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INTRODUCTION

The chemistry of silicon compounds differs from that of carbon in the
ease at which silicon can expand its coordination shell to five and six.
The resulting hypercoordinate silicon complexes (sometimes referred to as
“hypervalent compounds”) have drawn considerable attention over the past
decades, as is evident from the numerous review articles." ' A relatively
limited number of bidentate ligands have been utilized for the preparation
of hypercoordinate silicon complexes. The present review describes the
introduction and use of a new class of chelating agents, based on the
hydrazide functional group.

Hydrazide-based silicon complexes are remarkably versatile, forming a
variety of novel complexes, penta and hexacoordinate, neutral, cationic, or
anionic, as well as zwitterionic compounds. Many of these complexes

*E-mail: kostd(@bgumail.bgu.ac.il (D.K.); innakal@bgumail.bgu.ac.il (I1.K.).
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have intriguing stereochemical properties, show chemical (intermolecular)
or stereochemical (intramolecular) ligand-exchange phenomena, which have
been studied extensively using NMR spectroscopy.

The entire class of complexes which form the subject of this review have
been synthesized utilizing a silicon-ligand exchange reaction (‘“‘transsilyla-
tion”), which is the thread connecting the various different types of
compounds. The reaction (Eq. 1) consists of exchange of ligands between an
N- or O-(trimethylsilyl)hydrazide (TMS-hydrazide) and a polyhalosilane,
such that the only byproducts are volatile TMS halides, which are readily
boiled off. The ease and cleanliness of this reaction allow real-time NMR
monitoring, and led to the many compounds reviewed in this chapter. Their
interest, however, derives from the rich chemical and stereochemical
reactivity, and from the curiosity to understand the principles governing the
multitude of structures and reactions found, and in particular the nature of

the donor to silicon dative bond.
RSiMes + SiX,R4n—= MesSiX + R-SiX, R'4n
(X=F,Cl,Br; n=2-4)

(1)

|
NEUTRAL PENTACOORDINATE COMPLEXES

A. Chelates with Nitrogen—Silicon Coordination

1. Dimethylamino Donor Coordination

i. Synthesis and structure

The reaction of dichlorosilanes (2, 3) with N-dimethylamino-O-
(trimethylsilyl)acylimidates (1)'* produces neutral pentacoordinate silicon
complexes (4, 5), through ligand interchange (transsilylation) between the
two silicon atoms (Eq. 2)."* '® Three members of the series (4a,'* 4¢,'> 5¢')
were characterized by single crystal X-ray analysis and were shown to have
a distorted trigonal bipyramid (TBP) geometry (Table I, Figs. 1 and 2).

N—~N wMe

‘P§C=NNMe2 +XPhSICl, —————= R~ | "Me
Me3SiO -MesSiClg O—Sj wiPh
1 2, X =Me |\x
a, R =Me 3 X=H
1b, R = PhCH, e cl )
1¢, R=Ph s ~ (2)
1d, R = 4-MeCgH, a-h, (X =Me)
1e, R=4-NO,CH, 5a-c, h (X =H)
11, R = 3,5-(NO,),CsH3
19, R=CF;

1h, R = Ph(Me)CH
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TABLE 1
SELECTED BOND LENGTHS AND ANGLES FOR THE NEUTRAL PENTACOORDINATE COMPLEXES
4a,'* 4¢,'> AND 5¢'©

Bond lengths (A) Angles (deg.)
Bond 4a 4c 5c¢ Angle 4a Sc¢
Si-O 1.703(2) 1.684(2) 1.6948(14) N-Si-Cl 166.7(1) 167.80(6)
Si-N 2.216(3) 1.843(3) 2.1582(17) O-Si-C 112.5(1) 115.54(8)
Si-Cl 2.216(2) 2.192(9) 2.1602(8) 0O-Si-C 127.5(1) 124.6(8)
Si-C 1.854(3) 1.843(3) 1.857(2) O-Si-Cl 89.79(9) 91.33(5)
Si-C 1.863(3) 1.850(2)
[Si-H] [1.373(19)]

FIG. 1. Molecular structure of 4a in the crystal.'"* Reproduced with permission from the
American Chemical Society.

FIG. 2. Molecular structure of 5¢ in the crystal.'® Reproduced with permission from
Wiley-VCH.



4 DANIEL KOST AND INNA KALIKHMAN

The *°Si NMR spectra of 4 and 5 confirmed the TBP geometry and
pentacoordination in solution: the 2°Si chemical shifts (Table II)
fall within the pentacoordinate range.'*'® However, the various com-
pounds 4, differing only in the remote substituents R, had substantially
different 2°Si chemical shifts. This suggested that the substituents R
had an effect on the donor strength of the nitrogen atom coordinated
to silicon, and that the changes in 2’Si chemical shifts reflected
changes in N — Si coordination strengths. Indeed, a correlation between
»Si and "°N chemical shifts (Table II, Fig. 3) gave a straight line, prov-
ing the connection between donor strength and intensity of coordination.'
The comparison was made between coordinative silicon shifts, de-
fined as the difference: A;(*’Si)= 8(*’Si(pentacoordinate)) — 3(*Si(precursor
Me;SiO(R)C=NNMe,)), to eliminate the direct effect of R on the *Si
chemical shift.

ii. Two ligand-exchange processes

Two intramolecular ligand exchange processes had been identified
in neutral pentacoordinate N-Si chelate complexes: Si-N cleavage
and pseudorotation.'” " Both were measured and reported for
complexes with two or three halogen ligands attached to silicon, in which
interchange of axial and equatorial ligands could be monitored.'”*!®
In complexes with a single halogen ligand, however, discrimination
and exact assignment of both barriers had not been reported.
Compounds 4 allowed such measurement and assignment of two intra-
molecular ligand-exchange processes in a monohalogeno pentacoordinate
complex.'*1%16

The 'H and "*C NMR spectra of compounds 4 at ambient temperatures
featured a single resonance for the two diastereotopic N-methyl groups,
suggesting that rapid exchange relative to the NMR time scale took place
and rendered the methyl groups equivalent. At lower temperatures typical
coalescence phenomena of the methyl resonances were observed, enabling
the determination of the free-energy activation barriers, listed in Table II.
These barriers are also linearly correlated with the *’Si coordinative
chemical shifts, as is shown in Fig. 4. The correlation of activation barriers
with ?°Si chemical shifts could readily be understood if the barriers
were for the cleavage of the N — Si dative bond, because then both
would be manifestations of the strength of coordination. However, the
barriers could a priori be equally well for the inversion of configuration
at silicon via pseudorotation.

To determine with certainty the nature of the exchange process,
a second stereogenic unit, a chiral carbon center, was introduced
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TABLE I1
2Si AND "N NMR DATA AND BARRIERS FOR LIGAND EXCHANGE IN 4a-4h'*

3¥s A (s 8(PN)° A(PN)© AG*
Compound R (ppm) (ppm) (ppm) (ppm)  (kcal mol™")
4a Me —32.8 —-51.9 66.5 7.6 10.9
4b PhCH, —31.8 —52.1 66.4 7.5 11.0
4c Ph —29.0 —47.8 66.8 6.6 10.6
4d 4-MeCgHy —30.0 —48.2 10.7
4e 4-NO,C4Hy4 —23.0 —44.5 9.4
4f 3,5-(NO,),CcH;  —14.7 —38.5 68.2 3.7 8.9
4g CF; —-3.2 —30.0 64.7 2.4 <7
4h PhMeCH —33.8 —54.2 65.7, 66.4 7.8, 5.7 11.4

ACoordinative shift, defined by: A;(*Si) = §(*’Si(pentacoordinate))—(**Si(precursor, Me;SiO
(R)C=NNMey)).

P I5N shift for the NMe; group, relative to external NH4CI.

°Coordinative shift, defined by: A('’N)=_§('*N(pentacoordinate))—5('*N(precursor, Me;SiO
(R)C=NNMe,)).

N-15 Coordinative shift, ppm

55 50 -45 -40 -35 -30 -25
Si-29 Coordinative shift, ppm

F1G. 3. Linear correlation between '*N and 2°Si chemical shifts for differently substituted
complexes 4."* Reproduced with permission from the American Chemical Society.

in 4h."* The resulting "H NMR spectra at various low temperatures (Fig. 5)
provided the necessary evidence that the observed exchange process was the
N — Si bond cleavage: at the slow-exchange limit temperature (200 K) the
spectrum features doubling of all signals due to the presence of two
diastereomers. When the temperature was raised, exchange took place only
between the N-methyl groups, while the signals for all other groups
remained essentially unchanged. This proved that the diastereomers were
stable up to 300 K, i.e., no pseudorotation at silicon took place, and hence
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12

114

104

Si-N cleavage barrier, kcal/mol
©
i

6 T T T T T
-55 -50 -45 -40 -35 -30 -25
Si-29 Coordinative shift, ppm

FIG. 4. Linear correlation between N-methyl exchange barriers and coordinative 2°Si chemical
shifts for 4a—4g.'* Reproduced with permission from the American Chemical Society.

\\\\NIEA
H Ph N \ M |
% |y ep

J\ ____J\ | WL 263k

’_}k . e~ LU 283K

" e I v W 2008

A e e L O L
ppm 3.53.0 2.5 2.0 1.5 1.0
FIG. 5. Variable temperature '"H NMR spectra of 4h (high-field region) in CD,Cl, solution
showing exchange of N-methyl groups without exchange of diastereomers.'* Reproduced with
permission from the American Chemical Society.
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exchange of N-methyl groups must have resulted from N — Si cleavage,
followed by rotation about the N-N bond and re-closure of the chelate ring
(Eq. 3). It was thus shown that the remote R substituents effect the donor
strengths such that electron withdrawing R (4-nitrophenyl) causes
complexation to be weaker, resulting in lower ring-opening barrier, and
relative shifts of the 2’Si—'°N resonances to lower field."*

.“\\\Meb "“\\\Mea

— Mg NM Me N—-
LT W g T
= f g / I C))

phf o——s*“‘P" P 0 Ph 0—S§

X | ~x |
an C Ci ah Ct

Complexes 4 undergo a second intramolecular exchange process,
inversion of configuration at silicon, most likely by a Berry pseudoro-
tation mechanism. However, this exchange is observable by NMR
spectroscopy only for 4h, through coalescence of signal pairs arising
from the diastereomers due to epimerization at silicon.'* This exchange
was measured in C¢DsNO, solution and the barrier was found to be
remarkably high: 7,=380+1 K, AG*=18.740.2 kcal mol™'. It was
suggested that the high barrier associated with this monofunctional
complex (possessing only one halogeno ligand) was the result of
either forcing the halogen from the apical to the equatorial position, or
forcing the ring to occupy two equatorial positions, during one of the
pseudorotation steps.'*

iii. Coupling constants across the dative bond

Complexes 5a—c,h with a hydrido ligand behave essentially in a
similar manner as 4a-h: two consecutive intramolecular exchange
processes are monitored by the NMR spectra, and can be assigned to
dissociation of the N—Si bond and to inversion of configuration
at the silicon center.'® However, the presence of the hydrido ligand
introduces an additional parameter, the spin—spin interactions between
'"H and »Si, N, and even '°C, through one, two, and three bonds,
respectively, including the dative bond. Table III lists the coupling constants
measured for S5a—ch, including the 'SN—*Si interaction. Perhaps
the most interesting observation in these compounds is the fact that
spin—spin interactions across the dative bond are observed even at
temperatures at which N — Si dissociation—recombination is rapid on the
NMR time scale.'®

A discussion on the correlation between crystal structure and coupling
constants appears in Section V.
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TABLE III
COUPLING CONSTANTS (Hz) THROUGH THREE, TWO, AND ONE BONDS ACROSS THE N — Si
COORDINATIVE BOND IN 5, OBTAINED FROM *C (AT 243 K), >N, anD >N{'H} SPECTRA
(AT 300 K), RESPECTIVELY'®

Compound R 3J(13CNSi'H) 2J("°NSi'H) LI(N*si)
Sa Me 1.6 10.8 3.2

5b PhCH, 1.7 10.8 2.4

5¢ Ph 1.7 10.6 33

5h PhMeCH 1.8

2. Isopropylideneimino Donor Coordination

In order to study the effect of hybridization of the donor atom (nitrogen)
on donor strength, a complex with the isopropylidenecimino donor
group (7) was prepared (Eq. 4) and compared with the dimethylamino
complexes 4. Compound 7 was obtained by the same exchange reaction
(Eq. 1) as other hypercoordinate complexes from the isopropylideneimine
6a and 2. A crystal structure of 7 was determined, and is depicted in
Fig. 6, and selected data are compared with those of the dimethylamino
analog in Table IV.

Ph\ /N—N=CM62
C=NN=CMe,+ MePhSiCl, ————> P Y
Me,sSiO - MeSiClg %,ph
T )
6a 2

7

The crystallographic evidence, as well as the ?Si NMR data, prove that
the sp>hybridized nitrogen in 7 acts as a stronger donor towards silicon
than the sp’-hybridized nitrogen in 4c. Table IV shows that in the two
analogous complexes, differing only in the donor groups, the N — Si bond
distance varies dramatically: it decreases by 0.18 A from 4c to 7, indicating
substantially stronger coordination.

The stronger coordination of the isopropylideneimino ligand to silicon is
also confirmed by a substantial upfield shift of the silicon resonance, from
—29.0 in 4¢ to —52.8 ppm in 7 (in CDCl; solution at 300 K).”” An additional
manifestation of the stronger donor property of the isopropylideneimino
group is found in the relative ease of ionization of hexacoordinate
complexes with this ligand. This subject is discussed in Section I11.B.2.

One may wonder why the isopropylideneimino group acts consistently
as a stronger donor than the dimethylamino group: initially the reverse
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FIG. 6. Molecular structure of 7 in the crystal.”

TABLE 1V
COMPARISON OF BOND DISTANCES IN ANALOGOUS PENTACOORDINATE COMPLEXES
DIFFERING IN DONOR GROUPs: N-NMe, (4¢)'® AND N-N=CMe, (7)*°

Bond 4c 7
Si-O 1.684(2) 1.7012(11)
Si-N 2.264(2) 2.0824(13)
Si—Cl 2.192(9) 2.2230(5)
Si—C (Me) 1.843(3) 1.8540(17)
Si-C (Ph) 1.850(2) 1.8665(16)

order might be expected, due to the higher-energy sp® lone-pair orbital in
Me,N relative to the sp® lone-pair in N=CMe,. However, the planar
conjugated C=N-N=C system in the isopropylideneimino donor is ideally
oriented for coordination with silicon, and hence the probability of
coordination is increased.

B. Chelates with Oxygen—Silicon Coordination

1. Amide-Based O — Si Coordinated Complexes

An effective route to O — Si pentacoordinate silicon chelates consists
of the reaction of chloromethyl(dimethyl)chlorosilane (CICH,SiMe,Cl, 8)
with a variety of N- or O-trimethylsilylamides,*'** lactams,? *° ureas,?®*’
acetylacetamide,”*” and 2-pyridones.”®? It is a two-step reaction: in the
first step transsilylation takes place with evolution of the volatile trimethyl-
chlorosilane, followed by an internal SN2 type displacement of chloride by
nitrogen, forming a five-membered heterocyclic chelate ring and a Si—Cl
bond (Eq. 5).!1=1"%
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At
R R oa —o0
_< CICH,SiMeC] 8) _
Me sr’ R MesSICl cil.si R=N l Me (5)
3 3 CICH,SiMe, O Sicl
|‘Me
Ci

This reaction was applied to O-TMS-hydrazides 1, and led to some
interesting regioselective chemistry described below.

2. Regioselective Formation of Five- and Six-Membered O — Si Chelates

The transsilylation reaction described above was studied with 8 and the
silylated hydrazides 1.>*** The E,Z stereoisomers of 1a® reacted in different
ways, shown in Eqgs. (6) and (7). Initially both isomers form unstable
tetracoordinate silane intermediates (9a-E, 9a-Z), which can be observed
at low temperatures in CD,Cl, solutions by *Si NMR spectroscopy.
The intermediates 9a-E and 9a-Z could be observed for about 20 min
at —70°C, before reacting further to form five-membered and six-
membered chelate products 10a and 11a, respectively. At ambient
temperature the reaction proceeds immediately without observation of
intermediates.

Me
MeaN CICHzSIMezCI gyMe2N
—> —< —= MeoN— l M (6)
OSiMez -MesSICl AP N
CICH,SiMe, r\Me
1a-E 9a-E 10aC'
Me
Me
MezN  OSiMes ¢icp,siMe,Cl (8 N/N— N‘):\‘O
——-——-——»
N== | 1 Me (7)
Me -Me3SiCl CiCHleMGZ M92N</Sr\
Me
1a-2 9a-Z
11a

In the rearrangement reaction leading to 10a and 1la the nitrogen
atom which is nearest and most accessible to the chloromethyl group
displaces the chlorine atom in an internal SN2 type substitution, followed by
migration of the displaced chloride to silicon. This rearrangement leads to
the two different products, with five- and six-membered chelate cycles, 10a
and 11la. While five-membered chelate cycles as in 10a are common
in hypercoordinate silicon chemistry, the formation of six-membered
chelates (11a) is unique.>**
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Other silylacylimidates 1 presumably reacted in a similar manner.
However, since in all but 1a only the Z-isomer was detectable by NMR
spectroscopy, the only products obtained from all other 1 (1c—e,g.i) were the

six-membered chelates llcfe,g,i.%’3 6,37

3. Evidence for Si < CI~ Coordination in Six-Membered Chelates

The structures of complexes 11 are of significant interest: 11 is a cyclic
zwitterionic complex in which the ammonium nitrogen bears a formal
positive charge, while the location of the negative charge is unclear. As
Scheme 1 suggests, the negative charge may reside on the hydrazide
nitrogen, on oxygen, on silicon, or on chloride ligand, depending on
the relative contributions of the corresponding canonical structures A-D.
The crystal structures obtained for two of these complexes, 11i
(R =4-CH;0C4¢H,)*® and 11g (R =CF3),’” are depicted in Figs. 7 and 8,
and selected data are given in Table V. The O-Si bond distance in 11i is
relatively short, closer to a covalent (1.68 /OX)38 than to a dative O — Si bond
(1.9-2.3 A).z On the other hand, the Si—Cl distance (Table V) is substantially
longer than a normal Si—Cl covalent bond (2.048 A).38 It follows that
canonical structure A (Scheme 1) best describes the geometry of 11g.i,
that is, in these complexes the chloride, and not the oxygen part of the O-Si—
Cl axial fragment, is coordinated to silicon.

R R R R
N)\ N)\O - -0 N)\O
|_,_ T‘\\Me | . +_“\\Me MeoA + wMe |+ _I.»\\\\Me
MegN\/* Me -~ MezN\/?l‘MeH el \/?I‘Me MegN\/Tl‘Me
ci- Cl ! Cl
A B (o] D
L
NZ o
| . \“\\\\MS cl
MegN\/SL‘Me
E

ScHEME 1. Canonical structures for complexes 11, and their ionic dissociation.
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FIG. 7. Molecular structure of 11i in the crystal.*® Reproduced with permission from
Elsevier Science.

FIG. 8. Molecular structure of 11g in the crystal.’” Reproduced with permission from
Elsevier Science.

This conclusion was also confirmed by multinuclear ('*C, "N, 2°Si)
NMR spectroscopy (Table VI). The ’Si resonances of complexes 11, except
that for 11g, shifted to lower field upon cooling. This has been rationalized
by the ionization reaction A— E (Scheme 1), which converts the
pentacoordinate silicon to tetracoordinate, resulting in the shift of
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. TABLE V
SELECTED BOND LENGTHS (A) FROM THE CRYSTAL STRUCTURES OF 10¢,11g.,i, AND 13
Bond Si—Cl Si-O Cc-0 C-N Ref.
10c 2.294(1) 1.975(1) 1.276(2) 1.325(2) 15,40
11g 2.432(1) 1.879(1) 1.289(2) 1.283(2) 37
11i 2.624(1) 1.788(1) 1.321(2) 1.289(2) 36
13 2.3438(13) 1.836(2) 1.296(4) 1.282(4) 41
2.0758(12)
TABLE VI

SELECTED *C, 2Si, AND '"N NMR CHEMICAL SHIFTS (8, ppm) IN COMPLEXES 10a,c—e,g.,i AND
11a,c-e,g,i (CD,Cl,, 308 K)

S(IBC)z\ 6(29Si)u at T S(ISN)b
Compound R C=0 NCH; 308K 233K 203K  NCO
11a Me 169.2 58.0 -33.5 =75 —114.4
11c Ph 165.7 58.3 —-20.8 -3.6
11d 4-MeCgHy4 165.5 59.4 —16.3 2.1
11e 4-NO,CgHy 165.5 58.1 —43.1 -31.4
11g CF; 160.0 57.5 —42.9 —46.8
11i 4-MeOCcH, 165.5 58.5 —17.4 —1.3
10a Me 175.5 43.1 —35.9 —38.3 —209.9
10c Ph 171.7 43.2 —34.1 -37.9
10d 4-MeCgHy 171.6 43.2 —36.3 —38.1
10e 4-NO,C¢Hy 170.2 432 —-239 -30.7
10g CF; 160.6 43.1 11.9 9.0
10i 4-MeOCcHy4 170.3 43.0 —23.9 —30.7
“Ref. 34.
PRef. 33.

resonance to lower field. The chloride coordination is also supported by the
N NMR spectrum: the resonance of the NCO atom in 11a (Table VI) is
characteristic of a C=N fragment, in agreement with canonical structure
A and ruling out C.

4. Wawzonek-Like Rearrangement

For all of the complexes 1, except 1a, the only detectable product of the
reaction with 8 was the six-membered chelate 11. However, heating of
compounds 11 up to their melting points (mp), or for prolonged periods of
time in solution, led to conversion to 10 (Eq. 8).**** This reaction is
analogous to the Wawzonek rearrangement of hydrazide-ylides (Eq. 9).%°
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Indeed, canonical structure C (Scheme 1) for 11 is equivalent to the ylide in
Eq. (9), and may explain the analogous rearrangement of 11. The
rearrangement in Eq. (8) is the only reported route to obtain complexes 10,
except 10a. The structure assignment was confirmed by a crystal structure
analysis of 10c¢ (Table V).'>4

N'/-LO S:O

A

| + Me —— MeoN— l (8)
MeaNF _SKQ \___Me

N\/ |\Me Si\Me

Cl

11 10 C

+ - A
MepN-NC(O)Me ~——=—=  Me,N-NC(O)Me )

CH,CgHNO, CHyCeHyNO,

Complex 10c¢, in contrast to its isomer 1l¢, has a distinct O — Si
coordination: relatively long O-Si and short CI-Si distances (Table V). The
2%Si NMR spectra of compounds 10 also behave in the expected manner
(Table VI): a decrease of temperature is associated with an upfield shift of
the 2’Si resonance, again in contrast to 11, presumably a manifestation of
more intense coordination. The trend in the axial bond lengths (O-Si
and CI-Si) found in Table V may be viewed as a case of progress along
the SN2 reaction coordinate in a hypothetical nucleophilic displacement
at silicon.**¢-40

5. Six-Membered Chelate From CICH.Si(Me)Cl,

A similar reaction to that described above (Eq. 7) occurs also with
chloromethyl(methyl)dichlorosilane (12) (Eq. 10).*' The reaction leads
to a tautomeric equilibrium which interconverts a pentacoordinate with
a hexacoordinate complex. This topic is discussed separately in
Section I11.A.6.

l\,/le
c cl
Me,SiQ >s<
C—NNMe, CiCHeSMeCl; (12) ?l ®<|:H2 (10)
- MegSiCl
EC 1 3 C NMe,
3 9 F3C/ \GI\)I/
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F1G. 9. Molecular structure of 13 in the crystal.*' Reproduced with permission from the
American Chemical Society.

The product 13 was subjected to a crystal structure analysis, and its
structure is depicted in Fig. 9, and selected bond lengths are included in
Table V. The overall geometry is a distorted TBP, with one chlorine atom at
the apical and one at the equatorial position. The apical Si—Cl bond is
significantly longer than the equatorial bond. Table V shows that 13 has
relatively short Si—O and relatively long Si—ClI apical bonds, and hence that
this is another rare case of Cl— Si coordination. In accord with Cl— Si
coordination the silicon atom deviates from the equatorial plane toward the
oxygen atom.*!

6. Neutral Binuclear (O — Si) Pentacoordinate Complexes

An interesting chiral binuclear pentacoordinate silicon chelate was
obtained by the reaction of O,0-bis-TMS-diacetylhydrazine (14) with 8.
2Si NMR monitoring of the reaction at —25 °C reveals a stepwise reaction,
leading to the stable rearranged heterocyclic 1-sila-2-oxa-4,5-diazacyclohex-
ene-3 derivative (15, 8*Si 18.0 ppm) (Eq. 11).** Compound 15 reacts
further with excess 8 to give the binuclear pentacoordinate silicon chelate 16
(6°°Si —8.8 ppm).
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MesSio
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Compound 16 can be further transformed to several derivatives as shown in
Egs. (12) and (13), by replacement of the chloro ligands by methoxy
(17, 8%Si 9.1 ppm) or fluoro (18, 8*°Si 4.1 ppm) groups, or by partial
replacement (19, 5°°Si 11.0, —16.9 ppm). Hydrolysis leads to the 4,5-diaza-
2,7-disila-1-oxacycloheptane 20 (Eq. 14, §*Si 8.5 ppm).

Me e
Me\?r—CHg\ /'T‘ i IYle

el
ameor Me” Pan e BF3 . A Sl /C:T
© e o= \CHrl< P L we (12
? T we 7 CHz_sf<Me
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! e
Me;SiOMe MS\SFCHz\ /I\Cﬁ:
6 ———r me” [ N—N T 13
_ _Me (13)
© CH2_T<Me
Me .4 OMe
MeZSi—CQQ 9
6 _HeO / 'T‘CM@
0\' N-oMe (14)
MGZSI'—CHQ o)
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Compound 16 is a chiral molecule, as is evident from the diastereotopicity of
the geminal Si-methyl groups and the methylene protons. Chirality results
from the non-planar ground state about the hydrazine functionality
(C, symmetry) and the substantially high barrier for rotation about
this bond (AG*>24 kcal mol™'). A single crystal X-ray analysis for
16 confirmed the nearly 90° dihedral angle about the central N-N bond
[C(O)NNC(O)] = 83.10°. 12402

The stereodynamics of 16 were measured by variable temperature 'H
NMR spectroscopy, and revealed intermolecular exchange leading to
coalescence of the geminal Si-methyl groups at 75°C, without concomitant
coalescence of the signals due to the geminal methylene protons. This
was interpreted as intermolecular chelate exchange with other silicon
compounds in solution while rotation about the N-N bond remained frozen
relative to the NMR time scale. In fact, the latter process could not be
observed up to 180 °C, leading to an estimated lower limit of 24 kcal mol ™!
for the rotational barrier.

1]
NEUTRAL HEXACOORDINATE SILICON COMPLEXES

A. Bis-chelates with the Dimethylamino Donor Group

The most widely studied group of hydrazide-based silicon complexes is
the group of neutral hexacoordinate bis-chelates, with coordination of two
dimethylamino donors to silicon.

