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INTRODUCTION

The first metallacarboranes were isolated in M. F. Hawthorne’s laboratory and
contained a metal ion, two carbon and nine boron atoms forming an icosahedral
{closo-MC,Bo} cage structure.' It was immediately recognized that these species
may be viewed as having metal ions coordinated in a pentahapto manner by the open
face of a [nido-7,8-C,BoH;,]* dianion. This was a useful formalism since it empha-
sized an isolobal relationship between the carborane dianion and the ubiquitous
[CsHs] ligand. Following isolation of metal dicarbollides from reactions between
metal salts and salts of [nid0-7,8-C2B9H11]2’, it was logical that the monocarbon
trianion [nido-7-CB,oH;;]>~ would react in a similar way to afford monocarbon metal-
lacarboranes also with icosahedral frameworks. Indeed, a few complexes of this
kind were isolated® soon after the first dicarbon analogues were discovered. Im-
portantly in the early work, two types of monocarbollide metal compound were
characterized. In the first a metal ion is sandwiched between [nido-7-CBoH;,]> lig-
ands, as in the Fe'"" complex [commo-2,2'-Fe-(closo-2,1-FeCBoH),]>” (1) (Chart 1).
In the second the cage-carbon atom carries an NRj3 or an NR, group, with the metal
ion sandwiched between [7-NRs-nido-7-CBoH;o)* groups, as in the Fe'" complex
[commo-2,2/-Fe-(l-NH3-closo-2,l-FeCBlon)z]* (2), or [7-NR2-I’ll’dO-7-CB]0H]0]37

*Corresponding author.
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groups as in [commo-2,2'-Ni-(1-NH,-closo-2,1-NiCB;oH0)-]* (3). The zwitterionic
ligands [7-NR5-nido-7-CBoH o> are isolobal with the dicarbollide anion [nido-7,8-
C,BoH | >, whereas the trianions [7-NRy-nido-7-CBoH,o]> are isolobal with [nido-
7-CBoH I

In what has become a very large field of study during the past 40 years, metal-
lacarborane chemistry has primarily focused on species with cages containing two
or more carbon atoms,*> whereas monocarbollide metal complexes have received
very little attention.*®’ The neglect of this area is somewhat surprising because
monocarbollide metal complexes having [nido-7-CBoH 11>, [7-NRj-nido-7-
CBoH;o)* . or [7-NRy-nido-7-CBoH;o]> groups would be expected to display re-
activity patterns different from those of the corresponding dicarbollide species. In
particular, the higher formal negative charge associated with the trianions [nido-7-
CB,oH; > and [7-NRs-nido-7-CBoH 0], compared with the dianion [nido-7,8-
C,BoH;,]*, renders metal complexes of the trianions more reactive towards elect-
rophiles. As will be described later this feature provides avenues for introducing
functional groups into a carborane cage, a topic of growing interest.

In metallacarborane chemistry it can be argued that it is more profitable to study
molecules having half-sandwich ‘piano-stool’ structures than those with ‘full-sand-
wich’ structures. This is because in the piano-stool complexes the metal is ligated on
one side by the carborane cage systems [{7,8-R,-nido-7,8-C,BoHy} (R = H or Me),
{nido-7—CB10H11}, {7—NR2—nid0—7—CB10H10}, or {7—NR3—nido—7-CB10H10}] and on
the other side by the conventional ligands (CO, PR3, CNR, alkynes, etc.) of co-
ordination chemistry. With a combination of different coordinated groups within
the coordination sphere of the metal there is the probability of reactions occurring
between the ligands and other substrate molecules, and also with the carborane cage
itself, with the latter thus adopting a non-spectator role in the chemistry derived.®
Both mono- and di-carbollide metal carbonyl half-sandwich complexes are espe-
cially desirable as synthons. They have isolobal relationships with cyclopentadie-
nide metal carbonyls that are known to function as precursors to numerous
other species through the lability of their carbonyl groups. Dicarbollide metal
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carbonyls display a very extensive chemistry, as shown by [3,3,3-(CO)3-closo-3,
1,2-RuC,ByH ;] (4), thereby pointing to the desirability of obtaining related mon-
ocarbollide metal carbonyl species for use in synthesis (Chart 2).

In an attempt to redress the imbalance between studies on the dicarbollide and
monocarbollide metal compounds we began a comprehensive study of the latter,
concentrating our studies on the piano-stool-type complexes for the reasons given
above. Our progress to date in this area will be the subject of this review. So far,
most of the work has involved compounds in which the metal is one of the 12
vertexes in a {closo-2,1-MCB o} cage system, thereby complementing the host of
studies made on their {closo-3,1,2-MC,By} counterparts. However, as will also be
described, preliminary investigation of 11-vertex {closo-1,2-MCBy} systems is re-
vealing the existence of unprecedented molecular structures in the metallacarborane
field. We do not review in this chapter recent developments in the chemistry of
monocarbollide-metal complexes in which the cage-carbon carries an NR; or NR,
group because we have recently given an account of such species.'®

!
SYNTHESIS

A. Triruthenium and Triosmium Complexes

The methodologies used to prepare monocarbollide metal carbonyls resemble
those used to obtain cyclopentadienide metal carbonyls. The latter are generally
obtained by one of two methods: heating cyclopentadiene or a substituted
cyclopentadiene with a metal carbonyl or a metal carbonyl anion, or treating the
carbonyl or a halo derivative of it with a salt of the cyclopentadienide ion. Similarly,
procedures involving either heating a nido-carborane with a metal carbonyl or
treating a metal carbonyl or a carbonyl-metal halide with the salt obtained by
deprotonating a nido-carborane have afforded monocarbollide metal carbonyl
complexes.
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Thus, in tetrahydrofuran (THF) at reflux temperatures [Ru3(CO);»] and
[NHMes][nido-7-CBgH;3] react to give an anionic trinuclear ruthenium complex
[PPh4][2,2-(CO),-7,11-(u-H),-2,7,11-{Ru,(CO)s }-closo-2,1-RuCB, oHy] (5)* (Chart 3)
following the addition of [PPh4JCL'" Subsequent analysis of this system revealed
evidence for traces of the mononuclear species [NHMes][2,2,2-(CO)s-closo-2,1-
RuCBgH /] (6) in the initial product mixture, but its isolation in a pure form proved
impossible.'> In contrast, the corresponding reaction between [Os;(CO);,] and
[N(PPhj),][nido-7-CB1gH 3] in refluxing bromobenzene affords an approximately
equimolar mixture of the analogous triosmium cluster [N(PPh;);][2,2-(CO),-7,11-
(1-H)»-2,7,11-{0s,(CO)g}-closo-2,1-OsCBoHo] (7) and the monoosmium complex
[N(PPh3),][2,2,2-(CO);-closo-2,1-OsCBoH 1] (8).' The structures of the anions of
5 and 7 are similar to that of neutral [3,3-(CO),-1,2-Me»-4,8-(u-H),>-3,4,8-
{Ru,(CO)g}-closo-3,1,2-RuC,BoH-] (9) obtained from the reaction between

*The compounds described in Sections II and II1 are based upon closo-1-carba-2-metalladodecaborane
fragments, with many bearing exo-polyhedral substituents. It should be noted that, although many
contain chiral centers, the species are formed as racemates. Substituted boron atoms at positions 3, 7, 11,
or 6 could equally be labeled 6, 11, 7, and 3, respectively. In each case the former is used, in accordance
with TUPAC convention. Likewise, compounds in Section IV are based upon closo-1-metalla-2-car-
baundecaborane fragments and several are chiral. Boron atoms bearing substituents at the 4, 5, 6, or 7
positions could equally be labeled 5, 4, 7, and 6, respectively, but again the former is used by convention.
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[Ru3(CO);,] and 7,8-Me>-nido-7,8-C,BoH;1.1> In all the trimetal species a {nido-
CByo} or {nido-C,Bo} framework bridges a triangular arrangement of ruthenium or
osmium atoms with the open CBBBB or CCBBB faces, respectively, coordinated in a
pentahapto fashion to one metal atom while the carborane cage forms two exo-
polyhedral B-H—M bonds with the other two metal atoms.

Surprisingly, instead of affording a mixture containing the anions of the cluster
compound 7 and the mononuclear species 8, the complex [12-NMes-2,2,2-(CO);-
closo-2,1-OsCBoH o] (10) is obtained by heating [Os;(CO),] with [NHMej;][nido-7-
CBjoH 3] in refluxing bromobenzene. The NMe; group is attached to a boron atom
in the pentagonal belt lying above that of the CBBBB ring 1°-coordinated to the
metal.'? The source of the trimethylamine group must be the cation [NHMes] ', but
the pathway by which its NMe; fragment migrates to the cage is not clear.

B. Mononuclear Compounds of Iron, Molybdenum, Tungsten,
Rhenium, Platinum, Nickel and Cobalt

Reactions between salts of [nido-7-CBgH 3] and [Fe3(CO);,] afford the mono-
nuclear anionic iron compound [2,2,2-(CO)s-closo-2,1-FeCBoH ], typically iso-
lated as its [N(PPhs),] © salt (11) (Chart 4).'* No anionic triiron complex analogous
to 5 and 7 is formed in this reaction. The anionic mononuclear iron, ruthenium and
osmium complexes and the previously mentioned neutral mononuclear ruthenium
dicarbollide complex 4, obtained from [Ru3(CO),] and nido-7,8-C,B9H 3, are iso-
lobal with the cyclopentadienide species [Mn(CO);(n-CsHs)] and [Fe(CO);
(n-CsHs)] ™.

In an attempt to prepare a molybdenum complex related to compound 11,
[Mo(NCMe);(CO);] was treated with [NHMes][nido-7-CBgH; 3] followed by
[N(PPh3),]Cl1 but the desired complex [N(PPhs),][2,2,2,2-(CO)4-closo-2,1-
MoCB;oH o] (12) was obtained only in poor yield.'* This complex was also formed
in the reaction between Nas[nido-7-CBoH ;] and [Mo(NCMze);(CO);] presumably
via an intermediate species [2,2,2-(CO);-closo-2,1-MoCB;oH,;]*", isolobal with the
long-known [3,3,3-(CO);-closo-3,1,2-MoC»BoH;,]* dianion.? Evidently any salt of
[2,2,2-(CO)s-closo-2,1-MoCB;oH,]*" is readily oxidized, scavenging a CO molecule
to afford the final product. It was possible to prepare 12 by adding
[Mo(NCMe);(CO);] in NCMe to a THF suspension of Naj[nido-7-CBgH;4] at
low temperatures while bubbling CO through the mixture, followed by addition of
H[BF,] - OEt, and [N(PPh;),]CL.'* It seems likely that in this reaction sequence, 12
is formed via a pathway involving the unstable hydrido species [2,2,2-(CO)3-2-H-
closo-2,1-MoCB,oH ;1> and [2,2,2-(CO)5-2,2-(H),-closo-2,1-MoCB,oH;,]” with the
latter eliminating hydrogen and capturing a CO molecule to yield the observed
product. The tungsten compound 13, an analogue of 12, can be prepared similarly
using [W(NCEt)3(CO);] as the tungsten source.'>®

Salts of [nido-7-CBoH;,]> have not been extensively employed as yet to obtain
half-sandwich compounds {2-(ligand),-closo-2,1-MCBoH,}, but their potential as
precursors is demonstrated in the synthesis of rhenium and platinum compounds.
Thus salts of the dianion [2,2,2-(CO)s-closo-2,1-ReCB;oH;,]* have been prepared by
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treating [ReBr(THF),(CO);] with Nas[nido-7-CBoH ] followed by addition of the
appropriate cation, with the bis-[N(PPhs),] " salt 14 typically isolated.'® The dianion
of 14 is isolobal with the long-known species [3,3,3-(CO)3-closo-3,1,2-ReC,BoH ]
and [Re(CO);(n-CsH5)], and displays an extensive chemistry discussed further below.
Interestingly, mention was made of a species [2,2,2-(CO)3-closo-2,l—MnCB]OHl1]27, a
manganese analogue of the dianion of 14, in the original report of monocarbollide
metal complexes, but without information on its properties.*®

Monocarbollide platinum complexes have also been prepared from Nas[nido-7-
CBjoHii]. The latter in THF with [PtCl,(PR3),] affords Na[2,2-(PR3),-closo-2,1-
PtCB;oH;,] [PR; = PEt; (15),'” PMe,Ph (16)'®], species which as described later pro-
vide entry into a range of other compounds with similar {closo-2,1-PtCB,o} frame-
works."” " The [NMe4] " salt of the platinacarborane anion in 15 had been prepared
much earlier by a ‘polyhedral expansion’ reaction involving treatment of [NMey][closo-
2-CB,oH ;] with [Pt(trans-stilbene)(PEts),].”* Several related complexes were similarly
obtained by treating this carborane anion with Ni’, Pd® or Pt® reagents, and as such
rank among the earliest of monocarbollide metal complexes to be described.

Contemporary studies with the nickel system have extended the series of known
nickel-monocarbollide anions (Chart 5). The salt [NMe4][2,2-(CNBu'),-closo-2,1-
NiCBoH;,] (17a) was prepared in the original study, using [Ni(CNBu"),(cod)]
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(cod = 1,5-cyclooctadiene) as the Ni® reagent.”* Use of [Ni(CO)4], [Ni(CNXyl),
(cod)] (Xyl = CcH3Me»-2,6), or [Ni(cod),] as the nickel source afforded the corres-
ponding {NiCB;q} species, isolated as the salts [N(PPhs),][2,2-L,-closo-2,1-
NiCBoH;;] [L =CO (18), CNXyl (19); L, =cod (20)] following addition of
[N(PPh;),]CL.?° Indeed, this polyhedral expansion route remains an attractive pos-
sibility for preparing other monocarbollide metal compounds, as demonstrated by
the recent synthesis of the cobalt compound [N(PPhs),][2-CO-2-NO-closo-2,1-
CoCBgH;,] (21), formally isoelectronic with 18, by reacting [closo-2-CBoH ]
with [Co(CO)5(NO)] in THF, followed by addition of [N(PPh;),]C1.>! Complex 21
belongs to a rare class of nitrosyl substituted metallacarboranes and as far as we are
aware is the first involving a monocarbollide metal species.>

As has been described, the ‘parent’ monocarbollide-metal carbonyl piano-stool
species [2-(CO),-closo-2,1-MCBgH;;]*" are now known for all of the metals
M = Mo (12), W (13), Re (14), Fe (11), Ru (6), Os (8), and Ni (18). Evidence also
exists for a dicarbonyl-platinum analogue of compound 18,%° and as mentioned
earlier, the manganese analogue of 14 has also briefly been reported.>® A notable
absence from this list, however, is any representative of the Group 9 metals. The
carbonyl nitrosyl-cobalt complex 21 is very closely related to the hitherto unknown
dicarbonyl-cobalt dianion [2,2-(CO)2-closo-2,l-CoCBloHl1]2’ and this species re-
mains an attractive synthetic target.

1]
REACTIONS

A. Ruthenium and Osmium Cluster Compounds

On protonation with H[BF,]-OEt, in THF the anionic trinuclear metal com-
plexes 5 and 7 afford the neutral hydrido compounds [2,2-(CO),-7,11-(u-H)»-2,7,
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11-{M(u-H)(CO)g}-closo-2,1-MCBoHg] [M = Ru (22) and Os (23)], respectively
(Chart 6).""'? An X-ray diffraction study upon 22 revealed that in these species the
hydrido ligand bridges the M—M bonding unit that is attached to the cage via the
two B-H—M bonds. The bridging hydride reveals itself in the "H NMR spectrum
with diagnostic peaks at 6 —19.03 (22) and 6 —18.65 (23). The B-H—M linkages are
also readily identified from the NMR spectra, in the "H spectra by quartet reso-
nances at 6 —10.31 [J(BH) = 56 Hz] (22) and 6 —13.50 [J(BH) = 45 Hz] (23), and in
their fully coupled ''B spectra with doublets at & 23.4 [J(BH) = 52 Hz] (22) and at &
13.1 [J(BH) = 45 Hz] (23).

Both 5 and 7 undergo an interesting reaction in THF with [CuCI(PPhs)s] or
[CuCI(PPhj)]4, respectively, in the presence of TI[PF¢], affording the neutral cluster
compounds 24 and 25, respectively. In the formation of these species one of the
hydrides of a B-H—M bond (M = Ru, Os) has migrated to a bridging M(p-H)M
site, being replaced by an isolobal {Cu(PPhs)! * fragment. A B-H—Cu bond, in-
volving a BH unit in the Bs pentagonal belt lying above the CBBBB ring penta-
hapto coordinated to the metal vertex, further attaches the copper to the cage. In
the ruthenium compound a PPh; molecule derived from the copper reagent sub-
stitutes for one of the CO ligands on the Ruj; triangle. Salts of the anion 5 react with
[AuCl(PPhs;)] to yield 26 which has structural features similar to 24, except that the
gold atom has only a single B-Au o-bonding attachment to the cage. The difference
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in the bonding of Cu and Au atoms to the cage in 24 and 26 no doubt relates to the
tendency of copper to seek a higher coordination number than gold, as discussed
further below.

B. Mononuclear Metal Compounds

1. Formation of Charge-Compensated Complexes with Donor Ligands
a. Complexes of Iron

Salts of the mononuclear iron anion of 11 undergo a variety of reactions (Chart
7).!%23 The CO groups in 11 are not readily substituted by donor ligands. However,
in the presence of Me;NO, one CO group is readily replaced by donor molecules to
yield [N(PPh;),][2,2-(CO),-2-L-closo-2,1-FeCBoH,,] [L = PPh; (27), CNBu' (28),
SMe; (29)]. More interestingly, 11 reacts with electrophiles (NO™, PhsC", H") in
the presence of certain solvents L to give the species [2,2,2-(CO);s-7-L-closo-2,

tL/ﬂlk}?’ c—/—/lk.
NAVaVa) Z2@==
Y
IN(PPha).]) ST N\
o° L RS .
& ] § %
- L
27 PPh3 30 O(CH2)4
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34 EN(Me)=C(H)Me
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CHART 7.
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1-FeCBoH o] [L = O(CH>»)4 (30), OEt, (31), SMe, (32)], in which a donor molecule
L is bonded to a boron atom that is in a B site with respect to the carbon in the
CBBBB ring coordinated to the iron atom.'* Apart from the use of X-ray cry-
stallography to confirm the structures, NMR spectra leave no doubt about the
presence of the {B-L "} groups in these charge-compensated products. Thus, for
example, in the ''"B{'H} NMR spectrum of 30 there is a resonance at & 20.4 which
remains a singlet in a fully coupled ''B spectrum while the other peaks, corre-
sponding in total intensity to nine boron nuclei, display ''"B-'H coupling (ca.
130 Hz).

If compound 29 is treated with SMe, and H,SO, the zwitterionic complex [2,2-
(CO),-2,7-(SMe»),-closo-2,1-FeCB;oH o] (33) is obtained in which an SMe, group is
attached both to the metal vertex and to a boron atom situated in one of the B sites
in the CBBBB ring coordinated to the iron, a result confirmed by X-ray diffrac-
tion.>* In reactions of this kind the P rather than the o sites are favored for sub-
stitution by a donor molecule because the H atoms of their BH groups are the more
hydridic and therefore are more susceptible to attack by electrophiles.

When complex 11 in NCMe is treated with CF;SO3;Me, the product obtained is
[2,2,2-(CO);-7-{(E)-N(Me) = C(H)Me}-closo-2,1-FeCBgH1o] (34) in which an
iminium group {E-N(Me)— C(H)Me} is attached to a B-boron in the pentagonal
CBBBB ring ligating the iron.”> The mode of formation of the iminium group
present in 34, and related complexes derived from other nitriles, involves
CF;SOs;Me reacting with NCMe to give an N-methylnitrilium cation
[MeN=CMe] " which itself then abstracts H from the cage BH vertex to give an
imine molecule. This then coordinates via the nitrogen atom to the naked site
created at the boron vertex. The E-forms of imines are more stable than the Z-
configurations and this must favor a facile rearrangement of initially formed
Z-N(Me)=C(H)Me into E-N(Me)=—C(H)Me in the reaction.® It is interesting
that if a similar reaction is carried out with compound 27 as substrate, and em-
ploying the more bulky NCBu' instead of NCMe, a typical charge-compensated
product [2,2-(CO),-2-PPh;-7-NCBu'-closo-2,1-FeCB,oH o] (35) is formed.

Introducing a functional imine group into the cage system in this manner opens
the possibility of further syntheses with the substituent group. Several reactions
have been studied.?® Formally, the B-boron appended {N(Me)=C(H)Me} " group
in 34 carries a positive charge, with two canonical forms for the fragment, one with
the charge residing on the N atom and the other with the charge residing on the C
atom of the C(H)Me terminus. The former is favored and thus it would be
anticipated that the imine group would react with nucleophiles such as OH or H'.
Accordingly, treatment of 34 in THF with water yields the complex [2,2,2-(CO);-7-
NH,;Me-closo-2,1-FeCBgH o] (36), a process catalyzed by PMes;. The
{N(Me) = C(H)Me} © group may also be reduced by Na[BH;CN] to give [2,2,2-
(CO)5-7-NH(Me)Et-closo-2,1-FeCB1oH ;o] (37).

Treatment of 11 in THF with Bu'C=CH in the presence of Me;NO, to facilitate
removal of CO, yielded a single isomer of a species [N(PPhs),][2,2-(CO)»-2.3-1*:0-
{(E)-CH=C(H)Bu'}-closo-2,1-FeCB,,H (] (38), resulting from insertion of an al-
kyne molecule into a cage B-H bond (Chart 8). While the gross features of the
molecular structure could be deduced from NMR data, the site of attachment of the
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E-C(H)=C(H)Bu'" moiety to the cage could not be resolved with certainty. Crystals
suitable for an X-ray diffraction study could not be obtained so 38 was reacted in
NCMe with CF3SO;Me to give the imine derivative [2,2-(CO),-2,3-n%0-{(E)-
CH =C(H)Bu"}-11-{(E)-N(Me) = C(H)Me}-closo-2,1-FeCB,Ho] (39). The latter
did provide good quality crystals and its structure was fully resolved by X-ray
diffraction. The {(E)-C(H)=C(H)Bu'} group is attached to a boron atom o to the
carbon in the CBBBB ring bonded to the iron while the C(H)= C(H) double bond
is n? coordinated to the metal atom. The {N(Me)=C(H)Me} group occupies the
site on the CBBBB ring which is B with respect to the carbon atom and is more
remote from the a-bound vinyl group.

Treatment of complex 11 in NCMe with H,SO,4 and dihalogen equivalents results
in hydride abstraction and formation of B-halogenated anions (Chart 9).** Thus,
with N-chlorosuccinimide (2 equiv) or iodine (1 equiv), the species [N(PPh;),][7-X-
2,2,2-(CO);s-closo-2,1-FeCBoH o] [X = Cl1(40), I (41)] are formed. Use of 4 equiv of
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N-chlorosuccinimide yields dichloro-substituted [N(PPhs),][7,11-Cl,»-2,2,2-(CO);-
closo-2,1-FeCBgHy] (42). In each of these products, hydride replacement again
occurs at boron atoms that are § with respect to the carbon atom in the iron-bound
CBBBB face, a feature confirmed by an X-ray diffraction study upon complex 42.
This site of substitution was also verified by treatment of 41 with Ag[BF,] in the
presence of THF, which afforded compound 30 via Agl elimination.

The potential of complexes 40—42 as precursors to further iron-monocarbollide
species is also demonstrated®® by the conversion of 41 to [N(PPhs),][7-1-2,2-(CO)»-
2-CNBu'-closo-2,1-FeCBoH ] (43), parallel to the synthesis of 28 from 11. More-
over, the utility of species such as 41 for the introduction of cluster organyl sub-
stituents was shown by its reaction with [MgBr(CsHsMe-4)] in THF, which gave
[N(PPh;),][7-(CcHsMe-4')-2,2,2-(CO)5-closo-2,1-FeCBgH o] (44) via a cross-
coupling reaction. Derivatives of the manganese dicarbollide anion [3,3,3-(CO);-
closo-3,1,2-MnC,BgH 4], isolobal with the anion of 11, have recently also been
demonstrated to possess an extensive cage substitution chemistry,* with many
parallels evident between the two systems. Compounds such as 40-44 would be
expected to undergo many of the reactions observed for the corresponding
{MnC,By} species, leading to complexes bearing multiple cage-boron substituents.

b. Complexes of Molybdenum and Tungsten

The monocarbollide-molybdenum and -tungsten carbonyl complexes 12 and 13 in
many ways show a similar chemistry to that of 11 (Chart 10). Because the earlier
mentioned molybdenum salt 12 in solution is somewhat unstable, the derivatives
[N(PPh3),][2,2,2-(CO);-2-PPh3-closo-2,1-MCBoH ;] [M = Mo (45), W (46)] were
usually employed in further synthesis.'*'** These reagents, along with other M-
substituted species [N(PPh3),][2,2,2-(CO);-2-CNBu'-closo-2,1-MCBoH,;] [M = Mo
(47), W (48)], were prepared by reaction of 12 or 13 with the donor ligand in the
presence of Me;NO. When Bu'C=CH is the added ligand in the latter reaction, two
carbonyl molecules are substituted and the alkyne behaves as a four-electron donor in
the products [N(PPhs),][2,2-(CO),-2-(Bu'C=CH)-closo-2,1-MCB,,H,;] [M = Mo
(49), W (50)]."%15% A series of charge-compensated complexes [2,2,2-(CO)s-2-PPhs-
7-L-closo-2,1-MCBjoH o] has been prepared by treating mixtures of either the molyb-
denum 45 or the tungsten 46 precursors with a donor molecule L and either
CF3;SO3Me or concentrated H,SO4 [L = OEt,, M =Mo (51), M =W (52);
L = O(CHy)4, M = Mo (53), M = W (54); L = SMe,, M = Mo (55); L = S(CH,)4,
M = Mo (56), M = W (57); L = CNBu', M = Mo (58), M = W (59); L = CNXjyl,
M = Mo (60), M = W (61)].'*1>*

As noted earlier, reactivity at the exo-polyhedral groups L without degradation
of the cage system is of interest because functionalization of cage boron atoms
opens the way to further new chemistry. If the donor atom is the oxygen of an ether
molecule it carries a formal positive charge rendering an adjacent atom susceptible
to attack by nucleophiles. Thus, treatment of 52 in THF with Me;NO, followed by
addition of [PPh4]Br, affords [PPhy4][2,2,2-(CO);-2-PPhs-7-OEt-closo-WCBoH (]
(62), resulting from cleavage of an Et group from the precursor. The potential of
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13

this methodology to introduce functional groups on the cage is well illustrated by a
similar reaction with 54. In the latter, the CH, group to be displaced is anchored to
the boron-bound oxygen by the CH, chain. Treatment with Me;NO followed by
[PPhy]Br allowed the isolation of the compound [PPhy][2,2,2-(CO)s-2-PPhs-7-
{O(CH,);C(H)O}-closo-2,1-WCBoH;o] (63) with a pendant aldehyde group at-

tached to the cage.'™

The high anionic charge of the ligand [nido-7-CB,oH ;1>

is capable of stabilizing

metals in higher oxidation states than the formal + II state of the molybdenum and
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tungsten found in the complexes discussed above. Since these two metals are ca-
pable of having oxidation states above M'!, oxidation rather than cage substitution
can occur when the species 12 and 13 are treated with some reagents.'”® However,
there was a perceived need in such reactions for donors other than CO to be
present, since in the higher oxidation state stabilization by the m bonding of CO
molecules to the metal would be less effective. Thus when 12 in CH,Cl, is treated
with iodine in the presence of excess CNBu' the neutral Mo" compound [2,2,2,2-
(CNBu')4-2-I-closo-2,1-MoCB;oH ;] (64) is produced in high yield (Chart 11). A
similar reaction with 13 affords a mixture of the tungsten compounds [2,2,2-
(CNBu");-2-CO-2-I-closo-2,1-WCBoH;,] (65) and [2,2-(CNBu'),-2,2-(CO),-2-I-
closo-2,1-WCB10H1 1] (66)

Compound 12 displays an altogether different reactivity pattern upon treatment
with iodine in the presence of an ether or a thioether.'*® Thus, the sole product of the
reaction of 12 in THF with iodine was the anionic Mo complex [N(PPhs),][2.2.2-
(CO)3-2-1-7-O(CHy)4-closo-2,1-MoCBoH o] (67), with the carborane cage having
undergone a substitution at a boron vertex. The substitution occurs at a § boron
atom in the CBBBB face that ligates the molybdenum atom. When 67 is treated with
further iodine in THF no reaction occurs. However, treatment with iodine using
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S(CH,)4 as solvent results in a second cage substitution to give [2,2,2-(CO)3-2-1-3-
S(CH,)4-11-O(CH,)4-closo-2,1-MoCBoHy] (68), suggesting that iodine is more reac-
tive in this medium. Notably, this second boron-bound substituent becomes attached
to a boron atom in an o site in the molybdenum-coordinated CBBBB face.

With thioether ligands and iodine, compound 12 also reacts to yield cage-substituted
species, but the situation is more complicated than that with THF."*® With equimolar
amounts of iodine and thioethers L [L = S(CH,)4, cyclo-1,4-S>5(CH,)4, cyclo-1,4,7-
S3(CHy)g, cyclo-1,4,7,10-S4(CH,)g] two distinct product types are formed (Chart 12).
The members of the first series have the general formulation [2,2,2-(CO);-2,3-(p-I)-n-L-
closo-2,1-MoCBoHy] and for each L they are formed as a mixture of two isomers
(n="7 or 11). An X-ray crystallographic study on one isomer of the species [2,2,2-
(CO);-2,3-(p-I)-n-{cyclo-1,4,7-S3(CH,)g }-closo-2,1-MoCB;gHo] established that the io-
dide ligand bridges between the metal atom and an o boron atom in the coordinating
CBBBB face of the carborane cage. The trithiacyclononane ligand is bonded to a
boron atom in a site that is § with respect to the cage-carbon atom in the open CBBBB
face of the cage. This isomer is thus formulated as [2,2,2-(CO)5-2,3-(u-1)-7-{cyclo-1,4,7-
S3(CH»)g}-closo-2,1-MoCBjgHy] (69) with the iodine atom and the thioether attached
to adjacent sites, o and P respectively, in the pentahapto CBBBB face. The other isomer
is of  formulation [2,2,2-(CO)5-2,3-(u-1)-11-{cyclo-1,4,7-S5(CH»)g}-closo-2,1-
MoCB,oHo] (70) with the two substituents located at non-adjacent o and B’ boron
atoms of the CBBBB belt. The iodine-promoted replacement of boron-bound hydrides
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by the two electron donor thioether molecules may formally be regarded as an oxi-
dative-substitution reaction, as discussed in more detail elsewhere.'*°

In the second series of compounds formed in the reaction between 12 and I, and
thioethers, two thiane molecules are attached to the cage in non-adjacent o and B’
sites with respect to the carbon in the CBBBB ring. These products are formed as
single isomers and the structure of [2,2,2-(CO)3-2-1-3,11-{cyclo-1,4-S5(CH5)4}»-
closo-2,1-MoCBoHy] (71) was confirmed by X-ray diffraction.

In contrast to the above reactions of 12 with I, compound 45 in CH,Cl, with the
interhalogen ICl (1 equiv) gave a mixture of [2,2,2-(CO)3-2,3-(u-I)-6-OPPh;-closo-
2,1-MoCBoHy] (72) and [2,2,2-(CO);3-2-1-3,6-(OPPhj3),-closo-2,1-MoCBoHy] (73),
both identified with the aid of X-ray diffraction studies (Chart 13).>> The bridging
iodide in 72 is similar to that found in compounds 69 and 70 and related species,
and is bonded to both the molybdenum vertex and an o boron atom in the Mo-
bound CBBBB belt; the second boron-bound substituent, an OPPh; molecule, is
bonded to the other o boron atom. In 73 there are two OPPhjs substituents, both of
which are bound to o boron atoms in the CBBBB ring; the iodide is terminal to the
molybdenum. Arguably, complexes 72 and 73 could both be formed from a com-
mon intermediate, similarly to the scheme proposed for the formation of com-
pounds 69-71."%° However, the reaction here must be considerably more complex:
although the OPPh; molecules are believed to originate from the Mo-bound PPh;
ligand of the precursor 45, it is not clear how they are oxidized and then become
attached to the cluster.

c. Complexes of Nickel and Cobalt

In common with the molybdenum (12) and tungsten (13) species discussed earlier,
the nickel-bound CO ligands in 18 are somewhat labile and hence phosphine-sub-
stituted derivatives [N(PPh;),][2-CO-2-PR3-closo-2,1-NiCBoH;] [R = Et (74), Ph
(75)] were again prepared and used in further studies (Chart 14).2° Protonation of
74 or 75 with H[BF,4] OEt, in CH,Cl,—OEt, then afforded zwitterionic species, with
74 giving as expected [7-OEt,-2-CO-2-PEts-closo-2,1-NiCBoH ] (76).>° However,
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the analogous product was not obtained from 75, which instead yielded [7-OEt,-2-
CO-2,11-PPh,(C¢Hy4-2'-B)-closo-2,1-NiCB¢Ho] (77) in which an additional ortho-
cycloboronation of a phosphine phenyl ring has occurred. Compound 75, like
complexes 11 and 38 (and 45 and 46'°%), also reacts with NCMe and CF;SO;Me to
afford a product, [7-{N(Me)— C(H)Me}-2-CO-2-PPh;-closo-2,1-NiCBoH;(] (78),
with a boron-bound iminium group. However, 78 is formed as a mixture of both £
and Z isomers, a feature confirmed by NMR spectroscopy and X-ray diffraction
analyses.?

Treatment of the cobalt complex 21 with PEt; or CNBu', or with PPh; in the
presence of Me;NO, affords [N(PPhs),][2-NO-2-L-closo-2,1-CoCBoH; ;] [L = PEt;
(79), CNBu' (80), PPhs (81)] (Chart 15).>' Surprisingly, with an excess of CNBu'
compound 21 reacts to give the Co™ species [2,2,2-(CNBu');-2,1-closo-CoCB;oH ]
(82).

Compound 79 reacts with O(CH,), and NCMe in the presence of CF3SO;Me, like
the iron complex 11 and the molybdenum and tungsten complexes 45 and 46, to give
zwitterionic compounds [2-NO-2-PEt;3-7-L-closo-2,1-CoCB;oH ;o] [L = O(CH,)4 (83),
NCMe (84)].%' Interestingly, the acetonitrile reaction gave in addition to 84 small
amounts of the imine complex [7-{N(Me)= C(H)Me}-2-NO-2-PEt;-closo-2,1-
CoCBjoH (] (85), a product related to the iron and nickel compounds 34 and 78,
respectively. The latter pair were the only products when 11 and 75, respectively, were
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treated with NCMe in the presence of CF3SO3;Me. It was thought that in the reaction
with the iron and nickel compounds the acetonitrile was preferentially methylated to
give [MeC=NMe] ", and that this species then reacts with hydridic hydride from a
cage B-H®" to yield the B-N(Me) = C(H)Me group. That the same reaction with the
cobalt complex 74 proceeds to give only small amounts of 85, with 84 as the major
product, is probably due to the p-B-H® group in the Co' compound having en-
hanced hydridic character due to the presence of the PEt; ligand contributing electron
density to the cage system. Hence, the electrophile Me™ preferentially reacts with the
B-B-H group, rather than the nitrogen of the :NCMe reagent.

2. Protonation and Related Reactions of Platinum Complexes

It is apparent from the reactions described above that in the anionic mono-
carbollide metal carbonyls the negative charge is delocalized over the icosahedral
framework and not localized on the metal center. Thus protonation of 11 in THF
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affords the zwitterionic complex 30 rather than an Fe'Y hydrido complex [2,2,2-
(CO);3-2-H-closo-2,1-FeCBoH{]. Several attempts to protonate the rhenium
complex 14 were also unsuccessful, and ZINDO (Zerner’s Intermediate Neglect
of Differential Overlap) and EHMO (Extended Hiickel Molecular Orbital) calcu-
lations indicated that the negative charge in the rhenium dianion was very diffuse
and highly delocalized about the closo-icosahedral framework.'® The net result is
that the exo-polyhedral cage B-H units have enhanced hydridic character and thus
have a propensity to be removed on treatment with electrophiles such as H", Me ",
Ph;C™", or NO™.

The platinum complex 15 is an exception to the behavior of the anionic mono-
nuclear monocarbollide complexes 11-14, 45, 46, 74, 75, and 79, in that on proto-
nation with H[BF4] - OEt, in THF it forms a neutral stable hydrido compound [2,2-
(PEt3),-2-H-closo-2,1-PtCBoH ;] (86) (Chart 16) rather than a zwitterionic species
[7-O(CH2)4-2,2—(PEt3)2-closo-2,l-PtCBIOHw].17 Probably in 15 the nucleophilicity
of the metal center is sufficiently enhanced by the two strongly donating PEt;
groups ligating the platinum that the proton attacks the metal rather than a hydride
of a BBfHS* group in the metal coordinating CBBBB ring system. However, the
products obtained by protonating 15 and similar platinum complexes depend on the
acid used and the nature of the phosphine ligands.
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Protonation of compound 16 with HCI in Et,O afforded three products. The
anticipated hydrido species [2,2-(PMe,Ph),-2-H-closo-2,1-PtCBgH,,] (87) was
formed in about 15% yield, along with the chloride complex [2,2-(PMe,Ph),-2-
Cl-closo-2,1-PtCBoH ;] (88) in yields of about 10%.'® Formation of the latter is
understandable because it is a characteristic of transition metal hydrides such as 87
to react with ClI to give chloro complexes. The reaction product formed in
highest yield (ca. 20%), however, was the diplatinum species 89. An X-ray
diffraction study showed the molecule to consist of two {closo-2,1-PtCB,,} cage
frameworks, conjoined by a B-B connectivity [1.726(8) A] and by two relatively
long Pt—B connectivities [2.660(6) and 2.632(6) A]. The B-B link is formed between
a boron atom that is in a [ site in the platinum-bound CBBBB ring of one
sub-cluster and one in an « site in the other CBBBB ring. Each of these two boron
atoms is also involved in a B-Pt linkage to the adjacent {PtCB o} moiety. Thus the
PtBPtB unit forms a ‘butterfly’ arrangement, with the platinum atoms at the wing-
tips, similar to the four boron atoms which join together two {nido-7,8-C,BoH1}
cage systems in the ‘macropolyhedral’ carborane C4BgH»,.%

The pathway by which 89 is formed is not known but appears to involve
oxidation of the anion in 16 followed by a combination of two {2,2-(PMe,Ph),-
closo-2,1-PtCBgH,} fragments with loss of molecular hydrogen. Interestingly,
C4Bi3H», is also formed by loss of hydrogen upon oxidation of the anion [nido-
7,8-C>BoH 5] .

The results obtained by protonating 16 with HCI in Et,O prompted an investi-
gation of products formed by treating 15 with the same acid. The reaction afforded a
complex mixture among which was the hydrido complex 86 formed in only ca.
10-15% vyield. The carborane anion [nido-7-CBioH;5] was detected by 'B{'H}
NMR spectroscopy among the products and this led to the addition of [NEt,]I to the
mixture in an attempt to obtain anions of any other carborane species present. This
permitted the isolation of the very unusual green crystalline compound [7,7-p-
{I(H)}-{2,2-(PEt3),-closo-2,1-PtCBoH ¢}>] (90). An X-ray diffraction study revealed
that the molecule has two {2,2-(PEt3),-closo-2,1-PtCBgH;o} units bridged by an
iodine atom. Although the H atom of the HI group was not unambiguously located,
a weak residual peak was found in the final electron density map. Thus formally the
compound results from replacement of a cage hydride in each of two anions of
15 by iodine. Moreover, in both halves of the molecule the boron atoms linked to the
iodine are in a B site with respect to the carbons in the CBBBB rings ligating the
metal atoms. There is precedent for a structure in which two carborane cages are
joined by a halide bridge. Thus in the compound [9,9'-(u-Br)-(closo-1,7-
CyB1gH11)-][BF4], two {closo-1,7-C>B;oH;} cages are linked by a bridging Br lig-
and.?” Moreover, the B-Br-B angle therein (111.7°) is remarkably similar to
the B-I-B angle [112.1(3)°] in 90. The attachment of the H atom to the iodine in the
latter allows a satisfactory explanation for the valence electron count in 90
that would not be possible if it were absent. The HI group via its iodine atom can be
regarded as formally donating an electron pair to each {closo-2,1-PtCBoH;¢}
unit. In this manner, the icosahedral {PtCB;oH oI} moieties each attain the necessary
13 skeletal electron pairs for a filled orbital description, it being noted that a
{Pt(PEt3),} group is isolobal with a BH vertex contributing two electrons for
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cluster bonding, and an {I:— B} vertex would contribute three electrons behaving
like a CH unit.

During the course of studies with compound 15 reactions with PhSeCl and PhTel
were investigated to determine if simple metathetical reactions would occur to give
species [2,2-(PEt3),-2-XPh-closo-2,1-PtCB;oH;;] (X = Se, Te). It had previously
been shown that a mercury compound [2,2-(PEt;),-2-HgPh-closo-2,1-PtCBoH ;]
(91) can be prepared by treating 15 with PhHgCL.'” With the selenium and tellurium
reagents in THF, however, complex mixtures of products were obtained via path-
ways not established.'” From PhSeCl the compounds [2-PEt;-2,n-(SePh),-closo-2,1-
PtCBgHio] [n=3 (92) or 7 (93)] and [2-PEt;-2-SePh-3-{O(CH,)4Cl}-closo-2,1-
PtCBoH o] (94) were characterized (Chart 17). From reactions described earlier in
this chapter, it seems very likely that 94 results from nucleophilic attack of CI" on an
intermediate having an O(CH,),4 molecule coordinated to a boron located in an o
site in the metal-ligating CBBBB ring. With PhTel, a product of formulation [2,2-
(PEt3),-7-{Te(Ph)CH,Cl}-closo-2,1-PtCBoH ;o] (95) was obtained, along with the
poly-tellurium species 96. The {CH,Cl} moiety in 95 was presumably derived from
dichloromethane used in workup procedures.
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C. Zwitterionic Bimetallic Compounds'

Although the monocarbollide metal carbonyl complexes do not yield neutral
hydrido compounds when they are protonated they do, in common with the
platinum (15), cobalt (81) and nickel (17, 19, 20, 75) monocarbollide compounds,
often afford stable bimetal complexes on reaction with sources of the fragments
{M(PPh3)} © (M = Cu, Ag, Au) which are isolobal with the proton. Thus, the
platinum compound 15 reacts with the reagents [CuCl(PPhs)]4 and [AuCI(PPh3)] to
give [2,7,11-{Cu(PPhj3)}-7,11-(n-H),-2,2-(PEt3),-closo-2,1-PtCBoHo] (97) and [2-
{Au(PPh3)}-2,2-(PEts),-closo-2,1-PtCBoH 1] (98), respectively (Chart 18)."” The
cobalt compound 81 also reacts with [CuCl(PPhj3)]; and [AuCI(PPhj)], in the pres-
ence of TI[PFg], to form [2,7,11-{Cu(PPhs)}-7,11-(n-H),-2-NO-2-PPh;-closo-2,1-
CoBigHo] (99) and [2-{Au(PPhj3)}-2-NO-2-PPh;-closo-2,1-CoCB;oH1;] (100), and
with Ag[BF,] and PPh; to yield [2,7-{Ag(PPh;)}-7-(u-H)-2-NO-2-PPhjs-closo-2,1-
CoCB,Ho] (101).>" It should be noted that in the copper and silver complexes the
direct metal-metal bond is supported by agostic B-H—M (M =Cu or Ag) inter-
actions whereas in the gold species it is believed that only a direct metal-metal bond
is present.

Similarly to the platinum and cobalt systems, treatment of the nickel complexes
17b, 19, and 75 with [CuCI(PPh3)]; and TI[PFg] affords the respective bimetallic
species®® [2,7,11-{Cu(PPh3)}-7,11-(p-H),-2-L-2-L'-closo-2,1-NiCBoHo] [L =L’ =
CNBu' (102); L =L’ = CNXyl (103); L = CO, L’ = PPh; (104)]. In addition, a
species with L = CNBu' and L' = PPh; (105) was surprisingly formed along with
102. With Ag[BF,] and PPhs, complex 75 gave [2,7-{Ag(PPh;)}-7-(u-H)-2-CO-2-
PPhs-closo-2,1-NiCB;oH ;o] (106), directly analogous to 101. However, when 75 was
treated with Ag[BF,] alone, the same Ni-Ag species 106 was also obtained in
modest yields via PPhjy scavenging, and was accompanied by small quantities of
the full-sandwich species [Ag(PPh;)s][commo-2,2'-Ni-{closo-2,1-NiCBoH;}{7'-
O(CH,)4-closo-2',1"-NiCB,oH,0}] (107).® Formation of the latter may be ration-
alized in terms of a coming together of {closo-2,1-NiCB;o} and {nido-7-CB;o}
fragments that are formed when PPhs is scavenged from the precursor. An Ag " -
promoted oxidative substitution'*® of a boron-bound hydride by a THF molecule
has also occurred during the reaction. Treatment of compounds 19 and 75
with [AuCI(PPh3)] in the presence of TI[PF¢] also gave bimetallic species [2,7-
{Au(PPh;)}-7-(u-H)-2-L-2-L'-closo-2,1-NiCBoH o] [L = L' = CNXyl (108); L =
CO, L' = PPh; (109)]. Of these, an X-ray diffraction study upon 108 showed the
presence of an Ni—Au bond that was supplemented by a B-H—Au agostic-type
interaction, so that the structure is similar to 106, rather than 98.

In contrast with the bimetallic nickel-monocarbollide derivatives 102-106, 108,
and 109, the {Cu(PPh;)} " adduct [7,8,12-{Cu(PPh3)}-7,8,12-(n-H)s-2,2-(cod)-closo-
2,1-NiCB(Hg] (110) formed from 20 lacks an Ni—-Cu bond and the exo-polyhedral

7In structural formulae, metal-metal bonds are drawn for simplicity as a single line, but this need not
imply a conventional single bond. This depiction is only used to indicate the presence of a connectivity
between the two atoms, and does not necessarily denote a particular distribution of electrons in these
zwitterionic compounds.
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metal fragment is supported only by three B-H—Cu interactions (Chart 19).?* The
reasons for this preference are not clear, but might be related to the differing donor
properties of the nickel-bound ligands and the consequent effect on charge distri-
bution within the cluster.

Several other species are also known where there are no metal-metal bonds and
{M(PPh3)} ™ (M = Cu or Ag) fragments are attached to the cage in an exo-pol-
yhedral manner, namely [7,8,12-{Cu(PPh;)}-7,8,12-(u-H);-2,2,2-(CO);3-closo-2,1-
FeCBoHg] (111), [7,12-{Ag(PPhj3)}-7,12-(u-H),-2,2,2-(CO);-closo-2,1-FeCBoHo]
(112), [7,8,12-{Cu(PPh3)}-7,8,12-(u-H)s-2,2,2-(CO);3-2-PPhs-closo-2,1-MoCB;oHg]
(113) and [7,12-{Ag(PPhs)}-7,12-(u-H),-2,2,2-(CO);3-2-PPhs-closo-2,1-MoCB;oHy]
(114).%° These charge-compensated products are formed in reactions between 11
and 45, respectively, with {M(PPh3)} . It is noteworthy that the {Au(PPhs)} "
moiety does not bond with either 11 or 45 perhaps because it is less electrophilic



24 T.D. MCGRATH AND F.G.A. STONE

SN

€z !Tz‘;:;.
l@’:\[\&\'—ﬂ )CU/PPhg
N7 H

2
X
Y

A\

N7l

—)

AN

ZO==0=y

D

2 35‘5
Y, X'\m

%)

‘\‘%dg’/ N7
C AN
o & ey A
113 114
®@cH OBH OB
CHART 19.

than the copper and silver fragments and is not stabilized by a single B-H—Au
bond. Moreover, the negative charges associated with the anions of 11 and 45 are
evidently insufficiently metal centered for direct Fe—Au and Mo—Au bonds to be
formed as occurs in the corresponding reactions with the reagents 15, 19, 75, and
81. An interesting feature of the complexes formed by {Cu(PPhs)} " is the propen-
sity for copper to use four valence orbitals in bonding so that there are three
attachments to the cage system, as shown by the X-ray diffraction studies upon 97,
99, 104, 110, and 113. The difference in geometries in bonding of the {M(PPh;)} *
(M = Cu or Au) group may be the consequence of the valence hybrid sp. and the
degenerate pair of p, and p, orbitals for copper being sufficiently close to make all
three orbitals valence orbitals, whereas with gold the p, and p, orbitals are of much
higher energy and therefore less accessible for bonding.*

The mode of attachment of the {M(PPhs)} © fragments (M = Cu, Ag) to the cage
via only B-H—M bonds is not limited to the complexes 110-114, as evidenced by
the structures of [12-{Fe(CO),(n-CsMes)}-12-(u-H)-2,2,2-(CO);3-2-PPhs-closo-2,1-
MoCBoHjo] (115) and [7,8,12-{RuCl(PPhj3),}-7,8,12-(n-H);3-2,2,2-(CO);-2-PPh;-
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closo-2,1-MoCBoHg] (116) in which the electrophilic metal-ligand groups are
bonded to the cage frameworks via one and three agostic B-H—ML,, bonds, res-
pectively (Chart 20).° The various bimetal compounds formed from 11 and 45
illustrate the ability of the mononuclear iron and molybdenum anions to function
as mono-, bi-, or tri-dentate ligands to the transition metal-ligand fragments. It is
noteworthy that in the adduct 115 formed with the iron moiety {Fe(CO)y(n-
CsMes)} ™ the latter group is coordinated by a single agostic-type B-H—Fe bond
involving a boron atom that is situated in the Bs belt above the metal ligating
CBBBB ring and which is antipodal to the cage carbon atom. There is a striking
similarity between the structure of compound 115 and that of [12-{Fe(CO)»(n-
CsHs)}-12-(u-H)-closo-1-CB11Hq1] (117). The latter complex was prepared as part
of a study using carborane anions as weakly coordinating anions.’' The
{Mo(CO)5(PPh3)} vertex in 115 is notionally replaced by the isolobal BH vertex
in 117.

It has been determined for the anion [closo-CB{1H,] that the B-H vertex anti-
podal to the cage carbon atom is the most electron-rich site, thus rationalizing the
location of the exo-{Fe(CO)>(n-CsHs)} © fragment in compound 117. For metal-
lacarboranes there is an accumulation of extra electron density at sites adjacent to
the metal. Indeed, for dicarbollide complexes {3-L,-1,2-R,-closo-3,1,2-MC,BoHo}
(R = H or Me) activation of vertexes not in the coordinating CCBBB ring is quite
rare. It might seem plausible that in 115, with a bulky PPh; ligand and an
{Fe(CO)»(n-CsMes)} group in play, the CBBBB sites in the metallacarborane frag-
ment are not as readily accessible. However, the species [n-{Fe(CO),(n-CsMes)}-n-
(1-H)-3,3,3-(CO);3-closo-3,1,2-ReCyBgH o], derived from [3,3,3-(CO)s-closo-3,1,2-
ReC,BoH ;] and {Fe(CO)>(n-CsMes)} *, is formed as an equimolar mixture of two
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isomers (n = 4 and 8), with the exo group attached to the o or B boron atoms in the
coordinating CCBBB ring.** This suggests that steric effects are not dominant in
115 and that the antipodal B-H vertex is the most electronically favorable site for
coordinating an exo-ML,, moiety.

The rhenium reagent 14 reacts with the complexes [PtCl,L,] in the presence of
TI[PF¢] to give the compounds [2,7-{PtL,}-7-(u-H)-2,2,2-(CO)3-closo-2,1-ReCBoH ]
[L = PPh; (118), PEt; (119); L, = dppe (120; dppe = Ph,PCH,CH,PPh,)] (Chart
21).'® An X-ray diffraction study established that the B-H—Pt bond involves a BH
group in a B position in the CBBBB ring pentahapto coordinated to the rhenium.
There was no evidence for isomers in which there was a B,—H—Pt bridge bond, in
accord with the B-BH groups being the more hydridic in character than the o-BH
groups in the CBBBB ring. An analogous palladium compound 121 has been pre-
pared in a similar manner from [PdCly(dppe)]. This product displays dynamic be-
havior on the NMR time scale in accord with an exchange between the two
equivalent Bg—H bonds in the CBBBB coordinating face which form the B-H—Pd
linkage, thus generating a pseudo plane of symmetry within the molecule.

Compound 14 also reacts with the group 9 transition metal complexes
[M(NCMe);(n-CsMes)|[BF4], to form the binuclear metal compounds [2,3,7-
{M(n-CsMes)}-3,7-(1-H)»-2,2,2-(CO)5-closo-2,1-ReCBgHg] [M = Rh (122), Ir
(123)]. An X-ray diffraction study revealed that in 122 the {Rh(n-CsMes)}

NN

AN NN

N7 e

~—
AAN\\/7Z28% H \\\?f// H
c \Pt\L c @ M—PpPPh,
O \ (6)
& C L c C
o] O O ppp
L M
118  PPh, 120 Pt
119 PEty 121 Pd

)
AN
.7-.

X

KN

f&—@
Nl

M X

122 Rh 124 H

123 Ir 125 Au(PPhjg)
@®@cH OBH OB

CHART 21.



Metal Complexes of Monocarbon Carboranes 27

fragment is attached to the {closo-2,1-ReCB;y} framework by an Re-Rh bond and
two B-H—Rh linkages. The latter involve boron atoms in o and [ sites with respect
to the carbon atom of the CBBBB face of the cage ligating the rhenium atom. The
complex is highly dynamic in solution with different processes in play. One involves
heterolytic fission of the Re—Rh bond and migration of the {Rh(n-CsMe;s)} frag-
ment about the polyhedral {closo-2,1-ReCB;(} framework. This occurs via multiple
exchanges of B-H bonds, employing a maximum of three B-H—Rh bonds and
involving BH vertexes in both the Re-coordinating lower CB4 and the upper Bs
pentagonal belts. A very similar dynamic exchange process, in which a {Rh(PPhs),}
fragment traverses the B-H vertexes in an exo-polyhedral manner, occurs for the
complexes [ex0-5,10-{Rh(PPhj3),}-5,10-(u-H),-endo-10-X-7,8-Me,-nido-7,8-C>BoH-]
[X =H (124),>* Au(PPhs) (125)°°] and [8,9-{Rh(PPh;),}-8,9-(u-H),-3,3,3-(CO)-
closo-3,1,2-ReC,BgHy]. The latter forms by treating Cs[3,3,3-(CO);s-closo-3,1,2-
ReC,ByH{;] with [RhCI(PPhs)s], and indeed the dicarbollide anion [3,3,3-(CO)s-
closo-3,1,2-ReC,BoH 1], like 14, affords a range of zwitterionic complexes on
treatment with electrophilic metal-ligand fragments.*?

Compounds 122 and 123 react with phosphines PR; to give species in which one
of the B-H—M interactions in the precursors (M = Rh, Ir) is replaced by an
M-PR; bond. These species are often formed as mixtures of isomers, of which the
structural types are exemplified by the complexes [2,3-anti-{Rh(PMe,Ph)(n-
CsMes)}-3-(u-H)-2,2,2-(CO)s-closo-2,1-ReCBgH1g]  (126) and  [2,7-syn-{Ir(P-
Me,Ph)(n-CsMes)}-7-(n-H)-2,2,2-(CO)5-closo-2,1-ReCBoH o] (127) which were
characterized by X-ray diffraction (Chart 22).** The nature of the isomerism de-
rives from whether the B-H—M bridge involves an a-BH (as in 126) or a B-BH (as
in 127) in the rhenium-bonded CBBBB face, in combination with the relative dis-
position (anti or syn) of the phosphine with respect to this hydride. A more detailed
discussion of this system is presented elsewhere.?

The formation of the bimetallic complexes 118-123 involves combination of di-
cationic transition metal fragments with the dianion of compound 14. A further
possibility exists, scarcely studied for 12-vertex {closo-2,1-ReCB,} species but more
extensively exploited in the analogous 11-vertex {closo-1,2-MCBy} system
(M = Mn, Re) discussed in Section IV. Treatment of the dianion of 14 with two
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equivalents of suitable monocationic fragments should give access to trimetallic
species. Thus, 14 with [CuCl(PPh;3)]; and TI[PFg] gave [2,3,7-{Cu(PPhj3)}-2,6,11-
{Cu(PPh;)}-3,6,7,11-(u-H),4-2,2,2-(CO)5-closo-2,1-ReCBoH,] (128) (Chart 23).%°
An X-ray diffraction experiment upon 128 revealed a V-shaped Cu-Re—Cu unit
[Cu—Re = 2.6500(11), 2.6658(12) A; Cu—Re—-Cu = 124.65(4)°], with each
{Cu(PPh3)} fragment attached via an Re-Cu bond and two B-H—Cu agostic-
type linkages. Each pair of B-H—Cu interactions uses one «-B—H and one f-B-H
in the Re-bound CBBBB face.

v
MONOCARBOLLIDE-METAL COMPLEXES WITH
NON-ICOSAHEDRAL CORE FRAMEWORKS

The material reviewed in this Chapter hitherto has focused on metallacarboranes
in which the metal atom is a vertex in an icosahedral cage framework. Until
recently, monocarbollide metal compounds with core structures other than 12 ver-
texes were very rare since suitable carborane precursors were not readily available.*
However, Brellochs’ recent development of the reaction of decaborane with alde-
hydes to give 10-vertex monocarboranes®’ permits a considerable expansion in this
area of boron cluster chemistry. As a consequence, several intermediate-sized
monocarboranes are now easily accessible and we have recently begun to exploit the
opportunities that these present. In particular, we have focused thus far on com-
plexes derived from the C-phenyl-substituted species [6-Ph-nido-6-CBoH;,].>® It is
clear from these initial studies that a wealth of new chemistry remains to be dis-
covered in this area, not only from among the metal derivatives of {PhCBy} car-
boranes such as those discussed in this section, but also in the metal complexes of
other newly available carboranes.
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A. Chemistry of the 11-Vertex Dianions [1,1,1-(CO)s-2-Ph-closo-1,2-
MCBgHgF~ (M = Mn, Re)

Treatment of [NEty][6-Ph-nido-6-CBgH ;] in THF with Bu"Li (2 equiv) followed
by [Mn(NCMe);(CO);][PFg] or [ReBr(THF),(CO);] gives the respective metal-
lacarborane dianions, isolated as the mixed salts [NEty][N(PPhs),][1,1,1-(CO);-2-
Ph-closo-1,2-MCBsHo] [M =Mn (129),* Re (130)*°], after addition of
[N(PPh3),]Cl (Chart 24). The actual existence during the synthesis of the trianion
[6-Ph-nido-6-CByHo]® can only be inferred. X-ray diffraction studies of both salts
confirmed that in their dianions the {M(CO);} group is n’-coordinated by the
CBBBBB face of the {6-Ph-nido-6-CByHo} ligand, the metal vertex being closer to
the two ‘prow” atoms of the boat-shaped ligating face [Mn—C 2.125(7) and Mn-B
2.118(8) A in 129; Re—C 2.226(8) and Re-B 2.210(12) A in 130] than to the other
four coordinating boron atoms [2.354(8)-2.424(9) A in 129; 2.477(11)-2.525(10) A
in 130], a feature typical of such closo-11-vertex 1-metalla(hetero)boranes.**!

The dianions of 129 and 130 show contrasting behavior upon treatment with
oxidizing agents. Thus, complex 129 in CH,Cl, with HgCl, gives [N(PPh3),][1,1,1-
(CO)3-2-Ph-closo-1,2-MnCByH,] (131) by a one-electron oxidation process.>” Con-
versely, solutions of 130 in CH,Cl, with HgCl, or I, give monoanionic complexes
[N(PPh;),][1,1-(CO),-1-X-2-Ph-hypercloso-1,2-ReCBgHy] [X = Cl (132), 1 (133)],
respectively,® that formally are products of two-electron oxidation reactions. The
latter oxidations appear reversible, as treatment of 132 with Na[C;oHg] (2 equiv)
and CO at low temperatures regenerated the dianion of 130.*

The anion of 131 is paramagnetic, formally Mn"", and is surprisingly stable. A
room temperature EPR (Electron Paramagnetic Resonance) study showed a six line
pattern characteristic for a paramagnetic Mn'' complex with coupling to the >Mn
nucleus, indicating significant localization of the unpaired electron onto the man-
ganese. Additional coupling to the cage hydrogen and boron atoms observed at low
temperature provided evidence that the radical center is also distributed over the
whole cluster, a conclusion supported by DFT (Density Functional Theory) cal-
culations. This delocalization is likely a contributor to the stability of 131.

Unlike those in 130, the CO groups in 132 and 133 are readily substituted by
donor ligands and treatment with, for example, PEt; gave near-quantitative con-
version to [N(PPhj;),][1-CO-1-PEt3-1-X-2-Ph-hypercloso-1,2-ReCBgHy] [X = Cl
(134), 1 (135)]. The rhenium-bound halide in these products may also be replaced
upon reaction with donors L (1 equiv) in the presence of TI[PF¢]. Thus, compound
134 with L = PEt; gave [1-CO-1,1-(PEt;),-2-Ph-hypercloso-1,2-ReCBgHy] (136);
while with L = CNBu' it gave a mixture containing the species [1-L-1-L’-1-PEt;-2-
Ph-hypercloso-1,2-ReCBoHy] [L = CO, L' = CNBu' (137); L = L’ = CNBu' (138)],
along with small quantities of 136, and with 138 being the major product.*?

As with the icosahedral monocarbollide-metal species reviewed in the preceding
sections, the boron-bound hydrides of 129 and 130 may be abstracted by Me ™ and

¥The descriptor hypercloso is used here for clusters whose shapes are closed triangulated polyhedra, but
which have one less electron pair available for skeletal bonding than do conventional closo species,
according to traditional electron counting methods.
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replaced by donor ligands L.** Thus, treatment of 129 or 130 with CF5SO;Me in the
presence of OEt, or NCMe gave, respectively, [6,7-L,-1,1,1-(CO);3-2-Ph-closo-1,2-
MCByH;] [M =Mn, L=O0Et, (139); M =Mn, L =NCMe (140); M = Re,
L = OEt, (141); M = Re, L = NCMe (142)] (Chart 25). The dianionic nature of
the metallacarboranes in the precursors 129 and 130 allows for double hydride
replacement to give neutral species, with both ligands L becoming bound to B boron
atoms in the metal-bound CBBBBB face. It is notable that in the formation of 140
and 142 boron-bound hydrides are replaced by NCMe molecules, similar to that in
compound 84, rather than imine moieties as was generally observed in other
monoanionic icosahedral metallacarboranes such as 38 and 78.

The neutral double zwitterions 139—142 are also susceptible to oxidation and
treatment of 141 with I, (1 equiv) gave a surprising result.*? In the product, [3,4-
(OEt),-1,1,1-(CO)5-2-Ph-hypercloso-1,2-ReCBgHg] (143), the rhenium center may
be considered to be in the + III oxidation state, as in 132—138, but the cluster in 143
has also lost one {BH} vertex. It is known* that oxidation of [6-Ph-nido-6-
CByH;y4], the 10-vertex carborane parent of 129 and 130, with FeCls affords 9-
vertex [4-Ph-arachno-4-CBgH;3] and indeed the carborane subunit of 143 also has
the {arachno-4-CBg} geometry. In addition, two I" ions would be liberated follow-
ing the oxidation reaction and nucleophilic attack of these upon the positively
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charged B-OEt, moieties would remove one Et group from each — akin to the
conversion of 52 to 62 — and yield the observed B—OEt substituents.

As does the dianion of 14, the closo-11-vertex manganese- and rhenium-carborane
dianions 129 and 130 react readily with cationic transition metal-ligand fragments,
affording bimetallic products with novel structures in which the electrophilic met-
al-ligand groups {M'L,} are attached exo-polyhedrally to the {closo-1,2-MCBy}
cage framework by rhenium—metal bonds supported by three-center two-electron
B-H—M'’ linkages.**** Thus treatment of 129 or 130 with [M'Cl,(dppe)] (M’ = Ni,
Pd or Pt), in the presence of TI[PF], gives the neutral complexes [1,3-{M’(dppe)}-3-
p-H-1,1,1-(CO);3-2-Ph-closo-1,2-MCByHg] [M = Mn, M’ =Ni (144); M = Mn,
M’ =Pd (145); M =Mn, M' =Pt (146); M = Re, M'=Ni (147); M = Re,
M’ = Pd (148); M = Re, M’ = Pt (149)] (Chart 26).*>** An X-ray diffraction study
for 149 established that a {Pt(dppe)} fragment is located at a site exo-polyhedral to
the rhenacarborane cluster, and is bonded via a Re—Pt linkage and a three-center
two-electron B-H—Pt bond. The latter involves the boron at the y-BH vertex in the
six-membered ring ligating the rhenium.*’ In contrast, in the solid-state structure
determined for 146 by X-ray diffraction there was no Mn—Pt bond present and the
exo-polyhedral {Pt(dppe)} fragment was instead anchored only by two B-H—Pt
linkages (structure 146a).** In solution, however, it is thought that these species are
fluxional between the two structural types observed crystallographically.

More remarkably, the reaction forming the Mn—Pt species is unique among the
compounds 144-149 in that three other metallacarborane products were also iso-
lated from this system alone. These are two 12-vertex species, [1-Ph-2,2,2-(CO)5-7-
X-8,8-dppe-hypercloso-8,2,1-PtMnCByHg] [X = H (150), OEt (151)], and the com-
plex [3,6,7-{Mn(CO);}-3,7-(u-H),-1-Ph-6,6-dppe-closo-6,1-PtCBgHg] (152) formed
by cluster contraction. Subsequent studies confirmed that the ethoxylated com-
pound 151 is formed by reaction of 146 with adventitious EtOH present in the
precursor 129. Indeed, treatment of 146 with other alcohols ROH afforded similar
species [1-Ph-2,2,2-(CO)5-7-OR-8,8-dppe-hypercloso-8,2,1-PtMnCBgHg] [R = Me
(153), (CH,),OH (154), (CH,)4OH (155)] with, surprisingly, only mono-cage pro-
ducts observed when diols were used as substrates. All of the alkoxy-substituted
compounds 151 and 153-155 are relatively stable and do not react further, whereas
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unsubstituted 150 appears to slowly decompose to form 152 via extrusion of the
manganese vertex that becomes anchored in an exo-polyhedral site, and of a boron
vertex, which is lost. The mechanisms by which all these transformations occur
remain unclear.

Although stable and neutral bimetallic complexes were obtained from the dicat-
ionic fragments and 129 or 130 there was the possibility that reactions with two
molar equivalents of a metal-ligand monocation should give rise to trimetallic
species. However, reactions of 130 with sources of the cations {M’'(CO);} "
(M’ = Mn, Re), namely [Mn(NCMze);(CO);][PF¢] and [ReBr(THF),(CO)s], yielded
as products [N(PPhs),][1,3,6-{M'(CO);}-3,6-(u-H)»-1,1,1-(CO);-2-Ph-closo-1,2-
ReCByH;] [M’ = Mn (156), Re (157)], respectively (Chart 27).* In these mole-
cules, the exo-polyhedral {M’(CO);} moiety is almost certainly bonded to the clus-
ter via two non-equivalent B-H—M’ interactions with an Re-M’ bond completing
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the coordination sphere. Although an X-ray diffraction study was not possible to
establish unambiguously the molecular structures, the '"H NMR spectra revealed
signals for the B-H—M’ groups, for 156 at 6 —5.2 and -9.6, and for 157 at & -3.5
and —7.9. The molecular asymmetry is evidenced by signals for nine non-equivalent
boron atoms in each of the ''B{'"H} NMR spectra and six separate resonances for
the six CO ligands in their respective '*C{'"H} NMR spectra.

Interestingly, treatment of 130 with an excess of the manganese and rhenium
reagents did not afford neutral trimetallic species and only 156 and 157 were iso-
lated.*® Moreover, neither 156 or 157 reacted with the cations {M’(PPh;)} ™"
(M’ = Cu, Au). However, these same cations did react with 129 and 130. When the
two latter species are treated with 1 equivalent of an {M'(PPh;)} " cation {from
[CuCI(PPhj3)]4 or [AuCl(PPhs)], respectively, in the presence of TI[PF]}, the sole
products isolated were the neutral trimetal compounds [1,6-{M’(PPhs)}-1,7-
{M'(PPh3)}-6,7-(u-H),-1,1,1-(CO);3-2-Ph-closo-1,2-MCByH;] [M = Mn, M’ = Cu
(158); M = Re, M’ = Cu (159); M = Re, M’ = Au (160)], respectively. The corres-
ponding MnAu, derivative has hitherto proved elusive. These products were ob-
tained in higher yield when two equivalents of the copper or gold fragments were
supplied. An X-ray diffraction study of 159 showed the molecule to consist of a
central rhenacarborane moiety, with two {Cu(PPhs)} groups each attached to the
cluster surface via an Re—Cu bond and a B-H—Cu interaction, the latter involving
a B-boron atom in the rhenium-ligating CBBBBB face. Importantly, the two copper
atoms are too far apart (~4 A) to form a Cu—Cu bond so the trimetallic unit is V-
shaped [Cu—Re—Cu = 93.89(2)°]. The structure of complex 159 resembles that of
compound 128, although in the latter species each Re—Cu bond is augmented by
two B-H—Cu linkages. Moreover, the different geometric demands of the
rhenacarborane in 128 force the Cu—Re—Cu angle to be some 30° larger than in
159. Whereas the trimetal unit in 158-160 is not a closed triangle in the solid state,
such an arrangement may occur in solution during the fluxional behavior observed
in the NMR data for these complexes.*
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In seeking further to add two different monocationic metal fragments to the
dianion of 130 in a stepwise fashion, the latter was treated with [IrCl
(CO),(NH,C¢H4Me-1,4)] and TI[PF¢], in the hope of appending an {Ir(CO),} "
fragment to the cluster. An anionic rhenium—iridium complex was indeed formed
with its anion initially formulated® as an [exo-{Ir(CO);}-endo-{Re(CO),}-
{CByHoPh}] species on the basis of spectroscopic data and X-ray structural anal-
ysis of several derivatives. Subsequent studies, however, revealed the true identity of
the product to be [N(PPh;),][1,3,6-{Re(CO);}-3,6-(n-H),-1,1-(CO),-2-Ph-closo-1,2-
IrCByH-] (161) (Chart 28).4*% The original incorrect formulation arose from the
difficulty of distinguishing between Re and Ir in X-ray diffraction studies of de-
rivatives of 161, and it was thought that one CO ligand had simply been transferred
from the supposed endo-polyhedral Re vertex to the exo-polyhedral Ir center. No
such ambiguity arises, however, when the two metal centers are from different rows
of the Periodic Table. Thus, treatment of 130 with [Rh(u-CI)(CO),], and TI[PFg]
afforded the Re—Rh analogue (162) of complex 161, of which an X-ray diffraction
analysis confirmed the anion to contain a rhodacarborane cluster with an exo-
polyhedral rhenium fragment.*® The Mn—Ir (163) and Mn—Rh (164) analogues were
prepared similarly from 129.

It is not clear how the anions of 161-164 are formed, although it seems reason-
able that the {M/(CO),} " fragments (M’ = Rh, Ir) do initially become attached in
exo-polyhedral sites prior to internal reorganization. In this connection the con-
version of 146 to 152 might be relevant, as that process also involves assimilation of
an {M’'L,} fragment as a cluster vertex and extrusion of {Mn(CO);}, albeit with
concomitant loss of a boron vertex. That the formation of 152 appears to proceed
via a 12-vertex {PtMnCBy} intermediate might point to similar {MM’'CBy} inter-
mediates (M = Mn, Re; M’ = Rh, Ir) being involved in the pathway leading to
161-164. All of compounds 161-164 are somewhat unstable in solution, and the
manganese species particularly so. They undergo mutual CO scavenging to give,
respectively, the complexes [N(PPh;),][1,3-{M(CO)4}-3-p-H-1,1-(CO),-2-Ph-closo-
1,2-M’CByHg] [M = Re, M’ = Ir (165); M = Re, M’ = Rh (166); M = Mn, M’ = Ir
(167); M =Mn, M'=Rh (168)], with no other metallacarborane products
formed.*®

The single negative charge retained by 161-164 makes them attractive substrates
to which a further different cationic metal fragment could be added. In the case of
the manganese species 163 and 164, their rather facile conversion to 167 and 168,
respectively, appeared to compromise their ability to accommodate a second exo-
polyhedral moiety. However, this was not the case for the rhenium species 161 and
162 which, upon treatment with [CuCI(PPhs)]4 or [AuCI(PPh3)] in the presence of
TI[PF], each unexpectedly give rise to two products.*”

In the copper system, trimetallic Re-M’—Cu species [1,4,7-{Cu(PPh;)}-1,5,6-
{Re(CO);3}-4,5,6,7-(n-H)4-1,1-(CO),-2-Ph-closo-1,2-M’CByH;s] [M’ = Ir (169), Rh

$Note that in all of the compounds (161, 169, 171, 173, 175) reported in the initial communication in
this area,* the endo-polyhedral iridium vertex was erroneously assigned as being rhenium whilst the exo-
polyhedral {Re(CO);} fragment in complexes 161, 169, and 175 was wrongly identified as {Ir(CO);}. The
assignments herein are correct.
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(170)] were indeed obtained, as anticipated. The exo-polyhedral {Cu(PPhs)} and
{Re(CO);} units therein are bonded to the cluster surface by Cu—M’ and Re-M’
bonds, respectively, each of which is supplemented by two agostic-type interactions
that employ o- and B-B—H units in the CBBBBB face ligating the cluster vertex M'.
The major products in this system, however, were M’Cu, species [1,3-{Cu(PPhs)}-
1,6-{Cu(PPh3)}(Cu—Cu)-3,6-(1-H),-1,1-(CO),-2-Ph-closo-1,2-M'CBgH;] [M' =1Ir
(171), Rh (172)]. These species merit comparison to the rhenium- and manganese-
dicopper species 158 and 159, which have molecular mirror symmetry and a V-
shaped trimetal unit that lacks a Cu—Cu bond. Although 171 and 172 appear
symmetric in solution on the NMR time scale due to fluxional processes, in the solid
state the two copper centers are clearly inequivalent and a Cu—Cu bond is present.
The metal triangle is supported by two B-H—Cu linkages, one to each Cu center,
involving B- and y-B—H vertexes in the M’-bound CBBBBB belt.

With a source of {Au(PPhs)} * the complexes 161 and 162 also give two products,
but no Re-M'—Au analogues of compounds 169 and 170 were observed. The major
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products are the M’Au, derivatives [1,3-{Au(PPhs)}-1,6-{Au(PPhs)}(Au—Au)-3,6-
(1-H),-1,1-(CO),-2-Ph-closo-1,2-M’'CBgH5] [M’ = Ir (173), Rh (174)], analogous to
171 and 172 described above.

The second product type in the gold system, although isolated in lesser amounts,
is of great interest. In these species, compounds 175 and 176, {Re(CO);} and
{Au(PPhs)} moieties are bonded to the cluster {M’(CO),} vertex (M’ = Ir, Rh) and
to each other (Chart 29). The Au—Re vector is bridged by a second {Au(PPh;)}
fragment, so that overall {M'ReAu,} ‘butterflies’ have been assembled starting from
the rhenacarborane 130. The rhenium center further interacts with the carborane
via an additional B-H—Re linkage and one boron vertex lacks a terminal hydrogen
atom. It is notable that this naked boron vertex [B(3)] is in contact with all four
metal centers, so that the M4B core resembles that in transition-metal boride clus-
ters. Despite this, this boron atom resonates at & 37.9 in its ''B{'"H} NMR spec-
trum, substantially to higher field than in genuine borides. The mechanism by which
the butterfly species 175 and 176 are formed is not clear, although it may reasonably
be speculated that they are formed from Re-M’—Au species akin to 169 and 170.

