand. By contrast, the com-
lexes DippNB(NMe2)B(NMe2)NDippTiR2 (R = Me, CH2Ph)
8 (Chart 11), which incorporate a B–B linkage into a diamide
ackbone, behave as polymerization catalysts upon activation
71].
Several complexes in which the bam anion radical
PhB(NtBu)2]−• is stabilized by complexation to an early main-
roup metal center have been reported, as discussed in Section
.2. These findings suggest that redox behavior is an impor-

Chart 11.
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ant feature of these boron-containing systems. In this context,
he unsuccessful attempts to prepare titanium(IV) complexes by
ransamination of Ti(NMe2)4 with PhB[N(H)tBu]2 or the reac-
ion of Li2[PhB(NtBu)2] with TiCl4 are noteworthy [44]. The
ormer reaction produces “significant amounts of reduced tita-
ium product and only small amounts” of Ti(NMe2)2[PhB(�-
tBu)2], 33. However, the orange complex 33 is obtained in 45%
ield by treatment of Ti(NMe2)2Cl2 with Li2[PhB(NtBu)2]. The
eduction of Ti(IV) to Ti(III) is again indicated by the formation
f a green by-product, presumably accompanied by the oxida-
ion of the bam dianion [PhB(NtBu)2]2− to the radical anion
PhB(NtBu)2]−•. In general, redox behavior must be consid-
red as a possible outcome in metathetical reactions between
am dianions [RB(NR′)2]2− and metal halides that are in higher
xidation states.

.3.2. Vanadium
The coordination chemistry of group 5 metals with the bam

igand is limited to a single example. The paramagnetic blood-
ed complex V[PhB(�-NtBu)2]2 (42) [43] exhibits a strong EPR
ignal at room temperature with no hyperfine coupling. How-
ver, a frozen pentane solution (77 K) gives a resolved octet in the
PR spectrum arising from the interaction of the unpaired elec-

ron with one vanadium nucleus (51V, I = 7/2, 99.8%, g = 1.979,
(51V) = 49.0 G). The significant line broadening and increased
mplitude in the first and final peaks were attributed to hyperfine
oupling to the quadrupolar nitrogens. A simulated spectrum
Fig. 5) was found to be in accordance with the experimental
pectrum yielding A(14N) = 4.7 G. In contrast to the paramag-
etic early main-group metal bam complexes in which the spin
ensity was found to be mainly ligand-based, the paramagnetic
pecies 42 is a V(IV) complex of two diamagnetic bam dianions
PhB(NtBu)2]2−.

The absorption spectrum of 42 was found to be consistent

ith a d1 metal center in a tetrahedrally distorted crystal field.
he 2E and 2T2 terms of Td symmetry are split in D2d symmetry

o a 2B1 ground state and 1A1, 2B2, and 2E excited states. For
hese three excited states, the 2E← 2B1 transition is Laporte-
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ig. 5. EPR spectrum of V[PhB(�-NtBu)2]2 (42) at 77 K in frozen pentane:
xperimental (a); simulated (b) [43]. Reproduced with permission from [43].
opyright 2003 American Chemical Society.

llowed. A ligand to metal charge-transfer (LMCT) transition at
60 nm was reported to dominate the UV absorption region.

.3.3. Molybdenum and tungsten
Four group 6 bam complexes, M M[PhB(NR′)2�2N,N′]3

M = Mo, W, R′ = Et, iPr), have been reported, two of which
ave been structurally characterized in the solid state (M = Mo,
′ = Et, 40; M = W, R′ = iPr, 41) (see Chart 4 and Table 1) [45].