1. Synthesis

In Section II.LA.1.i the reaction of N-dimethylamino-O-(trimethylsilyl)-
acylimidates (1), with dihalosilanes was shown to yield pentacoordinate
monochelate complexes. When 1 is allowed to react with zrihalosilanes
(21-26) or with tetrahalosilanes (27-29), transsilylation leads to two ligand-
exchange processes, producing neutral bis-(N — Si)-hexacoordinate silicon
chelates (30-38, Eq. 15) in high yields.** *® The various complexes obtained
as outlined in Eq. (15) are listed in Table VII, with their respective >*Si
chemical shifts. The reaction with the trichlorosilanes (21-25, as well as 28)
is fast and exothermic in all cases: NMR monitoring of the progress of the
reaction does not permit observation of intermediates resulting from a single
transsilylation process. Evidently these hexacoordinate neutral bis-chelates
are substantially more stable than their di-(or tri-)-chloropentacoordinate
precursors.
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2Si NMR CHEMICAL SHIFTS OF NEUTRAL HEXACOORDINATE Bis-(N — Si) SILICON
COMPLEXES WITH THE N-NMe, DoNor Group [CDCl;, 300 K, (', Hz)]

2
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Me,SiO

1a, R=Me

1b, R=PhCH,
1¢,R=Ph

1d, R = 4-MeCgH,
1e, R = 4-NO,CgHy

1f, R = 3,5-(NO2),CgHs

1g, R=CF;

1h, R = Ph(Me)CH
1i, R = 4-MeOPh
1j, R = t-Bu

1k, R=H

R\
_C=NNMe,

XSiYz (21 - 29)
————
T2 MeaSiyY

21, X=H,Y=Cl

22, X =Me, Y =C
23,X =Ph, Y =Cl

24, X = PhCH,, Y = Cl
25, X = CiCHp, Y =Cl

26,X=Ph,Y=F
27, X=Y=F
28, X=Y=Cl
29, X =Y =8Br

TABLE VII

N
7 Nnie,

OII/,,,," é ,'_‘\\\X

!
/\Y

R~C\\ /N Me,

N

30-38

(15)

Compound R X Y 2Si(CDCly) Ref.
30a Me H Cl —137.7 (341.8) 44,45
30¢ Ph H cl —137.2 (340.2) 44,45
30g CF; H Cl —136.5 (344.4) 44,45
30 -Bu H cl —136.2 (344.8) 20
3la Me Me Cl —121.0 44,45
3lc Ph Me cl —121.7 44,45
3lg CF; Me Cl —124.5 44,45
31j -Bu Me cl —120.3 66
32a Me Ph cl —128.8 45
32b PhCH, Ph al —132.6 45
32¢ Ph Ph Cl —131.8 45
32g CF; Ph cl —132.7 45
32j -Bu Ph al —1329 66
33c Ph CICH, al —137.0° 51
33g CF; CICH, Cl —135.3" 51
33k H CICH, cl —139.9* 51
34a Me CH,Ph al —125.4 66
34b CH,Ph CH,Ph al —128.5 66
34c Ph CH,Ph al —127.8 66
35a Me l cl —147.2 45
35¢ Ph Cl ql —145.9 45
35¢g CF; cl cl —146.2 45
36¢c Ph Ph F —148.6 45
36g CF; Ph F —146.1(279.7) 50
37g CF; F F —159.9(207.0) 66
38¢ Ph Br Br —~169.8 66

See Eq. (15) for definitions of R, X, Y
“In toluene-dg solution.
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In contrast, the reaction of 1 with polyfluorosilanes (26) proceeded slowly at
room temperature (over several hours).'® Indeed, in this reaction the neutral
pentacoordinate complex resulting from a single ligand exchange (4'a—c.h)
was formed as a stable intermediate and could be observed for several hours
in the NMR spectra (Eq. 16).

. R— NMe,

R PhSiF3 (26) S Me; . & boon

/C=NNM62 W H—C\ Hin,,,,. SQ
Me;SiO 8 o—]c,r{“Ph -Me3SiF ?' 1 F (16)

1a-c, h F
’ R—C.
F AN '\(NMeZ
4a-c,h 36a-c, h

2. Structure

i. Molecular structure in the solid-state

The crystal structures of several complexes of series 30-38 have been
determined and selected bond lengths and angles are given in Table VIII.
The structures of representative molecules are also depicted in Fig. 10. All of
these molecular structures feature slightly distorted octahedral geometries,
and cis orientation of the two monodentate ligands. In addition, in all of the
crystal structures obtained, the dimethylamino donor groups are in trans
positions relative to each other. This particular molecular geometry is in
contrast to structures reported earlier for hexacoordinate bis-(N — Si)-
chelates (39—42, Scheme 2), in which the basic geometry about silicon was
tetrahedral, with two nitrogen-donor moieties ‘“‘capping” the tetrahedral
faces at relatively large distances.” °

The question arose as to which complexes formed octahedral and which
bicapped-tetrahedral molecular structures. In the bicapped-tetrahedral
complexes 39-42, the number of electronegative ligands attached to
silicon is smaller than in the octahedral complexes (30-38). A maximum of
one Si—C bond is allowed in the octahedral complexes. When the number is
greater than one, bicapped tetrahedral geometries are obtained in the
solid-state.

Table VIII lists various bond lengths and angles extracted from the
X-ray crystallographic determinations for 30-38. Examination of the
silicon—nitrogen distances shows that octahedral complexes are character-
ized by relatively short Si—-N bond distances (~1.95-2.2 A), while in
the obisc?;gged-tetrahedral structures the Si—N distances are greater than
2.5A7
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TABLE VIII
SELECTED BOND LENGTHS (A) AND ANGLES (deg.) FOR COMPLEXES OF SERIES 30-38, 54

Compound R, X, Y Si-N Si-O Si—Cl (Si-Y) N-Si-N Ref.

30g CF;, H, Cl 2.002(3) 1.772(3) 2.184(2) 170.1(2) 50
2.002(3) 1.772(3)

305 t-Bu, H, Cl 1.9825(1) 1.7490(8) 2.2454(4) 171.20(4) 87
1.9883(10)  1.7757(9)

3lc Ph, Me, Cl 2.015(7) 1.780(6) 2.197(4) 170.7(3) 49
2.036(6) 1.771(6)

32¢g CF;3, Ph, Cl 2.042(4) 1.784(3) 2.187(2) 164.7(2) 47
2.046(4) 1.808(3)
2.042(4) 1.790(3) 2.189(2) 166.2(2)
2.045(4) 1.804(3)

35¢g CF;, Cl, Cl 2.011(2) 1.775(1) 2.141(1) 168.73(7) 47
2.013(2) 1.777(1) 2.142(1)
2.010(2) 1.774(1) 2.147(1) 171.59(7)
2.017(2) 1.775(1) 2.138(1)

33¢ Ph, CH,Cl, 2.0145(13)  1.7606(11) 2.2140(8) 163.03(5) 51

Cl 2.0463(13)  1.7625(11)

36g CF;, Ph, F 2.021(3) 1.826(3) 1.638(2) 163.62(8) 50
2.029(3) 1.817(2)

37c Ph, F, F 1.9591(10)  1.7764(9) 1.6353(7) 171.15(6) 20
1.9591(10)  1.7764(9) 1.6353(7)

37g CF;, F, F 1.962(2) 1.782(2) 1.615(2) 170.49(14) 50
1.962(2) 1.782(2) 1.615(2)

38¢ Ph, Br, Br 2.067(4) 1.789(3) 2.3271(14) 170.95(17) 52
1.985(4) 1.728(3) 2.3498(14)

54¢ Ph, OTf, OTf  1.967(3) 1.731(3) 1.793(3) 172.34(14) 66
1.989(3) 1.724(3) 1.796(3)

See Eq. (15) for definitions of R, X, Y.

Another question of interest relates to the relative orientation of the
two nitrogen ligands: in all of the compounds of series 30-38, the nitrogen
atoms are trans relative to each other. However, in 43, in which the
immediate ligand environment around silicon is equal to that in 30-38, the
nitrogen-ligands occupy cis positions.”” Comparison with the analogous
intermolecular adducts: SiF,-2NH; (44),% SiF, - 2pyridine (45),59 shows
that the latter adducts have the nitrogen ligands in trans positions, while the
four fluoro ligands lie in an equatorial plane. It was concluded that in the
absence of steric constraints the nitrogen ligands prefer the trans geometry,
and apparently in the single structure 43 in which the cis orientation had
been reported, the strained chelates forced a cis geometry. This conclusion is
also supported by the observation that the Si—-N distances in 30-38
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F1G. 10. Crystal structures of selected neutral hexacoordinate bis-chelates. Clockwise from
top right: 38¢c,> 37¢,%° 37g,% and 36g.’° Reproduced with permission from the American
Chemical Society.

(Table VIII) are very close to those found in the strain-free 44 and 45,
1.895°% and 1.935 A,* respectively.

Q

N

\ T ‘“\\Me

N/ i&c|
O

43, (Si-N 2.014; 2.016)57
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40, (Si-N 2.594; 2.806)5°

39a, X =H, Y =F; (Si-N 2.680; 2.646)
39b, X =Y = H; (Si-N 2.610; 2.800)%°
39c¢, X,Y = 0-0,C¢Hy; (Si-N 2.56; 2.64)%

Me
/. oe:
S'TOEt
/NM82

N
Me
41, (Si-N 2.689,2.772)56 42, (Si-N 2.681; 3.008)°°

ScHEME 2. Neutral hexacoordinate silicon bis-chelates with bicapped-terahedron structures.

ii. Bis-chelate topology

From a purely topological point of view.®™®! there are 720 (6!)
permutations by which six ligands can be arranged about a central atom
in an (idealized) octahedral geometry.*> For complexes of type M(AB)
(CD)XY imposition of the constraint that bidentate ligands cannot
assume trans positions reduces the number to 480. Elimination of all the
permutations which are related by rotations of the whole molecule,
represented by the four C; and three C4 rotational axes of the octahedral
skeleton (total of 24), reduces the number further to 20. When CD = AB
[M(AB),XY] the interchange of AB pairs reduces the number of
isomers further to 10. However, for structure I (Fig. 11) this AB & AB
interchange is equivalent to a C, rotation, which has already been accounted
for. The final number of independent isomers (including enantiomers) is
therefore 11, represented by the six diastereomers depicted schematically
in Fig. 11.
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I. trans:
X Cl, Cy, 2 singlets
X =ClI, Cop, 1 singlet
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II. trans:
X #Cl, Cg, 2 singlets
X =Cl, Cyy, 1 singlet
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11l cis:
X #Cl, Cq, 4 singlets
X =Cl, Cy, 4 singlets
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IV. cis: V. cis: VL. cis:

X #Cl, Cq, 4 singlets
X =Cl, Cy, 2 singlets

X#Cl, Cyq, 4 singlets
X =Cl, Cy, 4 singlets

X Cl, Cq, 4 singlets
X =Cl, C,, 2 singlets
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F1G. 11. Schematic representation of the six possible diastereoisomeric geometries; the
symmetry point group and expected number of N-methyl NMR signals at the slow exchange
limit for complexes with X =Y and for X #Y are given under each structure.*’ Reproduced

with permission from the American Chemical Society.

It seems quite extraordinary that all of the chelates of series 30-38 share
the same geometry in the crystal, corresponding to only one (IV) of the
possible six diastereomeric structures in Fig. 11.

iii. Structure in solution

X-Ray crystallographic analyses proved the octahedral geometry and
ligand disposition in 30-38 in the solid-state. However, the structure in
solution need not necessarily be the same. The structural assignment in
solution came from the NMR spectral analysis: (a) the 2:1 stoichiometry
was ascertained by the 2:1 signal-intensity ratios between the R and
X groups. (b) The ?’Si NMR spectra readily confirmed hexacoordination
of the compounds in toluene-ds or CDCIl; solutions, since the *’Si
chemical shifts (Table VII) were characteristic of octahedral hexa-
coordination (as opposed to bicapped-tetrahedral structures reported
for 39-42, in which 8(*°Si) was substantially downfield from the
compounds described here).* ¢ (¢) Finally, a decrease of ca. 40 Hz in the
one-bond *’Si-'H coupling constants in 30a.c.,g, relative to a similarly
substituted tetracoordinate silane, CIHSi(O-), (381 Hz),* was reported as
evidence for the decreased s-character of the Si-H bond associated with
hexacoordination.”

The 'H, '3C, and ¥Si NMR spectra of 30-38 in toluene-dg solutions
showed in all cases only one detectable diastereoisomer.*> The number of
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TABLE IX
TEMPERATURE DEPENDENCE OF THE 'H NMR CHEMICAL SHIFTS (ppm) FOR 30-35 IN
TOLUENE-ds SOLUTIONS™

Compound R, X, Y Temperature (K) d(N-Me) 8(C-Me)  d(ortho-H)
30a Me, H, CI 280 3.00 2.89 2.65 2.55 1.66 1.65
298 2.75 1.67
30c Ph, H, Cl 300 3.15 297 2.73 2.71
350 2.93
30g CF; H, Cl 298 2.65 2.51 2.36 2.34
345 2.55
31a Me, Me, Cl 250 2.89 2.84 2.73 2.64 1.63 1.58
298 2.75 1.61
31c Ph, Me, Cl 260 3.09 2.90 2.84 2.71
298 2.92
31g CF;, Me, Cl 263 2.54 235 2.19 2.14
298 2.40
32a Me, Ph, Cl 243 3.02 242 240 2.12 1.73 1.71 8.80 7.71
340 2.50 1.75 8.25
32¢ Ph, Ph, Cl 253 3.26 2.62 2.57 2.31 8.92 7.5
340 2.75 8.35
32g CF;, Ph, Cl 263 2.85 2.25 2.25 1.88 8.60 7.60
320 2.20 8.00
32b PhCH,, Ph, CI 278 2.99 2.54 230 2.14 3.30 3.33 8.82 7.71
3.06 3.30
350 2.20 3.18 8.10
35a Me, Cl, CI 298 3.15 2.98 1.87
360 3.08 1.87
35¢ Ph, Cl, Cl 298 3.27 3.10
375 3.19
35g CF;, Cl, Cl 298 3.33 3.26
398 3.30

N-methyl signals is indicative of the configuration, and has been used to
establish the stereochemistry of the single observed isomer, out of the six
geometries given in Fig. 11. The symmetry point group for each geometry
and the expected number of N-methyl signals at the slow-exchange limit
temperature are shown in Fig. 11. At the slow-exchange limit temperatures,
all complexes with different monodentate ligands (30a,c,g—32a,c.g) displayed
four different signals in their 'H and '*C NMR spectra, for the four N-
methyl groups (Tables IX and X). This is consistent only with the cis
arrangement of ligands, as depicted in Fig. 11 (structures I1I-VI). This result
was further supported by the observation that the two chelate cycles were
diastercotopic: the R groups as well as the imide carbons on both rings
were non-equivalent, as expected for structures III-VI. For compounds
35a,c,g, in which both monodentate ligands are chlorine atoms, the slow
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TABLE X
TEMPERATURE DEPENDENCE OF °C NMR CHEMICAL SHIFTS FOR 30-35 IN TOLUENE-d
SoLuTioN®
Compound R, X,Y T (K) d(N-Me) 3(C=N) d(ortho-C)
30a Me, H, CI 298 50.8 50.5 49.8 49.0 1669 166.7
330 50.4 166.8
30c Ph, H, Cl 298 51.1  51.1 503 49.6 1647 164.5
30g CF;, H, Cl 298" 50.7 502 493 488 1573 157.0
31a Me, Me, Cl 263 51.8 51.0 50.7 49.6 166.0 165.5
298 51.2 165.7
31c Ph, Me, Cl 263 52,6 51.6 512 504 1640 163.8
298 51.4 163.9
31g CF;, Me, C1 263 51.3 504 503 493 1563 156.1
298 50.7 156.2
32a Me, Ph, Cl 298 52.0 52.0 50.8 504 1657 1656 1393 136.0
330 51.4 165.7 137.4
32¢ Ph, Ph, Cl 298 527 525 514 509 1650 1639 1393 1362
330 52.1 164.5 137.5
32g CF3, Ph, Cl 270 51.6 51.6 50.5 502 1569 1562 1389 1358
298 50.8 156.7 137.4
32b PhCH,,Ph,Cl 270 51.8 51.8 509 502 166.7 166.6 1389 136.0
330 50.9 166.6 138.7
35a° Me, Cl, Cl 298* 52.0 51.2 165.6
35¢° Ph, Cl, Cl 298¢ 52.9 52.2 163.0
35g° CF;, Cl, Cl 298* 52.1 51.8 156.1

a13C-Coalescence above 380 K.
PNitrobenzene-ds solution.

exchange spectra showed only two N-methyl signals, as expected for
structures IV and VI in Fig. 11. One of the two remaining possible
structures, 1V, is consistent with all of the crystallographic structures. It was
therefore concluded that the geometry of 30-38 in toluene-dg solution is
most likely the same as that in the solid-state, structure IV.

3. Stereodynamics

The hexacoordinate silicon complexes discussed here are highly flexible
compounds, like some other hypercoordinate silicon compounds,'®
and undergo a variety of fluxional reorganization reactions, observable
by temperature-dependent NMR spectroscopy. The dimethylamino-
coordinated bis-chelates 30-38 are particularly suitable for an NMR
study of ligand-site exchange processes (inter- or intramolecular), because
of the pairs of diastereotopic N-methyl groups, which under certain
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exchange conditions may interconvert and display typical coalescence
phenomena.

i. NMR evidence for two ligand-site exchange processes

The 'H and '>C NMR evidence shows that rwo distinct ligand-site
exchange processes take place in compounds 30-32: the four signals due
to the diastereotopic N-methyl groups coalesce, as the temperature is
increased, initially to two and then to one singlet. The two, rate processes
are not fully resolved in toluene-dg solutions, and have been followed by
complete line-shape analysis. The best fits to the experimental spectra were
obtained using six rate constants (for complete mutual exchange of four
methyl groups) consisting of two pairs of equal (non-zero) rate constants
and a pair of zeros. The resulting calculated rate constants and associated
free-energy exchange barriers are listed in Table XI.

The two rate processes were well resolved and could be observed
directly in acetone-dg solution only for complex 32a. The low-temperature
barrier was assigned to exchange of the two chelate rings, based on
the simultaneous coalescence of C-methyl and N-methyl signals. The
corresponding '"H NMR spectra at various temperatures are shown
in Fig. 12. This assignment was also supported by a difference-NOE
experiment, which showed that exchanging methyl groups were not

TABLE XI
CALCULATED RATE CONSTANTS AND FREE ENERGIES OF ACTIVATION FOR EXCHANGE IN 30-32
IN TOLUENE-dg SOLUTION, AND FOR 35 IN NITROBENZENE-d545

Temp. kip=kss kiz=kas Kkig=ko AGY AGS AG
Compound (K% (sec™h) (sec™h) (sec™))  (kcal/mol) (kcal/mol) (kcal/mol)
30a 340 0 27 82 17.0 17.8 16.5(CMe)
30c 345 0 60 14 17.5 18.5
30g 345 0 60 30 17.5 18.0
31a 280 0 96 16 13.8 14.8
3l1c 285 0 100 13 13.7 14.8
31g 283 0 162 32 13.7 14.6 13.8(CF3)
32a 337 280 0 70 15.9 16.9 15.8(CMe)
32c 337 330 0 165 15.8 16.4 15.8(0-H)
32g 335 300 0 150 15.9 16.3 15.4(0-H)
32b 335 280 0 70 15.9 16.9 15.8(0o-H)
35a 346 11 17.9
35¢ 363 13 19.5
35g 393 26 20.7

“Temperatures near the coalescence at which the corresponding rate constants were obtained by
spectra simulation.
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FIG. 12. 'H DNMR spectra of 32a in acetone-ds solution, featuring stepwise exchange of the
four N-methyl groups.*® Reproduced with permission from the American Chemical Society.

connected by NOE interactions, i.e., were far from each other and hence
not geminal neighbors.

The exchange reactions are intramolecular, judged from the absence of a
concentration dependence of the exchange rate. A possible intramolecular
dissociative process, in which the Si-N dative bond dissociates, followed by
rotation about the N—N bond and recombination of the N-Si bond could be
ruled out: in compound 32b with the diastereotopic methylene protons,
the '"H NMR spectra showed that the geminal N-methyl groups and
the methylene protons exchanged at the same rate. However, cleavage of
the Si—-N bond as mentioned above would only exchange the N-methyl
groups, but not the methylene protons. It follows that exchange must take
place by a non-dissociative intramolecular process.***

ii. Ligand-site exchange mechanism

The fact that two consecutive intramolecular ligand-site exchange
reactions took place in complexes 30-38, and that the first exchange was
between chelate rings, could best be rationalized in terms of a 1,2-shift
mechanism. In this mechanism adjacent ligands (either the monodentate
ligands, or the oxygen—oxygen ligands) exchange locations by twisting
out of the horizontal plane to form a tetrahedral geometry, while the



28 DANIEL KOST AND INNA KALIKHMAN

nitrogen donors are pushed out and away from the silicon forming a
bicapped-tetrahedral intermediate or transition state (Fig. 13). This
mechanism is compatible with all of the observations: it offers two similar
exchanges, which account for the observation of two rate processes with
quite similar activation barriers; both (X,Y) and (0O,0) exchanges
effect interchange of the chelate rings, as observed for the lower-energy
process; both processes correspond to topomerizations: the first is a
true topomerization leading to the same geometry, while the second
interchanges between enantiomers. In addition, the restricted rotation about
the Si-phenyl bond observed in 32a—j, and the coalescence of the ortho
protons (or carbons) simultaneously with the lower of the two processes
(Tables IX and X), may be accounted for by a “gear”-type rotation taking
place with the (X, Ph) exchange.

Perhaps the strongest support for the exchange via bicapped tetrahedron
geometry came from reports by Corriu®* > on stable hexacoordinate silicon
chelates which had this structure in the solid-state and in solution: if the
bicapped tetrahedral geometry was stable enough to be a ground-state
geometry of some complexes, it certainly could serve as a very likely structure
for an intermediate or transition state in the ligand exchange reactions.

i
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F1G. 13. Schematic representation of ligand-site exchange in 32 (1,2-shift, topomerization)
through a bicapped-tetrahedral intermediate or transition state. Upper part: (Ph,Cl)
interchange; lower part: (0,0) interchange.*> Reproduced with permission from the

American Chemical Society.
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An alternative type of mechanism, a twist mechanism of one
triangular face of the octahedron relative to the opposite face in a
Bailar® or Ray-Dutt®® type twist mechanism cannot be completely ruled
out on the basis of available data. However, the following three arguments
favor the bicapped-tetrahedron mechanism: (a) it takes at least two such
consecutive twist steps to perform a complete topomerization, equivalent to
the (X,Y) or the (O,0) exchange reactions (Figs. 14 and 15). (b) It would be
difficult to account for the two different barriers for exchange with this
mechanism and (c), the fact (mentioned above) that the bicapped-
tetrahedron structures can be stable ground states suggests that they are
excellent candidates for the intermediates or low-energy transition states in
the proposed mechanism.

iii. Assignment of barriers to (X,Cl) and (0,0) exchange mechanisms

The evidence presented for the stereodynamic behavior of compounds
30-38 so far showed that they underwent two consecutive non-dissociative
intramolecular ligand-site exchange reactions, assigned to exchange of
adjacent ligands: (X,Y)- and (O,0)-exchange.*” However, the presented
data could not distinguish between these two processes, and hence it
remained an open question which of the two corresponded to the low-energy
barrier and which to the higher. This question was solved by introducing
two homochiral carbon centers to the hexacoordinate complex, by the
preparation of 46 from (R)-(—)-2-phenylpropionic acid.*’

The difficulty in the assignment of the two processes to the two reactions
observed by the coalescence of diastereotopic groups in 30-38 resulted from
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2 N, X

F1G. 14. A clockwise (CW) Ray-Dutt twist followed by a CW Bailar twist, applied schematically
to a model complex like 30-32. Each of the two processes exchanges diastereomers, but the
combined action is a topomerization equivalent to a (X, CI)-1,2 shift. The “eye’ drawn near one
of the structures shows which triangular face was selected for the second twist process.*
Reproduced with permission from the American Chemical Society.
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F1G. 15. Two consecutive Counterclockw1se (CCW) Ray-Dutt twists applied schematically to a
model complex like 30-32. While each of the two processes exchanges diastereomers, the

combined action is topologically equivalent to an (O,0)-1,2 shift. The “eye’” drawn near one of

the structures shows which triangular face was selected for the second twist process.*’
Reproduced with permission from the American Chemical Society.

their similar NMR consequences: the four N-methyl signals first coalesced
to a pair of singlets, followed by a second coalescence to one singlet. The
lower-barrier process caused interchange of the two chelate rings. However,
examination of models showed that the (X,Y)- and (O,0)-exchanges both
effected exchange of chelate rings. This situation was changed in 46: 46 has
two diastereomers, RAR and RA R, differing only in the configuration of the
silicon stereogenic unit. The (X,Y)-exchange process, which is a
topomerization, does not invert the configuration at silicon, while the
(0,0)-exchange does. This was of no consequence in the series 30-38,
because enantiomer-interconversion was indistinguishable from topomer-
ization (in an otherwise achiral environment). However, in 46 the (X.Y)-
exchange brings about coalescence of diastereotopic groups within a given
diastereoisomer, while the (0O,0)-exchange is an interchange of groups
between the diastereoisomers (RAR & RAR).
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FIG. 16. High-field portion of the "H NMR spectrum of 46 at the slow-exchange limit
temperature, 250 K (toluene-dy), featuring two diastereomers.*” Reproduced with permission
from the American Chemical Society.
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The 'H NMR spectrum of 46 (Fig. 16) shows two unequally populated
diastereoisomers: the four N-methyl groups in each diastereomer give rise
to four singlets (labeled 1 and 2, respectively), with relative signal intensities
between the two groups ca. 4:3. Exchange of signals due to N-methyl
(and other) groups can take place in two different modes: if coalescence of
signal-pairs within each stereoisomer is observed during the lower energy
exchange process, this process constitutes a (Ph,Cl) exchange. Conversely, if
the lower of the two processes exchanges signals belonging to one of
the diastereomers with those of the other, then (O,0) exchange is observed.
The NMR consequences of the two possible alternative exchange pathways
are shown schematically in Fig. 17.