B. Chemistry of the 11-Vertex Trianions [1,3,6-/M(CO)3/-3,6-(1-H) -
1,1,1-(CO)5-2-Ph-closo-1,2-MCBoH,>~ (M = Mo, W)

Treatment of [NEt4][6-Ph-nido-6-CBoH ] in THF with Bu"Li (2 equiv), followed
by 2 equivalents of [Mo(NCMe)3(CO);] or [W(NCEt);(CO);], and then [NEt4]l
gives the salts [NEty];[1,3,6-{M(CO);}-3,6-(u-H)>-1,1,1-(CO);3-2-Ph-closo-1,2-
MCByH-] [M = Mo (177), W (178)] (Chart 30).*” An X-ray diffraction study of
the dimolybdenum species showed that in these trianions one {M(CO);} group is
bonded exo-polyhedrally to a {closo-1,2-MCBy} cage system by a dative M—->M
bond supported by two three-center two-electron B-H—M linkages. These two
species can be compared with the rhenium-manganese and dirhenium species 156
and 157 discussed earlier.
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Salts of the dimolybdenum trianion react*’® readily with several cationic tran-
sition metal-ligand fragments with substitution of the exo-polyhedrally bonded
{Mo(CO)3} group by a cationic fragment. Species prepared include [NEt4][1,3-
{Pt(dppe)}-3-u-H-1,1,1-(CO)3-2-Ph-closo-1,2-MoCBoHg] (179) by the reaction of
177 with [PtCly(dppe)] and TI[PFg], and [NEt4]5[1,3,6-{Mn(CO)3}-3,6-(n-H),-1,1,1-
(CO)5-2-Ph-closo-1,2-MoCByH| (180) by reaction with [Mn(NCMe);(CO)s][PFg],
respectively. Structural studies reveal the anion of 179 to be essentially isostructural
with the corresponding {ReCBy} cluster 149. The structure of complex 180 may also
be compared with that of 177 and 178, and with the ReCBy species 156 and 157.
However, unlike the two latter compounds, it was shown that a further metal
fragment could be added to compound 180. Thus, treatment with [PtCl,(dppe)] and
TI[PF¢] gave a species that was characterized as [1,3,7-{Mn(CO)s}-1,6-{Pt(dppe)}-
3,6,7-(1-H)3-1,1,1-(CO);-2-Ph-closo-1,2-MoCBgHg] (181) by a preliminary X-ray
diffraction study.

Compound 177 reacts with H[BF4]- OEt, (2 equiv) in the presence of CO and
[NEt4]I with oxidation of the metal center and formation of an unusual cage ex-
pansion species, [NEt4][2,2,2-(CO)3-2-1-1-Ph-8-OH-closo-2,1,8-MoC,ByHy] (182)
(Chart 31).*°® With Ph,S, as oxidizing agent, the dimolybdenum species
[N(PPh;3),][1-{Mo(u-SPh),(CO)4}-2-Ph-hypercloso-1,2-MoCBoHy(Mo—Mo)]  (183)
was isolated following addition of [N(PPh;),]JCl. Reaction of 177 with excess
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CNBu' and Ag[PF,] (4 equiv) in MeCN gives the zwitterionic monomeric Mo
complex [1,1,1,1,3-(CNBu")s-2-Ph-closo-1,2-MoCByHg] (184), along with another
cage expansion product, [2,2-(CNBu"),-2-(=0)-1-Ph-8-NHBu'-closo-2,1,8-
MoC,ByHy] (185). It is notable that in both 182 and 185 the ‘additional’ {CX}
vertex (X = OH, NHBu") has inserted at the same site with respect to the {CPh}
vertex from the precursor 177 and, moreover, that this site is the same as that
occupied by the platinum vertex in the 12-vertex cluster-expanded species 150, 151
and 153-155 derived from 146. These {CX} vertexes may formally be considered as
being formed by cage-promoted hydroboration of CO and CNBu' groups.
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|
INTRODUCTION

This review will describe Lewis acid-catalyzed reactions such as allylsilylation,
intramolecular allyl-migration, Friedel-Crafts alkylation, and hydrosilylation re-
actions commonly used in organosilicon chemistry. The carbenium and silylenium
ion intermediates are generated by the interactions of organosilicon compounds
such as allyltriorganosilanes,'®? alkenylchlorosilanes,'®™* (chloroalkyl)silanes,'®>*
and triorganohydrosilanes® with Lewis acid catalysts, which then react with simple
unsaturated electrophilic organic compounds.' The isolation and properties of sily-
lenium ions is discussed by Miiller in this volume (p. 155). This review will par-
ticularly focus on the Lewis acid-catalyzed reactions with unsaturated hydrocarbon
compounds. It is well recognized that the reactivity of such electrophiles varies
depending upon the electronic nature of substituents and the cation position in the
organosilicon compounds. '3

It is useful to compare the reactivity and reaction patterns of various cationic
organosilicon species in the Lewis acid-catalyzed reactions with those of their or-
ganic analogs. Positive charges on the carbon f to silicon are stabilized by the
electron-donating silyl group through o—m conjugation, commonly known as [-
stabilization.®® The reactivity and reaction modes of allylsilanes are different from
one another, depending on the number (n) of chlorine substituent on the silicon
atom of allylchlorosilanes (CH,— CHCH,SiMe;_,,Cl,). Allylsilanes containing two

*Corresponding author. Tel.: +82-31-498-4304; fax: + 82-31-498-4305.
E-mail: injung@)jsisilicone.com (I.N. Jung).
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or more chlorine substituents on silicon react readily with aromatic compounds to
give alkylation products, 2-aryl-1-silylpropanes [Eq. (1)].> However, allyl-
trimethylsilane, having three methyl groups on the silicon (1a), in benzene solvent
is dimerized to give the allylsilylation product 5-(trimethylsilyl)-4-(trimethylsilyl-
methyl)-1-pentene without any alkylation products [Eq. (2)].2

/_> /
/ AlC1 £ /*
Me + l-hexene ——— Me_ / ( 1 )

o RT Si.  C4H
/SI\Me / Me 4
Me Me 25%

Me i
— AICI MesSi —
2T e —— D @)
Me Mej3Si

In aluminum chloride-catalyzed reactions, a small amount of hydrogen chloride,
resulting from the reaction of anhydrous aluminum chloride with moisture inev-
itably present in the reactants, initiates the reaction.’ The proton from the hydrogen
chloride interacts with the m-bond of allylsilanes to give a carbenium ion on the
carbon B to silicon, because the secondary silylpropyl cation can be stabilized by the
electron-donating silyl group through B-stabilization as described above.'®® The
stabilization effects can be more significant for allyltrimethylsilane than for allyl-
chlorosilanes because of the electron-donating effects from the methyl groups on
silicon.'™ This facilitates the protodesilylation'®*!% of allyltrimethylsilane by hy-
drogen chloride in the presence of aluminum chloride, which gives propene and a
Me;SiCI-AICIl; complex. Me;SiCl has been reported to be an excellent promoter of
allylsilylation reactions.'®'""'* In contrast, the collapse of the B-silyl cation inter-
mediates of allylchlorosilanes is largely retarded, primarily due to less effective o—n
conjugation brought on by the presence of the electronegative chlorine atom(s) on
silicon.'®* The cation intermediates undergo alkylation reactions with electron-rich
aromatic systems faster than protodesilylation.'?

!
ALLYLSILYLATION REACTIONS WITH ALLYLTRIORGANOSILANES

A. Allyisilylation of Alkenes

Allylsilylation is an addition reaction of allylorganosilanes to carbon—carbon
multiple bonds of unsaturated hydrocarbons in the presence of Lewis acids.'®
Common examples of unsaturated hydrocarbons for allylsilylations include al-
kenes,> cycloalkenes,'®? allyltriorganosilanes,'**'""'*  5_(trimethylsilyl)-1-pent-
enes,'? diallylsilanes,'>'® conjugated dienes,'® and alkynes.' !



Lewis Acid-Catalyzed Reactions 43

1. Allylsilylation of Linear Alkenes

The addition reaction of allyltriorganosilanes to 1-alkenes in the presence of
anhydrous aluminum chloride as catalyst at room temperature gives regiospecific
allylsilylated products, in which the silyl group adds to the terminal carbon and the
allyl group adds to the inner carbon of the double bond [Eq. (3)].> Compared with
the starting alkenes, the products of the allylsilylation reaction possess two addi-
tional carbon atoms in addition to a (triorganosilyl)methyl branch at the carbon 3
to the double bond.

p /_(J
Me \Sﬁ/ EN AlCl;  Mey R2

Si.
l/1~Me + R* T RT i Me
R

R'=Me, R?=CH; (61%) (3)
R!=Me, R?>=C,H, (78%)
R'=Me, R>=C4H 5 (60%)
R'=Ph, R?=C,H, (42%)
R!=CH,Ph, R?=C4H, (47%)
The stereohomogencous (Z)-crotyltrimethylsilane reacts with 1-hexene to give 3-
methyl-4-(trimethylsilyl)methyl-1-octene as a mixture of two diastereomers in 25%

yield [Eq. (4)].” The diastereomeric products possess a methyl group at the carbon o
to the double bond, indicating that an allylic inversion occurs during the allyl-

silylation.'>!”
/_> /_?_//
AICI Ve
Me\ / + 1-hexene 3 Me_ / (4)

: RT “Si. C4H
/SI\Me / "Me o
Me Me " 25%

2. Allylsilylation of 4-(Trimethylsilyimethyl)-1-Alkenes

As described above, the allylsilylation of terminal alkenes with 1a affords 4-
(silylmethyl)-1-alkenes. Since these products possess a vinyl group at the terminal
position, they can be allylsilylated again with 1a. Additional reaction in the pres-
ence of anhydrous aluminum chloride and trimethylchlorosilane activator''!? in
organic solvents or neat at ~40 °C gives the double allylsilylation products, 2-alkyl-
8,8-dimethyl-4-(trimethylsilylmethyl)-8-silanon-1-enes'®> as the major products.
These products are unusual and different from the previously reported normal
allylsilylation products,>'"!? because they have a double bond on the carbon with
the R? group but not on the carbon with R! [Eq. (5)]. These results suggest that
isomerization of the normal allylsilylation products to the unusual products occurs
through a 1,5-hydride shift. Polymeric materials are also obtained due to additional
allylsilylations.
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R R*>  AICL;,40°C MesSi
+ perr———
HLRI VTSiMe CISiMes MesSi
M 5
SiMe; Rz=n_C2n+1 1 i R
R'=H, Me n=1,4,6 R’ =H, R*=n-Cyyy

n=1(23%), 4 (57%), 6 (43%)
R'=Me, R*= n-C4Hy (36%)

(unusual products) (5)
+ 2
R
MegS1
SiMe;

Rl
R'= Me, R?= n-C4Hy (3%)
(normal allylsilylation products)

3. Allylsilylation of Cycloalkenes

Allyltrimethylsilane (1a) reacts with cycloalkenes such as cyclohexene and cyclo-
pentene at room temperature to give stereospecifically trans-1-trimethylsilyl-2-al-
lyleycloalkanes.'®? These products are formed through trans addition and an allylic
inversion.

Me fMe J

S

\Sl
7 AlCL / R
1a +{( ) 3, Me ? } 6)

(CHy), RT
(CH,),

n=0(22%), 1 (39%)

On the basis of the above results, a possible mechanism for the allylsilylation of
cyclohexene with 1a has been proposed as illustrated in Scheme 1. A silyl cation or a
complex intermediate I is directly formed at the beginning stages of the reaction

AICI, Me;Si* "AlCY, or
Me;&C]

— 4 _

MegSICI -AlClg

Sy

iM93

\S|Mes
*AICl
O\/\/SIMGS !
A1C14%SIMe3

trans-addtion

ScHEME 1. Catalytic cycle of allylsilylation.
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from aluminum chloride and trimethylchlorosilane,'**!'"""* or from the pro-
todesilylation of la by acids resulting from the reaction of anhydrous aluminum
chloride with adventitious water in the reaction mixture.>'®! Intermediate I
interacts with the carbon—carbon double bond of cyclohexene to generate the
secondary carbenium ion intermediate II, which is stabilized by the silyl group
B-stabilization effect.'' 13222 Intermediate Il then interacts with the double
bond of 1a in trans-fashion to avoid steric interactions between the bulky trim-
ethylsilyl group and incoming la. A new carbon—carbon bond is formed and a
carbenium ion at the carbon B to silicon is generated, leading to III, which un-
dergoes a desilylation reaction to give trans-allylsilylated products and to regenerate
intermediate 1.

4. Allylsilylation of 1-Allyl-2-(Trimethylsilyl)Cycloalkenes

Trans-1-allyl-2-(trimethylsilyl)cyclopentane and  trans-1-allyl-2-(trimethylsilyl)-
cyclohexane are formed from the reaction of 1a with cyclopentene and cyclohexene,
respectively. A second allylsilylation reaction of these compounds with 1a also gives
unusual allylsilylation products, 7-cyclopent-1-enyl-2,2-dimethyl-4-(trimethylsilyl-
methyl)-2-silaheptane (30%) and 4-((cyclohex-1-enyl)methyl)-2,2,8,8-tetramethyl-
2,8-disilanonane (39%). As observed in the allylsilylation of 4-(trimethylsilyl-
methyl)-1-alkenes, these products are likely formed via intramolecular silyl rear-
rangements. In this case, the results strongly suggest that a 1,5-silyl shift and
1,5-hydride shift have occurred. Under the same reaction conditions, trans-1-allyl-2-
(trimethylsilyl)cycloalkenes  are  isomerized to  3-[3-(trimethylsilyl)propyl]-
cycloalkenes. Thus, both starting trans-1-allyl-2-(trimethylsilyl)cyclopentene and
-hexene are isomerized to 3-(3-(trimethylsilyl)propyl)cyclopentene (24%) and 3-(3-
(trimethylsilyl)propyl)cyclohexene (15%), respectively [Eq. (7)]. It seems reasonable
that the first step in the isomerization is the addition of a silyl cation to the carbon—
carbon double bond of the frans-1-allyl-2-(trimethylsilyl)cycloalkanes followed by a
1,5-hydride shift to give a carbocation on a ring carbon B to the silyl group. This is
followed by regeneration of a silyl cation from the ring to form a double bond.'"!?

X
M938| 5
1a ACls /CISiMe;
< > 1,5-H shift
(CH
7
Me;Si Me3Si Q)
+
MegSi 74
(CHL), (CH2)n

n=1(30%), 2 (39%) n=1(24%),2 (15%)
(unusual allylsilylation products)
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5. Allylsilylation of Diallylsilanes

Diallyldimethylsilanes undergo intramolecular allylsilylation to give cyclic poly-
mer products in the presence of aluminum chloride.'> When 1a is used as a chain-
terminating reagent, the formation of polymers is reduced and intramolecularly
cyclized allylsilylation products are produced. Thus, a 1:3 reaction of diallylsilanes
and monoallylsilanes at —10°C gives the monomeric cyclized allylsilylation
products, isomeric trans- and cis-3-allyl-1,1-dimethyl-5-trialkylsilylmethyl-
1-silacyclohexanes, in 45-76% yields [Eq. (8)]. In this reaction, trimethylchloro-
silane is a good activator'>'® for the aluminum chloride-catalyzed allylsilylation
reaction.

Me_ _Me
>si
. .
R\WSIM% + /( }\
2 R?
'=H, Me R
R =H, R?>=H, Me
MC\ /Me
Si 8
. 2 R2 ( )
AICl;/Me;SiCl " S_R
R —— €391 T,
-10°C, 1h } 1//\
R

R'=R?>=H (70%)
R'=R?= Me (76%)
R'=Me, R>=H (45%)
R'=,R*=Me 56%)

6. Allylsilylation of Conjugated Dienes

Reaction of linear conjugated dienes with 1a at —10 °C in hydrocarbon solvent in
the presence of Me;SiCI/AICI; affords stereospecific trans-1-silyl-3-vinyl-
cyclopentanes, indicating a [3+ 2] cycloaddition of the allyl group of la with a
carbon—carbon double bond of the diene [Eq. (9)]."° In the [3+ 2] annulation re-
action, of greater significance is the frans conformation of the trimethylsilyl group
and vinyl groups.

1
! 2 . R R?
RO R AICL/Me;Sicl MesSin, A\S
la + Balleniuie skt nmtel
-10°C ©)
R', R?=H, Me R' =R*=H (38%)
= Me (67%)

R! =H, R? = Me (29%)

The reaction of cyclic conjugated dienes with 1a in hydrocarbon solvent also
gives stereospecific trans-1-silyl-3-vinylcyclopentanes as the major products.
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1 = AlCly ) X
a + | ———>  Me;Sit! 10
(CHy), Me;SiCl : > (CHJ), (10)

H
n=1(56%), 2 (72%)

Ullan)

q

n=1,2

The reaction of 1,3-cyclohexadiene with 1a at a temperature of —50°C gives a
97:3 mixture of 1,4-allylsilylated product, trans-3-allyl-6-(trimethylsilyl)cyclohexene
and 1,2-allylsilylated product, trans-3-allyl-4-(trimethylsilyl)cyclohexene, in quan-
titative yield. At the same temperature, the [3 + 2] cycloaddition product is detected
only in trace amounts after 1 h. As the reaction mixture is warmed to —10 °C, the
allylsilylated compounds are converted to the [3 + 2] cycloaddition product (72%).
When purified trans-3-allyl-6-(trimethylsilyl)cyclohexene and trans-3-allyl-4-(tri-
methylsilyl)cyclohexene are treated separately under the same reaction conditions,
the former compound is converted to the [3 + 2] cycloaddition product (major) and
3-(trimethylsilyl)propylbenzene [Eq. (11)], while the latter compound is converted
to polymeric materials without giving any [3 + 2] cycloaddition product. The re-
action rates of allylsilylation and [3+2] annulation are also accelerated by the
addition of trimethylchlorosilane to aluminum chloride, as observed in other al-
lylsilylation reactions.'*!>

z MesSi, MesSi

AICI;, -10°C
Me;SiCl

+ (11)
SiMes (major) (minor)

(2-Methyl-2-propenyl)trimethylsilane reacts with cyclohexene at —10°C for
25min to give tranms-allylsilylated products, trans-3-(2-methyl-2-propenyl)-6-tri-
methylsilylcyclohexene (15%), and trans-3-(2-methyl-2-propenyl)-4-tri-
methylsilylcyclohexene (3%), but no [3 + 2] cycloaddition product. This result sug-
gests that a methyl substituent on the middle carbon of the allyl group prevents the
[3 +2] cycloaddition reaction.

The probable mechanism for the allylsilylation and [3 + 2] cycloaddition is illus-
trated in Scheme 2, using the reaction of butadiene with la as a representative
example. Intermediate I, generated as described in Scheme 1, adds to a terminal
carbon of butadiene to generate a new intermediate IV. This intermediate then
interacts with the double bond of 1a to give V, containing a new carbon—carbon
bond. In the allylic cationic intermediate IV, 1,2-allylsilylation is not favored be-
cause of steric repulsion between the bulky trimethylsilyl group of intermediate IV
and incoming la. Intermediate V can undergo a 1,2-silyl shift'"'® to intermediate
VI at higher reaction temperatures, even though this is thermodynamically less
favorable. Finally, the [3 + 2] cycloaddition product is formed by the cyclization of
VI to give a five-membered ring through the intramolecular nucleophilic attack by
the carbon—carbon double bond on the carbocation of VI, followed by the elim-
ination of a silyl cation.
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Me;SiCl + AlCly

= 5" & w .
Me;SiCl —, or Me,Si"AICI,
3! AlCl\_g{ 31 Al

Me;Si* I butadiene
Me;Si )
\ SIMC3
A AlCl, +/
£ AICI;
|

. v
vi SiMes nfeosi o 1d-allyl-
\ silylatio
1,2-silyl shift 1a

SCHEME 2.

B. Allyisilylation of Alkynes

The reaction of terminal alkynes with 1a in the presence of Lewis acid catalyst at
room temperature gives regio- and stereospecific trans-allylsilylation products
(26-66%) from the addition of silyl and allyl groups to the terminal and inner
carbon atoms, respectively, of the carbon-carbon triple bond [Eq. (12)].""° The
yields of these products are much improved by using trimethylchlorosilane as an
activator.”® In allylsilylations of 1-hexyne, the catalytic activity of Lewis acids de-
creases in the following order: HfCl, > AlBr; > AICl; > EtAICI,.%! Stereohomoge-
neous Z-crotyltrimethylsilane reacts with alkyne to afford the expected regiospecific
allylsilylation product with allylic inversion.'®*'""!3 This implies that allylsilylation
is not a concerted reaction but occurs stepwise, as observed in the allylsilylation of

alkenes.'®>11-13
— R!
o ACl3  Me /_(R:(

Me/s"Me PR /P Me (12)
R? = Ph Me
R'=H, Me = CH,Ph R'= H, Me
= CeHyg R? = Ph, CH,Ph, CgH13

In the presence of hafnium tetrachloride/trimethylchlorosilane catalyst, alkynyl
allylsilane compounds undergo an intramolecular allylsilylation reaction to give
cyclic alkenylsilanes in good yields.*?
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1]
INTRAMOLECULAR ALKENYL-MIGRATION REACTION OF
ALKENYLCHLOROSILANES

The chemistry of alkenyl(w-chloroalkyl)silanes containing both reactive chloro-
alkyl and alkenyl groups bonded to silicon, in the presence of Lewis acid catalysts is
of interest. Simple alkenyl(chloromethyl)silanes [w-(C,RH,,_,)(CICH,)SiMe,,
n = 2, 3] undergo intramolecular alkenyl-migration in the presence of Lewis acid
catalyst to give Ci-increased alkenylchlorosilanes.”>** Thus, the reaction of (2-
alkylvinyl)(chloromethyl)dimethylsilanes in the presence of aluminum chloride cat-
alyst gives (3-alkylallyl)(dimethyl)chlorosilanes as the major products and (2-alkyl-
cyclopropanyl)chlorosilanes as minor products [Eq. (13)].>* In this reaction, the
yield of vinyl-migration product decreases as the bulk of the alkyl substituent in the
(2-alkylvinyl)silanes increases. The reaction of (1-hexylvinyl)(chloromethyl)-
dimethylsilane gives only (2-hexylcyclopropyl)dimethylsilane.

R Cl /Me
\:\ _Me RT /\Si
Si AlCI Me
A\ 3 \
Me Cl major R
R = "Bu, 'Bu, hexyl, (13)
AL
+ R Si
Me/ ~ClI

minor product

Allyl(chloromethyl)silanes also undergo intramolecular allyl-migration reactions
analogous to that observed for (2-alkylvinyl)(chloromethyl)dimethylsilanes. When
1a is used as a trapping agent, the carbocation formed at the carbon of the chloro-
methyl group interacts with the allyl group to form an intramolecularly cyclized
silacyclopentanyl cation. The silacyclopentanyl cation is then trapped by 1a to give
the intramolecularly cyclized allylsilylation product [Eq. (14)].>* The reaction of
allyl(chloromethyl)dimethylsilane with 1a in the presence of aluminum chloride
catalyst at room temperature affords an isomeric mixture of 2-(2-allyl-4,4-dimethyl-
4-silapentyl)-1,1-dimethylsilanes as trapped products in 40% yield and 3-but-
enyldimethylchlorosilanes as the allyl migration products in 18% yield [Eq. (14)].
However, the same reaction using allyl(chloromethyl)organochlorosilanes or
allyl(chloromethyl)dichlorosilanes in the presence of aluminum chloride does not
proceed, indicating that the reactions are sensitive to the electronic nature of the
substituents on silicon. Generally, the chloromethyl group of allyl(chloromethyl)
silanes is activated by alkyl groups bonded to silicon, while deactivated by chloro
group(s) due to the decreased stabilizing ability of o-carbocations by the
silyl group.* Allyl(chloromethyl)diorganosilanes (CH, = CH—CH,SiR'R*CH,CI;
R'R?=Me or Ph) undergo intramolecular allyl-migration reactions in the
presence of aluminum chloride to give 3-butenyldiorganochlorosilanes (CH, =
CH—CH,—CH,SiCIR'R?) in 40-75% yields.
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\\—\S"Me 4 \\—\S'/Me L :\—\ _Me

AICl, Si
Me” \—ci Me” Me Me” ci
1a 18%
Me\S. " (14)
+ _Si .
Me™ Si
Me | Me
40%
v

FRIEDEL-CRAFTS ALKYLATION REACTION WITH
ORGANOSILICON COMPOUNDS

Organosilicon compounds such as alkenylchlorosilanes and (chloroalkyl)chloro-
silanes (alkyl = methyl, ethyl, propyl)'>*'* react with aromatic compounds in the
presence of Lewis acid catalysts to give Friedel-Crafts alkylation products. Common
examples of alkenylchlorosilanes for the alkylations of aromatic compounds include
vinylchlorosilanes and allylchlorosilanes.'™ Aluminum chloride is a very effective
catalyst for the reaction. In alkylation reactions with alkenylchlorosilanes, the
reactivity of allylchlorosilanes is higher than that of vinylchlorosilanes. Tri-
organoalkenylsilanes such as vinyltrimethylsilane and allyltrimethylsilane do not
react with benzene to give alkylated products.” In the aluminum chloride-catalyzed
alkylation reactions, allylchlorosilanes or vinylchlorosilanes should have one or more
chlorine atoms bonded to silicon.

A. Alkylation with Allylchlorosilanes

Allylchlorosilanes undergo Friedel-Crafts alkylation with aromatic compounds
such as benzene derivatives® and ferrocene® to give [B-(chlorosilyl)alkyl]arene
compounds in the presence of Lewis acid catalyst.'® Allylsilanes containing two or
more chlorine atoms on silicon react smoothly with benzene under mild conditions
to give alkylation products in good yields [Eq. (15)]. In alkylations of benzene, the
reactivity of the allylsilanes increases as the number of chlorine atoms on the silicon
increases, but decreases as the number of methyl groups increases. Because the
reactivity of allylsilanes is sensitive to the electronic nature of the substituents on
the silicon atom, allylsilane selection is an important factor for alkylation reactions.

X X Me
\ SiMeg.Cl,
__/~SMeg,Ch © AlCls O)\/ (15)
— 4

n=2,3 .
X =H, alkyl, phenyl, PhO, halide
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In the Friedel-Crafts alkylation of benzene derivatives (Ph—R: R = Me, Et, i-Pr,
Ph, OPh, F, Cl, Br) with allyldichlorosilane (1b) in the presence of aluminum
chloride catalyst,” monoalkylation products, 3-aryl-1,1-dichloro-1-silabutanes, are
obtained in 60-83% isolated yields along with small amounts of dialkylation prod-
ucts. The ortho-, meta-, and para-isomeric monoalkylation products can all be
formed, but the amount of ortho-isomer produced decreases as the steric bulk of the
substituent on the benzene ring increases. For example, no ortho-alkylation product
is found in the case of i-propylbenzene. The yield of meta-isomer increases as the
reaction time increases or at higher temperatures, indicating that it is the thermo-
dynamic product. The alkylation of halogen-substituted benzenes (R = F, CI, Br)
with 1b gives ortho- and para-adducts predominantly (91-98%), indicating that
halogen atoms are ortho- and para-directing groups in this reaction.

The effects of ring constituents in the alkylation of benzene derivatives (Ph—R)
with 1a are summarized in Table 1.

According to Table I, the reactivity of substituted benzenes (Ph—R) decreases in
the following order: R = Ph>PhO>i-Pr>Et>Me>H >F>Cl> Br.? The alkyla-
tion of alkylbenzenes is faster than that of halogen-substituted benzenes. Among
the halogen-substituted benzenes, the fastest rate is observed for fluorobenzene and
the slowest for bromobenzene, an observation which is not consistent with their
relative electronegativities.’® >® These results indicate that the resonance effect of
halogen substituents upon the benzene ring should be considered in addition to
electronic effects in order to explain the reaction rates.?® Stronger resonance effects
compared to electronic effects are apparently responsible for the ortho- and para-
directing properties of the halogen atoms. The relative reaction rates for the al-
kylation of substituted benzenes with respect to benzene (log kr/ky) can be plotted
against substituent coefficients (o) for alkyl, aryl, and halogen groups. According
to the Hammet equaltion,29 logkr /ky = po, where ¢ is a Hammet constant, p is
found to be 3.1 from the relationship between the substituent coefficients () and

TaBLE |
RELATIVE ALKYLATION RATES® AND SUBSTITUENT CONSTANTS*? (5) FOR SUBSTITUTED BENZENES (Ph—R)

Relative rates Substituent constants

Ph-R (kr/kn) (log kr/kw) OR oy c

H 1.00 0.00 0.00 0.00 0.00
F 0.081 —1.04 0.74 —0.60 0.14
Cl 0.016 —1.44 0.72 -0.24 0.48
Br 0.011 —1.96 0.72 -2.52 0.54
Me 3.89 0.59 —0.01 —0.41 —0.42
Et 4.10 0.61 —0.02 —0.44 —0.46
i-Pr 5.65 0.72 - - -
Ph 10.27 1.01 0.25 —0.37 —0.12
PhO 9.42 0.97 0.76 —1.29 —0.53

Definitions: og, resonance constant; oy, field constant; c = or + ojy.
#Reaction mole ratio of 1b/Ph—-R/aluminum chloride = 1:20:0.1.
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the relative reaction rates for the alkylation of substituted benzenes with respect to
benzene (log kg /ky).’

Allylchlorosilanes also react with naphthalene to give isomeric mixtures of poly-
alkylated products. However, it is difficult to isolate and purify the products for
characterization because the products possess similar boiling points. The alkylation
of anthracene with allylchlorosilanes or vinylchlorosilanes is not possible because of
the deactivation of aluminum chloride catalyst by complex formation with anthra-
cene.

In the polyalkylation reaction of benzene with allylchlorosilanes, trialkylated
compounds are the most substituted products obtained in appreciable amount due
to increased steric interactions with additional allyltrichlorosilane. This is the case
even when more than a four-fold excess of allyltrichlorosilane is used. In addition,
multi-step alkylation reactions give the trialkylated products in higher yields than
the one-step reaction.

In the reaction with ferrocene,*® allyldimethylchlorosilane reacts at 0°C, allyl-
(methyl)dichlorosilane reacts at the reflux temperature of methylene chloride, but
allylsilanes containing two or more chlorine substituents at the silicon do not give
alkylation products. In alkylations of ferrocene, allyldimethylchlorosilane shows
the highest activity, allyl(methyl)dichlorosilane is less reactive, and allylsilanes
containing two or more chlorine-substituents at the silicon have no activity.?> Allyl-
trimethylsilane reacts with both benzene and ferrocene to give allylsilylation prod-
ucts but no alkylation product.'®*%

The reaction of ferrocene with allylchlorosilanes in the presence of Lewis acid in
methylene chloride solvent affords alkylated ferrocenes bearing chlorosilyl groups
at the carbon P to the ferrocene ring [Eq. (16)].%

@ RJS _Cl HfCly
+ —_—
(de>7 e onok

@5}4{ )
<CISI)7L© (16)

=Me:n=1(76%), 2 (4%), m=0
R'=Me, R2=Cl:n=1(82%), m=0
R'=-Pr,R2=Cl:n=1(84%), m=0
R!= n-Hx, R2=Cl:n =1 (90%), m = 0
R'=Cl,R®=Hor Cl:n=1 (trace), m = 0

The reactivity of allylchlorosilanes for the alkylation of ferrocene varies depend-
ing upon the substituents on the silicon atom. Generally, the reactivity increases as
the number of alkyl groups on the silicon of allylsilanes increases.* Allyl(dialkyl)-
chlorosilanes react with ferrocene in the presence of HfCl; under mild reaction
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conditions to give alkylated products, (2-silyl-1-methylethyl)ferrocenes, in good
yields, while allyl(alkyl)dichlorosilanes give alkylated products at slightly higher
temperatures. Allylsilanes fully substituted with alkyl groups on silicon undergo
decomposition reactions rather than alkylation in the presence of hafnium chloride
catalyst, while allyltrichlorosilane and allyldichlorosilane exhibit little reactivity.
The reactivity of allylsilanes for the alkylation of ferrocene decreases in the fol-
lowing order: allyldialkylchlorosilane > allyl(alkyl)dichlorosilane > allyldichloro-
silane ~ allyltrichlorosilane.”> The catalytic efficiency of Lewis acids for the
alkylation decreases in the following order: hafnium chloride > zirconium chlo-
ride > aluminum chloride >aluminum bromide.?® Titanium(IV) chloride shows no
catalytic activity for the alkylation of ferrocene. In the alkylation of ferrocene, the
catalytic activity of aluminum chloride decreases, accompanied with a coloration to
green-blue as the reaction proceeds. Eventually the alkylation reaction stops, with a
deep-blue color present when high reaction temperatures are used. Complex for-
mation of aluminum chloride with ferrocene is responsible for the deactivation of
catalytic activity.’® Generally, the abilities of Lewis acids to form complexes with
ferrocene increase as the acidity of the Lewis acid increases. It is well documented
that ferrocene can be oxidized and converted by most common electrophiles into a
ferrocenium cation, which is reluctant to undergo electrophilic substitution.*! These
results indicate that both Friedel-Crafts alkylation with allylchlorosilanes and
complexation with Lewis acids are competing reactions in the aluminum chloride-
catalyzed alkylation of ferrocene.®'

B. Alkylation with Vinylchlorosilanes

Vinylchlorosilanes undergo Friedel-Crafts alkylation with aromatic compounds
in the presence of Lewis acids to give 2-(chlorosilyl)ethylarenes [Eq. (17)].'>3*% The
reactivity of vinylchlorosilanes for the alkylation of aromatic compounds is slightly
lower than that of allylchlorosilanes.'™*3* The reactivity of vinylsilanes for al-
kylation depends on the substituents on the silicon of the vinylsilane. The reactivity
of vinylchlorosilanes decreases in the following order: dichloro(methyl)vinyl-
silane > trichlorovinylsilane > chloro(dimethyl)vinylsilane. The alkylation of mono-
substituted benzenes such as toluene, chlorobenzene, and biphenyl with di-
chloro(methyl)vinylsilane (1¢) at 75-80°C for 2h affords alkylated products in

50-63% yields.*?
AICI
@ \> X reflux, 34 h
X

Nz
i 17
\ N SI\ (17)
| X
=
R = Cl, Me, Ph, etc.
= Cla, MeC|2, M62C|
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When benzene reacts with a six-fold excess of 1c in the presence of aluminum
chloride at room temperature, the peralkylated product,®® hexakis[2-(di-
chloromethylsilyl)ethyl]benzene is obtained as the major component along with
other lower polyalkylated products: pentakis-, tetrakis-, tris-, and bis[2-(di-
chloromethylsilyl)ethyl]benzene.

0o e 2
+ excess 1c
AICl3 (18)

n =6 (56%), 5 (21%),
4 (9%), 3 (9%), 2 (4%)

In the peralkylation of alkylbenzenes with 1c in the presence of aluminum chlo-
ride catalyst,” both polyalkylation and transalkylation reactions occur in compe-
tition. Peralkylation product yields decrease as the chain length of the alkyl
substituent on the benzene ring increases. Toluene reacts with five equivalents of 1¢
in the presence of aluminum chloride at room temperature for 2h to give pent-
akis[2-(dichloromethylsilyl)ethyl]toluene as the major product in addition to less
alkylated products: tetrakis-, tris-, bis-, and mono[2-(dichloromethylsilyl)ethyl]tol-
uene. The peralkylation of alkylbenzenes having longer alkyl groups such as ethyl,
n-propyl, and n-butyl, with 1c gives the peralkylated products in low yields (about
25%) in addition to transalkylation products.

R S| Me
rt 2h \C
+ excess 1c AICI3

R=n-ChHons1in =1 (61%)
n =2-4 (25-27%)

Leiay

x=1-6,y=0-3,x+y<6
X +Yy =6, R=Et, n-Pr, n-Bu
(8-22%)

(19)

The reaction of ethylbenzene with five equivalents of 1c¢ under the same alkyla-
tion conditions used for toluene, gives pentakis- (25%), tetrakis- (9%), tris- (4%),
and bis[2-(dichloromethylsilyl)ethyl]ethylbenzene (1%) as well as a mixture of many
transalkylated products (44%). It is of interest that longer alkyl-substituted ben-
zenes exhibited different behavior in peralkylations with 1c. The transalkylation of
ethylbenzene is responsible for the significantly low yield (25%) of peralkylation
product in comparison with yields obtained from the alkylation of benzene** or
toluene. Peralkylation of n-propylbenzene and n-butylbenzene gives similar results
to those of ethylbenzene.

The reaction of o-, m-, or p-xylene with four equivalents of 1¢ affords an isomeric
mixture of peralkylated xylenes consisting of tetrakis[(dichloromethylsilyl)ethyl]-
xylenes and isomeric transalkylation products. With longer reaction times and
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higher temperatures, the formation of tetrakis[(dichloromethylsilyl)ethyl]-p-xylene
is favored due to less steric hindrance between the substituents on benzene.

Peralkylation of mesitylene with lc gives only rearranged products without
transalkylated products. The undesirable isomerization of 2,4,6-tris(di-
chloromethylsilylethyl)mesitylene to the 3,5,6- or 4,5,6-isomers can be avoided by
carrying out the reaction in hexane at room temperature. In this case, the peralky-
lated product, 2,4,6-tris[2-(dichloromethylsilyl)ethyljmesitylene, is obtained in 38%
yield along with mono- and bis-alkylated mesitylenes in 7% and 37% yields, re-
spectively. No rearranged products are formed.

Friedel-Crafts-type polyalkylations of alkyl-substituted benzenes with 1¢ become
less difficult as the number of electron-donating methyl groups on the benzene ring
increases. This is consistent with the fact that the alkylation occurs via an electro-
philic substitution. The tendency of starting methylbenzenes to form rearranged
products also increases in the same order from toluene to mesitylene.

The alkylation of substituted benzenes possessing electron-withdrawing groups,
such as chlorobenzene and anisole, with 1c¢ gives only mono-, bis-, and tris-
alkylated compounds. No peralkylated products are obtained even when heating
the reaction mixtures for long periods. These results can be explained by the de-
activation effects of the electron-withdrawing substituents and the complexation
between AICI; catalyst and the lone pairs of electrons of the substituents.

C. Alkylation with (w-Chloroalkyl)chlorosilanes

The Friedel-Crafts alkylation of benzene with (w-chloroalkyl)chlorosilanes
(Cl,,Mes_,,Si(CH»),-Cl, m = 0-3; n = 1-3) in the presence of aluminum chloride
gives ®-(chlorosilyl)alkylbenzenes.!>* The reactivities of (chloroalkyl)silanes de-
pends on the substituents on silicon and the alkyl chain length between C—CI and
silicon. In the case of (chloromethyl)silanes (Cl,,Me;_,,SiCH,Cl), the reactivity
decreases as the number (m) of chlorine substituent(s) on the silicon atom increases.
(Chloromethyl)trichlorosilane (m = 3) requires a reaction temperature of 200 °C for
the alkylation of benzene in a sealed tube. Alkylation with (chloromethyl)methyl-
dichlorosilane (m = 2) or (chloromethyl)dimethylchlorosilane (m = 1) at 80 °C af-
fords benzyl(methyl)dichlorosilane in 71% yield and a 1:1 mixture of
benzyl(methyl)dichlorosilane (demethylation product) and benzyldimethylchloro-
silane in 41% yield. In the case of (chloromethyl)trimethylsilane (m = 0), reaction
proceeds at room temperature to give trimethylchlorosilane and toluene, derived
from the protodesilylation of the benzyltrimethylsilane product by hydrogen chlo-
ride.* Generally, electron-withdrawing chlorine substituent on the silicon atom of
(chloromethyl)silanes deactivate the alkylation, while methyl groups facilitate the
alkylation™* and the subsequent decomposition of products. In the alkylation of
benzene with (w-chloroalkyl)trichlorosilanes in the presence of aluminum chloride,
the spacer length between C—Cl and the silyl group plays an important role. Al-
kylation proceeds under milder conditions as the spacer length increases. Thus,
reaction temperatures decrease from 200 °C for (chloromethyl)silane to room tem-
perature for (B-chloroethyl)silane and (y-chloropropyl)silane.*
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D. Alkylation with (Polychloroalkyl)chlorosilanes

(Polychloromethyl)silanes (Cl,,Me;_,,,SiCH;_,Cl,,, m = 0-3; n = 2, 3) react with
excess benzene in the presence of aluminum chloride to give (polyphenylmethyl)-
silanes [Eq. (20)]."* Such reactions occur at temperatures ranging from room tem-
perature (m =0, 1; n = 2) to 80 °C (m = 2, 3; n = 2, 3), indicating that the reactivity
increases as the number (m) of electron-donating chlorine groups on silicon de-
creases. In particular, (dichloromethyl)silanes having two or three methyl groups at
the silicon (m = 0 or 1; n = 2) undergo alkylation and decomposition reactions of
their products at room temperature. Alkylation with (dichloromethyl)trimethyl-
silane (m = 0) occurs immediately at room temperature to give diphenylmethane
and trimethylchlorosilane, but not (diphenylmethyl)trimethylsilane due to decom-
position of the alkylation product. (Trichloromethyl)silanes (m = 2, 3; n = 3) react
with excess benzene to give (triphenylmethyl)silanes as major products and the
unexpected (diphenylmethyl)silanes as minor products. The (diphenylmethyl)silanes
are formed by the decomposition of (triphenylmethyl)silanes under the reaction
conditions. In the alkylation of benzene, the reactivity of (polychloromethyl)silanes
(Cl, Me5,,SiCH;,Cl,: m=0-3; n=2, 3) decreases in the following order:
m=0>1>2>3;n=3>2"

AlCI
ClyyMes.mSiCHg.Cly + © 3

Cl,,Mes.SiCHa )n
m=0-3;n=2,3

(20)

Friedel-Crafts alkylation reactions of biphenyl with (dichloroalkyl)chlorosilanes
[Cl,,Me;_,,Si(C,H»,,_1Cl,), m = 0-3, n = 2, 3] at temperatures ranging from 120 to
160 °C in the presence of Lewis acid catalyst give cyclized products, fluorenyl-
substituted chlorosilanes, in 47-94% vyields [Eq. (21)].*® When (dichloro-
methyl)trichlorosilane reacts with a two-fold excess of biphenyl in the presence of
aluminum chloride catalyst at 160 °C for 1 h, 9-(trichlorosilyl)fluorene is obtained in
91% yield. Reaction with (dichloromethyl)trichlorosilane at 120 °C for 1 h gives the
cycloalkylation product in 94% yield. Under similar reaction conditions, (1,2-di-
chloroethyl)chlorosilanes afford 9-(chlorosilylmethyl)fluorenes in 35-47% yields
and (2,3-dichloropropyl)dichlorosilane gives 9-(2-(trichlorosilyl)ethyl)fluorene in
48% yield. These results can be rationalized in terms of the stability,* ease of 1,2-
migration, and electrophilic addition to biphenyl of the carbocation intermediates
generated by the complexation of (dichloroalkyl)chlorosilanes (alkyl = ethyl and
propyl) with aluminum chloride. In these reactions, the reactivities of (di-
chloroalkyl)silanes generally increase as the number of methyl groups on the sili-
con atom and the alkyl chain lengths increase. However, desilylation of the alky-
lated products and starting chlorosilanes is observed in the case of (dichloroalkyl)si-
lanes having two or more methyl groups on silicon. Alkylation with
(dichloromethyl)dimethylchlorosilane proceeds at 120 °C but gives fluorene and
dimethyldichlorosilane, resulting from desilylation of the products. The reactivities
of (dichloroalkyl)silanes decrease in the following order: m =0>1>2; n =2>1.
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The catalytic efficiencies of Lewis acids for the cycloalkylation reactions decrease in
the following order: AICl; > AlBr; > HfCly > ZrCly > TiCly. >

|O )‘(1

, AlC,
+ CI=Si—C,H,, Cly E

)‘(2 X! O (21)

|
X' X2=Cl, Me CI=Si—C, Hyy 5 .
n= 1, 2, 3 X2

Known alkylation reactions of aromatic compounds with organosilicon com-
pounds have been summarized in this review. A variety of chlorosilanes containing
alkenyl and chloroalkyl groups can be used for the alkylation of aromatic com-
pounds to afford the corresponding chlorosilyl-containing aromatic compounds.
Such organosilicon compounds containing Si—Cl functionality are useful starting
materials for the silicone industry.

Vv
HYDROSILYLATION REACTION WITH TRIORGANOSILANES

Triorganosilanes (R3SiH) undergo hydrosilylation with unsaturated hydro-
carbons in the presence of Lewis acids. The AlCl;-catalyzed reaction®”*® has re-
ceived relatively little attention due to the strong catalytic activity of AlCl; for the
polymerization of unsaturated hydrocarbons.**** Hydrosilylations of alkenes and
alkynes with chlorodialkylsilanes in the presence of AICl; were first reported
by Finke and Moretto®”® in 1979, and later by Oertle and Wetter.*”® In 1990,
Yamamoto and Takemae studied the reaction of I-methylcyclohexene with
chlorodimethylsilane in the presence of AICIl; catalyst and found that hydrosilyla-
tion proceeded stereoselectively in a trans-addition manner.*® Voronkov and
co-workers*! reported the hydrosilylation of alkynes and olefins with triethylsilane
in the presence of a mixed catalytic system consisting of H,PtCly and AlCl;.

The hydrosilylation of alkenes with trialkylsilanes in the presence of Lewis acid
catalysts under mild conditions gives the corresponding (trialkylsilyl)alkanes [Eq.
(22)]. Reaction with terminal alkenes such as 1-hexene and 1-dodecene at room
temperature gives hydrosilylation products in 57 and 58% yields, respectively. Re-
actions with activated styrene derivatives such as styrene, p-chlorostyrene, and o-
methylstyrene at —20 °C afford hydrosilylated products in 55-61% yields.*

H

1
R Et;SiH R!
R2> AICL; in CH,Cl, K2 SiEts )
R!'=H, R?=Me, "Bu, n-octyl,
Ph, p-CIPh,

R'=Me, R?=Ph
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Cycloalkenes such as cyclohexene, 1-methylcyclohexene, cyclopentene, and nor-
bornene are hydrosilylated with triethylsilane in the presence of aluminum chloride
catalyst in methylene chloride at 0 °C or below to afford the corresponding hydro-
silylated (triethylsilyl)cycloalkanes in 65-82% yields [Eq. (23)]. The reaction of 1-
methylcyclohexene with triethylsilane at —20 °C occurs regio- and stereoselectively
to give cis-1-triethylsilyl-2-methylcyclohexane via a trans-hydrosilylation pathway.
Cycloalkenes having an alkyl group at the double-bonded carbon are more reactive
than non-substituted compounds in Lewis acid-catalyzed hydrosilylations.*®

1
R Busin

AICL;, CH,Cl, (23)

H

In these hydrosilylation reactions, the reactivity and product yields decrease as
the bulk of the triorganosilane increases. The catalytic reactivity of Lewis acids
decreases in the following order: AlBr; > AICl;> HfCl, > EtAICl, > ZrCl, > TiCl,.*®
When triorganochlorosilane is used as an activator in the aluminum chloride-
catalyzed reaction, the hydrosilylation rate drastically increases. The results are
consistent with a stepwise reaction proceeding wvia the formation of a tri-
alkylsilylenium ion intermediate.

Other Lewis acid-catalyzed hydrosilylations of alkenes and alkynes on hydride-
terminated silicon surfaces result in a surface modified with alkyl and alkenyl
functionalities.**
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INTRODUCTION

The chemistry of polydentate Lewis acids'™ is still in its infancy but is rapidly
expanding to a number of areas including molecular and anion recognition, ca-
talysis and crystal engineering. Conceptually, polydentate Lewis acids are often
regarded as the charge reverse analogs of polydentate Lewis bases and are thus
expected to act as polydentate ligands for electron-rich substrates.* This analogy
was recognized almost four decades ago by Shriver and Biallas who showed that
methoxide anions are effectively chelated by 1,2-bis(difluoroboryl)ethane (1), a
charge reverse analog of ethylenediamine (Scheme 1).> Following this seminal con-
tribution, a great deal of effort has been devoted to the synthesis and study of such
polydentate Lewis acids. An important part of the compounds that have been
investigated consists of polyfunctional organostannanes' and organomercurials.® '
Despite the soft Lewis acidity of tin and mercury, these compounds exhibit re-
markable properties and have been used as receptors for anions as well as for small
electron-rich molecules. For example, while the 1,2-distannylbenzene 2'* or the
mercuraborand 3'? readily complex chloride anions, trinuclear mercury derivatives
such as trimeric perfluoro-ortho-phenylene 4 can be used as receptors for organic
substrates including acetone (Scheme 2).'* Aiming at more powerful Lewis acids, a
great deal of effort has been devoted to the preparation of polydentate Lewis acids
that contain hard Lewis acidic elements of group 13.'>!® Despite their greater
sensitivity toward hydrolysis and oxidation, several polydentate group 13 deriva-
tives have been successfully synthesized and investigated.

An important aspect of this research resides in the choice of the backbone that
serves to hold the Lewis acidic site. In order to insure that the Lewis acidic sites

*Corresponding author.
E-mail: francois@tamu.edu (F.P. Gabbai).
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remain available, it is important to choose a backbone that does not contain ac-
cessible Lewis basic sites such as oxygen or nitrogen atoms which could neutralize
the Lewis acidic centers by intramolecular Lewis adduct formation or by through-
bond m-electron donation. Moreover, as in the chemistry of polydentate Lewis
bases, the structure of the backbone should serve to dictate the spatial orientation
of the Lewis acidic centers as well as the overall rigidity or flexibility of the target
polydentate Lewis acid. Since the occurrence of cooperative effects is entropically
impaired with flexible systems, the preorganization of the Lewis acidic sites in a
rigid molecular edifice is often preferred. Recent achievements in this area have
centered on derivatives of ortho-substituted benzenes and peri-substituted naph-
thalenes. In this chapter, we will review the chemistry of bidentate Lewis acids
containing two group 13 elements linked by an ortho-phenylene'>'® or a peri-
naphthalenediyl backbone. This contribution follows an earlier review concerned
with peri-naphthalenediyl group 13 derivatives.'’

!
SYNTHESIS

A. Boron Polydentate Lewis Acids

1. Ortho-Phenylene Boron Derivatives

Bidentate boranes with an o-phenylene backbone constitute some of the simplest
examples of polydentate Lewis acids with rigid backbones. They can be prepared by
the reaction of boron halides with a 1,2-dimetallated benzene derivative. Thus, the
reaction of 1,2-bis(chloromercurio)benzene (5) with boron trichloride affords 1,2-
bis(dichloroboryl)benzene (6, Scheme 3).'*
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This compound (6) can also be obtained in one step by the reaction of 1,2-
bis(trimethylstannyl)benzene (7) with an excess of boron trichloride at —78 °C in
dichlormethane.” It can also be prepared by the reaction of 1,2-bis(tri-
methylsilyl)benzene (8) with boron trichloride. In the latter, the reaction proceeds
via the monoborylated intermediate 9 (Scheme 4).

When the distannyl reagent 7 is employed, the fate of the reaction apparently
depends on the reaction conditions. Indeed, Eisch observed that the reaction of 7
with boron trichloride at —40 °C in hydrocarbon solvent is not always selective and
leads to the formation of both a monoborylated intermediate (10) that slowly
converts into 6 (Scheme 5).2° The outcome of these reactions is apparently further
complicated by a fast methyl group transfer from the tin to the boron centers
yielding the undesired monoborylated derivative 11. Eisch also found that such
reactions are not limited to the case of boron trialide but can be performed with
dialkyl boron halide starting materials. For example, the reaction of the distannane
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FiG. 1. Compound 13. F-atoms from CgF5 groups omitted for clarity.

7 with diethylboron chloride is clean and affords high yields of 1,2-bis(diethyl-
boryl)benzene (12, Scheme 6).

1,2-Bis(dichloroboryl)benzene (6) is an important starting material which lends
itself to facile derivatization. As shown by Piers, it cleanly reacts with bis(penta-
fluorophenyl)zinc to afford the corresponding bidentate Lewis acid 13 (Scheme 7).?!
The molecular structure of diborane 13 has been determined and is shown in Fig. 1.
In this structure, the vicinal boron atoms are held at 3.26 A and from one another
and seem to be ideally positioned to cooperatively interact with monoatomic anions.
The fully fluorinated version of this bidentate Lewis acid has also been prepared.?!
Original efforts focused on the use of 1,2-bis(dichloroboryl)tetrafluorobenzene 14 as
a starting material (Scheme 8). This compound could be observed in the early stage
of the reaction of trimeric perfluoro-o-phenylenemercury (4) with boron trichloride,
but was found to be unstable toward condensation into 9,10-dichloro-9,10-dihydro-
9,10-diboraoctafluoroanthracene 15. The successful synthesis of the fully fluorinated
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derivative employed the more stable 1,2-bis(dibromoboryl)tetrafluorobenzene 16.
This derivative was obtained from the reaction of the trinuclear organomercurial 4
with BBr; and was converted into 17 by treatment with bis(pentafluorophenyl)zinc.
The structure of 17 (Fig. 2) has also been determined and closely resembles that of 13
(Fig. 1). However, this structure displays a significantly shorter distance of 3.14A
between the two boron centers.

Distannyl derivatives have also been used as starting materials for the synthesis of
fluorinated ortho-phenylene diboranes. The reaction of 1,2-bis(trimethylstannyl)tetra-
fluorobenzene (18)>> with BCl; affords 9,10-dichloro-9,10-dihydro-9,10-di-
boraoctafluoroanthracene (15) (Scheme 9).>*>* This compound can be further de-
rivatized by treatment with bis(pentafluorophenyl)dimethyltin which affords the
fully fluorinated 9,10-bis(pentafluorophenyl)-9,10-dihydro-9,10-diboraoctafluoro-
anthracene (19). This conversion can also be effected by the reaction of 15 with
bis(pentafluorophenyl)zinc.*!
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2. 1,8-Naphthalenediyl Boron Derivatives

1,8-Diborylnaphthalenes constitute another class of rigid bidentate boranes. The
first example of such derivatives were reported by Letsinger who prepared
1,8-naphthalenediboronic anhydride (20) from 1,8-dilithionaphthalene (21) and
tris-n-butylborate followed by hydrolysis (Scheme 10).** While a variety of 1,8-
diborylnaphthalenes are known,'”*® only a few of them have been investigated as
bidentate Lewis acids. Symmetrical examples of such compounds include 1,8-
bis(dimethylboryl)naphthalene 22,>"2° 1,8-bis(diphenylboryl)naphthalene 23*° and
1,8-bis(dichloroboryl)naphthalene 24.*! Compounds 22 and 23 have been prepared
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FiG. 3. Structure of the diborane 23.

by reacting the 1,8-dilithionaphthalene with an excess of the appropriate electro-
phile, while the tetrachloride 24 has been synthesized by the reaction of 1,8-
bis(chloromercurio)naphthalene (25) with BCl5.*!

Compound 24 is very sensitive to hydrolysis and affords the 1,8-naphthalene-
diboronic anhydride 20 when exposed to moisture. Compound 22, also referred to
as hydride sponge, was prepared by the reaction of 1,8-dilithionaphthalene with
dimethylboron ethoxide and isolated as a pale yellow o0il.>” A metathesis reaction
involving the 1,8-dilithionaphthalene and diphenylboron bromide procedure was
also used to generate 1,8-bis(diphenylboryl)-naphthalene 23.%? The structure of this
compound has been determined by X-ray diffraction (Fig. 3). As often encountered
in the structure of peri-substituted naphthalene derivatives, the naphthalene back-
bone of this derivative is subjected to distortions, which result from steric repulsions
occurring between the proximal boryl moieties. The non-bonding boron—boron
distances are close to 3 A, thus allowing for the occurrence of cooperative effects.
The structure of this diborane has been computationally optimized using Density
Functional Theory (DFT) methods (B3LYP, 6-31+ G* for the boron centers, 6-
31G for all other atoms). The optimized geometry is close to that observed in the
crystal. It is interesting to note that the Lowest Unoccupied Molecular Orbital
(LUMO) bears strong contribution from the boron p, orbitals which point toward
one another (Fig. 4).

Unsymmetrically peri-substituted 1,8-diborylnaphthalenes have also been pre-
pared and investigated as bidentate Lewis acids. The synthesis of such derivatives is
non-trivial because it necessitates the sequential introduction of boryl moieties at
the peri-positions of the naphthalene backbone. Thus far, this strategy has only
been applied successfully on few occasions. The reaction of 1,8-dilithionaphthalene-
tmeda with one equivalent of dimesitylboronfluoride results in the formation of
dimesityl-1,8-naphthalenediylborate 26 as a monoborylated naphthalene product
(Scheme 11).>? This derivative is the only example of an anionic 1,8-boron-bridged
naphthalene derivative. However, it is important to note that Siebert has reported
the synthesis and structure of a neutral 1,8-boron-bridged naphthalene derivative
which features a (di-iso-propylamino)boron moiety bridging the two naphthalene
peri-carbon atoms.>* A single-crystal analysis carried out on 26-Li(py), confirmed
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Fi1G. 4. LUMO of diborane 23 obtained by DFT calculation.
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the existence of a strained boracycle as indicated by the values of the endocyclic
angles that show considerable contractions (C-B-C = 80.5°, C-C-C = 103.3°)
(Fig. 5).*> Upon standing at room temperature in toluene for an extended period of
time, 26 undergoes a ring expansion reaction to afford 8,10,11a-trimethyl-7-mesityl-
11aH-7-borata-benzo[de]anthracene (27).** This isomerization reaction allows for a
relief of the ring strain present in 26 at the expense of the aromaticity of one of the
mesityl substituents. As shown by its crystal structure, compound 27 constitutes a
rare example of a bora-alkene and features a carbon—-boron double bond of
1.475(6)1& incorporated in a conjugated hexa-1-boratriene system (Fig. 6).
26-Li(THF), undergoes ring opening reactions in the presence of various elect-
rophiles including trimethylstannyl chloride®> and diorganylboronhalides.****
Thus, reactions with dimethylboron bromide, diphenylboron bromide and tri-
methylstannyl chloride lead to high yields of 1-(dimesitylboryl)-8-(dimethyl-
boryl)naphthalene (28),%° 1-(dimesitylboryl)-8-(diphenylboryl)naphthalene (29),*
and 1-(dimesitylboryl)-8-(trimethylstannyl)naphthalene (30),>? respectively (Scheme
12). By contrast, reaction of 26 with dimesitylboronfluoride does not lead to
the formation of 1,8-bis(dimesitylboryl)naphthalene, which likely results from the
high steric demand of the mesityl substituents. Both 28 and 29 have been fully



Bidentate Group 13 Lewis Acids 69

FiG. 5. Structure of the borate anion 26.

F1G. 6. Structure of the borataalkene anion 27.
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characterized. The crystal structure of 29 indicates that the boron centers are sep-
arated by 3.35A (Fig. 7). This separation is greater than that observed in 23 and
results from the increased steric demand of the boron substituents.

In order to allow for a closer approach of the boron centers, the introduction of
flat cyclic boryl moieties with reduced steric hindrance has also been pursued. Thus,
the reaction of 26 with 9-chloro-9-borafluorene and 5-bromo-10,11-di-
hydrodibenzo[b,f]borepin resulted in the formation of diboranes 31 and 32 which
bear two different boryl moieties at the peri-positions of naphthalene (Scheme 13).**
These diboranes have been characterized by multinuclear NMR spectroscopy and
X-ray single-crystal analysis. In 31, the boron center of the borafluorenyl moiety is
n-coordinated by the ipso-carbon of a mesityl group with which it forms a contact
of 2.730(3)1& (Fig. 8). As a result of this interaction, the boron center involved in
this contact is slightly pyramidalized (Z;nge = 355.7°). In the case of 32 (Fig. 9), the
distance between the boron center of the boracylic moiety and the ipso-carbon of
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F1G. 9. Structure of the diborane 32.

the mesityl group is much longer (3.151&) indicating a weaker interaction. The
differences observed in the structures of 31 and 32 substantiate the increased Lewis
acidity of the boron center of 31. This increased acidity results from the anti-
aromatic character of the 9-borafluorenyl moiety, which favors coordination events
that remove the boron p-orbital from conjugation.*®*” The relief of strain energy in
the borole ring upon boron pyramidalization also contributes to the increased
acidity of the B(2) boron center.?’

In an effort to prepare bidentate boranes as colorimetric anion sensors, the in-
corporation of chromophoric boron moieties has also received attention. Reaction
of 10-bromo-9-thia-10-boranthracene 33 with dimesityl-1,8-naphthalenediylborate
26 affords diborane 34 (Scheme 14).°® This bright yellow diborane is soluble in
chloroform, THF and pyridine. It has been fully characterized but its X-ray crystal
structure could not be determined experimentally. Its structure was computation-
ally optimized using DFT methods (B3LYP, 6-31+ G* for the boron and sulfur
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FiG. 10. DFT orbital picture showing the in-phase interaction of boron’s empty p AO in the LUMO of
34.

centers and 6-31G for all other atoms, Fig. 10). The optimized geometry is close to
that observed for other diboranes bearing a dimesitylboryl group.**** Most im-
portantly, examination of the DFT orbitals reveals that the boron p, orbitals con-
tribute to the LUMO and are oriented toward one another in a transannular
fashion as observed for 1,8-bis(diphenylboryl)naphthalene.

The UV-Vis spectrum of 34 features a broad band centered at 363 nm,
e = 17,400mol'ecm™"'. As indicated by a time-dependent DFT calculation, elec-
tronic excitations from the Highest Occupied Molecular Orbital (HOMO), HOMO-
1 and HOMO-2 to the LUMO are the major contributors to this broad band.

Naphthalene-based bifunctional Lewis acids that involve boron and a heavier group
13 element have also been prepared starting from the boron/tin derivative 30 (Scheme
15).% Thus, the transmetalation reaction of 30 with gallium trichloride or indium
trichloride in tetrahydrofuran (THF) results in high yields of 1-(dichlorogallium)-8-
(dimesitylboron)naphthalenediyl 35 and 1-(dichloroindium)-8-(dimesitylboron)
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FiG. 11. Structure of 35 showing the short C;,,,—Ga interaction.

ipse

naphthalenediyl 36. These boron/gallium and boron/indium heteronuclear bidentate
Lewis acids have been characterized by multinuclear NMR, elemental analysis, and
X-ray single-crystal analysis. Owing to the presence of a short contact between the
ipso-carbon of a mesityl group and the heavy group 13 element (C,,,,—Ga = 2.28 A,
CipsoIn=2.44 A), compounds 35 and 36 are best described as intramolecular m-arene
complexes and were the first example of such complexes (Fig. 11).** As shown by 'H
and '*C NMR spectroscopy, this m-interaction subsists in solution. For example, the
methyl groups of the mesityl substituents give rise to six distinct resonances. More-
over, the *C NMR of the mesityl ipso-carbon atom coordinated to the heavy group
13 element (6 = 120.0 for 35 and 125.2 for 36) is shifted to high field when compared
to trimesitylboron (6 = 144.8 ppm) providing further proof for the existence of the
m-interaction in solution.

B. Aluminum, Gallium and Indium Polydentate Lewis Acids

In comparison to their boron analogs, polydentate Lewis acids containing the
heavier main group elements are generally scarce. This state of affairs certainly
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reflects the synthetic difficulties that might be encountered in the design and prep-
aration of such systems which typically exhibit high air and moisture sensitivity.

1. Ortho-Phenylene Aluminum, Gallium and Indium Derivatives

We note that while tin reagents have often been employed for the organoboron
halides,'”?%**?* the use of organostannanes as starting materials can also be ap-
plied to the synthesis of heavier group 13 derivatives. In the context of polyfunc-
tional Lewis acid chemistry, this type of reaction has been employed for the
preparation of ortho-phenylene aluminum derivatives. Thus, the reaction of 1,2-
bis(trimethylstannyl)benzene 7 with dimethylaluminum chloride, methylaluminum
dichloride or aluminum trichloride affords 1,2-bis(dimethylaluminum)phenylene
37, 1,2-bis(chloro(methyl)aluminum)phenylene 38 and 1,2-bis(dichloroalumi-
num)phenylene 39, respectively (Scheme 16).** Unfortunately, these compounds
could not be crystallized and their identities have been inferred from NMR data
only. In the case of 39, the aluminum derivative could not be separated from
trimethyltin chloride with which it reportedly forms a polymeric ion pair consisting
of trimethylstannyl cations and bis(trichloroaluminate) anions 40.

9,10-Dihydro-9,10-dialaanthracene derivatives have also been reported. As
shown by Bickelhaupt, the reaction of ortho-phenylenemagnesium 41 with MeAl-
Cl, leads to the formation of 9,10-dimethyl-9,10-dihydro-9,10-dialaanthracene as a
bis(THF) adduct (42, Scheme 17).*' When taken out of solution, crystals of this
adduct proved unstable toward THF loss so that the crystal structure could not be
determined.
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FiG. 12. Structure of 43.

Efforts to prepare fluorinated analogs of these derivatives have also been made.
When 1,2-bis(trimethylstannyl)tetrafluorobenzene (18) is allowed to react with di-
methylaluminum chloride in hexane, the reaction follows a slightly different course
than that observed in the case of 1,2-bis(trimethylstannyl)benzene (18) and affords
1,2-bis(chloromethylalumino)tetrafluorobenzene (43, Scheme 18). As indicated by
X-ray analysis, the molecule has two 1,2-bis(alumino)tetrafluorobenzene units
which are connected through an eight-membered (AICl), ring (Fig. 12).** This
compound is not stable when exposed to polar solvents such as THF which induces
a ring closure reaction to produce a mixture of 9(X),10(Y)-9,10-dial-
aoctafluoroanthracene species as bis(THF) adducts (X =Y =Cl (44), X =Cl,
Y = CH; (45), X = Y = CHj; (46)) as indicated by X-ray crystallography (Fig. 13)
and '"F NMR spectroscopy carried out on the co-crystal of the three derivatives.*
This cyclization reaction is similar to that observed in the case of 1,2-bis
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(dichloroboryl)tetrafluorobenzene (14) which promptly converts into 9,10-dichloro-
9,10-dihydro-9,10-diboraoctafluoroanthracene (15). Both aluminum atoms of
44-46 arc in a distorted tetrahedral environment composed of the ipso-carbon at-
oms of the perfluorinated aromatic ring, the oxygen atom of a THF molecule and
the disordered methyl group/chloride ion.

The same strategy has also been applied to the preparation of the corresponding
digallium system.*' Reaction of o-phenylene magnesium (41) and MeGaCl, in THF
affords 9,10-dimethyl-9,10-dihydro-9,10-digallaanthracene (47) as a bis(THF) ad-
duct (Scheme 19, Fig. 14). The THF ligands could be readily displaced by pyridine
to afford the corresponding bis(pyridine) adduct. The latter has been fully char-
acterized. Its structure indicates the presence of two tetrahedrally coordinated gal-
lium centers.*' In this regard, its structure is comparable to that of the 9.10-
dialaanthracene-bis(THF) adducts 44-46.

Ortho-phenylene-diindium complexes constitute a well-developed class of deriv-
atives. The indium analog of 42 and 47 has been prepared by the reaction of o-
phenylene magnesium with methyl indium dichloride.** The same reaction carried
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FiG. 14. Structure of 47-(THF),.
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out with 2,6-bis(dimethylaminomethyl)phenylindium dichloride (48) instead of me-
thyl indium dichloride also affords the corresponding bimetallic complex 49 which
could be isolated in fairly high yield (Scheme 20).** Its crystal structure confirms
that each indium center is pentacoordinated (Fig. 15). Because of the constraints
imposed by the ligand structure, the coordination geometry of each indium center
deviates from an ideal trigonal pyramidal arrangement. The most noticeable dis-
tortion affects the N-In-N angle [143.5(2)°] which is much smaller than the expected
180°.

A series of ortho-phenylene-diindium complexes have also been prepared by
transmetalation of the corresponding poly-mercury derivatives with indium(I) hal-
ides. Such transmetalation reactions are very advantageous; they proceed smoothly
and yield mercury metal as a sole byproduct, which greatly facilitates the isolation
of the target molecule.*>*® Trimeric ortho-phenylene-mercury (50)*” is well-known
to undergo such transmetalation. The preparation of ortho-dilithiobenzene, tetra-
meric ortho-phenylenemagnesium® and dimeric ortho-phenylenezinc® are repre-
sentative examples that demonstrate the importance of this synthetic method. In
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contrast to those clean transmetalations, the equimolar reaction of InCl with 50
takes an unexpected course and yields the heteronuclear trifunctional Lewis-acid 51
which has been isolated as a fetrakis(THF) adduct (Scheme 21).%°

The structure of 51-(THF), consists of two ortho-phenylene indium dichloride
moieties linked through a central Hg atom, giving rise to a pseudo-centric core
(Fig. 16). The mercury atom is, as expected, linearly coordinated. Each indium
atom is penta-coordinated in a trigonal-bipyramidal fashion with two THF mol-
ecules at the axial positions and two chloride ligands as well as a phenylene ring at
the equatorial sites.

Unlike InCl, InBr reacts cleanly with 50 in THF to afford the tetrakis(THF)
adducts of 9,10-dibromo-9,10-dihydro-9,10-diindaanthracene 52 in high yield
(Scheme 21).°! Compound 52 crystallizes as a tetrakis(THF) adduct with two in-
dependent molecules in the unit cell. Both molecules are centrosymmetric (Fig. 17).
Each indium atom is pentacoordinated in a trigonal-bipyramidal fashion, with two
molecules of THF at the axial positions. Upon standing in a dry inert atmosphere,
52-(THF), readily loses two equivalents of THF to afford 52-(THF), as indicated
by elemental analysis.
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FiG. 16. Structure of 52-(THF),.

FiG. 17. Structure of 53-(THF),.

In order to increase the Lewis acidity of the indium centers in compounds such as
52, the preparation of derivatives that incorporate a tetrafluorophenylene backbone
has also been pursued. 1,2-Bis(halomercurio)tetrafluorobenzene (halide = chloride
(53) or bromide (54)) reacts with two equivalents of the corresponding indium(I)
halide in THF at 25°C to afford the tetrakis(THF) adduct of the respective 9,10-
dihalo-9,10-dihydro-9,10-diinda-octafluoroanthracene (halide = chloride (55) or
bromide (56)) (Scheme 22).°> Compound 56 is also prepared by the reaction of
(0-C¢F4Hg)s (4) with InBr in refluxing toluene followed by treatment with THF.
The formation of the diindacycles 55 and 56 in the reaction of 53 and 54 with two
equivalents of the corresponding indium(I) halide is surprising since, in principle,
bis(indiumdihalide) complexes would be the expected products. This cyclization



80 M. MELAIMI AND F.P. GABBAI

R F

F F F

F- HgX 4 InX, THF
2 THF>-XIn InNX-THF»

F HgX

F F F
53 (X =Cl) 55-(THF), (X=Cl) F F
54 (X =Br) 56-(THF), (X =Br)

SCHEME 22.

Fi1G. 18. Structure of 56-(THF),.

reaction is reminiscent of that encountered in the case of the tetrafluorophenylene
dialuminum complex 43 which also undergoes a ring closure reaction in the pres-
ence of donor solvents.*> Compounds 55 and 56 form stable retrakis(THF) adducts
which do not lose THF under normal conditions. Thus, their behavior is different
from that of 52-(THF),, which was found to spontaneously lose two THF mol-
ecules at room temperature in an inert atmosphere. This reflects an increase in the
Lewis acidity of the indium centers which can be associated with the presence of
perfluorinated ligands. Structural studies have been undertaken on several adducts
of these diindacycles (Fig. 18). While the structures resemble that of the perprotio-
analog, the In-O bonds of 56-(THF), are shorter by 0.08 A than those of 52-(THF),
thus also reflecting the increased Lewis acidity of the indium centers.

2. 1,8-Naphthalenediyl Gallium and Indium Derivatives

While no aluminum derivatives featuring the 1,8-naphthalenediyl backbone have
ever been isolated, several gallium species have been successfully prepared. With the
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exception of the mixed boron/gallium derivative 35 motioned above,*” 1,8-naph-
thalenediyl gallium derivatives have been prepared by transmetallation of 1,8-
bis(trimethylstannyl)naphthalene 57 with GaCl;.>*>* Under strictly anhydrous
conditions and upon heating for 6h at 65°C, the reaction of 57 with GaCls in
toluene leads to high vyields of bis(u-1,8-naphthalenediyl)(p-chloride)methyl-
tin(IV)chlorogallium(IIT) (58) (Scheme 23).>* Compound 58 adopts an unusual
structure in that it features a folded eight-membered dimetallacycle in which the
two metals are bridged by a chloride ligand (Fig. 19). Lowering the reaction tem-
perature to —25 °C, leads to a decrease in the yield of 58 and the appearance of a
new product which has been identified as an adduct formed between bis(p-1,8-
naphthalenediyl)bis(gallium(IIT)chloride) and  trimethyltin  chloride  [59-
Me;SnCl],.>* The presence of a digallacycle unit in 59 indicates that the complete

MezSn  SnMeg

ook © \Sn—Me GaCls “ _ Gactk
OO Gd Ga
Toluene Tquene/HQO O heod ‘

65°C

03

57 GaC|3

i
Ga
Toluene ’] O

-25°C

Cl—Ga Ga—Cl | (MesSnCl),

SCHEME 23.

FiG. 19. Structure of 59.
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substitution of the stannyl groups of 57 is possible. As shown by 'H NMR spec-
troscopy, [59-Me;SnCl], does not retain its structure in pyridine solutions but
rather dissociates to give Me;SnCl-py and solvent-stabilized molecules of the dig-
allacyle. In the presence of traces of water, the room temperature transmetallation
reaction leads to a low yield of a third derivative 60 which consists of a 12-me-
mbered macrocycle containing three gallium atoms linked by 1,8-naphthalenediyl
ligands and arranged about a central oxygen atom. The charge balance of 60 is
achieved by the presence of a chloride atom that bridges two of the gallium centers.
In the crystal, 60 exists as a dimer wherein the monomers are bridged via a
Ga—0-Ga-0 four-membered ring (Fig. 20). The three gallium atoms are separated
by approximately 3 A and form a nearly equilateral triangle.

In an effort to extend the use of organostannanes as starting materials for or-
ganoindium species, the reaction of 57 with InCl; in acetonitrile has been inves-
tigated (Scheme 24).°> Remarkably, this reaction leads to the formation of the
diindacycle bis(p-1,8-naphthalenediyl)bis(chloroindium(III)) (61) which could be
isolated as a tetrakis(pyridine) adduct by subsequent addition of pyridine. It is
interesting to note that the retrakis(THF) adduct of this diindacycle has been iso-
lated in trace amounts in the reaction between InCl and 1,8-bis(chloromercu-
rio)naphthalene (vide infra). The synthesis that uses the distannyl derivative 57 as a
starting material appears to be a worthy alternative since it affords 61 in a 65%
yield. Attempts to prepare a non-cyclic 1,8-(diindium)naphthalenediyl complex

FiG. 20. Structure of 60.
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Fic. 21. Structure of 60-(py),.
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have not been successful. Even in the presence of an excess of InCls, the reaction
depicted in Scheme 24 always affords 61 as the only identifiable product. Attempts
to prepare 61 by metathesis have also been pursued. As shown by 'H NMR
spectroscopy, treatment of InCl; with an equimolar amount of the 1,8-dilithio-
naphthalene in Et,O affords a 25% yield of the diindacycle. The indium centers
of 61 are pentacoordinated in an approximate trigonal-bipyramidal fashion with
pyridine ligands occupying the axial sites (Fig. 21). The indium coordination
sphere undergoes strong distortions as shown by the value of the C—In-C angle
(153.3%).