The NMMN torsion angles (ca. 0.2–1.6◦) indicate nearly
clipsed ligand geometry, while the coordination environment
f each metal center is nearly trigonal pyramidal [∠NMN
3.1(2)–94.6(1)◦]. Although the bond lengths of the bam lig-
nds in this bonding mode are similar to those observed when the
am ligands chelate a single metal center, the NBN bond angles
re larger, 117.0(3)–l 18.0(8)◦, since the ligand is spanning a
inuclear M M unit. The group 6 complexes are further distin-

uished by the shortest metal-metal distances, 2.1612(6) Å (40),
.2351(7) Å (41), observed for neutral M2X6 species to date.
he determining factor contributing to the short metal–metal
ond lengths and small torsional distortion is the steric con-

e
i
W
t

Scheme 2
istry Reviews 251 (2007) 897–924 919

traint imposed by the three-atom NBN backbone of the bam
igand.

DFT calculations were performed on model Mo and W com-
lexes in which methyl groups were used as alkyl substituents
nd the geometry was constrained to D3h symmetry [45]. Good
greement between the calculated and observed structures was
btained. The energy levels and frontier orbitals revealed (a) the
OMO is a N p-based orbital, (b) strong metal–metal character

n HOMO-1 for Mo and HOMO-2 for W, and (c) a large HOMO-
UMO gap for both model complexes. The latter feature is
anifested in the absorption spectra of these tan complexes,
hich are dominated by a single, intense band at 310 nm. The

hemical properties of 40 and 41 were also found to be consis-
ent with the calculated electronic structure. These complexes
o not react with σ-donor ligands or with chalcogen-transfer
eagents, in accordance with the ligand-based HOMO and the
igh energy of the LUMO. However, they are susceptible to oxi-
ation, as indicated by their pyrophoric nature when exposed
o air.

.3.4. Zinc and cadmium
The dilithiated spirocyclic group 12 complexes [Li(Et2O)]2-

M{PhB(�3-NtBu)2}2] (43, M = Zn [46a]; 44, M = Cd [46b]) are
sostructural with the magnesium analogue 9. The zinc derivative
3 exhibits similar redox behavior upon oxidation with iodine
Scheme 22), resulting in the formation of the bright purple
adical {Li(Et2O)Zn[PhB(�-NtBu)2][PhB(�3-NtBu)2]}• (89)
46a].

The EPR spectrum of this radical exhibits a similar hyper-
ne pattern to that of the magnesium analogue owing to the low
atural abundances of the spin-active isotopes for magnesium
nd zinc [46]. The experimental spectrum may be simulated
y invoking hyperfine structure resulting from interaction of the
npaired electron with two inequivalent nitrogen atoms, the cen-
ral metal (67Zn, I = 5/2, 4.1%), and one boron atom (Fig. 6). DFT
alculations confirm that 89 adopts a Cs-symmetric structure in
olution with localized spin density on the bam ligand that is not
oordinated to lithium (Fig. 6).

. NMR solution spectra

The vast majority of bam complexes exhibit a broad res-
nance in the 11B NMR spectrum in the range 28–40 ppm
haracteristic of a three-coordinate boron center [72]. Notable

xceptions include (a) tris-bam complexes 40 and 41 (Chart 3)
n which the bam ligand bridges a dinuclear M M unit (M = Mo,

) giving rise to 11B chemical shifts of 50–52 ppm [45] and (b)
he mono-bam complexes Cp2Zr[PhB(�-NtBu)2], 34 [27] and

2.
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Fig. 6. Experimental (a) and simulated (b) X-band EPR spectra of a diethyl
ether solution of {Li(Et O)Zn[PhB(�-NtBu) ] }• (89) at 25 ◦C; (c) SOMO (iso-
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metallacycle is usually planar, although distortions toward a boat
2 2 2

urface values ±0.06) of {Li(Me2O)Zn[PhB(�-NMe)2]2}•. Reproduced with
ermission from [46a]. Copyright 2006 American Chemical Society.

[C6F5B(�-NtBu)2], 51 [29], for which values of 20 ppm are
eported.