Because of the spectral complexity of the exchange of the N-methyl
signals it was not possible to determine with certainty which signals
interchanged upon heating. Therefore the exchange scheme was resolved by
a 2D-NOESY spectrum at 250 K (Fig. 18), an intermediate temperature at
which the lower-barrier exchange was effective while the second one
was slow. The NOESY spectrum clearly reveals interchange only within
each diastereoisomer: 1 2 1 and 2 € 2. It was concluded that the lower
activation-energy process constituted a true topomerization, exchange of the
monodentate ligands, while the higher-barrier belonged to the inversion of
configuration at silicon through an (O,0)-exchange reaction.*’



32 DANIEL KOST AND INNA KALIKHMAN

|
7 ™

| T 111
N

4 N

FIG. 17. Two schematic routes for the "H NMR spectral changes associated with N-methyl
exchange in 46 upon increase of temperature: route A: exchange within each diastereomer;
route B: exchange between diastereomers.*” Reproduced with permission from the American
Chemical Society.

iv. Correlation between SiCl distance and exchange barrier

Support for the assignment of (Ph,Cl) exchange to the lower of the two
exchange processes came from an analysis of the X-ray crystallographic
data. The activation barriers for this process for the chloro complexes
(30c—32¢ and 35c¢) in toluene-dy solutions inversely correlate with the Si—Cl
bond lengths in the solid-state (Table XII). It was concluded that the
(X,Cl)-exchange process involved elongation of the Si—Cl bond during the
out-of-plane twist of ligands, and hence was more facile for complexes with
a priori longer Si—Cl bonds. Persistence of the Si—F coupling constants in
an analogous fluoro complex (36¢) at elevated temperatures*” suggested that
the ligand exchange process was intramolecular.

v. Solvent effect on barriers in 32¢

For one complex, 32¢, the two barriers were measured in a number
of solvents, and a dramatic solvent dependence of the barriers was
found (Table XIII).*” The solvents were divided in three groups: the
apolar solvents, including toluene-ds, benzene-ds, CCly, and hexachloro-
butadiene, in which both activation barriers were relatively high and the
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Fi1G. 18. 2D-NOESY spectrum of 46 (N-methyl region) in toluene-dg at 250 K. Solid lines:
positive (exchange) signals; dotted lines: negative (NOE) signals. Exchange (and NOE) cross
peaks connect only signals within the same diastereomer: 1 with 1 and 2 with 2. Reproduced

with permission from the American Chemical Society.

TABLE XII
Si—Cl BOND DISTANCES AND FREE-ENERGY BARRIERS FOR THE LOW-ENERGY LIGAND-SITE
EXCHANGE IN HEXACOORDINATE COMPLEXES

Compound R, X, Y Si—Cl (A) Ref. AG” (kcal/mol) Ref.
33c Ph, CH,CI, CI 2.2140(8) 51 12.8 51
31c Ph, Me, ClI 2.197(4) 49 13.7 47
32¢g CF;3, Ph, Cl 2.187(2) 47 15.9 47
30g CF;, H, Cl 2.184(2) 50 17.5 47
35g CF;, Cl, CI 2.141(1) 47 20.7 47

2.138(1)
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TABLE XIII
SOLVENT EFFECT ON ACTIVATION FREE ENERGIES FOR THE LIGAND-SITE EXCHANGE
PROCESSES IN 32¢*°

Number of AGT AGs
Solvent Signal signals at 300 K T. (K) (kcal/mol) (kcal/mol)
CCly NMe 4 340 16.4 16.9
ortho H 2 350 16.4
CD;C¢Ds NMe 4 337 15.8 16.4
ortho H 2 340 15.8
C¢Dg NMe 4 340 16.3 16.7
ortho H 2 350 16.4
CyClg NMe 4 345 16.6 16.9
ortho H 2 355 16.6
CsDsN NMe,, 2 292 13.9
NMesy 2 280 14.0
NMe 2 340 16.1
ortho H 2 300 14.0
C6D5N02 NMC]Z 2 270 13.2
NMe 2 340 16.2
ortho H 2 280 13.1
(CD3),CO NMe,, 2 278 13.8
NMesy 2 286 13.7
NMe 2 315 15.0
ortho H 2 296 13.8
CDCl; NMe 2 325 15.5
CD,Cl, NMe, 2 216 10.6
NMesy 2 230 10.9
NMe 2 315 15.0
CD;NO, NMe,, 2 < 240 ~10.6
NMe 2 335 16.0

corresponding spectral changes occurred simultancously and could
be distinguished only by line-shape analysis. A second group of
solvents consisted of the more polar acetone-dys, nitrobenzene-ds, and
pyridine; in these solvents the two barriers were well separated and
were observed directly. The third group included chloroform-d,;, dichloro-
methane-d,, and nitromethane-d;, in which the lower barriers were
substantially lower (up to 5 kcal mol™!) than those measured in
apolar solvents. The variation in barriers as a function of solvent did not
follow any simple solvent polarity parameter. Rather, solvents which are
hydrogen-bond donors (CDCl; and CD,Cl,) and those which are powerful
electron acceptors (deuterio-nitromethane and nitrobenzene) accelerate the
exchange reaction. This suggested that association of a solvent molecule
to the basic dimethylamino ligand assisted in the exchange reaction by
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weakening the N — Si dative bond, and facilitating the bond-length increase
necessary for the 1,2-shift.

In view of results obtained later, (see following Section III.A.4) it
now appears that the solvent effect is also to weaken (and polarize) the Si—Cl
bond and facilitate its ionization. The substantially lower-barrier exchange
process in CDCIl; and CD,Cl, may involve, in addition to the (X, Cl)-twist
mechanism, ionization of the Si—Cl bond followed by re-entry of the
chloride to a different position.

65,66

4. Reversible lonization

All of the complexes 30-38 remain neutral and hexacoordinate in apolar
solvents: toluene, carbon tetrachloride. However, most of these compounds
undergo reversible ionization when dissolved in hydrogen-bond donor
solvents: CD,Cl,, CDCls, CHFCl, (Eq. 17):°¢7

R\K/\(TMez
O X ~a ©
O’S<C| = S$rx a

R*\ AMe; H/k\N NMe,

31a,R=X=Me

31c, R =Ph, X =Me
31j, R=t-Bu, X =Me
32a, R =Me, X =Ph
32b, R = CH,Ph, X = Ph
32c,R=X=Ph

32j, R=t-Bu, X = Ph
34a, R = Me, X = CH,Ph
34b, R = X = CH,Ph
34c¢c, R = Ph, X = CH,Ph

48a, R=X=Me

48¢c, R=Ph, X = Me
48j, R = t-Bu, X = Me
49a, R=Me, X =Ph
49b, R = CH,Ph, X = Ph
49¢c, R=X=Ph

49j, R =t-Bu, X = Ph
50a, R = Me, X = CH,Ph
50b, R = X = CH,Ph
50c, R = Ph, X = CH,Ph

(17)

i. Temperature-dependent *°Si NMR spectra

The ionization process was initially evident from a dramatic temperature
dependence of the ’Si NMR chemical shifts (Fig. 19): upon cooling of a
solution of 31, 32, or 34 in CD,Cl, a rapid downfield shift of the silicon
resonance was found, followed by its disappearance in the baseline and
emergence of two signals at low temperatures, near —70 and —130 ppm,
corresponding, respectively, to ionic 48-50 and covalent 31, 32, or 34
(Table XIV).

This NMR spectroscopic study is of special significance, because for
the first time, changes in 2°Si chemical shifts could be related directly to
changes in coordination. It had been accepted for some time that
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F1G. 19. ?Si NMR spectra of 32a in CD-Cl, solution at different temperatures.®® Reproduced
with permission from the American Chemical Society.

changes in 2°Si chemical shift in pentacoordinate silicon complexes
resulted from changes in coordination strength or coordination number.®®
However, never before could the *’Si resonance actually be resolved
into two individual resonances, assignable to differently coordinated
complexes. The chemical-shift changes described above®®” and listed in
Table XIV constitute the first report of low-temperature resolution of
rapidly equilibrating penta- and hexacoordinate silicon complexes, and
provide direct evidence for the correlation of 2°Si chemical shifts with
coordination number.
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TABLE XIV
2%Si CHEMICAL SHIFTS FOR THE EQUILIBRIUM MIXTURES OF 31, 32, 34, AND THE
CORRESPONDING SILICONIUM CHLORIDES 48, 49, 50 (Eq. 17) AT TWO TEMPERATURES®®

3(**Si), ppm

tOl-dg
Compound R, X T (K) CD,Cl, (solid-state)
31a 2 48a Me, Me 300 —121.3 —128.6 (—128.8)
165 —65.0br —130.0
31j 22 48j -Bu, Me 300 —120.3 —128.8
165 —65.0br
31lc = 48¢ Ph, Me 300 —121.8 —127.9
32a < 49a Me, Ph 300 —131.3 —135.6
165 ~73.0  —135.6
32j 2 49j -Bu, Ph 300 —132.9
165 -73.6  —1359
32b 2 49 PhCH,, Ph 300 —133.7
165 —73.4  —1359
32¢ 2 49¢ Ph, Ph 300 —133.7 —136.9 (—136.4)
165 —732  —136.9
34a < 50a Me, PhCH, 300 —125.4
165 —65.9
34b 22 50b PhCH,, PhCH, 300 —128.5
165 —663  —132.1
34c 2 50c Ph, PhCH, 300 —127.8
165 —64.7  —130.3

ii. lonization enthalpy and entropy: effect of substituent R on equilibrium

The ionization process is fully reversible with respect to temperature
changes. From the temperature-dependent spectra, equilibrium constants
were extracted and correlated with 77" to afford enthalpies and entropies of
the ionization reactions.®®®” A list of typical reaction enthalpies and
entropies for the ionization reactions of two complex families: 32, having a
phenyl group for monodentate ligand and 34, with a common benzyl ligand,
are given in Table XV. The data in Table XV are listed, for each of the 32
and 34 complex-families, in order of decreasing electron-releasing power of
the remote substituents R.

It is evident from Table XV that the thermodynamic data for the
ionization are strongly affected by the nature of the remote substituent R.
All of the reactions are slightly exothermic, but the extent of exothermicity
depends on R such that the more electron-releasing substituent is associated
with the largest negative enthalpy (within each series, i.e., for the first four
entries in Table XV). This was rationalized in terms of the effect of R on
donor strength: the electron-releasing substituent transmits electron density
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TABLE XV
REMOTE SUBSTITUENT (R) EFFECT ON REACTION ENTHALPIES AND ENTROPIES FOR THE
IoNiZATION (Eq. 17) OF HEXACOORDINATE CHLORO COMPLEXES IN CD,Cl, SOLUTIONS, LISTED
(FOR EACH GROUP) IN ORDER OF DECREASING ELECTRON-RELEASING POWER OF R®

AH® AS° Correlation ~ Number
Compound R, X (kcal mol™")  (cal mol™" deg™)  coefficient  of points
32§ t-Bu, Ph -39 —21.8 0.987 6
32a Me, Ph -2.8 —15.0 0.992 9
32b CH,Ph, Ph -1.9 -9.4 0.996 5
32¢ Ph, Ph —0.8 —8.6 0.996 3
34a Me, CH,Ph -39 —17.5 1 7
34b CH,Ph, CH,Ph -1.9 —12.3 0.997 9
34c Ph, CH,Ph —1.8 —12.2 0.997 7

through the double bond to the dimethylamino donor group, increasing its
donor strength. As a result the average electron density on silicon in the
neutral complex (32, 34) increases and, hence, it is easier for the negative ion
to depart. This trend is manifested in the order of decreasing absolute
enthalpies.

The trend in reaction entropies in Table XV parallels that of the reaction
enthalpies, i.e., the more exothermic the ionization, the more ordered is the
solvated ion pair. This was rationalized as a result of the increase in ion-pair
separation as the reaction is more exothermic, due to the greater stability of
the ions. Greater ion separation enables more intense solvation of the ions,
and hence greater order of the solute—solvent system and greater negative
entropy. The trends observed in enthalpies and entropies are essentially the
same for both compound families, 32 and 34, i.e., they depend primarily on
the remote substituent R.

iii. Solvent effect on ionization

The major effect of solvent on the ionization process was first
demonstrated by the temperature dependence of the *°Si chemical shift of
34a upon temperature in two solvents: CD,Cl, and CDClI; (Fig. 20). In both
solutions the average *’Si resonance shifts to lower field as the temperature
is decreased, as a result of an increase in the pentacoordinate (50a) to
hexacoordinate (34a) concentration ratio. However, the rate of change with
temperature (the first-order slope) is three times greater in CDCl; than in
CD,Cl, solution. This shows that the extent of ionization increases much
faster upon cooling in the more hydrogen-bonding solvent than it does in
dichloromethane, supporting the stronger and more ordered solvent—solute
binding in chloroform.
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FIG. 20. Solvent effect on the 2°Si NMR chemical shift of 34a in CD,Cl, and CDCl; solutions
at various temperatures.®® Reproduced with permission from the American Chemical Society.

The solvent effect is clearly evident also from the thermodynamic
data for the ionization, given in Table XVI for two representative cases: 31a
and 32a, each measured in three different solvents: CD,Cl,, CDCls, and
CHFCl,. A dramatic change in reaction enthalpy and entropy of the
ionization is observed as a function of solvent. Both the enthalpy and
entropy of ionization are negative, and their absolute magnitudes increase
with increasing hydrogen-bond donor strength of the solvent, in the order
listed above. These observations were interpreted as a result of the ion-
stabilizing effect of the solvents: the stronger the hydrogen bonding, the
more stabilized are the ions and hence ionization is more exothermic.
However, the stronger ion stabilization (in CHFCI,) is associated with
more intense solvation and greater solute—solvent order, manifest in the
greater negative entropy.

Interestingly, the results presented in Table XVI are almost exactly
equal for the two compounds, both in trends as well as in actual numbers.
This suggests that the effect of the ligand X on the equilibrium constant is
relatively small. The X-ligand does, however, have an effect on the
equilibrium reaction rate, as is evident from the different ionization barriers
found for these two complexes (Table XVI).

The data in Table XVI provide evidence that the major driving force for
ionization is ion solvation. Indeed, in the absence of ion solvation, in apolar
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TABLE XVI
SOLVENT EFFECT ON ENTHALPIES AND ENTROPIES OF IONIZATION FOR 31a AND 32a, AND
IONIZATION BARRIERS IN CD,Cl,%¢

AH® AS° (cal Correl.  Number AG*

Compound R, X  Solvent (kcal mol™") mol™' K™!) coefficient of points (kcal mol™")
3la Me, Me CD-Cl, -2.6 —13.4 0.998 11 6.5+0.5
31a Me, Me CDCly -3.6 —18.1 0.990 8

3la Me, Me CHFCl, —6.7 —23.8 0.998 8

32a Me, Ph CD,Cl, -2.8 —15.0 0.992 9 8.44+0.5
32a Me, Ph CDCl4 -3.6 —18.9 0.988 6

32a Me, Ph CHFCl, —6.8 -22.9 0.996 6

solvents such as toluene (Table XIV) or CCly the *°Si chemical shift is at its
highest-field point, corresponding to the undissociated hexacoordinate
chelate form.®¢’

iv. Effect of counterion on ionization equilibrium

The ionization equilibrium (Eq. 17) can be shifted dramatically to the
ionic side by replacement of the chloro ligand by other, better leaving-group
ligands, such as bromo or triflato. The replacement itself proceeds in
high yield by reaction with MesSiZ, where Z=Br or CF;S03, as shown
in Eq. (18).%7 The shift of equilibrium is evident from the *°Si NMR
resonance at ambient temperature, which is at the extreme low-field end,
corresponding to the ionic compound.

N N
R 72N R 74
g NMe; \o( Tgez
:S1i<é(l +MegSi-Z — >?i—x % 4 Messicl (18)
RiN.NMeg RiN.NMez
Z =Br, OT

The siliconium salts of these counterions are stable (i.e., not in noticeable
equilibrium with the hexacoordinate species) and are discussed in
Section IV.B.1.

v. lonization-resistant hexacoordinate complexes

Tonization of 31-34 proceeds smoothly as long as one of the mono-
dentate ligands is a carbon-ligand group. When both of the monodentate
ligands are electron-withdrawing groups, or when the R substituent is
an electron-withdrawing group, ionization is prevented (Eq. 19).°° This
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TABLE XVII
2%Si CHEMICAL SHIFTS OF HEXACOORDINATE MONO- AND DITRIFLATO (51-54) COMPLEXES
Compound 51a Slc 52¢g 53¢g 54a 54¢
3(*Si), ppm —150.8 —150.7 —130.2 —140.6 —161.7 —161.5

is evident from the *’Si chemical shifts (Table XVII), which remain in the
high-field region characteristic of hexacoordination, and is further
confirmed by crystal structures. The crystal structures of two of these
hexacoordinate complexes, the monotriflato 53g, in which the CF5 groups
prevent ionization, and the ditriflato (54¢) were determined and are depicted
in Figs. 21 and 22, respectively.®>°® The failure of these complexes to ionize
was attributed to the lower electron density on silicon, resulting from the
electronegative ligands, which makes it more difficult for silicon to release a
negatively charged species.

R\(/u “NMe, H\K/\J\ NMe, R\K) “NMe,
o\l, X TMSOTt o\l,x TMSOTE o\l/cm

) — —
Ri 1<Y -Me,SiY /t/?KOTf -Me,SiY ﬁ/ ?'\ow
\N)\jMe2 R \N)\IMe2 R \N,NMc-z2 (19)

35a,R=Me, X=Y=Cl 51a, R =Me, X = Cl 54a, R = Me
35¢,R=Ph, X=Y=Cl 51c, R=Ph, X =Cl! 54c, R=Ph
31g,R=CF3; X=Me, Y=CI 52g,R=CF4; X=Me

329, R=CF;, X=Ph,Y=Cl 53g,R=CF; X=Ph

38c, R=Ph,X=2Z=8r

5. Binuclear Hexacoordinate Silicon Chelates

A subgroup of the neutral hexacoordinate silicon complexes discussed
above is the family of binuclear complexes (55a,¢,g.j).

Me
Re /\N;‘;“:Me Me-.N N R
\\\\I/

i, L £H Chu,, l
(Of g L ClKCH ?
A A

g AN
Me

55a, R = Me
55¢, R=Ph
559, R=CFy
55j, R=t-Bu
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F1G. 21. Molecular structure in the solid-state of 53g. Selected bond lengths: Si—N, 2.029(4),
2.037(4); Si-O, 1.775(4), 1.782(4); Si-O(3), 1.828(4), Si-C, 1.916(5).° Reproduced with
permission from the American Chemical Society.

F1G. 22. Molecular structure in the solid-state of 54c¢. Selected bond lengths: Si-N, 1.967(3),
1.989(3); Si-0, 1.731(3), 1.724(3); Si-O(2), Si-O(5), 1.793(3), 1.796(3).°° Reproduced with
permission from the American Chemical Society.

i. Synthesis and structure

Binuclear silicon chelates (55a,¢,g,j) were prepared from 1,2-bis(trichloro-
silyl)ethane and N-dimethylamino-O-trimethylsilylimidates (la,c,g.,j) in
high yields.®” The hexacoordination of these complexes is evident from a
crystal structure analysis obtained for 55¢ (Fig. 23), as well as from their
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2Si NMR chemical shifts at 300 K, which fall within the typical range
of hexacoordinate complexes (Table XVIII).

The geometrical data for the crystal of 55¢ (Fig. 23) are compared with
those obtained previously (Table VIII) for the mononuclear analogs 3l¢
(R=Ph, X=Me) and 33¢ (R=Ph, X=CH,CI):** as expected, in both
compound types the basic geometry is a distorted octahedron, with N-Si—N,
0O-Si—Cl, and O-Si—C angles close to 180°.

ii. Equilibrium ionization of binuclear chelates

Like the mononuclear chelates,’® binuclear 55a,¢.j (but not 55g!) undergo
reversible ionization which is enhanced at low temperature, as is evident
from the temperature-dependent >°Si NMR spectra (Fig. 24, Table X VIII).
From the lowfield chemical shift already at 300 K (Table XVIII), relative to
the mononuclear analogs 3la,c,j (Table XIV), it was concluded that
significant ionization takes place at ambient temperature, to a much greater
extent than in 31.%

The mode of ionization of 55 is of some interest: ionization may proceed
stepwise, and result either in mixed penta-hexacoordinate monocations (56),
or in dications (57, Eq. 20). The *’Si NMR spectral changes with
temperature provide evidence to answer this question (Fig. 24). At
temperatures just below room temperature the average signal shifts to
lowfield as the temperature decreases, as a result of ionization, leading to
increased population of the ionic form (56 or 57 or both). However, at lower
temperatures (below the slow-exchange limit temperature) the two signals
for the penta and hexacoordinate species reach equal intensities, which no
longer change upon further cooling. This proves that the ionization
produces the monoionic 56a,c,j, and stops at this stage without further
ionization to the dicationic 57.

Me Me
p e e, AR [PeDaCh R Eie ey \?_H 2
. '°w'ﬂ2 Oum, l Ch.., l _..\\g Q@ i\ l . l,ﬂnO Q
553,C,] ‘— ey FCHZ\CH ( [ Cl s iC Hg—CHg— [ 2Cl
high temp ? 2 CHFCH ?
2 . v C
R’C\\ g » _ R’C&\ Nv"Me Mer N\ 7R
N/N’él\ge Nmeﬂ\l\floﬂ N/ A Me’ N/
56a, R = Me 57a, R = Me
56¢, R =Ph §7¢,R =Ph
56j, R =t-Bu 57j, R =t-Bu

(20)

The second ionization step was, however, realized in a more polar
solvent, CHFCl, (Fig. 25). In this solvent at low temperatures a second >Si
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F1G. 23. Crystal structure of binuclear complex 55¢. Selected bond lengths (A): Si(1)-0O(1),
1.7892(15); Si(1)-O(2), 1.7768(15); Si(1)-N(1), 2.0578(17); Si(1)-N(2), 2.0441(17); Si(1)-CI(1),
2.2410(7); Si(1)-C, 1.925(2). Angles (°): N=Si—N, 168.20(7); O-Si-O, 87.76(7); O-Si-C,
173.70(8); O-Si-Cl, 171.01(5).®” Reproduced with permission from the American
Chemical Society.
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TABLE XVIII
29Si CHEMICAL SHIFTS FOR BINUCLEAR COMPLEXES 55a,¢.g.j (CD,Cl, SOLUTION,
180 K AND 300 K)*°

Compound R 300 K 180 K
55a Me —~110.3 —63.3; —132.3
55¢ Ph —116.6 —61.8; —130.8
55¢ CF; —121.7 —123.6
55j t-Bu —103.1; —104.4 —62.6; —131.6
J)\
300K o M
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FIG. 24. Variable temperature *Si NMR spectra of 55a in CD,Cl, solution.®” Reproduced with
permission from the American Chemical Society.
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F1G. 25. 2°Si NMR spectra of 55j < 56j, 57j in CHFCI, solution at low temperatures.
Second ionization (56j — 57j) is evident from the emergence of a new signal at —64.9 ppm
below 180 K. The doubling of signals at —61 ppm appears to be due to the two
diastereomeric 56j complexes.®” Reproduced with permission from the American
Chemical Society.

resonance appeared at the pentacoordinate silicon region, which was
assigned to the dicationic species 57.%

Stable (i.e., not equilibrating) ionized binuclear complexes are discussed
in Section I'V.B.1.ii.

6. Tautomeric Equilibrium

i. Reversible chloride migration

A special case of reversible ionization of a hexacoordinate silicon
complex has been described as a novel tautomeric equilibrium.*' It differs
from the formation of siliconium-ion salts in that the positive charge resides
on nitrogen, in a dimethylammonium cation, and not on silicon.
The transsilylation of 1g with 12 in equimolar concentrations leads to
the pentacoordinate zwitterionic complex 13 (Eq. (10), Section IL.B.5).
However, when the molar ratio was 2:1, respectively, an equilibrium
mixture of tautomers (58, 59) was obtained, as shown in Eq. (21). The
same mixture was also obtained when a second mole-equivalent of 1g was
added to 13.

In this reaction a chloride migrates between silicon and the ammo-
nium nitrogen, converting a zwitterionic hexacoordinate chelate (58) to a
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N N
Me; Si g’ TMeZ FeG” Me,
3
wCl
2 C=NNMe, + CICH,SMeCl, ——= %’”@ r;“Me"“_._. O’b&—Me
. C/ - Me,SiCl / O (21)
8 's 12 FaC—-C\\ @/CH2 Fac'c\ @/CH2
\—NMe, N\ —NMe,
c©
58 59

zwitterionic pentacoordinate chelate (59). Structural assignment of the latter was
achieved by NMR-spectral comparison with two fully ionic analogs: the ammonium-
triflate salt 59(OTf) (Fig. 26), and the non-equilibrating 60 (Fig. 27).*!

FIG. 26. Molecular structure of 59(OTf) in the crystal.*' Reproduced with permission from the
American Chemical Society.
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@ ol

F1G. 27. Molecular structure of 60 in the crystal. Selected bond lengths: Si-O(1), 1.753(4);
Si-0O(2), 1.711(4); Si-N(4), 2.162(5); Si-C(2), 1.843(6); Si—C(3), 1.867(5). Angles: O(1)SiN(4),
163.6(2); O(2)SiC(3), 125.9(2); O(2)SiC(2), 112.3(3); O(1)SiO(2), 88.1(2).*! Reproduced with
permission from the American Chemical Society.

The ?°Si NMR spectra of this equilibrating system (58/59) behaves
in a similar manner to that of the ionizing hexacoordinate
complexes (Section II1.A.4), showing remarkable temperature dependence
(Fig. 28): the low-temperature 2°Si NMR spectrum of the mixture
clearly features two signals, one typical of pentacoordination
(8%°Si=—57.6 ppm, assigned to 59) and the other of hexacoordination
(8%°Si = —134.0 ppm, assigned to 58). The intensity ratio of these two signals
is temperature dependent in a fully reversible fashion, such that at
lower temperatures the relative population of the pentacoordinate species
(59) increases.

Interestingly, there is a significant difference between the present
tautomeric system and the ionizing systems of Section III.A.4: the barrier
for the equilibrium reaction is substantially higher in the present case than in
the previous systems, resulting in well resolved resonances for the hexa- and
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FIG. 28. Variable temperature 2*Si NMR spectra of the equilibrium mixture 58/59 in CD,Cl,
solution.*! Reproduced with permission from the American Chemical Society.

pentacoordinate species already at 273 K (as opposed to 170-190 K in
Section II1.A .4).

ii. Reaction sequence by NM R-monitoring

The exact course of the reaction of 1g with 12 (Eq. 21) was studied by
monitoring the NMR spectra ("H, '*C, and ?°Si) of the reaction mixture at
low temperatures.*’ The reagents (1g and 12) were dissolved at liquid
nitrogen temperature in CD,Cl, and the solution was placed in a pre-cooled
(200 K) NMR probe-head. The various NMR spectra were then measured
at various temperatures. Equation (22) outlines the resulting reaction
sequence.
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It is quite surprising to find that the monocyclic 13 is not an
intermediate on the way to the bis-chelate 61a, but rather the opposite,
that 61a forms initially at low temperature as an unstable intermediate.
6la belongs to a large group of neutral hexacoordinate silicon
complexes which have been studied extensively.*** These complexes
generally show a characteristic stereochemical non-rigidity (discussed in
Section III.A.3), with two consecutive ligand-exchange processes observable
by variable temperature NMR spectroscopy.*>*’ Indeed, in 6la the N-
methyl signals show typical line broadening and coalescence phenomena
between 190 and 230 K, providing further confidence in the structural
assignment, in the absence of a complete characterization of this unstable
intermediate.