As for the synthesis of ortho-phenylene indium complexes, the transmetallation
reactions of organomercurials with indium(I) halides have also been considered for
the preparation of 1,8-naphthalenediyl diindium complexes. While the dimercura-
cycle 62 fails to react with InBr, 1,8-bis(chloromercurio)naphthalene (25) and 1,8-
bis(bromomercurio)naphthalene (63) react with their respective indium(I) halides to
yield the mercura-indacycles 64 and 65 (Scheme 25) which have been isolated as
bis(THF) adducts.>® The indium center of 65-(THF), is penta-coordinated and
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F1G. 22. Structure of 64-(THF),.
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adopts a distorted trigonal-bipyramidal coordination sphere (Fig. 22). The main
deviation from an ideal geometry occurs in the equatorial plane as indicated by the
large C—-In—C angles (150.9°). The most noticeable feature in the structure of 65-
(THF), is the very short transannular Hg---In distance of 3.03 A. There are no data
available for Hg—In bonds. However, this distance is shorter than the sum of the
van-der-Waals radii of the two metals (3.6 10\),57 close to the sum of the metallic
radii (3.12 A) and just slightly greater than the sum of the Pauling covalent radii
(2.94A).

The formation of 64 and 65 most probably involves transmetallation of only one
mercury center followed by a series of ligand exchange processes leading to a ring
closure as shown in Scheme 26. Considering the steric and geometrical constraints
in 64 and 65, such ring closure reactions are remarkable and seem to parallel those
involved in the formation of the gallium/tin derivative 58.%
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1]
INTERACTION WITH LEWIS BASIC SUBSTRATES

A. Complexation of Organic Substrates

1. Complexation of Organic Carbonyls

Several reports demonstrate that polyfunctional Lewis acids are valuable cata-
lysts for reactions involving organic carbonyls such as aldehydes and ketones. " It
has been suggested that the high catalytic activity observed in these reactions is a
result of the ability of the bifunctional Lewis acid to chelate the carbonyl oxygen
atom. While the double coordination of formamides has been investigated in de-
tail,*'° the knowledge gathered on the chelation of ketones or aldehydes is some-
what limited.®*®? The Lewis acidic properties of the tetrachlorodiborane 24 have
been investigated in solution. In addition to catalyzing Diels—Alder reactions,® this
derivative forms identifiable complexes with dimethylpyranone (Scheme 27).%*
Thus, upon addition of one equivalent of dimethylpyranone, formation of the 1:1
complex 24-(p,-dimethylpyranone) (66) is observed. The identity of this complex
has been confirmed by IR and '"H NMR spectroscopies, which are in agreement
with the simultaneous coordination of the carbonyl functionality to both boron
centers. Comparison of the IR stretching frequencies and '"H NMR chemical shifts
suggest that the Lewis-acidic strength of 24 is close to that of BCl;. The addition of
one more equivalent of dimethylpyranone leads to the formation of a 2:1 complex
in which there is coordination of one ketone per boron center (67).

2. Complexation of Diazines

9,10-Dibromo-9,10-dihydro-9,10-diindaanthracene (52) contains two elect-
rophilic indium centers positioned at the opposite apexes of a flat six-membered
ring (Scheme 28). The specific arrangement of the two indium centers in this mol-
ecule indicates that the cooperative binding of bifunctional bases with adjacent
basic sites might be attainable.

Me
Me ©

ClB  BCl, W CIQB BCI2 \["J/ CIQB BCl,
oo -
CD,Cl,/CD4CI CD,Clo/CD4C

24 66 67

SCHEME 27.
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With this in mind, the coordination chemistry of 52 with different diazine struc-
tural isomers was investigated.®®> There were no detectable changes in the "H NMR
spectrum of 52 in a THF-dg solution when either pyrazine or pyrimidine were added
in 1:1 or 1:2 molar ratios, which suggested that only weak interactions might occur
between 52 and these bases. In contrast, incremental addition of pyridazine or
phthalazine to a THF-dg solution of 52 at 25 °C resulted in an upfield shift of the
aromatic '"H NMR resonances of the diindacycle 52 thus reflecting the formation of
complexes between 52 and the 1,2-diazines. Analysis of the tritration data clearly
indicated the formation of 1:1 Lewis acid—diazine complexes 52-pyridazine-(THF),
and 52-phthalazine-(THF), whose stability constants are equal to 80 (+10) and
1000 (+150) M, respectively (Scheme 29). These data, as a whole, indicate that 52
is a selective receptor for 1,2-diazines.

While the 1:1 complex 52-phthalazine-(THF), seems to be the preferred species in
solution, pale yellow crystals of the less soluble 1:2 complex 52-(phthalazine),-
(THF) (68) spontaneously formed from a saturated THF solution containing equi-
molar amounts of 52 and phthalazine. As shown in Fig. 23, the diindacycle acts as a
ditopic receptor for one phthalazine molecule. Each indium atom adopts a
trigonal-bipyramidal coordination geometry. The two nitrogen atoms of the
chelated phthalazine molecule occupy one of the axial sites of each indium center.
The coordination sphere of the indium atoms is completed by axial ligation of a
THF or phthalazine molecule. These results indicate that, as a result of subtle
structural variations, the indium p-orbitals of 52 can be brought to converge thus
allowing chelation of bifunctional bases with adjacent electrophilic centers.
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FiG. 23. Structure of 68.

T'ﬂg@ Br—Inf; E;In—Br
Br—Ir§1 Ir§1—Br . . Br—IrEm |r§1—Br
@ 2pyrazine N\ 4pyrazine @
N THF N N
(O) THF THF (O] (O]
N N N
‘ n n
69 70

ScHEME 30.

Although only weak association takes place between compound 52 and pyrazine
in solution, slow cooling of a THF solution of 52 containing one or two equivalents
of pyrazine results in the crystallization of polymeric [52-(THF),-pyrazine],, (69)
and [52-pyrazine,], (70) (Scheme 30).°® In 69, the diindacyclic part of the complex is
planar within experimental error (Fig. 24). Each indium atom is in a trigonal-bipy-
ramidal coordination geometry. The axial positions are unsymmetrically occupied
by one THF and one pyrazine molecule, respectively. The infinite chains run par-
allel to one another and do not form any short inter-chain contacts. The monomeric
units [52-(THF),-pyrazine] are linked through a single In-N linkage. All diinda-
cycles are parallel to one another. In turn, chains of 69 are reminiscent of stairs in
which the diindacycles would constitute the steps.

The stoichiometry of the assembly of 52 with pyrazine can be conveniently con-
trolled. When the ratio of pyrazine:52 was increased to four, crystals of a novel



88 M. MELAIMI AND F.P. GABBAI

%
s F
-;’ﬁ& .
%
v F
i
i‘
£ P2
o
7
] & P'
5
. -
Jhf
ww

FiG. 24. Structure of 70. Environment of a diindacyclic unit (left) and view of a portion of the coor-
dination polymer (right).
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FiG. 25. Structure of 71. Environment of a diindacyclic unit (left) and view of a portion of the coor-
dination polymer (right). The interstitial THF molecules are not shown.

compound (70) spontaneously precipitated (Scheme 30). The '"H NMR spectrum
revealed the presence of two molecules of pyrazine and two molecules of THF per
molecule of 52. Compound 70 crystallizes with two interstitial THF molecules and
consists of polymeric [52-(pyrazine),],, (Fig. 25). Unlike in 69, the monomeric units
of 70 are assembled through two In—N linkages. Thus, chains of 70 resemble a
ladder in which the diindacycles would constitute the rungs, while the [In-
pyrazine,], sequences would constitute the parallel side-pieces (Fig. 25). The space
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generated between each step of the ladder approaches closely the shape of a rec-
tangle of 7.8 x 3.6 A. The interstitial THF molecules are positioned half-way be-
tween the steps and do not penetrate the cavity deeply enough to be involved in
short intermolecular contacts.

B. Complexation of Anions

1. 1,8-Naphthalenediyl-diboranes

The strong basicity of 1,8-bis(dimethylamino)naphthalene (“‘proton sponge’)
results from the ability of this base to form a very stable conjugate acid in which the
proton is simultaneously bonded to each nitrogen atom. Based on the expectation
that the reverse-charge analogue of this species might exhibit unusual acidity, 1,8-
bis(dimethylboryl)naphthalene (22) has been investigated as an anion receptor.?”>
In the presence of potassium hydride in THF, 22 forms a kinetically and thermo-
dynamically stable 1:1 borohydride complex ([22-p,-H]™) which fails to reduce
benzaldehyde (Fig. 26, Scheme 31). In the crystal, both boron centers participate in
a 3c—2e bond with the hydride anion, this situation being responsible for the un-
usual Lewis acidity of 22. It is noteworthy that the presence of a hydride bridge
allows for tetrahedralization of the boron centers, which are only separated by
2.54 A. In addition to abstracting hydrides from a variety of substrates such as
monofunctional borohydride or zirconocene chloride hydride, 22 readily chelates
fluoride and hydroxide anions when treated with [Me;SiF,] [S(NMe,);]" and
NEt;/H,O/PPhyCl, respectively. While complexation of small anions appears
quantitative, 8 does not interact strongly with larger anions such as chloride and
bromide.

By contrast, addition of PPNCI (PPN = bis(triphenylphosphineiminium)) to 24
leads to the formation of the chloride chelate complex [24-1,-Cl]~ (Scheme 32).%'

F1G. 26. Structure of [22-u,-H] ™.
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The "B NMR spectrum of this complex exhibits a peak at 13 ppm which is not
affected by the addition of 10 equivalents of PhBCl,. This observation points to the
greater thermodynamical stability of [24-p,-Cl]~ when compared to [PhBCl;]™. The
crystal structure of the [PhsPNPPhs]" (PPN) salt of [24-u,-Cl]~ has been deter-
mined and was found to be slightly disordered (Fig. 27). The chloride anion is
coordinated to both boron centers with which it forms B—CI bonds of av. 1.92(1) A
with a B-CI-B angle of av. 105.8°. As shown by the puckered structure of the
resulting chelate six-membered ring, the small space generated between the two
boron centers is at the lower limit for accepting a large anion such as a chloride.
Taking into account the importance of the fluoride anion in the treatment of
osteoporosis®’ and in dental care,®® a great deal of effort is currently devoted to the
design of selective fluoride sensors.®’® Since 1,8-diborylnaphthalene species con-
stitute ideal molecular recognition unit for fluoride, the bright yellow diborane 34
has been investigated as a colorimetric fluoride sensor.*® In 34, the boron center is
incorporated in a chromophore so that its empty p-orbital strongly contributes to
the LUMO of the molecule. Since the LUMO acts as the electron-accepting orbital
in the transitions responsible for the yellow color of this molecule, any events
leading to the disruption of the LUMO should greatly affect the absorption spec-
trum of compound 34 and should produce a colorimetric response. In the presence
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of [Me;SiF,] [S(NMe,);]© in THF, compound 34 readily complexes fluoride an-
ions (Scheme 33). This reaction is accompanied by a rapid loss of the yellow color
and affords the anionic chelate complex [34-p,-F]~ which has been fully charac-
terized. The '’F NMR resonance of the bridging fluoride appears at —188 ppm. As
confirmed by single-crystal X-ray analysis (Fig. 28), the fluorine atom is bound to
both boron centers and forms B-F bonds of comparable lengths (F-B(1)
1.633(5) A, F-B(2) 1.585(5) A). The sum of the coordination angles (Z(C_Bl_c) =
347.8°, > (c_B1_c) = 341.2°) indicates that both boron centers are substantially py-
ramidalized.

As predicted, fluoride complexation leads to population of the LUMO of 34 and
is logically accompanied by an instantaneous loss of the yellow color. Remarkably,
no changes in the color of the solution or in the NMR of diborane 34 are observed
in the presence of chloride, bromide or iodide anions indicating that the larger
halides are not complexed. This finding corroborates earlier observations made by
Katz on 1,8-bis(dimethylboryl)naphthalene (22).® Presumably, the size of the
binding pocket provided by this bidentate borane can be held responsible for this
selectivity. As determined by a UV—Vis titration experiment, 34 complexes fluoride
anions with a binding constant of at least 5 x 10°M ™" which exceeds that observed
for monofunctional borane receptors by 3—4 orders of magnitude.”® The addition of
water does not lead to decomplexation of the fluoride anion as typically observed
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Fic. 28. Structure of [34-u,-F] .
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for fluoride adducts of monofunctional boranes.”' These differences substantiate
the chelating ability of 34 which leads to the formation of a thermodynamically
more stable fluoride complex.

2. 1,8-Naphthalenediyl Gallium Species

The ability of 1,8-naphthalenediyl gallium derivatives to complex anions has also
been studied.”” Treatment of bis(u-1,8-naphthalenediyl)(u-chloride)methyltin-
chlorogallium 58 with one equivalent of tetraphenylphosphonium chloride, bro-
mide and iodide in hot acetonitrile results, upon cooling, in the crystallization of the
corresponding anionic adduct [58-X] [PPhy]™ (71, X =CIl~; 72, X = Br; 73,
X =17) (Scheme 34). The composition and structures of 71-73 have been con-
firmed by elemental analysis and single-crystal X-ray diffraction (Fig. 29). In all
cases, the added halide coordinates to the tin center. Thus, unlike in 58, the tin atom
is surrounded by five ligands and adopts a distorted trigonal-bipyramidal geo-
metry. Inspection of the structure of 71 indicates that the bridging chloride ligand
(CI(1)) shifts toward the gallium center upon coordination of an extra halide ligand
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Fic. 29. Solid-state molecular structure of the anionic component of 71.
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at tin. A similar effect is observed in 72 and 73. These results indicate that the
Lewis-acidic gallium and tin centers of 58 cooperate in the binding of anionic
substrates. This synergy arises from the presence of a bridging chloride atom by
which the gallium center transfers its Lewis acidity to the four-coordinate tin center.
In other words, the primary Lewis-acidic site of 58 is the triorganotin chloride
moiety whose electron deficiency is enhanced through partial abstraction of its
chloride ligand by the neighboring gallium center.

3. Ortho-Phenylene Diboranes and Dialanes

Ortho-phenylene diboranes constitute another important class of polydentate
Lewis acids which have been considered for the complexation of anions.'®'> In this
context, most efforts have centered on the study of the ligative behavior of 1,2-
bis(bis(pentafluorophenyl)boryl)tetrafluorobenzene (17). Similar to 22, compound
17 forms chelate fluoride ([17-u,-F] ™) and hydroxide ([17-p,-OH] ™) complexes when
treated with KF/18-C-6 and KOH/18-C-6, respectively (18-C-6 = 18-crown-6)
(Scheme 35).%! The crystal structure of these anionic complexes has not been
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Fi1c. 30. Structure of [17-p,-Cl]™. F-atoms from C4F5 groups omitted for clarity.

determined. However, NMR data unambiguously support the existence of sym-
metrical bridged structures. In the case of the fluoride complex [17-p,-F] ™, the
bridging fluoride atom gives rise to a '’F NMR resonance at —167.2 ppm. This
chemical shift is similar to that observed for the bridging fluoride in the 1,8-di-
borylnaphthalenes [22-p1,-F]~ and [34-p,-F]~.2"3%

This anionic complex ([17-p,-F]7) has also been generated as a tritylium salt by
the reaction of diborane 17 with [Ph3C]" [BF4]".”* The ability of 17 to abstract a
fluoride from [BF,]” is noteworthy and provides a measure of its Lewis acidic
strength. The complexation of chloride has also been examined. Thus, reaction of
17 with Ph3CCl leads to the formation of [17-u,-Cl]~ which has been isolated as the
trityl salt.”* The structure of this salt has been determined by single-crystal X-ray
diffraction (Fig. 30). The chloride anion is essentially symmetrically coordinated to
both boron centers with which it forms B—Cl bonds of 2.033(2) and 2.040(2) A. The
B—CI-B angle of 94.34(6)° is somewhat acute which suggests that chloride anion
might be too large to comfortably sit in the bite provided by 14. This angle is also
more acute than that of 105.8° observed within the six-membered chelate ring of
[24-1,-Cl1]”. Bidentate 14 also abstracts chloride from PhMe,CCl. Although no
details are available, it has been reported that dialuminum complexes such as 37, 38
and 39 are able to abstract the chloride ligand from Cp,TiMeCl to afford the
corresponding metallocenium salt which readily polymerizes ethylene.*

In an effort to generate weakly coordinating anions for application in olefin
polymerization catalysis, the complexation of alkoxide and phenoxide anion by 17
has also been studied.”® Thus, the reaction of 17 with Ph;COMe and Ph;COCgFs
affords the corresponding complexes [17-pu,-OMe]™ and [17-p,-O(CgFs)]” which
have been isolated as trityl salts (Scheme 36). In both cases, the '’F NMR spectra
are consistent with C,, symmetry, therefore indicating that their chelate structures
persist in solution. Both of these salts have been structurally characterized (Fig. 31).
The bridging oxygen atom is trigonal planar in both complexes which contrast with
the pyramidal structure of isoelectronic alkyloxonium [R3O]" salts. The same
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FiG. 31. Structure of [17-pu,-O(C4F5)]. F-atoms from C¢Fs groups omitted for clarity.

strategy has also been applied to the synthesis of the azide and dimethylamide'®
chelate complexes (Scheme 37). The latter salt is not stable and undergoes elimi-
nation of triphenylmethane to produce a H,C = NMe adduct of 17. In this adduct,
the imine interacts only with one boron center.

Some of the aforementioned tritylium salts have been used as methide abstractors
for the generation of zirconocenium olefin polymerization catalysts. The reaction of
[17-p,-F] [Ph3C] ™ and [17-p»-N3] [Ph3C] " with Cp,ZrMe, does not lead to stable
zirconocenium species.'® Instead, the azide or the fluoride anion undergoes rapid
transfer to the zirconium center. Anion transfer to the zirconium center is not
observed when these reactions are carried out with the methoxide and the penta-
fluorophenoxide containing anions [17-p,-OMe]™ and [17-u,-O(Cg¢F5)]™ indicating
that they are much more robust.”® The catalytic activity of the metallocenium salt
[Cp,ZrMe] ™ [17-p,-O(C¢Fs)]~ in the polymerization of ethylene is remarkably
high, which can be correlated to the non-coordinating nature of the sterically hin-
dered and fluorinated anionic chelate [17-p,-O(CgF5)] ™.
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Fluorinated ortho-phenylene diboranes have also been considered as neutral
methide abstractors. The reaction of 17 with [Zr(N(SiMes),);CHj3] in C¢DsBr re-
sults in methide abstraction and formation of an ion pair containing the
[Zr(N(SiMes),)s] " cation (Scheme 38).”> By contrast with the anionic chelate com-
plexes of 17 which all feature a bridged structure, methide complexation to 17
triggers a ligand redistribution reaction and subsequent formation of a non-bridged
borate anion (74) as depicted in Scheme 38. In solution, anion 74 exists as a mixture
of two structural isomers as indicated by NMR spectroscopy. Diborane 17 also
reacts with Cp,ZrMe, to afford the expected metallocenium which, however, slowly
decomposes when kept for several days at room temperature in C4DsBr.

The fluorinated diboraanthracene 19 has also been investigated as a neutral
methide abstractor for Cp,ZrMe,.>*?*7> Marks investigated the Lewis acidity of
this bifunctional borane toward acetonitrile and demonstrated that this derivative is
a stronger Lewis acid than B(C4F5);. Some of the factors contributing to the un-
usually high Lewis activity of this diborane include the nearly perpendicular con-
formation of the two CgF5 rings which prevents significant n-electron donation to
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the boron centers and, possibly, the antiaromatic character of the diboranthracene
ring system which will favor any event leading to the removal of the boron empty
orbital from conjugation with the ortho-phenylene m-electrons. In the presence of
one or two equivalents of Cp,ZrMe,, this diborane is able to abstract not only one
but also two methide groups to form the corresponding anions (Scheme 39).2%-2+7°
The resulting anions have been characterized by NMR in CD,Cl,. Both anions
appear to have static structures on the NMR timescale.

v
CONCLUSION

As presented in this review, a variety of synthetic strategies are now available for
the synthesis of ortho-phenylene and peri-naphthalenediyl group 13 derivatives.
Owing to the development of reliable synthetic strategies, bidentate boranes can be
conveniently prepared with a relatively high degree of predictability. Moreover,
these boron derivatives can be prepared with various substituents which can be used
to control the Lewis acidic or chromophoric properties of the bifunctional boranes.
By contrast, the composition and structure of the heavier group 13 ortho-phenylene
and peri-naphthalenediyl derivatives have proved much harder to master. Many
reactions are accompanied by unpredicted events such as spontaneous ring closure
as in the case of the diindacycles 55, 56 and 61. Further complications sometimes
result from incomplete substitutions as encountered in the gallium/tin derivative 58
and the mercuraindacycles 64 and 65. The most attractive sets of properties so far
discovered concerned that ability of the diboranes to complex small anions. The
bright yellow diborane 34 serves as a sensor for fluoride anions. The charge neu-
trality of this sensor as well as the short space available between the boron centers
makes this sensor highly selective for fluoride. It is also important to note that
by virtue of its bidentate nature, the fluoride association constant is remarkably
high and by far exceeds that measured for monofunctional borane receptors. The
fluorinated diboranes also show a high affinity for anions. For example, the fully
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fluorinated bidentate Lewis acid 17 forms extremely stable anionic complexes with
pentafluorophenoxide. The resulting anion is remarkably robust and by virtue of its
large size, weakly coordinating, a set of properties which makes it useful in olefin
polymerization catalysis.
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INTRODUCTION

Polyhedral oligosilsesquioxanes having the general formula (RSiO; ), form an
unusual and interesting class of organosilicon compounds, which currently have a
tremendous impact on both catalysis research'? and materials science.’> Due to their
chemical composition they can be viewed as intermediates between silica, (SiO,), on
one side and the silicones, (R,Si0),,, on the other (the Latin word sesqui translates as
one and a half). In accordance with several unique properties, the polyhedral
silsesquioxanes have been termed the “smallest particles of silica possible”* or “‘small
soluble chunks of silica.? In general, one can distinguish between completely con-
densed polyhedral silsesquioxanes and incompletely condensed molecules.

The first report on silsesquioxanes ever in the literature was published in 1946 by
Scott.” Thermal rearrangement of the cohydrolysis product of dichlorodimethylsilane
and trichloromethylsilane afforded six different methypolysiloxanes. One of them
was a sublimable material, which was assigned the formula [CH3SiO3)5]5,. The first
structural investigations on crystalline organosilsesquioxanes were carried out by
Barry and co-workers in 1955.° These authors prepared a series of organo-
silsesquioxanes and were the first to demonstrate that these materials have cage-like
oligomeric structures. Crystalline cubic octamers were isolated in the case of the
methyl, ethyl, n-propyl, n-butyl and cyclohexyl derivatives, while in the case of methyl
substituents a hexagonal prismatic dodecamer was also obtained and characterized.
A trigonal prismatic structure was proposed for a phenylsilsesquioxane derivative.
The polycondensation of phenylsilanetriol leading to 8- to 12-unit cage-like
oligophenylsilsesquioxanes was later investigated in detail by Brown.” Among the
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ScHeME 1. Completely condensed oligomeric silsesquioxanes (R = H, alkyl, cycloalkyl, aryl).

simplest members of this class, the sﬂsesquloxane cage molecules (HSIO3/2),, with
n =38, 10, 12, 14 and 16 have been reported.’ Scheme 1 gives an overview of such
closo-silsesquioxane cages known to date.

Much more interesting with respect to various promising applications are in-
completely condensed silsesquioxanes retaining reactive Si-OH functional groups.
Compounds of this type range from simple disiloxanediols, [RSi(OH),],O, to 12-
membered-ring tetrasilanols and incompletely condensed cubic cage compounds.
Scheme 2 depicts the most prominent examples of incompletely condensed sil-
sesquioxanes. Among these, the cage-like derivatives can be regarded as small,
soluble, three-dimensional fragments of certain silica structures such as p-tridymite
and B-crystobalite. Feher and co-workers'® were the first to point out this structural
relationship. This important finding was the starting point for numerous studies in
the area of incompletely condensed silsesquioxanes and metallasilsesquioxanes de-
rived from them.

The first report on such compounds dates back to 1965, when Brown and Vogt
first described the polycondensation of trichlorocyclohexylsilane, CySiCl; (1,
Cy = cyclo-CgHy,), in acetone/water mixtures.'' Thus given the right reaction con-
ditions, incompletely condensed silsesquioxanes can be isolated from the same re-
action mixtures as their closo-counterparts. Until now the main synthetic access to
incompletely condensed polyhedral silsesquioxanes involves hydrolysis of organo-
trichlorosilanes followed by polycondensation. In recent years several synthetic
methods have also been developed to open the closed-cage structures depicted in
Scheme 1 in order to convert these rather unreactive materials into synthetically
more useful oligosilanol derivatives.'> !’
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ScHEME 2. Incompletely condensed oligomeric silsesquioxanes (R = alkyl, cycloalkyl, aryl).

The formation of incompletely condensed polyhedral silsesquioxanes involves
hydrolysis of the starting monoorganosilanes RSiX; (X = Cl, OR) followed by a
multistep hydrolysis process as illustrated in Scheme 3. In the first step the organo-
trichlorosilane (or organotrialkoxysilane) is attacked by water to form an organo
silanetriol intermediate, which under these conditions is generally unstable with re-
spect to subsequent condensation reactions. Among open-chain condensation prod-
ucts which can be found in these reaction mixtures are tetraorganodisiloxanediols and
hexaorganotrisiloxanetriols. Other intermediates can be cyclic oligosilanols. Finally,
completely and incompletely condensed oligomeric silsesquioxanes are formed. The
relative amounts of individual compounds in the resulting reaction mixtures depend
on several factors such as the nature of the R group, the pH as well as the concen-
tration of water and solvents.'® %

By far the most important and most thoroughly investigated representatives
among the incompletely condensed polyhedral silsesquioxanes are the heptameric
trisilanols R;Si;09(OH);3 (Scheme 4).

The fact that silsesquioxane molecules like 2—7 contain covalently bonded reactive
functionalities make them promising monomers for polymerization reactions or for
grafting these monomers to polymer chains. In recent years this has been the basis for
the development of novel hybrid materials, which offer a variety of useful proper-
ties.>* This area of applied silsesquioxane chemistry has been largely developed by
Lichtenhan er al* With respect to catalysis research, the chemistry of metal-
lasilsesquioxanes also receives considerable current interest.*'%?! As mentioned
above, incompletely condensed silsesquioxanes of the type R5Si;O9(OH); (2-7,
Scheme 4) share astonishing structural similarities with B-tridymite and B-cristobalite
and are thus quite realistic models for the silanol sites on silica surfaces.'*2'2° Metal
complexes derived from 2-7 are therefore commonly regarded as “realistic”” models
for industrially important metal catalysts immobilized on silica surfaces.'*?* It is
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ScHEME 3. Formation of completely and incompletely condensed silsesquioxanes upon hydrolysis of
RSiX; (X = Cl, OR) followed by condensation steps.

2: R = cyclo-CsHy
3: R = cyclo-C¢Hyy
4: R = cyclo-C7H,3
5: R = norbornyl
6: R = i-butyl

7: R =i-octyl

ScHEME 4. Schematic representation of heptameric trisilanols R7Si;09(OH);.
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ScHeME 5. Silica-supported species, which have been successfully modeled with the use of silsesquioxanes.

mainly the latter aspect, i.e. the mimicking of heterogeneous metal catalysts with the
use of soluble compounds, that currently attracts various research groups to the
chemistry of incompletely condensed silsesquioxanes. Examples of silica-supported
species, which have been successfully modeled with the use of silsesquioxanes are
e.g., Phillips- and Ziegler-Natta-type olefin polymerization catalysts as well as silica-
supported perfluoroborato co-catalysts (Scheme 5).>’

!
SILSESQUIOXANE PRECURSORS

Preparation and derivative chemistry of 3 have been mainly developed by Feher
and co-workers.'” The preparation of the cyclohexyl-substituted derivative 3 is
simple and straightforward, though time-consuming. The synthetic procedure in-
volves the controlled hydrolysis of 1 in an acetone/water mixture. Separation of 3
from two other silsesquioxane derivatives (the fully condensed prismatic hexamer
and a disilanol tetramer) formed in this reaction can be accomplished by a simple
extraction procedure. A certain disadvantage of this synthesis is that the kinetically
controlled formation of the incompletely condensed silsesquioxane cage by con-
densation of the in situ formed cyclohexylsilanetriol, CySi(OH); (8), requires re-
action times of up to 3 years (!) to proceed to completion. In the case of
R = cyclohexyl, the process cannot be accelerated significantly by means of stirring,
heating, ultrasound etc.'® However, synthetically useful quantities of 3 can be
“harvested” already after a few months.

The hydrolysis/condensation process takes a somewhat different course when
cyclopentyl and cycloheptyl substituents are employed instead of cyclohexyl. In
1991 Feher ez al.?® reported the preparation of 2 and 4 via hydrolytic condensation
reactions of ¢-CsHoSiCls (9) and ¢-C;H5SiCls (10), respectively. It was reported
that these straightforward syntheses produce multigram quantities of incompletely
condensed silsesquioxanes within a few days. In these two cases no completely
condensed silsesquioxane derivatives were formed. While 2 was obtained as the sole
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product, a mixture of 4 and the tetrasilanol (c-C;H3)sSigO7(OH)4 (11) was ob-
tained with R = cycloheptyl. The cyclopentyl derivative 2 has been frequently em-
ployed in the synthesis of metallasilsesquioxanes, whereas 4 did not receive much
attention as a possible starting material. Thus far, the majority of metal-
lasilsesquioxanes have been synthesized starting with the cyclohexyl-substituted
species 3. In our laboratory, we found over the years that crystallinity and/or
solubility of metallasilsesquioxanes are generally most favorable when 3 is used as
starting material. These practical reasons justify the greater efforts put into the
time-consuming and more tedious preparation of 3 as compared to 2 and 4.

The preparation of the heptanorbornyl silsesquioxane trisilanol 5 has been re-
ported by Maschmeyer et al.?® It is formed in admixture with the corresponding
tetrasilanol. The norbornyl-substituted species still await further exploration as
precursors in metallasilsesquioxane chemistry. The same applies for the isobutyl
and isooctyl derivatives 6 and 7, respectively, which have been propagated in the
patent literature by Lichtenhan and Abbenhuis." The application of high-speed
experimentation techniques to optimize the preparation of silsesquioxanes as pre-
cursors for Ti catalysts has been reported by Maschmeyer ez al.*°

Various synthetic routes are available to introduce metal atoms into the cage
systems of 2-7. The most straightforward route involves protonation of suitable
metal precursors such as alkoxides, amides or organometallic compounds by the free
trisilanols 2-7.' For example, as shown by Feher er al., the reactivity of 3 can be
modified and tuned by silylation of the Si-OH functions using Me3SiCI/NEt; in
different stoichiometric amounts.'®' This way the silylated derivatives
Cy;Si;09(OH),(0SiMe;) (12), Cy;Si;09(OH)(OSiMes), (13) and Cy;Si;O9(OSi-
Me;); (14) can be selectively prepared starting from 3. Another possibility of mod-
ifying the reactivity of 3, 12 and 14 is to prepare the corresponding thallium silano-
lates by treatment of the free silanols with thallium ethoxide (vide infra).**> Both the
silyl derivatives and the thallium salts have been successfully employed in the prep-
aration of metallasilsesquioxanes, especially via reactions with high-oxidation state
transition metal halides.'

1]
METALLASILSESQUIOXANES

A. Metallasilsesquioxanes of Main-Group Metals

1. Group 1 Metal Derivatives (Li, Na, K): Useful Starting Materials

Fully metalated silsesquioxane derivatives of the type Cy;Si;O9(OM); (M = Li,
Na, K) would constitute highly desirable precursors for the construction of “‘re-
alistic” catalyst model compounds, including novel heterobimetallic species. How-
ever, such alkali metal derivatives of 2—7 were unknown until recently, and
structural information on such materials was lacking. There have also been con-
trasting reports in the literature concerning the metalation of 3 by alkali metal
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ScHEME 6. Synthesis of [(Cy;Si;01,),Lis(THF),] THF (16).

reagents. It was reported by Feher ef al. that treatment of 3 with three equivalents
of NaOrBu resulted in complete breakdown of the silsesquioxane cage.* In con-
trast, Aspinall et al. more recently succeeded in synthesizing Cy,Si;Oy(OLi)3 (15)
by the reaction of 3 with n-butyllithium.*®* Cy;Si;O¢(OLi); (15) was isolated in
virtually quantitative yield as an amorphous, air-stable (!) solid of unknown struc-
ture. We found in our laboratory that with the proper choice of deprotonating
agents well-defined, crystalline alkali metal silsesquioxanes are readily available.
These are excellent precursors for the preparation of unprecedented catalyst model
compounds.

Alkali metal bis(trimethylsilyl)amides are the reagents of choice for achieving
smooth and high-yield deprotonation of the incompletely condensed silsesquioxane
3.* Treatment of 3 with LiN(SiMes), in diethyl ether/THF (tetrahydrofuran) ac-
cording to Scheme 6 afforded the crystalline lithium silsesquioxane dimer
[(Cy;Si;01,),Lig(THF),] - THF (16) in 93% yield. This reaction is not limited to
the THF-adduct 16. The corresponding acetone solvate [(Cy;Si;015),Lig(Me>CO)s]
(17) as well as the dimeric potassium derivative [(Cy;Si;01,),K¢(DME),] (18) have
been isolated in a similar manner.***’

An X-ray diffraction study revealed a dimeric molecular structure of 16 (Scheme
6). The central structural unit of 16 consists of a box-shaped LigO¢ polyhedron.
THF ligands are coordinated to two lithium ions, while the other four interact with
framework oxygen atoms of the silsesquioxane cages. This bonding situation results
in tetracoordination around each lithium. Structurally related box-shaped LigOg¢ or
LigS¢ polyhedra have previously been reported for some hexameric lithium phen-
oxides or arenethiolates,*® but are unprecedented in silsesquioxane chemistry. The
same structural motif has been established for the closely related molecular struc-
ture of [(Cy;Si;O1,),Lig(Me,CO)5] (17).%43°

The use of KN(SiMej;), as metalating reagent enabled us to prepare the dimeric
potassium derivative [(Cy;Si;01,),Ks(DME),4] (18) as a crystalline solid, which was
structurally characterized by X-ray diffraction (Scheme 7). Here again a box-shaped
K¢Og polyhedron forms the central structural unit. Four potassium ions are co-
ordinated by DME (1,2-dimethoxyethane) ligands.*

The lithiated species 15 and 16 represent highly valuable intermediates in the
synthesis of novel metallasilsesquioxanes. For this purpose it is not essential to isolate
these lithium derivatives as crystalline solids. It has been found a convenient synthetic
route to prepare 15 in situ by metalation of 3 with three equivalents of LiN(SiMe;),
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ScHEME 7. Synthesis of [(Cy;Si;01,),Ks(DME),] (18).

and to use the resulting solution for subsequent reactions. In situ prepared 15 has
already been successfully employed for the synthesis of novel heterobimetallic met-
allasilsesquioxanes containing lithium and beryllium,*” boron,*® zirconium,** lantha-
nide elements®*** and chromium.*® They can be expected to play an increasing role as
highly useful building blocks in metallasilsesquioxane chemistry.

2. Group 2 Metal Derivatives (Be, Mg)

Metallasilsesquioxanes containing alkaline earth elements remain a little inves-
tigated class of compounds. Until now, beryllium and magnesium are the only
elements of Group 2 which have been successfully incorporated into silsesquioxane
cages. The compound [Cy;Si;O,BeLi], - 2THF (19) was prepared in high yield by
reacting in situ prepared Cy;Si;O9(OLi); (15) with anhydrous BeCl, in THF at
20°C (Scheme 8).>” The molecular structure of 19 has been determined by X-ray
diffraction and was the first structurally characterized silsesquioxane derivative of
beryllium. Self-assembly under formation of a dimer occurs in a rather unsymmet-
rical manner. Two lithium and two beryllium ions are bridged by the deprotonated
silsesquioxane ligands in such a way that a different coordination environment
results for each metal ion. THF ligands are coordinated to one lithium and one
beryllium, while the other two metal ions are connected only to siloxide oxygens.
Both Li ions are tetracoordinate. In contrast, the coordination geometry around
one beryllium is distorted tetrahedral, while its counterpart is coordinated in an
exactly trigonal planar fashion (angle sum 359.8°).

The only other alkaline earth metal for which metallasilsesquioxanes have been
reported is magnesium. The first magnesium derivative was reported by Liu in
1996.3%° Butylethylmagnesium reacts with 3 to give [Cy;Si;Oo(OH)O,Mg], (20,
n=1,2). Treatment of 20 with TiCl, afforded the novel heterobimetallic Mg/Ti
metallasilsesquioxane [Cy,Si;O,MgTiCls], (21, n = 1,2), which shows a high-
catalytic activity for ethylene polymerization. A polymeric magnesasilsesquioxane
material was made by Lichtenhan et al. from a silsesquioxane disilanol and dialkyl-
magnesium,*' and another magnesium silsesquioxane has been used as an inter-
mediate in reactions with epoxides.*” The reaction of 2 with methylmagnesium
chloride leads to the unprecedented tetranuclear magnesium silsesquioxane complex
22 in high yield (87%) as large, colorless, cube-like crystals (Scheme 9).*3 The
crystal structure shows an unusually short Mg—Cl bond (2.255 A), indicative of an
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electron-deficient magnesium atom. Compound 22 has been used as transmetala-
tion reagent for the synthesis of other metallasilsesquioxanes (Si, Ti), but
transmetalation activity was found to be low.

Microporous, amorphous Mg—Si—O metallosilicates with a very narrow pore size
distribution around 6 A diameter and a typical surface area of ca 350 m?/g were
obtained from the controlled calcination of compound 22.* The resulting Mg-Si-O
material was found to be very active in 1-butanol conversion even at 200 °C giving
both dehydrogenation and dehydration.
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3. Group 13 Metal Derivatives (B, Al, Ga, In, TI)

Group 13 metallasilsesquioxane chemistry is well developed. All elements from
boron to thallium have been successfully incorporated into silsesquioxane cages.
The first boron-containing silsesquioxane species, [Cy;Si;O1,B], (23), was reported
by Feher et al. in 1992.* The analogous cyclopentyl-substituted derivative was
described by Duchateau et al.*® Dimeric 24 was prepared as colorless crystals in
64% yield upon treatment of 2 with BI; in the presence of triethylamine according
to Scheme 10. Compound 24 was also obtained when 2 was reacted with LiBH,,
eliminating LiH.*®

When the monosilylated precursor 26 was reacted in a similar manner with
LiBH,4 according to Scheme 11, the resulting product was the solvent-free lithium
borate salt 27 (74% yield). This compound could be recrystallized from n-hexane.

In addition, several silsesquioxane—borato complexes have been described and
their reactivity investigated.*® Treatment of B(C4Fs); with the closo-silsesquioxane
monosilanol (¢-CsHy);SigO1,(OH) (28) or 2 in the presence of a Brensted
base afforded the silsesquioxane-borates X "[(c-CsHg);SisO13B(CeFs)s]™ (29,

* = PhN(H)Me; ; 30, X ™ = Et;NH ") and X " [(¢-CsHyg);Siz(OH),0,0B(C¢Fs)s]~
(31, X" = PhN(H)Me, ; 32, X" = EtzNH "), respectively (cf. Scheme 5). When the
stronger nucleophilic base pyridine is used, only (C¢Fs);B - (NCsHs) is formed in-
stead, demonstrating the competition between B(C¢Fs); and H" to react with the
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added amine. The dimethylaniline in 29 and 31 is readily exchanged by NEt;
to form 30 and 32. With the more nucleophilic base pyridine the B-O bond in
29 and 30 is split, yielding (CgFs);B - (NCsHs) and the free silsesquioxane silanol 28.
Initial reactivity studies showed that complexes 29-32 readily undergo hydrolysis
under formation of the hydroxyborato complexes X [(C4Fs);BOH]™
(X" = PhN(H)Me, , Et;NH "), while alcoholysis of 29 and 31 with i-PrOH gave
the alkoxide [PhN(H)Me,] " [(CFs5);BOiPr]~.*

The first aluminasilsesquioxane derivative was made by Feher and co-workers in
1989.*7 The reaction of a benzene solution of 3 with AlMe; afforded in virtually
quantitative yield the dimeric aluminasilsesquioxane [Cy;Si;O,Al], (33), i.e. the al-
uminum analog of [Cy;Si;O1,B], (23). A similar reaction of 3 with (i-PrO);Al also
produced 33 in nearly quantitative yield, although only after prolonged heating to
65-110°C. No monomeric intermediates could be observed in these reactions. How-
ever, the monomeric adducts Cy;Si;O,Al(ONMes) (34) and Cy,Si;O,Al(OPPh;)
(35) were readily obtained by cleavage of the dimer in the presence of MesNO or
Ph;PO, respectively.*” The triphenylphosphine oxide adduct 35 was structurally
characterized by X-ray diffraction.

In striking contrast to the formation of dimeric 33 from 3 and AlMe; as reported
by Feher et al.,*” the analogous reaction between the cyclopentyl-substituted sil-
sesquioxane precursor 2 and AlEt; according to Scheme 12 afforded polymeric
[(c-CsHy),Si501,Al], (36), which was found to be insoluble in most common or-
ganic solvents (hexane, toluene, THF).** Monomeric [(c-CsHg);Si;O;,(OSi-
Mes)]AIEt- NEt; (37) was obtained when the monosilylated precursor (c-
CsHy);Si;09(0OSiMe3)(OH), (38) was treated with one equivalent of AlEt; in
the presence of triethylamine. By allowing AlEt; to react with two equivalents of
38, the Bronsted acidic aluminasilsesquioxane [(c-CsHo);Si;O;;(OSiMe3)]Al[(c-
C;sHy);S1;010(0OSiMes3)(OH)] (39) was selectively formed, which contains a strong
intramolecular hydrogen bond. Although the high strength of this hydrogen bond
reduces the Bronsted acidity of 39 substantially, the compound can be easily de-
protonated by amines to yield the corresponding ammonium salts X [{(c-
CsHy),Si;0,,(0SiMes)}»Al]™ (4042, X = Ets;NH ", PAN(H)Me; , CsHsNH ™).
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ScHEME 13. Synthesis of [Et;NH] ' [{Cy,Si;O,;(0SiMes;)},Al]™ (44).

An X-ray crystal structure of 40 revealed that the ammonium cation is bonded to
the aluminasilsesquioxane anion by a hydrogen bond. The corresponding lithium
salt [Li(THF),] " [{(¢-CsHy),Si;0,;(0SiMes)},Al]~ (43) could best be prepared by
protonolysis of (c-CsHg);Si;09(OSiMe3)(OH), (38) with half an equivalent of
LiAIH,.*

The cyclohexyl-substituted analog of 40, [Et;NH] [{(c-C¢H;)7Si,04;(OSi-
Mes)},Al]™ (44), was synthesized independently in our laboratory by dehydrochlo-
rination of the monosilylated precursor 12 with anhydrous AICI; in the presence of
triethylamine (Scheme 13).* A comparison of the X-ray crystal structures of
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ScHEME 14. Formation of aluminasilicates 40 and 46.

40 and 44 clearly revealed the difference in steric congestion between cyclopentyl
and cyclohexyl-substituted aluminasilsesquioxanes. Whereas in the latter structure
the aluminasilicate anion and the triethylammonium cation form a separated ion
pair,* less steric crowding in 40 allows the formation of a contact ion pair in which
the ammonium proton forms a hydrogen bond with one of the Al-O-Si oxygen
atoms in the aluminasilicate anion.*®

The steric factors affecting the Bronsted acidity of these aluminasilsesquioxanes
have been studied in great detail by Duchateau er al. (Scheme 14).>° By reacting
AlMes with two equivalents of the monosilylated precursors 38 and 26, the cor-
responding Brensted acidic aluminasilsesquioxanes 39 and 45 were prepared. These
complexes react readily with triethylamine to yield the corresponding triethyl-
ammonium salts 40 and 46. Hydrogen bonding between the acidic SiO(H)— Al
proton and the pendant silylether function is effectively reduced by increasing the
steric bulk of the silyl ether substituents, resulting in a higher acidity for 45 com-
pared to that of 39.°

With the rarely used octameric silsesquioxane ligand (c-CsHog)gSigO;1(OH), (47),
which lacks pendant silylether functions, the acidic proton cannot satisfactorily be
stabilized. This renders the putative Brensted acid [(c-CsHg)gSigO3]Al[(c-
CsHy)gSigO1,(OH)] (48) unstable. In the absence of proton acceptors, the dispro-
portionation product [(c-CsHg)gSigO3]3Al, (49) is formed instead of 48. However,
in the presence of triethylamine the initially formed Brensted acid 48 readily trans-
fers its proton to the amine, affording the triethylammonium salt 50 (Scheme 15).>°

Several other aluminasilsesquioxanes have been studied in detail by Duchateau et
al. as model supports for silica-grafted aluminum alkyl species.’’ Upon treatment
with AlMes the closo-silsesquioxane monosilanol (¢-CsHyg);SigO1,(OH) (28) afford-
ed polymeric [{(c-CsHo),SigO 3} AlMe,],, (51), which is readily transformed into the
corresponding monomeric pyridine adduct, [(¢-CsHyg);SigO3]AIMes(py) (52)
(Scheme 16).

When the monosilylated precursor (¢-CsHyg);Si;09(OSiMePh,)(OH), (26) was
analogously reacted with AlMe;, noticeable amounts of the 1:2 product [{(c-
CsHy);Si;041(0OSiMePh,)}(AlMe,)>]» (53) and the Bronsted acidic 2:1 product 45
were formed besides the main product of the reaction, [{(c-CsHog);Si;01,(OSi-
MePh,)}AlMe], (54) (Scheme 17). The latter is a mixture of three dimeric
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ScHEME 15. Formation of aluminasilsesquioxanes 49 and 50.
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ScHEME 16. Synthesis of aluminasilsesquioxanes 51 and 52.

conformational isomers, all with the aluminum methyls frans to each other. The
difference of the conformers originates from the different orientation of the sil-
sesquioxane ligands.”!

The first and thus far only indasilsesquioxane derivative was synthesized in our
laboratory. The compound [Cy;Si;O,InMe(OH)], (55) was prepared in high yield
(84%) by reacting trisilanol 3 with trimethylindium in toluene solution at 20 °C
(Scheme 18). The molecular structure of 55 has been determined by X-ray diffrac-
tion. Self-assembly under formation of a centrosymmetric dimer occurs through



Metallasilsesquioxanes 115

R Als Fo_g
\ —AN s O=si—
— 0 o—Sl fe)

N4 e} 7 Ow. l,o~8i_R
/S'_O ’ /o/S|(CH3)2Ph T S\'
of R Si O/S RL 0
I O’S'R Ph(HsC)2SI—0” ' / s|
" S( O\ O Sl-O
O_S'~ STOSN——9 R R
o R o
53 S\ o R o\
R 0Si(CHg)sPh Ph(CHg)2Si” Ol’\é(O*?i—R
.~ |
R\ /O_Sil 1:2 HsC O/S\' ‘O 0
500 ol ) o
o /\Si/OH (CHa)s 11 \S'_——O/ 43 R
| o-S-RT™R R o3 o
7 \ OH ) ./ Al R
S o 4 2:1 Sim=( O
R/ \ O_ _SI , e \
O—Si_o, \ o o 52 CHs
R/ I/O’ '\Rl R
26 . R—S'\ o}
Si—0—
R.__0O—g O Si(CHa)2Ph
R = ¢-CsHg \S'/ /SI\O SI~O R
/7N OTR ON R
o O—srToR 54
]
Prcrsi Rosi Vg
7/
R /O O-f—si,
R
__si—0— Siro
R, /O \ /AI /7 \
S=—00 4 0O
J /\S-/ H
i I~ i
I /O’S\'\Rl R L Si(CHg)oPh

45

ScHEME 17. Reactions of (c-CsHyg);Si;04(OSiMePh,)(OH), (26) with AlMe;.

cage oxygen atoms, which act as bridging ligands between the two indium atoms.
The central four-membered In,O, ring forms a rectangular plane with In-O-In and
O-In-O bond angles of 101.0(1) and 79.0(1), respectively, and an average In—O
distance of 2.123 A. Certainly, the most striking structural feature of 55 is the
presence of two Si—~OH groups in close proximity to the methylindium centers.
However, no further protonation of the methyl groups at indium can occur, because
the silanol functions are both engaged in hydrogen bonding to oxygen atoms of the
silsesquioxane cages.>

Several gallium-containing metallasilsesquioxanes have been reported, although
their chemistry is still less developed than that of their aluminum congeners.
According to a report by Feher er al, 3 reacts with GaCl; in the presence of
“proton sponge” to form the ionic complex [C4H;oN>] [Cy;Si;01,GaCl]” (56)
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(Scheme 19).%* Refluxing of 56 in THF led to the formation of dimeric [CySi;O,,Gal,
(57) as a structural analog of the corresponding boron and aluminum dimers 23 and
33, respectively. The reactivity of 58 also resembles that of the aluminum species 33 in
that the dimeric structure could readily be split by triphenylphosphine oxide to form
the neutral Lewis base adduct Cy;Si;O;,Ga(OPPh;) (58).

More recently the chemistry of gallium-containing metallasilsesquioxanes has
been studied in greater detail by Duchateau and co-workers (Scheme 20).*® Using
similar conditions Feher et al. reported for the synthesis of 56 and the dimer
[Cy,Si;0,,Ga], (57),> the reaction of 3 with GaCls in the presence of triethylamine
gave moderate yields (38%) of the monomeric gallasilsesquioxane 59. The bulky
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ScHeME 20. Synthesis of gallasilsesquioxanes derived from 2 and 3.

triethylamine in 59 binds surprisingly strongly to the gallium center, as attempts to
form [Cy;Si;0,Gal, (57) by heating 59 in toluene failed.

A second series of gallasilsesquioxanes was prepared using the monosilylated
derivative 26 as precursor.’® Salt metathesis between 26 and 0.5 equivalents of
gallium trichloride in the presence of triethylamine yielded the triethylammonium
gallate [Et;NH] " [{(c-CsHo),Si;O;,(0OSiMePh,)}>Ga]~ (63), similar to the alumi-
nate complex [EtsNH] " [{(c-CsHy);Si;O,;(OSiMePh,)},Al]” (46), which was ob-
tained when 26 was reacted with AICl; in the presence of NEt;. An X-ray crystal
structure determination of 63 revealed a contact ion pair in the solid state in which
the ammonium ion is hydrogen bonded to one of the Ga—O-Si oxygens.

Upon treatment with another equivalent of trimethylgallium, 63 is readily de-
protonated with liberation of triethylamine and formation of the dimethylgallium
gallate 64. When, instead of 2, the monosilylated disilanol 26 was treated with an
equimolar amount of GaMejs, the dimeric monomethylgallium silsesquioxane com-
plex 65 was formed. A similar reaction with two equivalents of trimethylgallium
afforded the tetranuclear gallium complex 66 in good yields (72%) in the form of an
air-stable white solid (Scheme 21).*® Controlled calcination of certain gallium sil-
sesquioxane precursors has been shown by Wada er al.>* to afford microporous
gallium silicate materials.

Several thallium silsesquioxane complexes have been reported by Feher er al.?**
These include the compounds R;Si;09(OTI); (67, R = ¢-CsHg; 68, R = ¢-CgH /),
R;Si;09(0SiMe3)(OTI), (69, R = ¢-CsHy; 70, R = ¢-CgHy;) and R;Si;Oy(OS-
iMe3),(OTIl) (71, R = ¢-CsHy; 72, R = ¢-CgH;;). These thallasilsesquioxanes are
not prone to cycloelimination reactions or the formation of ““ate” complexes. Thus
they are versatile anionic equivalents of the incompletely condensed silsesquioxane
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ScHEME 21. Synthesis of gallasilsesquioxanes derived from 26.

systems, which react with a variety of metal and non-metal halides to afford high
yields of the corresponding metallasilsesquioxanes. They are especially useful for
reactions with high-valent transition metal halides where dehydration reactions of
the silsesquioxane framework is a frequently encountered problem. However, their
overall synthetic value is limited due to the high toxicity of thallium reagents.

4. Group 14 Metal Derivatives (Ge, Sn)

Silylated derivatives of incompletely condensed silsesquioxanes are often used as
starting materials for the synthesis of metallasilsesquioxanes. However, their chem-
istry is not considered to fall within the scope of this review article. Thus, only
germanium and tin derivatives will be mentioned. Apparently, lead-containing
metallasilsesquioxanes have not yet been reported in the literature. The first report
on a germanium silsesquioxane complex dates back to 1989, when Feher er al.'®
described the synthesis of Cy;Si;O,GeMe (73) from 3 and methyl trichloro-
germane in the presence of triethylamine. Colorless crystals of 73 were isolated in
92% yield. In the same paper, the synthesis of the first tin(IV) silsesquioxane de-
rivative was reported. Treatment of 3 with MeSnCl;/NEt; afforded Cy,Si;0;,SnMe
(74) in 96% yield. A series of di- and triorganotin(IV) silsesquioxane complexes has
been prepared in our laboratory in 1999.%° These include the diorganotin(IV)-
capped silsesquioxanes Cy;Si;O9(OSiMe3)(0-,SnR,) (75, R = Me; 76, R = n-Bu)
and the triorganotin(IV) derivatives Cy;Si;Oo(OSiMes),(OSnR3) (77, R = Me; 78,
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ScHEME 22. Preparation of stannasilsesquioxanes 79 and 80.

R = CH,Ph). All these compounds have been made by reacting 3 with the
corresponding organotin(IV) chlorides in the presence of appropriate amounts of
triethylamine. Recently various other stannasilsesquioxanes have been reported,
including the first tin(II) species.’® Protonolysis of tin(II) amides was found to be an
effective route to prepare tin(Il) silsesquioxanes. For example, the reaction of
Sn[N(SiMes),]> with trisilanol 3 or disilanol 38 afforded the stannasilsesquioxanes
[Cy-Si;0;,(OH)Sn"], (79) and [(¢-CsHy),Si,0;,(0SiMe;)Sn'"], (80) (Scheme 22).
Both are dimers with three-coordinated tin centers. Taking the lone pair into
account, the tin atoms are distorted-tetrahedrally surrounded. The central four-
membered Sn,O, ring is planar.

Similar to the longer known diorganotin(IV)-capped silsesquioxanes Cy,Si;
0Oy(0OSiMe;3)(0,SnR,) (75, R = Me; 76, R = n-Bu), two stannasilsesquioxanes
have been prepared in which two silanol oxygens are bridged by a Sn(acac), moiety.
The compounds 81 and 82 were made in good yields according to Scheme 23 by
reaction of the precursors 2 and 38, respectively, with Cl,Sn(acac), in the presence
of NEt;.*

Unexpectedly, the reaction of SnCl; with 38 was sluggish and produced ill-
defined products.’® Treatment of 2 with an equimolar amount of SnCl, in toluene in
the presence of NEt; afforded the ionic trimer 83 instead of the expected mono-
meric (¢-CsHg);Si701,SnCl (Scheme 24). In this chloride-bridged cluster each tin
atom is connected to two different silsesquioxane cages. Three chlorides are p,-
bridging, while one is ps-bridging between all three tin centers. The chloro complex
83 is moisture sensitive and gradually hydrolyses to the corresponding hydroxide
species 84. When for example, a bromoform solution of 83 was layered with water
and left at ambient temperature, large colorless crystals of 84 suitable for X-ray
analysis formed overnight. Complex 84 is isostructural to 83 and consists of an
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SCHEME 24. Preparation of the trinuclear tin silsesquioxane clusters 83 and 84.

anionic cluster in which three silsesquioxane cages are held together by three tin
atoms with bridging hydroxyl groups.

B. Metallasilsesquioxanes of the Early Transition Metals

1. Group 3 Metal Derivatives (Sc, Y, La, and the Lanthanides and Actinides)

Metallasilsesquioxanes of rare earth metals could be very important as homo-
geneous analogs of rare earth metal silica-supported catalysts and rare earth sili-
cates, which are potential materials for optoelectronics. Thus this area of research is
of considerable interest for several fields of chemistry including catalysis and ma-
terials science. However, investigations in the area of metallasilsesquioxanes of rare
earth metals are often hampered by difficulties with crystallization and character-
ization of these compounds. The first metallasilsesquioxanes incorporating lantha-
nide elements have been described in 1994 by Herrmann er al.>’ These materials
were obtained by reacting 3 with the tris(silylamides) Ln[N(SiMes),]; of Y and Nd.
Due to their very high solubility no structural characterization of the initially
formed products was possible. However, with the use of triphenylphosphine oxide
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ScHEME 25. Reactions of 3 with Ln[N(SiMes),]; (Ln =Y, La, Pr, Eu, Yb).

as supporting ligand X-ray quality single crystals could be obtained, and a dimeric
structure was established for the Y and Nd silsesquioxane complexes.

More recently, Aspinall er al. reported the synthesis of a series of lanthanide
silsesquioxanes resulting from reactions of 3 with lanthanide tris(silylamides)
Ln[N(SiMes),]; (Ln = Y, La, Pr, Eu, Yb).”® However, single crystals of these ma-
terials suitable for X-ray diffraction could not be obtained. The somewhat com-
plicated situation is illustrated in Scheme 25. The lanthanide tris(silylamides)
reacted with two-third equivalents of the trisilanol 3 in THF to give the lanthanide
silsesquioxanes 85, which are dimeric in solution at 233K. Reaction of
Ln[N(SiMes),]; with one equivalent of 3 in THF resulted in complete conversion
of 3 to the trisilylated compound 14, as did the reaction of Ln[N(SiMes),]; with
two-third equivalents of 3 in toluene.

Variable temperature '°C NMR data of the Y derivative were consistent with a
mosréomer/dimer equilibrium for compounds 85 in solution as depicted in Scheme
26.

The chloro-functionalized lanthanide silsesquioxane complexes 86 (Ln = Y, La)
are accessible by the reaction of 85 with one equivalent of MesSiCl according to
Scheme 27.%*

Well-defined monomeric derivatives could be obtained by reacting 85 (Ln =Y,
La, Yb) with (Me,NCH,CH,),NMe (PMDTA) (PMDTA = N,N,N’',N” N"-
pentamethyldiethylenetriamine) in a 1:1 molar ratio in THF solution. The products



122 V. LORENZ AND F.T. EDELMANN

R R
. . R
Reg \/o\?i\ R-g; ;O\ g o ,O\SI\O
Ng THE 77 Simd
o o qi o o —O
R 0] o]
| R=Si" Ln(THR) [ Bl N\ é g
R-Si ? R—Si 0 "
2 RS | — TR, 0l |
- _"Si
Y O“S'\OR 0 2 THF > [ro—si. ,'-’{\o ! Si 0
g \ S =
/SI\O’SI \O—I I/ \O_—SI
R
R= C‘CGH‘]‘]
ScHEME 26. Proposed monomer/dimer equilibrium for compounds 85
. R R
N O— S|/O\ e R 0] e
Sic, S < Si N X TSI
O/ C{ O\ \O O/ (lj O/ \ M93SI\ /SIR//\SI—'O\O\
/ R/Si’ '\\Ln(TH ) R SO, \-;HFCI / / é Si—R
- 2 MegSiCl  R—Sik 0 N S O
2 R-Si ’ / ‘ 3 @) | Ln R
~o0-|-siZRr “n _Si—R [ g/ \O-]—Si<
o o 0 I o— X" [ O 0
0 / 0 N § e} Si \ /
Ny \ Si L/ “SiMes / 5
Pl /. SNO—=S R "O0==SI\R
R R R “R
85 86,Ln=Y, La
R = c-CgH11

ScHEME 27. Preparation of functionalized lanthanide silsesquioxanes 86.

R
/
\s\/o\& Me Me
% _olg
O
/ R/Si, l\\/
S

R = ¢c-CgHi1
87,Ln=Y, La, Yb

ScHEME 28. Structure of Cy;Si;O,Ln(PMDTA) (87, Ln =Y, La, Yb).

Cy7S1;0,Ln(PMDTA) (87, Ln = Y, La, Yb) are depicted in Scheme 28. In all these
cases severe disorder problems prevented a structural characterization of the lan-
thanide silsesquioxanes by X-ray diffraction.>®

The ytterbium derivative Cy;Si;O1,Yb(PMDTA) (87, Ln = Yb) was also ob-
tained directly by reacting Yb[N(SiMes),]; with the trisilanol 3 in the presence of
PMDTA.” Attempts to grow single crystals of Cy;Si;0;,Yb(PMDTA) resulted in
a small number of good-quality prisms, which were shown by X-ray diffraction to
be the heterobimetallic Li/Yb silsesquioxane complex [(Cy;Si;O1,){Cy;Si;Oq;
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ScHEME 29. Synthesis of the heterobimetallic Li/Sm silsesquioxane complex 92.

(OSiMes)} YbLi»(THF),(MeCN)]- 2.5THF (88). Its formation can be ascribed to
the presence of a very small impurity of LiN(SiMe;), in the Yb[N(SiMej3),]; starting
material. Although HN(SiMes), does not react directly with 3 on standing at room
temperature overnight, small quantities of Cy;Si;Oo(OH),(OSiMes) (12) were
probably formed under the catalytic influence of a Lewis acidic lanthanide species,
thus accounting for the monosilylated silsesquioxane ligand in 88. Compound 88
could be more rationally prepared by lithiation of 12 with n-BuLi and reaction of
the resulting CY7SI709(OLI)2(OSIMC3) (89) with Cy7817012Yb(THF)2 (85,
Ln = Yb). The yttrium analog of 88 was prepared in a similar manner.

Arnold er al.®® reported the synthesis and structural characterization of an aryl-
oxide-functionalized samarium silsesquioxane complex. Steric protection of 2 by one
SiMe,¢Bu group generated a new disilanol ligand, (¢c-CsHy);Si709(OH),(OSiMe,¢Bu)
(90), that allows only restricted access to a coordinated metal. Lithiation of 90 with
tBuLi afforded the stable dilithium intermediate (¢-CsHg)7S1709(OL1),(OSiMe,tBu)
(91). Subsequent reaction of 91 with the homoleptic samarium aryloxide
Sm(OCgH3tBu»-2,6); according to Scheme 29 gave the novel heterobimetallic
Li/Sm silsesquioxane complex 92, which was structurally characterized by X-ray
diffraction.

Our own efforts in this field resulted in the isolation of an unprecedented ce-
rium(IV) silsesquioxane complex®' as well as the structural characterization of a
bimetallic ytterbium derivative.** Treatment of Ce[N(SiMes),]; with two equiva-
lents of the disilanol CygSigO11(OH), (93) (the cyclohexyl-substituted analog
of 47) in diethyl ether in the presence of an excess of pyridine exclusively
afforded the diamagnetic complex (CygSigO13),Ce(py)s (94). The same compound
94, albeit in somewhat lower yield, could also be prepared by direct reaction of
anhydrous CeCl; with two equivalents of 93 in THF /pyridine mixture (Scheme 30).
Quite surprisingly in both cases cerium was oxidized to the tetravalent oxidation
state. The compound gave satisfactory C-, H-, N-analysis and was fully charac-
terized by IR and 'H, '*C and ?Si NMR spectra as well as X-ray single crystal
diffraction.
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ScHEME 31. Preparation of the amidoytterbium silsesquioxane 95.

Compound 94 represents the first example of a metallasilsesquioxane derived
from the octameric disilanol ligand [(c-CgH;)sSisO15]°~."*!"% The central Ce at-
om is coordinated by four oxygen atoms of two siloxane ligands and three nitrogens
of three pyridine molecules resulting in a distorted pentagonal bipyramidal ar-
rangement.

Finally, an unprecedented functionalized ytterbium silsesquioxane was obtained as
outlined in Scheme 31. Trisilanol 3 was lithiated in situ using an excess of
LiN(SiMey),, followed by treatment of the reaction mixture with anhydrous ytter-
bium trichloride.** The resulting colorless crystals of 95 were fully characterized
by spectroscopic and analytical methods as well as an X-ray crystal structure
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determination. In this molecule a reactive ytterbium bis(trimethylsilyl)amide unit
resides on a model silica surface formed by two lithium-linked silsesquioxane cages.
Thus 95 represents the first example of a monofunctional lanthanide silsesquioxane,
which could be of interest for catalytic applications (Scheme 31).%*

Two novel complexes of samarium and scandium containing silsesquioxane sil-
anolate ligands have been synthesized with the use of the closo-silsesquioxane si-
lanolate ligand Cy,SigO,0~ and structurally characterized by X-ray diffraction.®
Yellow (CsMes),Sm[u-Cy;SigO1,0LLi(THF) (98), the first organolanthanide sil-
sesquioxane complex reported in the literature, has been obtained by treatment of
the “ate”-complex (CsMes),Sm(u-Cl),Li(THF), with Cy;SigO;,0Li (97) in a molar
ratio of 1:2 (Scheme 32). The starting material Cy-;SigO;,OH (96) was prepared in
close analogy to a published procedure®® in two steps by treatment of
CySi7;09(OH); (3) with SiCly in the presence of triethylamine, followed by hy-
drolysis of the intermediate chlorosilane Cy,Si;O;,Cl. Metalation of Cy;SigO;,OH
with methyllithium in diethylether proceeded smoothly at room temperature to
afford Cy,Sig0;,OLi (97), which was used in situ for further reactions. The *°Si
NMR spectrum of 98 shows eight resonances of the same intensity, indicating that
all silicon atoms of the Cy,SigO;, cages are chemically non-equivalent despite the
C;y symmetry of the ligand. This was confirmed by an X-ray diffraction study,
which revealed the presence of a heterobimetallic complex in which samarium and
lithium are bridged by two silsesquioxane silanolate ligands.

A different synthetic approach was chosen to synthesize a related scandium sil-
sesquioxane complex.®> Treatment of (CsMes)Sc(acac),®® with the free silanol
Cy;SigO,OH (96) in refluxing toluene (molar ratio 1:1) resulted in elimination of
pentamethylcyclopentadiene and formation of the novel binuclear scandium complex
[Sc(acac),(u-Cy5SigO1,0)]» (99) (Scheme 32). Colorless single crystals of 99 suitable for
X-ray diffraction were obtained by fractional crystallization from pentane. The crystal
structure consists of dimeric molecules in which two Sc(acac), units are symmetrically
bridged by the monoanionic silsesquioxane silanolate ligands. Compound 99 repre-
sents the first example of a scandium complex containing silsesquioxane derivatives as
ligands. The only closely related compound is the trinuclear scandium disiloxanedio-
late complex [(Ph,Si,0),0],Scs(acac)s, which has been prepared in a similar manner
by treatment of (CsMes)Sc(acac), with 1,1,3,3-tetraphenyldisiloxanediol.®®

The first and thus far only silsesquioxane complex of an actinide element is
[Cy+Siz015]>U (100).* This colorless, nicely crystalline uranium(VI) compound is
formed upon reaction of 3 with any uranium precursor, e¢.g., UCly in the presence of
NEt;. In all cases oxidation of uranium to the hexavalent oxidation state is ob-
served. The best synthetic route leading to 100 in ca. 80% yield is the reaction of 3
with uranocene as outlined in Scheme 33.

2. Group 4 Metal Derivatives (Ti, Zr, Hf)

Apparently, the most thoroughly investigated class of complexes in this area are
Ti complexes because of their promising catalytic applications.' > The first Ti de-
rivatives were made by Feher er al. and include Ti(IID®"*®* and Ti(IV) sil-
sesquioxanes.””’® The former have been prepared by reacting 3 with either
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ScHEME 33. Preparation of the uranium(VI) silsesquioxane complex 100.
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Ti[N(SiMe3),]; or TiCl3(NMej),. Blue dimeric [Cy;Si;0;,Ti], (101) is the initial
product in these reactions. Treatment of 101 with pyridine affords the bis-adduct
[Cy~Siz01,Ti(py)]> (102).°7°® Corner-capping of the silsesquoxane framework with
a TiCp unit is also readily achieved yielding monomeric Cy,Si;O;,TiCp (103).%%7°
Other titanasilsesquioxanes have been designed as model compounds for titano-
silicates, which are industrially important as oxidation catalysts.”’ Examples of such
realistic models include (MeCsHy4)4Tis(SitBu)4O0;> (104),7* [2,6-iPr,CsH;NH;][(R-
SIO3)3T14C14(H3-O)] [105, R = 2, 6-iPr2C6H3N(SiMe3)],73 [CY7S17012MgT1C13],, (21,
n=1,2),*% [(¢-CsHy)-Si-015(SiMe>R)],Ti (106, R = vinyl, allyl) and [R;Si;
0,,TiOiP1], (107, R = ¢-CsHy; 108, ¢-C¢H;y; n = 1,2).7* It is widely accepted that
various titanasilsesquioxanes are versatile catalysts themselves, e.g., in olefin poly-
merizations and epoxidation reactions.'™

A series of titanasilsesquioxane alkoxides, including [R,Si;O,,TiOiPr], (107,
R = ¢-CsHo; 108, ¢-C¢H; n = 1,2) and [Cy;Si;01,Ti(p-OMe)(MeOH)], (109) were
published by Crocker and co-workers.”*”> Treatment of Cy,;Si;O,Ti(O'Pr) (108)
with methanol affords the six-coordinate titanasilsesquioxane dimer [Cy;Si;Oq,
Ti(p-OMe)(MeOH)], (109), which was structurally characterized. The monomer/
dimer equilibrium of 108 and the formation of 109 are depicted in Scheme 34.”* "7

The dimeric ethoxide derivative 113 was prepared in our laboratory according to
Scheme 35 directly by treatment of 3 with an equimolar amount of titanium tetra-
ethoxide.”® In this case the formation of a monomeric intermediate was not
observed. Related complexes, although monomeric, have also been isolated from
reactions of 3 with Ti(CH,Ph);, Ti(NMe,)4 or Ti(OSiMes), yielding Cy;Si;Oq,
TlCHzPh (110), CY7S17012T1NM62 (111) and CY7S17012TIOSIMC3 (112), respec-
tively.”+7°

Compound 113 was isolated in 81% yield as a moisture-sensitive, colorless crys-
talline solid, which is thermally quite robust (m.p. 263-265 °C). High-thermal sta-
bility is quite characteristic for the majority of the metallasilsesquioxanes reported so
far. An X-ray crystal structure determination revealed the presence of a dimeric
compound with bridging alkoxide ligands and coordinated ethanol molecules in
analogy with the structure of the corresponding methoxide derivative [Cy;Si;
O, Ti(-OMe)(MeOH)], (109).7¢ In dimeric 113 the Ti atoms are hexacoordinated
with the silsesquioxane cages acting as tridentate ligands. The complex comprises
two bridging ethoxide ligands as well as two terminal ethanol molecules coordinated
to titanium. Hydrogen bridges connect the OH group of each ethanol ligand with a
silsesquioxane oxygen, which is coordinated to the opposite titanium center.”®

Crocker and co-workers’’ reported the use of 108 as starting material in the
preparation of monomeric titanasilsesquioxane phenoxide derivatives. Heating of
the isopropoxide precursor with phenols resulted in elimination of i-PrOH and
formation of the corresponding titanium phenoxide complexes (Scheme 36).

It was also shown by Crocker et al.”’ that treatment of the monosilylated pre-
cursor Cy;Si;O9(OH),(0OSiMes) (12) with one equivalent of Ti(OiPr); produced
monomeric [Cy5Si;O;;(0OSiMe3)]Ti(OiPr), (117) as the sole product. A homoleptic
bis(silsesquioxane) titanium complex, [Cy;Si;O;;(OSiMe;)],Ti (118), was prepared
by reacting 12 with tetrabenzyltitanium, Ti(CH,Ph),. Independently it was found in
our laboratory that compound 118 is also readily accessible by reacting Ti(OEt), or
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ScHEME 34. Monomer/dimer equilibrium of 108 and formation of 109.

Ti(OiPr), with 12 according to Scheme 37.7® Both reactions afford white crystalline
118 in almost quantitative yield (96-97%) while employing commercially available
reagents. An X-ray diffraction study published by Crocker et al.,”” revealed that the
central Ti atom in 118 is tetrahedrally coordinated by the two dianionic sil-
sesquioxane cages.

The preparation and characterization of analogous homoleptic titana-
silsesquioxane complexes containing vinylic substituents was reported by Wada
et al. (Scheme 38).”

Several titanocene derivatives containing silsesquioxane ligands have also been
prepared and characterized.”® It soon turned out that reactions of 3 or its mono-
silylated derivative 12 with titanocene dihalides are not straightforward and usually
lead to the formation of product mixtures. A common feature appears to be the
formation of p-oxo species despite the use of carefully dried solvents. Although at
this stage the occurrence of partial hydrolysis cannot completely be ruled out, we
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ScHEME 36. Formation of titanasilsesquioxane phenoxides 114-116.

assume that the oxygen bridges in these complexes result from degradation of the
silsesquioxane frameworks. A typical example is the reaction of 12 with Cp,TiCl, in
toluene solution in the presence of triethylamine. In this case the p-oxo-dititanium
complex (n-O)[Cy;Si;O11(0OSiMe;)Ti], (123) has been isolated in ca. 70% yield in
the form of orange crystals (Scheme 39).

The molecular structure of 123 has been established by an X-ray diffraction
analysis, which revealed the presence of a dinuclear metallasilsesquioxane with a
central Ti—O-Ti unit. During the course of the reaction one Cp ligand per Ti atom
is eliminated upon protonolysis to give the observed mono(cyclopentadienyl) tita-
nium(IV) derivative.
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ScHEME 38. Preparation of vinylic titanasilsesquioxanes 121 and 122.

Apparently, at least two different products are formed when 12 is reacted with
the correspondmg pentamethylcyclopentadienyl complex Cp3TiCl, in the presence
of triethylamine.”® While a yellow component has not yet been identified, it was
possible to isolate and fully characterize the red crystalline trinuclear 1,3,5-trititana-
2,4,6-trioxane derivative Cp;Ti3;O3[Cy;Si;0;1(OSiMe;)], (124) (Scheme 40).
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The molecular structure of 124 has been elucidated by an X-ray structural analy-
sis. The central structural motif of 124 is an unsymmetrically substituted six-
membered TizO5 ring. Two pentamethylcyclopentadienyl ligands are coordinated
to one titanium atom, while the other two are free of Cp*. They are both part of
eight-membered TiSizO4 ring systems within the silsesquioxane frameworks. This
results in an unusual bis(spirocyclic) inorganic ring system in the molecular struc-
ture of 124.

In a more straightforward manner a bis(pentamethylcyclopentadienyl) tita-
nium(III) silsesquioxane complex is formed according to Scheme 40.”®7° This syn-
thesis has been developed as a new preparative route leading to model compounds
for titanium catalysts immobilized on silica surfaces. It involves addition of the
silsesquioxane precursors across the Ti—C bond of the ““tucked in” fulvene titanium
complex Cp*Ti(CsMe,sCH,).%*®> The main advantage of this “fulvene route” is
that it is a salt-free method by which bis(pentamethylcyclopentadienyl) titanium
complexes can be obtained without the need of separating any by-products. The
method has been first successfully employed by Teuben et al., who prepared various
new Cp3Ti derivatives by reacting Cp*Ti(CsMesCH») with protic reagents such as
alcohols, thiols etc.®!*? We found that the fulvene complex Cp*Ti(CsMesCHa) is
also the reagent of choice to make novel titanium silsesquioxanes. For example,
treatment of Cp*Ti(CsMesCH,) with one equivalent of the disilylated sil-
sesquioxane precursor 13 resulted in clean formation of the Ti(III) silsesquioxane
complex 125 (Scheme 41).
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ScHEME 40. Formation of Cp;Ti3O3[Cy7Si701l(OSiMe3)]2 (124).