For most bam metal complexes, solution NMR data are in
ccordance with the structures observed in the solid state. For
xample, the 1H NMR spectra of the dinuclear complexes 40
nd 41 (Chart 4) in C D reveal only one environment for the
6 6
lkyl (ethyl or iso-propyl) and phenyl groups consistent with
he preservation of D3h symmetry observed in the solid state
45].

s
a
r

istry Reviews 251 (2007) 897–924

In a few cases, NMR spectroscopic studies have indicated that
he associated structures observed in the solid state are disrupted
n solution. For example, multinuclear NMR spectroscopic data
t ambient temperature in d8-THF for {Li[PhB(�3-NtBu)(�-
tBu)]P(�3-NtBu)}2 (79), which adopts a dimeric structure in

he solid state, indicates disruption of the dimeric structure that
s most likely caused by solvation of the Li+ centers by THF
40]. Similarly, the dimeric lead(II) complex 24 is thought to
issociate in solution on the basis of NMR data (Section 4.2.2).

. Hybrid boraamidinate-amidinate (bamam) ligands

Finally, a related class of ligand will be discussed, which
s a hybrid of the boraamidinate (bam) and amidinate (am)
igands, designated as the bamam ligand [41]. The discovery
f a direct synthesis to mono-amino reagents of the type 3
41] stimulated attempts to generate bamam ligands that are
ormally isoelectronic with the extensively studied nacnac (�-
iketiminate) ligands. These investigations are of fundamental
ignificance since, although the coordination chemistry of the
acnac ligand has been widely studied [49], less emphasis has
een placed on examining the effect of altering the backbone of
his ligand [41,48].

The preparation of protio bamam derivatives 90 and 92,
n good yields, has been attained by two different routes
Scheme 23) [41]. The first makes use of the reaction of
ithium ams with the mono-aminochloroborane 3. The sec-
nd synthetic approach involves nucleophilic replacement of
he exocyclic chloro substituent in PhB(Cl)[RC(�-NR′)2] (91)
73] by an amino group. The protonated bamam derivatives
ay form either four-membered BNCN rings with an exo-

yclic amido substituent (92) or acyclic NBNCN structures
90), depending on the substituents on the backbone of the
igand. Protio nacnac ligands adopt acyclic structures exclu-
ively [49]. In contrast, the presence of the electron-accepting
oron atom in the bamam backbone can promote the for-
ation of cyclic BNCN systems. Monolithiation of the exo-

yclic amido substituent on the ring system in 92 generates the
lkali derivative Li[DippN(Ph)B(NtBu)CnBu(NtBu)-N,N′] (93,
′ = tBu, R′′ = tBu, R′′ = Dipp) (Scheme 23) [41]. Compounds of

he type 91 are prepared by the metathesis reactions of PhBCl2
ith the appropriate lithium amidinate [73–76]. An alterna-

ive route involves the insertion reaction of a carbodiimide,
.g. CyN C NCy, with RBC12 (R = Ph, N(SiMe3)2) [74,75]
r FcBr2 (Fc = ferrocenyl) [76].

Both 92 and 93 can serve as effective reagents for the installa-
ion of the bamam ligand on a metal site [48]. Organomagnesium
omplexes of the type 94 have been obtained in 58–79% yields
y treatment of 93 with Grignard reagents, or by the reaction
f 92 with dibutylmagnesium (Scheme 24). Six examples of the
rganomagnesium complexes 94 have been characterized in the
olid state.

In N,N′-chelated metal nacnac complexes, the six-membered
tructure are sometimes observed as a result of steric crowding
round the metal center [49]. X-ray structural analyses of 94 have
evealed that there is a substantial interaction between the central
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Scheme 23.
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is usually �-delocalized in metal complexes [49].

Magnesium alkoxide nacnac complexes have been found to
be extremely active initiators for the ring-opening polymeriza-
tion of rac-lactide (LA), however, the Mg–O bond tends to
Sch

itrogen atom of the bamam ligand and the unsolvated magne-
ium centers [48]. The magnitude of the transannular Mg–N
nteraction in these complexes is similar to the value of a typical

g–N dative bond. The Mg–N interaction is less pronounced in
he solvated derivatives, but the Mg–N distances in these com-
lexes are still well below the sum of van der Waals radii of
agnesium and nitrogen. Variable-temperature NMR studies

howed that the transannular Mg–N interaction observed in the
olid-state form is maintained in solution. This Mg–N cross-ring
nteraction in both the solvated and unsolvated organomagne-
ium bamam complexes results in the pronounced folding of the
ix-membered ring (Fig. 7).
The metrical parameters of 94 indicate localized �-bonding
ithin the backbone of the bamam ligand. The folding of the

ix-membered ring brings the p-orbital on the central nitrogen
tom in a suitable orientation to facilitate lone-pair donation to