The structure of 6la is surprising in that both of the monodentate
ligands are carbon-ligands, in contrast to numerous analogs with
electronegative ligands.* *® As a result 6l1a is relatively unstable, and
further increase in temperature leads to its N-Si dissociation to the
pentacoordinate monochelate 61b. This transformation is reversible,
as shown in Eq. (22): at 200 K only 6la is detected, while at
temperatures between 230 and 250 K both isomers are observed, with
the relative population of 61b increasing with temperature up to
~4:1 (6la:61b). The evidence for 61b formation is the appea-
rance of a highly-characteristic temperature-dependent *°Si resonance
between —8.3 and —4.8 ppm, as well as the equivalence of two N-methyl
groups, and the non-equivalence of the other two in the '"H and °C NMR
spectra.
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Further heating to 270 K leads to an irreversible transformation of the
61a,b mixture to the mixture of tautomers, 58-59.

iii. Chloride-bridged disiloxane by partial hydrolysis

An analogous case of tautomerization was attempted with complex 62,
without success (no equilibrium reaction could be observed), but with
another interesting result: 62 partially hydrolyzed to form the first chloride-
bridged disiloxane complex 63 (Eq. 23). The crystal structure of 63 is shown
in Fig. 29, and selected bond lengths and angles are listed in Table XIX.*'
The bridging chloride clearly occupies the axial positions of both silicon

N

7 \NMe Ph Ph
A ’ H,0 >c—o Me Mg —c/

Otn,.. &, .§ 0. E’-

/OVT'—Me -2PhCONHNMe, N/@ \Sf/ \S< @\N of° (23)
Ph'c\ o/ o l\kzN—CH( \ / CH—Nré

}\‘/NMQ2 cl 2 e 2 z

62 63

ch

F1G. 29. Crystallographic molecular structure of 63 (lower part). Expansion of the bridge
area, showing the critical Si—Cl distances and the TBP geometry around each silicon atom
(upper part).*! Reproduced with permission from the American Chemical Society.
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TABLE XIX
SELECTED BOND LENGTHS AND ANGLES FOR 63*!
Bond Dlength Bond angle Bond angle
Bond (A) Angle (deg.) Angle (deg.)

Si(1)-0(1) 1716(3)  O(1)=Si(1)-CI(1)  173.08(12) O(Q)-Si(2}-Cl(1)  173.45(12)
Si(1)-0(3)  L.621(3)  O()-Si(1)-C(1)  102.12)  O(2)-Si2)-C(6)  100.8(2)
Si(1)-C(1) 1.838(5)  O(1)-Si()-C(2)  97.42)  OQ)Si2-C(7)  96.2(2)
Si(1)-C(2) 1.872(4)  O(1)-Si(1)>0(3)  99.3(2)  OQ)-Si2)-03)  95.4(2)
Si()-CI(1)  2.887(2)  C(1)-Si()-0(3)  117.22)  C(6)-Si2-0(3)  116.9(2)
Si(2-0(3)  1.632(3)  C()-Si(1)-0(3)  1154(2)  C(7)-Si(2-0(3)  118.4(2)
Si(2)-0(2) 17313)  C()=Si()-Cl(1)  84.7(2)  C(6)-Si(2)-CI(1)  85.7(2)
Si(2)-C(6) 1.8285)  CQ)-Si(1)-Cl(1)  80.06(14) C(7)-Si(2)-CI(1)  80.75(13)
Si(2)-C(7) 1.882(4)  OB)Si(D-CI(1)  76.30(11)  O(3)-Si(2)-Cl(1)  81.09(11)
Si2-Cl(1)  2.731(2)

atoms, which have each a distorted TBP geometry, i.e., both silicon atoms
are pentacoordinate.

Each of the two silicon atoms of 63 deviates from the central
plane (defined by the corresponding equatorial ligands) toward
the axial oxygen atom, indicating that the bridging chloride (CI(1) in
Fig. 29) forms a dative bond to each one of the silicon centers.
This is fully confirmed by reference to the Si—CI(1) distances: 2.887
and 2731 A, respectively, which are both substantially longer
than normal covalent Si—Cl bonds (2.05+£0.03 A),38 and yet signi-
ficantly shorter than the sum of the corresponding van der Waals radii
(3.97 A). 370

In terms of the progress along a hypothetical SN2 reaction
coordinate, this structure may be viewed either as an early stage of a
chloride anion displacing the axial oxygen leaving group, or as an
almost complete displacement of a chloride by an oxygen nucleophile.

Evidence that 63 is pentacoordinate also in solution is provided by the
typically pentacoordinate 2Si chemical shift, and by its highly characteristic
temperature dependence, as follows: [6, ppm (7, K)]: —41.4 (330), —39.6
(300), —37.2 (275), —35.6 (243).*! The inverse relationship is the evidence
for the coordination of the chloride to silicon (Si<« Cl—), rather than
O — Si coordination (which was reported to have a regular dependence
of 3(*’Si) on temperature, i.c., downfield shift as the temperature
increases).”* However, the present results do not permit the distinction of
a bridged complex in solution from one in which a different chloride is
attached to each silicon.
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B. Bis-chelates with the Isopropylideneimino Donor

1. Preparation and Structure

A new donor ligand for coordination with silicon has been
introduced: the isopropylideneimino ligand. Transsilylation of N-isopropy-
lideneimino-O-(trimethylsilyl)acylimidates (6a—b) with tetrahalosilanes
leads to direct replacement of two halogens and formation of the
dihalo-complexes 64-66 (Eqs. 24, 25).°% Only in the reaction of SiF,
(Eq. 24) could the pentacoordinate intermediate be observed by NMR
monitoring of the reaction progress. The intermediate was identified by its
typical 2°Si quartet at & —132.3 ppm, ('Js; =182 Hz), but could not be
isolated and fully characterized due to the formation of 64. The crystal
structures of 64a, 65b, and 66a are depicted in Figs. 30-32, and selected
bond lengths are listed in Table XX, along with data for the corresponding
dimethylamino chelates for comparison. The remarkable differences are
apparent immediately from the figures: the difluoro complex (64a)
crystallized in the cis geometry, while the dichloro and dibromo 65b and
66a preferred the trans geometry.

 Sn=
MesSQ M R*fi N=CMe,
. N—N
AN M siEy | 6 Om f oF
H N= - | R C\ ““““ F N
Me -2MesSiF O l\F f Fo(24)
6a, R = Ph A _=Cwe,
6b, R = PhCH, E N
64a, R = Ph
64b, R = PhCH;
R N
Me3Si T l
(K —N M N:CM82
2 ST\ = SiXe (x / “
Me -2MesSiX x5\
6a,b MezC='|‘1 ? (25)
e

65a, X =Cl,R=Ph
65b, X = CI, R = PhCH,
66a, X =Br, R = Ph

66b, X = Br, R = PhCHy
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F1G. 30. Molecular structure of 64a in the crystal.™ Reproduced with permission from Elsevier.

1420

F1G. 31. Molecular structure of 65b in the crystal.” Reproduced with permission from Elsevier.
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FIG. 32. Molecular structure of 66a in the crystal.”> Reproduced with permission from the
American Chemical Society.

TABLE XX
COMPARISON OF *’Si NMR CHEMICAL SHIFTS (CDCls, 300 K) AND SELECTED BOND LENGTHS
FOR [SOPROPYLIDENEIMINO- AND DIMETHYLAMINO-DIHALO-COMPLEXES

Isopropylideneimino donor Dimethylamino donor
64a 65b 66a 37¢ 35¢g 38c
Parameter F Cl Br F Cl Br
Si-N (A) 1.9418(10)  1.9205(9) 1.933(3) 1.9591(10)  2.013(2) 2.067(4)
. 2.011(2) 1.985(4)
Si-O (A) 1.7867(8) 1.7381(8) 1.716(2) 1.7764(9) 1.6844 (15)  1.789(3)
. 1.6964(14) 1.728(3)
Si-Hal (A) 1.6543(7) 2.2088(7)  2.4050(6) 1.6353(7) 2.141(1) 2.3271(14)
2.147(1) 2.3498(14)
3%°Si (ppm) —166.9 —163.7 —140.2 —160.0 —146.2 —170.0
("Jsi_r, Hz) (194 Hz) (203 Hz)
Reference 20 20 52 20 47 52

The fact that in 64a the monodentate ligands are cis to each other, as has
been found in numerous other hexacoordinate bis-acylimidato-N,O chelates
30-38, suggests that in the absence of special constraints the cis
orientation is preferred. It follows that the uncommon trans geometry,
found in 65 and 66, is the result of steric repulsion between the bulkier
Si—Cl and Si—Br bonds and the isopropylidene methyl group. All three
dihalo-complexes (the cis-64 and trans-65 and 66) react readily with
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FIG. 33. Molecular structure of 67b in the crystal.>° Reproduced with permission form Elsevier.

TMSOTT, exchanging their halogeno ligands by triflate (Eq. 26), to yield the
same trans-ditriflate chelates 67a,b (Fig. 33).

FL.,T_:T

O\ N=CMeyz
gda.b . /.o
65a,b | + 2MesSIOTY S
66ab -2MegSix TiO \ (26)
M920=I T
—C<g
67a,R=Ph
67b, A = PhCH3

The trans geometry is confirmed in solution for 65b—67b by the
appearance of a singlet for the methylene protons in the "H NMR spectra
due to C»;, symmetry of the trans chelates.

The data in Table XX permit an assessment of the donor strength of the
new isopropylideneimino ligand.?>>* Comparison of the bond lengths
between the two chelate families (Table XX) clearly indicates stronger
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TABLE XXI
SOLVENT AND TEMPERATURE DEPENDENCE OF 2°Si CHEMICAL SHIFTS FOR 66b
CD-Cl,
Solvent CCly C¢DsCD3; +HMPTA CDCl, CD,Cl, CHFCl,

529Si (T, K) —183.4 (300) —182.0 (340) —179.2 (300) —165.5 (330) —163.9 (300) —124.1 (273)
—159.2 (300) —152.3 (263) —122.0 (263)
—133.7 (260) —131.3 (213) —118.7 (223)
—118.2 (200) —120.2 (170) —118.4 (170)

coordination in the isopropylideneimino complexes, as evident from the
consistently shorter N—Si and longer Si—X and Si—O distances, relative to the
dimethylamino chelates. This is further enhanced by the observation that
the 2°Si resonances in 64-65 are consistently shifted to higher field, relative
to the dimethylamino analogs, indicating stronger coordination. The
exception to this observation is 66a, for which the *’Si chemical shift is at
lower field than the corresponding dimethylamino chelate 38c. This is
discussed in the following section.

2. Reversible lonization

The unexpected downfield shift in 66a,b, in connection with strong
temperature and solvent effects on the *°Si chemical shift (Table XXI),
indicates that the dibromo complexes 66, unlike the difluoro- (64) and
dichloro- (65) analogs, undergo ionization to form the bromide salts (68)
already at room temperature (Eq. 27).2%>

R I GCMe, ] C\Me2 ©)
K
T O=sgrr NN om0
N— O N——"ﬁ ‘O
\ | R (27)
Me,C Br Me,C  Br
66 68

a, R=Ph; b, R = PhCH,

Ionization of 66 is unexpected not only because it is the only dihalo-
complex in this series which ionizes, but because the previously reported
dihalo-dimethylamino-coordinated complexes, 35, 37, and 38, were
completely resistant to ionization. lonization of 66 thus constitutes
additional evidence for the stronger donor property of the isopropylidene-
imino ligand group.

A remarkable solvent dependence of the 2°Si chemical shift was observed
for 66b (Table XXI): the better hydrogen-bond donor solvents caused
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FIG. 34. Correlation of >°Si and '*C NMR chemical shifts (of the isopropylideneimino-carbon)
for 60b with temperature variation. The point labeled @ was taken in CCly solution
and represents the fully covalent hexacoordinate complex; the point labeled * belongs to the
fully ionic complex.?’

increased ionization, manifest in lower-field 2°Si chemical shifts. The 8(*°Si)
values measured in the apolar toluene-ds and CCly solutions represent the
fully covalent, non-ionized 66b. On the other hand, the slow-exchange limit
temperature and corresponding individual °Si NMR signals for the ionic
68b and neutral 66b forms could not be observed, presumably due to rapid
bromide exchange, in contrast to exchange in dimethylamino complexes
in which the two species were well resolved at low temperatures (see
Section I11.A.4.1).

Additional support for the ionization of 66b at low temperatures
was provided by the linear correlation of the *°Si with the
(N:gMez)fBC chemical shifts shown in Fig. 34. The linear relationship
is the evidence that both changes result from the same phenomenon, as
expected from ionization: reduced electron-density on silicon (resulting
from ionization) is accompanied by partial compensation from the
imino group, i.e., a parallel but smaller reduction in electron density near
the imino carbon. The point labeled e in Fig. 34 represents the fully
covalent form (66b in CCl, solution), while the point on the other end of the
line labeled * is the fully ionic, BPhy-salt. Both points fit in the line,
indicating that the entire line represents a gradual change from one end
(covalent) to the other (ionic).

Equilibrium constants were obtained for each temperature from the
temperature-dependent 2’Si chemical shifts, leading to the reaction enthalpy
and entropy of ionization for 66b: —6.3 kcal mol™' and —21 cal mol™!
deg™"', respectively. These values are in agreement with the reversible
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66,67 .

ionizations reported for the dimethylamino complexes, and indicate that

also in this case the ionization is driven by the solvent.

C. lIrreversible Rearrangement

1. Stepwise Synthesis

The transsilylation reaction of (chloromethyl)trichlorosilane (69) with 1
yields initially, under mild conditions, the bis-chelates 33. Upon heating, or
when left in solution for several days, 33 is quantitatively converted to the
thermodynamically more favorable product 70 (Eq. 28). Representatives of
both product-groups 33 and 70 have been isolated and characterized by
single crystal X-ray analyses (33¢ and 70c, Figs. 35 and 36).”!

N N
r-c? “NMe,  p—c”Z “NMe,
Me3SiO\

2 C=NNMe, + CICH,SiCls —>
- 2 2 3 |
R o -2MesSIC /O T\CHzC'

R—C

\O/Ih,._ Si __‘\\\\\CI é» ollll,,. \ .“\\\C'
i

NMe R—-C
X/ 2 NM
\N \N/ (=7}
33 70
c,R=Ph; g R=CF3 k R=H.

(28)

1.51

F1G. 35. Molecular structure of 33c in the crystal.”” Reproduced with permission from the
American Chemical Society.
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FIG. 36. Molecular structure of 70c in the crystal.’’ Reproduced with permission from the
American Chemical Society.

The initial intermediate 33 is the “normal” bis-(N — Si)-coordinated
complex, which is obtained in analogy to numerous other neutral
hexacoordinate complexes 30-38 (Eq. 15), prepared from SiCly and various
trichlorosilanes and substituted O-trimethylsilylated hydrazides. The final
product 70 is the result of a novel molecular rearrangement, by which a
chloride has been displaced by the dimethylamino-nitrogen and has
migrated from carbon to silicon, accompanied by ring expansion and
conversion of the N — Si to O — Si coordination.

2. Structure of Rearranged Product

The exact molecular structure and charge locations in 70 are of interest.
From an analysis of bond lengths and angles (Table XXII) obtained from an
X-ray crystal structure of 70c (Fig. 36) one can arrive at a reasonable
structural assignment. The bond angles listed in Table XXII show that the
geometry of 70c is nearly octahedral. The mode of coordination and
charge distribution in 70¢ can be represented by four canonical structures
shown in Eq. (29).

R-G7 NMe, 7 “NMe, R¢7 NMe, RG? M,
{ l \ o v
o oY <« 090 I oY .c©
R_C/ o RC, @fte r-C @ft A=y oft
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TABLE XXII
SELECTED INTERATOMIC DISTANCES AND BOND ANGLES IN COMPLEX 70c”!

Bond atoms Distance (A) Angle Degrees
Si-O(1) 1.755(2) O(1)-Si—CI(1) 170.22(6)
Si-0O(2) 1.773(2) O(1)-Si—0(2) 91.22(8)
Si-N(3) 2.0463(13) O(2)-Si-N(1) 90.95(9)
Si—ClI(1) 2.2352(12) 0(2)-Si-C(4) 92.99(10)
Si-Cl(2) 2.2591(10) C(4)-Si—CI(1) 94.93(8)
Si-C(4) 1.911(3) O(1)-Si-ClI(2) 89.89(7)
C(1)-0O(1) 1.321(3) C(4)-Si-Cl1(2) 86.76(9)
C(1)-N(2) 1.285(3) CI(1)-Si—Cl1(2) 90.09(4)
N(1)-N(2) 1.475(2) O(1)-Si-C(4) 94.84(10)
C(5)-0(2) 1.319(3) O(1)-Si-N(1) 81.25(8)
C(5)-N4) 1.296(3) 0O(2)-Si—CI(1) 88.85(6)
N(3)-N(4) 1.477(3) N(1)-Si—Cl1(2) 89.37(7)

N(1)-Si —CI(1) 88.97(7)

N(1)-Si—-C(4) 174.51(9)

0(2)-Si-Cl(2) 178.88(4)

An assessment of the relative contributions of each of I-IV is based on
a comparison of the various bond lengths, relative to other hexa-
coordinate silicon complexes. The Si—-O and Si—Cl distances in 70c fall
well within the average covalent bonds in hypercoordinate silicon
compounds (such as in 33), and hence structures I and II, with an O — Si
dative bond, as well as IV with a CI~ — Si dative bond may be excluded.
This leaves resonance hybrid IIT as the major contributor to the geometry
and charge distribution of 70c, suggesting that the complex may best be
described as a zwitterionic silicate. Examination of the N-C and C-O
distances in Table XXII is in agreement with this analysis: these
bonds correspond to standard imidate bond lengths (O—C=N, average
C-0 1.330 and C=N 1.279 A”), ruling out the amide (O=C-N) geometry
of hybrid I.

3. Stereodynamic Analysis of Rearranged Product

The variable temperature 'H NMR spectra of 70g (Fig. 37, Table XXIII)
provided evidence for two consecutive ligand-site exchange processes.
There are two pairs of diastereotopic N-methyl groups in 70g, giving rise to
two pairs of singlets, and an AB-quartet due to the CH,-protons. Upon
heating, ome pair of N-methyl signals undergoes coalescence, due to
rapid exchange of the methyl groups, while the other pair of signals and the
AB-signals remain sharp. This selective exchange cannot result from
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FIG. 37. Variable temperature "H NMR spectra of 70g in toluene-ds solution.’’ Reproduced
with permission from the American Chemical Society.
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TABLE XXIII
VARIABLE TEMPERATURE 'H NMR DATA FOR EXCHANGE OF N-METHYL GROUPS IN
COMPLEXES 70

Compound Solvent Av (Hz) T. (K) AG* (kcal mol™")
70k C¢DsCD3 30 332 16.7+£0.3
C¢DsCD; 160 335 158+0.3
CDCl; 12 263 13.6+£0.3
CDCl; 75 310 15.0£0.3
70c¢ C¢DsCD3 89 360 17.4£0.3
C¢DsCDj3 33 373 18.8+0.3
70g C¢DsCD3 133 350 16.6£0.3
C¢DsCDs3 145 > 370 21.2+£0.2°
C¢DsNO, 103 350 16.8£0.3
C¢DsNO, 40 > 370 > 20

“Measured by selective inversion recovery.

inversion of configuration at the silicon, and hence must be due to
chelate-ring opening followed by rotation about the N-NMe, bond and
reclosure of the chelate. The barrier for this exchange in toluene-ds is
16.6 0.3 kcal mol~'. Further heating eventually causes line broadening of
the other signals, presumably as a result of inversion at silicon by (O,0)-
exchange. However, the barrier for this process was too high to enable
measurement by simple coalescence. The barrier for the second process was
measured by utilizing the selective inversion recovery (SIR) technique,’
which enables the determination of exchange rate constants at approxi-
mately 50° below the coalescence temperature.

The SIR spectra are depicted in Fig. 38. Chemical exchange of nuclei
between the selectively-inverted site and the unperturbed-N-methyl site
changes the population of the latter nuclei, causing an initial typical drop in
intensity, followed by recovery. Equation (30) represents the corresponding
changes in signal intensities (I, Iz) as a function of the variable delay-
time 1. The first-order rate constant obtained from the experimental slope
(Fig. 38¢c) is k=0.96 s~', corresponding to a barrier for inversion of
configuration at silicon AG* =21.240.2 kcal mol™" at 360 K.

In(1 - —2—22) - Inso—55 = 2kt (30)
B " 1A

This unusually high barrier for inversion of configuration at the chiral
silicon atom in 70g is probably due to (0O,0)-exchange via a
“bicapped tetrahedron™ intermediate, in analogy to silicon inversion in
compounds 30-38.47
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FIG. 38. Selective Inversion Recovery (SIR) "H NMR spectra for N-methyl exchange in 70g in

toluene-dg solution at 360 K: (a) stack plot of spectra; (b) a plot of signal intensity as a function

of the variable delay t; (c) linear correlation of data (Eq. 27).°" Reproduced with permission
from the American Chemical Society.

D. Tris-chelates

1. Synthesis and Structure

Dichloro neutral bis-chelates of hexacoordinate silicon were obtained
by two methods: directly (35) by transsilylation of N-dimethylamino-O-
(trimethylsilyl)acylimidates (1) with tetrachlorosilane, or by rearrangement
as described in the previous section (70). The presence of two chloro ligands
was utilized for further substitution, to form hexacoordinate silicon tris-
chelates, by reaction with bis(trimethylsilyl)-precursors: 71 and 72, as shown
in Egs. (31) and (32). The products (73, 74, and 75), are hexacoordinate
neutral silicon tris-chelates, and 75 is the first reported zwitterionic tris-
chelate with three different chelate rings.”
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The crystal structures of 73a, 74a, and 75, each representing one of the
three types of tris-chelates, were reported. The structures are depicted in
Figs. 39-41, and selected bond lengths and angles are listed in Table XXIV.
It is evident that all three molecules have distorted octahedral geometries in
the solid-state.

2. Dynamic Stereochemistry

The dynamic behavior of tris-chelates was of considerable interest
due to the additional constraint of a third bidentate ligand, relative
to the extensively studied bis-chelates, with two monodentate ligands
(Section III.A.3). Also the question of whether N-Si dissociation takes
place during multi-step ligand-site exchange processes was considered.
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c2

FIG. 39. Molecular structure of 73a in the crystal.”> Reproduced with permission from the
American Chemical Society.

FIG. 40. Molecular structure of 74a in the crystal.”” Reproduced with permission from the
American Chemical Society.
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FIG. 41. Molecular structure of 75 in the crystal.”> Reproduced with permission from the
American Chemical Society.
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TABLE XXIV
SELECTED BOND LENGTHS (A) AND ANGLES (deg.) IN CRYSTALS OF 73a, 74a, AND 7572
73a 74a 75

Bond Distance Bond Distance Bond Distance

Si(1)-0(1) 1.759(3) Si(1)-0(1) 1.7401(17)  Si(1)-O(1) 1.7607(11)
Si(1)-0(2) 1.757(3) Si(1)-N(2) 1.756(2) Si(1)-0(3) 1.7707(11)
Si(1)-0(3) 1.731(3) Si(1)-0O(3) 1.7641(17)  Si(1)-O(2) 1.7784(11)
Si(1)-0(4) 1.735(3) Si(1)-0(2) 1.7653(16)  Si(1)-O(4) 1.8023(11)
Si(1)-N(1) 2.010(3) Si(1)-N(5) 2.016(2) Si(1)-C(16) 1.9180(16)
Si(1)-N(4) 1.997(3) Si(1)-N(4) 2.044(2) Si(1)-N(4) 2.0809(14)
Angle Degrees Angle Degrees Angle Degrees

O(1)-Si(1)-0(3)  174.72(13)  O(1)-Si(1)-O(3)  174.62(8)  O(1)-Si(1)-O(3)  170.85(6)
N@4)-Si(1)-N(1) 168.22(13) N(2)-Si(1)-O(2)  173.32(9) O(2)-Si(1)-O(4)  176.14(6)
O(4)-Si(1)-0O(2)  175.40(13) N(5)-Si(1)-N@4) 165.52(8)  C(16)-Si(1)N(4)  172.12(6)
0O(3)-Si(1)-0(4) 90.19(12)  O(1)-Si(1)-O(2)  90.65(8)  O(3)-Si(1)-O(4) 91.80(5)
O(3)-Si(1)-0(2) 88.96(13) O(3)-Si(1)-O(2)  91.56(8)  O(1)-Si(1)-O(4) 88.08(5)
O(3)-Si(1)-N(4)  95.44(13) O@B)-Si(1)-N(2)  92.93(9)  O(1)-Si(1)-O(2) 89.42(5)
O4)-Si(1)-N@4)  92.07(12) O(1)-Si(1)-N(2)  85.30(8)  O(2)-Si(1)-0(3) 90.20(5)
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i. Ligand-site exchange in 73a,b

Tris-chelate 73a has C, symmetry, and hence its four N-methyl groups
give rise to two signals in the '"H and '*C NMR spectra. Coalescence of
these signals due to exchange could not be reached up to 370 K, and hence
the SIR method’® (Section II1.C.3) was utilized at three temperatures, 360,
370, and 375 K, yielding rate constants of 1.86, 4.32, and 7.00 s,
respectively.”? These led to estimated AH* =22.7 kcal mol™' and AS* =5.4
cal mol™! K_l, in agreement with an intramolecular exchange. However, no
assignment of the exchange to either N-Si dissociation—recombination or
(0,0)-1,2-shift (see Fig. 13) could be made based on these results.

In order to assign the exchange process to one of these two reasonable
mechanisms, a similar tris-chelate was prepared (73b), into which two
chiral carbon centers were introduced. Compound 73b can exist in three
diastercomeric forms: RAR, RAR, and RAS (identical with SAR), and their
respective enantiomers. The first two diastereomers have C, symmetry, and
generate each two N-methyl signals. The remaining isomer RAS
lacks symmetry, and hence gives rise to four N-methyl signals. A solution
of 73b indeed features in its '"H and '*C NMR spectra, eight nearly equal
N-methyl signals.”

The stereochemical analysis for 73b was done with the aid of 'H NMR
2D-NOESY spectra at several temperatures (Fig. 42). At the lowest
temperature, 325 K (Fig. 42a,b), ligand exchange is slow and hence only
NOE (negative, dotted) cross signals are observed, unequivocally identifying
geminal N-methyl pairs. At 340 K (Fig. 42c), in addition to NOE cross-
signals, exchange (positive) signals can also be observed, proving
interchange of sites between non-geminal N-methyl groups. Since Si—N
dissociation followed by rotation about the N-N bond and recombination
should obviously involve exchange of geminal methyl groups, this process is
ruled out by the results, leaving the (O,0)-1,2-exchange as the most
probable mechanism.

At 360 K the NOESY spectrum (Fig. 42d) is further modified by the
addition of a second exchange cross-signal for each N-methyl group,
indicating that now a second rate process is effective. This rate process
does exchange geminal N-methyl groups, and thus may be assigned to
N-Si dissociation—recombination. It is concluded that in 73b two
consecutive N-methyl exchange processes take place: the first is assigned
to an (0O,0)-shift (epimerization at silicon), and the higher barrier process
is assigned to N-Si dissociation—-recombination.”?

ii. Ligand-site exchange in 74a,c
Compound 74a has C; symmetry, and therefore displays four N-methyl
signals in the '"H and '3C NMR spectra. There are three reasonable,



Hydrazide-Based Hypercoordinate Silicon Compounds 69

Ay A

o L e O

24

2.5

2.6

2.3

27
ppm

2.6

J\ﬁ//\_,/ \\__,_//\\ .....