Simple crystallization from the concentrated reaction mixture afforded 125 in the
form of air-sensitive, dark-green crystals. The low isolated yield (16%) can be
traced back to the very high solubility of 125 even in non-polar organic solvents,
which makes it somewhat difficult to recover the material from concentrated so-
lutions in toluene or hexane. The novel titanium(III) silanolate derivative 125 has
been fully characterized. An X-ray diffraction study revealed that a Cp3Ti unit has
been generated upon protonation of the coordinated tetramethylfulvene ligand. The
resulting deprotonated silsesquioxane is coordinated to titanium as a bulky mono-
dentate silanolate ligand. The Ti—O bond length in 125 is 1.927(2) A.

The “fulvene route” was also successfully employed in the preparation of a
compound, which can be regarded as one of the most advanced molecular models
for a catalytically active titanium center on a silica surface.”®” When
Cp*Ti(CsMe4CH,) was reacted with the monosilylated silsesquioxane precursor
12 in refluxing toluene a color change from deep purple to amber was observed.
Crystallization afforded a bright-yellow material, which was subsequently shown to
be the novel mono(pentamethylcyclopentadienyl) titanium(IV) silsesquioxane com-
plex 126 (69% yield). Its formation is illustrated schematically in Scheme 42.

The surprising outcome of this reaction is the exclusive formation of a Cp*Ti'Y
complex in which two silsesquioxanes are bonded in different ways to a single Ti
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ScHEME 41. Synthesis of 125 via the fulvene route.

center. In the course of the reaction one equivalent of pentamethylcyclopentadiene
is eliminated. According to an X-ray diffraction analysis a mono(penta-
methylclopentadienyl) titanium unit resides on a “model silica surface” formed
by one chelating and one monodentate silsesquioxane ligand. With an average of
1.796(3) A the three Ti~O bond lengths are practically identical. A unique feature of
126, which makes this compound a particularly “‘realistic” model system is a silanol
function in close proximity to the titanium center. Very weak hydrogen bonding
interaction of this silanol group with a cage oxygen atom apparently prevents the
molecule from intermolecular protonation of the remaining Cp” ligand, thus “tam-
ing” the reactivity of the Si-OH function.

A series of half-sandwich titanium complexes has been prepared with the use of
the closo-silsesquioxane monosilanol ligand (¢-CsHyg);SigO1,(OH) (28) (Schemes 42
and 43).%* For example, the reaction of [1,3-CsH;(SiMes),]Ti(CH,Ph); with one
equivalent of silanol 28 resulted in selective substitution of one benzyl group, af-
fording the mono(silsesquioxane) complex 127 in moderate yield (Scheme 43). In-
troduction of a second bulky silsesquioxane failed.

Deprotonation of 28 with n-BuLi in hexane solution at 25 °C readily affords the
stable silsesquioxane lithium salt (¢-CsHy);SigO5Li (128).%* The room temperature
reaction of 128 with [1,3-CsH3(SiMes),]TiCls in hexane according to Scheme 44
yielded [1,3-CsH3(SiMes)][(c-CsHg)7SigO43]TiCl, (129). The bis(silsesquioxane)
product 130 could be selectively prepared by salt metathesis between [1,3-
CsH;(SiMes3),]TiCl; and two-equivalents of 128 in hexane at 25 °C.
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ScHEME 43. Synthesis of 127.

Zirconium silsesquioxane complexes, which have been reported in the literature
include the species Cy;Si;01,ZrCp* (131),%® [(¢-CsHy);Si;0;,(0SiMes)],Zr(THF),
(132),%* and [{(¢-CsHy);Si7015}Zr(CH,Ph)]> (133),%* which have all been synthe-
sized by synthetic routes well-established for the corresponding titanium deriva-
tives. The zirconocene complex [(c-CsHo)7Si70;;(OSiMePh,)]ZrCp, (134)
was obtained by treatment of Cp,ZrMe, with an aluminosilsesquioxane.’’ The
availability of permetalated Cy;Si;O9(OLi); (15) enabled us to prepare the
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ScHEME 44. Synthesis of the silsesquioxane titanium half-sandwich complexes 129 and 130.

first heterobimetallic zirconium  silsesquioxane complex. The compound
(Cy7S1701,),Zr[Li(O=CMe,)], (135) was prepared according to Scheme 45 and
structurally characterized by X-ray diffraction.’*

Collins et al. reported the use of the borylated silsesquioxane intermediate 136 for
the synthesis of the zirconocene derivative 137 according to Scheme 46.%

Hafnium-containing metallasilsesquioxanes reported in the literature include the
species Cy,Si;O,HfCp* (138) and [(c-CsHo);Si;O,,HfCH,Ph], (139).%*

A new development in silsesquioxane chemistry is the combination of sil-
sesquioxanes with cyclopentadienyl-type ligands. Recently, several synthetic routes
leading to silsesquioxane-tethered fluorene ligands have been developed.®®®” The
scenario is illustrated in Scheme 47. A straightforward access to the new ligand 140
involves the 1:1 reaction of 2 with 9-triethoxysilylmethylfluorene. Alternatively, the
chloromethyl-substituted closo-silsesquioxane derivative 141 can be prepared first
and treated subsequently with lithium fluorenide to afford 140. Compound 141 has
been used as starting material for the preparation of the trimethylsilyl and tri-
methylstannyl derivatives 142 and 143, respectively, as well as the novel zirconocene
complex 144. When activated with MAO (methylalumoxane), 144 yields an active
ethylene polymerization system.
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ScHEME 45. Synthesis of (Cy;Si;01,),Z1[Li(O = CMe,)], (135).

In a recent paper, Duchateau et al. have extended this synthetic approach to a
series of silsesquioxane-tethered fluorene ligands and the corresponding zircon-
ocenes with various cyclopentadienyl ligands at Zr. The various possibilities are
illustrated in Scheme 48.%

Yet another interesting variety is the incorporation of functional side-groups in
metallasilsesquioxanes of zirconium and hafnium. Mitsudo et al. reported the syn-
thesis and structural characterization of novel zirconocene or hafnocene-containing
metallasilsesquioxanes with a vinyl group, Cp,M[(vinyl)Me,Si](c-CsHy);Si;012
(145, M = Zr; 146, M = Hf).*® Hydrosilylation of the vinyl group in 145 with
Me;SiH(OE) in the presence of a Pty(dvs); catalyst(l mol% as Pt, dvs = divinyl-
tetramethyldisiloxene) in toluene at 30 °C for 72h cleanly occurred with excellent
regioselectivity to give Cp,Zr[Me,(EtO)SiCH,CH,SiMe,](c-CsHg)-;Si;01, (147).

A major part of the work described in this section has been carried out with the
aim of applying these silsesquioxane complexes of Ti, Zr and Hf in catalytic proc-
esses such as ethylene polymerization, olefin epoxidation and Oppenauer oxidation.
These catalytic aspects have been highlighted in several recent review articles.'
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ScHEME 46. Synthesis of the zirconasilsesquioxane 137.

3. Group 5 Metal Derivatives (V, Nb, Ta)

Significantly less is known about metallasilsesquioxanes incorporating Group 5
metals. The vanadyl silsesquioxane Cy;Si;O,V=—0 (148) was reported by Feher
et al. more than 10 years ago and has been shown to be a single-site catalyst for
olefin polymerization.®®**°! In 1990 Feher and co-workers reported the prepara-
tion of the dark-blue dimeric vanadium(IIl) complex [Cy;Si;O[>,V(py).][Cy7.
Si;01,V] (149), in which two pyridine ligands are added to one of the vanadium
centers.®® Thus it was surprising that until recently no metallasilsesquioxane had
been described for the heavier Group 5 metals, which was presumably due to the
lack of suitable synthetic procedures.

Recently, we succeeded in the synthesis and structural characterization of first
niobium-containing metallasilsesquioxane complex.®> In analogy to the corres-
ponding reactions with titanium tetraalkoxides, niobium pentaethoxide cleanly re-
acts with 3 in a 1:1 molar ratio to give high yields of dimeric [Cy;Si;O;,NbOEt(u-
OEt)], (149) as a colorless, crystalline solid (Scheme 49).

During the course of our investigations we found that various tantalum sil-
sesquioxanes are readily accessible via a versatile amide route.”” Commercially
available tantalum diethylamide, Ta(NMe,)s, was chosen as the key starting ma-
terial for the development of a salt-free route leading to tantalum silsesquioxane
derivatives. Clean protonation and liberation of three equivalents of dimethylamine
took place upon reaction of Ta(NMe,)s with 3 in a 1:1 molar ratio. Pale yellow
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R a
~cl
Jsisg Osis, ‘ SigO~si, ‘i o°\s| o @
9 \,,01 \_/X o/ \ ol \ X @ Li / ol \
[ R=STTNs N R R-Y= ,
R-Si o H BuLi [ 6% cpzicly Ry /
Sy Ee TS Gy iy RO Sy )
o] O "o o) 0 I\O O o) o I\O
N . \/ NP2
p I\O’S'

R/s'\o/Si\ R,S'\O,Si\

X=Cl
Hy, (CHy)a, CgHaCHy - '
Cp™ = Cg(CHy)s, CaHySI(CHy)3l,

ScHEME 48. Synthesis of silsesquioxane-tethered zirconocenes.
Cy;Si;0;,Ta(NMe,), (150) was isolated in 92% yield. Somewhat surprisingly, simi-

lar treatment of Ta(NMe,)s with 1in a 1:2 molar ratio did not lead to the formation
of the neutral tantalum(V) species Cy;Si;O0,Ta[Cy;Si;O;;(OH)] with one Si-OH
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ScHEME 50. Preparation of tantalasilsesquioxanes.

function remaining intact. Instead, liberation of only four equivalents of dimethyl-
amine occurred and the anionic bis(silsesquioxane) ‘“‘sandwich” complex
[Ta(Cy5Si701,),] was obtained in the form of its colorless dimethylammonium
salt 151 (89% yield) (Scheme 50). In the resulting anion, the central Ta atom is
encapsulated between two silsesquioxane frameworks in a similar manner as in the
neutral uranium(VI) species U(Cy7SizO1,), (100).*° We then investigated the pos-
sibility of adapting the amide route to more complex systems. Indeed, the amido
tantalacarborane species (C-BoH;;)Ta(NMe,); was found to react cleanly with one
equivalent of 3 to afford the novel “mixed-sandwich” complex Cy;Si;O,.
Ta(C,BoH ;) (152), which was isolated in 82% yield as an orange, crystalline
solid. Compound 152 is the first representative of a novel class of inorganic cage
compounds in which a carborane and a silsesquioxane framework are linked
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through a single metal center. Further examples of such hybrid complexes should be
accessible by varying either the central atom or using different carborane and sil-
sesquioxane ligands.

These results clearly demonstrate that the amide route is a versatile synthetic
pathway to novel tantalasilsesquioxanes, each of them representing a novel type of
metallasilsesquioxane. Suitable tantalum dimethylamides are readily protonated in
the presence of silsesquioxanes bearing Si-OH functional groups to form either
“half-sandwich” or ‘“‘sandwich” complexes depending on the stoichiometry. This
salt-free method is likely to work equally well with the corresponding Nb deriv-
atives as well as with other Si—-OH-functionalized silsesquioxanes. The ‘“‘mixed-
sandwich” complex Cy;Si;O,Ta(C,BoHy ;) (152) is just the first example of an
unusual new class of hybrid compounds combining carborane and silsesquioxane
chemistry. Tantalum silsesquioxanes have also been investigated by Basset et al. as
model compounds for the formation of alkylidenetantalum species on silica sur-
faces.”

The dimer of the vanadyl silsesquioxane complex 148 was used by Mitsudo et al.
to prepare catalysts with a characteristic pore structure and excellent activity to-
ward the selective photoassisted catalytic oxidation of methane into methanal.”

C. Metallasilsesquioxanes of the Middle and Late Transition Metals

1. Group 6 Metal Derivatives (Cr, Mo, W)

Several Group 6 metallasilsesquioxanes have been reported in the literature and
investigated with respect to catalytic applications. However, their number is still
scarce, and further exploration of this class of metallasilsesquioxanes is warranted.
The disilanol derivative Cy;Si;O9(OH),(OSiMe;) (12) reacts with chromium
trioxide in CCly in the presence of anhydrous MgSO, to give the chromate ester
Cy7Si;09(0OSiMe3)CrOy4 (153), which has been tested as an ethylene polymerization
catalyst.”>?® The chromium(VI) derivative 153 can be regarded as a molecular
model of the chromium-based Phillips catalyst. This and related chromium sil-
sesquioxanes have also been demonstrated to be active catalysts for the epoxidation
of olefins with z-butylhydroperoxide.”” The chromate ester 153 has also been em-
ployed as the starting material for the synthesis of microporous chromium silicate
materials (Scheme 51), which catalyze the oxidation of ammonia.”®

While previously reported Cr silsesquioxane complexes contained chromium in
the hexavalent oxidation state, the recently synthesized lithium silsesquioxane pre-
cursors such as 15-17 enabled the synthesis of an unprecedented heterobimetallic
chromium species.>> Treatment of 16 with anhydrous CrCl; in THF resulted in
formation of green crystalline 154, which was structurally characterized by X-ray
diffraction (Scheme 52).

The molybdate ester Cy,Si;Oo(OSiMe;)Mo0Oy (155) was made by Feher er al.,> in
1995 by reacting the thallium intermediate Cy;Si;Oo9(OSiMes)(OTIl), (70) with
MoO,Cl,. As mentioned earlier, it is one of the advantages of the thallium sil-
sesquioxane reagents that they can be used as precursors in reactions with high-valent
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ScHEME 51. Synthesis of microporous chromium silicate materials from 153.
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ScHEME 52. Synthesis of the LiCr silsesquioxane complex 154.

metal halides. Feher et al.”® also reported the prepartion of the Schrock-type molyb-

denum carbene complex 156 (Scheme 53).

The first metallasilsesquioxanes containing metal-metal triple bonds have been
reported by Chisholm and Feher et al.'® The reaction between two equivalents of 3
and Mo,(O7Bu)g in benzene or toluene at room temperature (Scheme 54) led to
rapid replacement of all six alkoxide ligands and formation of orange, crystalline



142 V. LORENZ AND F.T. EDELMANN

156

7 n Ao !
N O—q; N O . —U—Gj
Si— Si si— Y—si 2l N
/ 70,/ ¢ oH VAN NS cf \
IO " O\s/' Moo(O'Bu)s ;3 o~ R o/'\<\§ R\,Si/ ’%\Si—R
> . Si~oH —— > R [J_.Si— | g |
R—S{-OQSLOO OH -6HOBu R—S{-OJSLPO O/MQ—OF .
o/ s ~gi o/ Ssi
~S— o \IR O\,Si/\O/S\IR Ssio SR
R 3 R

157
R = c-CgH11

ScHEME 54. Synthesis of the dimeric molybdenum silsesquioxane complex 157.

157 in 80% yield. The dimeric structure with a Mo = Mo triple bond as depicted in
Scheme 54 was established by a single-crystal X-ray diffraction study.

The analogous reaction of 3 with W,(O7Bu)s gave a brown solution, from which
a yellow, microcrystalline material could be isolated.'®® Based on spectroscopic data
the latter was formulated as [Cy;Si;O,],W,(p-H)(OzBu) (158). Cleavage of the
Mo =M o triple bond in 157 occurred upon treatment of this compound with NO
(two equivalents) to afford the dimeric nitrosyl molybdenum silsesquioxane com-
plex [Cy;Si;0121:M0,(NO), (159).'”

A metallasilsesquioxane derivative of tungsten(VI), which is an analog of the
uranium(VI) complex (100) was prepared by Smet e al.'®' Quite remarkably the
compound [Cy;Si;O01,],W (160) was formed directly by reaction WClg with two
equivalents of 3 even without the presence of a base to facilitate the elimination of
HCI. According to a single crystal X-ray structure analysis, the tungsten atom in
monomeric neutral 160 is encapsulated between the two bulky silsesquioxane cages
(Scheme 55).

2. Group 7 Metal Derivatives

No fully characterized metallasilsesquioxane derivatives of Mn, Tc or Re have
been reported until now. It has been reported that reactions of 2 or 3 with rhe-
nium(VII) precursors are complicated and often result in dehydration of the sil-
sesquioxane cage without incorporation of rhenium.'** Recently it has been found
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ScHEME 55. Structure of [Cy;Si;O1,],W (160).
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ScHEME 56. Preparation of the ferrasilsesquioxane complex 161 and its conversion into iron on micro-
porous silica.

that the reaction of 16 with anhydrous MnCl, in THF affords a colorless hetero-
bimetallic Li/Mn silsesquioxane complex of unknown structure.®

3. Group 8 Metal Derivatives (Fe, Ru, Os)

The first iron-containing silsesquioxanes which appeared in the literature were
compounds containing ferrocenyl units as side-groups.'®> '®* However, these are
not within the scope of this review as iron is not part of the metallasilsesquioxane
skeleton. Meanwhile, several ferrasilsesquioxane complexes have been synthesized.
The first iron(I1T) compound of this type was prepared in our laboratory according
to Scheme 56.'%° In 161, the coordination sphere of iron is completed by TMEDA
(N,N,N’,N’-tetramethylethylenediamine) as a chelating amine ligand. Pale yellow,
crystalline 161 was isolated in 80% yield and structurally characterized by X-ray
diffraction. This compound was later used by Maxim et al.'®*'"" to prepare iron
particles dispersed on microporous silica via controlled calcination of the ferra-
silsesquioxane precursor as depicted in Scheme 56.
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ScHEME 57. Synthesis of the dimeric ferrasilsesquioxane 162.

More recently Shapley et al.'®® carried out a reaction of the cyclopentyl-substi-

tuted precursor 2 with FeCl; in the presence of NEt; in toluene solution (Scheme
57). In contrast to the formation of 161'% this reaction afforded brown, dimeric [(c-
C5H9)7Si7012Fe(NEt3)]2 (162) in 73% yleld

A series of ferrasilsesquioxanes stabilized by phosphine ligands has been prepared
and characterized by Baker et al.'” Reactions of the iron(II) precursor FeCly(dcpe)
(dcpe = bis(dicyclohexylphosphino)ethane) with 2 or the monosilylated precursor
(c-CsHy);Si;049(OSiMes)(OH), (38) afforded the (dcpe)iron(I)-silsesquioxane
complexes (¢-CsHog);Si;09(OH)[O,Fe(dcpe)] (163, 91% yield) and (c-CsHyg);Si;09
(OSiMe»)[O,Fe(depe)] (164, 89% yield), respectively, in the form of colorless
crystals. The iron(IIT) analog (c-CsHog);Si;0,,Fe(PCys;) (165, colorless crystals, 91%
yield) was prepared and isolated in a similar manner from the reaction of 2 with
FeCl;(PCys;) in the presence of triethylamine. Compound 165 exhibits some interesting
reaction chemistry with water. Treatment of solutions of 165 in benzene with a slight
stoichiometric excess of water in the presence of NEt; leads to formation of the p-
oxo-bridged dianionic complex 166. The same compound could also be prepared
directly in 92% yield by reacting 2 with FeCl3(PCy;) in the presence of water and
triethylamine as illustrated in Scheme 58.

Several anionic ferrasilsesquioxane complexes have also been isolated by Shapley
et al'® The high-spin iron(IIT) silsesquioxane complexes [N(nBu)4][(c-
C5H9)7Si7012FCCI] (167) and [N(nBu)4][(c-C5H9)7Si7OleeOSiMe3] (168) were ob-
tained from reactions of 2 with either [N(nBu)4][FeCly] or [N(nBu)4][Fe(OSiMes),].
Substitution of the terminal chloride or trimethylsilanolate ligands with ¢-butoxide
afforded [N(nBu)4][(¢c-CsHy);Si;0,,FeOrBu] (169), while a similar substitution re-
action with the methyl ester of N-acetylcysteine produced the unusual anionic fer-
rasilsesquioxane complex [N(zBu)4][(c-CsHy),Si,0,Fe{SCH,CH(NHCOMe)-
CO,Me}] (170). The latter reactions show that complexes 167 and 168 are excel-
lent precursors for the synthesis of other iron(III) silsesquioxanes.

Ruthenium and osmium complexes containing silsesquioxane ligands have also
been reported in the literature.”” %1% 113 A Schrock-type ruthenium carbene
complex, Cy,SigO;,CH=RuCl,(PCys), (171) was made by Feher et al. in a similar
manner as the molybdenum carbene complex 156.'° Other silsesquioxane com-
plexes of Ru and Os contain metal complex fragments bonded to side chains of
specially designed silsesquioxane ligands. For example, Braunstein et al.''® used
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ScHEME 58. Direct preparation of 166.

thiol-functionalized silsesquioxane derivatives such as 172 and 175 to synthesize
coordination compounds with ruthenium and osmium clusters as outlined in
Scheme 59. All cluster complexes shown in Scheme 59 have been isolated in the
form of yellow, crystalline solids.

Ruthenium complexes of a novel silsesquioxane-based tridentate phosphine lig-
and have been prepared and characterized by Mitsudo et al.''' The synthesis of the
ligand 178 is depicted in Scheme 60. Reactions of 178 with several late transition
metal complexes were examined. A typical example is the reaction with three
equivalents of [RuCl,(cymene)],, which produced the red triruthenium complex (c-
CsHy);Si;09[0SiMe,CH,>CH,PPh,RuCl,y(cymene)]; (179) in almost quantitative
yield.

An osmium cluster complex involving direct bonding of a silanol oxygen atom
was reported already in 1990 by Shapley and Feher et al.''? The reaction shown in
Scheme 61 was conducted in cyclooctene at 130 °C for 24 h. The product 180 was
isolated as a stable, yellow solid in 13% yield following chromatography. The most
striking feature of the molecular structure of 180 is the formation of a siloxane
linkage by the cyclodehydration of two silanol groups of 3.

Several multifunctional donor ligands based on the closo-SigO, silsesquioxane
cage have also been reported in the literature, including complexes containing
Ru(terpy); units.'"® Finally, an unusual anionic osmasilsesquioxane complex con-
taining a nitrido function has recently been described by Shapley er al.'®® The
tetraphenylphosphonium salt [PPhy][(¢-CsHg),Si;0;(OSiMe;)Os(N)Cl,] (181) was
isolated as a diamagnetic, air-stable, purple crystalline solid (Scheme 62).
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ScHEME 59. Synthesis of silsesquioxane thiol-coordinated ruthenium and osmium clusters.
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ScHEME 60. Synthesis of the silsesquioxane-based tridentate phosphine ligand 178.

4. Group 9 Metal Derivatives (Co, Rh)

Apparently “real” metallasilsesquioxanes of cobalt, rhodium or iridium have
thus far not been reported in the literature. However, several silsesquioxane ligands
containing donor-substituted side chains as well as related silsesquioxane dendri-
mers have been found to form complexes with cobalt and rhodium complex frag-
ments, 103-114-118
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ScHEME 61. Synthesis of the silsesquioxane triosmium cluster compound 180.
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ScHEME 62. Synthesis of the nitrido-osmasilsesquioxane complex 181.

5. Group 10 Metal Derivatives (Pt)

While apparently no metallasilsesquioxane complexes of nickel and palladium
have yet been prepared, several literature reports have appeared on platinum com-
pounds containing silsesquioxane ligands. Abbenhuis reported the synthesis and
characterization of three platinum(II) complexes stabilized by the chelating
diphosphine ligand dppe (= 1,2-bis(diphenylphosphino)ethane) as outlined in
Scheme 63.'"%-120

After prolonged reaction times (typically 7 days) all three compounds were iso-
lated in good yields (90%) in the form of colorless crystals. The crystal structure of
182 was determined by X-ray diffraction. In other cases reactions of silsesquioxane
precursors with platinum complexes have been found to be far less straightforward.
Upon treatment of two equivalents of the dithallium intermediate 69 with the
square planar platinum(II) complex PtCl,(COD), small amounts of the highly un-
usual heterobimetallic Pt/Tl silsesquioxane complex 185 were formed (pale yellow
needles, 6% yield). A single crystal X-ray diffraction study revealed as the most
striking structural feature of 185 the presence of a o-bond between the sil-
sesquioxane frame and the metal-coordinated cyclooctenyl ligand. A 1:1 reaction of
the same reactants also afforded moderate yields of the expected platinasilsesquiox-
ane derivative 186 (Scheme 64).
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ScHEME 63. Synthesis of the platinum silsesquioxane complexes 182-184.

6. Group 11 Metal Derivatives (Cu, Au)

The first silsesquioxane derivative of copper was made in our laboratory ac-
cording to Scheme 65."?! The reaction of the monosilylated disilanol precursor 12
with tetrameric copper(I)-z-butoxide in a molar ratio of 2:1 afforded the colorless
copper(I) silsesquioxane complex 187, in which the CuyO4 core of copper(I)-z-but-
oxide is retained.

Thiol-functionalized  silsesquioxane ligands such as (¢-CsHg);Si;01,
CH,CH,CH,SH (188) have been successfully employed by Schmid et al.'*? in the
synthesis of gold complexes, especially Auss clusters. More simple gold(I) sil-
sesquioxane derivatives include the complexes (¢-CsHg),Si-Oo(OH)(OAuPPh3),
(189) and (c-CsHy);Si;Oo(OAUPPh;); (190).'** They are readily accessible by re-
acting the corresponding silanol precursors with appropriate amounts of

v
FUTURE OUTLOOK

During the past 15 years metallasilsesquioxanes have emerged from the status of
mere laboratory curiosities and have become a well-investigated and highly valuable
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186.
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ScHEME 64. Synthesis of the platinum silsesquioxane complexes 185 and 186.
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ScHEME 65. Synthesis of the copper(I) silsesquioxane complex 187.

class of compounds. They are of fundamental interest as “‘realistic”” molecular
models of silica-supported metal catalysts. Various metallasilsesquioxanes have
meanwhile turned out to be promising catalysts by in their own right. Novel aspects
include the tethering of silsesquioxane cages to cyclopentadienyl-type ligands
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(cf. Section II1.B.2), the copolymerization and cross-linking of vinyl-substituted sil-
sesquioxane titanium complexes with siloxane oligomers'** and the preparation of
metal oxide particles on microporous silica by controlled calcination of suitable
metallasilsesquioxanes (cf. Sections III.C.1 and II1.C.3). These aspects are expected
to play an increasing role in future metallasilsesquioxane chemistry. Certainly, the
recently discovered alkali metal silsesquioxane reagents such as 15-17 will become
key intermediates in the synthesis of complex heterobimetallic metal-
lasilsesquioxanes, which in turn could be promising precursors for multi-metallic
silicate materials. Clearly, more work needs to be done to extend the “Periodic
Table of metallasilsesquioxanes.” Various metals (e.g., the heavier alkali and al-
kaline earth metals, Mn, Re, Ir, Ni, Ag etc.) have not yet been successfully incor-
porated into silsesquioxane derivatives. Strikingly, the vast majority of
metallasilsesquioxanes reported thus far are derived from the incompletely con-
densed trisilanols R;Si;O9(OH); (2-7). Extension of this chemistry to other sil-
sesquioxane cage compounds remains a largely open field, where many exciting
results can be expected for years to come.
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INTRODUCTION

There is a fundamental interest in understanding similarities and differences be-
tween carbon and heavier group 14 elements. Many theoretical and experimental
studies were carried out in order to ascertain whether the organic compounds of
heavier group 14 elements could be demonstrated to exhibit similar chemical prop-
erties to their carbon analogues. Such studies have, for example, recently led to the
successful isolation of compounds containing formal E=E triple bonds." One of
the most demanding and difficult challenges to chemists was to demonstrate the
existence of, and to isolate and characterize, the heavier congeners of carbonium
ions R;zE" (E = Si, Ge, Sn, Pb). In particular, the silylium ions, R3Si", have re-
ceived much attention and the debate on their existence was controversial, lively
and sometimes overemphasized. Even in 2001, the year of the 100th anniversary of
the discovery of the trityl cation,>* no direct structural proof for the existence of
analogous three-coordinate, trivalent cationic species R;E " was provided. NMR*?
and computational evidence®’ for the existence of trimesitylsilylium Mes;Si*, 1,
was given, but the only crystallographically characterized tricoordinated cations of
the elements silicon® and germanium’ were the cyclic cations 2 and 3, which are
stabilized either by conjugation or homoconjugation.

*Corresponding author. Tel.: +49-69-79829166; fax: +49-69-79829188.
E-mail: dr.thomas.mueller@chemie.uni-frankfurt.de (T. Miiller).
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The major obstacle for the synthesis of R;E™ ions is their inherent high electro-
philicity and high reactivity, which leads such species to interact in solution and
solid state with solvents and/or counteranions that are found to be innocent in
other areas of chemistry. In addition, the tendency of the higher congeners of
carbon to extend their coordination sphere, their inherent reluctance towards m-
conjugation and to hyperconjugative effects due to less-effective orbital overlap
and, finally, the larger size of the electron-deficient center, which is harder to protect
sterically, are factors, which complicate the isolation and characterization of or-
ganometallic cations of group 14 elements. Since the mid 1990s significant break-
throughs in synthetic methodology have been achieved and at the time this review
was finalized (Autumn 2004) for all group 14 elements but lead, examples of strictly
three-coordinated, trivalent organometallic RsE™" cations have been synthesized,
isolated and fully characterized including by crystallography. Moreover, several
group 14 element cations having novel bonding features or unusual structures were
identified. It is worth mentioning that this progress was facilitated by major ad-
vances in computational chemistry, which critically attended the experimental
achievements and supported greatly the identification of the synthesized species.

Several reviews appeared on the heavier congeners of the carbenium ions. Clearly,
the silylium ion problem has received the most attention, and both theoretical as well
as experimental aspects have been reviewed.'®'® The chemistry of cationic germa-
nium, tin and lead is covered by a recent review by Zharov and Michl.!” We will
concentrate in this review on the description of the progress made during the last 4
years and will try to give an account on the synthesis, the properties and the structure
of organosubstituted three-coordinated, trivalent group 14 element cations and
closely related species in the condensed phase.

!
SYNTHETIC APPROACHES TO R;E* IONS

A. Heterolytic Cleavage of E—X Bonds

The heterolytic cleavage of a C(sp>)-X bond (X: good leaving group e.g. halide,
sulfonates and perchlorate) is the first step in a typical Syl reaction and it is the
most popular synthetic approach to persistent carbocations.'® The high bond energy
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of most of the R3E-X bonds and/or the high reactivity of the incipient element
cation toward the leaving group X precludes the use of this synthetically straight-
forward approach to persistent trivalent organoelement cations. For example,
trimethylsilylium Me;Si " cannot be synthesized from the corresponding fluoride in
the superacidic HSO;F/SbFs system.'? Heterolytic E-X bond cleavage can be used,
however, if the solvent provides enough stabilization of the transient cation
[Scheme 1, Eq. (1)].%° In this case, solvent complexes of the R;E™ cation with the
element in a tetrahedral or trigonal-bipyramidal coordination sphere, e.g. the sily-
lated pyridinium cation 4, are isolated. Similarly, intramolecular interaction can
provide enough stabilization of the element cation that it can be generated by
dehalogenation, in particular if the halide is efficiently removed from the reaction
mixture. A recent example is provided by the dehalogenation of the bicyclic germyl
bromide, 5, to yield the intramolecularly stabilized germyl cation 6. [Scheme 1,
Eq. (2)].%' As a consequence of the intramolecular interaction of the germyl cation
with the remote C—C double bond, the coordination number of the germanium
atom in the intramolecularly stabilized element cation is larger than 3.

B. Hydride Transfer Reaction

The Bartlett-Condon—Schneider hydride transfer reaction,”*** first employed in
silicon chemistry by Corey in 1975, developed since then to be the most popular
synthetic approach to silylium ions in the condensed phase.'® Subsequently, it was
also used for the generation of germylium®*>® and stannylium compounds.*!”-2-%
This method exploits the relative weakness of the E-H bond and involves the
transfer of the hydride from the element to a strong Lewis acid, in most cases to
trityl cation. The easy access of trityl salts with a wide variety of weakly coordi-
nating counteranions is a clear advantage of this method. The reaction can be
applied in polar solvents such as sulfolane, ethers and nitriles but also in chlorinated
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or aromatic hydrocarbons. For silicon, careful mechanistic’® and theoretical®'
studies have shown that the reaction proceeds with the intermediacy of silylium ions
and a single electron transfer reaction mechanism that was suggested earlier’>
can be excluded. The hydride transfer method gives access to a wide variety of
cationic species of group IV elements, which are either stabilized by intermolecu-
lar interaction with solvent molecules and/or with the counterion or by intramo-
lecular interactions. Some recent examples for the application of the hydride
transfer reaction in the synthesis of group 14 cationic species are summarized in
Scheme 2.%>337% Particularly noteworthy is the synthesis of the silatropylium ion 7
by Komatsu and co-workers from the silepin 8 (see Scheme 3).%*-3

The major obstacle of the hydride transfer reaction is the steric bulk of the trityl
cation as the reagent of choice. Substrates that will allow the isolation of cations
R;E™, free from intramolecular and/or intermolecular interactions with solvent
molecules or anions, need to have bulky substituents and therefore the hydride
transfer reaction between the hydride and trityl cation is severely hampered or it is
even impossible. Another drawback of this method is the limited availability of the
starting hydrido compound, which for example, is not available for lead com-
pounds, due to the high reactivity of lead(IV) hydrides.

Et;SiH + [PhsC]* TPFPB- "the"‘i [EtsSi(CeHg)]* TPFPB- 4+ PhsC-H  (ref 35-37)
r.t
1 . .
FPrSiH + [PhoCl* [Xe-CByiHgl —2o’%  iPrgSi(Xs-CByiHg) + PhyC-H (ref. 38)
r.t.
X=Cl, Br, |
PhyGeH + [PhsCl* [CIO," &tc’?» PhyGe(OCIO3) + PhsC-H (ref. 39)
r.t.
BusSnH + B(CeFs)s @‘i [Bu3Sn/CgHg)l* HB(C4Fs)s (ref. 25)
ER,H +
b ReR N
+ [PhyCJ* [B(CeFs)al #‘i A [B(CsFs)al” (ref. 40)
R=alkyl; E=Si, Ge, Sn
SCHEME 2.
R R
R S' _PhoC*TPFPB- o R S =si
R CDzClz 60°C R
R R
3 7 R,R = bco

SCHEME 3.
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C. Electrophilic Cleavage of E-Alkyl and E-Silyl Bonds

The cleavage of an alkyl or silyl group was successfully applied in the synthesis of
several R;E™ cations. Early attempts were restricted to strongly acidic media. It
was shown by Gillespie e al.*'** and Birchall and co-workers* *° that in contrast
to silyl or germyl cations, stannyl cations “R3Sn " can be formed by dissolving
tetraorganotin compounds in strong acids such as sulfuric acid or fluorosulfonic
acid. Similarly, the formation of a MesPb™ cation in fluorosulfonic acid at low
temperatures was reported.*® Subsequently it was shown by Méssbauer and ''*Sn
NMR spectroscopy that the generated tin species are five-coordinated complexes of
the stannylium ion R3Sn™, and two molecules either of the acid or the corres-
ponding anion that adopt the axial positions of the trigonal bipyramidal complete
the coordination sphere of tin.***> For the synthesis of R;E™ in less nucleophilic
organic solvents more moderate reaction conditions and better “leaving groups”
had to be found. The use of the allyl moiety as a leaving group was the key for the
spectacular synthesis and characterization of silylium, germylium and stannylium
ions by Lambert and co-workers.***” #* Reaction of the allyl element compound 9
with the silylated arenium ion (Et;Si/CsHg) " gives rise to the formation of the -
silyl-substituted carbocation 10, which undergoes a fragmentation reaction and
releases the stable Ar;E " cation (Scheme 4). This allyl fragmentation reaction has
some precedence in the reaction of allylsilanes with triflic acid®® and with trityl
cation,”’ and in the fragmentation of B-silyl-substituted vinyl cations, detected in
superacidic media at low temperatures.>>

Similarly, trityl cation in aromatic hydrocarbons initiates the fragmentation of
simple tetraalkyl plumbanes and stannanes yielding the plumbyl or stannyl cationic
species, e.g. 11, and alkenes.**>*>* The reaction is thought to proceed via plumbyl-
or stannyl-substituted carbocations 12, which in a second step eliminate the al-
kene.>* This approach was used in the synthesis of norbornyl cations of the ele-
ments tin and lead, e.g. 13, (Scheme 5).%%>

The cleavage of a silicon—-methyl bond by the silylated benzenium ion [Et;Si/
C¢He] " and formation of the silylium ion 14 is the first step in the unexpected
syr;thesis of the homoaromatic silyl cation 3 from trisilacyclopropene 15 (Scheme
6).

The intermediate formation of the ferrocenyl-substituted silylium ion 16 by
protonation of the ansa-ferrocenyl silane 17 can be regarded as a special case of
electrophilic cleavage of an activated C-Si bond (see Scheme 7). The driving force
for this reaction is the release of a strain by formation of the silyl cation.’® In a

.
SiEty ArsE*
AraEJ\ [Et;Si/CeHel* TPFPB™ ArsEJ\/ _— 8

~ R.Si—N
RgSi—N TPFPB-

benzene TPEPB-

E = Si; Ar= Mes, Dur
9 10 E = Ge; Ar= Mes
E = Sn; Ar = Mes, Dur, Tip

SCHEME 4.
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spontaneous consecutive reaction the silylium ion 16 forms with ether solvent the

oxonium ion 18.%°

D. Oxidative Cleavage of E-E and E-C Bonds

The early reports on the oxidative generation of R3E
synthesis

clusively restricted to the

* cations are nearly ex-

of R;Sn" cations. Hexamethylditin

Me;Sn—SnMes is oxidized in acetonitrile by one-clectron oxidants as, for example

10-methacridinium,>®
solvent complexed Me;Sn™

element compounds Me;Sn—-EMes, E

thianthrene cation radical®’ and Fe(phen)3+58 yielding the
cation. Interestingly, the oxidation of the mixed tin

= Si, Ge by 10-methacridinium resulted in the
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formation of solvated [Me;Sn/(N=CMe),]” and [Me;E/(N=CMe),]" cations
(n = 1,2), while the tin-free dielement compounds (Me;E-E'Mes, E, E' = Si, Ge)
underwent no reaction. This is in line with the lower oxidation potential of the Sn-
element bond in tin compounds (see Table I).>® Mechanistically, these reactions are
thought to proceed via electron transfer as the rate-determining step. In the case of
dielement compounds R3E-E'R’; initially the cation radicals [R;E-E'R’5]"* are
produced, which then decompose by cleavage of the E-E bond to give RzE " and
R;E®. The radical R3E® is then further oxidized to the R;E ™ cation, thus consuming
2 equivalents of the oxidant.’®>73%:%0"62 Oxidation of R4Sn, Me;SnR (R = Me, Et,
n-Bu, Vi, Ph) and PheSn, with thianthrene cation radical was reported to give the
solvent complexed stannyl cations.’’ An early communication, reports the pre-
paration of the [Ph;Pb/N=CMe] " cation by oxidation of the diplumbane Ph¢Pb,
by AgNOj in acetonitrile.%® In all these reactions the need for strongly interacting
solvents (in most cases acetonitrile) and the use of chloride or perchlorate as
counterion precludes all attempts for the isolation of the generated cationic species.
Only with the advent of fluorinated tetraarylborates and carboranes as weakly
coordinating anions (WCA™), did the isolation of the cationic species on a pre-
parative scale become feasible.

The first landmark was the successful synthesis and structural characterization of
the cyclotrigermylium cations 2 and 19 by Sekiguchi and co-workers. This was
achieved by reaction of trityl cation with the cyclotrigermenes 20 in the presence of
weakly coordinating borate anions (Scheme 8). The trityl cation acts here as a one-
electron oxidizing reagent and the resulting radical cation of 20 decomposes to the

TABLE I
OXIDATION POTENTIALS (Ep) oF GRouP 14 COMPOUNDS

Compound Ep(V)

in MeCN, vs. Ag/AgCl/MeCN

Me;Si-SiMes 1.76
Me;Ge-GeMes 1.70
Me;Sn—SnMe; 1.28
Me;Si-SnMes 1.60
Me;Ge-SnMes 1.44
Et;Si-SiEts 1.76
Et;Ge-GeEt; 1.48
Et;Sn—-SnEt; 1.24
Et;Si-GeEt; 1.70
Et;Si-SnEt; 1.56
Et;Ge-SnEt; 1.40
in MeCN, vs. FC/FC+
Ph;Si-SiMes 1.29
PhMe,Si-SiPhMe, 1.26
Me;Si-SiMe; 1.36
Ph;Ge-GeMes 1.16
PhMe,Ge-GePhMe, 1.20

Me;Ge-GeMes 1.28
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cyc;lg}régermylium ions, 2, 19, by cleavage of a Ge-Si or Ge-Ge bond (Scheme
8). T

Subsequently, the same group demonstrated that the reaction of hexa-z-butyldi-
metallanes -BusE-EBu-#3; E = Si, Ge, Sn) with two equivalents of trityl TFPB™ in
pivaloylnitrile or acetonitrile gave tri-z-butylelement cation nitrile complexes, 21, by
oxidative E-E bond cleavage (Scheme 9). The isolated yields of the salts 21 TFPB™
were in the range from 60 to 80%.°” For silanes, the oxidation only occurs for
sterically strongly congested disilanes, having a long central SiSi bond and therefore
a low ionization potential. Thus, hexa-z-butyl disilane and hexa-iso-propyl disilane
gave the corresponding cations, while hexaethyl disilane and hexamethyl disilane
are unreactive toward trityl cation in acetonitrile.®’

A crystalline solvent-free CB;;Me, salt of the n-BusSn™ cation with significant
anion—cation interaction was prepared by Michl and co-workers by oxidizing n-
BueSn, with the radical CB;;Me}, (Scheme 10).%® The CB;;Me}, radical is a stable
and strong one-electron oxidant, comparable in its oxidation power to Ce(IV). It is
freely soluble in non-polar solvents as, for example, saturated hydrocarbons and in
its reduced form it serves as a WCA ™. Thus, this approach provides the opportunity
to generate the group 14 cations in an environment devoid of unsaturated molecules
or molecules with lone pairs. This is a clear advantage compared to methods as, for
example, the hydride transfer method for which aromatic hydrocarbons as solvents
are a prerequisite. Quite recently the solvent-free MesE " CB;;Me7; salts (E = Ge,
Sn, Pb) have been prepared by oxidation of hexamethyldigermane and -distannane
and of tetramethyllead, and characterized by NMR and extended X-ray absorption
five structure analysis (EXAFS) studies.®

The straightforward access to stable radicals opened the avenue for the syn-
thesis of the corresponding cations by one-electron oxidations. Thus, the stable
radicals (--Bu,MeSi);E® (E = Si, Ge, Sn) can be oxidized by trityl cation in benzene,
and for germanium and tin the free germylium, 22, and stannylium ion, 23, could be

70,71
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isolated and structurally characterized as tetrakis(pentafluorophenyl)borate
(TPFPB") salts (Scheme 11).”"7? In the case of the silicon compound the presence
of acetonitrile allowed the isolation of the stable nitrilium ion [(z-Bu,MeSi);Si/
N=CMe]", 24. In the absence of acetonitrile the incipient silylium ion (-
Bu,MeSi);Si " undergoes a 1,2-methyl migration yielding the marginally stable sily-
lium ion 25, which was identified in CD,Cl, solution at low temperatures by NMR
spectroscopy (Scheme 12).”?

In principle, these oxidations are reversible. This was elegantly shown for
silenylium ion 3. Reduction of 3 with ¢-butylsilyl sodium gives the cyclotetrasilenyl
radical 26 and one-electron oxidation of 26 by trityl cation results in the back-
formation of 3 (Scheme 13).”* Moreover, 26 can be further reduced giving the
corresponding anion 27. Also the transformation between radical 26 and anion 27
was shown to be reversible. In this case, the silylated benzenium ion [Et;Si/C¢Hg] "
serves as a one-electron oxidant to give the radical 26 (Scheme 13).”°
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E. Addition of Electrophiles to Heavy Carbenes

Alkylation or protonation of neutral, divalent organoelement compounds leads
in principle to trivalent cations. There are only a few reports in literature that follow
successfully this conceptionally straightforward approach to R;E ™" cations. In most
cases, the resulting cations are strongly stabilized by intramolecular interactions
between a remote donor substituent and the electrophilic center. Thus, protonation
of decamethylsilicocene 28 by o-catechol leads to the unique silyl cation 29 with the
unusual hydrogen-bridged bis-catecholate anion, C;»H;,0z (Scheme 14)’®"” and
the donor-stabilized germylenes 30 reacts with methyliodide to give the four-
coordinate germyl cations 31 (Scheme 15) those were isolated as iodide salts.”>”

The reaction of the stable germylene 32 with a triarylmethylium ion gave not the
expected germylium ion 33, but in a series of unexpected rearrangements, the germy-
lium ion 34, which is intramolecularly stabilized by interaction of the electron-de-
ficient germylium center with a remote aryl group (Scheme 16).5°
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1]
STRUCTURE AND PROPERTIES OF R3;E* CATIONS

A. Theoretical Considerations

1. The EH3 Potential Energy Surface

In agreement with a simple Walsh-type analysis for a AH; system with six valence
electrons,®’ the planar Ds, structure, 35, is a minimum on the potential energy
surface for EH5 cations of all group 14 elements.®* ** However, a second C sym-

metric minimum, 36, exists for all cations but the methylium ion CH5 8384

H H
Ll

W - H
35 36

For silylium SiH5™ and germylium GeH; the strongly bonded Dj;, structures are the
global minima, but for Sn and Pb the species 36 are more stable (see Table II). The
large preference of the side-on complex 36 for E = Pb by 23.3kcalmol™! is due to
relativistic stabilization of the 6s lone pair in H-Pb™. The EH5 -isomers 36 can be
described as donor—acceptor complexes between dihydrogen and H-E *, in which the
electron density is transferred from the dihydrogen o-bond to the LUMO of the H-E *
fragment.®>* Although the D+, isomers, 35, of SnH5 and PbH are metastable, all
D5, EH5 forms should be observable due to the high barriers, which separate 35 from
36 (see Table II). In contrast, the side-on complexes 36 are far less stable toward
dissociation into dihydrogen and H-E . The dissociation energy Dy, for this process is

TasLE 11
CaLcuLATED RELATIVE ENERGIES OF EHS ISOMERS IN KCALMOL™ ' (CALCULATED AT B3LYP/6-
311+ +G(2d,p)(H, C, Si, Ge) SDD (TZ +2p) (Sn, Pb)*?)

Element E@35) E(36) E(TS(35 - 36)) Dy(36)
Si 0 27.1 57.8 7.6
Ge 0 10.0 51.3 6.3
Sn 0 -5.2 52.9 2.9
Pb 0 233 54.9 1.1
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even for the most strongly bonded complex H,/SiH* merely 7.6 kcalmol ™', this sug-
gests a fast decomposition of the species 36 at elevated temperatures (see Table II).%
There is no general theoretical study for trialkyl-substituted cations R;E ", which
investigates the relationship of the classical planar trigonal structure to isomeric
complexes RE " /R, and its relative energy compared to the dissociation products,
the singly coordinated four-valence-electron species R-E " and the hydrocarbon
R,. The only exceptions are 7-norbornadienyl cations 37 for which the germyl and
silyl cation has been intensively studied theoretically by Radom and Nicolaides.®>®’
It has been predicted that both cations are unstable toward a facile isomerization to
a more stable complex HE ¥ /C¢Hy, 38. For the silyl species this was confirmed by
fourier transform ion cyclotron resonance (FT-ICR) experiments, which demon-
strated that indeed HSi"/C¢Hg is formed and not the isomeric trivalent 7-si-
lanorbornadienylium.®® Similarly, it was shown by our group that the 2,3-benzo-
annelated 7-silanorbornadienylium 39 undergoes, at ambient temperature in non-
polar solvents, a fast isomerization to the complex PhSi ™ /tetraphenylnaphthalene
(TPN), 40, which decomposes yielding TPN as the only detectable product.®

H +
+E/ + Ph
"R $i_ph
//:/,’7‘\\7 Ph

ARYEER Ry {

Ph Ph
E =Si, Ge
37 38 39 40

The recent isolation and structural characterization of the toluene complex of the
monovalent lead cation 41°° in the form of its [MeB(C4Fs);] ™~ salt is likely to trigger
further theoretical work on the intriguing relationship between classical trivalent
planar ER; cations and the monovalent four-valence-electron species ER .

41

2. Thermodynamic Stability of RzE* Cations

The relative thermodynamic stability of R;E™ cations as a function of the central
element is evaluated by the isodesmic reaction shown in Eq. (3). It increases
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TasLe 111
STABILIZATION ENERGIES AE (kcALMOL ') oF RiE™, CALCULATED ACCORDING TO ISODESMIC REACTION
SHOWN IN Eqs. (3) AND (4)

AE, R =
E Eq. H? MeP Ph® SiH5¢ F? Ccr? Br* I*

C (3) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Si (3) —58.9 —12.0 2.7 —32.9 -9.1 —9.7 —13.8 —18.4
Ge 3) —-70.7 —20.6 -2 —43.1 —6.1 -9.6 —15.7 —22.4
Sn (3) —87.5 —25.6 —-3.8 —51.9 —20.8 —15.8 —21.1 —27.4
Pb (3) -97.6 —35.2 —10.5 —63.5 —22.1 —19.2 —259 —33.6
C “) 0.0 —74.8 —111.3 —49.8 —18.8 —42.9 —54.7 —63.1
Si ) 0.0 —40.6 —64.5 —26.7 34.9 3.6 —11.5 —25.5
Ge “) 0.0 —37.3 —57.4 —28.5 50.8 17.8 0.7 —15.4
Sn “) 0.0 -29.9 —45.6 —23.6 50.5 27.1 10.8 —5.1
Pb “) 0.0 —29.7 —422 —24.9 58.5 35.2 17.6 0.4

From Ref. 93, calculated at MP2/VDZ +P , quasirelativistic ecp for Si, Ge, Sn, Pb, Cl, Br, 1.

®From Ref. 40, calculated at B3LYP/6-311G(2d,p), SDD for Si, Ge, Sn, Pb // B3LYP/6-31G(d) SDD for
Si, Ge, Sn, Pb.

°Ref. 92, calculated at B3LYP/6-311G(2d,p), SDD for Si, Ge, Sn, Pb // B3LYP/6-31G(d) SDD for Si,
Ge, Sn, Pb.

dRef. 92, calculated at B3LYP/6-31G(d), SDD for Si, Ge, Sn, Pb.

monotonically along the series R;C " — R3sPb™ for most of the substituent listed in
Table III, with the exception of the strongly m-donating substituents phenyl, flu-
orine and chlorine. The increase is most significant for the parent compounds with
the plumbylium ion PbH3 being more stable than methylium CH3 by
97.6 kcal mol™'. This marked growth of the thermodynamic stability along the se-
ries C—Pb is to be expected on the basis of the known atomic properties of the
group 14 elements: the Mulliken electronegativity of the element decreases and the
polarizability of the element atom increases steadily for the heavier elements of
group 14.”" The increase of the thermodynamic stability is, however, attenuated for
substituted ions. While the electropositive silyl substituent stabilizes the heavier
analogues of the trissilyl carbenium ion ((H3Si);C ") still considerably, i.e. the sily-
lium ion ((H3Si);Si ") is more stable than ((H3Si);C ") by —32.9 kcalmol ™' and the
plumbylium ion ((H3Si);Pb ™) by —63.5kcalmol~!. The effect is, however, mark-
edly smaller for alkyl substituents.”® In the case of the trimethyl element cations, the
plumbylium ion, MesPb ", is by only 35.2 kcalmol ™' more stable than z-butyl cat-
ion and it diminishes further for the practically very important phenyl substituent.
As a consequence Eq. (3) is actually predicted to be slightly endothermic for E = Si,
i.e. triphenylsilylium, PhsSi*, is less stable than trityl cation, PhsC", by
2.7kcalmol™". The higher homologues of Ph;Si™ are, however, slightly more sta-
ble than trityl cation with the plumbylium ion, PhsPb ™", being the most stable
cation in this series.”> For fluorine and chlorine the calculated trend of the ther-
modynamic stabilization is not so clear, the stabilization of the germylium ions
GeF5y and GeCly being smaller than that of the corresponding silylium ions.”%*
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R3EH + R3C+ d R3E+ + RzCH (3)

R;EH + H3E+ — R3E+ + EH4 (4)

The substituent effect on the thermodynamic stability of RyE ™ ion is given by the
isodesmic reaction shown in Eq. (4). Carbenium ions are stabilized by each sub-
stituent listed in Table III, even by the strongly electronegative fluorine and the
effect of many substituents is large, i.e. t-butyl cation is more stable than methylium
by 74.8 kcalmol™'. The heavier analogues of z-butyl cation are also considerably
more stable than the hydrogen-substituted cation EH5 , the substituent effect is,
however, considerably smaller than in the carbon case, i.e. Me;Si™ is stabilized by
40.6 kcalmol™" and the plumbylium ion by only 29.7 kcal mol ™.

Similarly, the experimentally important substituents phenyl and silyl are signi-
ficantly less efficient in stabilizing a silylium or plumbylium ion than a carbenium
ion. For example, the stabilization of triphenylsilylium Ph;Si™ calculated by using
the isodesmic equation (4) is only roughly 58% of that predicted for the trityl cation
and it decreases to 38% for the plumbylium ion PhsPb ™. In contrast to the carbon
case, plumbylium ions are in general destabilized by halogen substitution, the de-
stabilization increasing with the electronegativity of the halogen atom.”*** For a
given halogen, there is a constant decrease in their destabilizing effect as E becomes
lighter. In consequence, silylium ions are only destabilized by substitution with the
most electronegative halogens fluorine and chlorine, while SiBr; and Sil; are
actually more stable than SiH5 .**

The most significant conclusion that can be drawn from the data summarized in
Table I11I is that substituent effects do not exert the same overwhelming importance
for the thermodynamic stability of the higher homologues of carbenium ions, thus
they do not play the dominant role as in carbocation chemistry. This can be traced
back on (i) the inherent higher stability of the trivalent cations of the elements Si—
Pb and (ii) the weakness of the stabilizing interaction (in many cases of n-type) of
the most common substituents with the central element atom.

One interesting exception is the cyclopentadienyl (Cp) substituent. Density func-
tional calculations at the B3LYP/6-311G(2d,p)//B3LYP/6-31G(d) + AZPVE level
of theory indicated that the Cp (and likewise the pentamethylcyclopentadienyl
(Cp*) substituent) is clearly more efficient in stabilizing a silylium or germylium
than a carbenium ion.””*> Thus, the isodesmic reaction shown in Eq. (5) is exo-
thermic by —13.8, —18.7 and —25.3kcalmol™' for E = C, Si, and Ge, respectively.
This unusual large substituent effect is explained by the particular bonding situation
in the cations 42-44, which is dominated by m-donation to the electron-deficient
element atom, which is more efficient for the silylium 43 and in particular for the
germylium ion 44.772

Cp,EH; + Me3ET — Cp,EHT + Mes;EH
42,E=C
43,E = Si
44,E = Ge (5)
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TaBLE IV
CALCULATED INTERACTION ENERGIES AE, BETWEEN R;E™ CaTions AND ELECTRON DoNors D?

E C Si Ge Sn Pb
D = H,0*"

R=H —71.3 —54.7 —44.5 —38.9 -31.4
D = toluene™*

R=H —85.1 -53.9 —47.6 —40.3 —44.2

R=Me —-17.8 —-28.9 —26.2 —25.7 -30.5
D = RHC=CHR"*

R=—Me - -19.5 —-17.4 -17.0 —-12.5

aCalculated as the energy difference between the total energy of the donor acceptor complex R;E™ <D
and the sum of the total energy of D and R;E™.

PAt MP2/VTZ + D +P. Quasi-relativistic pseudopotentials were used for Si, Ge, Sn, Pb, from Ref. 93.
‘At MP2/CEP. Compact effective core potentials (CEPs) were used for C and Si. Their relativistic
counterparts (RCEP) were used for Ge, Sn and Pb. Correction for basis set superposition errors is
included, from Ref. 95.

dIntramolecular interaction energy calculated for the element norbornyl cations, see Ref. 40.

°At B3LYP/6-311G(2d,p), pseudo-relativistic effective core potential and a (31/31/1) valence basis set
were used for Si, Ge, Sn, Pb, from Ref. 40.

This particular substituent effect of the Cp ring on the thermodynamic stability
gives a rationalization for the exceptionally high stability of protonated decamethyl
silicocene 29, studied by Jutzi and Bunte.”®

The continuous growth of the thermodynamic stability of the EH5 cations along
the series C— Pb is also reflected in the calculated trend of the interaction energies
AE, of the EH5 ions with a Lewis base like H,O (see Table IV).”* The interaction
energy AE, changes from —71.3kcalmol™' for methylium, H;C', to
—31.4kcalmol™" for plumbylium, HyPb". A similar trend is computed for the
interaction of EH; ions with the m-electron donating toluene, i.e. the interaction
energy for CH5™ with toluene is —85.1 kcalmol ™', while for silylium H;Si* a sig-
nificant smaller stabilization energy of —53.1kcalmol™" is predicted (see Table
IV).” The trend is reversed for the trimethyl-substituted ions. That is, trimethyl
silylium binds much more strongly to toluene than z-butyl cation (—28.9 kcal mol ™'
for Me;Si" compared to —17.8 kcalmol™' for MesC ). This opposite trend in the
complexation energies upon substitution at the element reflects a smaller stabilizing
interaction between the methyl substituents in Me;Si™ compared to MesC ™" (see
also Table I11).°*?3 In the case of the heavier analogues of the norbornyl cations the
interaction energy between the remote C—C double bond and the electron-
deficient element center decreases steadily from Si— Pb. This indicates less need for
additional stabilization in the case of the plumbanorbornyl cation and also suggests
that the electrophilicity of the R;E™ ions decreases for E = Si— Pb.*

B. NMR Spectroscopic Properties of RsE* Cations

NMR spectroscopy has, in the last 20 years, become one of the most important
analytical tools in the search for R;E™ ions in the condensed phases. With only the



170 T. MULLER

exception of germanium, every group 14 element has at least one nucleus of spin 1/
2, which is suitable for NMR studies using standard one- and two-dimensional
Fourier Transform (FT) NMR techniques. Furthermore, there is a relation between
the coordination number of the group 14 element and the NMR chemical shift. The
low-frequency limit is defined by compounds with the element in high coordination
states. The increasing imbalance of the electron distribution in lower coordination
states of the element results in a deshielding of the atom in question. Therefore,
cationic species with the charge largely located on the element atom should give a
distinctive chemical shift, deshielded with respect to related four-coordinate species,
which will allow a straightforward identification of the cationic species and an
evaluation of the degree of ionic character indicated by a particular chemical shift.
In addition, at least for silicon, reliable NMR chemical shift calculations strongly
support the identification and characterization of the cationic species. Therefore,
apart from X-ray diffraction, the best criterion for the R;E™ species (E = C, Si, Sn,
Pb) is the NMR chemical shift of the central element.

1. 2°Si NMR Spectroscopic Data of Silylium lons and Related Species

The presently known silicon chemical shift range is 990 ppm. This includes the
Dsq form of decamethylsilicocene 28 (8*°Si = —423 (solid state)),”® which is the
most shielded resonance reported to date and the alkyl-substituted silylene 45,
which presently defines the high-frequency end of the spectrum at §*Si = 567.7
Most silicon chemical shifts occur, however, in a much smaller range from
3%’Si = +50 to —190. This includes hexa-, penta- and tetracoordinated silicon
compounds and for trivalent, positively charged silicon a significant low-field shift
compared to comparable tetravalent silicon species is expected.

a. Si NMR Chemical Shift Calculation for Silylium lons and Related Species

Early estimates for the *’Si NMR chemical shift of silylium ions were based on an
empirical correlation between '*C NMR and ?°Si NMR chemical shifts of iso-
structural silicon and carbon compounds, and predicted for trimethylsilylium a 2°Si
NMR chemical shift within the range 225-275.%%

Accurate NMR chemical shift calculations for silicon compounds are available
since the early 1990’s and these computations played a decisive role in the identi-
fication and characterization of silylium ions in the condensed phase. This issue has
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been thoroughly reviewed by several authors'®'***% and we will concentrate here on
the pure description of the magnetic properties of silylium ions. Silicon NMR chem-
ical shift calculations for several silylium ions in the gas phase are summarized in
Table V. As expected for cationic species with the positive charge mainly localized at
the central silicon, all silylium ions are characterized by a distinct chemical shift,
significantly deshielded compared to neutral tetravalent compounds. That is, for
trialkyl-substituted silylium ions low-field shifts compared to the neutral trialkylsilyl
hydride of about 400 ppm are predicted. In addition, the calculations predict also an
unusually wide spectral range for the *’Si NMR chemical shift of silylium ions.
Silylium ions with m-donating substituents, i.e. amino and phenyl groups have rela-
tively shielded silicon nuclei (app. 8%°Si =220 for Ph;Si™ ¢ and &%Si =42 for
(Me,N);Si "),'% while electropositive trimethylsilyl or dimethylboryl substituents in-
duce a tremendous low-field shift with predicted Si NMR chemical shifts of
3%°Si = 920 ((Me;Si);Si )'" and §2°Si = 572 ((Me,B);Si™).'" This huge substituent
effect on 8*°Si can be easily understood on the basis of the fundamental NMR

TABLE V
CALCULATED 2°Si NMR CHEMICAL SHIFTS FOR SILYLIUM [ons USING DIFFERENT METHODS AND Basis SETS
Compound Method 52%Si vs. Me,Si Ref.
H,Si* IGLO*® 270.2 106
Me;Si* IGLO™® 355.9 106
HF/GIAQO®¢ 361.6 6
B3LYP/GIAO®¢ 413.0 6
MP2/GIAO%® 386.2 6
SOS/DFPT/IGLO™® 382.0 38
Et;Si* IGLOYf 371.3 107
HF/GIAO*® 371.2 38
SOS/DFPT/IGLO™® 415.6 38
i-PrsSi* HF/GIAO™® 342.3 38
SOS/DFPT/IGLO*® 371.0 38
Ph;Si* HF/GIAO®¢ 198.8 6
B3LYP/GIAO®¢ 205.0 6
Mes;Si ™" HF/GIAO%¢ 230.1 6
B3LYP/GIAO®¢ 243.9 6
IGLO 228 7
(Me3Si);Si ™ IGLOY! 925.3 108
IGLO® 920.4 101
B3LYP/GIAO*¢ 1029.1 100
(Me,N);Si ™ IGLO®! 42.1 100
(Me,B);Si* IGLO™ 571.8 102
B3LYP/GIAO™¢ 587.3 102

#Using Basis II Ref. 109.

®Using a HF/6-31G(d) optimized geometry.

“Using a 6-311+ G(2df,p) (Si), 6-31G(d) (C,H) basis set.
dUsing a B3LYP/6-31G(d) optimized geometry.

“Using a tz2p (Si), dzp (C,H) basis set.

fUsing Basis II" Ref. 109.

£Using Basis II +sp.

hUsing a MP2/6-31G(d) optimized geometry.
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chemical shift theory. The following discussion can be equally applied for the
understanding of the substituent effects on 8''”Sn and 5°°’Pb NMR chemical shifts in
stannylium and plumbylium ions. In general, the NMR chemical shift of heteronuclei
are dominated by the paramagnetic contributions to the NMR chemical shield-
ing.'91-1937195 This paramagnetic term is, however, directly related to the energy dif-
ference AE between occupied and unoccupied molecular orbitals with non-vanishing
coefficients at the nuclei of interest. The smaller the energy difference AE between
these magnetically active orbitals the larger is the paramagnetic contribution and in
consequence the stronger deshielded is the nuclei. In the case of a trivalent cation
R;E™ the relevant orbitals are of the R—E o-bonding type and the formally empty
n(p) orbital (n: principal quantum number) at the central element, the magnetically
allowed transition is a o« m* excitation. Cations R;E™ with electropositive subs-
tituents in general have high-lying o-type orbitals and therefore small energy gaps AE
to the empty n(p)-orbital. This results in a strongly deshielding contribution for the
nuclei E. On the other hand, electronegative substituents increase AE and reduce the
paramagnetic contribution. m-Electron-donating substituents R in cations R;E™" in-
teract with the p-type orbital at the central element E. This interaction results in
destabilization of the n(p)E orbital and in a larger energy separation AE to the o-type
orbitals. For those cations, R;E ™", less deshielded nuclei E are to be expected. These
qualitative arguments give a straightforward interpretation of the computed 2°Si
NMR data compiled in Table V. The Si NMR chemical shift calculated for the
permethylated silaguanidinium ion, (Me,N);Si™,' with strongly m-electron-donat-
ing dimethylamino substituents marks the high-field end of the expected shift region
for trivalent silylium ions, while the substituent effect of the electropositive trim-
ethylsilyl groups of the tris(trimethyl)silylium ion places its predicted Si NMR res-
onance in the very low-field region. Even more strongly deshielded silicon nuclei are
to be expected for germyl and stannyl-substituted silylium ions.

b. Experimental 2°Si NMR Data for Silylium lons and Related Species

The experimental °Si NMR data on silylium ions are very limited due to the
rather small number of examples for truly tricoordinated silylium ions (see Table
VI). Trismesityl silylium, 1, was the first silylium ion to be synthesized in the con-
densed phase as a long-lived species and it was characterized by its low-field reso-
nance in the 2°Si NMR spectra of a solution of the TPFPB salt in benzene at
82%Si = 225.° In contrast to all other silyl cationic species previously produced in
solution the ?Si NMR chemical shift of 1 was shown to be constant when the
solvent was changed from benzene to toluene or other alkylated aromatic hydro-
carbons.* This indicates negligible interactions between solvent and the cation,
characterizing 1 as the first free silylium ion, lacking any coordination to the solvent
and the counteranion. NMR chemical shift calculations predict for optimized ““gas
phase” structures 8%°Si between 226 and 230, depending on the method applied.®’
Solid state ’Si NMR from the carboranate [Mes;Si][HCB;;MesBrs] obtained by
magic angle spinning methods gave an isotropic 8*°Si of 226.7.*° This close con-
gruence suggests that the structure of Mes;Si ™, 1, is the same in all phases. The
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TaBLE VI
2°Si NMR CHEMICAL SHIFTS FOR CATIONIC SILICON SPECIES AND RELATED COMPOUNDS
Compound Solvent 5%°Si vs. Me,ySi Ref.
1/TPFPB™ CeDg 225.5 4,5
CeDg/C7Hg (1/3) 225.7 4,5
C(,D6/p-(D3C)2C6D4 (1/1) 225.6 4, 5
C¢Ds/CH;CN (1/3) 37.0 4,5
CeDg/EtsN (1/1) 47.1 4,5
1/HCB; MesBrg Solid state 226.7 49
46/TPFPB~ CeDg 226.8 47
25/TPFPB™ CD,Cl, 303.0 73
Me;Si* /TPFPB™ CeDg 83.6 37
Solid state 84.8 37
Me;SiOTf CD-Cl, 43.7 113
Et;Si " /TPFPB™ CeDg 92.3 37
C;Dyg 81.8 37
CD;CN 36.7 37
Sulfolane 58.4 37
Solid state 94.3 37
Et3Si " /[CB;HBrg]™ Solid state 111.8/106.2% 114
Et;Si* /TFPB™ n-PrCN 37.0 115
i-Pr;Si* JTPFPB™ CeDg 107.5 37
Solid state 107.6 37
i-Bu;Si " JTPFPB™ CeDg 99.5 37
Solid state 89.4 37
Mei-Pr,Si* JTPFPB™ CeDg 96.9 37
Hexyl;Si " /TPFPB™ CeDg 90.3 37
MePh,Si* /TPFPB™ C¢Dg 73.6 37
(Me;Si);Si " /TPFPB™ CeDg 111.1 37
55/TPFPB™ CeDg 87.2 40
C;Dyg 87.5 40
CD;CN 31.8 40
56/TPFPB~ C¢Dg 82.7 40
57/TPFPB™ CeDg 80.2 40
t-Bu;Si* /TFPB™ CD;CN 29.9 67
[-BusSiOH; ]/CB,H¢Brg Solid state 46.7 116
[(--Bu,MeSi);SiBu-£,] * JTPFPB~ CD,Cl, 315.7,717.3 8
29/[C1,H1104]™ CeDg —12.1 76
7/TPFPB™ CD-Cl, 142.9 33
(Me,N);Si ™ /TPFPB™ CeDg -30.8 117
CD,Cl, —-39.3 117

4Two independent molecules in the unit cell.

determination of the 2°Si NMR chemical shift tensor of Mes;Si* provides further
important information on the symmetry and electronic situation around the silicon
nucleus in 1 (see Table VII).*’ The axially symmetric tensor (n = 0) is in agreement
with a three-fold rotational axis in 1. The equivalent and strongly deshielded tensor
components 3;; and 8y, lie in the molecular plane and the more shielded 833 com-
ponent is oriented along the molecular Cs axis (see Figure 1).
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TaBLE VII
29Si NMR CHemicAL SHIFT TENSOR COMPONENTS FOR Mes;Si " /HCB;MesBrg 49 AND CALCULATED
TENsOrR COMPONENTS FOR Mes;Si™, 1.!"" THE ORIENTATION OF THE EIGENVECTORS RELATIVE TO THE
MoLEcULAR FrRAME 1s GIVEN IN FiG. 1

Experimental Theoretical®
34 319.5 317.6
322 319.5 317.6
333 41.2 55.3
Siso 226.7 230.1

aAt HF/GIAO/Si(6-311 + G(2df,p)//B3LYP/6-31G(d), Ref. 111.

33
R— PRt >
e SRa T o
522 R =Mes

FiG. 1. Orientation of the chemical shift tensor components in trimesityl silylium ion 1.

The spread of the NMR chemical shift tensor Ad (Ad = 611 —033) is 278 ppm,
much larger than reported for tetracoordinated silicon compounds (A8 = 0—60)"''°.
According to density functional NMR calculations the strong deshielding of the in-
plane components &;; and &;, are mainly the result of paramagnetic currents in-
duced by the magnetic field that interrelates the o-bonding molecular orbitals and
the 3(p) Si-type orbital. These currents are very efficient, due the relative small
energy gap AE between these orbitals in silylium ions.'"!

Bu't\sﬁ/BU"( Bu-t\é?/Bu-t
sit sit | |
e S TN
t-Bu,MeSi / SiMeBu-t, Measi// SiMe,
Me Me
1 46 25 47

There are two other candidates for “free” silylium ions in the condensed phase,
the duryl-substituted cation 46*” and the silylium ion 25, which is substituted by two
t-butyl groups and a bulky silyl group.”” The situation is clear for the duryl-
substituted cation 46: the >°Si NMR chemical shift of 226.8, very close to that of
Mes;Si* and a similar solvent independence of 8*Si strongly suggest that 46 is
another example for a silylium ion in the condensed phase.*’” Although for the
cation 25 an even more deshielded 2°Si NMR resonance is reported (8°°Si = 303),”
from the theoretical data summarized in Table V, a 2°Si resonance at markedly
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lower field is expected for silylium ions with the same substitution pattern as 25. In
agreement, silicon NMR chemical shift calculations for 47,''* a suitable model for
the experimentally investigated silyl cation 25, predict a Si NMR chemical shift of
8%Si = 530, more than 200 ppm to lower field than the signal assigned to the free
silylium cation 25. Thus, some doubts concerning the nature of the observed species
in CD,Cl, are warranted.

+-Bu Mes
i/t-Bu Si
t-Bu,MeSi
i
it o
t-BuMeSi— > Si
SiMet-Bu,
3 7

Silyl cations like 3 and 7 in which the positively charged silicon is part of a -
conjugated system attracted particular interest. The marginally stable silatropylium
ion 7, is characterized by a Si NMR resonance at 8%Si = 149 in CD,Cl, at —50 °C,
downfield-shifted by 192ppm compared to the precursor silane.’*** This experi-
mental value is in fair agreement with the calculated silicon NMR chemical shift for
the optimized “gas phase” structure of 7 (5*Si=159.9, at GIAO/HF/6-
311+ G(2df,p)(Si), 6-31G(d) (C,H)).>* This indicates only small interactions between
the cation and dichloromethane, the solvent used for the NMR investigations.*>*
The reported 2°Si NMR data for silyl cation 3 demonstrate its homoaromatic char-
acter and characterize 3 as a free silyl cation in solution.® The four-membered ring in
3 is identified by three 2°Si NMR signals: 8*’Si = 77.3 (Si, Si®), 315.7 (Si®) and 34.3
(Si%). Remarkably, the most deshielded silicon atom in 3 is the central tricoordinated
silicon. This is in agreement with some homoaromatic nature of the cation 3 with
charge localization at Si* (see Fig. 2a) and it discards the possibility of a classical

R2 RZ R2 RZ
Si 4 Si Sl P
1 +
2 Rsi RSi\ > RSi <—> RS
RSIISIR RS SR RSIS—S$iR  RSIZ SiR
3 +
(@
R g R 2
I ! I
P 1223
rs’ Ssin < Rsie Vsin — Rsi” Vs
Y / o
si Si 4 Si
(b) R2 R2 R2

F1G. 2. (a) Homoaromatic conjugation in homocyclotrisilenylium cation 3. (b) Allylic-type conjugation in
a planar tetrasilacyclobutenyl cation.
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TasLE VIII
NMR Spectroscopic DATA FOR SiLYL CATIONS HAVING Si—X—Si THREE-CENTER BOND
Compound X 5%°Si 8X 13(SiX) Ref.
48 F 90.6 - 229.2 118
54 F 77.2 —144.2 243.0 119
49 Cl 90.2 - 118
50 Br 90.8 - 118
51 H 99.1 - 26.0 118
52 H 76.7 1.47 39.0 121
53 H 54.4 3.34 45.7 119

allyl-type conjugation in 3. For a hypothetical trisilaallyl cation the canonical struc-
tures imply charge localization at the terminal silicon atoms and therefore strongly
deshielded effects for these atoms can be expected (see Fig. 2b). The reported chemi-
cal shifts are independent of solvent (dichloromethane, benzene and toluene) imply-
ing the lack of any covalent interaction with solvent molecules.”

Intramolecular interaction of the positively charged silicon with any remote
substituent leads to considerable shielding of the silicon atom. This shielding paral-
lels the extension of the coordination number of silicon from the tricoordinated
silylium ion to some intermediate 3+ 1 coordination and, finally, to the regular
tetracoordination of neutral silicon(IV) species. Thus, silyl cations stabilized by
Si—X-Si three-center bonding with X-groups having lone pair electrons, as for
example the halonium ions 48-50, 54 are characterized by *’Si NMR chemical shifts
for the positively charged silicon atom between 91 and 77 (see Table VIII).!'®:!1?
The large 'J(SiF) coupling constant found for the fluoronium ions 48 and 54 are in
the typical range for the sp’ silicon—fluorine linkage indicating for the cations 48
and 54 only small silylium ion character.'*

X

MeZSi/ + \SiMez mj "

M92S|\H/S|Mez

Me,Si SiMe,
MeZSi\X/SIMez
Me,Si SiMe,
X=F,48 52 X=H,53
X =Cl, 49 X=F, 54
X =Br, 50
X=H, 51

The situation is different for the silyl cations 51-53 having a Si-H-Si 2e-3c-
bond. #1912 The 2°Si NMR chemical shift of the cationic silicon depends strongly
on the system (5°°Si = 99.1, 76.7, 54.4, for 51, 52, 53, respectively) and the 'J(SiH)
coupling constant in these cations (‘J(SiH) = 26, 39, 46 Hz for 51, 52, 53, respec-
tively) is markedly reduced compared to regular 'J(SiH) coupling constants in
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neutral silanes ('J(SiH)~180-200 Hz in R3SiH).'** In addition, the central hydrogen
of the SiHSi bridge is shielded compared to the precursor silanes. A theoretical
analysis of the bonding situation for the silyl cations 52 and 53 suggests that the
SiHSi three-center bond results from interaction of orbitals of mostly 3p-character at
the silicon atoms with the s-orbital at the hydrogen atom. Due to the mostly com-
plete p-nature of the SiHSi binding orbital at the silicon atoms, the important Fermi
contact contribution to the J-coupling is rather small. This explains the very small
'J(SiH) coupling constant in the hydrogen-bridged ions 51-53 and suggests that the
silylium ion character in these cations is larger than in related halonium ions.""