F
M

4.

he magnesium center (Fig. 7). By contrast, the nacnac ligand
ig. 7. Transannular interaction in 94 (the R′ ′ and R′ ′ ′ groups attached to the
g-bonded N atoms have been omitted).



922 C. Fedorchuk et al. / Coordination Chemistry Reviews 251 (2007) 897–924

eme 2

p
t
t
t
L
t
i
P
M
d
b
b
w

l
d
b
t
v
S
a
m

7

i

t
e
t
a
t
t
t
i
a
t
a
a
c
t
d
c
l
b
n
i
p
d

Sch

articipate in unwanted side reactions thereby lowering the con-
rol of chain length of the resulting polymer [77–80]. Attempts
o reduce these side reactions by lowering the Lewis acidity of
he magnesium centers using a nacnac ligand bearing a pendant
ewis base donor group were unsuccessful [81]. In comparison,

he organomagnesium bamam complexes inherently contain this
ntramolecular interaction via the transannular Mg–N contact.
reliminary studies of the polymerization of rac-LA by solvated
g-bamam complexes have revealed that the methyl and phenyl

erivatives are active initiators, whereas the iso-propyl and n-
utyl derivatives are inactive [48]. However, no clear correlation
etween activity and the strength of this cross-ring interaction
as evident.
In an interesting development of the chemistry of these hybrid

igands, Bertrand and co-workers have utilized the protio bamam
erivative [MesN(H)](Ph)B(NCy)CH(NCy) (95) to make car-
ene analogues of borazines (96) (Scheme 25) [82]. The elec-
ronic properties of these novel carbenes can be readily tuned by
arying the nature of boron substituents (R′). As illustrated in
cheme 25, they give rise to stable complexes with rhodium, 97
nd 98. The efficiency of these carbenes as ligands for transition-
etal catalysts is under investigation.
. Conclusions and outlook

From this overview, it can be seen that the coordination chem-
stry of the bam ligand is still in its infancy. While complexes of

l
o
s
s

5.

his dianionic ligand with lithium, group 13–16 elements and the
arly transition metals have been investigated quite extensively,
here is a dearth of studies of, inter alia, derivatives of the heavy
lkali metals, lanthanides or late transition metals. A perusal of
he complexes that have been structurally characterized reveals
hat the bam ligand exhibits versatile behavior in coordina-
ion to metal centers; seven different bonding motifs have been
dentified. The dianionic charge lowers the requirement for lig-
nds around high oxidation-state metal centers, compared to
hat of monoanionic ams. Consequently, homoleptic neutral and
nionic species of the type [ML2]x− (x = 0, 1, 2) and [ML3]2−
re a common feature of bam chemistry. A second intriguing
onsequence of the 2− charge is the facile tendency for redox
ransformations to occur in which the [bam]2− dianion is oxi-
ized to the corresponding monoanion radical [bam]−•. In some
ases, notably with early main-group metals, this paramagnetic
igand can be stabilized through complexation. This feature of
am chemistry is likely to be encountered in future studies of
ew coordination complexes. It could conceivably be utilized
n the design and synthesis of novel paramagnetic coordination
olymers. The formation of diradicals, e.g. by one-electron oxi-
ation of 70 or 89, is also an intriguing possibility.

The effect of replacing the bridgehead carbon atom in the am

igand, by a boron center in the bam counterpart on the reactivity
f metal centers in alkene polymerization has been accorded
cant attention. The only study to date on a titanium complex
howed no activity, possibly owing to a lowering of activity at
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he metal site by the presence of electrophilic boron. This aspect
f bam chemistry also deserves further investigation.
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