-

ppm ppm
ppi opim
FIG. 42. 'H NMR phase-sensitive NOESY and exchange spectra for 73b (toluene-ds):

(a) full N-methyl range at 325 K, showing four A and four B signals for three diastereomers,
with NOE (negative, dotted line) cross-signals identifying geminal pairs; (b) expansion of upper
left part of (a): A-type signals are numbered arbitrarily and B-signals are numbered to
correspond to their geminal A counterparts; (c) the same region at 340 K, showing N-methyl
exchange (positive, solid lines) of non-geminal groups; (d) at 360 K two exchange processes are
observed, without total scrambling.”® Reproduced with permission from the American
Chemical Society.

non-dissociative intramolecular processes which, in principle, can effect
exchange between the various N-methyl pairs without changing the basic
geometry of the complex: (1) Si-N dissociation—recombination; (2) (O,0)-
exchange of the two dimethylhydrazido chelates; and (3) (O,N)-exchange of
the third chelate ring. Each of these processes has different stereochemical
consequences: process (1) should interchange, when rapid on the NMR
time scale, between A and B geminal N-methyl groups (see Fig. 43). Process
(2) results in the exchange A 2 B’ and B & A/, while process (3) exchanges
between A and A’, and between B and B’ (A and B refer to geminal
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F1G. 43. Newman-like projection of 74a, viewed along the N-Si—N axis. The N-methyl groups
are labeled A, A’, B, B'.”*> Reproduced with permission from the American Chemical Society.
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FIG. 44. 2D-NOESY and exchange 'H-NMR spectrum of 74a, (toluene-ds, 300 K): (a) full
N-methyl region; (b) expansion, showing geminal pairs (negative, dotted cross signals) and
interchange of non-geminal pairs (positive cross peaks).”* Reproduced with permission from the
American Chemical Society.

N-methyl groups, while A, A’ and B, B’ refer to groups exposed to similar
chemical environments: A and A’ flank the NH-hydrazido chelate ring on
each side, while B and B’ point away from that ring. See Fig. 43).”

A 2D-NOESY experiment was used to observe and distinguish among
the three exchange options in 74a at 300 K (Fig. 44). NOE (negative)
cross peaks (Fig. 44b) unequivocally identify signals due to the geminal
(AB) N-methyl pairs. The exchange (positive) signals are clearly
neither between geminal groups (A, B), nor between groups of similar
chemical environments (A, A’ or B, B’), but represent the exchange
A 2B and B &2 A’. This result leads directly to the following two
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conclusions: (a) that the exchange process must be non-dissociative (because
dissociation of the N — Si bond would have caused the exchange A < B)
and (b) that the observed exchange is 2, the interchange of the
dimethylhydrazido chelates via (O,0)-shift. The free energy of activation
for the process was determined by a 1D experiment, from the coalescence of
signals due to the ortho protons of the phenyl rings: 7T.=365 K,
AG*=18.5+0.2 kcal mol™".”?

Increasing the temperature of a toluene-dg solution of 74a showed line
broadening and exchange phenomena for a second exchange process.
However, the mechanistic assignment between options 1 and 3 (above)
could not be made on the basis of these results. A chelate with two chiral
carbon centers was used again for the assignment, 74c. 74¢ was prepared
from optically pure R-2-phenylpropionic acid. Two diastereomers were
observed in the NMR spectra: RAR and RAR, with four unique N-methyl
groups in each, for a total of eight singlets.

Assignment of N-methyl signals to the corresponding geminal pairs in
74c was made, as for 73 and 74a, by observation of NOE cross-signals
in the 300 K (slow exchange) NOESY spectrum. At 345 K the
NOESY spectrum (Fig. 45) features at least rwo exchange processes for
each N-methyl group: one exchange of geminal pairs, resulting from the
N-Si dissociation—recombination sequence, and the other one most likely
due to epimerization at silicon via (O,0)-1,2-shift (judging from the
similar process in 74a). The possibility that at this temperature all three
rate processes are rapid relative to the NMR time scale is ruled out by the
fact that the spectrum in Fig. 45 does not feature complete scrambling
of all N-methyl signals, as would be required by the simultaneous three
exchanges.

iii. Ligand-site exchange in 75

The tris-chelate 75, with three different chelate rings and lacking
molecular symmetry (C,), displays in the 'H-'*C NMR spectra four
N-methyl signals, and an AB quartet for the prochiral methylene protons
in the "H spectrum. Two consecutive kinetic ligand exchange processes:
N-Si dissociation—recombination, and (O,0O)-exchange of the two
hydrazido rings, were observed by 'H NMR spectroscopy. The first
of these exchange reactions was observed by the coalescence of two
of the initial four N-methyl signals, in the absence of exchange of the
prochiral CH, protons (T.= 363 K, AG*=16.1+0.2 kcal mol™"). This
could only result from a dissociation—recombination sequence, which
renders the two N-methyl groups in the five-membered chelate ring
homotopic.
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FIG. 45. '"H 2D-NOESY and exchange spectrum of 74c¢ (toluene-ds, 345 K), showing at least
two exchange processes, without complete scrambling.” Reproduced with permission from the
American Chemical Society.

The second process was too slow to permit measurement by the
coalescence method, and the exchange barrier was determined using the SIR
technique.”” The first order rate constant obtained by this method at 355 K
was k=1.02 s~', corresponding to a free energy barrier AG* =20.940.1
kcal mol~". This barrier was assigned to the inversion of configuration at
silicon through a (0,0)-shift.”?

v
STABLE PENTACOORDINATE SILICONIUM COMPLEXES

We make a distinction between two types of ionic pentacoordinate
complexes: those which are in dynamic equilibrium with neutral
hexacoordinate complexes have been dealt with in Sections II1.A.4,
IIT1.A.5.i1, and III.B.2. The second group includes those pentacoordinate
siliconium-ion salts which are formed as such and are stable and do not
equilibrate (to a noticeable extent) with their hypothetical neutral
hexacoordinate counterparts. The present section discusses this group of
persistent salts of pentacoordinate silicon cations.

Free tricoordinate silicon cations (silicenium) are exceedingly unstable,
and have only recently been first realized.”*”> A silicenium ion can be
stabilized by coordination with two intramolecular donors, to form a
stable (pentacoordinate) siliconium complex. These have been reported with
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N — Si coordination (76, 77'° 78a’") and most recently also with oxygen
(78b,”® 797%), sulfur (78¢c),”® and phosphorus (78d)’® donor-ligands. The
present section describes the chemistry of donor-stabilized silyl cations with
hydrazido chelates.
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The terms “‘siliconium” or “donor-stabilized silyl cations” should be used
in a formal sense, and not as an indication of the true charge on silicon:
computational”>>** and experimental’**® evidence suggests that while the
silicon atom 1is positively charged in a free silicenium compound, it is
effectively neutral in donor-stabilized siliconium complexes (i.e., most of the
positive charge is transferred to the donor atoms); this is evident from the
huge difference in *°Si chemical shifts between the two classes of compounds
(> 200 ppm in the former, and < —50 ppm in the latter). It also explains why
the 2Si chemical-shift ranges of neutral and cationic pentacoordinate silicon
chelates are essentially the same.

A. Silyl Cations Stabilized by Oxygen-Donors

1. Synthesis and Structure

The first hydrazide-based siliconium-cation salts were obtained during an
attempt to prepare neutral, hexacoordinate bis-chelates with O — Si
coordination (80), in analogy to the extensively studied isomeric N — Si
coordinated 30-38 (see Section III.LA.1). In analogy to Eq. (15), the
N-trimethylsilylhydrazides 81 were allowed to react with polyhalosilanes
22-25 (Eq. 33). However, in contrast to Eq. (15), the expected 80 were not
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formed, but instead the salts of cationic pentacoordinate siliconium chelates
82-85 were obtained.®!

Ph r  Ph 1®
O/ N/NIe oka/Me
Chn * wN—Me I\lﬂe + |13'—M @
S -%— 2 Measl NCOPh + XSiCly — [X—SIi, ¢l ¢
} T~
I Me N\Me
N 22, X = Me |
C\ ~Me 81 23, X = Ph %N\Me (33)
24, X = CHyPh | B
Ph 25, X = CH.CI Ph
80
82, X = Me
83, X = Ph
84, X = CH,Ph
85, X = CH,Cl

The salts 82-85 were characterized by their typical pentacoordinate **Si
chemical shifts (Table XXV), by the equivalence of the two chelate rings
resulting from the molecular C, symmetry, and by spectral analogy with a
binuclear disiliconium dichloride salt (86) for which a crystal structure
(Fig. 46) was obtained.

by Al
Me— "\ /Me
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86

Compound 86 exists in two diastereomeric forms due to the chiral silicon
centers, which are evident in the various NMR spectra (Table XXV). The
crystal structure of 86 shows a molecular inversion center, and hence
belongs to the meso diastereomer. The geometry around silicon in the crystal
is a distorted TBP and the chloride is more than 7 A away from silicon, in
accord with a pentacoordinate siliconium chloride structure. The dative
O — Si bonds are exceptionally short in 86 (1.802 and 1.807 A) relative to
those in other pentacoordinate complexes.>>!'®

2. Analysis of Donor Strength by Bond Lengths

The question as to why these O — Si coordinated chelates, 82-86, form
donor-stabilized silyl cations, while the analogous N — Si chelates (30-38)
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TABLE XXV
'H, 3C, AND ?°Si CHEMICAL SHIFTS (3, ppm, AT 300 K 1IN CDCl;) FOR
COMPLEXES 82-86 AND 89
13C ]H

Compound »si C=0 CNCH; SiNCH; CNCH; SiNCH;
82 —79.0 160.4 36.8 31.9 3.86 3.27
83 —94.8 160.3 37.2 32.6 3.79 3.30
84 —86.6 159.6 36.2 31.6 3.70 3.20
85 —-91.7 159.4 36.7 32.0 3.064 3.07
86-1 —81.3 159.0 36.8 31.1 3.84 3.26
86-11 —81.6 158.9 36.8 31.1 3.84 3.28
89 —78.3 163.0 32.7¢ 30.9 3.60 3.07
—78.9% 162.8% 32.7% 30.6% 3.56 3.05
—78.9% 162.8% 32.6 30.6" 3.54 2.88
—-79.3 162.5 32.0 30.4 3.52 2.80

#Accidental equivalence of two groups.

FIG. 46. Molecular structure of 86 in the crystal.®! Reproduced with permission from the
American Chemical Society.



76 DANIEL KOST AND INNA KALIKHMAN

are generally neutral and hexacoordinate is of interest. This is
most likely because the two donor groups in 82-86 are more effective
in dispersing the positive charge away from silicon, relative to the nitrogen
donors in 30-38. A bond-length analysis of 86 confirms this view:
the relatively short O-Si distances are in agreement with stronger than
usual coordination. This is further supported by comparison of the amide
C=0 and C-N bond lengths: the C=0 bonds in 86 are substantially longer
than average amide or hydrazide C=0 bonds,”' and the C-N bonds
are shorter than typical amide C-N bonds.”" In fact, the C-O and C-N
distances in 86 are essentially equal, at 1.3040.01 A. Examination
of numerous relevant amide and hydrazide silicon complexes'*,** shows
that the C-O distance varies betv&ieen 1.20 and 1.35 1&, while the C-N
bond falls in the range 1.34-1.27 A (depending on whether the sequence
N-C=0— Si or N=C-O-Si is more important). In 86 both the C-O
and C-N bonds are near the middle of their bond length range and, hence,
86 may best be described as a hybrid between equal parts of 87
and 88 (Eq. 34). The resulting charge distribution is 0.5 positive charge
on each of the ammonium nitrogens, and zero charge on silicon. It
follows that the formation of these formally cationic silicon complexes
(82-86) is facilitated by the extraordinary ability of the hydrazide moiety
to redistribute the charges so that the positive charge is effectively
removed from silicon and transferred to the nitrogen atoms.

Ph Ph
/A Me /&@ Me
(o] |'|\|/ N

bl ol L

_CHZQSQ“N Me — _CHZ__TQ\N Me

* ’i‘\Me ’|\‘\Me (34)
O»N\Me OYN®\Me

Ph Bh

87 a8

3. Inversion of Configuration at Silicon

The NMR spectra of 82-86 do not permit the observation of internal
ligand-site exchange reactions. In order to enable an NMR kinetic
study, the analogous complex 89 was prepared, having two additional
chiral carbon centers (Table XXV) and three diastereomers: RAR, RAR,
and RAS=SAR and their respective enantiomers.®’ The former two
stereoisomers give rise to two N-methyl signals each (C, symmetry),
while the third has four N-methyl signals (Cy), for a total of eight nearly
equal N-methyl singlets in the 'H NMR spectrum. Epimerization at
silicon can be studied by observing the exchange of signals due to
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different diastereomers. However, due to the relatively high barrier
for epimerization the SIR technique had to be used,”®' for a
nitrobenzene-ds solution of 89 at 360 K, resulting in a first-order rate
constant k=2.74 s~ corresponding to AG* =20.5+0.2 kcal mol™".

~— P —“1®
Mew\ -~ H

Cl

B. Silyl Cations Stabilized by Nitrogen Donor Groups

1. Dimethylaminoimidato-Coordinated Siliconium Complexes

i. Mononuclear siliconium complexes

The equilibrium reaction between neutral hexacoordinate chelates
and pentacoordinate siliconium halide salts is discussed in Section III.A.4
(Eq. 17). This reaction can be driven completely to the ionic side by
replacement of the chloro ligand by better leaving groups: triflate and
bromide (Eq. (18), listed again with compound labels; see Section
II1.A.4.iv). The products of this counterion-exchange reaction are
stable siliconium salts 90(OTf)»-92(OTf), 90(Br)-92(Br), which no
longer equilibrate with their hexacoordinate precursors (within
detection limits).%>%

N, N,
H\(/ NMe; F‘\( NMe,
O:s%<c>;‘| +MegSi-z —— O>?'r—x 7% 4 MesSiCi
RiN.NMeg Ri\N'NMe2

31a Z=Br,OTf  90a(OTf), 90a(Br), R = X = Me

31c 90¢(OTH), 90c(Br), R = Ph, X = Me (18)
31j 90j(OTH), 90j(Br), R = t-Bu, X = Me

32a 91a(OTf), 91a(Br), R = Me, X = Ph

32b 91b(OTH), 91b(Br), R = PhCHp, X = Ph

32¢ 91c(OTf), 91¢(Br), R= X = Ph

32j 91j(OTH), 91j(Br), R = PhCHp, X = Ph

34a 92a(0Tf), 92a(Br), R = Me, X = PhCH,

34b 92b(OTf), 92b(Br), R = X = PhCH

34c 92¢(OTf), 92¢(Br), R = Ph, X = PhCHa
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Stable siliconium-ion salts can also be prepared without exchange of ions,
in the case of the bulky #-butyl ligand, directly from the TMS-hydrazide and
-BuSiCl; (Eq. 35).°° The t-butylsiliconium chlorides 93(Cl) are the only
known stable chloride salts of this kind. The chloride can still be exchanged
with other anions, as shown in Eq. (18), to produce 93a,c.j bromide, iodide,
and triflate.®

A ©

AN
R—q ?Mez

Olllu,,_' R @
FEc:NNMeZH-BuSiCIa — = SrBut| Cl

2 Me,Si0 - 2 Me,SiCl
R-Cy M (33)
\\ /N =2
L N .
93a(Cl), R = Me
93¢c(Cl), R = Ph

93j(Cl), R = t-Bu

Even the ionization-resistant hexacoordinate complexes with two
electron-withdrawing monodentate ligands form stable ionic siliconium
salts when treated with AICI5, as shown in Eq. (36).°°

N, N, ®
RT/ NMe; RT/ NMe
g>3()>(< +AICl; — °>?i—x AlCix©
R»\_NMez Ri\NNMeQ (36)
35a, R=Me, X=ClI 94a, R =Me, X =CI
35¢. R = Ph, X = Cl 94c, R = Ph, X = Cl
38¢c, R=Ph, X=Br 95¢c, R=Ph, X=8r

For several of the siliconium salts crystal structure analyses
were obtained, confirming the pentacoordination and the ionic nature of
the compounds (well separated cations and anions). The crystal
structures for 90a(OTY), 90c(OTY), 91a(OTf), 91a(AlCl,), and 93a(OTf)
are depicted in Figs. 47-51, respectively. Further structural support is
found in the 2°Si NMR chemical shifts (Table XXVI). A remarkable
observation in Table XXVI is the nearly equal *’Si chemical shifts of
siliconium salts sharing the same silicon complex, but with different
anions [e.g.: 91a(OTf), 91a(Br), and 91a(AlCl,)]: the equal shifts are the
evidence that the siliconium cations are essentially independent of
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FIG. 47. Molecular structure of siliconium salt 90a(OTf) in the crystal.®® Reproduced with
permission from the American Chemical Society.

1‘66

F1G. 48. Molecular structure of siliconium salt 90¢(OTY) in the crysta
permission from the American Chemical Society.

Reproduced with
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FIG. 49. Molecular structure of siliconium salt 91a(OTf) in the crystal.®®

permission from the American Chemical Society.

Reproduced with
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FIG. 50. Molecular structure of siliconium tetrachloroaluminate salt 91a(AICl,) in the crystal.®®
Reproduced with permission from the American Chemical Society.
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FIG. 51. Molecular structure of siliconium salt 93a(OTf) in the crystal.** Reproduced with

permission from Wiley-VCH.

TABLE XXVI
29Si CHEMICAL SHIFTS OF VARIOUS SILICONIUM SALTS (ppm, IN CDCls, 300 K)

Compound R, X OTf ~ Br™ AlICl; CI"(I7) Ref.
90a Me, Me —61.7 —61.8 66
90c Ph, Me —60.9 —61.3 —62.5 66
91a Me, Ph =732 —73.0 —73.2 65,66
91b PhCH,, Ph —73.4 66
91c Ph, Ph —72.6 —72.2 —72.0 66
91j t-Bu, Ph —73.6 66
92a Me, PhCH, —65.8 —65.2 —65.3 66
92b PhCH,, PhCH, —66.1 66
92c Ph, PhCH, —65.1 —65.0 66
93a Me, t-Bu —61.6 83
93¢ Ph, +-Bu —61.1 —61.1 83
93j t-Bu, t-Bu —61.1 83
94a Me, ClI —80.9 66
94c Ph, Cl1 —80.5 66
95j Ph, Br —80.6 66
57a Me, <(CH»)>— —64.7° 69
57¢ Ph, «(CH,)>— —63.3, —63.7" 69
57j t-Bu, ((CHy)»— —65.0 —66.4, —66.7° (—65.0) 69
“In CD3CN.

"Two diasteromers, CD,Cl,.
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the counterions. These shifts also correspond to the low-temperature
chemical shifts observed for the equilibrating systems (Sections I11.A.4.i and
I11.A 4.iv), and provide further support for the identity of the stable
siliconium cations with those equilibrating with the neutral hexacoordinate
complexes.

ii. Binuclear disiliconium salts

The partial and reversible ionization of binuclear hexacoordinate
silicon complexes 55a,c,j is described in Section III.A.5.i. Like the
mononuclear siliconium chloride salts, these can also form stable binuclear
disiliconium salts (57a,c,j) by replacement of the chloride by other
counteriggns, which are better leaving groups (triflate, bromide, or iodide,
Eq. 37).

2@

Y

§5a,c,j + MesSlY — o ;;%ew—wrsww @
-2 Me;SiCl /0 /‘ Q

(37)
R/C\\N /\l LiMe MG?N\N}\R

Me M

Y =TfO, Br, | 57a(OTf), R = Me
57¢(OTf), R = Ph
57j(OT), 57j(Br), 57j(1), R = t-Bu

The binuclear siliconium salts 57 have two chiral centers at the
silicons and hence exist as d,/ and meso diastereomers. Only the
latter isomers were isolated and characterized by crystallographic
analysis: meso-57a(OTf) and meso-57¢(OTf) (Figs. 52 and 53). The
characterization is further confirmed by the 2°Si chemical shifts
(Table XXVI) which are in agreement with those for similar mononuclear
siliconium salts.

iii. Sterically-driven methyl-halide elimination

A surprising new reaction which some of the siliconium halides
undergo has recently been reported.®® The r-butylsiliconium [93a,¢.j(Y)]
chlorides, bromides, and iodides undergo, upon mild heating, an
unprecedented methyl-halide elimination forming novel neutral pentacoor-
dinate complexes (96, Eq. 38). In this reaction one of the two initially
equivalent Me,N groups loses a methyl, producing a complex with one
covalent and one dative N-Si bond. The products of elimination were
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FIG. 52. Molecular structure of binuclear disiliconium triflate meso-57a(OTf) in the crystal.®’
Reproduced with permission from the American Chemical Society.

FIG. 53. Molecular structure of binuclear disiliconium triflate meso-57¢(OTf) in the crystal.*’
Reproduced with permission from the American Chemical Society.
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isolated and characterized by crystal structure (96j, Fig. 54), and by
standard methods.*’

i
“k Me @
2 AN
\( ~Me Me, N
.-?.—t Buv® — Me'N\?r—t Bu +MeY

\ N nMe N\/) (38)
N “Me

Y=ClBrl 96a, R = Me

93a(Y), R = Me 96¢, R = Ph

93¢(Y). R = Ph 96j, A = t-Bu

93j(Y), R = t-Bu

The progress of elimination (at 65°C, in vacuum sealed CDCl;
solutions) was monitored by 'H and ?°Si NMR spectroscopy, and was
found to depend on the counterion: among the halides the order of reactivity
is [> Br> CI [50% elimination after 85, 130, and 175 min, respectively,
from 93¢(Cl), 93c¢(Br), and 93c(I)], whereas the siliconium triflate
93¢(OTf) did not react. It is thus evident that nucleophilic attack of the
anion on one of the N-methyl groups is involved in the rate determining step
of the elimination.

The scope of this reaction is as yet unknown, and is under investigation.
It seems likely that the elimination of methyl halide is driven by steric
repulsion between the 7-butyl ligand and the bulky dimethylamino donor,
since it has been observed only in z-butylsiliconium salts.

F1G. 54. Molecular structures of the siliconium salt 93a(OTf) (left) and the elimination product
96j (right) in the solid-state.®* Reproduced with permission from Wiley-VCH.
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iv. Crystal-structure comparison: a pseudorotation-coordinate
model

Selected bond lengths and angles from the crystal structures
for mono- and binuclear siliconium ion salts and from the elimination
product 96j are listed in Table XXVII. From the table and the
figures it is evident that the geometry of the siliconium complexes
90a(OTYf), 90c(OTYf), 91a(OTf), and 91a(AlICly) corresponds to distorted
TBP with two trans-diaxial nitrogen ligands. This is the common geometry
for pentacoordinate bis-chelates with two nitrogen-donor ligands.®®’%"’
In addition, the bonds to silicon are generally shorter than the
corresponding bonds in the neutral hexacoordinate precursors, 30-38, as
might be expected in positively-charged species. Interestingly, the deviation
from TBP geometry for these crystals (90, 91) is almost equal, as evident
from the O-Si—O and N-Si—N angles, which are in the ranges 134-137° and
155-157°, respectively. These values correspond to a substantial deviation
from TBP along the TBP — SP (square pyramid) coordinate, calculated
from the difference between the N-Si-N and O-Si-O angles
[% TBP = 100(NSiN—0Si0)/60].°°

TABLE XXVII
SELECTED BOND LENGTHS AND ANGLES FROM CRYSTAL STRUCTURES OF
PENTACOORDINATE SILICONIUM COMPLEXES AND ELIMINATION PRODUCT, AND
CALCULATED PERCENT TBP

Bond lengths (A) Bond angles (deg.) %TBP1*

Complex Si-O Si-N Si-C 0-Si0 N-SiN  (%TBP2) Ref.

90a(0OTf)  1.6833)  1.959(3)  1.831(4)  134.33(13) 155.62(14) 35 66
1.680(3) 1.954(3)

90c(OTf)  1.6844(15) 1.9665(17) 1.835(2)  136.27(8)  154.78(8) 31 66
1.6964(14)  1.9681(19)

91a(OTf)  1.6833(11) 1.9645(13) 1.8453(15) 137.05(6) 157.24(6) 33 66
1.6911(11) 1.9747(13)

91a(AICl,) 1.6806(15) 1.9855(17) 1.838(2)  135.19(8)  157.89(8) 38 66
1.6822(15) 1.9699(18)

93a(OTf)  1.72408)  1.9397(10) 1.8964(11) 152.22(4)  133.54(4) 31) 83
1.7266(8)  1.9470(10)

57a(0Tf)  1.7070(16) 1.931(2)  1.855(2)  146.01(9)  146.93(10) 0 69
1.7073(16)  1.936(2) (100% SP)

57¢(OTf)  1.7134(19) 1.931(2)  1.864(3)  149.62(10) 144.14(11) @) 69
1.7216(19)  1.931(2) (96% SP)

96 1.7844(7)  1.7265(9)  1.9115(10) 165.74(4)  121.51(4) (74) 83

1.7591(7)  1.9496(9)

#Calculated by comparison of the N-Si-N and O-Si-O angles, see text.
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In contrast to the nearly equal geometries of these mononuclear
siliconium salts, the binuclear siliconium salts have a significantly different
geometry: as the data in Table XXVII show, 57a,¢ have equal O-Si-O and
N-Si-N angles, and hence are further advanced along the TBP — SP
coordinate to 100% SP, i.e., both binuclear molecules in the solid-state have
essentially pure SP geometries.

Even more striking is the geometry found in the solid state for the
tert-butylsiliconium triflate 93a(OTf) (Fig. 54): in this compound, the
O-Si-O angle is greater than the N-Si-N angle, i.e., the structure is
advanced further from the pure SP to 31% of the TBP2, with axial-
like oxygens. Finally, the elimination product 96j has a slightly distorted
TBP2 structure with axial oxygens, i.e., the dative Me,N— Si
and the MeN-Si bonds are in nearly pure equatorial positions. This is
the first report of equatorial coordination in a pentacoordinate silicon
complex.

These gradual changes in geometry around silicon in the crystal
structures discussed above may be viewed within a broader framework as
points along a hypothetical reaction coordinate of the Berry pseudorotation
process.** A single pseudorotation process is depicted schematically in
Fig. 55. Each point along the pseudorotation coordinate has a
corresponding crystal structure (beginning with the TBP1 model, 78a’"*
through 90a(OTf) — 57a(OTf) — 93a(OTf) and finally the TBP2 model 96j,
Table XXVII), and thus the entire process can be followed crystal-
lographically, in the Biirgi-Dunitz sense.®> TBP2 is essentially an inverted
TBP1 in which axial and equatorial groups have exchanged their
positions. Throughout this process the -Bu group acts as “pivot” for the
pseudorotation.