55:R=Me, R'=H
R,Sj 56:R=Et, R'=H
i 57: R=n-Bu,R'=H
58: R = Me, R'= CsHjy1

29

The silanorbornyl cations 55-58 in which the silicon adopts a formal [3+1]
coordination, with the extra coordination side occupied by a C=—C double bond
are characterized by a 2°Si resonance between 8°Si = 87—80. The intramolecular
interaction between the C=—C double bond and the positively charged silicon atom
is shown by an appreciable downfield shift of the vinylic carbon atoms by A§!*C =
20 compared to the precursor silanes.*"'** A quite unusual shielded resonance for a
formally three coordinated silyl cation at 8°°Si = —12.1 was found for the proton-
ated decamethylsilicocene 29.7° The chemical shift reported for 29 is solvent inde-
pendent, i.e. in benzene the same silicon NMR chemical shift is reported as in THF
solution. This high-field resonance clearly mirrors the particular bonding situation
in silyl cation 29. According to a recent computational study silyl cation 29 is a
highly fluxional molecule and in the predominant isomer the two Cp* substituents
are bonded in an 1?2 : n3-fashion to the positively charged silicon atom.”’

Silylium ions, which are not protected sterically or are not stabilized either elec-
tronically or by intramolecular interaction with a remote substituent do interact
strongly with the solvent and/or the counteranion. The reaction of the transient
silylium ion with solvents like ethers, nitriles and even aromatic hydrocarbons lead
to oxonium, nitrilium and arenium ions with a tetrahedral environment for the
silicon atom. These new cationic species can be clearly identified by their charac-
teristic 2’Si NMR chemical shifts. That is, the oxonium salt [Me;SiOEt,] " TFPB™
is characterized by 8%°Si = 66.9 in CD,Cl, solution at —70 °C."** Similar chemical
shifts are found for related silylated oxonium ions.”>''®12312 Nitrilium ions
formed by the reaction of intermediate trialkyl silylium ions with nitriles are iden-
tified by Si NMR chemical shifts §*°Si = 30—40"1%127-128-130 (gee also Table VI for
some examples). Trialkyl-substituted silylium ions generated in benzene solution
yield silylated benzenium ions, which can be easily detected by a silicon NMR
resonance at 8°°Si = 90—100 (see Table VI).3%36:113:108.1315137 Gi1v] sybstitution
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increases the *’Si NMR chemical shift (2°Si ([(Me3Si);SiC¢Hg] ) = 111), while aryl
substitution give smaller §%Si (8%°Si ([MePh,SiC¢Hg] ") = 73.6). Therefore, the
substituent effects on *’Si NMR chemical shift in silylated arenium ions follows the
same pattern as predicted for the free silylium ions (see Table V), however to a less
spectacular extent. In general, for toluenium ions *Si NMR chemical shifts are
measured which are by 10 ppm more shielded (see Table VI). More electron-rich
arene solvents give an even more shielded *’Si resonance for the silylated arenium
ion. That is, the *°Si resonance of the mesitylenium ion [(cy);Si(CeHsMes)]"
(8%Si = 65), is shifted by 25 ppm to higher field compared to the benzenium ion
[(Cy)sSi(CeHg)] ™ (6%°Si = 90.3).%7

The data for i-prsSi " salts, summarized in Table IX, clearly show the influence of
the counteranion on the *Si NMR chemical shift of silyl cationic species. The
measured 2°Si NMR chemical shift for all i-pr;Si* salts deviate considerably from
the calculated value (8°°Si = 375, see Table V) being high field shifted by more than
250 ppm. In the absence of solvent/cation interactions, this is a clear indication for
ion-pairing in solution and in the solid state. This is further supported by the solid
state structure of several trialkylsilylium species with halogenated carborane anions,
which show clear indications for interaction between the positively charged silicon
center and one of the halogen atoms in the periphery of the carborane an-
jion. 3114138 O the other hand, the >°Si NMR chemical shift of the i-pr;Si* salts
clearly depends on the coordination ability of the counteranion. Therefore, the
downfield shift of the ?°Si NMR chemical signal of the i-pr3Si* X~ species allows
a qualitative ranking of WCA™ toward main group Lewis acids.'**"'*® By this

TaBLE IX
29Si NMR CHEMICAL SHIFTS FOR i-Pr3Si” /Y™ SALTS AND RELATED SPECIES

Compound Conditions 52%Si vs. MesSi Ref.
i-Pr3SiH C;Dg 12 127
i-Pr3Si " /(C5(CN)s)~ C;Dg 40 142
i-Pr35i0S02CF3 C7Dg 40 143
i—Pr;Si(N802CF3)2 C7Dg 53 144
i-Pr3Si* (AlBrg)™ C;Dg 56 143
i-Pr3Si* (1-H-CB, Hslg) ™ Solid state 97 143
i-Pr3Si* (1-H-CB; HsBrg)~ C¢Dg 100 139

C,Dg 105 138

Solid state 110 143
i-Pr3Si* (1-H-CB, HsClg)™ C¢Dg 103 139

Solid state 115 143
i—Pr3Si * (1-H-CB1 1MC5BI'6)7 C6D6 112 139
i-Pr3Si* (1-H-CB;;MesClg)~ CsDg 113 139
i-Pr3Si* (1-H-CB,ClsBrg) ™ C¢Dg 111 145
i-Pr3Si ™ (1-H-CB;BrsClg) ™ C¢Dg 116 145
i-Pr3Si* (1-H-CB;,Cl; )~ C¢Dg 114 145
i-Pr3Si* (1-Me-CB, Fy;)™ C,Dg 120 141
i-Pr;Si* TPFPB™ CsDg¢ 108 37

C,Dg 94 127

Solid state 108 37
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criterion, the perfluorinated carborane anion [I-MeCB;;F;;]” is the least coordi-
nating anion, since the salt [i-prsSi][I-MeCB;,F;;] has the most deshielded *°Si
NMR signal (§”°Si = 120)."*" With anions which have a basicity comparable to that
of the arene solvent, competition between solvation and ion-pairing must be con-
sidered. For example, according to the 2°Si chemical shift criteria in the solid state
the interactions between the TPFPB™ anion and the silylium species is stronger than
in the case of the chlorinated carborane [1-H-CB,;HsClg] ™, i.e. the *°Si solid state
NMR signal of [i-pr;Si][1-H-CB,,HsClg] (8%Si = 115) is at higher frequency than
[-pr3Si][TPFPB] (8%'Si = 108, see Table IX). In solution, however the equilibrium
shown in Eq. (6) is shifted toward the silylated benzenium ion.***’ In the case of the
carborane, the ion-pairing prevails also in solution, probably due to the less favored
solvation of the anion.''*!°

[l(»}Si+ X1+ CsHg — [R3 SiC6H6]+ + X~ (6)

c. 29Si NMR Data for Silyl-Substituted Germylium and Stannylium lons

29Si NMR chemical shifts for several silyl-substituted germylium and stannylium
ions were reported. Interestingly, in the case of cyclotrigermylium ions 2 ?*Si NMR
signals of the o-silicon atom at relatively high frequencies have been found
(8%Si = 62—64).2%4%° This is a considerable downfield shift relative to the pre-
cursor cyclotrigermene 20 (E = Si) (6*°Si = 37.2 and 50.1). The bishomoaromatic
germyl cation 59 is characterized and identified by the two low-field ?Si NMR
signals for the SiBu-#; groups in the a-position (6°°Si = 56.1 and 67.2).>! Similarly,
for the trissilyl-substituted germylium and stannylium ions 22, 23 ?*Si NMR reso-
nances at 8Si = 50 and 8”Si = 64.9 were found.”"’? In the case of the germylium
ion, this is about 25 ppm to lower field than in the corresponding germanes (z-
Bu,MeSi);GeH.”? For the germyl cations, this deshielding effect on the silicon atom
was rationalized by a significant charge transfer from the positively charged germa-
nium to the more electropositive a-silicon atom.*®’* It is questionable, however, if
arguments based on simple charge delocalization can explain the deshielding effect
in the stannylium ion 23.”" The influence of energetically high-lying Si-Ge or Si-Sn
o-bonding molecular orbitals on the *’Si NMR chemical shift in the silyl-substi-
tuted germyl and stannyl cations should also be taken into account.

SiBu-t; —I +

SiBu-ty | SiMeBu-t,
| /Ge\ .
Ge i E

" -SiBu-t ) )

Ge/@\Ge +BUsST- "'Ge-/—\~Ge"" s t-BuZMeS|/ \SlMeBu-tZ
t-Bu,Si siBu-ty /\C_cl
Ph
22:E=Ge

2 59 23:E=Sn

2. 19810 NMR Spectroscopic Data of Stannylium lons and Related Species

Sn NMR chemical shifts in organotin compounds cover a range of about
5200 ppm, the current extremes being +2966ppm in the divalent stannylene
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(2,6-Mes,C¢H3)(GeBu-13)Sn:'*¢ and —2338 ppm in the hypercoordinated (1,3-di(z-
Bu)CsH3)Sn™ cation.'*” Most tetravalent organotin compounds can be found in a
chemical shift range between —200 and + 200 ppm and divalent stannylenes are char-
acterized by '"”Sn NMR chemical shifts larger than 2000 ppm. These values are the
brackets for a rough estimate of '"’Sn NMR chemical shift of tricoordinated
stannylium ions.

a. Sn NMR Chemical Shift Calculations for Stannylium lons and Related Species

A number of terms complicate the accurate calculation of Sn NMR chemical
shifts, not least the possible importance of spin—orbit coupling and relativistic effects
and Sn NMR chemical shift calculations became only feasible quite recently.*8:10%:148
Therefore, the early estimates for the ''""Sn NMR chemical shift for a trivalent
stannylium ion came from empirical correlations between 2°Si and ''’Sn NMR
chemical shift,*® which has been shown to be a valuable tool for estimating the NMR
chemical shifts of structurally related tetravalent silicon and tin compounds.'**!>°
Based on these correlations, the ''Sn NMR chemical shift of a trialkylstannylium
ion was expected to be around 1770, and for triaryl-substituted cations values
around 1250 were predicted.*® Already early IGLO (individual guage for localized
orbitals) calculations of the Sn NMR chemical shift'! indicated that the empirical
correlation between 2°Si and ''”Sn NMR chemical shift overestimates the deshield-
ing of the tin atom in stannylium ions. That is, for HySn™ §'"Sn = 777 is calculated
and on the basis of methyl increments, the Sn NMR chemical shift for Me;Sn™ was
estimated to be about 1075,"! at 700 ppm to higher field of that predicted from the
empirical correlation. More recent calculations of ''”Sn NMR chemical shift for
stannyl cations support this view.**'% Computed Sn NMR chemical shifts of var-
ious stannylium ions and related species are summarized in Table X. The most
striking fact arising from these calculations is the wide spread of the expected ''*Sn
NMR chemical shift for stannylium ions. That is, for the trisilyl-substituted cation
values between 3''”Sn = 2440 and 2880 are predicted, depending on the applied
method. This is more than 1800 ppm to lower field of that calculated for stannylium
ion H3Sn™. As already discussed for silylium ions (Section III.B.1.a), this strong
deshielding in the silyl-substituted cations is a result from very large paramagnetic
(deshielding) contributions to the NMR chemical shift due to the small energy dif-
ference AE between magnetically active orbitals, here between o(Sn—Si) bonding
orbital and the 5p(Sn) orbital, with large coefficients at the tin atom.

A general comment on the use of the empirical correlation between 2°Si and ''”Sn
NMR (and likewise on *C/*’Si or '"”Sn/**’Pb NMR) chemical shifts is in order. The
basis for this correlation is that the paramagnetic term o}, dominates the chemical shift.
According to Ramsay’s theory,!%%-° o) is proportional to the reciprocal energy dif-
ference AE between the magnetically active orbitals and proportional to the expec-
tation value for the electron radii (7_3)np. Thus, a linear correlation between the 5°°Si
and 8''”Sn implies that the ratio of both determining factors of G is constant for the all
compounds of interest. In particular, it is not clear, however, if the AE ratio for
tetravalent silicon and tin compounds is the same as for trivalent silicon and tin
compounds. Therefore, the extension of a correlation based exclusively on the
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TaBLE X
CALCULATED Sn NMR CHEMICAL SHIFTS FOR CATIONIC TIN SPECIES
Compound Method 3Sn vs. MeySn Ref.
Mes;Sn ™", 65 GIAO/MPWI1PW91*P 856 48
TipsSn ™, 68 GIAO/MPWI1PW91#¢ 763 48
HiSn* IGLO/HF?*¢ 774 151
GIAO/HF*f 596 105
GIAO/MPWI1PW91*" 878 105
GIAO/MP2*f 718 105
Me;Sn™* IGLO/HF&¢ 1075 151
GIAO/HF®f 1166 105
GIAO/MPW1PW91*" 1466 48, 105
GIAO/MP2*F 1325 105
[Me;Sn/CeHg] * GIAO/MPW1PW91*" 482 48
[Me;Sn/C,Hg] ™ GIAO/MPWI1PW91*f 438 48
Me;SnOCIO; GIAO/MPWI1PW91*" 208 48
Me;SnOTf GIAO/MPWI1PW91%f 229 48
Me,Sn " CH,CsHo, 62 GIAO/MPW1PW91*" 406 48
(H;Si);Sn™, 70 GIAO/MPWI1PW91*f 2880 105
GIAO/HF*! 2440 105
GIAO/MP2*F 2680 105
GIAO/B3LYPY 2841 71
(MesSi)sSn ™, 71 GIAO/MPWI1PW91%f 3450 105

“Basis set: 6-31G(d), (Si,C,H,0,S,F) and tzv (19s,15p,9d)[8s,7p,5d] (Sn).
PHF/6-31G(d) (Si,C,H,0.S.F) SDD (Sn) optimized geometries has been used.
“B3LYP/6-31G(d) (C,H) LACVP** (Sn) optimized geometry has been used.
9Basis set: dz(p).

°HF/dz(p) optimized geometry has been used.

fB3LYP/6—31G(d) (Si,C,H,O,S,F) SDD (Sn) optimized geometries has been used.
€Estimated using methyl increments.

BMP2/6-311G(d) (Si,C,H,0,S,F) SDD (Sn) optimized geometries has been used.
iBasis set: 6-311G(d), (Si,C,H) and [7s,6p,5d] (Sn).

jB3LYP/6—31G(d) (Si,C,H) [6s,5p,4d](Sn) optimized geometries has been used.

comparison of tetravalent compounds to trivalent compounds is questionable. Con-

sequently, there are two established correlations between ''”Sn and **’Pb NMR
chemical shifts, one for divalent'* and one for tetravalent compounds.'*’

b. Experimental ''°Sn NMR Data for Stannylium lons and Related Species

Early experimental investigations by Birchall and co-workers indicated that tin
cations R;Sn" (R = H, Me, Et) are formed from tetracoordinated stannanes
R4_,SnH,, (n = 0—4) in superacidic media.*** They were identified by ''’Sn NMR
spectroscopy, and the following shifts in fluorosulfonic acid at low temperatures
have been reported: “MesSn*”, 8'Sn =322ppm (7 =—-60°C), “Et;Sn*”
3'Sn = 288 (T'=20°C) and “H;Sn"” 8'"Sn = —194.*3 From a careful analy-
sis of the scalar 'J(SnC) coupling and from Md&ssbauer spectroscopy data, it was
concluded that these “R3Sn"” cations adopt in fluorosulfonic acid a trigonal-
bipyramidal coordination sphere, where the three substituents R form the trigonal
basis and two fluorosulfates occupy the apical position.***> The ''?Sn NMR
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chemical shift depends on the acid and reaction conditions. When 92% sulfuric acid
is used for the generation of the “Me;Sn " cation a ''?Sn NMR chemical shift of
194 is detected** and the '"”Sn NMR spectrum of a mixture of Me,Sn and SbCls
showed a signal at 8''”Sn = 208 attributed to the “Me;Sn " cation.'>

Various monohalides of triorganotin derivatives have been shown by ''°Sn NMR
spectroscopy to ionize in polar organic solvents, providing the corresponding coor-
dinated cations.'>*'*® The actual '"?Sn NMR chemical shift however depends mark-
edly on the solvent, that is for the tin perchlorate, Bu3;SnClQOy, the following 119gn
NMR chemical shifts were reported: 3'Sn = 220 (CH,CL,), 139 (sulfolane), 54
(MeCN), —24 (pyridine), 0 (1,3-dimethyl,2,4,5,6-tetrahydro-2(1 H)-pyrimidone
(DMPU)), 12 (dimethyl sulfoxide (DMSO)), —43 (hexamethylphosphoric triamide
(HMPA))."* This clear dependence of the ''’Sn NMR chemical shift on the donicity
of the solvent and an analysis of the scalar 'J(SnC) coupling and of the *’Cl NMR
linewidths of the perchlorate anion indicate a subtle balance between neutral tetra-
hedral and cationic trigonal-bipyramidal arrangement of the tin species. Bipyramidal
coordination is favored if the solvent donicity is increased. For HMPA as solvent the
bipyramidal arrangement is demonstrated by the presence of a ''°Sn->'P coupling.'**

With counteranions of lower nucleophilicity the ''?Sn NMR chemical resonance of
solutions of tributyl tin salts is further shifted to lower field. Lambert and Kuhlmann
reported for the tributylstannyl borate BusSnB(Cg¢Fs);H 6''°Sn = 360 in benzene>
and Kira and co-workers found for the related Bu;SnTFPB §'Sn =356 in
CD,CL.?" In the latter case, '’F NMR spectroscopy indicates no cation—anion in-
teraction. Finally, for BusSnTPFPB in toluene at —60 °C 3''”Sn = 434.2 was reported
by Piers et al.*** The solvent dependence of the ''’Sn NMR chemical shift suggests
that in the case of aromatic solvents Wheland-type intermediates are formed.*?%246
Additional support for the formation of stannylated arenium ions in these experi-
ments>>?*2?° comes from the fair agreement between the calculated ''”Sn NMR
chemical shift for [Me;SnC¢Hg] ™ (5'”Sn = 438) and [Me;SnC,Hg] ™ (8'Sn = 482)
compared to the experimental data. The addition of stronger nucleophiles than aro-
matic hydrocarbons or methylene chloride to the samples has a strong shielding effect
on the tin nucleus. That is, addition of excess diethylether to a solution of BusSnTFPB
in CD,Cl, yields an oxonium species characterized by a high field shifted ''’Sn NMR
signal at 8''”Sn = 165.>” Similarly, addition of an equimolar amount of o-anisalde-
hyde to a solution of BusSn'TPFPB in C;Dg gives a cationic tetracoordinated trial-
kyltin compound, 60, identified by a ''?Sn NMR chemical shift of §'"Sn = 300. The
addition of a second equivalent of anisaldehyde to the reaction mixture leads the
formation of the cationic pentacoordinated species, 61, accompanied by a further
decrease of the ''”Sn NMR chemical shift (8''Sn = 91, see Scheme 17).%%

Recently Michl and co-workers isolated the stannylium ions BusSn™ and
Me;Sn* with the permethylated carborane anion [CB;;Me;,]~ as counterion.®®®
Both cations strongly interact in the solid state with the carborane anion and form
infinite one-dimensional columns of alternating R;Sn* and CB;;Mej ions (see
Section II1.D.3). In agreement with sizeable cation—anion interactions the solid
state NMR chemical shift for both cations (8''Sn = 461 (Bu3Sn™) and §'"Sn =
466 (Me;Sn ") are at much higher field than expected for isolated trialkylstannylium
ions.®” Ton aggregation persists in hydrocarbon solution, as the solution ''’Sn
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NMR chemical shift in cyclohexane for [BusSn ' ][CB;;Mej,] is only little lower
than in the solid state (5'"Sn = 454).°%% On the other hand, even in benzene
solution, the interaction with the solvent predominates, therefore the ''’Sn NMR
chemical shift of [Me;Sn "]J[CB;;Mej>] in benzene is 325, indicating formation of
stannylated arenium ions. Solutions of these permethylated carborane salts in sol-
vents of higher donicity have ''°Sn NMR chemical shifts, which are characteristic
for chloronium ions (8”9Sn = 336, [Me;Sn " J[CB{;Me7>] in CD,Cl,), for nitrilium
jons (8'Sn =233, [Me;Sn"][CB;;Mep»] in CDCN) and for oxonium ions
(8'"Sn = 168, [BusSn " J[CB;1Mep>] in Et;0/CD,Cl,).%

The intramolecular m-electron donation from the remote double bond to the
stannylium ion center in the stannanorbornyl cation, 62 (8''°Sn = 336 in C¢Ds),
also leads to a significant shielded tin nucleus compared to what is expected for a
free trialkylstannylium ion. As already shown for the sila compounds 55-58, the
coordination of the C=C double bond to the electron-deficient tin center in 62 is
indicated by a low-field shift of the '*C resonance of the vinylic carbon atoms by
11.1 ppm. Additionally, the small scalar Sn—C coupling constant 'J(SnC) = 26 Hz
gives clear evidence for the intramolecular n-complexation.*’

NMe,
]
R N
27* et P Nex.
+
n-Bu,Sn Me,Sn BZ_ + ¥ C
1 \‘ > —_— < R
R R MezN\>_<
R = Et, i-pr; R! = alkyl, aryl R = Et, i-pr

62 63 64
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The bonding situation in the stannanorbornyl cation 62 is reminiscent of the
intriguing zwitterions of the types 63'>® and 64'>” in which triorganotin cations are
intramolecularly stabilized by side-on coordination with an alkynyl group. The
zwitterions 63 with a [3+ 1] coordination for the tin atom are characterized by a
significantly deshielded ''”Sn NMR resonance and sizeable 'J(SnC) couplings to the
alkynyl carbon atoms (for R'=alkyl and R =Et: §'"”Sn=160-215;
1J(SnC*) = 41-48 Hz, 'J(SnCP) = 60-80 Hz)."*® Coordination with the amino
group in 64 leads to an additional upfield shift of the ''"Sn NMR signal (For
R = Et: §'”Sn = 127.7)"7

sn?t snt l snt
R R

65 66 67,R=H
68, R = i-Pr

The trimesitylstannylium ion 65, synthesized in Lambert’s group, is characterized
by an extremely low-field signal in the ''”Sn NMR spectra (8''”Sn = 806 in C¢Dg).*
This '"”Sn NMR chemical shift is unchanged in toluene, mesitylene and o-di-
chlorobenzene, indicating negligible interactions of the cations and aromatic hydro-
carbons or their chlorinated derivatives. Similar low-field signals were detected for
the tridurylstannylium, 66, and the di(triisopropylphenyl)-phenylstannylium cation,
67 (8''?Sn (66) = 720, 8''”Sn (67) = 697, see also Table XI).**’ These ''"’Sn NMR
chemical shifts are however still at ca 300 ppm at higher field than expected for a
trivalent triarylstannylium ion based on the empirical correlation between 2°Si
NMR and '"”Sn NMR chemical shifts established for tetravalent silicon and tin
compounds.*® For this reason and since cation/anion interaction or intramolecular
interactions between the tin center and remote C—H bonds (‘“‘agostic interactions”)
could not be excluded, Lambert and co-workers confined to these cations “only
about 75% stannylium ion character”.**’ The situation changed, however, after the
synthesis and structural characterization of the tris(triisopropylphenyl) stannylium
ion 68. Compound 68 was shown to exist as a non-coordinated cation with the
TPFPB counteranion (see Section III.D.1). The molecular structure showed no
indication for agostic interactions and its 8'"’Sn NMR chemical shift was 714.%%
Subsequent ''”Sn NMR calculations using the MPW1PW91/GIAO density func-
tional method predicted for an optimized structure of cation 68, a ''"Sn NMR
chemical shift of 763. A more extensive theoretical study on Sn NMR chemical shift
calculations for stannyl cationic species demonstrated that the calculated value
(8'Sn = 763) is fully consistent with the observed value of 8''”Sn = 714 (see
Tables X and XI).**!% On the basis of the experimental results for 68** and
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TasLE XI
119Sn NMR CHEMICAL SHIFTS FOR CATIONIC TIN SPECIES
Compound Solvent 5'"Sn vs. Me,Sn Ref.
65/TPFPB~ C¢Dg 806 4
C;Hg 806 4
1,3,5-(H3C);CeH3 806 4
1,2-C1,CsHy 806 4
66/TPFPB~ C¢Dg 720 47
67/TPFPB~ C¢Dg 697 4
68/ TPFPB~ C¢Dg 714 48
23/TPFPB™ CeDg 2653 71
Me;Sn " /CB, Mep, Solid state 466.2 69
CeDg 324.7 69
CD,Cl, 335.9 69
CDs;CN 233.1 69
Me;Sn * /FSO3 FSO;H 322 43
n-BusSn*t /CB,Mep, Solid state 461.2 69
C¢D1n 454.3 68
n-BusSn*t JHB(C¢Fs)5 CeDg 360 25
n-BusSn* /TFPB™ CD,Cl, 356 27
Et,0O/CD,Cl, 165 27
n-BusSn* /TPFPB~ C;Dg 434.2 28
n-Bu;SnOCIO; CH,Cl, 220 154
n-BusSnOTf CH,Cl, 172 154
62/TPFPB~ CeDg 334.0 40
C,Dg 329.7 40
CDs;CN 54.4 40
Et;Sn-O * (H)-SnEt;/TPFPB™~ C¢Dg 250.8 26

supported by the Sn NMR calculations®®!% it can be concluded that the

triarylstannylium ions 65-68 all exist as free cations in the condensed phase, un-
fettered by interaction with solvent, anion or neighboring groups.

t-BuzMeSi\ + SiMeBu-tz H3Si\ + SiH3 Measi + SiMeg
Sn/ S|n/ \Sn/
SiMeBu-t2 S|H3 SiMe3
23 70 71

The extreme low-field position of the ''"Sn resonance of Sekiguchi’s trisilyl-
substituted stannylium ion 23 (8'"”Sn = 2653)”! is at a first glance surprising, in
particular when compared with the ''”Sn NMR chemical shifts of the aryl-substi-
tuted cations 65-68. The rationalization however, is straightforward on the basis of
the discussion in Section III.B.1.a. The occurrence of energetically high-lying SiSn
bonding MO’s and the relative low-lying p-type orbital at the tin center in
stannylium ion 23 leads to large paramagnetic contributions to the Sn NMR
chemical shielding and in consequence to the observed absorption at an extra-
ordinarily high frequency.'” Sn NMR chemical shift calculations at various levels
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of theory for stannylium ions 70 and 71, close models for Sekiguchi’s stannylium
ion 23, reproduce qualitatively the tremendous deshielding of the tin nuclei in 23
compared to the triaryl-substituted stannylium ions (see Table X).”"!%

3. 2°7Pb NMR Spectroscopic Data of Plumbylium lons and Related Species

Empirical correlations between 3''*Sn and §**’Pb NMR chemical shifts exist for
tetravalent'® and for divalent'*” tin and lead compounds. Keeping in mind the
short discussion in Section III.B.2.a, it is clear that both cannot be applied for
trivalent cations. Therefore, no empirical estimate for the *°’Pb NMR chemical
shift of a free plumbylium ion exists. In addition, no reliable NMR chemical shift
calculations are available for plumbylium ions.'” A rough estimate, purely based
on the well-established influence of the coordination number on the NMR chemical
shift, would place the *’Pb NMR chemical shift for plumbylium ions at higher
frequencies than tetravalent organolead compounds (§?°’Pb = —1000 to -+ 1000),
but shielded compared to divalent diorganoplumbylenes (8°°’Pb>2000). In agree-
ment with this guideline the formation of triorganoplumbyl cations from tetra-
valent precursors is always accompanied by a significant low-field shift of the **’Pb
NMR chemical signal (see Table XII). The reported *’Pb NMR chemical shift for
triorganoplumbyl cationic species depends however, markedly on the actual reac-
tion conditions. That is, while for trimethylplumbyl fluorosulfate in fluorosulfonic
acid 8°°"Pb = 980 is reported,* a solution of the salt [MesPb " ]J[CB;;Me,] in C¢Dg
at room temperature is characterized by a **’Pb NMR signal at 1007.%° In both
cases, cation/anion aggregation and/or solvent complexation must be taken into
account, since for [EtsPb " JTPFPB™ in C¢Dg a significantly more deshielded lead
center is found (8°Pb =1432).* The 2*’Pb NMR chemical shift of
[Et;Pb " JTPFPB™ is relatively insensitive to solvent effects, i.e in toluene solution
52Y7Pb = 1405 is found.'®® Therefore, the solvent effect on the 2°’Pb NMR chemical
shift is less than 2%. In the absence of any additional experimental information on
the nature of the observed species and in sight of the substantial interaction energy

TaBLe XII
207p NMR CHEMICAL SHIFTS FOR PLuMBYL CATIONIC COMPOUNDS

Compound Solvent 527Pb vs. Me,Pb Ref.
Et;Pb ™ /TPFPB™ C¢Dg 1432 40

C7Dg 1405 160
BusPb* /TPFPB™ C¢Dg 1309 160
Me;Pb " /CB,Me7, CD,Cl, 1007 69
13/TPFPB™ C¢Dg 1049 40

C7Dg 1039 40
73/TPFPB™ CH;CN/CgDg 598 40
74/ TPFPB~ C¢Dg 807 53
75/TPFPB~ C¢Dg 799 53
72, R = Et 723 161
72, R = i-Pr 667 161
Me;PbOSO,F 980 46

Me;PbOCIO; 694 46
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predicted for MesPb ™' and toluene (AEs = 30.5kcalmol ™", see Table 1V)** one
cannot exclude the formation and detection of plumbyl arenium ions in these ex-
periments.*%-1¢

we ¢

C(X
+ X —
B AN ¢ I
Et,Ph Me,Pb B Ere *
/ ‘\_ >:< R —Pb
e R EtzP?Q 4\2
R = Et, i-pr ~

13 72 73 74

Intramolecular n-coordination of the electron-deficient lead center, as for exam-
ple in the norbornyl cation 13 (5°°’Pb = 1049)* and in the zwitterions 72
(R = Et: 8*Pb = 723; R = i-pr: 8V'Pb = 667),'®! leads to a significant high-field
shift of the *°’Pb NMR resonance when compared to [Et;Pb*JTBFPB™. The de-
tection of scalar Pb—C couplings 'J(CPb) between the Pb atom and the vinylic C
atoms in 13 or the acetylenic C atoms in 72, respectively, clearly indicates the
intramolecular coordination of the CC multiple bond to the plumbylium ion (13 :
'J(CPb) = 16.2 Hz; 72 : 'J(CPb) = 11-30 Hz).*>'®! The significant solvent induced
high-field shift detected for 13 when 1 Eq. acetonitrile is added to a benzene solution
of [13 TPFPB] is due to the formation of an acetonitrile complex, 73, which could
also be characterized crystallographically. Similarly, the formation of the bis-alkene
complex 74, in which the Pb atom adopts a trigonal-bipyramidal coordination
sphere with the two alkene groups in the apical position, is accompanied by a
further decrease of the °’Pb NMR chemical shift (5°°’Pb = 807 for 74 in C4Dy).>
Nearly the same *’Pb NMR chemical shift as for 74 is measured for the tris-
cyclopentenylmethyl-substituted plumbyl cation 75 (8°°’Pb = 799 in C¢Dg). *C
NMR data show that all three substituents in the plumbyl cation 75 are equivalent
on the NMR time scale at room temperature. This suggests for 75, a dynamic
equilibrium between equivalent bisalkene complexes of trivalent lead, similar to 74
(see Scheme 18).%°

e S G G o
h—sh ~ &

SCHEME 18.
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4. '3C NMR Spectroscopic Data of Organosubstituted RzE* Cations

3C NMR chemical shifts of organosubstituted R;E* ions are only of small
diagnostic value. Several factors such as substitution, charge distribution and small
separations of magnetically active molecular orbitals etc. influence the '*C NMR
chemical shifts of the C atoms of the organic ligand in R;E™ in a not easily
predictable manner so that no characteristic pattern is apparent. The only excep-
tions where '*C NMR chemical shifts are used for the characterization of the R;E™
cations are (i) when a series of homologues R;E " cations were investigated and
trends in the '*C NMR chemical shifts are discussed and (ii) when intramolecular
stabilization of the electron-deficient element atom by CC multiple bonds is im-
portant. In these cases, the analysis of '*C NMR chemical shifts played an im-
portant role for the characterization of germylium ions, R3Ge ™", since germanium
lacks a sensitive and convenient NMR active nuclide. In the following, examples for
both cases are given.

Michl and co-workers recently reported solid state '3C NMR chemical shift of
the methyl group in the Me;sE " CB;;Me, (E = Ge, Sn, Pb) salts to be 5.6, 10.4 and
31.4 for Me;Ge ™", MesSn™" and MesPb ", respectively.®” The authors argued that
the steady deshielding of the a-carbon atom indicates a continuous increase of
positge charge concentration at the central element going from germanium to
lead.

Similarly, the cationic character of the germylium ion Mes;Ge ', 76, was esti-
mated by comparison of the low-field shift of the '>*C NMR resonances of the aryl
carbon atoms upon ionization with those low-field shifts found for the homologous
silylium and stannylium ions.* The deshielding of the aryl carbon atoms in 76 is
comparable to that found for 1 and 65. This is consistent with charge development
on germanium in 76 that is comparable to that on silicon in Mes;Si ", 1, and tin in

Mes;Sn ™", 65.
.
RZ,E‘ 7—|

E+
55 E=Si,R=Me
56 E =Si, R=Et
57 E=Si,R=n-Bu
1 E=Si 62 E=Sn,R=nBu
65 E=5n 13 E=Pb,R=Et
76 E=Ge 77 E=Ge,R=n-Bu

The deshielding of the vinylic carbon atoms in the norbornyl cations 13, 55-57,
62 and 77 compared to the precursor compounds was taken as evidence for the
intramolecular coordination of the C=—C double bond to the electron-deficient
element atom.*® This high-frequency shift, A§!*C, is largest for the silanorbornyl
cations 55-57 (A3'3C = 20) and A3'3C decreases continuously and it reaches for the
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plumbanorbornyl cation 13 its minimum value of 8. This implies reduced electron
transfer from the C— C double bond to the positively charged element atom in the
series C — Pb.*°

The intramolecular stabilization of germyl cation 34 by a remote aryl substituent
was demonstrated by the '*C NMR chemical shifts of the coordinated aryl ring.*
The chemical shift pattern found for the coordinated arene ring of 34 is charac-
teristic for arenium ions and it closely resembles that found bissilylated arenium
ions 78.'%

(Me3S|)2HC
SiM62

Me
CH
e \ge/+/Me

iiBu-ta +
1
I\e
AR
t-Bu;,Siw,,,//G ,’7‘\‘7Ge3\\\\SiBu-tg
v

e?

Me,Si

1 \
C i G2

Ph/

34 78 6

One of the most important features of the bicyclic bishomoaromatic germylium ion
6 is the considerably shielded '*C NMR chemical shifts of the endocyclic atoms
Cl and C2, relative to those of the neutral precursor 5.°! Despite the partial delo-
calization of the positive charge over Ge3, C1 and C2, significant high-field shifts
(ASBC(C1) = —29.8, (A8"*C(C1) = —54.5) are observed and a relatively large
!J(C2H) coupling constant of 165.9Hz is detected. This counter-intuitive low-
frequency shift of the '*C NMR resonance of C1 and C2 as well as the large scalar CH
coupling constant was rationalized for similar bishomoaromatic carbon cations like
the 7-norbornenyl cation, 79, by the hypercoordinated nature of the vinylic C atoms
and was put forward as spectroscopic evidence for bishomoaromaticity.'¢*!%*

SiBu-t3

—|+

c—=¢C
ph”

C. Miscellaneous Spectroscopic Data of RzE* Cations

Spectroscopic information on R;E™ other than NMR chemical shifts and cou-
pling constant are hardly available. Some UV data are reported for Mes;E* cations
(E = Si, Sn) in benzene solution.* The UV absorption in these aryl-substituted
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cations was taken as measure for the conjugation between the central element atom
and the m-system of the aryl ligand. Two absorptions were observed for the silylium
ion Mes;Si ", 1, a maximum at 304 nm and a shoulder at 370 nm. The tailing of the
370 nm absorption into the visible region causes the dark yellow color of the so-
lutions and of the salts of the Mes;Si* cation.** The silylium cation absorbs at
shorter wavelength than triphenylmethylium Ph;C™, which exhibits two peaks at
409 and 428nm in conc. sulfuric acid.'® The ultraviolet spectrum of tri-
mesitylstannylium TPFPB, (65/TPFPB), in benzene showed clear maxima at 286
and 398 nm.* The latter is at slightly longer wavelength than the longest wavelength
silylium absorption (370 nm). These UV data suggest that the conjugation is slightly
more efficient in Mes;Sn ™ than in Mes;Si™ most probably due to the better align-
ment of the mesityl substituents with the empty m-orbital at the central element in
the stannylium ion.*

The stannylium ion TipsSn™, 68, was investigated by Mossbauer spectro-
scopy.'®® The resonance spectra consist of a doublet indicating the axial symmetry
of the stannylium ion. The quadropole coupling (QS) for 68 of 5.534+0.011 mms ™'
is among the largest such values yet reported for an organotin complex and can be
compared with the QS values for Me;Sn™ in HSOsF (QS = 4.95) for which a
trigonal-bipyramidal coordination is established.***> The isomer shift (IS) is
1.8754+0.011 mms~', at the higher end of the shift range for Sn(IV) compounds
[IS(Sn(IV)) = —0.5-2.5mm s~ ']. This value is consistent with the presence of one 5s
electron, expected for a Sn atom with sp? hybridization and predominant covalent
metal-ligand bonding interaction. The metal atom motion in a temperature range
between 90 and 170 K is isotropic within experimental error of the Mdssbauer data,
which is surprising in regard of the highly anisotropic bonding situation in the
trigonal planar coordination environment of the Sn atom in Tips;Sn ™', 68.'°

D. Solid State Structure of R3E* Cations and Related Species

1. Solid State Structure of RsE* Cations

Until the year 2002 no experimental data existed on the structures of unperturbed
R;E™ cations, the exact analogues of the carbenium ions. Computational data
combined with NMR chemical shift calculations, which could be compared to
experiment, were the only source of reliable structural information for silylium
ions®” 1377121 while for germylium, stannylium and plumbylium ions this combined
approach was not attractive due to either the non-existence of the experimental data
(Ge) or the complexity of the computational problem (Sn, Pb). On the other hand, a
series of excellent experimental studies demonstrated, for example, the high coor-
dination tendency of small trialkylsilylium ions either toward the counter-
anion®®1*127:138 1 toward the solvent.**3767116.127 The solid state structures of
these silyl cation salts showed clear indications ecither of cation/anion or cation/
solvent coordination. Thus, the nature of the observed cation, i.e. the degree of
silylium ion character remained disputable.'®:'""!3

One strategy to overcome these problems is to increase the steric bulk around the
cationic center in order to minimize intermolecular interactions. However, the
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classical hydride transfer reaction also is severely hampered when the steric con-
gestion of the substrate is increased. Therefore, novel synthetic strategies had to be
found, which shifts the reactive side from the center of the incipient cation to the
periphery of the molecule.

These requirements were perfectly met for the first time by the synthesis of tri-
mesitylsilylium Mes;Si ™, 1, by the allyl fragmentation reaction by Lambert and co-
workers (see Section I1.C).*> Their NMR characterization of the silylium ion and
consecutive computational studies indicated that Mes3Si™ is the first example for a
silylium ion unfettered by any interaction with neighbouring groups solvents or
counteranions. In the NMR work the TPFPB™ anion was used, well known for its
inertness but also well known for its tendency to form oils intractable to crystal-
lization. In contrast, with the brominated carboranate anion [HCB;;MesBrg]™ as
counteranion the groups of Reed and Lambert obtained yellow crystals of the
benzene solvate of the salt [Mes;Si][HCB;;MesBr].* The crystal structure revealed
well separated molecules. No atoms of the carboranate or benzene approach the Si
atom closer than 600 pm. The closest approaches to the Mes;Si " cation arise from
methyl-methyl group non-bonded interactions rather than from the more electron-
rich bromine atoms of the carborane anion or the n-system of benzene. The mesityl
groups in Mes;Si " have a propeller-like arrangement around the trigonal planar Si
center with twist angles of 51.3, 54.5 and 41.9° relative to the coordinate plane (see
Fig. 3). The planar coordination geometry is indicated by summation of the three
C-Si—C angles to 359.9°, within experimental error (0.2°) of 360°. As expected, the
Si—C bonds (average, 181.7 pm) are significantly shorter than those observed in the
neutral tetrahedral trimesitylallylsilane precursor (average, 191 pm).” Despite the
large twist angles, the aryl rings show a marked dactylic bond length alternation,
typical for conjugating interactions between the aryl substituent and the electron-
deficient silicon atom (see Fig. 3). The solid state Si NMR chemical shift of
[Mes;Si] [HCB;;MesBrg] agrees well with the solution value for the TPFPB salt
(8%Si = 226.7 vs 8*’Si = 225.5). This demonstrates that in solution as well as in the
solid state the structure of Mes;Si™ is the same. No structural indication for in-
ternal solvation or agostic interaction is found in the experimental geometry of the
Mes;Si* cation,* in agreement with the conclusions from a previous theoretical
study.® In general, the previously calculated structures at the density functional level

(@ C(o-methyl)

(a) G

C(o-methyl) (b)

F1G. 3. (a) Perspective view of the Mes3Si ™ cation. Thermal ellipsoids are drawn at the 50% probability

level, for further details see text and Table XIII. (Reprinted with permission from Ref. 49. Copyright

2002, AAAS.) (b) Comparison between experimental and calculated (italic, at the B3LYP/6-31G(d) level
of theory) bond lengths [pm] in Mes;Si* (from Refs. 49 and 6).
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of theory®’ match well the experimental solid state structure of Mes;Si ™, the dif-
ferences between the calculated and experimental bond lengths being smaller than
1.2%.%74 This good agreement between experimental and theoretical structure is
reflected also by the correspondence between the °Si NMR chemical shifts meas-
ured in solution and in the solid state and the computed **Si NMR chemical shift
(8%Si = 226—-230).%7

Trismesitylgermanium, 76, and trismesitylstannylium, 65, have been prepared as
their TPFPB salts however, no experimental structure is reported.* For the TPFPB
salt of the related stannylium ion TipsSn™, 68, suitable crystals for X-ray analysis
were obtained and the crystal structure was solved.*® The stannylium ion and the
TPFPB anion are well separated, no atom of the anion approaches the cation to
within 400 pm. The molecular structure of the stannylium ion Tip;Sn ™ parallels in
many features closely that of Mes;Si". That is, the aryl groups are twisted in the
usual propeller fashion from the plane of the tin atom and its three attached carbon
atoms. The twist angle is 61.1°, larger than found for Mes;Si* due to the larger
ortho substituent in TipsSn" (i-pr vs. Me) being 61.1°. The sum of the C—Sn—C
angles is 359.9(2), which indicates planarity of the central SnCs group (Fig. 4). No
structural evidence for interaction between the isopropyl-H atoms and the tin center
is found.*® The average Sn—C bond length in TipsSn™ is 211.1pm, somewhat
shorter than found for the Sn—C bonds in (o-tol),Sn (215.2 pm).'®’

The next landmark was the synthesis of the germylium, 22, and the stannylium
ion, 23, by one-electron oxidations from the corresponding stable radicals with
trityl TPFPB by Sekiguchi and co-workers. As in the case of the allyl cleavage to
generate the mesityl-substituted cations, the reaction, in this case the oxidation,
occurs at the periphery of the molecule and gives the possibility for efficient steric
protection of the incipient cation. Both trivalent cations were obtained as their
TPFBP salts and the crystal structure show well separated anions and cations.

FIG. 4. Molecular structure of TipsSn™. Thermal ellipsoids are drawn at the 50% probability level, for
details see text and Table XIII.*
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In both structures the element atom has an essentially planar environment, which
indicates for the cations 22 and 23 perfect trigonality (see Fig. 5). The average
Ge"-Si bond in 22 is longer [251.95(10)pm] than a regular Ge-Si bond
(238.4-246.2)'°® and it is also longer than in the radical (z-Bu,MeSi);Ge®
[245.35(4) pm] and the anion (z-Bu,MeSi);Ge™ [243.32(10) pm]. This unexpected
decrease of the Ge—Si bond length in the cation/radical/anion triple was explained
by negative [Ge(4p)— o*(Si—C)] hyperconjugation in the anion and the radical,
which cannot be active in the cation 22.”* In contrast, the average Sn ' —Si bond in
23 is in the usual range [268.63(8) pm] for Si-Sn bonds (256.1-278.9 pm)’"*'%7 al-
though also the Si-Sn bonds in the radical (z-Bu,MeSi);Sn® are shorter
[261.76(5) pm].

Historically, the first solid state structure of a truly tricoordinated cation of the
heavier group 14 elements (Si—Pb) was that of the cyclotrigermenium cation [((¢-
BusSi)Ge)s] ", 2 published in 1997.° Cation 2 was prepared by one-electron oxi-
dation of the cyclotrigermene 20 (E = Si) with trityl cation (see Scheme 8).7¢+¢7

FIG. 5. Molecular structures of (a) (+-Bu,MeSi);Sn ™", 23, and (b) of (+-Bu,MeSi);Ge ™", 22. Thermal ellip-
soids are drawn at the 30% probability level, for details see text and Table XIII. (Reprinted from Ref. 71.
Copyright 2003, American Chemical Society and reprinted from Ref. 72. Copyright 2003, Wiley-VCH.)
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FIG. 6. Molecular structure of tris(tri-z-butylsilyl)cyclotrigermenium [¢-Bu;SiGe); ], 2. Hydrogen atoms
are omitted for clarity. Mean innercyclic bond angle Ge-Ge-Ge: 60.01°, for more data see Table XIII.
(Reprinted with permission from Ref. 9. Copyright 1997, AAAS.)

The originally used TPB™ counteranion proved to be unstable in the presence of the
cation in methylene chloride solutions at temperatures above —78 °C.%>% There-
fore, salts with different fluorinated borate counteranions were prepared and crystal
structures are reported for the TPB™? (see Fig. 6), TFPB~%* % and TSFPB~® salts.

All crystal structures of the cyclotrigermenium cation 2 reveal a free germyl
cation with a two m-electron system. The three germanium atoms form an equi-
lateral triangle (mean Ge—-Ge distance 233.1 pm, mean innercyclic bond angle
GeGeGe : 60.0°). The Ge-Ge bond length observed for 2 is intermediate between
the Ge=— Ge double bond and the Ge-Ge single bond of the cyclotrigermene 20
(E = Si). The sum of the bond angles around the ring germanium atoms is 359.9°,
which indicates planarity of the (SiGe); moiety in 2. These structural features in-
dicate delocalization of the positive charge over the three-membered germanium
cycle similar to its carbon analog, the cyclopropenium ion. In agreement, quantum
mechanical calculations indicate for the parent cation [(HGe); ] a very similar
structure [r(GeGe) = 236.1 pm using a B3LYP hybrid density functional and basis
sets of triple zeta quality] and a stabilization energy which is ~50% of that of the
cyclopropenium ion.'® Recently, a preliminary communication appeared, which
reports the preparation of the analogous cyclotrisilenium cation [((2-BusSi)Si),(z-
BuMe,Si) "] which is characterized by an average innercyclic Si-Si bond length of
221.7(3) pm.'"°

The reaction of cyclotrisilene 15 with the silylated benzenium ion [Et3Si/C¢Hg] ™
results in the formation of the cyclotetrasilenylium ion 3 (see Scheme 6). The solid
state structure of silyl cation 3 indicates its homoconjugative nature (see Fig. 7 and
Table XIII).%

The central four-membered ring of cation 3 is folded and the dihedral angle
between the Sil1-Si2-Si3 and Sil-Si4-Si3 planes is 46.6°. The bond angles at the
silicon atoms in the four-membered ring suggest that the silicon atoms Sil, Si2 and
Si3 (mean X°Si = 359.8, see Table XIII) have a completely planar trigonal geometry
and Si4 has a distorted tetrahedral environment. The Si—Si bonds of the cationic
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Fi1G. 7. ORTEP drawing of cyclotetrasilenium 3. Hydrogen atoms are omitted for clarity. Selected bond
lengths (pm) (see also text and Table XIII): Sil-Si4 = 2.336 (2), Si3-Si4 = 2.325 (2). (Reprinted with
permission from Ref. 8. Copyright 2000, American Chemical Society.)

TasLe XIII
STRUCTURAL DATA FOR R;E™ Cations®
Compound d(R-E) (pm) Zo(RER)® (deg) Coordination number Ref.
[Mes;Si [HCMe;Brs] 181.7 359.9 3 49
[Tip3Sn ™" [TPFPB] 211.1(4) 359.9(2) 3 48
[(+-Bu,MeSi);Ge " ][TPFPB™] 251.95(10) 359.9 3 72
[(--Bu,MeSi);Sn * [TPFPB] 268.63(8) 360.0 3 71
[(--BusSiGe); J[TBP] 232.6(4)° 359.8(2) 3 9
244.3(9)¢
[(+-BusSiGe); J[TFPB™] 233.5(2)° 358.9(1) 3 64-66
243.8(3)¢
[(+-BusSiGe); J[TSFPB™] 233.25(8)° 359.94(4) 3 66
243.7(1)°
[(+-Bu,MeSi); SiBu-t,] 224.2,233.1 359.72(8) 3 8
[TPFPB™]

aStructural data from X-ray analysis.

®Sum of the three bond angles of the element and its three nearest substituents, tetrahedral: ¥ = 328.5°
trigonal planar: £ = 360°.

“Innercyclic Ge-Ge distance.

9Exocyclic Ge-Si distance.

part [Sil-Si2 = 224.0(2) pm and Si2-Si3 = 224.4(2) pm] are intermediate between
the Si=Si double bond [213.8(2) pm] and the Si-Si single bond [236.4(3) and
235.2(3) pm] of the precursor 15.'”" The interatomic distance between Sil and Si3 is
relatively short, 269.2(2) pm, only 15% longer than a normal Si-Si single bond
(236 pm).'”* This indicates a possible 1,3-orbital interaction in cation 3, which is
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FiG. 8. (a) Homoaromatic 2n-electron conjugation in silyl cation 3. (b) Allyl-type resonance in 3m-elec-
tron radical 26.%7*

supported by the *°Si NMR spectroscopic data (see Section II1.B.1.b). Upon re-
duction of cation 3 to the cyclotetrasilenyl radical 26, the central Sil/Si3 distance
increases (Sil/Si3 322.5(2) pm) and the four-membered ring becomes almost planar
with a folding angle of 4.7°.”* This comparison indicates that homoconjugative
effects determine the structure of the 2n-electron cation 3, while allylic conjugation
is important for the 3n-electron radical 26 (see Fig. 8).

2. Solid State Structure of Intramolecularly Stabilized RsE™ Cations

The high electrophilicity of the positively charged element can be modified by
intramolecular donation from remote donor substituents. This interaction leads to
solvent-free cations with coordination numbers for the positively charged element
>3 and to a considerable electron transfer from the donor group to the element.
Frequently used donor substituents utilize heteroatoms with lone pairs (e.g. amino,
hydrazino, methoxy, carboxy, phosphino, etc.), in many cases in combination with
pincer-type topology of the ligand, for the stabilization of the cationic center.!”
These strongly stabilized cations are beyond the scope of this review and instead we
will concentrate on few examples where we have weak donors such as CC multiple
bonds, which stabilize the electron-deficient element atom.

iiBu-t3 _\ +

1\
I
/2R
t'BUsSi'I// / \ \\'SiBU'tg
IGe-—\—Ge"
i \
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Fi1G. 9. ORTEP drawing of 6, left front view on the Ges cycle, right side view. Hydrogen atoms are

omitted for clarity. Selected bond lengths (A): Gel-Ge2 = 247.65(10), Gel-Ge3 = 246.71(10),

Ge2-Ge3 = 247.40(10), Ge3—C1 = 241.5(7), Ge3-C2 = 225.4(7), C1-C2 = 141.1(9). Selected bond an-

gles (deg): Gel-Ge2-Ge3 = 59.78(3), Ge2-Ge3-Gel = 60.16(3), Ge3—-Gel-Ge2 = 60.06(3). (Reprinted
with permission from Ref. 21. Copyright 2003, American Chemical Society.)

A intriguing example for the intramolecular interaction between an germylium ion
and a remote C—C double bond was recently provided by Sekiguchi and co-
workers.>! The bishomocyclopropenylium-type cation 6 was synthesized by halogen
abstraction from the corresponding germyl bromide 5 (see Scheme 1) and the crystal
structure of the TPFPB salt of 6 was determined by X-ray crystallographic analysis
(Fig. 9). The germyl cation 6 has a highly strained ““housene”-type skeleton, which
consists of a Ge; equilateral triangle and a Ge,C, four-membered ring. The ridge
Ge3 atom is strongly bended towards the C1 = C2 double bond with a folding angle
between the Ge; plane and the mean Ge,C, plane of 67°. This folding results in short
Ge3—Cl1 [241.5(7) pm] and Ge3—C2 [225.4(7) pm] interatomic distances, clearly below
the sum of the van der Waals radii of Ge and C(sp®). In addition, the C1=C2 bond
[141.1(9) pm] is considerably longer than a regular C=—C double bond in related
compounds (135.7pm'’#). These structural particularities of cation 6 indicate the
effective interaction between the empty 4p-orbital on the Ge atom and the w-orbital
of the C=C double bond. A natural bond analysis based on a structure of the silyl-
substituted model compound for cation 6, which was optimized at the density
functional B3LYP/dzp level of theory, indicates appreciable electron transfer from
the C1 =C2 double bond to the formally empty 4p orbital at Ge3 (occupancy 0.42
electrons) and predict Wiberg bond orders for the Ge3—C1, Ge3—-C2 and C1-C2
bonds of 0.37, 0.46 and 1.39, respectively. In addition, nucleus independent chemical
shift calculations [NICS(1)] for the silyl-substituted model compound indicate a
diatropic ring current in 6. Thus, structural as well as theoretical evidence is pro-
vided for the 2n-bishomoconjugative nature of cation 6. Additional support comes
from the '*C NMR spectroscopic data (see Section I11.B.4).

The stannyl cation in zwitterion 80 is only stabilized by side-on coordination with
the remote C=C triple bond. The crystal structure of 80 revealed a pyramidalized
tin center with the sum of valence angles of 351.1° (see Table XIV). The coordination
of the tin atom to the C=C triple bond is unsymmetrical and the SnC distances
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TaBLE XIV
STRUCTURAL DATA OF INTRAMOLECULAR COORDINATED R3E 7?2

Compound d(R-E) (pm) So(RER)® (deg) d(E-X)¢ (pm) Coordination number Ref.

74[TPFPB] 221.1(15), 227(2) 360.0 293.4(14), 285.5(14) 3+2 53
231.0(19) 288.9(17), 287.5(15)

73[TPFPB] 221.4(4), 221.9(5) 359.97(16) 296.9(5),298.9(4) 3+2 40
222.3(4) 250.6(5)

81 220.3(3), 222.2(7) 355.7(3) 264.8(6), 246.7(6) 3+1 161
220.6(7)

80 211.6(4), 212.8(5) 351.1 233.9(4), 252.3(5) 3+1 158
213.6(5)

6[TPEPB]® 247.65(10), 247.40(10)¢, 359.2(5) 225.4(7), 241.5(7) 3+1 21
247202
246.81(10), 247.54(10)4, 359.2(5) 225.0(7), 239.6(6) 3+1 21
247.12)°

“Structural data from X-ray analysis.

®Sum of the three bond angles of the element and its three nearest substituents, tetrahedral: ¥ = 328.5°,
trigonal planar: £ = 360°.

“Distances to the fourth and fifth substituent, in the case of multiple bonds both centers are given.
YInnercyclic Ge-Ge distance.

“Two independent molecules in the unit cell.

"Exocyclic Ge-Si distance.

(264.8, 246.7 pm) are too long for a regular SnC bond [210 pm for SnC(sp)], but are
well below the sum of the van der Waals radii of Sn and C(sp). The direct bonding
relation between the cationic tin and the C=C triple bond is also apparent from the

sizeable 'J(SnC) couplings detected by NMR spectroscopy.'®
i.pr\ " Me\ o ~. +
C\\CB Et C%\cﬁ pr-i * _|
+ ¥ s A Et
Me,Sn B\ Me,Pb B\ —Pb
>=< Et >=< Pr'i f
ipr Et Me pr-i _
80 81 74

The closely related lead analogue 81 shows essentially the same structural fea-
tures, but the lead atom in 81 is less pyramidalized (355.7°, see Table XIV), which
indicates weaker coordination. The NMR spectroscopic parameters for 81, such as
27Pb NMR chemical shift and scalar Pb—C(sp) coupling constants (see Section
I11.B.3) clearly demonstrate however the side-on complexation of the plumbyl cat-
ion by the C=C triple bond in zwitterions 81.'¢!

The “‘spironorbornyl cation’ 74 is best described as an intramolecular bisalkene
complex of a plumbylium ion (see Fig. 10 and Table XIV).>* The Pb atom in cation
74 has a distorted trigonal-bipyramidal coordination geometry (Fig. 10b). The
planarity of the trigonal base is indicated by summation of the three C-Pb—C angles
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FiG. 10. Molecular and electronic structure of cation 74. (a) Perspective view on the cation 74. (b)
Coordination sphere of the Pb atom, selected interatomic distances (pm) and angles (deg): Pb—(center
C6', C7), 281.7; Pb—(center C6; C7'), 280.7; Pb1-C2, 227(2); Pb1-C2; 221.1(15); Pb1-C8, 231.0(19);
C6-C7, 133(2); C6'-C7’; 132(2); (center C6, C7)-Pb—(center C¢’, C7'), 163.6. (c) Contour plots of the
Laplacian distribution [V?p(r)] in the plane containing the atoms Pb, C6 and C7. Solid and dotted lines
designate regions of local charge concentration and depletion, respectively. The bond paths are indicated
by the solid back lines, bond critical points are marked with a black square. (Reprinted with permission
from Ref. 53. Copyright 2003, Wiely-VCH.)

to 360.0°. The coordination sphere of lead is completed by the C=—C double bonds
of the two cyclopentenemethyl substituents, which take up the apical positions. The
steric requirements of this intramolecular interaction enforce the deviations from
the ideal trigonal-bipyramidal coordination. This spatial arrangement places seven
carbon atoms at distances less than 290 pm around the positively charged Pb atom.
A topological “atoms in molecules” analysis of the electron density for cation 74
(see Fig. 10c) reveals a T-shaped electron density distribution between the Pb atom
and the C=C double bond, typical for n-type complexes between strong Lewis
acids and C=C multiple bonds.>*

The related intramolecular monoalkene complexes of RiE™ cations, the nor-
bornyl cations of group 14 elements (Si — Pb), have been synthesized with TPFPB
as counteranion and characterized by NMR spectroscopy in solution supported by
quantum mechanical calculations.** Only the acetonitrile complex, 73, of the
plumbanorbornyl cation 13 could be characterized by X-ray crystallography. Simi-
lar to the structure of the plumbyl cation 74, the Pb atom in the acetonitrile complex
73 adopts a trigonal-bipyramidal coordination sphere with the C=— C double bond
and the acetonitrile in the apical positions and the Pb atom in the center of the
trigonal plane (see Fig. 11 and Table XIV, for details).*’

3. Solid State Structure of Cation/Anion Aggregates of RzE* Cations

The solid state structure of most carborane salts deriving from hydrocarbon
solutions is dominated by cation/anion interactions. For example the n-Bu;Sn ™ salt
of the permethylated carborane [CB{;Me;,]~ forms infinite columns of alternating
n-BusSn™* and [CB;;Me;,]™ ions,®® similar to those of covalent R;SnX compounds.
This alignment which results in a trigonal-bipyramidal coordination sphere for the
Sn atom with two apical positions occupied by methyl groups of the anion (see Fig.
12 and Table XV). In contrast to the neutral tin(IV) compounds where strong
covalent interactions give short SnX bonds, the average axial distance between the
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FiG. 11. (a) Molecular structure of cation 73 in the crystal. (b) Coordination sphere of the Pb atom in

cation 73. Selected bond lengths (pm) and bond angles (deg): Pb1-C2, 222.3(4); Pb1-C8, 221.9(5);

Pb1-C9, 221.4(4); Pb—(center C6, C7), 290.4; PbIl-N13, 250.6(5); C6-C7, 132.7(5); (center C6,

C7)-Pb-N13, 159.0; N13-Pb-C2, 86.80(14). (Reprinted with permission from Ref. 40. Copyright
2003, American Chemical Society.)

Sn atom and the methyl carbon atoms of the anion are large (281 pm), clearly
longer than a covalent Sn—C bond (214pm) but much shorter than the sum
(417 pm) of the van der Waals radii of a methyl (200 pm) and tin (217 pm).'”*
The tin atom in [#-BusSn™][CB;;Mey>] is displaced from the center of the
trigonal plane toward one of the anions by 3.2 pm, which results in a pyramidali-
zation of the n-BusSn ™" cation. This is also indicated by the sum of the C-Sn—C
angles, which is clearly smaller than the 360° expected for planarity of the n-BusSn ™
cation.®® Similar structures have been recently found for the [CB,;Me,] salts of the
most simple organometallic cations of germanium, tin and lead, Me;E ™" (E = Ge,
Sn, Pb). The cations were synthesized from the hexamethyldielement compounds
(Ge, Sn) or from MeyPb by reaction with the one-electron oxidant [CB;;Me;,]" in
pentane.®” The obtained amorphous white solids, insoluble in hydrocarbons, were
investigated by trapping experiments and by NMR spectroscopy. Significant struc-
tural information was obtained from an EXAFS study. Two sets of E-C distances,
a short one and a long one, were found by EXAFS of the salts [Me;E "] [CB,;Mej>]
(E = Ge, Sn, Pb). The first-shell peak is assigned to the methyl carbon directly
attached to the metal. As expected, it moves progressively to longer distance on
going from Ge to Sn and to Pb (194, 212 and 217 pm, respectively; see Fig. 13 and
Table XV). This M—C*(sp?) distance is for Sn and in particular for Pb shorter than
a normal M—C*(sp”) bond (194.5 (Ge—C), 214 (Sn—C) and 225 pm (Pb—C)'°"). The
precision of EXAFS is typically 0.4 pm,'’® therefore this small difference is signi-
ficant. For all three cations, the longer E-C distances (250-300 pm) can only be
interpreted as the distance between the Me;E™ cation and the carbon atom of a
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FiG. 12. Part of an infinite column of alternating cations and anions as a detail of the crystal structure of

[#-BusSn *][CB;{Me;»]. Thermal ellipsoids are drawn at 50% probability level. Hydrogen atoms and one

component of the disordered butyl groups are omitted for clarity, Sn and B atoms are gray and C atoms
are black. (Reprinted with permission from Ref. 68. Copyright 2000, American Chemical Society.)

methyl group of the CB;{Me], anion with which the cation interacts. These dis-
tances are longer than the normal M—C bond lengths but are much shorter than the
sum of van der Waals radii of Ge (200 pm), Sn (217 pm) or Pb (220 pm) and of a
methyl group (200 pm).'”> The cation/anion interaction energy decreases from Ge
to Pb and as a consequence different structures are adopted. In Fig. 13 possible
structures on the basis of the EXAFS analysis for all three salts are shown.

For [Me;Pb*] [CB;;Mej»] a nearly symmetric, trigonal-bipyramidal arrange-
ment for the Me;Pb ™" cation with rather weak coordination to the two axial methyl
groups provided by the CB;;Me;, anions is suggested. In contrast, for the tin
compound a clearly unsymmetrical coordination sphere with the Sn atom displaced
from the center of the trigonal plane along the central axis, which leads to two
different Sn—Me(anion) distances is proposed. The EXAFS analysis for the ger-
manium compound indicates the formation of discrete anion/cation aggregates and
the most likely coordination sphere for the germanium is a distorted tetrahedral
environment (see Fig. 13).

In a series of papers Reed and colleagues present the solid state structures of a
series of simple trialkyl-substituted silyl cations with halogenated carborane anions



TaBLE XV
STRUCTURAL DATA FOR CoMPOUNDS OF THE TYPE [R3E '] [ANION] AND OF Ph3SiOCIO5 FOR COMPARISON®

Compound D(R-E) (pm) So(RER)® (deg) d(E/3R)¢ (pm) d(E-X)¢ (pm) Coordination number Ref.
[Me;Ge][CB;Me;»]® 194 249 4 69
[Me;Sn][CB; Me,,]° 212 271, 302 3+2 69
[Meng][CBl lMelz]c 217 290 3+2 69
[Bu3Sn][CB;;Me,]" 207 353 32 281 3+2 68
[BusSn][CB,;Me,]° 216 276 3+2 69
[(F-pr3S)][ClsCB;Hg) 184.8(9) 351.8(4) 3.07 232.3(3) 4 38
[(Z-pr3Si)][BrsCB Hg) 186(2) 351.0(13) 3.00 247.909) 4 114, 138
[(E-pr3SH][IsCB;Hg) 188.3(21) 346.8(9) 4.00 266.1(6) 4 38
[Et5Si][BrsCB,Hg]® 183(2) 345.0(10) 4.19 244.4(7) 4 114

184(2) 349.009) 3.48 243.0(6) 4 114
[(-Bu3Si)][BrsCB;1Hg] 189(2) 348.7(7) 3.71 246.5(5) 4 114
[(--Bu,MeSi)][BrgCB1Hg) 186(4) 345.8(7) 4.08 246.6(12) 4 114
[-pr3Si][BrsCByHs] 347.4(20) 4.0 182(2) 4 127
Ph3SiOCIO;3 184.6(5) 340.5(2) 4.79 174.5(5) 4 177

#Structural data from X-ray analysis if not indicated otherwise.

®Sum of the three bond angles of the element and its three nearest substituents, tetrahedral: ¥ = 328.5°, trigonal planar: £ = 360°.
“Distance of the element and the plane spanned by the atoms in a-position.

9IDistance to the fourth substituent.

°EXAFS data.

X-ray data, disordered crystal.

€Two independent molecules in the unit cell.
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FiG. 13. Possible structures of [Me;E] [CB;;Me,,] proposed on the basis of EXAFS results. (a) [Me;Ge]
[CB11Mey2], (b) [Me3Sn] [CBy;1Meyy], (c) [MesPb] [CBllMelz]-69

(see Table XV and Fig. 14).!1:3814127.138 A structures show clear indications of
cation/anion interactions, which result in discernible distortions of the R5Si " group
from planarity and an effective 3+ | coordination for the silicon atom. The sum of
the bond angles around the silicon atom Za(RSiR) was used to estimate the degree
of interaction between silyl cation and the carborane anion. According to this
measure, the closest approach to a silylium ion devoid of any distortions was
achieved for the i-pr3Si* cation and the [CB,;H¢Clg] anion, see Table XV.*

4. Solid State Structure of Cation/Solvent Complexes of RzE* Cations

Several solid state structures of R3E ™ (solvent) complexes are known and struc-
tural data of significant examples are given in Table XVI. Considerable attention
was paid to the structure of the TPFPB salt of the silylated toluenium ion 82 and its
interpretation,3¢-37-108:126.131.133.135.136 The molecular structure of cation 82 is char-
acterized by a significantly pyramidalized Et;Si group (sum of the bond angles
around Si, o(Si): 341-342°) and the fourth-coordination side of the silicon atom is
occupied by a toluene molecule. The Si—C'P*° (toluene) is 217-219 pm, clearly longer
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FiG. 14. Perspective view of [ipr3Si][CB;;H¢Clg]. (Reprinted with permission from Ref. 38. Copyright
1996, American Chemical Society.)

than regular Si-C(aryl bonds (187.9 pm'”?

sum of the van der Waals radii.>®’

These features of 82 are typical for many cation/solvent complexes of silylium
and germylium ions and they change gradually with the nature of the coordinating
solvent and with the cationic group. Hensen’s silylated pyridinium iodide 4 with a
strongly pyriamidalized trimethylsilyl group and a relatively short Si—N separation
marks the strongly coordinating end of this spectrum® and the germylated aceto-
nitrilium ion 83, is, according to the structural data, an example for a more loosely
bonded complex.”? In the nitrilium ion 83, synthesized by reaction of germylium ion
22 with acetonitrile, the germanium atom is only slightly pyramidalized [Za(Ge):
358.3°] and the Ge/N separation is comparatively large (see Table XVI and Fig. 15).

), but also significant smaller than the

Et Me SiMeBu-t,
~ Sié Et Me\si M t-BuzMeSi\Tef—SiMeBu-tz
\ | .
\ + N
H NS ll
| T
Me
Z Me
82 4 83

While for silyl and germyl cation complexes tetracoordination of the element
prevails, stannyl cations favor pentacoordination. That is, the trigonal-bipyramidal
environment of the Sn atom in the diwater complex of the stannylium ion Me;Sn ™~
[Me;Sn(H,0),] " 84'7® has its counterpart in the tetrahedral structure of the pro-
tonated silanol 85."'® The structure of the bis(acetonitrile)tricyclohexyltin hexa-
fluoroantimonate 86 SbF¢'"® reveals pentacoordination for the tin atom,'®’ while all



TaBLE XVI

TRUCTURAL ATA FOR OMPOUNDS OF THE YPE 3 SOLVENT AN[ON'
S D C T R;E* N

Compound d(R-E) (pm) Za(RER)® (deg) D(E-X)¢ (pm) Coordination number Ref.
82 [TPFPB|* 185(1) 341.4(5) 219(1) 4 36, 37
185(1) 342.5(6) 217(1) 4 36, 37
83 [TPFPB] 252.70(6); 252.10(6) 358.3 201.99(17) 4 72
256.14(6)
[(#-Bu;Si)(--BuCN)][TFPB™] 190.1(6) 347.7 182.2(5) 4 67
[(#-Bu3Ge)(--BuCN)][TFPB™] 350.7 197.5(7) 4 67
[(i-pr3Si)(MeCN)][BrsCByH5 ] 346.7(13) 182(2) 4 127
85 [BrgCB; Hg] 189.2(15) 348.0(6) 177.909) 4 116
[Me;SiOEG|[TFPBT] 183.6(5) 177.7(3) 4 126
4[17] 186.7(9) 340.4(5) 185.8(9) 4 20
86 [SbFs] 215.9(3) 359.7(1) 237.4(3), 247.2(3) 5 179
84 [C5(CO,Me)5] 217.8(12) 229.5(4), 232.6(5) 5 178

#Structural data from X-ray analysis.

®Sum of the three bond angles of the element and its three nearest substituents, tetrahedral: £ = 328.5°, trigonal planar: ¥ = 360°.

“Distances to the fourth and fifth substituent.
9Two independent molecules in the unit cell.
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FiG. 15. Molecular structure of nitrilium ion 83 (ORTEP plot, thermal ellipsoids set at 30% probability;

hydrogen atoms omitted for clarity). Selected bond lengths (pm) and angles (deg): Ge(1)-N(1),

201.99(17); C(28)-C(29), 144.7(3); Si(3)-Ge(1)-Si(1), 128.682(19); Si(3)-Ge(1)-Si(2) 110.562(19);

Si(1)-Ge(1)-Si(2), 119.11(2); N(1)-Ge(1)-Si(1), 92.14(5); N(1)-Ge(1)-Si(2), 92.20(5); N(1)-Ge(1)-Si(3),
98.27(5). (Reprinted with permission from Ref. 72. Copyright 2003, Wiley-VCH.)

structurally characterized germyl and silyl cation complexes with nitriles indicate a
tetrahedral coordination of the germanium and silicon atom.

Me +
! B
S I
0H2 t-Bu T
+
MefSn"““Me By Si—OH, cnyn““\‘Cy
D -BuU ~
| TMe +B | ey
OH, -Bu m
¢
Me
84 85 86

v
A CHEMISTRY OF R3;E* CATIONS

The isolation and characterization of stable trivalent cations of the group 14
elements Si, Ge, Sn, which are free of any interaction with solvent, counteranion or
neighboring groups, are milestones in organoelement chemistry. These results fi-
nally answer the question for the pure existence of these species in the condensed
phase. The quest for a chemistry of these highly reactive cations, however remains.
Clearly to explore the chemistry of organometallic group 14 cations it is necessary
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ScHEME 19. Some recent application of organometallic group 14 cations.

to reduce the steric bulk, which was an indispensable prerequisite for the kinetic
stabilization and finally isolation of tricoordinated group 14 cations. Consequently,
intra- or intermolecular interactions of the cations with electron-donating groups or
molecules will be important and a chemistry of cationic R;zE " species of group 14
elements will be dominated by either intra- or intermolecular stabilized cations. The
electron-donating group or molecule modifies the electron deficiency of the cationic
element center and lowers the reactivity. The synthetic challenge is, to find suitable
sytems, which allow to control and to exploit the enormous electrophilicity of these
cations. Although this chemistry is at its infancy there are already quite spectacular
results in various fields. For example, it has been shown that trialkylsilyl arenium
ions [R5Si " /arene] may react as a synthetic equivalent of trialkylsilylium ions and
can be used as highly active silylating agents (Scheme 19). The trialkylsilylium ion
adds instantaneously to CC multiple bonds to yield silylated carbenium ions 87'%!
and vinyl cations 88.'®% Similarly, persilylated onium ions of phosphorus and ar-
senic 89 are formed by transfer of the trimethylsilyl group from trimethylsilyl are-
nium to the corresponding phosphanes and arsanes, a reaction which is not possible
using conventional trimethylsilylating agents.'**'®* The synthesis of the stable sec-
ondary B-trimethyltin-substituted carbocation 90 is thought to proceed by addition
of transient trimethylstannylium to the C—C double bond of the propene
(Me;Si)CH = CHCH(SiMe;)SnMes.'**

Et3Si SiMe, SnMe,
H,c—cCt—Ph  Me,si SiMe o ", "
2 \Ph 2 N~ 2 E"'/I/ . M93Si 2 + e

C Me.Si”~ \,/SiMes -
| 3 Sile, SiMes
c* MezSn  H
| E=P,As
R

87 88 89 920
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Reed and co-workers utilized the silylium carboranate salts to generate novel
Bronstedt superacids based on carborane anions as conjugate bases by reaction of
the salts with liquid HCI [Eq. (7)].'®° These carborane superacids are able to cleanly
protonate Cgo and benzene at room temperature to yield HCd,'®® and benzenium
C¢H7 '® and are the strongest isolable Bronstedt acids presently known.'®” Simi-
larly, the same group developed the most potent electrophilic methyl transfer agent
by reaction of the silyl cation salt [iprsSi " JJHCB,;MesBrg ] with methyltriflate [Eq.
(8)].188 The product H;C(HCB;;MesBrg) abstracts hydride from simple branched
alkanes and forms at room temperature the corresponding tertiary carbocations as
isolable carborane salts.'®’

[Et3Si]CHB11R5X6](S) + HCl(l) — Et3SlCl(g) + H(CHB11R5X6)(S)
R=H, Me;X=Cl, Br, I (7

[i-pr3Si][CHB1lMe5Br6](s) + H3COSOzCF3
— i-pr3SiOSO,CF; + H3;C(CHB | MesBrg) 8)

Owing to the high Lewis acidity the group 14 organometallic cations are poly-
merization catalysts par excellence.'®*'* Silanorbonyl cations'®' and triethylsilyl
arenium'®!' have been shown to be efficient catalysts for metal-free hydrosilylation
reactions. Chiral silyl cation complexes with acetonitrile have been applied as cata -
lysts in Diels Alder-type cyclization reactions'**'*? and intramolecularly stabilized
tetracoordinated silyl cations have been successfully used as efficient catalysts in
Mukaiyama-type aldol reactions.'”?