Most pentacoordinate bis-chelates of silicon with two N — Si dative
bonds have the TBP1 geometry. Clearly this geometry is preferred. It is only

N ‘} Q

N NZ NQ
%*x 8 X $~x NZ_X X
N N e} N

No
TBP1 35% TBP1 SP 31% TBP2 TBP2
NSIN  171.2 155.6 146.9 133.5 121.5
0OSi0O  119.8 134.3 146.0 152.2 165.7
(CSiC)
Compound 78a 90a(OTY) 57a(OTf) 93a(OTf) 96j

F1G. 55. Schematic progress along a Berry pseudorotation coordinate, with corresponding
molecular structures and N-Si-N and O-Si—O angles (degrees).** Reproduced with permission
from Wiley-VCH.
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the steric strain introduced by the 7-Bu group in 93 and 96, or in the
binuclear 57, that pushes the geometry towards the other end of the reaction
coordinate and enables the demonstration of stable points along the entire
pseudorotation coordinate.

2. Isopropylideneimino-Coordinated Siliconium Chelates

In Sections I1.A.2 and II1.B it was shown that the isopropylideneimino
donor group is a stronger donor than the dimethylamino group, based on
three criteria: N-Si distance, 2°Si chemical shift and ease of ionization. The
effect of this donor group on the formation of free siliconium-ion salts
has also been studied and is described in this section.’’ Indeed, the
transsilylation of 22 and 23 with the isopropylidenehydrazide precursors
6a,b led to exclusive formation of pentacoordinate siliconium chlorides
(97, 98, Eq. 39), in contrast to the analogous reaction with the dimethyl
amino-donor precursors (1), in which hexacoordinate chelates (31, 32)
were formed. These results further strengthen the evidence showing that the
sp>-hybridized isopropylideneimino group is a stronger donor than the
sp -hybridized dimethylamino group.

N
MesSQ Aig? \FMe
——N Me .
2 N XSiCls On, 4® Ci
Ve “2MeSiCi ?/T
6a, R =Ph 22, X = Me (39)
— ‘o AN N
6b,R=PhCH; 23, X=Ph RN\ Mgy

97a, R = Ph, X = Me
97b, R = PhCH, , X = Me
98a, R = Ph, X = Ph
98b, R = PhCH, , X =Ph

The structural evidence for 97, 98 came from their characteristic
2Si chemical shifts (Table XXVIII), and a crystal structure analysis
for 97a(OTf), the triflate salt derived from anion exchange with 97a
(Fig. 56, Table XXIX). Table XXVIII shows that these two salts,
the chloride and triflate, have the same 2°Si chemical shifts, thus confirming
the identical siliconium cation parts in both. In fact, from Table XXVIII
it is also evident that the "*C—'H NMR spectra for the two siliconium
salts are very similar, and hence the siliconium parts of the salts are
identical.
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TABLE XXVIII
COMPARISON OF 'H, '*C, AND 2°Si NMR SPECTRAL DATA FOR SILICONIUM CHLORIDES 97, 98
AND THE SILICONIUM TRIFLATE 97a(OTf) (CDCls, 300 K)*

8 9'H, ppm (*J, Hz) 5 13C (ppm)
Compound & *’Si (ppm) CMe SiMe CH, CMe C=N
97a —-81.0 2.74,2.80  1.08 238,251 1620, 181.9
97b —82.0 2.04,240  0.61  3.57,3.65 23.6,242  166.5, 182.2
(15.2)
98a -93.7 2.00, 2.53 237,245 1623, 185.5
98h —94.3 1.49, 2.40 3.80,3.83 240,242  167.6, 184.2
(15.1)
97a(0OTH) —81.1 274,276 1.03 23.7,24.8  162.4, 182.0

F2

F1G. 56. Molecular structure of siliconium salt 97a(OTY) in the crysta

premission from Elsevier.

1.20

Reproduced with

A further comparison of the isopropylidenecimino complex 97a(OTfY)
with the dimethylamino analog 90¢(OTY) is presented in Table XXIX. From
the listed bond angles it is evident that 97a(OTY) is a slightly distorted TBP
with essentially axial nitrogens, whereas 90c(OTf) is substantially more
distorted along the TBP-SP coordinate (ca. 60%, see discussion in



Hydrazide-Based Hypercoordinate Silicon Compounds 89

TABLE XXIX
COMPARISON OF SELECTED BOND LENGTHS AND ANGLES AND *’Si NMR CHEMICAL SHIFTS FOR
ISOPROPYLIDENEIMINO- [97a(OTH)*> AND DIMETHYLAMINO- [90¢(OTf)]°® COMPLEXES

97a(OTY) 90¢(OTY)
Donor group Isopropylideneimino Dimethylamino
Si-N, A 1.9337(17), 1.9659(17) 1.9665 (17), 1.9681 (19)
Si-0, A 1.6747(14), 1.6811(14) 1.6844 (15), 1.6964 (14)
Si-C, A 1.834(2) 1.835(2)
N-Si-N, deg 166.44(7) 154.78(8)
O-Si-0, deg 120.85(8) 136.27(8)
& (¥’Si), ppm —81.1 —60.9

previous section). This means that in the dimethylamino complex the
nitrogen atoms do not occupy axial positions, but rather an average axial-
equatorial position. Judging from the ideal TBP and SP geometries, these
bonds should be shorter than purely axial bonds. And yet, the comparison
shows that the Si—N distances in 97a(OTf), which are “more axial”, are
shorter than those in 90¢(OTY). It follows that coordination in 97a(OTfY) is
substantially stronger than in 90c¢(OTf), in agreement with previous
conclusions.

This conclusion is fully supported by the higher-field 2°Si chemical shift
found in 97a(OTY) relative to 90¢(OTY) (Table XXIX).

\'}
SPIN-SPIN INTERACTIONS THROUGH THE N-SI DATIVE BOND

The nature of the coordination bond in silicon complexes has been of
significant interest. One important property of this bond is its ability to
transmit NMR spin—spin interactions. Despite the potential information
on the nature of the dative-bond, which might be gained from the
magnitude of spin—spin interactions, little has been reported on this
subject. Ideally, one would like to measure directly the one-bond interaction
between 2°Si and '"N.%¢ However, due to low natural abundance of both
nuclei, as well as their low magnetogyric ratios (), this coupling constant is
difficult to measure and provides little structural information. In order to
study the coupling constants between nuclei extending on either side of
the dative N — Si bond, several penta- and hexacoordinate complexes
have been prepared with hydrido or fluoro ligands directly attached to
silicon.'®°
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In retrospect, we realize that the ability to observe coupling constants
through two and three bonds across the dative bond in the present silicon
complexes resulted from the favorable near 90° H-Si—-N angle. In many of
the previously reported N — Si coordinated silicon complexes this angle was
near 180°, and no coupling could be observed.

Application of the transsilylation reaction using HSiPhCl,, HSiCl;, SiF,,
and PhSiF; led to formation of hydrido- and fluoro-, neutral penta- (5b)'¢
or hexacoordinate (X=H, 30g,”° 30j;*" 36g,°" 37g,°° and 99.* obtained
from 30j by reaction with Me;SiBr) complexes, which have been mentioned
in earlier chapters. In this section we describe the connection between
geometrical parameters, extracted from crystal structures, and the
corresponding one-, two, three, and even four-bond coupling constants.
This information can serve as a tool for structure elucidation of silicon
complexes in solution, in those cases for which crystal structures are
unavailable.

A. Two-Bond Coupling Constants

1. Hydrido-Complexes

A compilation of NMR and crystallographic data for the hydrido
complexes is given in Table XXX. The bond- and dihedral angles were
obtained from crystal structures, and the two- and three-bond coupling
constants were measured by natural abundance N and by '3C NMR
spectroscopy, respectively. Table XXX shows that the 'H-Si-"°N
two-bond coupling constant is highly sensitive to the bond angle: it is
maximal at 90°, and rapidly diminishes as the angle deviates from 90°.
With the aid of two compounds (100, 101*°®) which have substantially
different H-Si—N angles (~109 and 180°, respectively) a plot of the
dependence of geminal coupling constants on bond angles was generated,
and is shown in Fig. 57 (note that in Fig. 57 %J is plotted against the

N\ NMej,

deviation of bond angle form 90°, in either direction).
i:}
\

N
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It is evident from Fig. 57 that the sensitivity of *J to bond angle (i.e., the
greatest slope) is near 90°. This plot can be used effectively to estimate
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TABLE XXX
BOND AND DIHEDRAL ANGLES (deg.) AND CORRESPONDING 2J("HSi'°N) anp *J('HSiN'*C) IN
PENTA- AND HEXACOORDINATE HYDRIDO-COMPLEXES

H-Si-N  2J('HSi"*N) H-Si-N-C 3J("HSIN'3C)

Compound R, X angle (Hz) angle Hz Ref.
30g CF;, Cl  95.20(10) 10.2 157.4 2.4 50
90.64(9) 12.0 31.9 1.1
49.3 0.4
—76.1 0
30§ t-Bu, Cl  92.68(3) 10.17 136.0 (130.5) 1.0 87
90.8(93) 6.6 (9.9) 2.2
79.3 (84.6) 0
—44.8 (40.70) 0
929 t-Bu, Br -39 (-7.2) 3.0 87
36.5 (36.4) 0.7
—88.1 (—84.8) 0
—133.4(—129.5) 0
5b Ph, CI 10.8 97.5 0 16
28.3 1.7

~ 15
T y = 13.096 * 10 "0.026x
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F1G. 57. Two-bond coupling constants as a function of the deviation of H-Si-N bond angle
from 90° in hydrido complexes.®’

unknown bond angles from solution coupling constants, especially for
complexes in which the hydrido and nitrogen ligands are cis to each other
(near 90° bond angle).

The geminal H-Si-N spin-spin interaction depends also on Si-N
distance: the ionization process discussed above (Eq. 17) causes bond
shortening. Scheme 3 demonstrates the effect of ionization (and resulting
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N Phe A\
Ph\(]:/’ NMe, h\?// NMe,
o \ M O l
~NJ-ve ~1®
S Si—Me
— N "
/4 cl 0 ‘ ©050,CF,
P \N,NMez Ph/C\\N,NMeg
3ic 91¢(OTH)
Si-N Bond length Si-N Bond length

2.015(7) and 2.036 (6) 1.9665(17) and 1.9681 (19)

B N ' N

”\?// NMe, U~ NNMe,

O H Oj®
e o
NM i
t-Bu \N/ c2 t-Buy” \\N’NMeZ
30j 30§(AICI,)

2J (HSiN) = 10.2 Hz 2J (HSIN) = 13.7 Hz

ScHEME 3. Demonstration of N — Si bond shortening upon ionization (31¢* and 91¢(OTf)®%),
and corresponding increase in H-Si—N coupling constant in a similar complex-pair (30j
and 30j(AICIy)).*

bond shortening) on the H-Si—N coupling constant. The Scheme shows that
shorter Si—N distances of the ionic vs. hexacoordinate species, are associated
with an increase in geminal coupling constant from 10.2 to 13.7 Hz, as might
be expected for more intense bonding.*’

2. Fluoro Complexes

The mono- and difluoro complexes 36g and 37g enable measurement
of spin-spin interactions across the dative N— Si bond.”” The NMR
data with the corresponding crystallographic bond lengths and angles are
listed in Table XXXI. It is evident from the Table that, like in the
hydrido case, the geminal (’F-Si—'°N) coupling constants are strongly
dependent on the bond angle: in 36g, a change of ca. 5.5° (from 96.85 to
91.23°) led to doubling of the coupling constant, from 2/ =4.5 to 9 Hz.

In compound 37g rapid exchange of the fluoro ligands prevents a direct
comparison of bond angles and corresponding coupling constants.
However, the two crystallographic F—Si—N bond angles in 37g are similar
to those in 36g, and yet the average two-bond coupling, 12.2 Hz, is
significantly greater than either coupling constant in 36g. This is most likely
the result of the shorter N-Si distance, generated by the two adjacent
electronegative fluorine atoms.
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TABLE XXXI
Si-N BOND LENGTHS (A), BOND AND DIHEDRAL ANGLES (deg.), AND CORRESPONDING Two-
AND THREE-BOND COUPLING CONSTANTS IN HEXACOORDINATE FLUORO-COMPLEXES™”

Si-N  F-Si-N  2J(FSiN) F-Si-N-C 3J(FSiNC) 3J(FSiNC)*

Compound R, X, Y distance angle (Hz) angle (Hz) (Hz)
36g CF3, Ph, F 2.021(3) 96.85(11) 4.5 138.9 0.5
2.029(3) 91.23(12) 9.0 14.6 9.1
40.4 34
—83.9 0
37g CFs, F, F 1.962(2) 95.39(8) 12.2 143.08 1.4 0.8
1.962(2) 91.12(9) 20.02 5.4 8.0
49.28 0 2.2
—73.78 0 0.6

“Interpolated, see text.

B. Three-Bond Coupling Constants

1. Hydrido-Complexes

Three-bond coupling constants in the series of hydrido complexes were
determined by undecoupled '*C NMR spectra. In each molecule there are
four unique N-methyl groups, and hence four H-Si—-N-C dihedral angles
and corresponding vicinal coupling constants. The crystallographic dihedral
angles and the three-bond coupling constants for hydrido complexes are
shown in Table XXX.'**%7 A plot of *J("H-Si-N-"*C) coupling constants
as a function of dihedral angles (Fig. 58), including data from several
different complexes (five and six coordinate), shows a distinct Karplus-type
relationship. This parabola correlation can be applied to extract reasonable
dihedral angles from solution NMR data, for molecules for which crystal
data are not available.

2. Fluoro Complexes

There are four unique N-methyl groups in 36g, associated with four
F-Si-N-C dihedral angles and three-bond coupling constants
(Table XXXI). From the four data points for 36g a Karplus-type plot of
coupling constants vs. dihedral angles was constructed, and fitted to a
best parabola (Fig. 59). In 37g the structure/NMR analysis is further
complicated by rapid exchange of the two fluoro ligands even at low
temperatures. Since only two average coupling constants are available for
37g (Table XXXI), the points for this compound in Fig. 59 were inserted
using the crystallographic dihedral angles, and the corresponding coupling
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H-Si-N-C dihedral angle, deg

Vicinal Coupling 3J('H-Si-N-3C), Hz

FIG. 58. Vicinal ("H-Si-N-'3C) coupling constants of penta- and hexacoordinate
hydridosilicon complexes vs. dihedral angle.'®*” Reproduced with permission from Wiley-VCH.
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F-Si-N-C dihedral angle (deg)
FIG. 59. Plot of three-bond *J('’F-Si-N-"3C) coupling constants against dihedral angles in 36g

(circles) and 37g (*, interpolated from dihedral angles).*® Reproduced with permission from the
American Chemical Society.

constants were obtained from the plot by interpolation. Four J values were
obtained, and are listed in Table XXXI.

There are several ways by which these four J values can be averaged
pairwise; one option is J; = 1.4 and J,=4.4 Hz, and it agrees well with the
measured values, 1.4 and 5.4 Hz. In conclusion, despite the relatively
small number of data points, a useful Karplus correlation was made for the
three-bond '""F-">C coupling constants.
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Vi
ZWITTERIONIC PENTACOORDINATE (BENZIMIDATO-N,O)
SILICATES

Interesting zwitterionic pentacoordinate silicate complexes have been
developed and reported by Tacke and co-workers.'” Similar (but cyclic)
neutral zwitterionic complexes, in which a positive charge resides on an
ammonium nitrogen and silicon may be formally negatively charged, have
also been reported in Sections I1.B.2 (11), I1.B.5 (13), IT1.A.6 (58), and III.C
(70, Eq. 29). Silicates of this series containing tri- and tetrafluoro silicon
moieties®™ were subjected to transsilylation with the hydrazide-ligand
precursors, producing mono- and bis-(benzimidato-N,O)silicates.*® These
new chelates undergo complex stereodynamic exchange reactions, including
an ammonium-nitrogen inversion via deprotonation, nitrogen inversion,
and reprotonation.

A. Synthesis and Structure

Transsilylation of zwitterionic A°Si-trifluorosilicates (102a—c) with the
N,O-bis(trimethylsilyl)hydrazide 72 resulted in the zwitterionic monocyclic
A>Si-monofluorosilicates 103a—¢ (Eq. 40). Likewise, the tetrafluorosilicate
(104) undergoes stepwise transsilylation, producing initially the monocyclic
A3Si-difluorosilicate 105, followed by the zwitterionic spirocyclic
A3 Si-silicate 106 (Eq. 41).

MesSi NHsiMe; P N
+ —N - \
F

RO ) PH 72 Qo NH@
SE—CHN-H S CHANAH

Nk -2Me,SiF Nk (40)

R F R F
102 a,R=Me;b,R=iPr;¢, R=1+Bu 103
p p
=N

Ref @ 72 NH 72 oNH @
\S'CCHz-NrH — %’r{—CH@N—H — O\S'CCHz-N'H (41)

/ 3 :

F e -2MesSiF \ 2MesSiF . N\

F L
104 105 N
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FIG. 60. Crystallographic molecular structure of zwitterionic silicate 103a.%® Reproduced with
permission from the American Chemical Society.

The structures of the products (103a, 105, and 106) were analyzed
and confirmed by single-crystal X-ray analyses (Figs. 60-62). The
figures show the near TBP geometry of the complexes, with oxygen
and fluorine (in 103a, 105) or oxygen and oxygen (in 106) in
axial positions. Selected interatomic distances and angles are presented in
Table XXXII.

h
N7 Ph N N
it 4O CH —S?\I-H O l.——CH —N-H
rl\l/?r— 2 Hll\l/? 2
N N=C
Ph Ph
106-1 106-11

Complex 106 is formed in two diastereomers, 106-1 and 106-II,
differing in the chelate arrangement: in 106-1 the oxygen atoms are in
trans diaxial positions, while in 106-II one oxygen and one nitrogen are in
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Ci1s
ci6

C14

c17

FIG. 61. Molecular structure in the crystal of zwitterionic silicate 105.%® Reproduced with
permission from the American Chemical Society.

axial positions. Apparently the free energies of the diastereomers are nearly
equal: both are formed simultaneously, and their population ratio
depends on the reaction conditions. 106-I is the predominant isomer, and
is formed exclusively (within NMR detection limits) in CH»Cl, at ambient
temperature, after 14 days reaction time. In boiling chloroform a 9:1
population ratio in favor of 106-I is obtained, while in nitrobenzene a 1:1
mixture is obtained at ambient temperature, and a 3:2 mixture at 100°.
Once formed, the isomers appear to be stereostable: when a chloroform
solution of pure 106-1 was kept for four days at ambient temperature, no
106-II could be detected.

Suitable single crystals were obtained only for one of the diastereomers,
106-I, when recrystallized from chloroform or acetonitrile. Crystal
structures of 106-I in either solvent were determined, and while the packing
was substantially different, the molecular structures in both crystals
were essentially equal, and only one is shown (Fig. 62) and included in
Table XXXII.
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FIG. 62. Molecular structure in the crystal of zwitterionic silicate 106-I1- CHCl3.*® Reproduced
with permission from the American Chemical Society.

TABLE XXXII
SELECTED INTERATOMIC DISTANCES (A) AND ANGLES (deg.) FOR THE CRYSTAL STRUCTURES OF
ZWITTERIONIC CHELATES 103a, 105, AND 106

103a 105 106-1- CHCl,
Si-F 1.6868(14)  Si-F(1) 1.6676(16)  Si-O(1) 1.7827(14)
Si-0 1.8713(16)  Si-F(2) 1.6106(16)  Si-O(2) 1.8174(14)
Si-N(1) 1.7402)  Si-O 1.8142(19)  Si-N(1) 1.7308(18)
Si-C(1) 1.9272)  Si-N(1) 1.722)  Si-NQ3) 1.7282(18)
Si-C(2) 1.869(2)  Si-C(1) 1.906(2)  Si-C(1) 1.910(2)
F-Si-O 169.83(8) F(1)-Si-F(2)  92.95(9) O(1)-Si-0(2)  176.52(7)
F-Si-N(1) 90.34(9) F(1)-Si-O 174.05(8) O(1)-Si-N(1)  85.59(8)
F-Si-C(1) 89. 24(8) F()-Si-N(1)  91.31(11)  O(1)-Si-N(2)  93.62(8)
F-Si-C(2) 95.56(9) F()-Si-C(1) ~ 90.29(10)  O(1)-Si-C(1)  90.10(8)
O-Si-N(1) 81.42(8) F(2)-Si-O 91.54(9) 0(2)-Si-N(1)  93.31(8)
0-Si-C(1) 90.56(8) F(2)-Si-N(1) 121.31(10)  O(2)-Si-N(3)  84.44(8)
0-Si-C(2) 93.79(9) F(2)-Si-C(1) 110.86(11)  O(2)}-Si-C(1)  93.35 (8)
C(1)-Si-C(2) 114.26(11)  O-Si-C(1) 83.01(10)  N()-Si-N(3) 127.76(10)
N()-Si-C(2) 124.68(10)  N(I)-Si-C(1) 127.63(13)  N(1)-Si-C(1)  116.17(9)
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B. Stereodynamic Analysis

1. Two Exchange Processes in 103a—c

An unusual intramolecular ligand-site exchange reaction is found in the
series 103a—c: upon warming of a CDCl; solution of either of the
compounds, coalescence of signals is observed in the 'H-'C NMR
spectra resulting from exchange between the two arms of the piperidinium
ring (C, with C4, C3 with Cs, and one of the C-methyl groups with
another non-geminal group).®® This exchange is not accompanied by
parallel coalescence of the SiCH, proton signals, or by those of the
isopropyl methyl groups in 103b. This can only result from inversion of
configuration at the ammonium nitrogen and piperidinium ring inversion,
without inversion of absolute configuration at the pentacoordinate silicon
moiety. The process responsible for these observations is a sequence of
deprotonation of the ammonium proton, followed by inversion of the
nitrogen pyramid and reprotonation at the opposite side of the nitrogen
atom (Fig. 63).

Addition of external base (dry pyridine) or acid (4-nitrobenzoic) had no
measurable effect on the rate of topomerization, suggesting that proton
abstraction was done by one of the intramolecular heteroatoms: F, O, or
N, adjacent to the NH group. The barrier for the topomerization
was 17.0 £ 0.3 kcal mol™" in all three compounds. A 2D-ROESY NMR
experiment was carried out on a CDCI; solution of 103a in support of the
mechanism suggested in Fig. 63, which requires the exchange of A & B
and B &2 A’ methyl groups. Indeed, distinct positive cross signals
(Fig. 64) showed chemical exchange only as suggested by this mechanism.
No exchange of geminal methyl groups was observed.

The barrier for inversion of configuration of the silicon environment was
too high to be measured directly by the coalescence of signals. The SIR
method,” which extends the range of accessible barriers, was applied to
the exchange of the diastereotopic SiCH, protons in 103c¢ in PhNO,-d;s
solution at 350 K, resulting in a barrier for enantiomerization
AG*=20.7£0.3 kcal mol~". This relatively high barrier for pseudorotation
of a pentacoordinate silicon complex is in agreement with previous
observations of high'** or inaccessible'”"'® barriers in pentacoordinate
complexes possessing one highly electronegative ligand.

2. Two Exchange Processes in 105

In contrast to the high barrier found in 103 for pseudorotation at silicon,
the 'H, '*C, and *°Si NMR spectra of 105 indicate rapid inversion about
silicon already at room temperature: the two fluoro ligands are equivalent.
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F1G. 63. Schematic representation of the topomerization of 103a via deprotonation at the
ammonium nitrogen, followed by N-inversion and reprotonation, resulting in the interchange
A S B, and B < A".*® Reproduced with permission from the American Chemical Society.
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F1G. 64. 2D-ROESY spectrum of 103a in CDCl; solution at 315 K, C—Me region. Positive cross
signals represent chemical exchange between corresponding methyl groups.® Reproduced with
permission from the American Chemical Society.
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FIG. 65. 3C NMR selective inversion recovery (SIR) experiment for the exchange of C-methyl
groups in 106-1 (nitrobenzene-ds, 360 K): (a) stack plot of spectra, showing only the signals B
and B'; the signals due to 106-II can be seen to the left of each signal, (b) plot of C-methyl
signal intensities as a function of the variable delay t, (c) corresponding linear plot of Eq. 30
(see Section 111.C.3).8¥ Reproduced with permission from the American Chemical Society.

At lower temperature the initial triplet observed in the *’Si spectrum split in
two doublets ('Jgr=215.7, 231.5 Hz). The barrier for pseudorotation was
determined from the coalescence of C-methyl signals in the 'H NMR
spectrum, AG* =11.7 0.3 kcal mol~". The substantially lower barrier for
pseudorotation in 105 relative to 103 is rationalized by the presence of two
fluorine atoms: the energy required to promote the fluorine from the stable
axial position to the less stable equatorial position is offset by the
simultaneous transfer of the second fluorine from equatorial to axial
position. In 103 the promotion energy of the single fluorine ligand is
responsible for the high barrier. This explanation was first discussed by
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Corriu and co-workers in similar mono- and dihalo pentacoordinate silicon
complexes.' ¥

The second process, inversion of the ammonium nitrogen, was also
observed in 105, and had a barrier of 20.8 4 0.3 kcal mol™', measured by the
SIR technique at 360 K in nitrobenzene-ds solution.

3. Ligand-Site Exchange in 106-I

The dynamic behavior of the major diastereomer of 106, 106-1, was
investigated in nitrobenzene-ds solution. No coalescence of signals due
pseudorotation at silicon could be observed, nor was any magnetization
transfer observed from one of the SiCH, proton signals to the other in a SIR
experiment up to 360 K. As expected, the barrier for pseudorotation in this
bischelate is very high, because at some point along the pseudorotation
sequence each of the chelate rings passes through a diequatorial position,
associated with substantial steric strain.'’®

The barrier for the unique process observed in these zwitterionic
complexes, the ‘“ammonium nitrogen inversion”, was observed and
measured by SIR, looking at transfer of magnetization between two C-
methyl signals in the '*C NMR spectrum (Fig. 65). The free energy barrier
at 360 K in nitrobenzene-ds solution was AG* = 20.8 kcal mol~!, the same
as for 105.
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I
INTRODUCTION

A phosphenium cation is a two-coordinate phosphorus compound with a
high degree of cationic charge accumulation at the phosphorus center, and
thus it can be considered to be a member of an isoelectronic series in the
third row of the periodic table involving silicenium [SiR3] ™, phosphenium
[PR,] ", sulfenium [SR]™, and chloronium Cl*. Moreover, focusing atten-
tion on both the lone pair electrons and the vacant p orbital at the central
element, a phosphenium forms an apt parallel of a singlet carbene CR»,
silylene SiR,, germylene GeR,, stannylene SnR,, and plumbylene PbR,.
Since the discovery of a phosphenium cation in 1972 by Fleming and
co-workers,' considerable interest has been shown in both the phosphorus
chemistry and the coordination chemistry.

The chemistry of transition metal complexes bearing a cationic
phosphenium ligand dates back to the synthesis and characterization of
[(CO)4Fe{P(NR,),}][PF¢] by Parry in 1978.% Since then, many cationic
phosphenium complexes have been investigated because a phosphenium
may serve as a o-donor (a Lewis base) and also as a m-acceptor (a Lewis
acid) due to the lone pair electrons and a vacant p orbital, and a few review
articles have appeared.”’ [L,M(PR,)], being an electrically neutral transi-
tion metal complex, is sometimes treated as a phosphenium complex
because it can be considered to consist of L,M~ and PRS.*'" In this
chapter, the focus is on electrically cationic transition metal complexes
described as [L,M(PRR')] .