The reactions quoted in the last paragraph and partly summarized in Scheme 19,
all exploit the high electrophilicity of organometallic group 14 cations, and the re-
activity follows conventional routes. Quite recently, however, a novel-type of chem-
istry for R;E™ cations came into attention. The decisive step in Jutzi’s synthesis of
n>-Cp*Si ™, 91, by protonation of decamethylsilicocene, Cp*,Si, 28,'** is most likely
the fragmentation of the intermediate Cp*,Si " -H cation 29 into the neutral MesCsH
and the cation n°-Cp*Si™ (see Scheme 20). The cation 91 can be regarded as syn-
thetic equivalent for the singly coordinated silylidynium n!-Cp*Si, 92.

(Me3Si)2N
Si—Si
N(SiMe3)2

92 41 93

This type of a-elimination with the generation of a singly coordinated four-
valence-electron compound is rather unusual in silylium ion chemistry, only two
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ScHEME 21. Generation of four-valence-electron, singly coordinated organometallic group 14 cations by
a 1,1-climination reaction from R3E™ cations and its potential reaction scheme. 9196

other examples have been reported so far (see Section III.A.1).88:8%195:196 Compy-
tations®*¥ propose that this type of fragmentation of trivalent group 14 organo-
metallic cations is preferred for the heavier elements of group 14 and with the
toluene complex of the terphenyl-substituted plumbylidynium 41 the first example
of this type of compounds has been recently synthesized.”® Gaspar recently pointed
out the synthetic potential of these novel low-valent reactive intermediates, which is
summarized in Scheme 21.">'°° The intermediate formation of these species gives
access to novel highly intriguing compounds and opens new synthetic approaches to
heavy carbene analogues, to E=E unsaturated compounds, to trivalent R;E"
cations and to neutral element(I) compounds. The synthesis of the disilene 93 from
reaction of the cation n°-Cp*Si ", 91, with bis(trimethylsilyl)amide shows in prin-
ciple the applicability of the suggested reactivity scheme.'®* Clearly, the chemistry
of organometallic group 14 cations is only at its beginning and there is still much to
investigate!
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LIST OF ABBREVIATIONS

bco bicyclooctyl

Cp cyclopentadienyl

Cp* pentamethylcyclopentadienyl
Cy cyclohexyl

Dur 2, 3, 5, 6 tetramethylphenyl

DMPU 1,3-dimethyl,2-4,5,6-tetrahydro-2(1H)-pyrimidone
DMSO dimethyl sulfoxide

FT ICR Fourier Transform Ion Cyclotron Resonance

FT NMR Fourier Transform Nuclear Magnetic Resonance
HMPA hexamethylphosphoric triamide

IGLO Individual Guage for Localized Orbitals
Mes 2, 4, 6-trimethylphenyl
Tip 2, 4, 6-triisopropylphenyl
TPN 1, 2, 3, 4-tetraphenylnaphthalene
TPFPB™  tetrakis(pentafluorophenyl)borate
TFPB™ tetrakis[3, 5-bis(trifluoromethyl)phenyl]borate
TSFPB™  tetrakis[4-{tert-butyl(dimethyl)silyl}-2,3,5,6-tetrafluorophenyl]borate
TPB™ Tetraphenylborate
Tol Tolyl
WCA™ weakly coordinating anion
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|
INTRODUCTION

The discovery by Kubas et al.' of the coordination of an intact dihydrogen
molecule to transition metals to form a dihydrogen o-complex 1 was one of the
most exciting and important discoveries of the late 20th century.” * This discovery
had a significant influence on the study of activation of small molecules by metal
centers and led to an impressive development of the general field of nonclassical
complexes.” Neglecting the vast class of compounds with delocalized n-bonds, by
nonclassical we understand a compound in which bonding between elements X and
Y cannot be presented by a single Lewis structure. Broadly speaking, a nonclassical
bond is one that includes a significant delocalization of -bonds over three or more
centers. The concept of 3 center—2 electron (3c—2¢) bonds developed for the earlier
examples of trihydrogen cation Hj (2), methonium cation CHY (3) (observed in the
gas phase in mass-spectral experiments), and polyboranes 4 serves well to illustrate
this point. In nonclassical complexes, one or several metal-ligand and/or
ligand-ligand bonds are involved in nonclassical bonding. The terms secondary
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interactions and weak interactions are also used occasionally to describe this pheno-
menon.’ Apart from its obvious aesthetic beauty, the discovery of H-H o-bond
coordination to metals' and the almost simultaneous formulation of C—-H-M
agostic bonding (as schematically shown in 5)*7 were quickly realized to be highly
relevant to transition metal activation of inert bonds, with all the important impli-

cations for catalysis.>*¢
H ¥ H
H + <
L,M=—| HI+1 = H=| = H\/ - H'\ ,
H “H H
1 2
2N
LnM/ C
Paa + H .- H‘\ v
HyCl#+: = HyC=< R,BU._ BR,
H — bridge
3 4 5

Curiously enough, although the element silicon is only second to hydrogen in the
number of known nonclassical complexes, it was the first one for which the idea
of nonclassical Si-"H interaction was clearly put forward for the binuclear silane
o-complex 6 almost 35 years ago.'®!" The resurgence of interest in silane o-com-
plexes 7 in the early 1980s resulted in a significant advance in our understanding of
the Si—-H bond activation, which is important for the investigation of various
hydrosilation reactions. Although silicon is a heavier analog of carbon, the Si-H
bond complexation to metals has a much closer resemblance to H-H bond coor-
dination rather than to C—H bond complexation.” However, the presence of subs-
tituents at silicon with different electronic and steric properties, a feature absent for
hydrogen, has a significant impact not only on the strength of Si—H interaction but
also on the type of nonclassical complex formed. Thus, a class of agostic Si-H "M
complexes 8, which is related to 7 but differs from it in the presence of an additional
bridge between the metal and interacting silicon atom, has been discovered. The
earlier work and subsequent development of this field have been well summarized in
a monograph” and a series of review articles.>** "1

More recently, several new families of compounds have been found that exhibit
bonding features different from what is normally observed in complexes 7 and
8.'%!7 These new classes can be classified as compounds with interligand hyper-
valent interactions (IHI) Si—H, as schematically shown in 9, and complexes with
multiple hydride-silicon interactions like in 10, where the dotted line represents a
nonclassical interaction between the silicon atoms and hydride ligands.'®?* In
contrast to o-complexes 7 with three-center bonds, in compounds 9 and 10 the
nonclassical bonding is essentially delocalized over four and more centers. Bonding
such as in 9 and 10 requires a specific conformation of the complex and exhibits
very different dependence of bond lengths and spectroscopic features on the nature
of substituents at silicon than in silane o-complexes 7. That is, groups X and H
should be trans, the M—Si bond is shortened, and the electron-withdrawing groups
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X on silicon strengthen the interaction. This work and some new findings in the field
of agostic complexes 8 led to the refinement of the original bonding schemes de-
veloped for nonclassical complexes with Si—H interaction. The intent of the current
account is to discuss the general features and ideas of nonclassical Si—H interactions
in transition metal complexes and to review the recent experimental and theoretical
achievements of this field. Some earlier work is included and discussed if there is
new relevant experimental and/or theoretical information, or to illustrate the dis-
cussion of general aspects. Different types of nonclassical bonding are treated sepa-
rately. Section II highlights the basic features of the chemistry of silane c-complexes
7 and the related agostic complexes 8, and discusses the recent advances in this
field. Next, Section III is dedicated to compounds with interligand hypervalent
Si-H interactions 9, finally, Section IV describes the chemistry of polyhydride
compounds like 10 with multiple hydride—silicon interactions.

In this review, as is common in the literature, the nonclassical compounds are often
written in the n”-form (m>2), i.e. [M(n?>-HSiR3)L,] (m = 2). Such an n>-desig-
nation is based on the important phenomenological feature that both the hydrogen
and silicon atoms, albeit still bound to each other, have some kind of a bond to the
metal. As such, this designation does not tell us anything about the origin of the
interaction and is entirely ambiguous. However, the absence, until recently, of any
kind of interligand Si—H bonding different from the complexation of silane c-bonds
to metals, leads sometimes to incorrect mixing up of the general n?-form with o-
complexes, which constitute only one type of nonclassical complexes.

H
R, N
H--Si--H H LM SiR,
(0C),Re——Re(CO), LM —l
13 — bridge
X X
6 7 N g‘. 8
siX
H H|
LHM : H(\’/M ,,/ H
\'- R / \ -
SiZ R;P PR3
\ NR ; PR;
X M = Fe, Ru, Os
9 10

SILANE ¢-COMPLEXES AND SI-H M AGOSTIC COMPLEXES
A. Silane a-Complexes. A Short Historical Overview of Benchmark
Results

The formation of a silane c-complex 7 can be viewed as the result of incomplete
Si-H bond activation (“arrested” oxidative addition®') by an electrophilic metal
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center* and, indeed, many of the compounds 7 are formed by the addition of
hydrosilanes to unsaturated metal fragments.'® The formation of a structure of this
type was first proposed by Graham et al. for the rhenium compound 6,'*'" which is
a prototype of many bridging silane o-complexes.'*** Although the hydrides were
not found from the X-ray experiment for 6, the geometrical restrictions imposed by
the positions of heavy elements led to a short estimated Si-H contact of 1.57A,
compared with the normal Si-H bond of 1.48 A in silanes. The observation of a
coupling between the methyl group and two “hydrides” (J(H—H) = 1.5 Hz com-
pared to 4.2Hz in Me,SiH,) in the '"H NMR spectrum of the related methyl-
substituted complex [Re,(u-H,SiMe,)(CO)g] was interpreted as additional, al-
though still indirect, evidence for the presence of nonclassical interactions. Similar
arguments were used to assign a nonclassical structure to the analogous ditungsten
complex [Wz(u—HzSiMez)(CO)g].23 Subsequent X-ray studies of some related mol-
ecules, however, did find the hydride atom in close proximity to the silicon
atom,>*?° but reliable structural and spectroscopic evidence for interligand Si-H
bonding was still absent at this earlier stage of research, which can, at least in part,
account for the slow development of this field. A significant advance was made just
shortly before Kubas’ original report' on the dihydrogen o-complex 1. Corriu
et al*® suggested an effective test for the presence of nonclassical Si-H bonding,
based on the measurements of silicon-hydrogen coupling constants J(*°Si-'H)
(65Hz in [Mn(n?-H-SiPh;)(CO),Cp'] compared with >180Hz in silanes and
3-10 Hz in classical silylhydrides, vide infra), and Schubert et al. reported neutron
diffraction (ND) study of the compound [Mn(n?-H- SlFth)(CO)ZCp] exhlbltmg a
short Si—H distance of 1. 802(5)A compared with 1. 48 A in hydrosilanes.?’ Follow-
ing Kaesz’s suggestion, it became common to think of silane c-complexes as “ar-
rested” intermediates on the way to Si-H bond oxidative addition®' — a view that
still appears to dominate the chemical thinking even when applied to other types of
nonclassical Si—H interactions. The earlier work was reviewed by Graham'' and its
subsequent development until 1990 was thoroughly discussed by Schubert.'?

B. Dewar— Chatt—Duncanson Scheme — A Simple Model for Electron-
Deficient Three-Center Interactions

The three-center—two-electron bond description (3c—2e, like that on the left-hand
side of Fig. 1) designed originally for the compounds 2-4 is electron-deficient®® in
that less than two electrons are used for the bond between any two atoms. The 3c—2e
bond is formed by mixing a vacant orbital on one of the centers with a 2e o-bond of
two other. In the case of silane complexes, if the vacant center is considered to be the
metal, this corresponds to the complexation of the Si-H bond. If the incoming
particle is a proton, this corresponds to the protonation of the M-Si bond, which is
indeed another practical way of preparing silane o-complexes.'> Whatever the origin
of the resultant compound, the theoretical description will be the same. This bonding
picture can be correctly applied to o-complexes only if the electron count of the metal
is zero (d° configuration) and the metal center acts as a pure electrophile. The es-
sential feature of complexes with the configuration d” (n>1) is that backdonation
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FiG. 1. Dewar—Chatt—-Duncanson model for the Si"H "M bonding.

from an occupied metal d-orbital on the o*(Si—H) antibonding orbital becomes fea-
sible (right-hand side of Fig. 1). The resultant bonding scheme, shown in Fig. 1, bears
a close resemblance to the well-known Dewar—Chatt—Duncanson (DCD) diagram
originally designed to describe bonding in olefin complexes.'

The DCD scheme forms the basis for discussion of chemical bonding in all
o-complexes and conveys the key features of silane c-complexation. Compared to
dihydrogen H,, silanes HSiR3 have a weaker Si-H bond, with higher lying Si-H
bonding orbital and lower lying o*(Si-H) antibonding orbital.>*'* Thus, silanes
are both better o-donors to metals and better n-acids, able to accept electrons from
the metal d-orbitals (right-hand part of Fig. 1). The strength of backdonation is
thought to be the key factor controlling the extent of the Si-H bond oxidative
addition.” *'> The important difference between silicon and hydrogen, not expli-
citly shown in Fig. 1, is that silicon has up to three more substituents, R, that
also crucially effect the steric and electronic situation around the silicon center.
Electron-donating groups R drive both the o(Si—H) and o*(Si—H) orbitals higher in
energy”® thus increasing the donation component in Fig. 1, but decreasing the
backdonation. In the majority of compounds with the configuration d” (n>1)
this leads to a weakening of the Si-H bond complexation to metals. In contrast,
electron-withdrawing substituents on silicon push both the bonding and antibond-
ing orbitals of the Si-H bond down in energy, decreasing the donation and in-
creasing the backdonation components. The latter leads to weakening of the Si—H
interaction, and in the limit of a very strong backdonation, results in complete Si—-H
bond addition to the metal. The exception is compounds with several strong
n-acidic ligands, usually carbonyls such as [M(CO)s] (M = Cr, Mo, W),” where
the d-orbitals are effectively delocalized on supporting ligands and are not ame-
nable to bonding with silanes. In these highly unstable compounds with negligible
backdonation, the electron-donating groups R on silicon favor stronger interaction
of the Si-H bonds with the metal.?

The DCD scheme allows us to understand the conditions required to stabilize a
o-complex. Since backdonation from metal is the crucial factor controlling the
Si-H bond interaction with a metal, any factor that reduces this component will
lead to the strengthening of the residual Si-H o bonding. These factors are’

1. the presence of a metal from the first transition series. These metals have
rather contracted (core-like) d-orbitals that do not provide a sufficient overlap
with the ligand orbitals;
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2. the presence of m-acidic ancillary ligands (such as CO and PFj3), effectively
delocalizing the metal-centered electrons, and/or strongly electron-withdrawing
o-ligands at the metal (such as halogens) that push the d level down in
energy;

3. the high oxidation state of the metal and/or the presence of a positive charge,
which contracts the d-orbitals.

C. Structural Features of Silane o-Complexes

The presence of a chemical bond between fragments X and Y has its manifes-
tation in structural and spectroscopic features and in chemical reactivity. It is rather
obvious to deduce the presence of a direct X—Y bonding when both fragments X
and Y can be brought into an infinite separation, like in donor-accepting com-
plexes, but this can be rather problematic for the rather weak intramolecular in-
teractions such as interligand bonding in nonclassical complexes. In this case,
changing the characteristics of bonding between X and Y can be masked by the
variation of bonding of X and Y to other parts of the molecule.

By analogy with the n?-H, complexes, it is tempting to assume that in silane
o-complexes 7 and Si—H "M agostic species 8, a more advanced oxidative addition
of the Si—H bond to a metal will result in shorter M—H and M-Si bonds and longer
Si—H separation. However, recent results show that a straightforward comparison
with dihydrogen complexes is not valid because of the special role of substituents at
silicon and the difference in electronegativity of hydrogen and silicon atoms.

The Si—H distance appears to be the parameter of choice to assign the presence or
absence of a Si—H interaction. It is very tempting to have a simple threshold value
serving as a criterion for the bond. However, this assumption can be incorrect if one
takes into account that there is no obvious reason for an abrupt change of the
backdonation component in the DCD scheme. Thus, in the ideal case of smooth
tuning of the electronegativity of substituents either on metal and/or silicon, a
continuum of structures ranging from a pure 3c—2¢ bond to a product of complete
Si—H bond addition to metal (two separate 2c—2¢ bonds) can be imagined. Indeed,
complexes with rather long Si—H separations of about 2.0-2.2 A have been recently
observed and are in the focus of current debate (vide infra). These compounds with
elongated Si— H bonds (or short nonbonding Si—H contacts if the opposite view is
accepted) correspond to the case of stretched dihydrogen complexes (H-H distance
of up to 1.3-1.4 A)w, bonding in which is equally poorly understood.

In an earlier review article Schubert suggested that the shortest nonbonding Si—H
contact can be estimated as 2.0 A,'? with the inexplicit assumption that any distance
above this value is nonbonding, whereas shorter contacts correspond to the presence
of some kind of Si—-H bond. Schubert’s structural criterion has been widely used in
the 1990s to identify silane c-complexes both in experimental and theoretical stud-
ies.'*'* This criterion was obtained by summing up half of the nonbonding Si-Si
distance in 1,3-cyclodisiloxanes (2.3-2.4 A)*"*? with half of the H-H distance of
1.85A, at which the H-H interaction is supposed to be weak.'? Therefore, this
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estimation is clearly based on the concept of atomic radii, which implies the trans-
ferability of a value of an atomic radius obtained from one class of compound to
another.* Such a concept serves rather well for the elements of the two first periods
of the Periodic Table that form rather rigid bonds but may encounter problems when
applied to heavier elements generally exhibiting rather soft potentials for interatomic
interactions. For example, the known Si-Si bonds span the wide range of
2.33-2.70 A+ the upper value well exceeding the nonbonding Si-Si distance®” in
1,3-cyclodisiloxanes. The Si—H potential curve is also very soft, so that half of the
bonding energy corresponds to a rather long separation of 2.2 A7 about 0.7 A apart
from the equilibrium value of 1.48 A. Another problem is that a short distance
between X and Y may not necessarily mean the presence of a bond, but rather be the
result of sterically forced closeness (see, for example, the above-cited case of 1,3-
cyclodisiloxanes®?). In this case the interaction can be even repulsive. All together
these arguments suggest that caution should be exercised in the application of a
structural criterion such as Schubert’s criterion of 2 A.

The influence of substituents on the magnitude of H-Si contacts is also not
straightforward. Thus, the thoroughly studied series of complexes
[Mn(n2-HSiR3)(CO)LCp”] (11, L=CO or another two-electron ligand;
Cp” = Cp, Cp’, or Cp*) has the X-ray determined H-Si distances in a rather nar-
row range of 1.75(4)-1.802(5) A (the upper limit comes from the sole available ND
study). Contrary to expectations based on the DCD scheme, the electron-
withdrawing groups on silicon do not have any significant effect on this param-
eter (see Table II in Ref. 12). And while the X-ray value may be not very reliable,
the recent computational study shows the same situation.*®

=

L/M“\/H

ocC SiRj

11

Given the DCD scheme, one may expect the M—H bond in silane o-complexes to
be longer than normal due to its inherent electron-deficiency.?’ Indeed, the elon-
gation of the M—H bond in c-complexes of molecular dihydrogen is a well-defined
parameter determined by several structural and spectroscopic methods.'*3%%
In the field of silane o-complexes, as with the Si—-H distances, the situation is
much less straightforward. There is only one ND study of the compound
[Mn(n2-HSiFPh,)(CO),Cp’] mentioned above and the rest of structural informa-
tion is provided by X-ray diffraction studies only*'? that suffer from the well-
known inaccuracy in locating hydrogen atoms in the vicinity of heavy elements.*’
Nevertheless, both the ND work on [Mn(n2-HSiFPh2)(CO)2Cp’]27 and the avail-
able X-ray data show that, contrary to expectations, the M—H bond is not elon-
gated, being quite comparable to the normal M—H bond.'**' In the thor-
oughly studied series of complexes [Mn(n?-HSiR3)(CO)LCp'] (11) and
[Mo(n?-HSiR;3){(PR;CH>-),},(CO)] (12) the M-H bonds are in the range
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1.47(3)-1.569(4) A (seven compounds with A = 0.11(3) A) and range 1.70-2.04 (5) A
(two compounds with A = 0.34(7) A), respectively.>'*'* Thus, even neglecting the
inaccuracy of hydride positions determined from X-ray studies, the difference in the
M-H bond is very close to three esd’s, which does not allow for accurate conclu-
sions to be drawn on how the variation of substituents either at silicon or metal
effects this bond. In the latter example of complexes [Mo(n -HSiR3)(CO)(depe),]
the marginal difference between the Mo-H bond in [Mo(n -H3SiPh)(CO)(depe),]
(1.70(5) A) and [Mo(n*-H,SiPh,)(CO)(depe),] (2. 04(5)A, A = 0. 34(7) A), however,
does correlate with the somewhat longer Si—H bond in the first complex (1. 78(6)A
vs. 1. 66(6)A A =0.12(8) A) and the decreased J(H-Si) (39 Hz vs. 50 Hz), which
suggests that a more advanced oxidative addition of the Si—H bond is accompanied
by a decrease of the M—H distance (see, however, the discussion below). However,
recent theoretical investigation of the silane c-complexes 11 shows the absence of
any significant elongation of the M—H bond.*®

In contrast, the experimental M—Si bonds span a wide range depending, for a
given M, on the nature of substituents on silicon. To understand why this happens,
we have to take into account the difference in the electronegativity of H and Si.
Since hydrogen is more electronegative, the bonding o(Si—H) orbital is more lo-
calized on the hydrogen end of the bond, the negative charge is also accumulated
there.?® On the other hand, the antibonding orbital is more localized on the silicon
atom. When a silane approaches a metal, the initial interaction is formed via the
hydrogen atom to form an M—H distance not very different from the normal M—H
bond.'*** Then the Si—H bond pivots around H to bring the silicon atom in a closer
proximity with the metal.'? As discussed above, the nature of substituents R’s on
silicon controls the position of the o*(Si—-H) antibonding orbital and hence the
extent of backdonation from metal to the silane. Increasing electronegativity of R’s
increases the population of o*(Si—H) with the predominant effect on the M—Si
distance. If one imagines a smooth increase of the electronegativity of R’s, this
process defines a trajectory of silicon addition to metal.'> The increased back-
donation from metal should be accompanied by the decreased direct donation from
the Si—H bond because the o(Si—H) bonding orbital lowers in energy. This should
compensate the weakening of the Si—H interaction and strengthening of the M—H
interaction upon the population of o*(Si—H) with the result that, in the first ap-
proximation, both the M—H and Si—H distances do not change significantly. Thus,
the M-Si distance is the sole parameter that exhibits a significant change and thus
may serve as a structural criterion for the extent of Si—H addition to metal, with the
advantage of being the most reliable one determined by X-ray crystallography. This
picture is, however, complicated by the fact that the M—Si bonds in classical tran-
sition metal silyl complexes also depend on the substitution at silicon and steric
factors, and therefore a proper choice of a reference classical silyl system is required
to make the structural assignment for a given silane c-complex. For example, the
Mn-Si distance of 2.254(1)/0% in the compound [Mn(nz-HSiCh)(CO)sz’], which
according to recent results has some weak residual Si-H o-bonding (vide infra), is
even shorter than the Mn-Si bonds in the related classical bis(silyl) complex
[Mn(SiCls),(CO),Cp’] (2.320(2) and 2.326(2) A).43 In the latter compound the silyls
are mutually trans and their Mn—Si bonds are, no doubt, true 2c—2e bonds.
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Finally, a word of caution should be offered against making a straightforward
comparison of the M—Si bonds in complexes of different metals, since this para-
meter is strongly affected by the size of the metal. The latter tends to decrease from
left to right in a given row of the Periodic Table due to the d-contraction, but
increases down the Group (particularly between the first and second transition
series).

To summarize, the Si—H distance can serve as a criterion of the Si—H interaction
when it does not differ much from the normal Si—H bond and is determined by an
accurate method such as ND and high-level quantum mechanic calculations. The
discussion of other structural parameters requires the proper choice of a reference
system. In systems with elongated Si—H interactions a justified conclusion can be
made only on the basis of a combined application of several independent structural,
spectroscopic, and computational methods.

D. Spectroscopic Features of Silane o-Complexes

1. NMR Spectroscopy. The Saga of Silicon—Proton Coupling Constant

Given the inaccuracy of X-ray crystallography in finding hydrogen atoms and the
scarcity of ND data on silane o-complexes (and the cost and complexity of the ND
experiment), the development of a cheap, quick, and reliable method to identify the
presence of nonclassical Si—H interactions is required. In the field of dihydrogen
o-complexes, several spectroscopic NMR techniques have been developed, based
on the measurements of spin—spin coupling constants in labeled HD complexes and
the measurement of minimal 7 relaxation times.>* As mentioned above, Corriu et
al. were the first to discover that the silicon—hydride coupling constant J(Si—H) in a
silane o-complex is significantly increased (65Hz)*® compared with classical
hydridosilyl complexes, where a J(Si—H) of 3-10 Hz is usually observed.'? To use
J(Si—H) as an indicator of nonclassical Si—-H bonding, one may wish to estimate the
minimal value corresponding to the presence of a significant Si—H interaction. In an
earlier review article, Schubert arbitrarily suggested that the values of 10-20 Hz
define an approximate borderline so that lower values correspond to a nonbonding
situation. The vast majority of known oc-complexes have been characterized by
means of this spectroscopic criterion'® with the assumption (in analogy with di-
hydrogen complexes) that the decrease of J(Si—H) upon variation of substituents
either on metal or silicon corresponds to the decrease of Si-H bonding.'? In some
cases this criterion was applied rather incautiously, and values as low as 22-27 Hz
were used for structural assignments. Unfortunately, as in the case of the M—H and
Si—H distances discussed above, the presence of substituents on silicon severely
complicates the picture.

The complex [Mn(n?-HSiCl;)(CO),Cp'] is an illuminating example to illustrate
the complexity of the application of the J(Si—H) for the assignment of Si-H in-
teractions. This compound, a member of the series 11 of silane c-complexes thor-
oughly studied by a combination of several independent methods, was discovered
early on to be an exception from the general trend. Detailed PES (PES = photo-
electron spectroscopy) studies by Lichtenberger ez al. showed that while complexes
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11 with L = CO and R’s on silicon equal to H, Ph, or alkyl are in the earlier stages
of oxidative addition of the Si-H bond and can be formulated as Mn(I) complex-
es,*** the compound [Mn(HSiCl;)(CO),Cp] is in a very advanced stage of oxi-
dative addition, closer to the Mn(III) state.***’ Earlier extended Hiickel
calculations on the model compound [Mn(HSiH3)(CO),Cp] revealed donation
from the Si—H bond to the metal as the main bonding component, supported by a
much weaker backdonation from the metal to the silane.*® In contrast, Fenske—Hall
calculations of [Mn(HSiCl;3)(CO),Cp] showed very strong donation from the metal
into the o*(Si—H) antibonding orbital to give an almost complete rupture of the
Si-H bond in accord with the PES studies.*® In spite of this, the observed J(Si—H) of
54.8+0.6 Hz in the closely related compound [Mn(HSiCl;)(CO),Cp'1* is very close
to the range 63.5-69 Hz observed in the nonclassical compounds 11'*'? and is much
larger than the 20 Hz proposed to be the boundary value for any significant Si—-H
interaction.'> To account for this discrepancy, Lichtenberger et al. suggested that
the large J(Si—-H) in [Mn(HSiCl5)(CO),Cp’] could be due to nonbonded NMR
coupling.*® Surprisingly enough, the latter apparently is not the case for the closely
related compound [FeH(SiCl3),(CO)Cp] that was found to have a much lower
J(H-Si) of only 20 Hz.*

Further contributing to the intrigue, more recent calculations at the MP2 and
B3LYP levels provided a short Si—H contact in [Mn(HSiCl;)(CO),Cp] (1.8061& at
the MP2 level and 1.73201& for the B3LYP calculations), in good accord with the
X-ray distance of 1.785 A and very close to the Si—H distances in other complexes
11.%® These apparently contradictory results of the NMR, PES, and computational
studies have been explained by the revised DCD scheme® that takes into account the
difference in the electronegativity between the hydrogen and silicon atoms, ex-
pressed in terms of a Bent’s rule®' effect. Bent’s rule states that if the electron-
egativity of the central atom E is intermediate between those of its substituents, the
bonds to the more electropositive substituents receive more s character of E, mak-
ing these bonds shorter, whereas the p character goes mainly to the bonds to more
electronegative substituents, resulting in their elongation. As discussed above, in
silanes HSiR 3 the bonding o(Si—H) orbital is more localized on hydrogen, whereas
silicon atom contributes mostly to the antibonding c*(Si—H) orbital. The substi-
tution at silicon for more electron-withdrawing chlorine groups brings about a
rehybridization of the silicon center, namely, more Si 3s character goes to the bond
with the hydride and more 3p character goes to the bond with the chlorine atoms in
accordance with Bent’s rule. As has been already discussed, such a replacement
lowers the energy of both the o(Si—H) bonding and ¢*(Si—H) antibonding orbitals,
with the effect that the M—H and Si—H distances do not change significantly,
whereas the M—Si bond decreases. Stabilization of the o(Si—H) bonding orbital
results in a decreased direct donation from the Si— H bond to the metal, whereas the
stabilization of o*(Si—H) leads to an effective electron density transfer from the
metal onto silane, as observed by the PES study.*® The decreased Si-H donation to
metal should partially compensate the increased backdonation and thus lead to
some residual Si—-H bonding and formation of the nonclassical silane complex
[Mn(n?-HSiCl3)(CO),Cp], as observed in the calculations. Since the J(Si-H) of
370 Hz in free HSiCls is significantly larger than in silanes HSiR; (R = alkyl, aryl;
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J(Si—-H) <200 Hz) one can expect that, if any bonding between H and Si in a com-
plex of HSiCljs is retained, the J(Si—H) for the same degree of oxidative addition of
the Si-H bond to metal should be higher than the coupling constant in a related
complex of HSiR; (R = alkyl, aryl) owing to a larger s character of Si in the
residual SiH o-bond in [Mn(nz—HSiCb)(CO)sz]. This mseans that comparable
values of coupling constants can be found for both the [Mn(nz-HSiCh)(CO)ZCp]
and [Mn(nz-HSiRg)(CO)sz] (R = alkyl, aryl) complexes, even though the former
can have a greater degree of Si— H oxidative addition. This bonding situation can be
schematically described as shown in 13, where dotted line represents weak residual
Si—- H o-bonding. A similar structure without the dotted line was written for the
hypothetical case of a classical complex [Mn(H)(SiR3)(CO),Cp].'? Thus, the rather
large one-bond J(Si—H) in [Mn(n?-HSiCl3)(CO),Cp] is the result of a relatively large
Si 3s character in the residual Si-H bond, rather than strong Si—H interaction.

~H

More recent DFT (Density Functional Theory) calculations of [Mn(HSiCl;)
(CO),Cp'] by Lichtenberger™ are in accord with the work of Lin et al. in finding a
short Si-H contact of 1.823 A and the observation of a normal Mn—H bond of
1.570A. In spite of the proximity of the Si and H atoms, the calculated and ob-
served (by PES) parameters are in very good accord and confirm the earlier sug-
gestion that this compound is very close to complete Si-H bond rupture.
Interestingly, a very recent atom-in-molecule (AIM) study of this complex revealed
the bond critical points for all the Mn—H, Mn-Si, and Si-H bonds under discus-
sion,>* thus further providing evidence for its nonclassical nature. Also noteworthy
is that not only the Si—H interaction but also the Mn—Si bonds were found to be
topologically unstable, whereas the M—H bond exhibited features of a normal
bond.™ This result is unexpected because this compound was used to be thought of
as containing an almost-formed Mn-Si bond.'***>* Both the Si-H and Mn-H
bonds exhibit large bond ellipticities (0.722 and 1.079, respectively), indicating that
the bond path is susceptible to rupture by a change in geometry. For comparison,

*Ref. 54 erroneously states that Nikonov’s view given in Ref. 52 of this review is opposed to the view
that in [Mn(HSiCl5)(CO),Cp'] the formation of the Mn—H interaction occurs at the expense of a weak-
ening of the Si—H interactions. A careful reader can see that Ref. 52 does not contain this ascribed
opposite statement. Apart from this, I think that the results of Ref. 54 are consistent with and com-
plement my views expressed in Ref. 52 and in the current review. I also think that my work (Ref. 52)
complements the main conclusions of D. L. Lichtenberger given in Ref. 53, although some details and in
particular drawings (3 in Ref. 52 vs. 5 and 6 in Ref. 52) differ. I think that [Mn(HSiCl;)(CO),Cp'] is
indeed close to the Si-H bond rupture, but cannot give a degree of the oxidative addition. I think that
such a degree (80% in Ref. 53) cannot be estimated from the decrease of the silicon-hydride coupling
constant because the addition is accompanied by a rehybridization of silicon center in accordance with
Bent’s rule, which effects the J(H-Si).
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the ellipticity of the Mn—H bond is 0.158. The delocalization indices (the parameter
resembling the conventional bond order) for the Mn—H, Mn-Si, and Si-H bonds
are 0.650, 0.575, and 0.311, respectively. The latter value indicates a degree of
electron exchange characteristic of a polar interaction, which is further consistent
with the calculated charges for the H and Si atoms of —0.284e and +2.091e,
respectively.>*

Important also is that the calculated J**Y(H-Si) of —38 Hz at the optimized
Mn-Si distance, although less in absolute value than the experimental one,” was
found to be negative,” which suggests that there is a direct Si-H interaction. A
negative J(H-Si) is also found even for the compound [Mn(HSiCl3)(CO)(PMes)Cp’]
(—22 Hz vs. the experimental absolute value of 22 Hz)>* which, according to PES, is
a classical Mn(IIT) complex.*’ Finally, the composition of localized bond orbitals in
[Mn(HSiCl3)(CO),Cp'] does confirm that some weak SiH interaction is present.>

In this regard, the following general comment on the silicon—hydride coupling
constants is pertinent.”> Since the scalar coupling constant is primarily a through-
bond interaction, the observed coupling constant can be thought of as the sum of a
one-bond (H-Si) and a two-bond (H-M-Si) interactions:

JO»(H-Si) = 'J(H-Si) + 2J(H-Si) (1)

The relative signs and magnitudes of two coupling constants will determine the
magnitude and sign of the observed coupling constant. 'J(Si-H) is known to be
negative®® and in many cases two-bond silicon coupling constants are positive.>®
Because variation of the substituents at silicon can change the percentage of silicon
3s and 3p orbitals participating in the Si-M and Si-H bonds,’">* they can, in
theory, alter both the magnitude and the sign of the observed J(Si—H). This might, in
turn, result in an irregular change in the magnitude of the observable coupling
constant,\JObS(Si—H)\, as the electronegativity of the substituents at silicon is varied.
Another problem can arise if the magnitudes of 'J(Si-H) and J(Si-H) are com-
parable. In this case it is possible that a large negative value of 'J(Si-H), indicative
of the presence of a direct Si—H interaction, could be compensated for by a large
positive value of 2J(Si-H). This might happen, for example, when an increase in the
electronegativity of the substituents at silicon increases the two-bond component
2J(Si-H) owing to an increase of Si 3s character in the M—Si bond.>? In this case, a
small value of|J°*(Si—H)|would be highly misleading if taken as the sole indicator
of the absence of Si-H interactions. It appears that the sign of J°*(Si—H) might at
least provide an additional and meaningful indicator because, if negative, it shows
at least the dominance of 'J(Si—H) over 2J(Si—H). Therefore, the calculated negative
J(Si-H) in [Mn(HSiCl;)(CO)(PMe;)Cp’],> having the absolute value of 22Hz
compared with the experimental value of 20 Hz, provides an additional argument
against the application of Schubert’s criterion of 20 Hz (see above) to the identi-
fication of nonclassical Si—H interactions. It would be very interesting to carry out a
similar theoretical study on compounds [FeH(SiCl;),(CO)Cp], which has the
J°%(Si-H) of 20Hz,>® and [FeH(SiPhs)(SnPh;)(CO)Cp] (J°P(Si-H) of 23 Hz),”’

"The experimental J°®(H-Si) of 54.8 Hz is close in absolute value to the JY(H-Si) of —46 Hz
calculated at the experimentally observed Mn-Si distance.
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among which the first one was stated to be clearly classical, while the second was
suggested to have very little, if any Si—H interaction.'*>’

From the previous discussion, we can conclude that when the observed value of
J(H-Si) is relatively large, say, in the range 70-160 Hz, it is safe to think that the
Si—H bond is involved in nonclassical bonding with metal. In contrast, any con-
clusion on the presence or absence of a Si—H interaction on the basis of a small
value of silicon—proton coupling constant in the absence of an independent evidence
can be erroneous. In this case, the measurement or calculation of the sign of J(Si—H)
can help to identify a direct Si—H interaction.

2. NMR Spectroscopy. The "H NMR Spectra

Many complexes with nonclassical H - Si interaction discussed below exhibit a
characteristic high-field shift of the hydride signal in the '"H NMR spectra. This
high-field shift of the resonance can be relative to the typical Si—H region if the Si-H
interaction is strong (for example, in agostic complexes 8 with d° metals), or relative
to the typical M—H region if the Si-~H bond is stretched. Such a high-field shift
appears to be a general feature of three-center interactions involving hydrogen
atoms, but its origin has not been clearly established. Analogous shifts of "H NMR
signals of bridging hydrides relative to the terminal ones were long known for
bridging hydride complexes.

3. IR Spectroscopy

IR spectroscopy has been less popular than NMR spectroscopy for the identi-
fication of silane o-complexes. Nevertheless, analysis of the available literature data
shows that there is a clear shift of the Si—H stretch to longer wavelengths upon the
formation of a o-complex or agostic complex, which can be used for the identi-
fication of these compounds. In the case of significant Si—-H bond activation it
becomes increasingly senseless to talk about a pure Si—-H band since the Si-H and
M-H vibrations are strongly coupled. At least in one example, when a theoretical
study was conducted, the main contribution to the observed hydride-related band
came from the M—H stretch. However, the exact origin of the red shift has not been
clearly established and in some case the band is observed well below the usual M—H
region. Such a red shift appears to be an intrinsic feature of three-center interactions
involving a hydrogen atom, since analogous shifts of M—H stretches are found for
compounds with dihydrogen bonding M—H~HA.>®

E. Recent Results on Silane o-Complexes

Excellent compilations of silane c-complexes can be found in Refs. 2 and 13,
particularly in the latter. Therefore, this review is mainly focused on the recent
results, and the discussion below is far from being comprehensive. Earlier results are
touched when there is new relevant work and for the purpose of comparison only.
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1. Group 3 and 4 Metals

To the best of my knowledge the only relevant report on Si-"HM interactions for
Group 3 elements is the unique Si-H-B bridge in the compounds 14.> This bonding is
reminiscent of the one in diboranes and, since a boron atom is unable to backdonate,
serves as an example of a pure 3c—2e bond including a silicon atom. The presence of a
Si~“H-B interaction was unequivocally established by the 'H, ''B and *’Si NMR and
IR spectroscopic data. As is common in G-complexes and agostic complexes, the 'H
NMR signal of the bridging hydrogen atom is high-field shifted by 1.5 ppm relative to
the “normal” Si—H group position, and this shift increases when the temperature is
lowered. The magnitude of J(Si—H) is reduced by ca. 40-55 to 131-146 Hz and there is
an unprecedented isotope-induced shift 2A!/""B(*’Si) in the 2’Si NMR, transmitted
through the Si-H-B bridge. Also as typical for o-complexes and agostic compounds,
the Si-H stretch is markedly (by about 250cm™') shifted to lower wave numbers.
Interestingly, the related tin compounds indicate a negligible Sn—H "B interaction.

R SiMe,R'

R = CH,CH=CH, CH,CH=CH, Et

R R'= M H M

TB..__SiMe, ¢ ¢
R~ TH
14

A related situation occurs in the disilyl cation 15, which has a pure 3c—2e Si~"H"Si
bond. This compound was prepared by a hydride transfer from 1,3-disilylpropane to
a trityl borate reagent and characterized by NMR spectroscopy and DFT calcula-
tions.®® The observed coupling constant J(Si-H) of 39 Hz is unexpectedly low in spite
of the absence of backdonation from silicon, emphasizing again the point that rel-
atively weak coupling constants can be observed even for rather strong Si-H inter-
actions. The calculated structure of 15 reveals elongated Si-H bonds (1.646 A at the
B3LYP/6-311G(d,p) level and 1.623 A at the MP2/6-311G(d,p) level of theory) and
an open Si-H-Si bond angle (140.3 and 136.6°, respectively). Both silicon centers
bear a large positive charge (1.80), whereas the bridging hydrogen is negatively
charged (—0.35), reflecting the high concentration of the bonding orbital on this H
atom. Both silyl fragments SiMe,R are close to planarity, leading to the large Si p
character in the Si—H bonding, which accounts for the small J(H-Si).

R

Me,Sic,  .SiMe,
0

15

Only few examples of silane c-complexes are known for the titanium triad
and most of the work has been done on titanium itself. The first examples were
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discovered by Harrod et al. during their work on the titanocene catalyzed de-
hydrogenative coupling of primary silanes. The reaction of [TiMe,Cp,] with PhSiH;
in the ratio 1:3 affords a dimeric titanocene complex 16 with two Ti"H-Si in-
teractions:®!

H
l

Tl'\ Ti\ I \Ph o 1\
AR L% VR
16

On keeping, this product converted via formal silylene extrusion reaction into the
hydride bridged complex 17:

R~ @ PR

B | ,,,,
\ ] Ph \\\\\“« \ \\\\\“4.
% T @ - H(-PhSiH-),H —H &)

17

Both products are diamagnetic and were characterized by 'H NMR spectroscopy
and X-ray structure determinations. In addition, the *’Si NMR spectrum of 17
revealed a coupling of the silicon atom with two nonequivalent geminal protons
(148 Hz to the terminal proton* and 58 Hz to the proton in the Ti-H-Si bridge)
along with a weaker coupling (14 Hz) to the bridging hydride. The Si—-H bonds to
the nonclassical hydrides in 16 and 17 were slightly elongated, 1.58(3) and 1.56(3) A,
respectively. In a similar reaction of a zirconocene derivative the product was the
hydride-bridged dimer 18.°*% However, the dimeric cationic nonclassical zircono-
cene complexes 19, thoroughly studied by NMR techniques, have been reported by

Dioumaev and Harrod:**®

7t \“H'"/Zr
& T
Si
PhHMe
18

This value of silicon-hydride coupling constant is less than the arbitrary upper limit of bonding Si-H
interactions (70-160 Hz) given on page 229 because of the rehybridization effect caused by the com-
plexation of the Si—H bond to metal. Such a complexation leads to relatively large Si p character in the
Si-He;m bond, and hence the reduced J(Si—H) for an ordinary Si-H bond.
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Buchwald er al. reported that addition of H,SiPh, to the titanocene complex
[Ti(PMe;),Cp,] affords a silane g-complex [Ti(nz-HzSith)(PMe3)Cp2] (20) having
an electronic structure intermediate between a Ti(IV) and a Ti(II) compound,®®
or in other words, it is a stretched silane o-complex.”> An analogous silane
c-complex [Ti(nz-H3SiPh)(PMe3)Cp2] is found in the reaction of [Ti(PMe3),Cp,]
with PhSiH;.®” A somewhat related compound [Ti(n? — HBcat’)(nz-HgsiPh)sz]
(cat’ = catechol) was reported by Hartwig e al.°® but a more recent theoretical study
revealed this compound to be a silylborato complex [Ti(n2-Hchat’)(SinPh)sz].69
Interestingly, the zirconium and hafnium analogs have been found to be classical.”*"!
Thus, the addition of H,SiPh, and HSiPhj; to the olefin—phosphine precursors affords
the M(IV) complexes, as shown in the equation.

R]
@ R2 @ .
\ )( HSiPhs N\ o5Ph

M M—H
% \PMe3 % \PMe3 (5)

21

M =Zr, R;=H, R, = Et; 48%
M = Hf, R,=Me, R, = Me; 66%

The interesting feature of 20 is that the Si—H interaction occurs for the set of
electron-donating ancillary ligands Cp,/PMes;. Thus, the only factor that can, in
principle, account for the different behavior of titanium and its heavier analogs in
these reactions is the contracted nature of the titanium d-orbitals and hence the less
effective backdonation from metal as discussed in Section I1.B. The nonclassical na-
ture of the zirconium complex 19 compared with neutral 18 can be then attributed to
the presence of a positive charge.

Nevertheless, a neutral zirconium complex with nonclassical Si~"HZr bonding
has been reported for the much less donating ligand set Cp/Cl;.”> The compound
[ZrCl3(n>-CsH4SiMe,H)] (22) was found by X-ray crystallography to form a di-
chloride-bridged dimer with two additional SiH-M contacts (Fig. 2) that are close
to linearity (158.3°). The Si—H bond was normal (1.47(2) A) and the H*Zr contact
was rather long (2.28(3) A), signifying the initial stage of the Si—H bond activation.
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F1G. 2. Molecular geometry of the compound 22. (Reproduced from Ref. 72, with permission from The
Royal Society of Chemistry.)

The weak shift of the Si-H bond stretching mode from 2117 cm ™" in the free silane
HSiMe,(CsHg) to 2066cm ™" in the complex confirmed some weakening of this
bond. The '"H NMR spectrum, however, showed the Si-H proton signal in its
normal place with unperturbed coupling to the Me group (3.6 Hz), which can be
accounted for by facile dissociation of the compound in solution. No *°Si NMR
data were reported to verify the presence of the Si-"H " Zr bonding.

The presence of nonclassical Si"HTi bonding in the compound
[Ti(n?-H,SiPhy)(PMe;)Cp,] (20) was inferred from a set of spectroscopic and
structural data.®® The X-ray determined hydride forms a short Si-H contact of
1.69(5) A, compared with the Si-H bond of 1.56(5)1& to the terminal hydrogen
(A =0.13(7) A), and is somewhat below the range normally observed in nonclas-
sical complexes 11. Nevertheless, the Si-H (hydride) coupling constant of 28 Hz,
although above 20 Hz, was much less than the J(Si—H(terminal)) of 161 Hz. Indirect
evidence was also provided by the observation of increased H-H coupling (11 Hz)
compared with 3 Hz in the classical 21. The observed short Si—H contact in 20 stems
from the small Si-Ti—H bond angle of 44(2)°, as compared with the H-Ti-P bond
angle of 68(2)° (the Si-Ti—P bond angle was 111.78(7)°). Putting the hydride at the
observed Ti-H distance of 1.81(5)A but making the Si-Ti-H and H-Ti-P bond
angles equal (55.89°) would give a much longer Si—H contact of 2.18 A. To verify
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the nature of the Si—H interaction in these titanocene silylhydride complexes, DFT
calculations (with the BP86 potential) have been performed on the model com-
pound [Ti(n*-HSiMe,)(PMe;)Cp,] (23).>° The optimized structure of 23 shows a
longer Ti—Si bond of 2.658 A (cf. 2.597 Ain 20) but a shorter Ti-H bond (1.742 A)
than the experimental structure. The short Si—-H contact (1.840 A) establishes the
nonclassical nature of this compound, which was further confirmed by the calcu-
lation of a large Wiberg bond index (WI) of 0.3210 for the Si-H bond (for com-
parison the WI for the Ti-Si bond was 0.4915) and the observation of a bond
critical point for the Si—H(hydride) bond in an AIM study. Analysis of the
Laplacian contour map of 23 shows that the Ti—Si bond critical point is close to the
ring critical point (0.3600 and 0.3621e A3, respectively), i.e. a situation emerges
where the Ti-Si bond is about to vanish, which means that the observed topo-
logical structure of [Ti(nz-H-SiMe3)(PMe3)Cp2] is very close to the structure
[Ti(nl-H-SiMe3)(PMe3)Cp2]. Optimization of the compound [Ti(HSiMeCl,)(P-
Me;)Cp,] (24), having two electron-withdrawing CI substituents at silicon and the
Me group trans to the hydride, gave, as expected, a structure with a more advanced
Si-H addition to metal but still with a significant Si-H interaction (the Ti-Si and
Si—H bond lengths were 2.551 and 1.862 A, respectively; the WI for the Si-H bond
equals 0.2815 and the bond critical point was found), which allows for its formu-
lation as a stretched silane o-complex. It is essential that the optimization was
carried out with the restriction that the Me group on silicon was forced to be trans
to the hydride. When this restriction is lifted, the structure relaxes to a rotamer of 24
having one of the chlorine groups trans to the hydride and exhibiting a different
type of nonclassical bonding — IHI (see Section III.B.2).

2. Group 5 Metals

The authentic silane o-complex of the Group 5 metals has been docu-
mented only for a vanadium carbonyl complex. The highly unstable compound
[V(nZ—HSiEt3)(CO)3Cp] was generated in xenon matrix at —80 °C upon photolytic
reaction of [V(CO)4Cp] with HSiEt; and studied by IR spectroscopy. Similar re-
actions with chlorosilanes HSiEt;_,Cl,, (n = 2, 3) afforded products of complete
oxidative addition of the H-Si bond, [V(H)(SiEt;_,Cl,)(CO);Cp].”® This effect of
the substitution at silicon on the extent of Si—H interaction mirrors that discussed
above for the related manganese system 11.

Most of the d° silylhydride complexes of niobo- and tantalocenes without strong
electron-withdrawing substituents at silicon are classical'® in spite of the presence of
a metal in its highest oxidation state (V). The ND structure of [TaH(SiMe,H)>Cp,]
establishes the equidistant hydride position from both silicon atoms with two Si-H
distances of 2.189(18) and 2.190(18) A, ruling out its nonclassical formulation sug-
gested by an earlier X-ray study.”® The protonation of [TaH»(SiMe,Ph)Cp,] does
not afford the anticipated cationic silane c-complex ([TaHz(nZ-HSiMezPh)Cp2]+)
or ([Ta(n2-H2)(n2—HSiMezPh)Cp2]+), but rather is accompanied by the loss of silane
and the formation of a binuclear hydride-bridged structure [Ta,H,(u-H)Cp,]*.”

However, Tilley e al. reported an unusual d° silylhydride ate-complex 25 that
was suggested to have an interligand interaction Si-H.’® The 18e compound 25
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exhibits an increased Si—H coupling constant of 31 Hz and a Ta—H stretch at
1805cm™" somewhat shifted toward the Si— H region (about 2100cm™") compared
with the Ta—H vibration (1785cm™"') observed in the classical 16e complex
[Ta(H)(Si{SiMe;}3)( = NAr)(Cp*)] (Ar = 2,6-Pr,C¢H;3).”® In the related classical
18¢ d° complex [Ta(H)(SiHMePh)( = NAr)(PMe;)(Cp)] 26,”” isolobal with 25, the
J(Si-H) equals 14 Hz and the Ta—H stretch is at 1674 cm™". In contrast, red shift is
usually observed in complexes with three-center M ~"H E interactions. The X-ray
diffraction study of 25 reveals an elongated Ta—Si bond of 2.722(3)/0% as compared
with 2. 689(1)A in [Ta(H)(Si{SiMes}3)( = NAr)(Cp*)], 2.624(2) and 2. 633(2)A in
[TaH(SiHMe,)>Cp,],”* and 2.651(4) A in [Ta(H)»(SiMe>Ph)Cp,].”® Such an elon-
gation could manifest the presence of a Si-H bond o-complexation but can also
reflect the increased steric strain in 25. The observed Si-H distance of 2.51 A is
definitely too long to correspond to any significant interaction, but the X-ray de-
termined hydrogen position could be inaccurate. The observed Ta—Si—Si bond an-
gles (range 107.7-117.4(2)°) are normal and reflect the absence of any structural
distortion of the silyl ligand. Comparing with neutral 26, one can expect that the
presence of a negative charge in 25 would result in the increased backdonation from
tantalum on the o*(Si—H) and hence, since 26 is classical, would lead to complete
Si-H bond oxidative addition and formation of a d° silylhydride. Also, the electron-
releasing SiMe; substituents at silicon atom should decrease the magnitude of
J(Si—H) (see Section II.D). In this regard, the origin of the high Si-H coupling
constant in 25 is enigmatic and definitely deserves a computational study to resolve
the question of the presence and nature of any Si—H interaction. The reason why the
hydride atom in 25 occupies the position between nitrogen and silicon, whereas in
all other structures of type [M(H)(SiR;)(X)( = NR')(Cp)] (M = Nb, Ta) it lies be-
tween groups SiR3 and X (see 26 and vide infra), is also unclear.
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3. Group 6 Metals

Silane o-complexes of the Group 6 metals are among the best studied.'” Three
families of compounds are particularly noteworthy. These are the half-sandwich arene
complexes [Cr(n2—HSiMegH)(CO)2(C6Me6)] (27),7% the above-mentioned Kubas’s
complexes 12,>%1%% and the pentacarbonyl derivatives [M(nZ—HSiR3)(C0)5].29’83
Complex 27 is an isolobal analog of the manganese system 11 and like the latter
exhibits rather large Si-H coupling constant of 80 Hz compared with the range
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54.8-65.4 Hz found for 11. These values correlate well with the X-ray determined Si-H
distance of 1.61(4) A in 27, which is shorter than the range 1.75(4)-1.802(5) A deter-
mined in 11. The stronger Si—H interaction in 27 is apparently the result of a weaker
donor ability of the arene ligand compared with the cyclopentadienyl ligand, which
leads to a weaker backdonation from the chromium center. A similar correlation
between the r(Si—-H) and the J(Si—H) in complexes 12 has been discussed above.
Representatives of family 12, the compounds [MO(nz-HSiH3)(CO)({RzPCHz—}z)z]
(R = Ph, Et, Bu'),* are particularly interesting because (i) these are the first
examples of a silane o-complex of the prototypical silane SiHy, and (ii) because it is
the first system where an equilibrium is observed between the n?-form and the
silylhydride product of complete Si—H oxidative addition to metal, for the case of
R = Et [Eq. (6)]. The structure of the compound [Mo(n2—HSiH3)(CO)({BuizPCHz—}z)z]
has been determined but suffers from a disorder of the CO and SiH,
groups. However, it is clear from the X-ray structure that this compound,
like the analogous complexes [Mo(n2-HSiPhH2)(CO)({Et2PCH2-}2)2] and
[Mo(n2-HSithH)(CO)({EtzPCHz-}z)z], has the cis-orientation of the CO and
SiH, ligands.>®' This structural aspect has recently received a theoretical treatment
in a study aimed to elucidate the factors controlling the formation of the cis- vs.
trans-forms.** This difference between the silane and n2-H, c-complexes has been
attributed to a better ability of the Si—H bond to serve as an acceptor of the electron
density from metal through the backdonation component so that the observed
structure of 12 is the result of avoided competition between the o*(Si-H) and

1*(C-0) antibonding orbitals:
(\PEtz (\PEtz
o

SiH, EuP., | CO Elz”m.ul .
Mo(CO)(Et,PC,H,PEty), —— > ‘Mol H  —— Mo—H
Eup” ‘ \|_ B, \ \Sng (6)
k/PEtz SiH; k/PEtz :
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Silane o-complexes [M(1‘|2-HSiR3)(CO)5]29’83 are interesting in that here the
electron density of metal is effectively delocalized over five electron-accepting car-
bonyl ligands so that a situation of almost negligible backdonation is modeled well.
Therefore, the M-"HSi interaction in this system is very close to the 3c—2¢ limit;
thus, it is not surprising that these complexes are highly unstable.

4. Group 7 Metals

The silane c-complexes 11 have been intensively studied as discussed above and
in Refs. 2, 4, and 12-14. No examples of such complexes are known for technetium,
whereas the related rhenium complex [Re(H)(SiR3)(CO),Cp] has been concluded to
be classical on the grounds of a long-estimated Si—H distance of 2.2 A% Schubert
favors a classical description of the latter compound,'? whereas Kubas noted that
this distance may correspond to a stretched c-complex on the verge of oxidative
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addition.” Complexes [M(n2-H-SiH3_nCln)(CO)2Cp] (M = Mn, Tc, Re; n=1-3)
have been studied computationally at the MP2 and B3LYP levels and showed short
Si-H distances (B3LYP: range 1.728-1.732 A for M = Mn, range 1.879-1.881 A for
M = Tc, range 2.011-2.018 A for M = Re), indicating the presence of nonclassical
Si-H interaction.®® The length of the Si-H contact increases from n =1 to 3 and
down Group 7 in accord with the previous conclusion that heavier transition metals
and electron-withdrawing groups on silicon atom favor a deeper degree of the Si-H
bond oxidative addition. The rhenium complexes were concluded to be closer to the
classical end, attributed to their greater reducing ability and more diffuse d-orbitals.
It was established that for a given metal, the silane dissociation energies increase as
the number of chlorine substituents at silicon increases, in accord with the kinetic
studies of Graham'"'? and the theoretical predictions (Section IL.B and Ref. 13). As
discussed above (Section I1.C), the variation of the M—H and Si—H distances upon
changing n is minimal, whereas the M—Si bond contracts noticeably when n in-
creases. It was therefore concluded that the increase of dissociation energies with
increasing of numbers of chlorine substituents at silicon is the result of strength-
ening of the M-Si interaction, and this is not accompanied by weakening of the
Si-H interaction.*®

Taking into account that a set of fac-(CO); ligands is isolobal to a Cp~ ligand,
the cationic rhenium compounds [Re(HSiR3)(CO),(PR%)]" (28) are isolobal analogs
of the half-sandwich complex [Re(HSiR3)(CO),Cp]. However, the presence of four
m-accepting carbonyl ligands and a positive charge makes the fragment [Re(-
CO)4(PR’3)]" highly electrophilic®”*® with the effect that the backdonation from
metal is reduced significantly, leading to a strong Si—H interaction characterized by
increased J(Si—H) (60.9 Hz for R’ = Ph and 61.6 Hz for R’ = Cy) and small J(P-H)
(10.5 and 9.3 Hz, respectively).®”*® The compounds 28 were prepared by the reac-
tion of a rhenium alkyl precursor with HSiEt; in the presence of a Lewis acid:

R,P RP *
0Ci,, ‘ CO  [H(OEL)][BAL,] oCu,, ‘ CO HSiEt;
/"Ré\ —— /"Ré\ —_—
oc | CH, CH,Cl,, -CH, oc ‘ CH,
oC oC +
R,P
oC,, |,\\\C0 (N
‘Re
H
oc” | ™
oC SiEty
28

Complexes 28 are thermally unstable and decompose above 0°C.*” The very re-
lated unstable mono(phosphite) derivative [Re(n?-HSiEt3)(CO),(P{OCH,};CMe)]"
was characterized only by 'H NMR.* whereas the bis(phosphite) deriv-
ative [Re(n?-HSiR3)(CO);(P{OCH,};CMe),]* is more stable than 28 but ex-
hibits a similar J(Si-H) of 66Hz® Analogous manganese complexes
[Mn(n2-HSiR3)(CO);(P{OCH,};CMe),]" (R; = Et;; PhH,) were generated in a
similar fashion at low temperatures but the J(Si—H) could not be measured due to
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Mn quadrupolar broadening.®® On heating these compounds decompose via hetero-
lytic cleavage of the n?-H-Si bond, typical behavior for a cationic silane complex
because the silicon center becomes electron deficient upon coordination of the H-Si
bond to metal and thus activated toward nucleophilic attack.

The c-coordination of a silane has been proposed for the tripodal tren complex
[Re(n2-HSiHR;)(tren)] (29) on the basis of increased J(Si-H) observed for two
examples (R = Et: 44 Hz; R = Ph: 38§ Hz) and by analogy with the related dihy-
drogen complex [Re(n?-HD)(tren)] having the J(H-D) of 17 Hz (compared to 43 Hz
in the free HD and 30 Hz usually observed in dihydrogen complexes).’® This com-
pound should be classified as having the rhenium center in an oxidation state
intermediate between (III) and (V), corresponding to the ideal cases of a 3¢c—2e bond
and complete oxidation addition of silane, respectively. Since such an oxidation
state is not exceptionally high for rhenium, the only factor that seems to contribute
to the formation of a 5-complex is the low donating ability of the rigid tren ligand,
which may be due to the electron-withdrawing substituents on the nitrogen atoms.
It has been suggested that steric pressure to maintain the trigonal coordination
pocketgrglay be the factor controlling the preference for the formal Re(III) state over
Re(V).

_SiHR,
CeFs ‘
CF
(N,,,) ReN— 65
CﬁFS\\N } R = Et Ph
bN JSi-H), Hz= 44 38

5. Group 8 Metals

The iron subgroup exhibits a plethora of nonclassical M--"HSi interactions both
for mono- and dinuclear complexes.'? Iron in the high formal oxidation states IV
and ruthenium in the high formal oxidation states IV-VI are particularly prone to
form such species. Some of them having three or more hydrides will be discussed in
Section 1V.

The iron complexes [Fe(n?-HSiR3)(CO(PR;)Cp]* (30, R; = Et;, HPhy, MeHPh,
H,Ph; R} = Ets, Ph;)°! are isolobal analogs of the manganese system 11 and
chromium complexes 27 and are interesting in that they are rare examples of
cationic silane complexes. These species were generated upon protonation of
[Fe(SiR3)(CO)(PR;)Cp] by HBArj (Ar" = 3,5-(CF;),CsH3) at low temperature
and by dihydrogen displacement by silane in [Fe(n?-H,)(CO)(PR5)Cp]™ (Scheme
1). The complexes 30 are stable at room temperature in the presence of excess silane.
The occurrence of nonclassical Si—-H bonding was inferred from the observation of
increased J(Si—H) of 58-67.3 Hz, which is about 30 Hz larger than in the related
neutral complexes [Mn(n2-HSiR3)(CO)(PR/3)Cp]. Obviously, such an increase in
J(Si-H) is a combined effect of the smaller metal and the presence of a positive
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charge, which leads to the decreased backdonation from the metal (see Section
I1.B). These two factors are compensated for by the presence of a donating
phosphine ligand in place of carbonyl, so that the observed coupling constants are
comparable to the J(Si—H) in the dicarbonyl derivatives [MH(HZ-HSiR3)(CO)2Cp]
(for instance, 63.5Hz in [Mn(n2—HSiHPh2)(CO)2Cp/]).12

OC.H\/\Cr\/H T L_.um/Mn\/H 0 R'3P"“‘Fe\,H
OC  SiRy oC  SiRy OC  SiRy

T+

27 11 30
J(Si-H) = 80 Hz J(Si-H) = 54.8-65.4 Hz J(Si-H) =58 - 67.3 Hz

Analogous protonation of [Ru(SiCl3)(PMes),Cp] (31) by (H*OEt,)BAr} afford-
ed a cationic silane c-complex [Ru(n2-HSiCl3)(PMe3)2Cp]+ (32) characterized by
NMR spectroscopy and X-ray analysis.”> The increased coupling constant J(Si—H)
of 48 Hz suggests the presence of a Si—H interaction. The J(Si—H) shows small
temperature dependence, increasing to 51 Hz at —65°C. Such behavior can be at-
tributed to the anharmonicity of the Si—-H potential, leading to a shorter average
Si—-H distance at lower temperatures. The crucial hydride ligand found from the
X-ray experiment is only 1.77(5)A from the silicon atom, but the Ru—H distance of
1.60(5)A is normal.”> A comparison between [Ru(n2-HSiCl3)(PMe3)2Cp]Jr and the
parent complex 31°* reveals the elongation of the Ru-Si bond upon the formation
of a o-complex from 2.265(2) to 2.329(1)A and the decrease of the average Si—Cl
bond length from 2.119 to 2.043 ATt should, however, be taken into account that
31 has abnormally short Ru—Si and long Si—Cl bonds due to the negative hyper-
conjugation of the metal d-electrons with the antibonding orbital ox(Si—Cl), as
schematically shown below. For comparison, the related neutral complexes
[Ru(H)(SiCl;)(CI)(PR3)Cp*] have only marginally shorter Ru-Si bonds (range
2.3107(7)-2.3153(8) A) than 32.*
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Chirik et al. have recently shown that the neutral high spin diiminepyridine iron
fragment [Fe({(2,6-Pr5C¢H;)N = C(Me)},)(2,6-NCsH3)] can stabilize two 1> Si-H
silane bonds in the coordination sphere of iron.”> The bis(silane) adduct 33 was
prepared by dinitrogen substitution [Eq. (8)] and characterized by multinuclear
NMR spectroscopy in solution and X-ray structure determination. The compound
is fluxional at room temperature, but on cooling, a static structure with the Cg
molecular symmetry and two nonequivalent silane ligands was observed. The Si-H
bonds complexed to iron give rise to two high-field signals at —0.02 and —7.02 ppm,
assigned on the basis of NOESY and ROESY NMR experiments to the apical and
basal silanes, respectively. The 2°Si NMR spectra at —80 °C revealed two silicon
signals having the Si—H coupling constants (to the proton in the Si-H-Fe bridge) of
54 and 119 Hz, among which the larger J(Si—H) of 119 Hz corresponds to a shorter
Si—-H bond of 1.59(2)/0% in the basal silane. To date, this is the largest J(Si—H)
observed in an isolated silane c-complex. The smaller J(Si-H) of 54 Hz was found
for the apical silane, which has a longer Si—-H bond of 1.82(3) A, both these para-
meters fall in the range normally observed in silane c-complexes.'*'* The basal
Si—H bond is trans to the pyridine ligand and forms a much longer Fe—Si bond of
2.4733(7) A, compared to 2.3266(8) A found for the Fe-Si bond of the apical silane
that is trans to a vacant site and exhibits a stronger coordination to the metal. A
noteworthy finding is that the stronger coordination results in a reduced Si—H
coupling to both the bridging and terminal hydrogen atoms (54 and 196 Hz vs. 119
and 220 Hz, respectively), which suggests a rehybridization at silicon upon the Si-H
bond addition to metal. That is, more Si s character goes to the Si"H M bonding
but the Si—-H coupling diminishes as the M—Si bond builds up. As has been dis-
cussed in Section II.D, such a rehybridization can lead to a significant Si—-H cou-
pling even when the Si—-H bond is essentially reduced:

[
=
N _ N
| | 2 PhSiH; |
N N N N—
AT TRl Ar 2N, AT TRl M (8)
| N N SiH,Ph
N, H 2
N, PhH,Si-H K
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J(Si-H) = 119 Hz _/

33
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The first dinuclear p-silane o-complex of iron [Fez(u—H)z(p-stiBu‘z)Cp;‘]
(34) has been prepared by the reaction of silane H,SiBub with the dinuclear com-
pound [Fe,(u-H),Cp3], and the related compound [Fe(u-H),(u-H,SiPh,)Cp3]
was obtained by silane exchange reaction.”® A ruthenium analog, the complex
[Ruy(p-H),(n-H, SiBub)Cp3], is also known.”” These compounds resemble the his-
toric Graham’s complex [Re,(p-H,SiMe,)(CO)g] (6) in having two Si-H bonds
complexed to two different metal centers. A broad band at 1790cm™" in the IR
spectrum was assigned to the Si—-H-Fe vibration, and the metal-silicon bridging
hydrides were found by an X-ray study at short Si—-H distances of 1.60(5) and
1.64(5)A. The Fe-Si bond of 2.376(1)A is longer than the usual o-bond,
and although it is known that groups in a bridging position often have longer
bonds than the terminal ones, the comparison with the p-silylene derivative
[Fe,(n-H),(n-SiPh,)Cp;] (Fe—Si bonds of 2.2582(8) and 2.2549(8) A)*® allows one to
rule out an alternative p-silylene formulation [Fe,(pu-H),(H,)(u-SiR,)Cp3] for 34.
The relatively low value for 8(*°Si) of 71 ppm is also more consistent with the
nonclassical structure than with a dihydride-p-silylene formulation. No data on the
Si—H coupling have been given to verify the extent of Si—-H bonding.

34

There is a problem on how the presence of a small iron center in the high formal
oxidation state IV can effect the formation of a silane o-complex. In this regard,
two iron families, [Fe(H)(SiR3),(CO)Cp] and [Fe(H),(SiRj3),(arene)], are worth
discussing. Three crystal structures are known for the complexes [Fe(H)(SiR3),
(CO)Cp] (R; = F>CH;3,” C15,' and Ph(CH;),'), among which the hydride
was found directly from an X-ray diffraction study only in the structure of
[Fe(H)(SiF>,CHj3),(CO)Cp]. The observed Si—H distance of 2.06(7) Ais independent
of the variation of the Fe-H distance (changing the Fe-H distance in the range
1.4-1.6A gives the Si—H distance range of 2.04-2.09 A) and of the X-Fe-H bond
angle (where X is the centroid of the Cp ring). Varying the latter angle from 117.5 to
127.5° corresponds to changing the Si—H distance in the range 2.02-2.11 A, and
therefore this value of the Si—H distance is mainly the result of the small Si—Fe-Si
bond angle. This suggests that similar Si-H contacts can be expected for the
other two compounds too. Schubert suggested that these species may contain a
classically bonded SiRj group and a o-complexed H-SiR5 ligand,'> which would
make them isoeclectronic and isostructural analogs of the manganese complexes
[Mn(n2-HSiR3)(PR’3)(CO)Cp] (the anion SiRj is isolobal with PR’) and of the iron
complex 30 discussed above, but this contradicts the similarity of geometrical para-
meters of both silyls. A coupling constant J(H-Si) of 20 Hz was measured for the
compound [FeH(SiCls),(CO)Cp],>® which, although slightly larger than the
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normally observed one in classical silylhydride derivatives,'®> was rationalized as
indicative of the classical nature. Alternatively, these compounds may contain two
simultaneous Si—H interactions similar to the multiple H"Si~"H interactions dis-
cussed in Section IV. A computational study on the electron density distribution
and the sign of J(H-Si) is required to resolve this bonding dilemma.

The formal Fe(IV) complexes [Fe(H),(SiR3),(n%-arene)] do not have a m-accept-
ing ligand such as carbonyl but contain a combination of a small metal from
the first transition series in a high formal oxidation state and a weakly donating
arene ligand, all three factors being good for the formation of a o-complex.” The
crystal structures of [Fe(H),(SiCls),(n%-arene)] (arene = C¢Hg, toluene, and
p-xylene) and of [Fe(H),(SiF3),(n°-toluene)] are available and show slightly longer
Fe-Si bonds in the SiF; derivative (2.251(5) and 2.261(5) A) compared with the
SiCl; derivative (range 2.207(3)-2.226(2) A).102’103 Such a trend is unusual since the
electron-withdrawing groups on silicon are expected to render the Si-M bond
shorter in accordance with Bent’s rule. These values can be compared with
what is seen forthe four-leg piano-stool complexes [Fe(H)(SiCl3)2(CO)Cp]
(2.252(3) 1&) and [Fe(H)(SiMeF,),(CO)Cp] (2.249(1) A) which may be nonclassical
(see above). However, a set of arguments exists for the classical description of
the complexes [Fe(H),(SiR3),(n®-arene)]. Thus, the Mdossbauer spectrum of
[Fe(H),(SiCl3),(n%-toluene)] is in accord with the Fe(IV) oxidation state and the
measured J(Si—H) of 15Hz was interpreted to signal the absence of a Si—H inter-
action in accordance with Schubert’s criterion of 20 Hz. It is however noteworthy
that the longer Fe—Si bond in the SiF; derivative corresponds to the higher field
shift of the hydride resonance (—19.0 ppm vs. —17.07 ppm), which may indicate the
presence of some Si—H bonding in the former. A computational study may help to
elucidate the bonding situation in these compounds.

The addition of silanes HSiR; (R3 = MeCl,, Cl;, PhH, or PhHSiPhH,) to
the unsaturated species [RuCIl(R3P)Cp*] affords the adducts [Ru(H)(SiRj)
(C1)(PPry)Cp*], which were originally described as classical according to the
low Si—H coupling constants (<20 Hz'?), measured at room temperature.’*'**103
In contrast, the silane HSiMe,Cl reacts at room temperature to afford
the dihydride derivative [Ru(H),(SiClMe,)(PPry)Cp*], but an intermediate
[Ru(n?-HSiCIMe,)(CI)(PPri)Cp*] (35) can be trapped below —10°C.'% The 'H
NMR spectrum at —40 °C reveals a hydride signal at —9.65 ppm flanked by the *Si
satellites with the J(H-Si) = 33.5 Hz, suggesting the presence of a Si—-H o-interaction.
The adduct [Ru(n2-HSiPhMez)(Cl)(PPrg)Cp*] (36), exhibiting a similar J(H-Si) of
32 Hz, is even less stable and is observed only at —90 °C. No silicon-hydride cou-
pling can be resolved in the hydride region of [Ru(HSiH,Ph)(CI)(PPr3)Cp*]
(37),1°41% but cooling to —10 °C affords a J(H-Si) of 30 Hz, suggesting a structure
similar to that of 35 and 36. The formulation of 35-37 as o-complexes is in accord
with the high formal oxidation state IV of the metal and the presence of an electron-
withdrawing chloride ligand on ruthenium.’ Taking into account the isolobal
relationship of the silyl and phosphine ligands, the complexes 35-37 can be con-
sidered as isolobal analogs of the c-complexes [Ru(nz-HSiCl3)(M€3P)2Cp*]+ 2 and
[Ru(nZ—Hz)(Cl)(PPhPrlz)Cp”‘].107 A weak Si—H interaction may be present in the
compound [Ru(n2-HSiMeCIQ)(Cl)(PPrg)Cp*] too, since this easily eliminates the



Recent Advances in Nonclassical Interligand Si--H Interactions 243

silane upon reduced pressure or addition of a phosphine.”® The remarkable feature
of 35 is that according to the X-ray structure and DFT calculations it has simul-
taneously a residual o-Si—H interaction and the stabilizing RuCl - Si—ClI hyperva-
lent interaction, stemming from the donation of the Ru-bound chloride lone pair to
the o*(Si—Cl) antibonding orbital of the silane. The latter bonding results in the
elongation of the Si—Cl bond to 2.155(1) A, a value beyond the range 2.094-2.149 A
found for classical chlorosilyl complexes.'?® The Si—H coupling constant, calculated
for the series of model complexes [Ru(H)(SiMes_,,Cl,)(Cl)(PMe3)Cp] (n = 0—3)
is negative and increases from —23.0 to —0.4Hz as n rises from 0 to 3, corre-
sponding to a decrease of the Si—H o-interaction. The RuClSi hypervalent in-
teraction is absent in [Ru(n’-HSiMe;)(Cl)(PMe;)Cp] and decreases from
[Ru(n2-HSiMe,CI)(CI)(PMe;)Cp] to [Ru(H)(SiCl5)(Cl)(PMe;)Cp]. The rotation of
the silyl group in [Ru(n?-HSiMe,Cl)(Cl)(PMe;)Cp] was also found to weaken the
RuCl - Si interaction because it breaks the favorable trans position of the chloride
on ruthenium and the silicon-bound chlorine, but does not affect the Si—H
o-interaction much:'%
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The unsaturated complex [Ru(Cl)(SiL,)Cp*] of a stable West-Denk-type silylene
is an analog of the compound [Ru(Cl)(PPr3)Cp*] through the isolobal relationship
between the silylene SiL, and phosphine. However, in contrast to the formation of
the phosphine species 35-37, the addition of H5SiR to [Ru(CI)(SiL,)Cp*] does not
give a hydride silyl(silylene) derivative but rather a bimetallic species 38 having the
Ru-H-Ru, Si-H-Ru, and Si~CI-Ru bridges [Eq. (10)].'%® The structure of 38 was
assigned on the basis of "H and *°Si NMR data, and confirmed by an X-ray study
of one of the complexes (R = n-hexyl). The hydride atoms were not found but the
presence of a SiH - Ru interaction was derived from the observation of
J(Si—H) = 42 Hz and a broad band at 1869 cm™" assigned to the n2-Si—H bond:
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No well-defined silane o-complexes are known for osmium. The comp-
ound [OsH(SiEt;)CI(CO)(PPr3),] has been found in equilibrium with the
dihydrogen species [Qs(nz-Hz)(SiEt3)Cl(CO)(PPrg)z], rather than with [OsH
(n*-HSiEt;)CI(CO)(PPr}),], as judged by the measurement of short relax-
ation time 7, =17ms for the hydride signals,'” but the related com-
pound with phenyl groups on silicon could be the silane c-complex [OsH
(n?-HSiPh3)CI(CO)(PPr}),].'" The calculations at the MP2 and MP4 levels of a
model system [OsH,(SiH3)Cl(CO)(PH5),] reveal that both the n?-H, and n>-HSiH;
forms are close in energy''” so that the preference of one form vs. another can be
the result of subtle factors such as different substitution at silicon or phosphorus
atoms.

6. Groups 9—10 Metals

At the moment there are no experimentally characterized silane c-complexes of
cobalt and nickel, but several mononuclear species are known for their heavier
analogs.'® Crabtree’s iridium complex [IrH»(n?-HSiEt3),(PPh;3),]t is noteworthy in
that it was proposed to contain two m>-coordinated silane groups and also as an
example of a cationic silane 5-complex,''! which would be the first representative of
this kind. No doubt, the reason for the incomplete addition of the Si—H bond is the
presence of a positive charge and the high formal oxidation state of the metal in the
otherwise Ir(VII) tetrahydride bis(silyl) species. The structure of this and the related
complex [IrHy(n?-HSiEt;)(MeOH)(PPh;),]" was deduced on the basis of kinetic
data on the catalytic silane alcoholysis and by analogy to other o-complexes. Some
stereochemical information for these complexes was derived from '"H NMR, which
was consistent with the cis position of the two phosphine ligands, each of which was
trans to a silane ligand and also consistent with the trans positions of two classical
hydride ligands. However, no data on the J(Si—H) or solid state structure of these
highly fluxional and unstable compounds are available.

The Rh(V) half-sandwich complex [RhH(SiEt;),Cp*] has been found by ND to
possess isolated silyl and hydride ligands with long Si-H contacts of 2.212(2)A
thought to be nonbonding and corresponding to low J(Si-H) of 7.9Hz.''> The
related iridium complex [IrH,(SiEt3),Cp*] exhibits even longer Si—H distances
(2.272(2) and 2.384(2) A).""> All experimental data point to the classical nature of
these compounds, which should be considered as remarkable taking into account
that other Rh(V) and Ir(V) compounds are strong oxidants''*'"3 and therefore, an
intramolecular oxidation of the H™ and SiEt; ligands to give a n?-HSiEt; ligand may
have seemed plausible. It was noted that [RhH,(SiEt3),Cp*] was sterically strained
due to the repulsion of the bulky Cp* and SiEt; ligands.'"”

Steric strain appears to be the main factor leading to the formation of a non-
classical structure for the closely related trisilyl complex [RhH(SiEt;)(Si-
Me;),Cp]."'* The hydride exhibits a J(Si-H) of 24.3Hz to the SiEt; ligand and
J(Si—H) of 6 Hz to the SiMe; groups, leading on the basis of Schubert’s criterion of
20 Hz to the formulation of a silane c-complex [Rh(nZ-HSiEtg)(SiMe3)2Cp] (39). If
this formulation is correct, the g-complex is formed from the bulkiest silyl SiEts,
which should provide the greatest relief of interligand repulsions through the
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elongation of the Rh-SiEt; bond. And indeed, the lower rhodium-silicon coupling
constant for the SiEt; group (19.2Hz) corresponds well to the larger J(Si-H)
(compare with J(Rh-Si) of 33.3Hz for the SiMe; group), suggesting weaker
Ru-SiEt; bonding. The related complexes [Rh(H)(SiEt;);Cp], [RhH(SiEt3),(Si-
Me;)Cp], and [Rh(H)(SiMe;);Cp] all have J(H-Si) values <20Hz (12.8, 19.3Hz
(SiEt) and <3 (SiMe), 13.5Hz, respectively) but a dynamic process that places
different silyl groups in the n?-position has been proposed.''* One should take into
account that the metal-ligand and ligand-ligand potentials in these silylhydride
systems can be rather soft and highly influenced by the solvation and crystal-
packing effects, which may at least partly account for the observed discrepancy
between the solution and solid state experiments. These polysilyl complexes appear
to be good candidates for a theoretical study of the Si-H bonding in highly
stretched silane o-complexes. This conclusion is further supported by the recent
observation that the complex [RhH,(SiEt3)(Bpin)Cp] (Bpin = (pinacolato)boryl)
has some degree of B-H interaction.'' Since the vacant orbital on boron is ef-
fectively involved in conjugation with the oxygen p-orbitals, such a “p-saturated”
boryl can be considered as an analog of a silyl ligand,'® and thus the complex
[RhH,(SiEt;)(Bpin)Cp] is related to [MH,(SiEt;),Cp*] (M = Rh, Ir).

The Rh(III) complexes [Rh(H)(SiR;)(z-butylacrylate)Cp] (40) exist in two
isomeric forms of comparable energy, interconverting through an int-
ramolecular process that does not involve a reversible [1,3] hydride or
[1,3] silyl migration.''® The formation of a silane o-complex intermediate,
[Rh(n?-HSiR3) (¢-butylacrylate)Cp], was invoked to account for the dynamic 'H
NMR data. In the case R = OMe, the silane c-complex was estimated from kinetic
data to lie 10 kJ mol~" higher in energy than the silylhydrido form. The H-Si cou-
pling constants in 40 for R = Me or Et are in the range 15-19 Hz but increase to
38 Hz for R = OMe. Such a large value, significantly exceeding Schubert’s criterion
of 20 Hz, was attributed to a two-bond coupling, increased by the presence of three
electron-accepting groups at silicon due to the Bent’s rule effect. This conclusion is
further substantiated by the observation of a much larger rhodium-silicon coupling
(39 Hz) in comparison with the J(Rh—Si) of 18-30 Hz observed for other R’s on
silicon. With only one electron-accepting group at silicon present, i.e. R3 = CIMe,,
the J(Si-H) is also small (15Hz). If such a large silicon-hydride coupling in
[Rh(H)(Si(OMe);)(z-butylacrylate)Cp] is indeed via two bonds, a critical revision of
the assignment of nonclassical structures on the basis of J(H-Si)>20Hz will be
required. This is particularly relevant to the compounds like the tantalum complex
25 and the rhodium complex 39, where the presence of a nonclassical Si—H inter-
action is not supported by independent evidence.

Reaction of the compound [Rh(Me)(CICD,Cl)(PMe;)Cp*]™ with 3-5 equiv.
of HSiR; (R=Me, Et) at —60°C gives a silyl (n?-silane) complex
[Rh(n?-HSiR3)(SiR3)(PMe3)Cp*]* [41, Eq. (11)] characterized by the observed cou-
pling constant J°*(H-Si) measured from the >Si satellites in the '"H NMR spectrum
(28.5Hz for R = Me and 27.8 Hz for R = Et).""” Since these compounds are highly
fluxional, exchanging the hydride between the silyl and silane sites, these values of
J°% correspond to the genuine 'J(H-Si) of 57Hz for R = Me and 56Hz for
R = Et. An exchange between the n?-silane and free silane HSiEt; was observed in the
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case R = Et. In solution 41 eliminates the disilane R3Si—SiR3 and, after addition of an
equivalent of HSiRj, rearranges into a species with the possible formulation
[Rh(H)(n2-HSiR3)(PMe3)Cp*]™ or [Rh(H),(SiR3)(PMes)Cp*]*. No »Si satellites
were observed, which either indicates a classical structure or is due to a rapid exchange
of the hydride and the Si-H sites and the loss of thus diminished J°® (J°*=!J(Si —
Hierm)+2J(Si — Hgy)) in the signal width (v, 2~ 50 Hz)''® (see, however, the discus-
sion of the relative signs and magnitudes of 'J(Si-H) and 2J(Si-H) in Section I1.D). A
similar result was obtained for the reaction of [Rh(Me)(CICD,Cl)(PMe;)Cp*]* with
excess HSiPh;, whereas a reaction with 1 equiv. of the silane affords the agostic
complex [Rh(n2-HSith-C6H4-)(PMe3)Cp*]Jr discussed in Section II.LF.2. In analo-
gous iridium chemistry the product was formulated as an Ir(V) compound
[Ir(H),(SiMe;)(PMe;)Cp*] ™ on the basis of NMR data:''®

I + R

xs HSiR \ .
Rhe . Rh—_ 1R
60T .
MeP i _H 11)
©s CICH,CI PrsPSir, (
BAr, BAr,
41

Ar'= 3,5-(CF;3),CcH3)

The only example of a monomeric silane o-complex of palladium was suggested to
arise from the reaction of a cationic diimine complex [Pd(Me)(N(OCH,CH,CH,O-
Me)=CMe),] " [B{CcH(CF3),-1,2}4]~ with the silane HSiEt; at —78°C, but the
product was characterized only by '"H NMR. On warming to room temperature it
decomposes, giving the products of Si-H cleavage, a behavior typical for cationic n?-
silane complexes. In the analogous platinum chemistry the product is the correspond-
ing cationic silyl hydride complex.'"

However, many bimetallic species of Pt and Pd with nonclassical Si~HM
interactions have been discovered and are thoroughly described in the previous
reviews.'*'*?? Some related recently studied complexes of this type are [Pd,
(1, n2-H-SiPhy),(PMe3)5],'"*°  [PtRh(p-H)(, n*-H-Si{CsH4F-p})(SICH{CsHaF-p}y)
(PMe3),L."*" [Pdo(pn>H-SiH{2-Pr'-6-MeCeHa})2(PMes_,Ph,),].'*  [Pds(p, n-H-
SiPh,), (PCy;),],'** and [PdPt(p, n2-H-SiPh,),(PCy;),].'*

The gas-phase interaction of H;C—CH,-SiH; and its analogs H3;C—CH,—XH;
(X = C, Ge) with Ni™ has been studied computationally by means of B3LYP
calculations and AIM study.'?* Several c-complexes have been found on the po-
tential energy surface for all the (hetero)propanes, but the structure of the global
minimum crucially depends on the nature of the element X. For X = Si and Ge a
n2-complex 42 is the most stable species, whereas for propane a 1,3-chelate system
43 with two n'-C-H M interactions lies lower in energy. NBO (Natural Bond
Orbital) analysis of the electron density of 42 revealed the existence of two dative
interactions from the X-—H o bond supported by backdonation from nickel in
accord with the conventional DCD scheme (see Section II.B). The high value of
electron density in the bond critical points (0.096e* au™" for Si and 0.101e* au™> for
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Ge), revealed by the AIM study for the X—H—Ni interactions, and the negative sign
of the energy density establish the covalent nature of these interactions. These
nonclassical species 42 and 43 are particularly stable for X = Si, Ge, which has been
attributed to the higher electron-donor ability of these XHj; groups.

H, H,
. H C H C H
Ni/\\E/ \CH3 \E/ \C/

\“o\ o i,
/ H \ H ‘ 1 “/H
. i St
1.660 Ge 17sc/ NOAL 1728 C
1,685 Si 1736 Si
0 1609 Ge 43 1,739 Ge

7. Group 11 Metals

No experimental data exist for the silane complexes of copper and its analogs but
the complexation of H;C-CH,—XH; (X = C, Si, Ge) to Cu" has been studied
computationally by means of B3LYP method supplemented by AIM analysis.'*
Structures similar to 42 and 43 with the corresponding bond critical points have
been found. The comparison of propane with ethylsilane and ethylgermane shows
that the XH bonds, where X = Si or Ge, are both better electron donors and
electron density acceptors than the C—H bond, but in all cases the donation com-
ponent predominates. For example, the calculated second-order NBO orbital in-
teractions have the following ratios of donation/backdonation energies (in
kcalmol™") for the copper analog of 42: 14/4.7 for C, 45.1/11.5 for Si and 53.9/
13.7 for Ge. Comparing different metal ions, the coordination of the species
H;C-CH,-XH; to Cu? is weaker than Ni™, which is due to the more efficient
donation and backdonation interactions in the case of nickel. This difference was
ascribed to the nickel monocation being an open-shell system.'*

F. Si-"H M Agostic Bonding

Si“HM agostic bonding is usually described in terms of the DCD scheme
discussed in Section II.B and is experimentally identified by means of the same
structural and spectroscopic criteria used for silane o-complexes. The difference
between the agostic bond 8 and o-bond complexation, as in 7, is the presence of a
supportive link to the metal in the former, which can be either a sequence of atoms,
as in the case of B- (one atom), y- (two atoms), 6- (three atoms), and so on agostic
species, or just a chemical bond between M and Si (classified as a-agostic inter-
action). Formally speaking, the bimetallic complexes 16, 17, 22, 34, and 38 and
related compounds should also be regarded as agostic, although sometimes their
classification in terms of B, y, & etc. species can be dubious (see, for example,
structures 16 and 22). Agostic interaction is often considered as an intramolecular
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version of 7, which is a quite correct description in the case of long-chain agostic
species having flexible bridges. However, as we shall see below, short and rigid
chains may impose essential restrictions on the interaction of the Si-H bond with a
metal. The Si-"H M a-agostic interaction is particularly a recently discovered
phenomenon and its theoretical description is still in its infancy. The following
discussion will be systematized according to the length of the link and the nature of
bridging atoms.

1. 8- and Other High-Order Si~*H*M Agostics

Relatively little work has been done on high-order Si-"H M agostic interactions
and, no species of an order higher than d-agostics have been reported, which might
be due to entropic effects.

Addition of the silylphosphines H-SiR,CH,CH,PPh, (R = Me, Ph) to
[Mn(CO);Cp’] under photolytic conditions affords the J-agostic product
[Mn(n?-H-SiR,CH,CH,PPh,)(CO)Cp'], characterized by spectroscopic methods
and X-ray study of one of the products (R = Me)."?® The spectral and structural
properties of these derivatives are very similar to those of other manganese com-
pounds of the family 11, showing no specific effect of the long-chain agostic bond-
ing on the extent of the Si—-H complexation to metal.

The related family of tungsten compounds [W(n?’-H-SiR,CH,CH,PPh,)(CO),]
(44) was prepared analogously by a photochemical reaction of [W(CO)s] with
HSiR,CH,CH,PPh,:'?’

CO py
hV OC' ,,,,, | ‘\\P
W(CO)s +  HSiR,CH,CH,PPh, W \
B -20 °C
o™ |\/SiR2 (12)
coH
R Ph Me
JSi-H),Hz 98.1 952 u“

IR data for the CO region of 44 are consistent with the octahedral geometry of these
complexes, whereas the large Si-H coupling constants indicate the presence of
strong Si—H bonding. The values of 98.1 (R = Ph) and 95.2 Hz (R = Me) come at
the upper end of J(Si—H) usually observed in silane c-complexes (40-80 Hz);'*!?
thus, in 44, the Si—H bond is not very stretched. Schubert suggested that this can be
a feature of the agostic interaction, so that “incorporating Si-H bonds into a
chelate system allows one to arrest the oxidative addition of the Si—H bonds at an
earlier stage than in corresponding nonchelated complexes.”!?” Relatively large
J(Si—H) are indeed often observed in other Si-"H~M agostic systems, but the
related unchelated [W(n?-H-SiR3)(PR;)(CO),] is not available for direct compar-
ison with 44. It is still unclear whether the large J(Si—H) in 44 is the result of the
presence of four electron withdrawing carbonyl ligands or is due to a specific
chelate effect, but there is no doubt that the latter does help to stabilize the system.
The compound [W(n2—H—SiPh3)(PPh3)(CO)4] is too unstable,'?’” whereas the coor-
dination of silanes to the less electrophilic fragments [M(PR3),(CO);], as in Kubas’s
complexes 12 and their tungsten analogs, results in smaller J(Si—H) of 30-60 Hz,
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and some of them, such as [W(H)(SiH,Ph)(PR;)»(CO)s] (R = Cy, Pr'), are classical
silylhydrides. A related dimeric species 45 also has a reduced J(Si-H) of 52 Hz,
which probably corresponds to a more stretched Si-H interaction.'?®

Ph,

o si-H co .
oc,,,\w/ N P L

. i W.
Prl3p// / :CO
0c  p---si Co
Ph,
45

2. y-Agostic Si~"H M Interaction

The first example of a y-agostic Si-"H M interaction was reported for the com-
pound 46 obtained via unusual thermal rearrangement of the silylhydride precursor
[Ta(H)(Si{SiMes}3)( = N{2,6-PrsCsH3})(Cp*)].”°

> | f t;»=8.5h, RT > Z_,H

i . w H
Pr //' a _— pr T\
N \Si(SiMe3)3 N /I_‘I\C SiMe,
2 \Si (1 3)
(SiMe;3),
Py Pt
46

The connectivity of 46 was inferred from spectroscopic data that show (‘"H NMR)
the presence of diastereotopic methylene hydrogens, a hydrogen substituent at sil-
icon and a Ta-bound hydride. The Si—H signal (2.57 ppm) was found ca. 2 ppm in a
higher field than expected for a typical Si-H group, which suggests that this group is
involved in nonclassical bonding. An exceptionally large coupling constant of 9 Hz
between the Ta—H and Si—H hydrogens was observed, which cannot be due to a
5-bond coupling. The ?°Si NMR spectrum revealed a large J(Si—H) of 78 Hz that is
slightly temperature dependent, whereas the IR spectrum shows the Si—H stretch at
1726 cm™", well below the typical values found for the Si-H bond (usually around
2150cm™"). The connectivity of 46 was further confirmed by the hydrolysis with
H,0 or D,0, which gave the silane product Me,HSi-Si(SiMe3),-CH,-H(D). Alto-
gether, these data establish that the Si—H hydrogen is involved in a nonclassical
interaction. The value of J(Si—H) of 78 Hz is interesting in that it is noticeably lower
than the values observed in other formally d° Si-"H-"M agostic complexes (usually
about 150 Hz), in which backdonation is absent. The reason for such a low coupling
is not quite clear, although the presence of a donating silyl substituent at the
v-silicon atom could be a possibility. In the nonclassical disilyl cation 15, however,
the value of J(Si-H) is only 39 Hz.®
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Rhodium complex [Rh(SiPhs)(CICD,Cl)(PMes)Cp*] ", prepared by the C/Si ex-
change between [Rh(Me)(CICD,CIl)(PMe;)Cp*]™ and an equivalent of HSiPhs at
—80 °C, rearranges above —40°C to the agostic compound 47 [Eq. (14)]."" The
J(H-Si) of 84 Hz determined from the >°Si satellites suggests the presence of a H-Si
bond coordinated to the Rh(III) center. In the related iridium chemistry the ac-
tivation of the Si—H bond proceeds further to give an Ir(V) derivative [Ir(H)(-SiPh,-
CesHa-)(PMe;3)Cp*] i

+ ]+

""" "Me _— /Rh\
>-40°C )
i \ S VT 14
Me;P CICH,CI PP g Sl\ Ph,  BAr, (14)
_ Ph,
BAr',
47

Ar'= 3,5-(CF;),C¢Hy)

Another example of y-agostic Si-"H M interaction has been recently reported
for the platinum complex 48 obtained by the insertion of dimethyl acetylenedicar-
boxylate into the Pt-Si bond of [Pt(SiHPh,),(PMes),] [Eq. (15)]. 48 was charac-
terized by a Pt—H coupling constant of 14 Hz and a J(Si—H) of 196 Hz, the latter
value being slightly reduced compared with 206 Hz in the free Ph,SiH(CH = CH,).
These data and a small red shift of the Si—H vibration vs. free silane (2078 cm ™' vs.
2124 cm™") were interpreted to signal the occurrence of agostic bonding."*® Similar
features were observed for the cis-isomer of 48 and the related dmpe derivative. The
X-ray structure of 48 revealed that the Si-H bond was directed toward the platinum
atom to give a long Pt—H contact of 2.93 A and a long Pt-Si distance (3.657(2) A).
This structural feature strongly resembles the coordination of the Si—H bond to the
zirconium atom in 22. In both cases, the interaction between the metal and the Si-
bound hydrogen is rather weak; it is tempting to speculate that, at least in the
former case, this is due to the rigidity of the alkenyl bridge, which prevents a closer
approach of the Si-H bond to the metal from the vertex of a square pyramid.
Although y-agostic bond in 48 is weak, it is apparently related to the reversible
silane elimination from cis-48 to give a silametalacyclobutene derivative [Pt
{-SiPh,C(CO,Me) = C(CO,Me)-}(PMes),].

SiPh, SiPh,
v o v e
Me;P. _SiHPh, zC=cz Me3P.,"’ E C// H,SiPh, MC3P‘,,‘J 3 C//
“pe” - . P N, P Ny
Me;P \SiHth Me;P SiHPh, HPh,Si PMe,
48

Z =CO,Me

(15)
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3. B-Agostic Si"H M Interaction

B-Agostic Si"H M bonding is the oldest and best studied type of agostic in-
teractions involving silicon atoms. Such interactions are known for carbon
(7 classes of complexes), phosphorus (1 example), and nitrogen (5 examples) bridg-
ing atoms. With few exceptions, the known B-agostic Si"H M interactions have
the J(Si-H) > 100 Hz, i.e. are intermediate between those normally observed in si-
lane o-complexes (range 40-80 Hz) and free silanes (180-200 Hz). Such large values
suggest a strong Si—H interaction and hence a weak complexation of the Si—H bond
to metal. The reason for this appears to be the additional stabilization provided by
the atom in the a-position holding the Si—-H bond in close proximity to metal, so
that a stable structure can be achieved for a rather early stage of the Si-H bond
oxidative addition. The silane o-complexes with a comparable degree of Si—H ac-
tivation are probably too unstable toward silane elimination to permit their
isolation and characterization by common techniques (see, however, the compound
33 as an exception). In spite of this, many X-ray characterized structures have
the M—Si and M—H distances close to the values found in classical silyl and hydride
complexes, whereas the Si—-H bonds appear to be somewhat shorter than in silane
o-complexes. The following discussion is systematized according to the type of
bridge.

a. Carbon Bridges

An interesting feature of the B-agostic Si-"H M interactions with carbon bridges
is that with one exception, all known complexes contain an unsaturated carbon
center forming multiple bonds either to metal or other substituents at carbon. Thus,
most of them are observed for silyl-substituted alkene or alkyne ligands coordinated
to metal through their n-system (beside the Si—-H bond). This feature appears to be
merely a coincidence because the theory does not require any unsaturation at the
bridging atom for the agostic interaction to occur. The first agostic compound from
this series, 49, was generated by photolysis of the 18e Fischer carbene complex
[W( = C{NMe,}SiHMes,)(CO)s] [Eq. (16)]."*" The Si-H bond coordination to
metal stabilizes this otherwise unsaturated 16e complex formed upon CO extrusion:

CcO CcO
’ s\CO /NM62 v €O NMe,
OC—W— e  OC—W—C
-CO !
OC/| /SlMesz OC/ SliMesz (16)
CO 0 ]~_I/
49

In 49, the "H NMR signal of the Si-H group at —2.40 ppm is shifted to higher field
relative to the Si—H signal of the starting compound (6.56 ppm), indicative of the
participation of the hydrogen atom in the formation of a bridge. The strongest piece
of evidence for the W-"H "Si bond comes from the observation of a large J(Si—H)
of 109 Hz. This is about twice as large as normally observed in silane c-complexes
but lower than in other carbon-bridged B-agostic complexes discussed below. The
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X-ray structure analysis of 49 revealed that agostic bonding causes a severe dis-
tortion of the carbene ligand, so that the W—C-Si bond angle is reduced to 87.8(6)°,
compared with 113.1(4)° in the starting complex. The hydride atom was, however,
found closer to the silicon atom, the W-—H and Si—H distances being 2.1(1) and
1.5(1) A, respectively.'?!

The magnesium reduction of titanocene dichloride in the presence of alkynyl-
silanes affords a family of agostic complexes 50 (Scheme 2).'*? The same com-
pounds can be obtained by the acetylene exchange reaction starting from
[Ti(n?-Me;3SiC,SiMes)Cp,].'** The analogous zirconocene complexes were pre-
pared by acetylene exchange/THF extrusion reaction between
[Zr(n?-Me3SiC,SiMes)(THF)Cp,] and the alkynylsilane RC = CSiMe,H.'*

The X-ray structure determination of complex [Ti(n*-H-SiMe,C= CBu")Cp,]
reveals the Si-H bond coordinated to titanium to form a Ti-H bond of 1.82(5)A
and the Si—H bond of 1. 42(6)A both in the normal ranges for these bonds.'** The
X-ray structure of the related complex [Zr(n*-H-SiMe,C = CBu")Cp,] (Fig. 3)
shows a normal Zr—H bond (2.042(4) A) and elongated Si-H bond (1.634(4) A)
which nicely corresponds to a smaller J(Si—H) (vide infra).'** The salient feature of
both structures is the trans-conformation of the alkyne ligand, which is in contrast
to the parent compounds [Ti(n?-RC= CR)Cp,] where only cis-conformation is
found. It is this distortion which allows for the close proximity of the Si-H bond
and the metal. Another interesting feature is the somewhat contracted Si-C bonds
(1.787(3) and 1.766(6) A), which implies a partial multiple character and suggests
that these species can be considered as intermediates toward the hydride(silaallene)
complexes (ordinary Si—C bonds are found in the range 1.87-1.97, whereas the
Si=C bond in a silaallene is 1.04 A).B 2 Complexes 50 and their zirconium analogs
exhibit Si-H coupling constants in the range 68—123 Hz (Table I),'** which is sig-
nificantly less than a one-bond Si—H coupling in free silanes but exceeds the values

Me3S\i %
e C_/
“ |
Me;Si

Mg, RC=SiMe,H RC=SiMe,H

fA

- MgCl, - Me;SiC=SiMe;

SCHEME 2.
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FiG. 3. The molecular structure of complex [Zr(n*-H-SiMe,C = CSiMe;)Cp,]. (Reproduced from Ref.

132, with permission from Wiley-VCH.)

TaBLE 1

SELECTED SPECTROSCOPIC DATA® FOR COMPLEXES 50 AND THEIR ZIRCONIUM ANALOGS

Compound IR v(SiH), NMR & (‘H) NMR
WC=C) (ppm) J(Si-H) (Hz)
(em™)
[Ti(n*H-SiMe,C = CBu")Cp,] 1747, 1685 —3.74 123
[Ti(n*-H-SiMe,C = CPh)Cp,] 1752, 1737 —5.96 99
[Ti(n*-H-SiMe,C = CsiMe3)Cp,] 1766, 1685 —5.24 117
[Ti(n*-H-SiMe,C = CBu')Cp-*] 2081, 1614 4.47 183
[Ti(n*H-SiMe,C = CBuY)THL,]° 2090 3.97 185
[Ti(n*-H-SiMe,C = CBu')(n°~CsH4)»(SiMe,)] 1753 —6.54 100
[Ti(n*H-SiMe,C = CBu")Cp.] 1689 —3.74 72
[Zr(n*-H-SiMe,C = CPh)Cp,] 1688, 1617 —3.55 88
[Zr(n*-H-SiMe,C = CsiMe3)Cpa] 1700(br) —4.29 68

4The data in the temperature range 297-303 K.

®THI, tetrahydroindenyl.
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normally found for silane c-complexes. The Si—H stretches in the IR spectra are
shifted to lower wave numbers and are found in the range more typical for the
C=C triple bonds than for the Si—H vibrations.

The data for the sterically hindered compound [Ti(n*-H-SiMe,C = CBu")Cp3]
show that steric factors can prevent the coordination of the Si—-H bond to metal.
For this reason, the zirconium complexes, which have a more open space around
the metal, tend to exhibit stronger complexion of the Si-H bond. In both
the titanium and zirconium series, the Si-H coupling constants decrease on low-
ering the temperature (for [Ti(n*H-SiMe,C = CBu')Cp,] from 123 Hz at 303K to
93 Hz at 193 K), accompanied by a high-field shift of the hydride resonance (from
—3.74 to —7.32 ppm). This behavior was rationalized in terms of the contribution
of a Si—-H uncomplexed form at higher temperature rather than as a decrease of
the Si—H interaction. The alkynes having two Si-H groups exhibit an additional
“ﬂip-ﬂlg)zp” dynamic behavior [Eq. (17)], which can be frozen out at low temper-
ature: -

SiMe,H
A o KL I
—_— M\\c
K \// K e v, an
SIMGZH
M=Ti, Zr

The electronic structure of complexes 50 has been elucidated by means of
DFT and MP2 calculations of the model complex [Ti(n*H-SiH,C=CH)Cp,],
supplemented by the analysis of the Laplacian of electron density.'** The calculated
Si—-H bond is longer than the X-ray value and implies a significant backdonation
from metal to the o*(Si—H) antibonding orbital. An inward bent Si-H bond
path, which is a typical feature of agostic complexes, was revealed in the Laplacian
plot. The overall structure was rationalized in terms of a d* complex with the
competition between the m orbital of the acetylene moiety and the o orbital of the
Si—H bond for the metal-centered electron pair. The observed trans-structure was
calculated to be about 33 kI mol~! more stable than the uncomplexed cis-form,'**
which correlates well with the experimentally estimated barrier (AG o0 =
37 kJ mol™") for the flip-flop exchange in the compound [Ti(n*H-SiMe,C = CSi-
Me,H)Cp,].'*

A similar bonding situation is found in the ruthenium silylalkene complex
51 formed quantitatively upon the addition of 3 equiv. of the terminal alkene
CH,=CHCH,SiMe,H to the precursor [RuHy(n?-H),(PCy;),] [Eq. (18)]."*°
The complexation of the alkene is accompanied by a double-bond isom-
erization and formation of 2 equiv. of the hydrogenation product PrSiMe,H.
Complex 51 is an intermediate on the way to the dihydridesilyl product
[RuH,(SiMe,Pr){(n*-C¢Hg)PCy,}(PCy;)] with a dehydrogenated cyclohexyl group
at phosphorus:
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CysP H H
H 3l N HSiMe,CH,CH=CH, Cy;Pe, | H
RO . SiMe
H/Ru\H 0 /RU / 2
| ‘ CH
> (18)
Cy; H CysP HC
\
Me
51

Spectroscopic and structural data for 51 establish its agostic structure. The Si-H
coupling constant of 105 Hz is larger than normally observed in silane c-complexes
(see Section I1.D) and is indicative of an earlier stage of the Si-H bond activation.
The high-field shift of the Si-bound hydrogen (—8.77 ppm) in the "H NMR spectrum
is in accord with its involvement in a nonclassical bonding. The Si—H stretch in the
IR spectrum is found at 1945cm™" when compared with 2121 cm™" in free allylsi-
lane, thus further supporting the Si—-H bond coordination to the ruthenium center.
The X-ray structure of 51 reveals a normal (within the experimental error) Si-H
bond of 1.59(8) A and the Ru-H distance of 1.74(7)1& comparable (again within the
experimental error) to the Ru-H bonds to the genuine hydrides (1.61(7)
and 1.64(9) A). Like in 50, the Ru-Si bond (2.498(2) A) is elongated, whereas the
Si-C bond (1.820(6) A) is somewhat shortened, reflecting some partial multiple
character.

The theoretical study of complexation of silylalkenes and silylalkynes and their
Ge- and C-analogs to metal cations by means of B3LYP calculations revealed a
somewhat different picture.'**'?>13¢137 " The  gas-phase interaction of
H,C=C(H)EH; (E = C, Si, Ge) with Ni" has been calculated to give agostic
species 52, with the hydrogen atoms of the EH; group interacting with the metal.'**
But contrary to conventional m-complexes, the double bond of vinylsilane and
vinylgermane coordinates to metal not symmetrically but via the C, atom only.
NBO analysis shows that the loss of interaction with the Cg is profitably compen-
sated for by donation from the EH; group. The conventional m-complex is the
global minimum of the potential energy surface only for propene; for E = Si or Ge,
this classical species lies 28-34 kJ mol™' above the agostic complexes. The com-
plexation to Cu™ is qualitatively similar but systematically weaker than in the case
of nickel'*® because the Ni* is both a better electron donor and electron acceptor,
which leads to stronger donation and backdonation components.'**

M = Ni, E = Si Ge A
H"M distance, A: 1.684  1.686

52
M = Cu, E= Si Ge

H~M distance, A: 1.754 1.717
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Complexation of HC=C-EH; (E is C, Si, or Ge) to Ni ™ and Cu™ differs from
the alkene complexation in that conventional n-complexes are the global minima
for all the elements E."*®'3” However, when E = Si or Ge, the agostic complexes
analogous to 52 were found to be only 2.9 and 10.1 kJ mol ™' less stable.'*® As in 52,
only one carbon atom of the acetylene moiety interacts with the metal. The lower
stability of these nonconventional m-complexes was attributed to the higher elec-
tronegativity of the C= C moiety compared with the C— C group, which results in
a lower polarity of the E-H bond and renders the neighboring EH; group a weaker
donor to metal. The methyl substitution at the carbon end increases the stability of
conventional m-complexes but has little influence on the agostic component. In
contrast, substitution at silicon enhances the donor ability of the Si-H bond. A
similar picture was found for the complexation of alkynes to Cu*."¥’

Probably the most stretched Si-H bonding in B-agostic (C)Si-H-M species is
found in the silylvinyl compounds 53 and 54, thoroughly characterized by spec-
troscopic methods and X-ray structure determination.'*® The large coupling con-
stant (66 Hz in 53 and 57Hz in 54), although smaller than in some agostic
complexes discussed above, shows that the residual Si—H interaction is still signif-
icant. The molecular structure of 53 has an elongated Si-H bond of 1. 70(3)A
whereas the Ru-H bond is normal (1.58(5) A) The Si—-Ru bond (2.507(2) A) is
about 0.1 A longer than normal 2c—2¢ bonds and can stem not only from the
electron-deficiency of the Si-"H Ru interaction but also from the strained nature
of the silylvinyl ligand. Indeed, the observed Si-C—Ru bond angle of 79.1(2)° is
much smaller than the ideal one of 120° and can hardly be further reduced to allow
for a closer approach of the Si atom to metal. In fact, such a small bond angle
suggests that it may be more convenient to consider 53 and 54 as silaallene com-
plexes with a n-coordinated Si—C bond to metal and additional interligand Si—H
interaction rather than agostic silylvinyl compounds. Backdonation in metal-silene
complexes [M(1n*-CR,=SiR,)L,] is known to be strong, so that they are close to
the metalasilacyclopropane extreme. In 53, this is seen from the sp? hybridization of
the o-C center (the angle C—C-Si is 128.6(4)°). Apart from this, the observed Si—C
bond length of 1.805(6)A in 53 is equal to the values found in metal-silene com-
plexes (range 1.78(2)-1.810(6) A) and is between the values observed in free 1-
silaallene (1.704(4) 1&) and normal Si-C(sp?) single bonds (range 1.85-1.90 A).Bg
Both the B-agostic Si-"H "M interaction in a silylvinyl complex and the interaction
of a hydride with a m-complexed silaallene ligand are alternative and equivalent
views of the same bonding situation. The same may occur in Wrighton’s silene
hydride complex [FeH(n*CH,= SiMe,)(CO)Cp*] (55)'*° and Tilley’s [RuH(n*-
CH,=SiMe,)(PR3)Cp™*] (56),'*’ since both complexes show no M—H absorption in
the IR spectra. As Jones et al. pointed out, this could be interpreted as the result of
a Si-H interaction;'*® however, no significant Si-H coupling (i.e. according to
Schubert >20 Hz)'? has been determined in 56.'*’ The observed Ru-Si bond length
in 56 (for R = Pr', the Ru-Si distance is 2.382(4) A) compares well with the data in
classical silyl derivatives, which also suggests the absence of significant Si—H in-
teractions. The hydride atom has not been found.'*® Like 53, complexes 56 can be
prepared by chloride substitution in the unsaturated complexes [Ru(CI)(PR3)Cp*]
by silylcarboanion (CH, — SiR5H) ™, followed by the Si-H bond activation, which
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appears to be complete in the case of 56. Although 56 is regarded as classical, it
exhibits a facile, reversible hydrogen transfer to silicon, in contrast to the nonclas-
sical 53, which already has a partial Si—H interaction but shows no dynamics. The
thermal stability of 56 and 53 is also very different: whereas the former decomposes
at room temperature, the latter survives heating to 45 °C. Given the DCD scheme, it
is quite easy to explain the reason for the possible nonclassical nature of 55 (the
small metal from the first transition series +m- accepting carbonyl ligand) but
overall, the tiny difference in the electronic structure of 53-56 appears to be an
interesting problem for theoretical chemists.

N\ T NI \ M
/Rui"/’SIMez /Fi‘"/*SiMeQ Ru/—snv[e2

/NS
R;P C oc C R;P
\\ H, H,
/C\
pi{ Ph
55 56
R; = Cy; PhMe,
J(Si-H),Hz = 66 57
53 54

The silanol complex 57 exhibits a Si"H "M agostic interaction characterized by
a J(Si-H) of 41 Hz and a Si-H distance of 1.70(7) A.'*' It would be incautious to
interpret such a low value of the Si—H coupling in terms of a significant Si—-H bond
activation, because the Si—H bond forms rather acute angles with the Si—C and Si-—Si
bonds (about 82 and 101°, respectively) and thus must have a considerable p char-
acter on silicon, which should contribute to the decrease of J(Si—H). The silanol
ligand is m’-coordinate to ruthenium and the Ru-Si bond of 2.441(3)A is not
exceptional, but the Si(SiMej;); deviates from the silanol plane by 19.0°, probably as
a result of the Si—H interaction. Deprotonation of 57 by strong bases affords a
neutral ruthenocene-like product.

+
; | e
4< BPh, "
Si
/ir \Si(SiMe3)3

JSi-H)= 41Hz

57

So far, the only example of a saturated carbon bridge in a Si-H-M B-agostic
complex is found in the Ru complex 58, prepared by an interesting reaction of
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[Ru(H)(SiMe3)(PMes)4] with HSiMe,CH,Cl [Eq. (19)] or, alternatively, by chlor-
ination of the Ru—H bond in the silene complex [Ru(H)2(nz-CstiMez)(PMeg)ﬂ.142

P P
P., l WSiMe;,  HSiMe,CHyCI P, l wCH,-SiMe, -PMe;, 60°C
“Ru’ [ —— R N T—
P/ ‘ Ny HSiMe, P/ | “u
P P
P oq, P, (19)
P, | C P, l C
"Rui----> SiMe, + CRui-----> SiMe,
p | o | TH
Cl P
P = PMe; fac-58 mer-58

The presence of direct Si-H bonding is evident from strong Si-H coupling
(J(Si—dH) = 75 Hz) in fac-58, which is between the values found for other ruthe-
nium agostic complexes 51 and 53. The Si—H stretch was found to be red-shifted
(1615cm™"), which is also characteristic of agostic bonding, but the very low in-
tensity of this band makes the assignment less reliable. X-ray structure determina-
tions of the fac and mer isomers of 58 revealed the hydride in a bridging position
between the Ru and Si atoms. In fac-58 the Ru—H and Si—H distances are 1.550 and
1.664 A, respectively, whereas the Ru—Si bond length of 2.526(2)A was at the long
end for the Ru—Si single bonds (range 2.3-2.58 A) further supporting the presence of
an agostic interaction. The mer isomer has a longer Ru-H bond (1.732 A) and a
shorter Si—H bond (1.557 A) but the Ru—Si distance (2.468(2) A) is also shorter. This
apparent discrepancy can be the result of uncertainty in locating hydride atoms by
X-ray diffraction. As in agostic complexes 51 and 53 discussed above, in fac-58 and
mer-58, the C-Si bonds to the bridging carbon are shortened (1.788(11) and
1.790(6) A, respectively) compared with normal Si—C single bonds, and are close to
the values observed in silene complexes (1.78—1.81 A), suggesting a partial multiple
character of this bond.

b. Phosphorus Bridge

The only example of Si-"H "M agostic interaction supported by a phosphorus
bridge was discovered by Driess et al. in the complexation of a silylated tri-
phosphine ligand to a chromium tricarbonyl complex [Eq. (20)].'*'** A bigger
metal (M = Mo) or smaller substituent at silicon (R = Ph) leads to the normal
triphosphine complexes. The presence of a Si"H M interaction in 59 is deduced
from the lack of C; symmetry (evident from NMR), the red shift of the IR band for
the coordinated Si-H bond (1994cm ™' vs. 2142cm™"), and the observation of a
reduced Si-H coupling (135.7Hz for the coordinated Si-H bond vs. 210.9 and
228.6 Hz for the free Si—H bonds). The X-ray structure determination of 59 shows
that one of the phosphine ligands is tilted away from the chromium atom so that the
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freed coordination site can be occupied by the Si-H ligand. The resultant Si-H
bond is only marginally elongated (1.52(4) A), whereas both the Cr-Si and Cr-H
bonds (2.616(1) and 1.75(5) A, respectively) are long. This and the large value of
J(Si—H) suggest an early stage of Si—-H bond activation. Comparison of a series of
chromium complexes with different aryl groups at silicon shows that the formation
of agostic structure 59 is the result of avoided steric strain that would be imposed by
the second ortho-substituent in the mesityl group of the third phosphine coordi-

nated to a small chromium center:'**
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c. Nitrogen Bridge

Si"HM agostic interactions in silylamido complexes have been extensively
studied to date. The earlier examples were prepared by halide displacement in the
coordination sphere of a metal by a silylated amide, which puts severe limitations
on the nature of the substituents at silicon (usually, robust methyl groups are used).
More recently, a new route to B-agostic silylamides based on the direct coupling of
silanes with imido ligands was discovered that allows one to trace the effect of
substitution at silicon on the extent of the Si—-H bond complexation (vide infra).

For the first time, agostic interactions were found in the d° bimetallic zirconium
complex 60 bearing two silylamido groups at each zirconium center with essentially
different structural parameters.'*> Namely, one of the amido groups has a Zr-N-Si
bond angle of 102.8(2)° that is noticeably smaller than another Zr—N-Si bond angle
at the same nitrogen (129.5(1)°) and the Zr-N-Si angles in the second amide
(117.2(2) and 126.9(2)°). Such a tilt of the amido ligand brings the Si-H bond in to
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close proximity with the metal so that the resulting Zr—Si distance is not very much
longer than an ordinary Zr—Si bond (2.943(1) A vs. the range 2.654(1)-2.815(1) A)
and can thus compensate the electron-deficiency of metal via ligation. However, the
observed Zr—H contact (2.40(3) A) is rather long, whereas the Si—H bond is normal
(1.45(2) A), indicating insignificant activation of the Si—-H bond. This is a result of
missing backdonation from the d° metal center. Another support for the presence of
a Si-H " Zr agostic bonding comes from the red shift of the Si—H absorbance in the
IR spectrum (1948 cm ™' vs. the normal range 2080-2280cm ™ ').

Me,Si-H
S /o C
(Me,SIH)N_ -+ (]
\Z‘ < \Zr
T.
Me,SiH),N TN
(MeSTHDNT NG SisibiMey)
al !

1
/ ( 1 2)2

H-SiHMe,
60

Berry et al. prepared a series of d° zirconocene silylamides [Zr(HSiMe,N-
Bu)(X)Cp»] (61), which allowed for the systematic investigation of the effect of
ligand X on the extent of Si~“H*M bonding.'*® The spectroscopic features (Table
I1) and X-ray study of [Zr(HSiMe,NBu")(Cl)Cp,] suggest the presence of significant
Si“H~"M agostic interaction, which appears to be surprisingly strong, considering
the fact that no electron density on metal is available for backdonation. As typical
for agostic species, the Si-bound hydride exhibits a high-field shift, which parallels
the red shift of the Si—H band in the IR spectrum. Most notable are the values of the
Si-H coupling constants found in the range 113.2-135.4Hz and much reduced
compared to the parent silane HSiMe,NBu' (192.6Hz). The lowest value of
113.2Hz is comparable to the J(Si—H) observed in d” (n>0) agostic species (see
49-51 and vide infra) and suggests a significant degree of Si—H bond activation. In
contrast, the structure of [Zr(HSiMe,NBu')(Cl)Cp,] shows virtually an unperturbed
Si-H bond (1.416(3)) and a long Zr—H contact (2.27(3) A), which can certainly
reflect the low accuracy of finding a hydride in the heavy element environment. The
amide ligand shows the same type of distortion as the related complex 60 in that the
Zr—-N-Si angle is acute (99.1(1)°), whereas the Zr—N—C bond angle of 137.3(2)° is
much larger than the ideal 120°. The structure of [Zr(HSiMe,NBu")(H)Cp,] was

TasLE 11
SELECTED SPECTROSCOPIC DATA FOR COMPLEXES 61
Compound IR v(SiH) (cm™1) NMR & 'H (ppm) NMR J(Si—H) (Hz)
[Zr(H)(HSiMe>NBu"Cp,] 1912 1.21 113.2
[Zr(HSiMe,NBu")(I)Cp2] 1960 1.69 118.7
[Zr(HSiMe,NBu")(Br)Cp-] 1975 2.24 123.2
[Zr(HSiMe,NBu")(Cl)Cp,] 1981 2.58 126.5
[Zr(HSiMe,NBu')(F)Cp,] 1998 2.84 135.4

HSiMe,NHBu' 2107 4.83 192.6
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also determined, but a detailed analysis is complicated by the disorder of the crucial
amido ligand. Nevertheless, the characteristic tilt of the amido ligand, bringing the
silyl group to the coordination sphere of zirconium, was clearly observed. The
different spectroscopic data in Table II correlate well and define a clear trend in that
the complexation of the Si—H bond to Zr decreases in the order H>1>Cl>Br>F.
This was rationalized in terms of decreased electrophilicity of the metal due to
partial donation of a halogen lone pair that becomes more important as the size of
the halide decreases. This n-donation, competing with the Si-H bond for a vacant
orbital of Zr, can be presented by the resonance form 62, which corresponds to a
formally saturated 18e species.
2 x

Zr*ll\l Bu'

% H\/SiMe2
61
o (D . .
N o K
NBu' = ZT—NBu' ZI—NBu'
CP/QH/SiMeZ 1~ SiMe L~ SiMe
62

Very similar Si-"H "M agostic interactions, characterized by a red shift of the Si-H
absorption (IR), a high-field shift of the Si-H resonance (‘"H NMR), reduced Si-H
coupling constants, and acute M—N-Si bond angles, were thoroughly studied by
Anwander et al."*" " for a range of d° lanthanide complexes. In particular, the series
of metallocene complexes [(Ln((n?-HSiMe,),N)(Cpj)], where Ln is a lanthanide
metal and Cp), denotes ring-substituted cyclopentadienyl and ansa-fluorenyl and in-
denyl ligands, exhibits peculiar di-agostic Si"H Ln interactions schematically
shown in 63."*7'* The Si-H stretches were found at lower energies by 200-300 cm™',
and the Si—H coupling constants were observed in the range 133—155Hz, suggesting
weaker metal-hydride interactions than in the B-agostic Si-"H M interactions dis-
cussed above. Very acute Ln—N-Si bond angles (down to 98(1)°) and large Si—N-Si
angles (as large as 160.1(2)°) signify the simultaneous approach of two silyl groups
to the metal. Smaller metals were shown to have a stronger interaction with the
Si-H bond.'* An eterbium trisamido complex with three p-agostic Si~"HEr in-
teractions was described by Schumann et al. on the basis of X-ray and IR evidence.'”!

/H—ISiM62

sz'Ln—I\ll
e SiMe,

63
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The first example of stretched B-agostic Si"H "M interactions in a silylamido
complex, the compound [Nb(n*-H-SiMe,- -NAr)(Cl)(PMe;)Cp] (64, Ar = 2,6-Pr;
C¢H3), was prepared by the reaction of HSiMe,Cl with [Nb(PMes),(NAr)Cp]
(Scheme 3).'>> Two isomers (a and b), differing in the position of the ligand trans to
the hydride (CI or PMes), have been identified in the solution by '"H NMR with the
ratio 10:1. In contrast, only one isomer, 65 (PMe; trans to hydride), analogous to 64b,
was formed in the reaction of the less-encumbered compound [Nb(PMe;),(NAT)Cp]
(Ar' = 2,6-Me,CgH3) with HSiMe,Cl. The presence of agostic Si"H M bonding
follows from the spectroscopic features of 64a, 64b and 65, X-ray structure deter-
minations of 64a (Fig. 4) and 65, and DFT calculations of model complexes.'>> All
these complexes exhibit a characteristic red shift of the Si-H bond and reduced Si-H
coupling constants. These are less than normally observed in the d° agostic silylamido
complexes 6063 owing to a partial backdonation from the d” level of niobium on the
o*(Si—H) antibonding orbital in 64a and 65. The J(Si—H) coupling constant is smaller
in 64a (97 Hz) than in 65 (113 Hz), in accord with a longer Si—-H bond in the former
(DFT calculated 1.73A vs. 1.57A, respectively). As in 61, a stronger Si—-H bond
interaction with the metal in 64a corresponds to a greater high-field shift of the
hydride resonance (—5.67 ppm vs. —3.76 ppm in 65b and —3.41 ppm in 65). Reactions
of compound 63 with the silanes Me;SiX (X = Br, I, OTfl) allow for the syntheses of
functionalized agostic compounds [Nb(n3 -H-SiMez-NAr)(X)(PMe»;)Cp].152 Reac-
tions of the tantalum analog [Ta(PMes)>(NAr)Cp] with silanes HSiMe,Cls_,, (n =
0—2) lead to silylhydride derivatives with IHI, which will be discussed in Section III.
The formation of the isomer 64a vs. 64b, and the extent of the Si-H bond activation,
are determined by the repulsion of the group trams to the hydride from the

@
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SCHEME 3.
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ortho-substituent in the arene group at nitrogen. For Ar’ the repulsion is small, and
PMe; can be accommodated frans to the Si-H bond, leading to weaker Si—-H bond
activation. For Ar, a smaller chloride ligand is preferred for steric reasons, and since
this is a ligand with weaker trans effect than phosphine, the Si-H bond is more
activated.

Reactions of the bis(imido) complexes [M(NR),(PMes);] (M = Mo, W; R = Ar,
Ar’, Bu') with HSiMe,Cl and HSiMeCl, give the agostic complexes
[M(n*-H-SiMeX-NR)(CI)(NR)(PMe;),] (M = Mo, W; X = Me or Cl) [Eq. (21)]
related to 64 and 65 through the isolobal relationship between the Cp~ and (RN)*
ligands.'>*!>* This formulation follows from the observation of high H-Si
coupling constants (range 81-130 Hz) and is supported by X-ray structure anal-
ysis of [Mo(n’-H-SiMe,-NAr')(CI)(NAr')(PMe;),] (66, Fig. 5) and [Mo(n’-H-
SiMeCI-NAr')(CI)(NAr')(PMes),] (67, Fig. 6). The analogous reaction of [M(=
NR),(PMes;),] with HSiCl; leads to formation of [M(= NR)(CI),(PMejs);] and the
silanimine dimer (RN-SiHCI),. In good accord with the isolobal relationship be-
tween 64a and 65, both complexes have very close J(Si—H) (97 Hz in 64a and 96 Hz
in 66). The J(Si-H) of 129Hz in 67 is larger than in 66, which contradicts the
common assumption that more electron-withdrawing substituents at silicon favor
more advanced Si-H bond oxidative addition, thereby leading to reduced H-Si
coupling constants.'> However, the Mo-Si bond (2.657(1)A) in 67 is in fact mar-
ginally shorter than in 66 (2.668(1) A), whereas the M—H and Si—H distances do not
change significantly upon substitution of Me for Cl. DFT calculations of a series of
model complexes [Mo(n? -H-SiMe, Cl,_,-NMe)(Cl)(NMe)(PMe;),] (n=0-2)

F1G. 4. Molecular structure of complex 64a. (Reproduced from Ref. 152, with permission from The
Royal Society of Chemistry.)
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F1G. 5. Molecular structure of the complex 66. (Reproduced from Ref. 153, with permission from The
Royal Society of Chemistry.)

F1G. 6. Molecular structure of the complex 67. (Reproduced from Ref. 153, with permission from The
Royal Society of Chemistry.)

showed that, unexpectedly, this shorter Mo-Si distance in 67 corresponds to a
weaker bond, whereas the M—H bond elongates and weakens and the Si-H bond
shortens and strengthens when more Cl groups are put on silicon, thus indicating
the decrease of the Si—-H bond oxidative addition. These surprising results were
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rationalized in terms of a revised DCD diagram taking into account the substituent
effects (Section II.B). Namely, the sequential substitution of the Me groups on Si
for an electron-withdrawing CI group provides more Si 3s character in the Si-H
bond in accord with Bent’s rule, leading to the contraction of this bond and making
it a worse o-donor, which decreases the donation component in the DCD scheme.
This, and the increased Si 3s character, account for the increase of the Si—-H cou-
pling constant from 61 to 67. On the other hand, the introduction of Cl groups on
silicon makes the Si atom more Lewis acidic, thus increasing the Mo — ¢*(H-Si)
backdonation as normally discussed for o-complexes.” These changes affect
the Mo-Si and Mo-H interactions unevenly, since the Si—H bonding orbital is
more localized on the H atom, whereas the o*(Si—H) orbital has a bigger contri-
bution from Si, with the effect that the M—H bond elongates and the M-Si
bond shortens.'>* As a result, the M=Si bond contracts whereas the M—H bond
elongates:

PM63

\ ~PMe3 HSICI(Me)X MesP-.... ‘ Cl
PMe, e MK R
// RN/ \N/
PMe, Y (21
TTSiMe)X

M = Mo, W;
X = Me (66), CI(67)

4. a-Agostic Si'H*M Interaction

a-Agostic Si-"H~M interaction (see 68) is the most recent phenomenon'>> 1%

and its adequate description has yet to be developed. The case of d” (n>2) com-
plexes is particularly difficult because for these compounds an alternative ration-
alization in terms of an interaction between a hydride ligand and an electrophilic
silylene ligand is, in principle, possible (see 69).'*® The first authentic example of an
a-agostic Si-H-M bond was found in a cationic hafnocene complex 70 prepared by
methyl group abstraction from [Hf(Me)(SiHMes,)Cp,] by B(C¢Fs)s.'>> This com-
pound is able to activate the C—H bonds of arenes by an apparent c-bond me-
tathesis mechanism, producing the silane H,SiMes, and cationic aryl derivatives.
The presence of agostic bonding was inferred from the observation of a decreased
H-Si coupling constant (57 Hz), downfield-shifted *’Si signal, and a red-shifted
Si-H stretch (1414, 1015cm™" in the D-labeled derivative). The DFT-calculated
structures of model complexes [Hf(n*-HSiH,)Cp,]* and [Hf(n*-HSiMes,)Cp,]*
also exhibit a strong interaction between the Si—-H bond and the Hf center. Thus,
the calculated Hf-Si—Hy,igq. bond angles are acute (52.3 and 50.4°) to provide short
Hf-Hy,igge distances (2 05 and 2.02 A respectively). The calculated Si—H stretching
vibration (1475cm™") was close to the experimental value.
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Addition of secondary silanes H,SiR, (R = Me,, Et,, MePh, Ph,, HPh, HMes,
H(CH,Ph), CIMes) to the n’-benzyl complex [Mo(n*-CH,C¢Hs)(dmpe)Cp*] af-
fords formal 16e silyl complexes 71 with significant a-agostic Si-"H "M interactions
[Eq. (22)]."°%'%7 Alternatively, complexes 71 can be viewed as Mo(IV) hydridesily-
lenes with interligand interactions H"Si( = Mo). Complexes 71 exhibit nonequiv-
alent Me resonances for the dmpe ligand, upfield-shifted *°Si signals, indicative of a
substantial silylene character, downfield hydride resonances, and decreased’ H-Si
coupling constants (Table III) supporting their nonclassical formulation. An ND
study of the compound [Mo(n?-H-SiEt,)(dmpe)Cp*] unequivocally establishes the
presence of direct Mo—H (1.847(12) A) and Si—H (1.683(13) A) bonds. Judged by its
length, the activation of the H-Si bond in 71 is less than normally observed in silane
o-complexes (Section I1.C), suggesting that the a-agostic silyl description is more
appropriate:

\j | ' R,SiH,, A @/

—p el E—— Ny Mol
P/ _/ CeHg /P/\‘\ \\Si/R ”
I\ - PhMe QP LN (22)
[\ H R
71

Interestingly, the protonated form of the tungsten analog of 71, the compound
[W(H),(SiR5)(dmpe)Cp*] " (72), is a dihydridesilylene complex without H-Si in-
teractions.'® This compound was prepared by silane addition to a cationic, doubly
tucked, Cp* precursor according to Eq. (23). If one considers the silylene SiR; as a
two-electron ligand, analogous to phosphine, the complex 72 is a tungsten (IV)

These coupling constants are highly decreased if one considers 71 as a silyl compound with an agostic
bond. Alternatively, if the hydride silylene description is chosen, the value of J(Si—H) is increased in
comparison with usually observed nonbonding values.
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TabLE 111
SELECTED SPECTROSCOPIC DATA FOR COMPLEXES 71
Compound NMR & 'H (ppm) NMR J(Si-H) (Hz) NMR & *’Si (ppm)
[Mo(n>-H-SiMe;)(dmpe)Cp*] —14.06 30 263
[Mo(n>-H-SiEt,)(dmpe)Cp*] —13.91 44 273
[Mo(n>-H-SiMePh)(dmpe)Cp*] —13.10 46 214
[Mo(n?-H-SiPh,)(dmpe)Cp*] —11.36 37 242
[Mo(n?-H-SiHPh)(dmpe)Cp*] —9.96 30 250
[Mo(n*-H-SiHMes)(dmpe)Cp*] —13.08 48 214
[Mo(n?-H-SiHCH,Ph)(dmpe)Cp*] —13.29 42 239
[Mo(n?-H-SiClMes)(dmpe)Cp*] * —12.50 38 182

3This compound exhibits a C; symmetry in the NMR."’

derivative. If a W-Si double bond is implied, the W center achieves the highest
oxidation state VI. An alternative formulation of 72 as a dihydrogen complex was
excluded on the basis of 7| measurements (7' = 600—800ms). The H-Si coupling
constants determined for R = Me,, MePh, and Ph, were 7, 17, and 17 Hz, respec-
tively, more consistent with the classical formulation of this compound on the basis
of 20Hz criterion (Section II.D). DFT calculations of a model complex
[W(H,SiMe,)(PH5),Cp] " optimized with a C, symmetry constraint afforded a
classical structure with the d* configuration (i.e. no backdonation from metal onto
the silylene ligand) and without significant Si—H interactions, according to the
charge decomposition analysis.'>® However, four more structures with one or two
Si-H-M bridges were found to lie only <5 kcal mol™" higher in energy, indicating a
very fluxional coordination sphere of the transition metal. It is not quite clear yet
whether the difference between complexes 71 and 72 is due mainly to the difference
in metal (Mo vs. W) or charge (neutral vs. cationic), but it is apparent that the
classical and nonclassical forms are close in energy, and their relative stability may
be subject to steric and electronic effects of substituents:

j * @/ j +
| > R,SiH,
o —_— /P
H fluorobenzene \ Sy
N K e

B(CgFs), B(CgFs)4

72

Photoinduced oxidative addition of primary silane H3SiC(SiMes3); to
[WMe(CO);Cp*] [Eq. (24)] produced a  hydridesilylene  complex
[W(H){ = SiH(C(SiMej3)3)}(CO),Cp*] (73) in 62% yield in a reaction similar to
that shown in Eq. (23)."® An analog with the CsMe4Et ligand has been prepared
similarly:
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5 | Z H;SiC(SiMes)s /@\
W

e Wt \ ;
oc/ \CO 0C s \}—% (24)
H (siMey),
73

The silylene center in 73 gives rise to a downfield *°Si signal at 275.3 ppm, consistent
with the formally sp? hybridized silicon atom. In accordance with this, the Si-bound
proton is downfield-shifted to 10.39 ppm. Importantly, the increased H-Si coupling
constant of 28.6 Hz observed for the hydride signal suggests the presence of some
Si—H interaction, which is further supported by the observation of a characteristic
red-shifted W—H band at 1589 cm™" (the Si-H band is at 2052cm™'). The X-ray
study of 73 shows a short Si-H(W) distance of 1.71(6) A, which is in good accord
with the DFT value of 1.71 A. The NBO bond orders were 0.511 for the W—H bond,
0.476 for the Si—H bond, and 1.518 for W—Si bonds. In other words, this compound
can be considered either as a silyl complex with a stretched a-agostic Si"H~W
bond, or as a nonclassical silylene complex with interligand bonding H - Si( = W),
in which the W-H bond serves as an internal base stabilizing the unsaturated
silylene center. The analogous base-stabilized silylenehydride derivative
[W(H){ = SiR, < py}(CO),Cp*] lacks any interaction between the hydride and sil-
icon atoms.'®’ Complex 73 reacts with CO to give the silyl derivative
[W{SiH»(C(SiMe5)3)}(CO);Cp*], but inserts acetone across the Si-H bond, afford-
ing an alkoxy-substituted silylene complex.'®’

The related cationic hydrido(hydrosilylene) complex of Ru, [Ru(H),( = SiPh-
H)(Pr5)Cp*] ", has been prepared by chloride abstraction from the precursor
[Ru(H)(SiH,Ph)(Cl)(Pry)Cp*] and characterized by spectroscopic methods.'®> The
X-ray structure and H(Si—H) coupling constants are not available, but DFT cal-
culations of a model complex [Ru(H),(SiH,)(PH3)Cp] "~ show double RuH5SiH,
interactions similar to those in 71 and 73.'®® The unique property of these cationic
silylene complexes of ruthenium is their ability to catalyze the hydrosilation of 1-
hexane'®? by a mechanism involving olefin coordination to the highly electrophilic
silicon center, which is followed by insertion into the Si—-H bond.'®* Weak coor-
dination of olefin to silicon in the form of a m-complex does not break the
RuH» SiH, interactions (the RuH-Si distances are 1.68 and 1.72 A), but more
advanced coordination to give the olefin o-complex results in a dihydride silylene
structure without H"Si interactions. The H"Si interactions are, however, restored
when the insertion is complete. Other known hydrido(hydrosilylene) complexes,
[Ir(H),( = SiH{2,6-Mes,C¢H3})(PEt;);]B(CeFs)s '®* and [Ir(H),( = SiH{2.4,6-
PriC¢H,})({PPh,CH,};BPh)]'®, like 72, exhibit no significant Si-H coupling and
are regarded as classical. Their structures are, however, unknown.

The reaction of the compound [Mo(H)( = SiCIMes)(dmpe)Cp*] with LiB(CgF5)4
affords an  unusual, formal, hydridosilylyne complex [MoH( = Si-
Mes)(dmpe)Cp*|[B(C¢Fs)a] [73, Eq. (25)] exhibiting a downfield-shifted °Si
NMR signal at 289 ppm and a low H-Si coupling constant of 15Hz.">” Although
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the latter fact speaks against the presence of significant H-Si interaction, the X-ray
structure analysis and preliminary DFT calculations at the B3LYP/LACVP** level
are consistent with the hydride bridging the Mo and Si atoms. The experimental
values for the Mo—H and Si—H bond lengths are 1.85(5) and 1.39(5) A, respectively.
Apart from this, the silylyne ligand exhibits an approximately linear geometry (the
M-Si—C bond angle is 170.9(2)°), and the Mo—Si bond of 2.219(2) A is the shortest
of this kind. The observation by NMR of an effective C; symmetry at room tem-
perature (at —30 °C the C; symmetry is found) is further consistent with the facile
migration of the hydrogen atom between the silicon and metal centers.

@’ @’ o
| . Cl LiB(CgFs)y -

N e N
__p—Mo—Si _ _—~p—Mo~__
P/ \ \ fluorobenzene P/ \\—”SI\MCS
I\ H  Mes /\ I°d (25)
B(CeFs);
74

It should be noted that structural distortions with short M—HC contacts, very
similar to those in 71, 73, and possibly in 74, were previously observed in some
Schrock’s alkylidene complexes, which was theoretically rationalized in terms of
electronic rearrangements of the carbene center.'®

The structure of the cationic silyl platinum complexes [Pt(SiHR,)(dhpe)]™
(dhpe = H,PCH,CH,PH,) were studied by DFT (B3LYP) calculations.'®” For
R = H, an a-agostic Si-"H Pt structure 75 with a Pt—H distance of 1.747 A and
Si-H bond of 1.772 A was found to be the global minimum. A classical silyl de-
rivative and another agostic structure with a weaker H-Pt bond (2.4141&) lie by
3—4kcal mol ™" higher. The substitution of two hydrogen atoms at silicon for methyl
groups or strong m-donors (R = Cl, OMe, SMe, NMe,) stabilizes the isomeric
silylenehydride form 76. With R = SiHj3, the a-agostic Si-H Pt complex is by
10.22kcalmol™"  less stable than the pB-agostic Si“H™Pt complex
[Pt(nz-H-SinSiH(SiH3))(dhpe)]+. These finding were rationalized in terms of a
better stabilization of the silylene ligand in 76 when either o-donating (Me) or
n- donating substituents are present.

nl rY
Sie. Si
|\ H W
Pt Pt
ey N\ _H Hey” N\, H

R =Me, OMe, SMe, NMe,
75 76

The IR study of the reaction of titanium atom with SiH, at 12K in argon
matrices revealed, among other products, the hydridesilyl complexes 77 and 78 with
two and three agostic Ti"HSi interactions, respectively.'®® The reaction occurs
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spontaneously upon deposition of the titanium atom together with SiH,4 to give four
products, which were differentiated according to their response to selective pho-
tolysis at different wavelengths and by means of using the deuterated silane SiDy.
To identify the nature of these products, quantum-chemical calculations were car-
ried out, which established the species 78 to be the global minimum. The cis- and
trans- forms of 77 are by 24.3 and 24.7 kI mol ™", respectively, less stable and can be
converted to 78 upon photolysis at 4. = 410 nm. The monoagostic adduct 79 was
calculated to be a minimum too, but lies about 3kJmol™' higher than 77. Similar
conclusions have been reached on the analogous reaction with SnH,, whereas the
addition of CHy4 is much more sluggish and gives a different product, the hydrido-
methyl complex [Ti(H)(CH;)].'®® In contrast to titanium, the reaction of nickel
atoms with SiH, gives the product of complete oxidative addition of the Si—H bond,
the compound [Ni(H)(SiH;)], which, however, may also show a weak attractive
interaction between the hydrido and silyl ligands.'® The reactions of metal cations
M ™ (M = Fe, Co, Ni) with SiH, were found to give species of the general formula
[Ni(SiH,)] " (x = 0—3), but their exact structure remains unknown.'”®

H, H H H
i S y
TT Si Ti S Ti Sl
e and e AN
trans cis
77 78

YA

TT Si—
/ 'H
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1]
SILYLHYDRIDE COMPLEXES WITH INTERLIGAND HYPERVALENT
INTERACTIONS M-H - SIX

A. A Short Remark on the Heuristic Aspect

The development of chemistry is often based on analogy, which although not
necessarily always exact, may lead to surprising results. Below is given a short
account on how the chemical analogy led to the discovery of IHI of type
M-H ' SiR,X. In the early 1990s our attention was attracted by the report by Berry
et al. that a silylhydride complex of molybdenum 80 has an unusually elongated
Si-Cl bond of 2.158(1)A and a shortened Mo-Si bond (2.513(1)A)."”" These
structural features were rationalized in terms of hyperconjugation between the
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metal-centered lone pair and the o*(Si—Cl) antibonding orbital as shown in 80,
which can be reformulated in terms of a resonance between a hydridesilyl and a
hydridesilylene (81) structure.'”!

Gow P p |2
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H
M = : = o
%0:;5?\%2 Qx\’,SiM% /SlMe2 \N \SlMe2

1

Cl Cl Cl

80 81

This result suggested a “mental experiment”” shown in Scheme 4. If one substi-
tutes a lone pair on the metal for a metal-hydride bond but keeps the electron count
constant, a positively charged structure like 82 would emerge. This procedure cor-
responds simply to the protonation of the metal lone pair. To get rid of the charge,
one has then to shift to the Group 5 metals to obtain the isoelectronic structure 83.
Since many metal-hydride bonds are rather high-lying in energy, electron density
transfer from the M—H bond (M = Group 5 metal) on the o*(Si—Cl) antibonding
orbital could be anticipated in analogy with 80. This would lead to the same struc-
tural distortions as had been previously observed for 80, namely, the elongation of
the Si—Cl bond and the contraction of the M—Si bond. At that time, the trisub-
stituted vanadocenes were not available (and still are not) owing to their extreme
instability, whereas the chemistry of tantalocene silylhydrides related to 83 had
already been developed; however, the crucial structural information of the halosilyl-
substituted complexes was not available then. This prompted us to investigate the
chemistry of niobocene silylhydrides, which had been developed by that time, but to
a much lesser extent.

Some years later, when presenting our first results on IHI in a talk at the Tech-
nical University of Munich, a colleague from TUM drew my attention to an earlier
review by Hamilton and Crabtree on the H-H and other c-complexes where a very
similar idea, presented in the form of structure 84, had been suggested to account
for the bonding in Schubert’s complex [Mn(HSiFPh,)(CO),Cp'].> There was no
explanation of how this bonding could account for the observed structural and
spectroscopic properties of this molecule and, in fact, this bonding idea was not

}\/{o‘@ }\/IOCH /Nb —H
/SiM62 /SIM62 /Sle:2
Cl Cl Cl
82 83

SCHEME 4.
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developed further in the subsequent work of these authors. The later review by
Robert Crabtree on o-complexes,* which appeared in 1993, described the bonding
in compounds like 84 on the basis of the conventional DCD scheme as discussed in
Section II.B. Below, it will be shown in more detail that the IHI and the residual
Si—H interactions in silane c-complexes occur for different types of compounds and
are characterized by very different structural and spectroscopic features.

= .
Ogc/ w e

84

B. IHI MH - SiX in Metallocene and Related Ligand Environments

1. IHI in Niobocene Complexes
a. Monosilyl and Symmetric bis(silyl) Derivatives

Earlier work on IHI was focused on niobocene derivatives.'’*!”* The monosilyl
complex 83 was prepared in a mixture with its central isomer 85 by heating ni-
obocene trihydide [Nb(H);Cp,] with HSiMe,Cl at 50 °C [Eq. (26)].'" In spite of
increased steric strain due to the close proximity of the SiMe,Cl ligand to the Cp
ring, 83 was found to be a thermodynamically more preferable form than 85 up to
100°C, when both complexes decompose to give the bis(silyl) derivative
[Nb(H)(SiMe,Cl),Cp,] (86). This observation suggested the presence of an elec-
tronic factor, overcoming the increased interligand repulsion in 83. Further, al-
though indirect, support for the presence of an interligand interaction between the
central hydride and the cis silyl in 83 comes from the '"H NMR upfield shift of the
central hydride signal relative to the lateral hydride, a feature different from what is
found for [Nb(H);Cpa]:

S HSiMe,Cl

e

)\Ibi Hsive,Cl Nb'"f,H . /Nb";, H
\H H \/s'iMe2 \/s'iMe2 (26)
al Cl
83 85

The X-ray structure of 83 was in accord with the prediction of Scheme 4 in that
the Si—Cl bond lies in the niobocene bisecting plane trans to the hydride and is
elongated compared with classical complexes of the type [M(SiR,CI)L,].'”* There
was, however, no good reference system that would allow for the comparison of the
Nb-Si bond lengths. The metal-silyl bond lengths are strongly affected by Bent’s
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rule effect, and all the structurally characterized niobo- and tantalocene silylhyd-
rides available by that time had only electron-releasing substituents at silicon and,
hence, longer M—Si bonds. Therefore, they were not useful for spoting the relative
shortening of the Nb—Si bond in 83 due to IHI. This problem was partially resolved
by analyzing the structures of a series of bis(silyl) complexes [Nb(H)(SiMe»X),Cp-]
(87, X =F, Cl, Br, I) prepared from 86 and the compound [Nb(H)(SiMe,H),Cp,]
by electrophilic and/or nucleophilic substitution at silicon.!”**'”* Complexes 87 were
found to have even more delocalized IHI Si—H, stemming from the donation of the
Nb-H bonding density on two neighboring Si—X bonds and spread over five atoms
in three ligands (one hydride, two X’s, two silicons). This five-center interligand
interaction occurs in the coordination sphere of the metal (the sixth center) and
involves six electrons (two Si—X bonds and the Nb—H bond each provide an elec-
tron pair).

The MO diagrams describing the 3c—4e interligand interaction in 83 and the
5c—6e interligand interaction in 87 are given in Figs. 7 and 8, respectively.!”® Since
these are very similar to the MO diagrams for the hypervalent organosilicon com-
pounds, the term interligand hypervalent interactions (IHI) was coined.'”>'”® On the
basis of the analogy with hypervalent organosilicon compounds it was anticipated
that the structural distortions due to IHI would increase down the halogen group.
In contrast, the electronic effects due to Bent’s rule operates in the opposite way, so
that summation of two opposite trends produces an extremum. And indeed, the
Nb-Si bond in 86 (2.597(1) A) is shorter than in the then available [Nb(H)(Si-
Me,F),Cp,] (average 2.620(1) A) and [Nb(H)(SiMe,Br),Cp,] (2.604(2) A), whereas
the relative elongation of the Si—X bond against the classical halosilyls XSiR3
shows an inverted V-type curve with the maximum value again at 86 (Fig. 9). The
later determined structure of [Nb(H)(SiMe,I),Cp-] exhibits a marginal elongation
of the Si—I bond relative to organoidosilanes but a somewhat shorter Nb—Si bond
compared with [Nb(H)(SiMe,Br),Cp,] (Fig. 10).!”* This discrepancy is explained in
terms of increased crystal-packing effects due to the large size of the iodine subs-
tituent at silicon.'”* Complexes with IHI have relatively shorter Nb-Si bond length
because of the rehybridization of the silicon center upon the formation of a penta-
coordinate geometry. In other words, more Si p character goes to bonding with the
apical groups (the hydride and the group X), leaving relatively more Si s character
for bonding with the equatorial groups (the M and two R’s). Thus, the origins for
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Fi1G. 7. The MO diagram for the THI MHSiCl in mono(silyl) systems (left) and the key structural
features of IHI (right).
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FiG. 9. Dependence of the relative lengthening of the Si—X bond in 87 in comparison with organosilanes
X-SiR; on the halogen X. (Reproduced from Ref. 174, with permission from The Royal Society of
Chemistry.)

the short M—Si bond in 80 (M—Si multiple bond) and 83 (rehybridization of Si) are
different.

The attraction of two lateral silyls to the central hydride is clearly seen from the
decrease of the Si-Nb-Si bond angles in 87 (range 103.37(7)-105.57(4)°) compared
with the classical compounds [Nb(H)(SiMe,Ph),Cp-] (110.81(5)°)!”* and [Ta(H)
(SiMe,H),Cp,] (109.90(7)°).'”> The comparison of the X-ray structures of
[Nb(H)(SiMe,Ph),Cp,] with [Nb(H)(SiMe,F),Cp»] is particularly persuasive, tak-
ing into account that the former has bulkier silyl groups and hence experiences a
greater steric interaction between the Cp and silyl ligands, which might have been
relieved by the decrease of the Si-Nb-Si bond angle.'”*!”* Therefore, the smaller
Si-Nb-Si bond angle in [Nb(H)(SiMe,F),Cp,] manifests the presence of an elec-
tronic factor, namely, the attraction of lateral silyls to the central hydride. The
related compound [Nb(H)(SiMe,OMe),Cp»] turned out to be classical, as judged
from the lack of significant structural distortion, such as the shortening of the
Nb-Si bond, the elongation of the Si—-O bond, and the decrease of the Si—Nb-Si
bond angle,'”* which is in accord with the general observation that in hypervalent
compounds, significant structural distortions are observed only when the apical
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FiG. 10. Variation of the Nb-Si bond length in 87 with X. (Reproduced from Ref. 174, with permission
from The Royal Society of Chemistry.)

substituent is both a good electron-withdrawing and good leaving group. The latter
condition does not hold for the OMe™ group.