]
FORMATION OF CATIONIC PHOSPHENIUM COMPLEXES

A. General Considerations

Phosphines and their derivatives are known to be very useful ligands
toward transition metals and a variety of complexes with phosphine as
a ligand have been prepared for all kinds of transition metals. If one of the
substituents on a coordinating tertiary phosphorus compound is abstracted
as an anion, it would form a cationic phosphenium complex. Actually this
strategy has been widely used, and halide, hydride, and alkoxide have been
abstracted as an anion by an appropriate Lewis acid. An alternative method
to prepare cationic phosphenium complexes is a direct reaction of a
phosphenium cation with a transition metal complex having appropriate
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leaving ligands. Although this is apparently the simplest method, there is a
limitation that a transition-metal free stable phosphenium cation has to be
obtained.

B. Halide Abstraction

Carbonyl complexes with PF{N(Me)CH,}, (1) react with PFs5, serving as
an F~ abstraction reagent, to give cationic phosphenium complexes as PFg
salts (2) [Eq. (1)]1.>''* An analogous noncyclic cationic phosphenium
complex, [Fe(CO).{P(NMe,),}]" is obtained in the reaction of
[Fe(CO)4{PF(NMe>),}] with PFs.> Iron complexes with chloro-substituted
phosphine (3) also can be converted into cationic phosphenium complexes
(4) in the reaction with Al,Cly [Eq. (2)].'"*' Trihalophosphine complexes,
Fe(CO)4(PCls), Fe(CO)4(PCIF,), do not give phosphenium complexes in
the reaction with Al,Cl.

F
/
(CO)nM—i‘\-\N)/ + PFs — (©0O)M—F
17 2
M(CO), = Fe(CO),; Ni(CO)s

1+
j PFG_ (l)

—Z Z—

/C| Xj+
, _
(COFe—R~x + % Al,Cly —» (CO)Fe-P{_ AICT,
3 ¥ 4 Y
(2)
X | o NEt; NPr, N(SiMe), 'Bu  CsHiFeCsHs
Y | NMe, NEt, NPr, N(SiMes), NMe, CgH,FeCsHs

C. Hydride Abstraction

Hydride abstraction is not a common way to generate a cationic
phosphenium complex. One example has been reported [Eq. (3)]."° The
hydride ion transfer is in equilibrium; at —80°C the P-H compound (5)
exists in solution dominantly, whereas at —23°C, 5 and phosphenium
species (6) are present in approximately equal concentrations.

H

, N 1+ _
(CONI~R-N + BE¥BU)s === (CO)N-F | HBEBu), ()
5 6
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D. Alkoxide Abstraction

Trivalent phosphorus compounds containing one or more OR groups are
known to react with a variety of transition metal complexes to give stable
complexes having datively-bonded phosphorus compound(s). If heterolytic
P-OR cleavage in the complex is attained, cationic phosphenium complexes
would be generated. Actually, OR group abstraction as an anion from a
coordinating phosphorus compound is one of the most applicable methods
to produce a cationic phosphenium complex, because starting complexes
are readily and widely accessible.

Treatment of a phosphite complex, M{P(OMe);}c (M =Mo, W) (7) with
a protic acid such as HPFg results in P-OMe heterolytic cleavage to
give [M{P(OMe)3}5{P(OMe),}] " PF; (8) [Eq. (4)]."°"® For Mo, the same
cationic phosphenium complex was formed in the reaction with CF;COOH,
(Me3O)PF4, and MeOTf. Reactions with a proton of other transition
metal phosphite complexes such as Fe{P(OMe)s}s, HCo{P(OMe);},,
and Ni{P(OMe);}4 lead solely to the formation of the protonation
products at the metal center, HFe{P(OMe);}Z, H,Co{P(OMe);};, and
HNi{P(OMe);}, respectively.

Me 1+

O
M{POMe)s}s + HPFs — {P(OMe)a}sM—F PFs

OMe 4)

7 8
M =Mo, W

A group 6 transition metal complex bearing a diamino-substituted
phosphite (9) reacts with a Lewis acid such as BF5- OEt, to give a cationic
phosphenium complex (10) [Eq. (5)]."° %' The fac-10 is formed first and then
isomerizes to mer-10, indicating that the fac isomer is the kinetic product
and the mer isomer is the thermodynamic one. The isomerization rate is
Cr>Mo>W. A diamino-substituted ethylphosphite complex in place
of a diamino-substituted methylphosphite complex gives exactly the same
product in the reaction with BF5-OEt,. BCl; works as well as BF5- OEt,
as an OR™ abstracting reagent, wherecas CH3;COOH does not. The
diphenylphosphinoethane analogue (11) shows the same reactivity to afford
12 [Eq. (6)].%

8 8 L 8 1+
= O 2BFg#OEt, =~ =
< N;I\'A <C Rk < N\Jﬂ/co < -N\'\|A/Co ,
= N7 | Co =N | Co AN ~p-N
~ p ~* B TR (5)
~N~ I\ N c N
OMe N “N— y
N, [ 0
9 fac-10 mer-10
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o o - -
Phy § phy § e Ph g RS
Pi'\ln/co 2BF#OEL, _p? | 0 T co

Ep/ \C P,M\C : (M\ N/
P, | O Bk © Bro | R (©)
NN N 2 N
k,N OMe \_/N S 7
N
M1 M= Mo, W fac-12 mer-12

The alkoxide abstraction method can be applied to a piano stool type
complex of group 8 transition metals as well. In the reaction of Cp(CO)(Me)-
Fe{P(OMe)(NMeCH;),} with a Lewis acid, formation of a phosphenium
complex Cp(CO)(Me)Fe{P(NMeCH,),} © was postulated, but is not actually
detected. However, the corresponding silyl, germyl, and stannyl complexes,
Cp(CO)(EMej)Fe{P(OMe)(NMeCH,),} (E =Si, Ge, Sn) give phosphenium
complexes, Cp(CO)(EMe;)Fe{P(NMeCH,),}*, in the reaction with
BF; - OEt, [Eq. (7)].?>** Ruthenium complexes show the similar reactivity.**

= < e

|\

2 BF3-OFEt | /
C/ M\ IN/§ —32_> /M\ ,N
o PN S (7)
ERs  OMe ERs /N
M= Fe, Ru ERg = SiMes, GeMeg, SnMeg

E. Amide Abstraction

The reaction of fac-[(bpy)(CO);M{PNMeCH,CH,O(NEt,)}] (M =Cr,
Mo, W) (13) with BF;-OEt, yields a cationic phosphenium complex,
mer-[(bpy)(CO);M{PNMeCH,CH,0}] " (14) [Eq. (8)].>° The results clearly
show that BF; can abstract the amide group on the phosphorus as well.
The reaction of fac-[(bpy)(CO);M{P(NEt,)X(OMe)}] (15) (M =Mo, W;
X =NEt,, OMe) with BF5-OEt, shows interesting results concerning the
preference of abstraction [Eq. (9)].%° The phosphenium complex (16) result-
ing from selective OR abstraction was formed. Therefore, BF; - OEt; is able
to abstract an NR, group on a coordinating phosphorus to give a cationic
phosphenium complex, but it prefers OR abstraction to NR, abstraction.

=
- N
=~N*"
.y

“N(,é\ NEt,

13 14
M =Cr, Mo, W

2 o)
O 2BFOEt =~ ¢

—~C 2 | CO

M I = N\M/

| ~Co Rl !
P S
[
o]

! (8)
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0 0 -
c o 'er
= 2 BF4+OEt, ;
= N\l\lll/oo ¢ ,2 i N\'\lll/co
i ‘N( l \CO i ‘N( | \P\/X
R C
BN | oMe S Net
X
15 16

M= Mo,W  X=NEt, OMe

F. Electrophilic Attack of a Phosphenium Cation

)

A phosphenium cation reacts with a transition metal complex having
an appropriate leaving ligand such as carbonyl, phosphine, and acetonitrile
to generate a cationic phosphenium complex [Eqs. (10)~(14)].>?°* This
reaction seems to be the simplest method for the preparation of a cationic
phosphenium complex. The drawback of this method is that known stable

phosphenium cations are limited in number.
J

|
) N NS+
[ ,P PFs + Fe(CO)s — (CO),Fe—R j PFe
N N
[ |
CsMes. ,CSMe—sI+ _

H‘BuN/P AlCl,  + W(CO)5(NCMe) —» (MeCN),(CO)sW—R  AICk
NHBu

?iMeS ?iMea
N, N
+ /N~ ) N~
P\ /GaCI2 + Ni(CO)y ——> (CO)le—P\ /GaCIZ
I
tBLI 'B’u
Ar Ar

N\ + - N\ 1+ -
[N,F’ OTf  + RNCI(PPhg); — [ P-RhCI(PPhy), OTY
N
1

Ar Ar

OTf = 0SO.CF,
Ar = 2,6-Pr-Ph, 2,4,6-Mes-Ph, 4-MeO-Ph

(10)

(11)

(12)

(13)
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o —
Mes c|: T+ ot

N+ - N co
— —
J[N,P O+ WeREOMec) —= T SH L

| —
Mes R (14)
Mes—N N—-Mes

@]
17 18

G. Others

As shown in Eq. (14), W(bpy)(CO);(MeCN) reacts with the phosphe-
nium cation (17) to give a cationic phosphenium complex (18). The same
phosphenium complex (though the counter anion is different) (19) is also
prepared in the reaction of the same starting W complex with the corres-
ponding chlorophosphine [Eq. (15)].>° In this reaction, P-Cl heterolytic
cleavage spontaneously occurs to form the phosphenium complex. Complex
19 is unstable and is gradually converted into 20 by Cl~/CO exchange.

e wes e cl

N, N
lJ[N,P—a + W(opy)(CO)s(MeCN) —= (bpy)(CO)aW—P\N]\CI

| |
M 19
es Mes (1 5)
hllles
= (bpy)(CO) cxw—P’N]\
Py, 2! \N al

|
20 Mes

The ring-opening reaction of phosphorus-bridged[1]ferrocenophane (21)
is proposed to produce a cationic phosphenium iron complex (22)
[Eq. (16)].*° Photolysis of 21 induces liberation of one carbonyl ligand to
produce a coordinatively unsaturated species. Then the Cp—P bond cleavage
results in the Cp ring migration from P to Fe, releasing the strain and
yielding the phosphenium intermediate (22). This species picks up F~ from
PF¢ to give the final product (23).

@—'PF_ hv ©7PF @

Fe\ / Fe\ F
\\Fe\ / mlgratlon — oF P/‘Ph

22 23
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In the reaction of HBF,; with the neutral complex Cp(CO),W-
[PPh{N(SiMes),}] (24) which possesses a planar geometry around the
phosphorus, protonation takes place at the metal center to give a cationic
phosphenium complex (25) [Eq. (17)].%

= < j+BF_

VIV\ Ph —ore, vlv Ph *
e 2,
4R o (17)
c . ogt \
S N(SiMeg), S hH N(SiMey),
24 25

i
REACTIVITY OF CATIONIC PHOSPHENIUM COMPLEXES

A. General Considerations

A phosphenium ligand can be considered to have a vacant p orbital and a
positive charge on the phosphorus to some extent even in a transition metal
complex (see below). Thus, it serves as a m-acceptor resulting in the
activation of other m-acceptor ligands existing on the same transition metal,
and is susceptible to both intermolecular and intramolecular nucleophilic
attack causing migration.

B. Ligand Exchange Reaction Induced by a Phosphenium Ligand

When [Fe(CO)4,{P(NMeCH,),}] " is exposed to an atmosphere contain-
ing '*C enriched CO, complete statistical exchange occurs within 0.5 h at
25°C.">!* It should be noted that Fe(CO)s has a dissociation half-life of
4 years. Therefore, a phosphenium is a stronger m-acceptor than a CO ligand.
For mer-10, a carbonyl ligand is readily replaced by trivalent phosphorus
compounds to give 26 and 27 [Eq. (18)],*> and thermolysis of 18 exhibits
CO/OTf ™ exchange reaction to generate 28 [Eq. (19)].>°

o T+ - _

¢ BF, L —'+BF4 LT
3o, o] o, e ] o
SNy —C" SNy~ / . SN -C
= .N, l \P/N -CO — N, | \P,N A N( \C 13
=~ i ~ \j Z N7 | Y¢o (18)

8 /N ¢ /N /P\

mer-10 26 27
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O —

c o ot
=
S N\\,IV/CO A R | 0
2N NG — Iy-W~c
~ p ° ~ | (19)

N

Mes-N__"N-Mes Mes-N" N-Mes

\__( —_

cl
18 29

C. Intermolecular Nucleophilic Attack at Phosphenium Phosphorus

Although electrophilic character is expected for cationic phosphenium
complexes, only a few examples have been reported. Mer-10 readily reacts
with Nu~™ (Me~, OEt™) to generate 29 [Eq. (20)].?° This shows that mer-10
is susceptible to nucleophilic attack at the phosphenium phosphorus.
Complex 29 is not obtained in the reaction of the corresponding phosphite
complex (30) with Me™ or OEt™.

o T+ _
AL e _ e
Nu_ i O Nu T (o)
\M<C N/ NN N\l\|/I/C -—— = N\|\|/|/C
o /N ‘N'T\ ‘NJT\ (20)
Nu OMe
LN (N
mer-10 29 30
M = Cr, Mo, W

D. Migration Reaction Involving Phosphenium Phosphorus

Several types of migration involving a phosphenium ligand have been
developed. These migrations seem to be intramolecular reactions, though
most of them have not been verified. As mentioned above, [Mo{P(OMe);} 5-
{P(OMe),}]" is obtained in the reaction of Mo{P(OMe);}¢ with a protic
acid. The structure of [Mo{P(OMe);}s{P(OMe),}]" has been determined by
X-ray analysis. It has an octahedral structure with five P(OMe); and one
P(OMe), ligands around the Mo. In solution, the phosphenium complex
shows OMe exchange phenomenon. The VT NMR studies reveal that at
—80°C the structure observed in the solid state is maintained, whereas
above —80°C OMe migration from P(OMe); to P(OMe), occurs, rendering
all phosphorus nuclei and all OMe groups equivalent on the NMR time
scale [Eq. (21)].'%!®
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T+
MeO_ OMe  PFo -
P OMe)P oy TFO
(MeO)sP— | _POMe), (MeO)sP~, ~P-OMe (21)
(MeO)5P™ 1" ~P(OMe)q (MeO):P” | ~poMe); o
(OMe)sP (OMe)sP

In the reaction of monoaminomonoalkoxy-substituted phosphenium
complex 14 with diamino-substituted phosphite, the product is not a simple
CO/phosphite exchange complex (which has monoaminomonoalkoxy-
substituted phosphenium and diamino-substituted phosphite) but a complex
with diamino-substituted phosphenium and monoamino-substituted
phosphite (cis-31 and trans-31) (Scheme 1).** This shows an OMe group
migration from a phosphite P to a phosphenium P. The migration is
irreversible. Similarly, OEt, SEt, and N(CH,CH,), groups show this type of
migration, but Me and Ph groups do not. Therefore, it can be said that a
substituent on a tertiary phosphorus ligand migrates to the coordinating
monoaminomonoalkoxy phosphenium ligand only when the substituent is
a heteroatom, in other words, it has lone pair electrons. The proposed
migration pathway is shown in Scheme 1. One of the CO ligands is readily
replaced by the added phosphorus compound because the CO ligands are
activated by a strong m-accepting phosphenium ligand. In the intermediate
32, the Y group on the phosphorus cis to the phosphenium ligand may
donate its lone pair electrons to the vacant p orbital of the phosphenium

\
Ny Co oy T €O X1+
8 s pN N/ Ny
=y ] CO \Y\ = P 7 O
- Nb""”/M 6\\‘-4 < N""u,M \“\«-CO , + S N..,:,,,Mo\“...C
0, tad
RO o S M oo
c \ P
N C N -N" N~
o o v/
14 cis-31 , trans-31
\
N—y Migration and
p\/N\ Ligand exchange Isomerization Isomerization
Y
ON oy T [ T NN
/N\a?/ ~N\ /N_ A\~
] = P‘Y o Migration = R o)
~ N»»,,,,,; wCP —— &N, /’|\|/| \\wl"'c —_— N"‘””/Mc}“"‘C Y
e N/'\!AO‘P/O = N/IO\P/O i N/| ‘Pn{uv
s ¢ \ S fo) \ = C Q
(o] /N o /N 0 /N\)
32 33 34

SCHEME 1
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phosphorus to give 33. Cleavage of the original P-Y bond with concomitant
formation of the new P-Y o-bond results in Y migration to give 34. Then,
34 isomerizes to more stable geometrical isomers to give the final products
cis-31 and trans-31. 'Y migration may also be accomplished with the
accompanying rearrangement around the Mo without the formation of 34.
As is mentioned above, a diamino phosphenium complex is more stable
than a monoaminomonoalkoxy phosphenium. Therefore, the driving force
of the migration is thought to be the formation of a more stable
phosphenium ligand.

The conversion mentioned above is a migration from a tertiary
phosphorus ligand to a phosphenium phosphorus in a transition-metal
coordination sphere. The phosphenium ligand also shows another type of
migration for transition metal complexes with a group 14 element ligand.
Piano stool iron complexes having Cp, CO, phosphenium, and group 14
element ligand such as alkyl, silyl, germyl, and stannyl show interesting
reactivity, which is summarized in Scheme 2. In the reaction of 35 with a
Lewis acid such as BF;3 - OEt, or TMSOTHT, a cationic phosphenium complex
(36) is uniformly formed irrespective of the kind of ERj3. The subsequent
reaction is strongly dependent on E.

When E is carbon, the produced phosphenium complex is too reactive
to be detected. The alkyl ligand immediately migrates to the phosphenium
phosphorus to give 37. The 16 electron species can be converted into an
isolable complex 38 by the addition of PPhy.***

When E is Si or Ge, the cationic phosphenium complex (36) is stable
and Fe-Si and Fe-Ge bonds remain unreacted.”** The formation of the
silyl phosphenium complex, [Cp(CO)(SiMesz)Fe{P(NMeCH,),}|BPh, was
confirmed by X-ray analysis.>

In contrast to the alkyl, silyl, and germyl complexes, when E is Sn, not
SnRj but only one alkyl group on the Sn migrates to the phosphenium P to
give a stannylene complex (39).2*** Since the transition metal-phosphorus
bond hasconsiderable double-bond character (see below), the conversion from
36 to 39 corresponds to a double-bond migration from Fe=P to Fe=Sn.

Similar behavior has been reported for Ru,”* Mo,”?® and W?>>3°
complexes. Cationic phosphenium complexes of a transition metal contain-
ing a group 14 element ligand are interesting in terms of migration because
the different congeners exhibit different behavior in the coordination sphere:
1,2-migration for C, no migration for Si and Ge, and 1,3-migration for Sn.

Complex 40 is an iron complex with a phosphorus ylide ligand
(-CHJPR3) (Scheme 3). It reacts with TMSOTf to give 42 which can
be converted into an isolable complex 43 by the addition of n-BuyNBr.*’
The reaction sequence is shown in Scheme 3. Two points should be
noted in this reaction: (i) an OMe™ anion is able to be abstracted by
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N Fe N
---- O N
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3 OMe nHa R
35 39
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TMSOTF @ 1+

E=C \ E = Si, Ge
<:|:7\ T+ <:|:7_|+
N
wFe.
Oc/ ~Spian oC"/ P N/

-
N
r|=‘i-“ ?

e
oC” /
PPh,

38

CRs
SCHEME 2

TMSOTT even in a cationic complex, and (ii) a cationic phosphorus ylide
ligand can migrate to a cationic phosphenium ligand. The reaction has been
confirmed to take place through intramolecular migration.

Hydride migration from a transition metal to a phosphenium phosphorus
has been reported for a W complex (Scheme 4).*' The cationic phosphenium
complex (44) reacts with a two electron donor (PPh;, PMes, OEt,) to give
45 involving H migration from W to phosphenium phosphorus. The
reaction with Cl™ also generates a H migration product (46).

E. Others

Treatment of Rh(acac)(CO), with cationic phospheniums, *P(NEt,),,
TP{N(CHMePh)CH,}, generates catalysts for hydroformylation of styrene
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[Eq. (22)].*® Although there is no evidence supporting the formation of a
cationic phosphenium complex, it may be generated and serve as a catalyst

for hydroformylation of styrene.
o]
i

cat. Rh{acac)(CO),
N L

Hp, CO

(22)

+ NEt N

L=
\
NEt, N
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v
COMPETITIVE REACTIONS WITH CATIONIC
PHOSPHENIUM COMPLEX FORMATION

A. General Considerations

Alkoxide anion abstraction by a Lewis acid from phosphorus ligand on a
transition metal is one of the most useful methods to prepare cationic
phosphenium complexes. It has been reported that OR anion abstraction
from an alkoxyalkyl ligand, C(OR)R/, on a transition metal complex leads
to the formation of a cationic carbene complex.’® ** It is similarly expected
that OR anion abstraction from an alkoxysilyl ligand, Si(OR)R, would
cause the formation of a cationic silylene complex. Therefore, increased
attention has been focused on the reaction with a Lewis acid of transition
metal complexes bearing both alkoxyalkyl and phosphite ligands and of
complexes bearing both alkoxysilyl and phosphite ligands.

B. Competition between Carbene Complex Formation and
Phosphenium Complex Formation

Cp(CO)Fe(CH,OMe){P(OR)(NMeCH»),} (46, 47) has been subjected to
a reaction with BF3 - OEt, in order to examine whether the OR group on the
carbon or on the phosphorus is abstracted. Equation (23) shows the
results.”> An OR group on the carbon is selectively lost as an anion to give a
cationic carbene complex, which is converted into an isolable ylide complex
by the addition of PPhs. Formation of 49 from 47 demonstrates the selective
OR abstraction from the carbon and rules out the possibility that the OR on
the phosphorus is first abstracted, and then the OR on the carbon migrates
to the phosphorus to give the carbene complex eventually.

<= < 1+ < 1+
i_ \ 2BF3-OFt, | PPhg
A wFe_ N — \\Fe N
oC’/ \IT‘—-N\ oc’Y \p_Q oC 7 />
oo | e CHy I " (23)
OMe H OR épha OR
R=Me: 46
R=Me:48
Et : 47
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C. Competition between Silylene Complex Formation and
Phosphenium Complex Formation

In the reaction of Cp(CO)Fe(SiMe,OR){P(OR’)(NMeCH,),} (50) with
BF;-OEt,, when an equimolar amount of BF;:OEt, is used, an OR/F
substitution product (51) is obtained, and when excess BF;- OEt, is used,
a cationic phosphenium complex with a SiFMe, ligand (52) is obtained
(Scheme 5).* It is deduced from the results that an OR group on the Si is
first abstracted, then an OR group on the P is abstracted. In this reaction a
silylene complex is not detected. Changing the Lewis acid from BF; - OEt, to
TMSOTT leads to the formation of silylene complex (53) though it is a base-
stabilized one. Addition of PMe; produces an isolable complex (54), for
which an X-ray structure was reported. The selectivity may be derived from
a difference in basicity of the oxygen atom between Si—-OR and P-OR in
the complex and/or from the relative thermodynamic stability between
the silylene and phosphenium complexes.

\"
PHYSICAL PROPERTIES AND M-P BOND NATURE OF
CATIONIC PHOSPHENIUM COMPLEXES

A. Spectroscopic Properties

Needless to say, °'P NMR data are undoubtedly indispensable and
informative for preparation, characterization, and estimation of physical
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properties of cationic phosphenium complexes. These data are listed in
Table 1. 3'P NMR data have been reported to date for 76 cationic
phosphenium complexes. Out of the 76, 68 complexes show the chemical
shifts in a 100 ppm range (from 214 ppm to 314 ppm). Four resonances are
lower in magnetic field (324 ppm, 334.7 ppm, 349 ppm, and 441.5 ppm)
and four resonances are higher (172.4 ppm, 161.8 ppm, 150.0 ppm,
and 148.1 ppm). The latter resonances are for complexes with a
PN(Mes)CCI=CHN(Mes) ligand. Some tendencies can be noted. For
[(bpy)(CO)sM(phosphenium)] , the chemical shift of a meridional isomer
is lower in magnetic field than that of the corresponding facial isomer,
and for [(bpy)(CO),(phosphite)M(phosphenium)]*, the chemical shift of a
cis isomer is lower in magnetic field than that of the corresponding
trans isomer, though there are a few exceptions. This indicates that a
phosphenium ligand trans to an electron donating ligand exhibits a lower
chemical shift than that trans to a m-electron accepting ligand (CO).

The coupling constant between phosphenium phosphorus and tungsten
is readily available by *'P NMR measurements, and is informative. In the
abstraction of an OR™ anion from the coordinating phosphite, on going
from the parent phosphite complex to the fac-phosphenium complex, and to
the mer-phosphenium complex, the P-W coupling constant increases by
about 100 Hz; 334.6 Hz for fac-[(bpy)(CO);W{P(NMeCH,),(OMe)}] —
441.7 Hz for fac-[(bpy)(CO);W{P(NMeCH>),}]* — 561.1 Hz for mer-
[(bpy)(CO);W{P(NMeCH,),}]*; 338.2 Hz for fac-[(dppe)(CO);W{P-
(NMeCH,)>(OMe)}] — 419.1 Hz for fac-[(dppe)(CO);W{P(NMeCH>) »}]*
— 488.5 Hz for mer-[(dppe)(CO);W{P(NMeCH,),}]*. This indicates that
the P-W double bond character increases in this order.