Combined ND study of the bis(silyl) complex 86 and an NMR study of hydride
relaxations in 83 and 86 allowed for the accurate determination of the Nb—H bond
lengths in 83 and 86 and also of the H-H distance in 83.'’° Importantly, the ND
study of 86 not only unequivocally established the central position of the hydride,
equidistant from the silyls, but also, in a very good accord with the NMR relaxation
study and the DFT -calculations of model complexes [Nb(H)(SiH,Cl),Cp,]
(Table IV), allows one to underpin the theoretical prediction that IHI causes the
elongation of interacting M—H bond.'”® However, it turns out that the X-ray de-
termined Si—H distances in 83 and 87 (range 1.86-2.08 A) are rather invariable for
the hydride position. Since the valent orbitals of the fragment [NbCp,] lie in the
bisecting plane of niobocene moiety, the hydrides are restricted to lie in this plane
too, which puts certain constraints on the possible length of the Si—-H contact in 83
and 87.

The DFT calculations at the BP86 level of model complexes [NbH,(SiH,Cl)Cp»],
[NbH(SiH,C1),Cp»], [NbH,(SiH;3)Cp»], and [NbH(SiH3),Cp,] confirmed the main
structural trends observed experimentally in 83 and 86 and also, through the use of
NBO analysis, allowed for the identification of the proposed electron density
transfer from the Nb—H bonding orbital to the o%(Si-Cl) antibonding orbital.'”
The symmetrical monosilyls like 85 were found to have IHI too, although this was
weaker,'!”® possibly owing to the different basicity of the lateral hydride vs. the
central one.'”” An AIM study revealed a strongly inwardly curved bond path for
the Si—H interaction in [NbH,(SiH,CI)Cp,] but not in [NbH(SiH,Cl),Cp,] or their
SiH; derivatives. While the latter were found to have only very weak IHI of type
NbH 'SiH, the [NbH(SiH,Cl),Cp,] has a very shallow variation of the electronic
density in the interatomic region between the hydride and silicon atoms owing to a
greater degree of electron delocalization.
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TaBLE 1V
Tue M-H, H-H anD Si-H DISTANCES (A) IN 83, 85, AND 86 FROM EXPERIMENTAL METHODS AND DFT
CALCULATIONS

Compound Parameter X-ray NMR relax. At 210K ND at 100K DFT?

83 Nb-H* 1.76(6)* 1.68(1) 1.745
Nb-HA 1.67(9) 1.74(1) 1.793
HX-H” 1.92% 1.97(1) 1.688
Si-HA 1.860 1.86° 2.043

85 Nb-HX 1.71(1) 1.739, 1.774°
Si-H* 2.097

86 Nb-H” 1.74(7)¢ 1.78(1) 1.816(8) 1.811°
Si-H 2.056 2.076(3) 2.134

AAL 193K.

Estimated with the X-ray value for the Si-Nb-H'® bond angle of 114.1°.

“Two nonequivalent bond lengths calculated for the model complex [NbH(SiH,CI)Cp,].
4At 173K.

®Calculated for the model complex [NbH(SiH,C1),Cp,].

The presence of THI in niobocene silylhydrides was discussed from a different
point of view on the basis of MP2 calculations of the model complexes
[M(H)(SiH,,Cl5_,)(X)Cp,] (M = Nb, Ta; X =H, Me, SiH,Cl;_,, Cl; n=0-3)
and qualitative analysis of Laplacian maps.'”® The spherical appearance of the
Laplacian of electron density around the metal center was interpreted as an in-
dication of d° configuration, consistent with the silylhydride description of these
complexes. The H~Si bond paths were observed only for the compounds
[M(H)(SiH,,Cl;_,)(X)Cp»], where X = Cl or Me, but the presence of hypervalent
interactions H-"Si and the special role of the in-plane chlorine substituent at silicon
in all three classes (with different X) of complexes was recognized.'” It was sug-
gested that the H - Si interaction stems from the polarization of the central hydride
by the silyl ligand enhanced by the chlorine groups on silicon. The related com-
pounds [M(H)(SiH,,Cl5_,)(C)Cp,] (MM = Nb, Ta; n = 0—3) were rationalized to be
the usual silane o-complexes due to the presence of an electron-withdrawing chlo-
rine on metal. Interestingly, in all the complexes under discussion, the increasing
chlorine substitution at silicon strengthens the Si-H interaction so that the strong-
est bond is observed for the compounds with the SiCly group,'’® which is the
opposite trend to what is normally observed in silane c-complexes. However, the
X-ray structure of complex [Nb(H)(SiCl3),Cp»] (88), which became available more
recently,'” does not support this theoretical prediction. In fact, the molecular pa-
rameters for 88 are more consistent with its classical description and the absence of
any significant interactions, in contrast to the (monochloro)silyl complexes 83 and
86. This is seen from the absence of any significant difference in the Si—Cl bond
lengths between the in-plane and out-of-plane chlorines (a narrow range
2.0835-2.0989(7) Ais observed) and from the increased value of the Si—-Nb—Si bond
angle of 109.61(2)°, which is about 5° larger than in complexes with THI and very
close to the values in classical Group 5 bis(silyl) metallocenes. The experimentally
observed Si—H contacts of 2.14(3) and 2.11(3)A were about 0.1 A longer than in
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complexes 83 and 86 with THI. The lack of Si—H interactions in 88 can be attributed
either to the low basicity of the Nb-H bond stemming from the presence of a large
number of electron-withdrawing chlorine substituents on both silyl centers, or to
hyperconjugation between the in-plane antibonding orbital (Si—Cl)* and the out-of-
plane chlorine lone pairs of electrons. It should be noted that investigations of
related chlorosilyl systems discussed below lead to the same conclusion: the strength
of IHI decreases on going from monochloro- to trichlorosubstituted silyl complexes.

Cl\
SiMe, SiCl;
/I\Ib\_,l_I versus /Nb\_H
SiMe, SiCl,
/
Cl
86 88
nonclassical with THI classical

b. Asymmetric bis(Silyl) Niobocene Derivatives

A series of asymmetric complexes [Nb(H)(SiHMe,)(SiXMe,)Cp,] (X = F (89), CI
(90), Br (91), I (92)) was studied assuming that the interaction of the silyls SiMe, X
and SiMe,Y with the central hydride H would be different.'®*!®! An ND study of
[Nb(H)(SiHMe,)(SiClMe,)Cp»] (90) reveals the symmetrical position of the hydride
in the bisecting plane of niobocene. However, owing to the shorter CIMe,Si—Nb
bond length, the ClIMe,Si-H distance is shorter than the HMe,Si-H distance
(2.085(17) A vs. 2.126(17) A), resulting in a stronger interaction of the hydride with
the chlorosilyl center.'® Comparison with the symmetrical complexes 86 shows that
in the asymmetric compounds 89-92, the Si—X bonds are longer (Table V),

TABLE V
THE COMPARISON OF SELECTED MOLECULAR PARAMETERS IN THE SYMMETRICAL Bis(SiLyL) COMPLEXES

87'9%15% Wit THE ASYMMETRICAL DERIVATIVES 89-92'80-18!
Compound Nb-Si (A) Si-X (A) Si-Nb-Si (°) XSi~H (A)
[Nb(H)(SiFMe;),Cp,] 2.618(1) 1.652(3) 105.57(4) 1.98
2.622(1) 1.644(3)
89" 2.6167(8) 1.614(3) 106.31(3) 2.02(4)
2.6411(8) 1.581(5) 2.20(4)
[Nb(H)(SiCIMe,),Cp,] 2.597(1) 2.163(1) 104.27(5) 2.06
90 2.5969(6) 2.1829(7) 105.85(2) 2.06(3)
[Nb(H)(SiBrMe,),Cp»] 2.604(2) 2.349(2) 103.37(7) 2.05
91 2.586(2) 2.377(2) 107.27(8) 2.07(3)
[Nb(H)(SiIMe,),Cps] 2.595(3) 2.590(3) 104.4(1) 2.07
92 2.5782(8) 2.6287(8) 107.99(2) 1.99(4)

4The SiMe,F and SiMe,H groups are disordered in the positions of H and F.
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suggesting stronger IHI. It should be noted that the Si—-Nb-Si bond angle in 90-92
opens upon descending Group 7, whereas in 87 the bond angle shortens owing to
the increased attraction of both silyls to the central hydride. Such an increase in the
Si—-Nb-Si bond angle in 90-92, contradicting the increase of the size of the silyl
ligand SiMe>X, can be rationalized in terms of a stronger interaction of the SiMe, X
groups with the hydride relative to the H-SiMe,H interaction, with the difference
increasing down the halogen group. Therefore, the opening of the Si-Nb-Si bond
angle is achieved at the expense of decreased NbH SiMe,H interaction. The DFT
studies of 90-92 confirmed that the strength of IHI (covalent term) increases from
Cl to I but, unexpectedly, the longest Si—H contact is seen in the chloro derivative
90, rather than in 89. This irregularity was attributed to the contribution of an
electrostatic dipole—dipole attraction Si-"H, which is expected to be the strongest in
the fluoro derivative 89 and to decrease down the halogen group. Such a polar
interaction can contribute to an additional shortening of the Si-H contact in 89
compared with 90. To conclude, since the difference in the Si-"H interactions was
found to be rather small in 89-92, it appears rather unlikely to determine any
difference in the interaction of different silyl groups with the central hydride H in
the asymmetrically disubstituted complexes 93.

H X
k‘\\\\\S\iMez :\\\\S\iMez

<—— weaker S
/ \ ~<— stronger % ‘.
/SiMcz /SlMez
X Y
X=F Cl Br, 1 93
89,90, 91, 92 compatitive IHI

c. The Dependence of IHI MH - EX on the Nature of Group 4 Element E

The disubstituted complexes [NbH(GeMe;)(GeMe,Cl—SnMe,Cl,)Cp,] (94)'">
and [NbH(SnMe,CI),Cp»] (95)'** were prepared according to Eqs. (27) and (28) by
the H/E (E = Ge, Sn) exchange and chlorodealkylation reactions:

H 2 BrGeMes, NEt; ,‘GCMC»‘ 2 CloSnMe; GeMes

Sl Nb—H - o
/Nb\ H *—> ! \G - CISnMe; % b\}{
H -2 Br*HNEL & eMe, /GeMez
Cl
27
Me—gmMe
o Cl

94
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Cl

_-SnMe; 2 CLSnMe, ._,.\SnMez
Nb—H - Nb™—H
N\ -2 ClSnMe; 7N\
SnMe, e (28)
cl
95

The X-ray structure'’® of 94 (Fig. 11) reveals two different germyl centers, with
the GeMe,Cl group being coordinated to the Cl,SnMe, group and interacting with
the hydride. This conclusion follows from the elongation of the Ge-Cl bond
(2.358(3) A) in comparison with other derivatives of type L,M—-GeR,Cl (range
2.215-2.270(3) A R= alkyl, aryl). This Ge—ClI bond is comparable in length to the
Ge—ClI bond of Cp,W(SiMes)(GeMe,Cl) (2.3541(4) A), which is already elongated
owing to the conjugation of the ox(Ge—Cl) antibonding orbital with the tungsten
lone pair.'® The Ge(1)-Nb—Ge(2) bond angle of 108.31(4)° in 94 is between the
values for the Si—-Nb-Si bond angles observed for the bis(silyl) niobocene with IHI
(about 105°) and the related classical bis(silyls) niobocenes (about 110°). These
features were interpreted in terms of an IHI between the central hydride and only
one lateral group, namely, the GeMe,Cl group. The question as to how the coor-
dination of a Lewis acid, Cl,SnMe,, to the chlorine of GeMe,Cl increases the
electrophilicity of the germanium center and thus promotes the IHI remained open.
Nevertheless, it was noted that the monogermyl complex [NbH,(GeMe,CI)Cp,],
like the related monosilyl 83, exists in the form of two isomers, and it is tempting to
speculate that the sterically disfavored lateral isomer (96) can be stabilized by the
IHI NbH " GeCl with the central hydride.'®?

NBLH NB\\\SnMeq
7N/ /N N
/GeMez H
Cl
96 97
nonclassical with THI classical

In contrast, the lateral isomer is absent in the case of mono(tin) compound 97,
whereas the X-ray structure of the bis(tin) complex 95 is consistent with the lack of
any significant Sn-H interactions, although the CI group is in the trans position to
the hydride.'® The X-ray structure of 97 (central isomer) is also classical, with the
Sn—Cl rotated out of the bisecting plane, so that IHI is not possible.'®’

The fact that the silyl and germyl compounds have IHI, whereas the tin deri-
vatives do not, seems surprising, considering the greater tendency of heavier main
group elements to form hypervalent structures.'®® This discrepancy can be ex-
plained considering the mechanism of IHI. Because IHI stems from the electron
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FiG. 11. Molecular structure of complex 94.

density transfer from the M—H bonding orbital to the o*(E—X) antibonding orbital,
it requires a significant orbital overlap. Since the covalent radii of the heavier
Group 4 elements follow the order Si (1.17A)>Ge (1.22A), Sn (1.40A),'*7 the
direction of the (E-X)* antibonding orbital moves away from the M—H bonding
region as E descends Group 4, as is schematically shown in 98. It should be noted
that it is the difference in covalent radii of E and H that prevents the M—E-X bond
angle from adopting the ideal value of 90°, required by the trigonal bipyramidal
geometry. It can be seen from 98 that such an acute angle will bring the lobe of the
o*(E-X) antibonding orbital away from the M—H bonding orbital. In the main
group element compounds the M—E—R angles deviate significantly from the ideal
tetrahedral value of 109° because of the increased p character in the E-R bonds due
to the operation of the Bent’s rule effect. For example, in the classical compound
88, the six Nb-Si—Cl bond angles fall within the range 116.17-116.67(3)°."*" In the
compounds with IHI this angle is reduced by a few degrees to 113—-115°, which thus
appears to be a compromise between the Bent’s rule effect and the rehybridization
of the center E caused by IHI. In the classical compound 97 the bond angles are
108.895(14)° for the Nb—Sn—Cl bond angle and 121.15(7) and 122.21(7)° for the
Nb-Sn—C bond angles,'® because the Sn—Cl bond has a larger tin p character,
whereas bonding to Nb and two methyl groups can be described by the sp® set. It
follows, therefore, that (i) it is incorrect to infer the presence of IHI from the



Recent Advances in Nonclassical Interligand Si--H Interactions 281

deviation of the M—E—X bond angles from the tetrahedral value (as some authors
do); and (ii) the largest THI could be expected for a compound with the carbon
center, i.e. MH "CX. The problem in obtaining such a species can lie in the pos-
sibility of a facile H/X exchange, induced by electronegative group X.

The importance of proximity of the hydride and silyl ligands to “switch on” the
IHI is also nicely seen from the structure of the molybdenum complex 80. This
compound has both a basic hydride and a functionalized silyl in the cis-position.
But the bond angle H-Mo-Si, determined by the valence orbitals of the fragment
[MoCps), is 64.9(12)°,'"" which does not allow for any significant interaction be-
tween the hydride and silyl ligands (in 83 and 87, the H-Nb-Si bond angles are
46-52°). The presence of d” (n>0) electron density can be another reason for the
absence of IHI, since the negative hyperconjugation of the lone pair on metal with
the SiCIR, ligand'”" can be energetically more favorable than IHI. It is reasonable
to conclude that in d” systems the IHI can be possible only if the special arrange-
ment of the metal lone pair and the silyl ligand does not allow for their hyper-
conjugation. Such a situation occurs, for example, in half-sandwich ruthenium
complexes discussed below.

2. IHI in Titanocene Silylhydrides

The compound [Ti(H)(SiXR,)(PMe3)Cp-] (99) is an isolobal analog of the ni-
obocene compounds 83 with IHI, and is therefore expected to have the IHI too. By
contrast, the compound [Ti(n2—HZSiPh2)(PMe3)Cp2] (20) discussed above is a
stretched silane c-complex, i.e. it has an electronic structure intermediate between

Ti(IV) and Ti(IT).%
- H ..-PMe
Y AW 3
b\\,ﬂ 4—0—» Ti \/H

s /SiMez >Si/RR'
C
8

R

1 Cl

3 99

A series of titanocene complexes 100-104 has been prepared according to Eq.
(29).>> Complex 100 turned out to be highly unstable and readily decomposes in
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solutions into [Ti(PMes)(Cl)Cp,], but the stability of 101-104 increases markedly
with the number of chlorines on the silicon atom to permit their investigation.
Spectroscopic (NMR and IR), structural data (X-ray diffraction studies for 101,
103, 104), and DFT calculations establish that these titanocene silylhydride com-
plexes have IHI Ti—H - Si—Cl. Complexes 101-104 exhibit increased silicon—hydride
coupling constants in the range 2240 Hz that change rather irregularly with the
nature of the substituents at silicon. Importantly, the signs of the J(Si—-H) measured
experimentally in 103 and 104 were found to be negative, thus providing conclusive
evidence of the presence of direct Si-H bonding. Both 103 and 104 have markedly
different Si—Cl bond length for the in-plane and out-of-plane chlorines, the former
being elongated because of IHI (Table VI). This allows for the direct comparison at
the same silicon center of two different types of Si—Cl bonds, one of which is
involved in the interligand hypervalent interaction with the hydride while the other
is not. This feature is significant, since in the only o-complex of a dichlorosilane, the
compound [Mn(n -H-SiCL,Ph)(CO),Cp], the two Si-Cl bonds are almost identical
(2.098(3) A vs. 2.103(3) A, A = 0.005(4) A).""' Large WI and NBO bond orders
support the presence of significant direct Si—H interaction, which is further seen
from the observation of corresponding bond critical points in an AIM study. No-
tably, the X-ray studies and DFT calculations show that the strength of IHI de-
creases with increasing chlorine substitution at silicon. It is interesting that in the
absence of a Si-bound electron-withdrawing group lying trans to the Si-"H moiety,
the compound adopts a silane c-complex form. Thus, the DFT calculations of
[Ti(H)(SiMe3)(PMe3)Cp,] and a rotamer of 103, the compound [Ti(H)(Si-
MeCl,)(PMe;)Cp-] (24) having the Me group trans to hydride, revealed significant
o-interactions between the silicon and hydride atoms as discussed in Section I1.E.1.
Attempts to prepare a classical titanocene silylhydride by reacting [Ti(PMe3),Cp-]
with HSi(OEt); did not afford the compound [Ti(H)(Si(OEt);)(PMe;3)Cp»], but
rather led to NMR silent titanium (apparently Ti(IIT)) complex(es) and the silane
redistribution product Si(OEt)4. To date, a classical titanocene—phosphine silylhyd-
ride derivative without any Si-H interaction has not been observed. It was
concluded that the titanocene fragment [Ti(PMe;)Cp,] is unique in supporting
two different types of nonclassical Si—-H interaction. Depending on the nature
of the R groups on Si, these are either silane o-complexes or compounds with an
IHI.

HSiCIRR' o PMes3
A\Y

/T v PMe; o /Ti S
]
%\ PMe; \s{RR'
o 29)
R,R' MeMe MePh PhPh MeCl CICI
IJ(H-Si)l, Hz - 31 40 22 34

100 101 102 103 104
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TaBLE VI
SELECTED CALCULATED BOND LENGTHS (A) For [Ti(H)(SiMes_,,Cl,)(PMes)Cps] (n = 0—3) anD 24%°
SiMes© SiMe,CI14(100) SiMeClL° (103) SiCl5(104) SiMeCl,*(24)
Ti-Si 2.658 2.581 2.535 2.520 2.551
(2.597) (2.546) (2.517) (2.492)
Ti-P 2.541 2.555 2.559 2.557 2.557
(2.550) (2.557) (2.554) (2.556)
Ti-H 1.742 1.759 1.755 1.754 1.745
(1.81) (1.733) (1.751)
Si-H 1.840 1.805 1.822 1.847 1.862
(1.69) (1.749) (1.751)
Si—Cl - 2.2928 2.259¢ 2.225¢8
(2.222) (2.192) (2.161)
- - 2216 2.190" 2.218"
(2.133) (2.107 av.)

“Experimental X-Ray Values are in Brackets. 24 is a rotomer of 103 with the Me rans to hydride.
®X-ray data in parentheses for comparison, in 103 and 104 the hydride atoms were located from the
difference map and refined.

°X-ray data for [Ti(n*-H,SiPh,)(PMe;)Cp,] (20).

9X-ray data for [Ti(H)(SiMePhCIl)(PMe;)Cp.].

¢X-ray data for 103.

TX-ray data for 104.

€Cl trans to hydride.

"Out-of-plane CI.

3. IHIl in Group 5 Cp-Imido Complexes

The isolobal analogy between the imido and Cp ligands'®® makes the Cp/imido

ancillary a potential platform to study the IHI (see 105 and Scheme 5).

105

a. Cp/Imido Complexes of Tantalum with IHI

The chlorosilyl derivatives [Ta(H)(SiCl,Me;_,)( = NAr)(PMe;)Cp] (n = 0-3),
prepared at room temperature according to Eq. (30), have IHI whose strength,
according to X-ray and DFT evidence, decreases from n = 0 to 3, as was found for
the related titanocene derivatives 101-104."°*7” The similar compound [Ta(H)(Si-
HPhMe)( = NAr)(PMe3)Cp] (106) is classical, whereas the analogous addition of
HSiPhMe, does not occur even under forcing conditions.'>* The X-ray structure
determinations of 107 and 108 revealed the same structural features as in other
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compounds with IHI, namely, the shortened Ta—Si and elongated Si—Cl bonds. The
Si—Cl bond in 107 of 2.177(2) Ais longer than in the related niobocene complex 83,
whereas 108, like titanocenes 103 and 104, contains two types of Si—Cl bonds, with
the bond to the “in-plane” chlorine lying frans to the hydride (2.117(2) A) being
significantly longer (A = 0.053(4) A) than the bond to the “out-of-plane” chlorine
(2.064(3) A) It is interesting that that there is no significant difference in the Ta—Si
bond lengths in 107 (2.574(1) A) and 108 (2.569(2) A, A = 0.005(2) A) although the
latter contains two electron-withdrawing substituents at silicon. This unusual trend
was explained in terms of a compensation of the shortening of the Ta—Si bond in
108 relative to 107 (in accordance with Bent’s rule) by the diminished contribution
of IHI:

<=
T| HSiXRR' | ..PMes
ar-PMe —_ Ti—y
3 / \ ki
AN PMej AN /SiRR'
X (30)
X H cl al al

R,R" Ph,Me MeMe Me,Cl CLCI
106 107 108 109

The measurement of the Si—-H coupling constants in 106-109 revealed an unex-
pected trend in that the magnitude of the J(H-Si) coupling constant increases from
14 in 106 to 50 Hz in 109 as the number of chlorine groups on silicon increases.”’
This trend is opposite to what is observed for normal silane o-complexes.'>!?
Surprisingly, the J(H-Si) in 106-109 does not correlate well with the strength of the
Si-H interaction.”” The structural trends discussed above, and the results of DFT
calculations supported by the NBO analysis and the calculation of WI, show that
IHI is ‘“switched on” on going from the classical compound [Ta(H)(Si-
HPhMe)( = NAr)(PMe3)Cp] (106) to the (monochloro)substituted complex
[Ta(H)(SiClMe,)( = NAr)(PMe;)Cp] (107) and then decreases from 107 to 109.
This can be seen from Fig. 12, showing the variation of the Si-H and Ta-H bond
lengths (in A) and the corresponding bond strengths in complexes [Ta(H)
(SiCl,H;_,)( = NMe)(PMe3)Cp] (n = 0—3) on n. The shortest and strongest Si-H
interaction in 107 (n = 1) corresponds to the longest and weakest Ta—H interactions,
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FiG. 12. The variation of bond lengths (in A) and bond strengths on 7, expressed in Wieberg bond indices
in complexes [Ta(H)(SiCl,H;_,)( = NMe)(PMes3)Cp] (n = 0—3): (a) the variation of the Si~ H interac-
tion, (b) the variation of the Ta—H bond.

in accordance with the theoretical description that IHI is due to the donation of the
electron density from the M—H bond into the o*(Si—X) antibonding orbital.

Thus, the common assumption made in the identification and characterization of
silane o-complexes that a larger H-Si coupling constant corresponds to a stronger
interligand interaction (Section I1.D) is not valid for the compounds with IHI. This
unexpected result can be explained in the same way as it was in Section I1.D for the
compound [Mn(nz-HSiCh)(CO)sz]. That is, although the increased chlorine sub-
stitution in 107-109 results in the decreased IHI, the relative contribution of sili-
con’s character in the Si-H bond increases, which leads to the increase of Si—H
coupling.

The weakening of IHI upon progressive chlorine substitution at silicon in
107-109 is not a priori obvious. Since the increasing n in SiR;_,Cl, decreases the
Ta-Si bond, the silicon and hydride atoms can be expected to come into closer
contact and thus interact more strongly. On the other hand, the introduction of
additional CI groups on silicon results in several electronic effects that lead to the
decrease of orbital overlap between the silicon and hydride atoms. These effects are
(1) the contraction of the orbitals on silicon with increasing z; (ii) the decrease of the
basicity of the hydride owing to the increasing electron-withdrawing ability of the
SiR;_,Cl, group; and (iii) the possibility of conjugation between the p-electrons of
the “out-of-plane” chlorine with the o* (Si—Cl). Although it is difficult to estimate
which effect dominates, they can all decrease the Si—H interaction.
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It should be noted that the silylhydrides 106 109 were the only products of the
reaction shown in Eq. (30). The isomeric agostic species, related to the niobium
species 64 and 65 were not identified, and all attempts to convert 106—109 into these
or other rearranged species at elevated temperatures resulted in decomposition.

b. Silylhydride Derivatives of Niobium Supported by the Cp/Imido Ligand Set

In contrast to the formation of the agostic complexes 64, the reactions
of [Nb(PMe3),(NAr)Cp] with the silanes H,SiPhMe, HSiCIPh,, and HSICl,
Mes_,, (n=2,3) afford exclusively the hydridosilyl derivatives [Nb(H)(SiR3)
( = NAr)(PMe;)Cp] (Scheme 6)."5%'%1%0 The analogous reaction with HSiPhMe,
does not proceed. The X-ray structures of [Nb(H)(SiCIPh,)(PMe;3)(NAr)Cp]
(111" and [Nb(H)(SiCl3)(PMe;)(NAr)Cp] (113)'° suggest the absence of any
significant Si—H interaction. This is particularly surprising in light of the close
analogy between 111 and the tantalum complex 107 with THI. It may be argued that
a conjugation between the p-electrons of the phenyl rings with the o (Si—Cl) orbital
in 111 (or analogous conjugation between the p-electrons of the “out-of-plane™
chlorine atoms and the 6*(Si—Clippiane) orbital) saturates the silicon center, thus
preventing its interaction with the hydride. It is interesting that according to recent
NMR studies, the compound [Nb(H)(SiClMe,)(PMe;)(NAr)Cp] (114), isostruc-
tural with 107 and 111, is formed as a kinetic product in the reaction of
[Nb(PMes),(NAr)Cp] with HSiClMe,, but readily converts into the agostic species
64 at room temperature. According to DFT calculations the molecular parameters
of 114 are very close to those of the tantalum analog 107, and as the latter 114 has
IHI of type NbHSiCL'"" However, the DFT calculations show that 114 is

\
(Nb """ 'PMG}
R PMe,
R=Ar, Ar .
HSiClMy nAr \\{slxm"
\ \
Cl-., PMes Me;P-.,, ~Cl | ..PMe
“Nb “NB 3
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RN/,' H d ©H ZN\
\Si" \Si” ArN iRR'
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110 111 112 113

SCHEME 6.
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l1.4kcalmol™! less stable than its agostic isomer 64. It appears, therefore, that
niobium shows a greater tendency than tantalum to stabilize formal M(III) struc-
tures such as 64, which is a general trend in the chemistry of these two analogs of
the Periodic Table.

4. The IHI MH-SiX in Half-Sandwich Complexes of Ruthenium

Some ruthenium complexes such as 32 and 35, in the formal oxidation state of
Ru(IV), are silane o-complexes. On the other hand, the Group 8 fragment
[Ru(R3;P)Cp] (115) is isolobal to the Group 5 metallocene moicty [MCp,] (116),
thus giving rise to the question of the occurrence of IHI in the Ru(IV) compounds
[RuH,(SiR’>X)(PR3)Cp].”* The properties of the fragment [M(R3P)Cp] can be
tuned by varying the properties of the Cp and PR3 ligands.

ST O

Group 8 Group 5

115 116

The structural features of complexes [RuH,(SiR,CI)(PR3)Cp*] (117)°*1°1192 and
[RuH(SiMeCl,)(PR3)Cp*] (118)”* are consistent with the presence of interligand
interactions similar to those found in metallocene complexes 83, 87, 101-104 and
isolobal Cp/imido complexes 107-109. In 117 the Si-Cl bond is comparable in
length to those in 83 and 107 (for instance, in [RuH»(SiMe,Cl)(PMePr5)Cp*]:
2.170(1) A). The novel feature observed in 118 is that the silyl group appears to
interact simultaneously with two hydrides (compare with 87 where two silyls in-
teract with one hydride) since each chlorine atom at silicon finds a hydride partner
in the approximate trans position (both bond angles Cl-Si-H are 154(2)° for the
case [RuH,(SiMe,Cl)(PPr3)Cp*]). This leads to the somewhat elongated Si—Cl
bonds (2.1271(7) and 2.1170(7) A) which, however, are shorter than in 117 because
the p character of Si is distributed over two chlorine atoms in accordance with
Bent’s rule. The strength of IHI can be tuned by changing the basicity of the
phosphine, which in turn affects the basicity of the hydride ligands. Thus, there is
no Si—H interaction in the compound [RuH,(SiMe,CIl)(PPh;)Cp*] with the poorly
donating PPh; ligand."”® As expected, more electron-releasing groups at silicon
break the THI, so that the compounds [RuH(SiR;)(PMePr3)Cp*] (R = alkyl, aryl
or H) are classical. This unique dependence of the interligand interactions in the
compounds 117 and 118 on the nature of the substituents at phosphorus and silicon
atoms allows one to differentiate them from the phosphine polyhydride complexes
with multicenter H - Si interligand interactions discussed in Section IV. Although
complexes 117 and 118 are Ru(IV) species with the d* configuration, negative
hyperconjugation with the o#(Si—Cl) antibonding orbital is not possible because the
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metal lone pairs derived from the dz* and dxy orbitals (the z-axis is assumed to be
directed toward the center of the Cp* ligand) are directed trans to the Cp* and
hydride ligands, respectively, and thus cannot overlap with the o*(Si—Cl).

AN M o \\;1 wCl
R;P i -
3 H ., 3 H AN
A Me Cl Me
117 118

C. B-IHI

The IHI discussed so far occur between a functionalized silyl ligand (i.e. in the
a-position relative to a metal) and a cis hydride and thus, in analogy with the
agostic complexes, can be classified as a-IHI. Gountchev and Tilley reported the
unique example of compound 119, in which the silyl group in the B-position to
metal interacts with the hydride.'”® Complex 119 was obtained according to Eq.
(31) apparently via a sophisticated mechanism including the Si-H addition across
the Ta = N double bond followed by the rearrangements of the substituents at
silicon. The key structural and spectroscopic features of this complex are similar to
what is found in the compounds 83, 87, 101-104, and 107-109 with o-IHI. A trans
arrangement of the chloride and hydride atoms (the CI-Si—-H bond angle equals
174(1)°) with an elongated Si—Cl bond of 2.149(2)A was observed. Although the
elongation of this bond may seem not to be as significant as in compounds with «-
IHI, it is not influenced by the presence of an M—Si bond (which is absent in 119),
and thus, the elongation due to the Bent’s rule effect is absent. In fact, this Si—Cl
bond is rather long when compared with organochlorosilanes and approaches the
values observed for an axial chlorine in hypervalent silicon compounds. The silicon
atom adopts a distorted trigonal bipyramidal geometry, with the hydride and
chloride occupying the apical sites and the sum of the N-Si-H, H-Si—C, and
C-Si—N bond angles (351(2)°) close to 360°. The Ta—N-Si bond angle of 108.8(2)° is
diminished in comparison with related systems (bond angles > 120°), which allows
for the close approach of the SiCIHPh group to the hydride to form a short SiH
contact of 1.67(3) A. Simultaneously, as in complexes with o-IHI, the Ta—H bond is
elongated to 1.83(4) A. Although the Si—hydride coupling was not observed, several
spectroscopic features suggest the presence of a direct Si-H interaction. First, the
Ta-H stretching frequency is low (1678 cm™" vs. 1779-1790cm ™" in related com-
pounds). Second, there is a large coupling constant of 6 Hz between the hydride and
silicon-bound hydrogen, which is too large a value for a formal *J(H-H) between
these four-bond separated nuclei. The Si-"H bonding in 119 can be described in
terms of resonance structures 120 and 121, or alternatively by an MO interaction
diagram, which is very similar to that written to describe bonding in 83 (Fig. 7).'®
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D. IHI MH SiX in Complexes not Isolobal with Metallocenes

Metallocene or metallocene—isolobal ligation is not a prerequisite of IHI. THI can
be expected for any supporting ligand set, provided it ensures cis disposition of the
hydride and functionalized silyl groups and sufficient basicity of the hydride ligands.

IHI does not occur in the nonmetallocene tungsten complex [W(H),(SiPh,CI)(-
CO),Cp*] (122) owing to the presence of two electron-withdrawing carbonyl lig-
ands.'”* Although the trans orientation of the hydride and the Si—CI bond is seen in
122, the Si—Cl bond length (2.135(1) A) falls within the range (2.094-2.148 A) found
for classical chlorosilyl complexes, and the W—Si bond is not contracted either. The
H-Si coupling constant of 18.3 Hz is somewhat increased, but the hydride atoms
remain equivalent on the NMR timescale down to —80 °C.'"** The negative hyper-
conjugation of the metal lone pair and the o*(Si—Cl) does not occur either, because
the metal electron density is effectively delocalized on the carbonyl ligands. It would
be interesting to explore the possible competition of IHI with negative hypercon-
jugation in the so-far unknown diphosphine analogs of 122, [M(H),(SiR,X)
(PR3).Cp*] (M = Mo, W).
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TaBLE VII

THE SUMMARY OF STRUCTURAL TRENDS IN CoMPLEXES WITH IHI AND IN 6-COMPLEXES
IHI o-Complexes
Shortened M-Si bonds Elongated M-Si bonds
Long Si-X bonds . Normal Si-X bonds .
Si-H contacts of 1.8-2.1 A Si-H contacts of 1.7-1.8 A
Small Si—-M-Si angles in bis(silyl)hydride systems No regulations
X and H substituents in the apical positions in respect to silicon atom No regulations
Elongated M—H bonds Normal M—H bonds

E. Comparison of IHI with Residual o Interactions in Silane Complexes

The main structural trends for c-complexes and compounds with THI are
compared in Table VII. As can be seen, the key structural parameters differ mark-
edly in these two types of nonclassical complexes, and can be used for their
differentiation. This is not surprising, taking into account that these Si-H inter-
actions differ electronically and occur for different types of complexes. Thus,
o-complexes are formed for electron-deficient metal centers with electron-accepting
ligands, whereas IHI is formed for metal fragments supported by donating
ligand sets. The ‘“hydrides” in o-complexes are often acidic, whereas in
complexes with THI the high basicity of the hydride is a prerequisite for the in-
teraction.

The comparison of spectral parameters is less straightforward. Large silicon—pro-
ton coupling constants are expected for the compounds with significant residual o
interactions, while the J(H-Si) should be small in the case of an ideal IHI when the
hydride and the functionalized group X on silicon are mutually frans and a pure p
orbital of silicon is used for bonding. As has been discussed above, none of
these premises is purely realized in practice. J(H-Si) can be rather high in silane
complexes with even weak interaction of silicon atom with hydride because of re-
hybridization of silicon owing to the presence of electron-withdrawing substitu-
ents.>” On the other hand, in the compounds with o-IHI, the hydride and group X at
silicon are never perfectly trans (i.e. the angle H-Si—X < 180°) owing to the small size
of the hydride and, hence, a short M—H distance. For this reason, there is always
some contribution of silicon s character in bonding with the hydride and a fairly
large J(H-Si) can be observed, which does not necessarily correspond to strong
bonding.

To summarize, the following conditions for the occurrence of IHI can be de-
duced:

1. A basic hydride ligand should be present. This is usually realized for elect-
ropositive early transition metals or late transition metals in low oxidation
states supported by electron-donating ligands. The metals are preferably from
the second and third transition series to ensure strong covalent bonding.
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2. A functionalized silyl ligand with an electron-withdrawing group X should be
located cis to the hydride. The THI is stronger when X is a good leaving group
and when only one such group is present.

3. The bond angle between the H and SiR,X ligands should not be large (about
50°) to ensure significant overlap of the o(M—H) bonding orbital and the
o*(Si—X) antibonding orbital.

4. Trans orientation of the H and X group should be accessible.

5. If an electron pair is present on metal, its direction should be such that a
negative hyperconjugation of this lone pair with the o*(Si—X) antibonding
orbitals is not possible.

v
MULTICENTER H-SI INTERACTIONS IN POLYHYDRIDESILYL
COMPLEXES

A. Evidence for Multicenter H - Si Interactions

There is mounting evidence that polyhydride complexes substituted by a main
group element ligand ER,, can have multiple interligand EH interactions. The
unusual properties of the rhenium polyhydride silyl complexes [Re
(H)6(SiR3)(PPh3),] (123, R; = Ph3, Et;, HEt,) and [Re(H),(SiPh3)(CO)(PPh;)s]
(124) were found as early as 1990.'%>1°¢ Complexes 123 are highly fluxional, but on
cooling to 193 K, a tricapped trigonal prism geometry was determined by NMR and
confirmed by an X-ray diffraction study of [Re(H)4(SiPh;)(PPhs),]. Although the
T min measurements for the hydride ligands gave rather small values of 76—79 ms
(for 259 MHz at 209 K), the dihydrogen c-complex alternative was rejected on the
basis of very small isotopic perturbation of resonance. And indeed, Hartree—Fock
calculations of a model complex [Re(H)s(SiH3)(PHj3),] found all the H-H distances
between any pair of cis-hydrides to fall in nonbonding range 2.083-3.157 A. The
most striking structural feature of [Re(H)4(SiPh3)(PPhj3),] is the Re—Si bond length
of 2.474(4) A, which is much shorter than the sum of covalent radii (2.65 A), un-
usual for a formal d° complex. This and the observation of two short Si-H contacts
of 1.76 and 1.92 A led to the suggestion of a possible M(n?-H,SiR3) ligation in 123.
A similar structural motif with a short Re-Si bond of (2.451(3) A) and two close
Si—H distances was observed for 124, which, unlike many seven-coordinate com-
plexes, is a stereochemically rigid molecule. While the spectroscopic data for 123
and 124 do not support the presence of any Si—H or H-H interactions, calculations
of model complexes [Re(H)s(SiH3)(PH;)2] and [Re(H)2(SiH;)(CO)(PH3)s] do show
somewhat shortened Si—H distances (2.247-2. 322 A and 2.28A, respectively).'”’
Moreover, the features of the Laplacian of electron density were interpreted to
support the presence of four weak, attractive Si—H interactions in 123 and two
similar interactions in 124.
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The reason why the idea of multiple H "SiR; interactions did not receive much
attention in the early work was, possibly, the absence of a simple bonding scheme
that would allow one to conceive of this type of bonding. While a o-bond coor-
dinated to a metal can be considered as a two-electron donor like phosphine, the
perception of multiple H SiR3 interactions awaited both more conclusive evidence
and the development of an adequate theoretical description.

The investigation of iron complexes [Fe(H);(SiMePh,)(PBuPh;);] (125) and
[Fe(H)3(SiR3)(CO)(dppe)] (126, SiR; = Si(OMe)s;, Si(OEt);, SiMe;, SiPhMe,,
SiPh;) approached but did not achieve these goals.’®!'”® The compound 125 was
prepared by silane addition to the dihydrogen complex [Fe(H),(n-H,)(PBuPh,);]:

SiMePh,
i
[Fe(H),( “Hp)(PRy);]  +  HSiMePh, ———= Fe

R; = Ph,Bu
125

In 125 the hydrides are equivalent at room temperature, but cooling to —60 °C gives
two broad singlets in the ratio 1:2, which indicates a restricted rotation of the
SiMePh; group around the Fe—Si single bond. These data were interpreted in terms
of the formation of only one 3c—2e Fe-H-Si bond on a three-minima potential
energy surface. For the related tin complexes [Fe(H);(SnPh;)(PRPh,)3] (R = Bu,
Et), the increased value of J(Sn—H) (174.2 Hz for R = Bu), measured from the tin
satellites in the ' HNMR spectrum, did suggest the presence of a Fe-H-Sn bond, but
the X-ray structure was in accord with three hydrides interacting with one tin
center, which was accounted for by packing forces in the solid state. The low-
temperature proton-coupled 2*Si NMR spectrum (or the ''Sn NMR spectra for the
tin analogs), which might have established the number of hydrides interacting with
the silyl (or stannyl) ligand, was not determined for any of these complexes.

The compound [Fe(H);(SiR3)(CO)(dppe)] (126) features a m-accepting ligand
(CO), a metal from the first transition series (Fe) with contracted 3d shell, and a
high formal oxidation state (IV); all these factors promote the formation of G-com-
plexes.? In view of this and the nonclassical nature of [Fe(H),(n-H,)(PBuPh,),], the
occurrence of a Si-H o-bonding seems very likely. As in 125, equivalent hydrides
were observed in the room temperature NMR spectra of 126, with the J(P—H)
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coupling constant increasing from 18.9 to 20.9 Hz as the electronegativity of the R
groups at silicon decreases (in the related classical compound [Fe(H),(CO),
(dppe)] the J(P-H) = 30.4 Hz)."”® This trend is opposite to what would be expect-
ed if these compounds were the usual silane g-complexes that have a smaller J(P-H)
for the stronger Si-H interaction promoted by donating groups at silicon.
X-ray structure of the compound [Fe(H);(Si{OEt}3)(CO)(dppe)] is consistent
with the three hydrides lying cis to the silicon atom, but the hydrides were not
observed. Again, the *’Si NMR data were not determined for any of these com-
plexes.

The structure of the di-iron complex [Fey(u, n?, n*-BHg)(PEt;),] (127) contains a
boron atom in the octahedral environment of 6 equiv. hydrides capped on the
opposite facets by two iron atoms.'”® Thus, neglecting the second iron center, the
geometry is very reminiscent of the complex 125. DFT calculations supplemented
by an AIM study confirmed the presence of six H-B interactions and direct Fe—B
bonds. The structure was considered as containing a boron trication B*" sand-
wiched between two anions [Fe(H);(PEt;)3] .

+
BiR oy M PEy
‘ /
Et;P “Fe‘H 75\ Fe‘PEt
/N / \
EtP PEL
127

Finally, the presence of three Si—H interactions was found in a series of struc-
turally analogous triphosphine ruthenium and osmium complexes of the type
[M(H)5(SiX5)(PR3);]"*" (10), and ruthenium diphosphine-hydrogen complexes
[M(H);(n?-Hy)(SiX3)(PR3),], having a dihydrogen ligand in place of a phosphine as
a two-electron ligand.?** %% Similar to the iron complexes discussed above, the
compounds [Ru(H)3(Sipyr;)(PPhs);] (128, pyr = pyrrolyl) and [Os(H)s
(SiR3)(PPhs)s] (R = pyr, Et, Ph) exhibit equivalent hydride ligands, which remain
indistinguishable down to —85 °C.'"® An octahedral arrangement of the hydride and
phosphine ligands was established by NMR in accord with DFT calculations of
model systems. The possibility of a nonclassical dihydrogen ligand (n?-H,) was
ruled out on the basis of large 7). Unlike many seven-coordinate polyhydride
compounds, including the relevant complex [Os(H)s(PPhs)4] ", these trihydridosilyl
derivatives are rigid, attributed to the presence of stabilizing Si—H interactions. And
indeed, the coupling of the silyl to 3 equiv. hydrides with a large J(Si-H) = 47.4 Hz
for the ruthenium compound 128 was observed in the proton-coupled *’Si NMR
spectrum. (A quartet of quartets due to the coupling to 3 equiv. phosphorus and 3
equiv. hydride nuclei was observed.) The same pattern was found for the osmium
derivatives too, but the coupling is weaker and reduces on going to more electron-
donating groups on silicon (29.2 Hz for R = pyr vs. 17.9 Hz for R = Et). It should be
noted again that, as in the related iron complex 126, this trend is opposite to what is
usually observed in silane c-complexes.
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The X-ray structure of the osmium complex [Os(H);(SiR5)(PPhs);] (129) was
determined but the hydride ligands were not observed. Nevertheless, the structure is
consistent with three hydrides being cis to the silyl, capping the three SiP, facets of
the distorted tetrahedron formed by the heavy atoms. The remarkable feature of
[Os(H);(SiR53)(PPhjs)s] is the very short Os—Si bond (2.293(3) A), which speaks
against the presence of an (n2-H-Si133) ligand. Another noteworthy feature is the
elongated Si—-N bond of 1.782(10) A compared to 1.729 A in the parent silane
HSipyr;. The capped octahedral geometry of 129 and its main structural features
were well reproduced by DFT calculations of a model complex [Os(H);(Si-
pyr3)(PHj)3]. Short Si—H contacts of 2.10 A were calculated. Rotation of the silyl
group, breaking the favorable trans arrangement of the substituent R at silicon and
the hydride, was found to destabilize the system, leading to the elongation of the
Os-Si bond and increase of the Si—H contacts.

Three bonding schemes were invoked to account for the properties of 128 and
129. The NBO analysis of [Os(H)3(SiX3)(PH3)3] led Hiibler and Roper et al. to
propose that the Si-H interactions stem from the delocalization of hydride elec-
trons to the o*(0s—Si) (see 130 in Fig. 13) and, to a lesser extent, to the o*(Si—X)
orbital (131, Fig. 13)."® Surprisingly enough, it was suggested that donation to the
o*(0s-Si) orbital diminishes the antibonding between osmium and silicon, which
was used to account for the very short Os—Si distances in 129. Alternatively, the
peculiar structural and spectroscopic features of 128 and 129 are reminiscent of
what was observed in the compounds with THI, thus a triple IHI Os—H"SiX can
account, in principle, for all the observed properties, including the short Os—Si bond
and elongated Si-N bond.'” However, this view is not entirely consistent with the
high formal oxidation state IV of ruthenium. A more general description, applicable
to all complexes of the type [M(H)3(SiX3)Ls], where L is a two-electron donor
including the (n?>-H,) ligand, is shown on the right side of Fig. 13 and implies a
o-coordination of the Si—-H bonds of a hypervalent ligand (H;SiX5)*".'® This means
that the Si-H bonding is, in a sense, hypervalent, but that the M—(H-Si) bonding is
similar to that in c-complexes.

Several other complexes, structurally related to 125, 128, and 129, have been
described. Like 128, the compound [Ru(H);(SiMeCl,)(PPhs);] (133) exhibits a

O X X X
X X X
NV s X N & X N £ X
% /81\ \“‘.»Sl\
@ 7
| 4 H H
H\f/;gI)/ H\"/,M/ H \M/
L/ \L v \ L e \ L
L L L
donation to ¢ *(Si-M) triple IHI MHSiX n* coordination of (RySiH;)*
130 131 132

FiG. 13. Possible theoretical descriptions of the bonding in complexes [M(H);(SiR3)Ls].
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single hydride resonance in the 'H NMR spectrum and increased J(Si-H) of
39.7Hz. The X-ray structure reveals three short Si-H distances in a narrow range
1.86(2)-1. 94(3) A with the interesting feature that the shortest Si-H distance of
1. 86(2)A corresponds to the longest trans Si—Cl bond (2. 130(1)A _compared with
2.075(1)A for the Si—Cl bond trans to the Si—-H bond of 1.94(3) A), as would be
expected for a hypervalent silicon center.'” The related compound 134 was formu-
lated as a [Ru(H),(n?-SiPh,{OSiR;3})(PPh3);] species, but again, a single hydride
resonance with J(Si-H) = 34 Hz is seen at room temperature.””! Two signals for the
nonequivalent hydride ligands (zrans to the Ph and OSiR; groups at silicon) with
the relative intensities 1:2 are resolved in the "H NMR spectrum at 213 K. The low-
temperature proton-coupled *°Si NMR spectrum that may, in principle, differen-
tiate between the silicon coupling to two types of nonequivalent hydrides has not
been reported. The Si—H distances observed by an X-ray study at 140(2) K were in
the range 1.97(5)-2.07(5) A, with the shortest Si-H bond lying trans to the most
electron-withdrawing substituent OSiR3;. The common feature of complexes 129,
133, and 134 are the short M—-Si bonds of 2.293(3), 2.2760(4), and 2.3539(15) A,
respectively, which allow one to distinguish them from silane c-complexes, where

elongated M—Si bonds are observed.'*'?

(OSiR;
N\ £~Ph
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An Os-Si bond of 2.3442(8) A, which is longer than in 129, and longer Si-H
contacts of 1.9393072.06(4)1& have been found for the silatranyl derivative
[Os(H);(Si{OCH,CH,};N)(PPhs);] (135), which was rationalized to have very
weak Si-H interactions.’”® The related compounds [Os(H);(SiR3)(CO)(PR'5),]
(R3 = H,Ph, HPh,, Phy with R’ = Pr' (136)*** and R = Me with R’ = Ph (137)**%)
were regarded as classical on the basis of large J(H-P),?*® presumed to be small in a
nonclassical compound, and on the basis of calculations of a model complex
[Os(H);(SiH5)(CO)(PH5),].2** The complex 137 was found to belong to the same
type as 125, 128, 129, and 134, whereas the X-ray structure determination of
[Os(H)5(SiHPh,)(CO)(PPr}),] did not reveal the hydrides,?®* although a different
structure with three hydrides cis to one of the phosphorus center was found to be
the minimum for [Os(H);(SiH3)(CO)(PHj3),]. A shorter Si—H bond of 1.869 A to one
of the hydrides suggests that a silane o-complex can be present.”** Neither for 136
nor for 137 were the H-Si coupling constants measured.

Since the DCD scheme consists of donation and backdonation components, the
o-complexation of the Si-H bond to metals depends both on the m-acidity of the
trans ligand and its donor ability, as related to the trans effect. The structure 132
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suggests that if the ligand L is a w-acid, such as carbonyl, the H-Si bond should
strengthen for the same reasons, as m-acidic ligands promote the formation of o-
complexes. However, the essential difference with the conventional silane G-com-
plexes is that electron-withdrawing groups on silicon will strengthen the Si-H bond
in 132 and thus cause a less-advanced S—H bond addition to metal, because such
groups promote the formation of a hypervalent silicon species. On the contrary, the
Si—-H bond trans to the most electron-donating group at Si will be more activated.
This effect is reflected, for instance, in the smaller J(Si—H) in the ethyl-substituted
complex [Os(H)3(SiEt3)(PPhs)s] (17.9 Hz) compared with 29.2 Hz in the pyrrolyl
derivative [Os(H)5(Sipyr;)(PPhs);],'® and in the decrease of Si-H bonding in 135,
which has an electron-rich silatranyl center because of the intramolecular Si« N
dative bond. The compound [Ru(H);(SiMe;)(PMes);], having donor groups at both
the silicon and phosphorus atoms, is classical according to a ND study.’°® The case
of carbonyl complexes 136 and 137 suggests that substitution at silicon is more
important than the m-acidity of ligands frans to the hydrides, but the evidence
against the nonclassical structure is inconclusive. The *°Si NMR data and more
sophisticated quantum-mechanical calculations are required to test this hypothesis.

If the bonding scheme 132 is valid, it can be expected that ligands with weak
n-acidity will provide the advanced Si—H bond oxidative addition. Such a situation is
observed, for instance, in the compound [Ru(H),(n?-H,)(n?-HSiPh3)(PCy;)] (138,
the original formula of the authors is given) that was rationalized to simultaneously
contain a n2-dihydrogen and a n2-silane coordination®** with additional stabilizing
secondary interactions between the silicon and hydride atoms (SISHA).20 202207
Changing the phosphine in 132 for a dihydrogen ligand to give 138 causes the rupture
of the H-Si bond trans to the n?-H, and yields a hydride ligand, owing to the weak
trans effect and weak m-acidity of the n?-H, ligand. The hydride ligand possibly still
has some weak residual interaction with the silicon atom,?** while the two remaining
phosphines on 138, which are bulky, occupy the sterically unfavorable but electron-
ically advantageous cis positions that are trans to two H-Si bonds of what is left of
the (n*-H3SiX3)*~ ligand, the (n3-H,SiX3)~ ligand. ' The two Si-H bond lengths
observed by X-ray in 138 (1. 72(3) and 1. 83(3)A with A = 0.11(4) A) and calculated
for its model [Ru(H),(m?-Hy)(n>-HSiH;)(PH3)] (1.946 and 2.071 A with
A = 0.135A) do not show any significant difference, although one of them was con-
sidered as a residual o Si-H interaction in the n?-silane ligand HSiR; and the other
was proposed to be a SISHA between the silicon atom and the putative hydride.
Such close Si-H distances suggest the presence of a (n3-H,SiX5)™ ligand, whose
slight asymmetry can be then explained by a second-order Jahn—Teller distortion.'®

Very similar Si-H interactions are seen in the compound [Ru(H)(n?-HSiClMe,)
(n3-C¢HgPCy,)(PCy;)] (139, the original formula of the authors is given), which
relates to 138 in that the hydride and the dihydrogen ligands are substituted by the
n3-allylic ligand derived from a dehydrogenated cyclohexyl ligand. Again, very
close values for the Si—H bonds are found in this compound (originally rationalized
to be a silane c-complex with additional SISHA) by an X-ray study (1.91(2) and
1.99(2) A, A = 0.08(3) A).2°

The predicted free ligand (H,SiPh3)™, isolated in the form of its potassium salt,
has been recently prepared and studied by X-ray analysis.’*® A D, geometry with
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the hydrides in the apical sites was observed in the solid state and calculated
by DFT to be the minimum. However, a second conformer with one axial and one
equatorial hydride was found to be another local minimum, lying only 8.6 kcal mol ™
higher than the trans-form. Therefore, the energy cost of the distortion of trans
(H»SiPh3)™ to give the cis-form can be easily compensated for by the double ligation
of both Si-H bonds to a metal. Cis hydrides were also proposed for the compounds
(H,Si{OPr'}3)~ and (H,Si{OBu*};3)~ on the basis of NMR evidence, but no struc-
tural information is available.>®
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Whereas the complexes [Ru(H),(SiR3)(PR’3)Cp*] with electron-donating groups
R (R = alkyl, aryl) are classical,”® the isolobal tris(pyrazolyl)borate complexes 140
(Cp* is isolobal with Tp) were formulated as silane o-complexes of type
[Ru(H)(n2-HSiR3)(PPh3)Tp].?'® The compounds 140 were prepared by silane ad-
dition to [Ru(H)(NCCH;5)(PPh;)Tp] according to Eq. (32). Similar to the related
complex [Ru(H)(n2-H,)(PPh3)Tp],>'! complexes 140 are highly fluxional, exhibiting
2 equiv. hydride signals in the "H NMR spectra even down to —100 °C, but the n2-
H, form is absent since the 7 values are large (436—-690 ms), well outside the usual
range of T values for dihydrogen complexes. The presence of a H-Si interaction in
140 is evident from the large observed J(H-Si) in the range 23.3-52.8 Hz, and since
the hydrides are fluxional, even higher values for the J(H-Si) could be expected if
complexes 140 contained a separate n2-silane ligand.?'® As in 129, the highest
J(Si—H) is seen for the silyl group bearing the most electron-withdrawing groups, a
feature not compatible with the presence of a conventional o-complex. It is obvious
that the occurrence of interligand interactions in the [Ru(PR3)Tp] system compared
with the isolobal [Ru(PR3)Cp] fragment is due to a weaker donation ability of the
rigid Tp~ ligand and, hence, a diminished backdonation from the metal:
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JH-Si),Hz= 233 528 284 235 235 274
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The J(H-Si) in 140 were measured from the 2°Si satellites in the "H NMR spec-
trum and, therefore, do not tell us how many hydrogen atoms are bound to the
silicon. This problem was solved by a B3LYP calculation of a model of 140 (Tp was
a modeled by (H,C = NNH);BH, PPh; by PH3, and SiR; by SiHs), which shows
that among several possible representations 140a—140d, the most stable one is
140a.?'° The optimized structure exhibits a Si-H distance of 1.823 A and a longer
Ru-H distance to the Si-bound hydrogen than the Ru-H(hydride) bond (1.629 A
vs. 1.610 A). The Si-H(hydride) distance is longer (2.108 A) and was considered as
nonbonding,?'° although it should be noted that similar values are found in com-
plexes with SISHA.>%° 292207 The occurrence of the interaction Si-H(hydride) may
account for the very low calculated barrier (0.5 kcal mol ™", structure 140b) of silicon
swinging between the different hydrogen centers, which explains the extreme flux-
ionality of the complex 140. This bonding picture (one stronger Si-H and one
weaker Si—H interaction) is very reminiscent of the cis-effect well described in a
range of hydride(dihydrogen) complexes, which are often very fluxional.”> The iso-
meric form 140d was found to have even stronger Si-H interaction (1.765 A),
whereas the cis-effect was absent (the H-H distance is 1.765 A), apparently owing to
the difference in the electronegativity of the silicon and central hydrogen atom,
leading to the polarization H™-Si". The interconversion of 140a and 140d requires
a much higher barrier of 7.5 kcalmol ™.

[Ru] [Ru] [Ru] [Ru]
H | H H.. | _H H. ! siH v sl
H,Si “$i° H n
H;
140a 140b 140¢ 140d

[Ru] = TpRu(PH,)

The observation of a much larger Si-H coupling (52.8 Hz) for the triethoxy
derivative [Ru(H)(n2-HSi(OEt);)(PPh;)Tp] compared with other complexes 140
(range 23.3-27.4 Hz) contradicts the usual trend that electron-donating groups on
silicon favor stronger Si—H interaction. Interestingly, B3LYP calculation of the
model [Ru(H,Si(OH)3)(PH3)Tp] shows a stronger Si—H interaction for both the Si-
bound hydrogen and the Ru-bound hydride (the Si-H distances are 1.787 and
1.985 A). Therefore, it is tempting to postulate that the actual form of 140 is in-
termediate between 140a and 140b and that the overall bonding picture is different
from what is observed in normal silane o-complexes. That is, the structure of 140
can be rationalized as containing a (H,SiR3)™ ligand distorted due to the second-
order Jahn-Teller effect, as is discussed above.'® The transition state 140b then
corresponds to a complex of symmetrical (H>SiR3) ™. Such a “breathing” (H,SiR53)™
ligand may be alternatively applied to explain the fluxionality of complexes 140.

Stabilizing SISHA interactions were invoked to account for the unusual prop-
erties of the chelate complexes [Ru(H)2{(nz-HSiRz)zX}(PCy3)2] (141).?'> These
compounds were prepared by disilane additions to [Ru(H)z(nz-Hz)z(PCy3)2]
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[Eq. (34)] and thoroughly studied by IR and multinuclear NMR spectroscopy, X-
ray analyses, and DFT calculations. Two very different Si-H distances (range
1.73(3)-1.84(3) A vs. range 2.21(2)-2.27(2) A) have been observed, which allows the
authors to differentiate between two types of nonclassical bonding in 141: the n>-
coordination of H-Si bonds to metal and the H " Si secondary interactions. Com-
plexes 141 have symmetry C, or C,, and, as in 138, the two bulky phosphine ligands
are in the sterically disfavored cis positions. The hydrides are trans to the
phosphines rather than to the ligands with the weakest trans influence, the n2-H-Si
bonds, which was attributed to the presence of stabilizing SISHA interactions be-
tween these hydrides and the silicon atoms. The two n?-H-Si bonds are mutually
trans and thus compete for the backdonation from the same d-orbital on metal,
according to a B3LYP study.”’® Moving the two n2-H-Si bonds away from the
phosphines weakens this competition and stabilizes the structure. The compounds
[Ru(H)2{(nz-HSiRz)QO}(PCy3)2] (R = Me, Ph) have a structure of type 142 with C,
symmetry, with one n2-H-Si bond lying trans to a hydride and the other n?-H-Si
bond trans to a phosphine ligand, so that the H-Si bonds do not compete and are
activated more strongly through enhanced backdonation.?'? Interestingly, the theo-
retical work by Lin ez al. did recognize the unusual geometry of 141 (the n?> — H—Si
bonds are trans, making the ligands with strongest zrans influence mutually trans)
but provided no rationale for this, because the stabilizing secondary interactions
between the silicon and hydride atoms were not identified. Instead, it was stated
that “the trans bis(n> — H+Si)) structure reflects the inherent stabilization of the
complex through a particular distorted coordination of the two trans-(H Si)

units”:213

CysP H R,Si~H CysP
Ru. X 1 _Rul + u

H “TN X N

H/ | \l H PCy, s / \ PCy;
H ! ZSI\H H
Cy;P R;Si—-H
(34)

141 142

X =0, 1,2-C¢H,, C,H,, C3Hg, OSiMe,O X=0, O

R = Ph, Me, Me, Me, Me R = Ph, Me

In [Ru(H)2{(nZ—HSiRz)zX}(PCy3)2], the H-Si coupling constants depend on the
nature of other R groups at silicon in a way different from the normal silane
o-complexes. Thus, in [Ru(H)2{(nz-HSiRz)ZO}(PCy3)2] (142) J(H-Si) rises from
22 Hz for R = Me to 41 Hz for R = Ph, although phenyl is a weaker electron donor
than methyl. In the symmetrical 141 the J(H-Si) increases with the length of the
bridge (65Hz for X = 1,2-C¢H,4 to 75Hz for X = (CH;);) and also increases for
electron-withdrawing substituents at silicon (75 Hz for X = (CH,); vs. 82 Hz for
X = 0SiMe,0). Further support for the presence of H-Si interactions comes from
the low-frequency shifted (by 350-450cm™') stretching bands (range
1985-2045cm ™' ). Theoretical studies show that the Si-H and Ru—H vibrations
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are strongly coupled and the low-frequency bands are better described as Ru-H"
stretchings (H® — the hydrogen bridging the ruthenium and silicon atoms). Com-
plexes analogous to 141 with more electron-withdrawing phosphines PPh;
and Ppyrs (pyr = pyrrolyl) have been also prepared, but the observed H-Si
coupling constants are very close to those in 141, and no definite conclusion
about the dependence of the H-Si bonding on the nature of phosphine can be
made.*'?

Complexes 141 are fluxional at or above room temperature, exchanging the
“hydrides” and the protons of the n2-H-Si bond.?**?'? Analysis of different ex-
change mechanisms supported by DFT calculations favors the exchange to occur
via an asymmetric structure of type 142, which is followed by the silane-dihydrogen
and bis(dihydrogen) structures 143 and 144 (Scheme 7).2'> The formation of 142
from the symmetrical 141 is the most energy-demanding step (AE = 30.9 kJ mol ™!
with the barrier of 42.8kJmol™"), which was attributed to the loss of stabilizing
SISHA interaction. A mechanism analogous to that for 140 and involving a
[M(n3—HZSiR3)Ln] structure has not been discussed, although this is also compat-
ible with the low entropy of activation of the exchange determined by NMR studies
(Scheme 7). _

The compound [Ru,(H),(p-n? : m? : n? : n?-HySi)(PR3),] (145, R = Cy, Pr') pre-
pared according to Eq. (35) is a unique example of a complex of the simplest silane
SiH,, in which all four Si-H bonds are coordinated to metal.>'*>*'* All the eight
hydrogen atoms present in the molecule are in fast exchange with AG” =
36 kJmol~! and are coupled to the silicon atom with J(H-Si) of 36 Hz. The struc-
ture of 145 resembles that of 127 in that the central (silicon) atom is sandwiched
between two metal polyhydride fragments. The Si—H bonds (1.69(3) and I. 73(3) A)
observed by an X-ray study for the compound [Ruy(H)y(p- n?:n?n?

n? H4Sl)(PPr3)4] correspond well to the value (1.685 A) calculated for the model
complex [Rus(H),(p-m? : m? : n? : n2-HySi)(PH3),] and are of the order of magni-
tude usually observed for silane o-complexes. The remarkably short Ru-Si bond
(2.1956(9) A), although close to the values observed in ruthenium silylene com-
plexes, does not mean the presence of a Ru=—Si double bond, but is rather a
compromise of 13-H,Si coordination to each of the ruthenium centers. The bond-
ing of HySi to each of the metals occurs through the donation of electron density
from a pair of Si—-H bonds. A novel feature of the H-Si bond coordination in 145,
identified through DFT calculations, is that the backdonation on the ox(Si—H)
orbital occurs from the opposite ruthenium center with which the antibonding
orbital finds a better match:

R;P H R}T R3-P H H\
H,, ‘ S HSiMePh  H, H, M« RyPe, \ i
“Ru E _— SRu S >R < R iph
H/ | \I - HSiMePh, H/ l 7 & AN R;P AN 3 35
H - HSiMe,Ph H H H | (35)
R;P - (HMe,Si), R;P PR, H—H

R=Cy, Pr' 145 135
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H,S —H HsP HsP H;P
.- H<
( VH )\ wPH, rH251/’/H‘ H251/’H‘ rl‘lei\‘ o H
X /Ru\ — X Ru\ \ — X Ru'\
& H Yo VAR K,H251/ | LHvsi/ | PH;
2SI\H H < —H
Hisi-- H
141 142 143 144
0 kJ/mol + 39.0 kJ/mol +2 6.3 kJ/mol +19.9 kJ/mol

SCHEME 7.

B. Comparison of Multicenter H - Si Interactions with IHI and Residual
a-Interactions in Silane Complexes

While the last class of complexes considered in this section, the compounds 145,
closely resemble the usual silane c-complexes, other multicenter H " Si interactions
discussed above have spectroscopic and structural features common to both the THI
and c-complexes. This enigmatic situation can be explained well by the structure
132 in terms of a o-coordination of the Si—-H bonds of the hypervalent ligand
(H,,+1SiX3)"™ (n=1) to metal, which thus includes both the hypervalent interaction
of the silicon with the hydride atoms and the c-complexation of the Si—H bonds to
metals. The key features of complexes with multicenter H-Si interactions are
summarized in Table VIII, where a comparison with the IHI and the residual H-Si
interactions in silane c-complexes is given.

The case of ruthenium complex [Ru(H)3(SiMes)(PMes);] and osmium complexes
135-137 clearly shows that donor groups at silicon atoms break the Si-H inter-
action. The effect of the donor ability of phosphine ligands is less defined and
deserves further studies. On the one hand, highly donating phosphines make the
metal more electron-rich, which stabilizes the high oxidation state and promotes
advanced Si—H bond addition. On the other hand, strongly donating phosphines
have strong trans influence, destabilizing the frans hydrides. Such an unfavorable
situation can be avoided by the formation of a Si-H bond, which transforms
the ligand with a strong trans influence into the ligand with a weak trans influence.
The formation of multicenter H"Si interactions allows the compound to avoid the
undesirably high formal oxidation state of the middle/late transition metals (such as
state IV for Group 8 metals) and/or a situation that ligands with strong trans
influence, such as hydride and phosphines), are forced to be trans. Thus, the
multicenter interligand HSi interactions allow the compound to optimize its
metal-ligand bonding. The short M—Si bond observed in such compounds is not an
indicator of strong M-Si bonding, but the inevitable consequence of the coordi-
nation of several Si-H bonds, all stemming from the same silicon center.

C. A Comment on the Terminology

The term secondary interactions was introduced in chemistry by Alcock to de-
scribe all types of interactions not explainable by conventional theories, i.c. for
nonclassical interactions.>?'> As has been recently discussed, the term secondary
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TaBLE VIII
COMPARISON OF STRUCTURAL AND SPECTROSCOPIC FEATURES OF MULTICENTER H'*Si INTERACTIONS IN
CompLExes [MH (SiX3)L,] with THE THI AND 6-COMPLEXES®

Feature of multicenter H"Si interactions IHI  o-Complex
Electron-withdrawing groups X on Si favor the Si—H interaction + —
The metal is in a high formal oxidation state +/— +
The X and H are in the approximate trans positions + b
The M-Si bond is shortened + -
The J(H-Si) coupling constant is large + /= —
J(H-Si) increases with the rise of the electronegativity of groups X on silicon + +
The supporting ligands L on metal are poorly donating or electron-withdrawing - +

?+ Indicates that the feature is also typical for the other type of Si—H interaction, +/— means that both
situations are possible.

®Although a halogen X frans to H was observed in some silane o-complexes this is not a prerequisite of
the theory (Section II.B).

interaction covers a wide range of different types of nonclassical interatomic in-
teractions.” The term secondary interactions between the silicon and hydride atoms
(SISHA) was introduced by Sabo-Etienne er al.?**2°*2%7 to describe the simulta-
neous interaction of a silicon center with several hydride atoms, among which one is
considered to be part of a n’-silane ligand, whereas others are considered to be
hydrides interacting with the silicon atom via secondary interactions. While the
nature of these secondary interactions has not been explicitly defined, in the systems
in which they were discovered, it closely resembles the so-called cis-effect, which is
an interaction of a hydride with a cis-located dihydrogen molecule.>?'® Therefore, it
should be clearly realized that SISHA is not a special type of interligand Si—-H
interaction, but rather an alternative way of saying that some nonclassical Si—-H
bond is present, thus masking the concrete nature of the Si—H interaction. The term
weak interaction, used by some authors and implying that the strength of nonclas-
sical bonding is different from the conventional covalent bonding, is even less
accurate, because in some molecules a genuine covalent bond can be as weak as a
few kcal mol™!, comparable to the strength of nonclassical bonding. It should be the
difference in the electronic structure of the compound that provides a justified
classification of chemical bonds.?'” In this regard, the classification of nonclassical
H-Si complexes as o-complexes (1), agostic complexes (5), complexes with THI (9),
and polyhydridesilyl complexes with the c-coordination of hypervalent silyl anions
(such as 132) proposed in this review appears to be advantageous because it is based
on clearly defined MO pictures of bonding in these compounds that have predict-
able structural and spectroscopic features, allowing for their verification by exper-
imental and theoretical methods. The theory of multicenter H Si interactions is
still in its infancy and further work is required to clarify their nature. The bonding
mode proposed for 132 can be verified by synthesizing polyhydride complexes in
high formal oxidation state of the metal, bearing electron-withdrawing groups on
both the metal and silicon atom. Carbonyl analogs of complexes 128-129 substi-
tuted by halosilyl ligands are promising candidates for such a study.
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Vv
CONCLUSIONS AND OUTLOOK

It is obvious that studying interligand Si—H interactions has reached a great
extent of sophistication. At least three classes of nonclassical Si—-H bonding can be
identified. These are the electron-deficient residual Si—H interactions in silane
o-complexes and agostic complexes, electron-rich IHI MHSiX, and the more
recent multicenter H " Si interactions, which are the subject of current debate and
have features common to both IHI and o-complexes. This surprising diversity
stems from the special role the substituent at silicon can play in tuning the extent of
Si—H interaction, and from the propensity of silicon to be hypervalent.

The silane ligand, n>-HSiR;, is both a better o-donor and m-acceptor than the
n%-H; ligand, and thus undergoes a deeper Si—-H bond activation by a metal center.
The effect of substitution at silicon on the extent of Si—H oxidative addition has
received a great deal of attention. It appears that electron-withdrawing groups
promote the Si—H bond activation in silane c-complexes through increased back-
donation from metal, but as the recent example of complex 67 shows, the opposite
can be the case for agostic complexes. Here, decreased Si—H donation to metal may
be the key bonding factor, and the presence of a link between the metal and silicon
centers (the NAr group) may impose restrictions on the optimal orientation of the
group relative to the rest of complex, thus decreasing the backdonation.

Substituent effects opposite to those found for silane c-complexes were observed
for the complexes with IHI, where the presence of one electron-withdrawing group
trans to the hydride “switches” the IHI on in comparison with a silyl SiR; with the
donating R’s only. However, the THI weakens with the further increase of the
number of electron-withdrawing substituents at silicon. It also appears that electron-
donating groups on silicon decrease the extent of H-Si interactions in the recently
discovered class of polyhydride complexes with multicenter H " Si interactions.

The measurements of silicon—hydride coupling constants have been commonly
considered as the main method for identification of nonclassical Si—H interactions
on the basis of “20 Hz” criterion. But as more and more nonclassical complexes
appear, it becomes clear that the original assumptions and analogies with the n?-H,
complexes were far too oversimplified. Quite significant coupling can be found in
systems with rather weak Si—-H bonding and, vice versa, strong Si—H interactions
may correspond to small J(H-Si). It appears reasonable to infer the presence
of M "HSi three-center interaction if the coupling constant is rather large, more
than, say, the arbitrary value of 70 Hz. Lower values of 15-40 Hz suggest that some
H-Si interaction may be present, but a reliable, independent, spectroscopic,
structural, or computational evidence is required. The observation of even lower
values, however, does not rule out the existence of a Si-H bonding. In this case,
when the absolute value of the J(H-Si) is small, the measurement (or calculation)
of the sign of silicon—hydride coupling constant can be a more reliable signature
for the presence of a nonclassical interaction. The case of complex [Rh(H)(Si
(OMe);)(t-butylacrylate)Cp] being an apparent Rh(III) silyl hydride compound, but
exhibiting a large J(Si—H) of 38 Hz, deserves intense scrutiny, because this can be
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the first example of a classical compound with an unusually large hydride-silicon
coupling constant. If this is indeed the case, a critical revision of the assignment of
nonclassical structures on the basis of J(H-Si)>20Hz will be required for com-
pounds characterized by relatively small J(H-Si), in the absence of a independent
evidence for the Si—H bonding. Finally, it is rather incautious to estimate the extent
of the Si-H bond oxidative addition to a metal on the basis of the decrease of
J(H-Si) relative to the value found for the parent silane HSiR3, since the Si—H bond
oxidative addition is accompanied by a significant rehybridization of the silicon
atom, and relatively large Si s character in the residual Si-H bonding can lead to
misleadingly large coupling even for weak Si—H interactions.

A significant advance in studying Si-"H M agostic interactions has been
achieved with the discovery of a-agostic silyls and silylene complexes. Another
recently discovered class of compounds are the complexes with multicenter HSi
interactions, in which the silicon atom interacts simultaneously with two, three, or
four hydrogen atoms. Such a situation is found for several complexes of metals
from the middle of the Periodic Table in rather high formal oxidation states. The
nature of such multicenter H " Si interactions has not been conclusively established
and more experimental and computational work is required. Some of their features
are akin to complexes with IHI, others resemble c-complexes. At least some of
them can be considered as containing hypervalent silyl ligands (H, . SiX3)"™
(n=1). It can be predicted that similar multicenter interactions of one hydride with
several silicon centers will be discovered in the near future. A prospective system,
which is long known but deserves reinvestigation, are the complexes of type
[Fe(H)(SiR3)(L)(Cp)], where L is a m-accepting ligand. Another potential system,
analogous to the previously discussed polyhydrides [M(H)3(SiR3)Ls] (M = Fe, Ru,
Os), are the so-far unknown complexes [M(H)(SiR3);L3;] (M = Group 8 metal).
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