In addition to *'P NMR data, transition-metal NMR data of cationic
phosphenium complexes of transition metals provide useful information
about bond character between a transition metal and a phosphenium
phosphorus. >Mo* and "*W?’ NMR data have been reported. In the Mo
NMR spectra, the chemical shifts, the coupling constants between Mo and
phosphenium P, and the line widths are shown in Table II for fac-[(bpy)
(CO);Mo{P(NMeCH,),(OMe)], fac-[(bpy)(CO);Mo{P(NMeCH,),] ", and
mer-[(bpy)(CO);sMo{P(NMeCH,),]". In this order, deshielding of the
chemical shift, an increase in the Mo—P coupling, and an increase in the
line width are observed. These changes can be attributed to a dominant
contribution from the imbalance of eclectron density at the Mo in the
Ramsey equation due to a significant double-bond character between the
Mo and the phosphenium P.** "W NMR data for tungsten complexes
containing cationic phosphenium ligand, PN(Mes)CCI=CHN(Mes)
(Table III), revealed a linear correlation between &'*W and 'Jyp,
suggesting the high m-acceptor ability of the phosphenium ligand.?
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TABLE 1
3P NMR DATA FOR A PHOSPHENIUM GROUP IN CATIONIC PHOSPHENIUM COMPLEXES
Complex S (ppm) Notes Ref.
omMe T+ 214.4 Z—Jss 7c250 , 16,18
{P(OMe)g}sMo-P( PFs )PP z
OMe Jpp =64 Hz
o 1+ -
¢ BFa M=Cr 263.8 28
<3 wlrco M = Mo 252.5 28
= N” | ~Cg M=W 2337 'Jwp=441.7 Hz 28
P\
-N N—
—
o T+ -
¢ BFs M =Cr 277.3 28
=3 ‘hirco , M =Mo 268.2 28
Z N”| ~p-N M=W 242.6 'Jwp=561.1 Hz 28
C
QO IN
T —
9 sr,
Eghihln,co M =Mo 282.4 28
Pl ™G M=W 2571 'Jwp=419.1 Hz 28
2R ' Jop=22.1 Hz
-N N—
+
Ph 8 o
Epj | _co , M =Mo 283.4 28
B ~R-N M=W 2561 Jyp=488.5 Hz 28
2 ¢ N ! Jpp=114.0 and 19.0 Hz
T+ -
8 BF,
L) M =Cr 258.7 24
Fn-l'~p-o M = Mo 253.8 24
< = M=W 230.1 'Jwp=621.1 Hz 24
_ M X Y
8 -|+BF4 Moo
S Cr NEt, NEt, 296.3 24
b N"\{I‘P-X Mo NEt, NEt, 290.0 24
~ ¢ N W NEt, NEt, 261.5 'Jwp=558.1 Hz 24
o Mo NEt, OMe 272.6 24
W NEt, OMe 2496 'Jwp=0606.3 Hz 24

(Continued)
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TABLE 1
Continued
Complex S (ppm) Notes Ref.
Oy T M OR
~N 4
~)-OR Cr  OMe 248.6 2Jpp=91.6 Hz 31
Zhol_co Mo OMe 2422 *Jpp=274.7 Hz 31
= N'“,"~co Mo OEt 241.9 2Jpp=274.6 Hz 31
P W  OMe 2222 2Jpp=268.6 Hz 31
N N- *Jwp="518.8 Hz
(\N - T+
BF,
AN 'l:’,OMe 4 M OR
=% o Mo OMe 257.7 *Jpp=42.7 Hz 31
lé(:N:M:P_N' Mo OEt 256.7 2Jpp=42.7 Hz 31
~ LR W OMe 2340 pp=275Hz 31
o ! Jwp=7589.0 Hz
Y 1 ‘B, N
Xo Fl’ _OMe X Y
SN= € o MeNCH,CH,0 235.6 2Jpp=326.5 Hz 31
= N | ~cg ‘BuNCH,CH,O 227.5 2Jpp=320.5 Hz 31
,F’\Y 0OCMe,CMe,O 224.5 1 Jpp=369.2 Hz 31
% ! BF, N
S L-OMe _ X Y
.l _co MeNCH,CH,O0 241.9 *Jpp=54.9 Hz 31
= N” "l"°~,,,y OCMe,CMe,0 214.9 *Jpp=58.0 Hz 31
c X
(o]
NI 246.9 2Jpp=180.1 Hz 31
trans-(opy) CO)z(PPhg)Mo-PL ] B, : pp = 180.
]
. . II\I 1+ 2,
cis-(opY)(CO)2(PPhMo—PL ] B, 276 =215 He 3
1
Y K B, N
N L-OMe X Y
= N- hlﬂo, co MeNCH,CH,Me 242.3 2Jpp=271.6 Hz 31
N7 e, ‘BuNCH,CH,0 228.1 2Jpp=347.4 Hz 31
P\
x Y
N/

(Continued)



Transition Metal Complexes Bearing a Phosphenium Ligand 125

TABLE 1
Continued
Complex S (ppm) Notes Ref.
/\ .. - 2584  “Jpp=42.8 Hz 31
BF,
\ | OMe
S
= |
c N J
O
| —
‘/\? oR "BF, R =OMe 246.5  2Jpp=289.9 Hz 32
P OEt 246.3 2Jpp=289.9 Hz 32
S N= o €2 SEt 250.9  pp=277.7 Hz 32
"1 "Co N(CH.)» 2434 Jpp=263.4 Hz 32
- N’ \N -
T+ -
_ (\? “oR 'BF, R =OMe 259.1  pp=42.7Hz 32
A OEt 258.5  “Jpp=48.8 Hz 32
< N‘I\III © SEt 259.3 2Jop=36.6 Hz 32
- I - F’\_—N)
C
(e] /N
trans-(bpy)(CO), ,:, T 5
{P(OMe)(NMeCH,CH;OMo~ P ] BF, 2419 Jpp=54.9 Hz 32
cis-(bpy)(CO)2 N
2
{P(OMe)(NMeCH,CH,0Mo~ P, ] BF4 235.6 Jop=326.6 Hz 32
A+ - M L
L OoTt
= 'N\hL/CO Mo  PPh, 172.4 28
Z N7 ¢, w PPh, 150.0 1 Jwp =598 Hz 28
P W MeCN 148.1 Jwp =707 Hz 28
Mes=N N-—Mes w Cco 161.8  'Jwp=497 Hz 28
Cl
[(MeCN),(CO);W{P(CsMes)(NH'Bu)}] *[AICL]™ 297.9 ! Jwp = 404 Hz 25
[(MeCN)3(CO),W{P(CsMes)(NH'Bu)}] " [AICL]~ 268.3 Jwp =583 Hz 25
4 - M =Mo 310.1 35
@ BF, W 2828 —20°C 35

Uwp=7543.1 Hz
2Jsnp =291.6 Hz

(Continued)
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TABLE 1
Continued
Complex S (ppm) Notes Ref.
e -
7 TBR M=Mo 334.7 35
'\I,I W 298.8 —20°C 35
oC/ =___\p-N’ "Jwp=516.4 Hz
c o\ 2Jsnp=42.5 Hz
"BugSn O |
M ER,
Fe SiMes 309.3 21
-+ - Fe SiFMe, 311.1 38
7 TBR. Fe GeMe 3111 2
I Fe SnMe; 3079 2Jsp=5479Hz 22
oM ’ Fe Sn"Bu; 307.5  %Jsp=2301.5Hz 22
SUNDN
</ P Ru  SiMe; 286.6 38
ER, N Ru SiMe,SiMes 286.1 38
/ Ru GeMe; 289.1 38
Ru Sn"Bus 2874  sp=1827Hz 38
NRy T+ _
(CO)“Fe'P\ PFe NRz—NMez 311 2
NR; NR, = NMeCH, 300 2
X=Y=NEt, 307.6 14
1. X=Y=N"Pr, 311.3 14
X —  X=Y=N(SiMe;), 349.7 —20°C 14
(CO)sFe- P\Y ACl v (CsHFe(CsHy)  307.6 14
X =Cl, Y =NMe, 268.8 14
X ='Bu, Y =NMe, 4415 -20°C 14
I
NI - 2558  'Jrwp=316 Hz 28
trans-(PPhg),CIRh-P. ]  OTf
N
t
1
_ PN S 249.6  'Jpnp=234 Hz 28
cis-(PPhz),CIRh—P_ NJ OTf 2 Jop =448 Hz
I
N
N +
(CO)Ni-P ] PFs
N 276 13
?iMes
N 324 26

. _
(CO)aNi-P{ . GaCl,
N

SiMe3

“The chemical shift was referenced to P(OMe); in the original paper. The recalculated value

based on 85% H3POy, is listed in the table.
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TABLE II
%Mo NMR DATA FOR A PHOSPHENIUM GROUP IN CATIONIC PHOSPHENIUM COMPLEXES
Complex 3 (ppm) "niop (HZ) Wi)2 (Hz)
0
i
SN o co
N1 7C —1081 193 35
SNV OMe
~
T+ —
2 e,
=
/ : = Mo:C
= :': Co —1049 264 90
_N. \N_
—
T+ =
Q2 b,
=
b > Mo’ 0 /
= | ‘P\~N —1015 337 300
C N
0 ’
TABLE III
183 NMR DATA FOR A PHOSPHENIUM GROUP IN CATIONIC PHOSPHENIUM COMPLEXES
Complex L n S (ppm) "Jwp (Hz)
In+
IL OTf 0 —1440 770
gﬂ =mz NCMe 1 —1580 707
=" N -
~ | cl 0 1680 703
Mes~N N-Mes PPh; 1 —1860 598
cl CcO 1 —2105 497

B. Structural Properties

In contrast to 76 cationic phosphenium complexes for which *'P NMR
data have been reported, only 7 complexes have been structurally charac-
terized (Table IV). Five of them are diamino-substituted phosphenium
complexes,?*?*3%% one is a monoaminomonoalkoxy phosphenium
complex,*? and one is a dialkoxy phosphenium complex.'®'® The geometry
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TABLE 1V
M-P (PHOSPHENIUM) BOND DISTANCES IN CATIONIC PHOSPHENIUM COMPLEXES
Complex M-P Distance (A) Ref.
[{(MeO);P}sMo{P(OMe),}|PFq 2.229(4) 16,18
trans-[(bpy)(CO),{P(NMeCH,),(OMe)}Mo{P(NMeCH,),}]OTf 2.254(1) 31
trans-[(phen)(CO),{P(N'Bu(CH,),0)(OMe)}Mo- 2.238(4) 31
{P(N'Bu(CH,),0)}JOTf
trans-[(bpy)(CO),(PPh3;)W{P(N(Mes)CCI=CHN(Mes),)}JOTf 2.247(2) 28
[(CO)4Fe{P(NEt,),}]AICl, 2.10(5) 40
[Cp(CO)(SiMes)Fe{P(NMeCH,),}|BPh, 2.018(2) 22
(CO);NiP(u-NSiMe;),GaCl, 2.123(3) 26

Z A~
S

S

55 56

FI1G. 1. Molecular structures of 55 and 56.

around the phosphenium phosphorus is planar without exception. The bond
lengths range from 2.018 to 2.254 A.

The structures of 55 and 56 are of interest because the central metal
has both phosphite and phosphenium in mutually trans positions.
The molecular structures are shown in Fig. 1. It should be noted that the
bond distance of Mo—P(phosphenium) is significantly shorter than
that of Mo-P(phosphite) for both complexes: for 55, Mo-P(phos-
phenium) =2.254 A, Mo—-P(phosphite) =2.495 A; for 56, Mo-P
(phosphenium) =2.238 A, Mo-P(phosphite) =2.529 A. Normal Mo-P
dative bond distances are reported to fall in the range 2.40-2.57 A2
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The observation that the Mo—P(phosphenium) bond is about 10% shorter
than the Mo-P dative bond is consistent with double bond character in the
phosphenium complex.

Another structural feature of interest is the P-N bond distance. The
P-N bond distances (A) in phosphenium and in phosphite ligands are
almost equal: 1.642 (P1-N11), 1.644 (PI-N12), 1.648 (P2-N21), and
1.662 (P2-N22) for 55 and, 1.65 (P1-N11) and 1.63 (P2-N21) for 56. This
observation gives some insight into the role of an amino group on a
phosphenium phosphorus (vide infra). For nitrogen atoms both in phos-
phenium and phosphite ligands, as well as phosphenium phosphorus atoms,
trigonal-planar geometry is observed.

C. M-P(Phosphenium) Bond Nature

With transition-metal free cationic phosphenium, an amino substituent is
known to stabilize the cation. Theoretical studies*® " support the existence
of conjugation involving the nitrogen lone pairs and the vacant phosphorus
p orbital, and estimate that the N-PT—N lone pair conjugation in
[P(NH,),] " contributes 68.1 kcal/mol.*’

With a cationic phosphenium complex of a transition metal, t-donation
from the transition metal to phosphenium phosphorus is also conceivable.
A cationic phosphenium complex can be described in the resonance forms
shown in Scheme 6. 58 corresponds to a complex where a plus charge is
located on the phosphorus and a phosphenium cation coordinates to a
transition metal through its lone pair. Thus, the bond between M and P
in 58 can be seen as a dative bond. If a sufficient electron density flows from
the filled d orbital of a transition metal into the vacant p orbital on the
phosphorus, the plus charge would be located on a transition metal and
the M—P bond would become a double bond (57). The n-clectron donation

ke i i

Y Y Y +
+
|\L—_P< M<—P< M<—P< M<—p</
X X \(+ X
57 58 59 60

SCHEME 6
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to the empty p orbital of the phosphorus may occur not only from M but
also from the two other substituents on the phosphorus (X and Y). These
features are depicted in 59 and 60.

The results of X-ray structures mentioned above show that the P-N
bond lengths are longer than those of transition-metal free phosphenium,
such as [P(N'Pr,),][AICL] (1.613 A). Therefore, n-donation as depicted in
59 and 60 may not be dominant, in other words, n-back donation from
a transition metal (57) may be the dominant contribution.

Systematic study on the influence of these substituents on the stability of
cationic phosphenium complexes for [(bpy)(CO);sM{PXY}]" revealed that
the stability increases upon going to a heavier congener in terms of the
transition metal, with increasing the number of amino substituents on the
phosphorus, and with adding an ethylene bridge between X and Y.*’

An amino substituent on the phosphenium phosphorus makes cationic
phosphenium complexes stable, but the m-donation from an amino
substituent is only a minor contribution. So what is the role of an amino
substituent? The role may be, as is proposed for Arduengo carbene, to
protect the approach of a nucleophile to phosphenium phosphorus by high
pr lone pair density flanking the phosphenium center.>

Vi
THEORETICAL APPROACH TO CATIONIC
PHOSPHENIUM COMPLEXES

A. General Considerations

Theoretical description of cationic phosphenium complexes has been
reported in only a few papers. A simple representation is shown in Fig. 2
with diaminophosphenium and a 16e-MLs fragment.® There are two main
interactions; an interaction of the phosphenium HOMO (lone pair) with
the metal LUMO and that of the phosphenium LUMO with one of the
occupied d orbitals. The former constitutes a dative bond from P to M, and
the latter a n-back donation from M to P.

B. Theoretical Studies for [(bpy)(CO)sM(phosphenium)]*

More precise ab initio MO studies were reported for [(bpy)-
(CO);M{P(NMeCH,),}]" (M = Mo, W).”! The HOMO of the mer isomer
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s A

LsM P(NHz),"

FI1G. 2. Frontier orbital interactions between 16e-LsM and a diaminophosphenium cation.

FI1G. 3. HOMO of mer-[(bpy)(CO);Mo{P(NMeCH-),}]".

of Mo is shown in Fig. 3, which corresponds to n-back donation from a
filled d orbital of Mo to an empty p orbital of P. The ab initio calculation
demonstrated that a phosphenium ligand has strong m-electron acceptor
character, stronger than that of a CO ligand. A comparison between the
optimized geometry of a free phosphenium and that of a transition-metal-
bound phosphenium also shows strong m-back donation from M to P.
The P-N distances in fac and mer isomers are almost the same (1.637-1.648
A), but are considerably longer than that for the metal-free phosphenium
(1.604 A). This indicates that a phosphenium ligand gets m-donation
predominantly from a transition metal and little from amino substituents.
This is also demonstrated by Mulliken charge analysis. The charges assigned
to N in the phosphenium complex are almost the same (ca. —0.41) regardless
of the geometric isomers (fac, mer), or the kind of transition metals (Mo, W),
but the charge assigned to N in a free phosphenium is more positive



132 HIROSHI NAKAZAWA

TABLE V
ELECTRON POPULATIONS IN ©-ORBITAL ON THE
PHOSPHENIUM RING IN [(bpy)(CO)3sMo{P(NMeCH>),}]"
AND IN A FREE PHOSPHENIUM

Atom Fac-isomer Mer-isomer Metal-free
P 0.712 0.728 0.542
N 1.782 1.787 1.685

(ca. —0.35). Electron populations in m-orbitals on the phosphenium ring in
the Mo phosphenium complex and those in metal-free phosphenium are
shown in Table V. Less population on the N atom in the free ligand than in
the complex means more electron transfer from N to P in the former than
the latter. More population on the P atom in the complexes (0.712 for the
fac isomer, 0.728 for the mer isomer) than in metal-free phosphenium
(0.542) corresponds to m-back donation from the central metal.

C. Theoretical Studies for [Cp(CO)(ER3z)Fe(phosphenium)]™

One of the characteristic reactions of cationic phosphenium complexes
of transition metals is exhibited by a series of [Cp(CO)(ERj)Fe{P-
(NMeCH,),}]*. This is shown in Scheme 5; for ER; = CHs, 1,2-methyl
migration from Fe to P, for ER; = SiMes, GeMes no migration, and for
ER3; = SnMejs, [,3-methyl migration from Sn to P. A DFT calculation
has been done for the model complex, [Cp(CO)EH,R)Fe{P(NHCH,),}]*
(E = C, Si, Sn; R = H, CH3).>?

Figure 4 shows the energy diagram in kcal/mol for the 1,2-migration
of the CH;3 group and the optimized structures. The 1,2-migration for
61 proceeds with the formation of a three-centered transition state (62)
with a very small activation barrier of 1.3 kcal/mol. The transition state
62 leads to the formation of 63 where Fe---HC agostic interaction is
detected. Although the 1,2-migration is complete at this stage, this complex
further rearranges via transition state 64 to a more stable species 65,
wherein one of the nitrogen lone pair coordinates to the Fe atom. Totally,
the 1,2-migration of the CH; group is 14.4 kcal/mol exothermic, and the
activation energy is 3.6 kcal/mol. Since the energy is small, the CHj
migration is quite easy.

On the other hand, the SnH; 1,2-migration adopts a one-step mechanism
without an intermediate (66— 67 — 68) (Fig. 5). The energy profiles
demonstrate a much higher activation barrier of 19.2 kcal/mol. A similar
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FIG. 4. Energy diagram (kcal/mol) of 1,2-migration of CHj in the iron complex having methyl
and phosphenium ligands.

Sn

F1G. 5. Energy diagram (kcal/mol) of 1,2-migration of SnHj in the iron complex having stannyl
and phosphenium ligands.
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0.05 0.32 0.32

CH3 S|H3 San
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F1G. 6. Mulliken charge distribution where [Fe] and [P] stand for Cp(CO)Fe and P(NHCH,),,
respectively.

energy profile is obtained for SiH; migration with a 15.0 kcal/mol activation
barrier. Endothermicity may results in large activation energies.

The 1,2-migration of methyl from Fe to P is highly favorable due to
an exothermic reaction and the very small activation energy, whereas the
1,2-migrations of silyl and stannyl are endothermic and have relatively
large activation energy. Theoretical studies have pointed out the following
three reasons. (i) The Fe-EH; bond energy (kcal/mol) is in the order
Fe-CH; (31.8) <Fe-SnH; (36.3) <Fe-SiH; (41.7). The Fe—C bond that
is broken in the reactant is weaker than the Fe—Si and Fe—Sn bonds. (ii) The
P-EH; bond energy (kcal/mol) is in the order P-CHj; (93.7)>P-SiH;
(81.49) > P-SnH; (72.1). The P—C bond that is formed in the product is
stronger than the P-Si and P—Sn bonds. (iii) The Mulliken charges are
depicted in Fig. 6. The CH; group shows a very small positive charge
compared to SiH; and SnHj, suggesting that the Coulombic repulsion
between the migrating group and the phosphenium moiety is a minimum
in the CH; migration.

In 1,3-methyl migrations for [Cp(CO)(SnH,CH;)Fe{P(NHCH,),]",
the energy diagram (69 — 70 — 71) in kcal/mol and the optimized structures
are shown in Fig. 7. The migration takes place through 70. The energy
barrier was estimated to be 32.7 kcal/mol. Similar energy diagrams were
obtained with higher energies (42.7 kcal/mol) for the SiH,CH; complex and
51.7 kcal/mol for the CH,CH; complex. These relatively high activation
energies suggest that these reactions are quite unlikely to occur. Among
them a moderate barrier of 32.7 kcal/mol for the 1,3-methyl migration from
SnH, shows the possibility of this reaction, which is consistent with the
experimental results.

In the 1,3-methyl migrations, essentially C—CHj;, Si—-CHj3, and Sn—CHj
bonds are broken. These bond energies (kcal/mol) are in the order C—CHj
(90.4) > Si—CH; (86.6) > Sn—CHj3; (69.9). During the course of the 1,3-methyl
migrations, the Fe—C, Fe-Si, and Fe-Sn bonds become stronger Fe=C,
Fe=Si, and Fe=Sn bonds by 45, 40, and 34 kcal/mol, respectively. The
Coulombic factors are almost the same for these three reactions.
Therefore, if only the Fe=E bond formation energies are considered, the
migration from CH, would be the most exothermic. However, concerning
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Fi1G. 7. Energy diagram (kcal/mol) of 1,3-migration of CH; from SnH, to phosphenium P in
iron complex.

FiG. 8. Energy diagram (kcal/mol) of H,O-mediated 1,3-migration of CHj; from SnH, to
phosphenium P in iron complex.

the bonds (E—C) to be broken, the Sn—C bond is weaker than the C—C and
Si—C bond by 20 and 17 kcal/mol, respectively. The large difference indicates
that because of the weak Sn—C bond, methyl migration from SnH, is the
least endothermic.

If the calculation is conducted in the presence of water as a simple base,
the methyl 1,3-migration from Sn becomes exothermic and the activation
energies are reduced by the coordination of water oxygen to the hetero
atoms (72 — 73 — 74) (Fig. 8).



136 HIROSHI NAKAZAWA

Vil
COMPARISON BETWEEN CATIONIC PHOSPHENIUM COMPLEXES
AND SILYLENE COMPLEXES

A. General Considerations

As mentioned above, cationic phosphenium is isoelectronic with carbene,
silylene, germylene, stannylene, and plumbylene, because the central element
has lone pair electrons and a vacant p orbital as well as two substituents.
Therefore, their transition metal complexes have attracted considerable
attention. It might be of special interest to compare cationic phosphenium
complexes with silylene complexes because phosphorus and silicon are both
situated in the third row of the periodic table.

B. Base Stabilized Complexes

A cationic phosphenium complex has positive charge. It has been
estimated that the positive charge is located on the phosphorus atom to
considerable extent and that the central metal is electronically neutral or
slightly negative.”'*>> With regard to silylene complexes, strong M+ = Si®~
polarization has been reported.’*>* Therefore, these species are expected to
form an adduct with a 2e-donor base such as an amine or ether [Eq. (24)].

base

M=—=E—_ (24)

M—E + base
AN

All cationic phosphenium complexes reported to date are base-free
species. In contrast, silylene complexes tend to be stabilized by forming
base adducts. Most silylene complexes are base-stabilized species™ >’
and base-free silylene complexes are still rare.”” ®* Typical examples
are shown in Scheme 7. A phosphite—phosphenium complex exists in a
solid state and even in solution, and does not take an OMe bridging form
between the two P atoms,** whereas a silyl-silylene complex is not detected,
but exists as an OMe bridging form between the two Si atoms.®

There are two plausible reasons explaining the difference. One is based
on the difference in the substituents on the heteroatom. The substituents
on a silylene ligand are alkyl and/or aryl groups, whereas those on a
cationic phosphenium ligand are amino and/or alkoxy groups. Hetero
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atoms may provide some electron density into the empty p orbital of
phosphenium phosphorus. This would not lead to base-stabilized
phosphenium complex formation. The other is the inherent character of
P and Si. The real reason is not clear now, but should be an interesting
point for further study.

C. 1,2-Alkyl Migration (Scheme 8)

1,2-Alkyl migration from a transition metal to phosphenium P has been
demonstrated experimentally,?® >*3>37 and calculation studies for an iron
complex showed that it is exothermic by 14.4 kcal/mol with an activation
energy of 3.6 kcal/mol.”> Examples of 1,2-alkyl migration from a transition
metal to silylene Si are still rare.°® > An MO calculation for the migration in
Eq. (25) shows exothermicity by 22.4 kcal/mol and 3.8 kcal/mol of
activation energy.®

B 1 amon P

E >Ir< 3 [SI\"¢SIH(CH3)2 (25)
ﬁ | CHg ’ p/[
2 PH, Ha gy,

With 1,2-alkyl (or aryl) migration from a coordinating phosphorus
compound to a transition metal, some examples’® > and theoretical
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studies’® have been reported. In contrast, the 1,2-alkyl migration from a
silyl ligand to a transition metal is quite rare.”*”>

D. 1,2-Silyl Migration (Scheme 9)

Cationic phosphenium complexes of Fe and Ru, [Cp(CO)(SiMes)-
M{P(NMeCH,),}] ", are stable unless exposed to air, and do not show
1,2-silyl migration from M to P.***** The reverse reaction, that is, silyl
migration from P to M has not been reported to date. 1,2-Silyl migration
from M to silylene Si is postulated.”® In contrast, there are many reports
of 1,2-silyl migration from Si to M.”***7® This reaction has been used
to prepare silylene complexes.

E. 1,3-Alkyl Migration (Scheme 10)

1,3-Alkyl migration from a silyl ligand to phosphenium P is
demonstrated not to be feasible.> In contrast, 1,3-alkyl migration from a
silyl ligand to silylene Si is widely known because it is involved in scrambling
of substituents on silanes through silyl(silylene) complexes.”***’® An energy
diagram for 1,3-methyl migration from Si to phosphenium P and silylene
Si is shown in Fig. 9. The activation energy for the migration to P is more
than 3 times larger than that for the migration to Si.

There are three more 1,3-migrations which should be noted. One is
1,3-OR, -SEt, and -NR, migration from a tertiary phosphine to phosphenium
P (from 32 to 31 in Scheme 1).>* Another one is 1,3-alkyl migration from
a stannyl ligand to phosphenium P (from 36 to 39 in Scheme 2).?%2%34-36-48
In this reaction, a phosphenium complex is converted into a stannylene
complex. This reaction corresponds to migration of a double bond from
M=P to M=Sn. The last one is 1,3-alkoxy migration from a phosphite
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Fi1G. 9. Energy diagram (kcal/mol) of 1,3-migration of CHj from SiH, to phosphenium and
silylene in iron complex.
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1,3-alkoxy migration from a phosphite
ligand to silylene Si
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ligand to a silylene ligand (Scheme 11).”® The photo-reaction of
Fe(CO)4{P(OEt);} with HSi(NMe,); has been reported to yield
Fe(CO);{P(OEt)(NMe,),}{Si(OEt), - NHMe,}. It has been proposed that
OEt migration from phosphite to silylene Si is involved.

Vi
CONCLUDING REMARKS

Since the first transition metal complex with a cationic phosphenium
ligand was reported in 1978, about a quarter of century has passed. More
than 70 phosphenium complexes have been synthesized and characterized,
and their spectroscopic data as well as X-ray structures demonstrated
that there is considerable double bond character between a transition
metal and a phosphenium phosphorus. Some interesting reactivities
have been observed involving 1,3-OR, -SR, and -NR, migration from
a tertiary phosphorus ligand to phosphenium P, 1,2-alkyl migration from a
transition metal to phosphenium P, and 1,3-alkyl migration from a stannyl
ligand to phosphenium P. Some theoretical considerations have also been
reported. Although considerable knowledge of phosphenium complexes
has accumulated, there are many unanswered questions. Investigation on
reactivity of phosphenium complexes with various reagents involving
heteroatom(s) remains to be done. Moreover, based on understandings
described here, an effort should be made to find reaction systems where
phosphenium complexes are involved in catalytic cycles.
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|
INTRODUCTION

Si—-C bond-forming reactions are the foundation of organosilicon
chemistry and the silicone industry. Even though silicon (26%) is the
second most abundant element after oxygen (49.5%) in the earth’s crust, it is
found in the form of silica and silicate minerals because of the high Si-O
bond strength of 108 kcal/mol.'® There is little evidence that organosilicon
compounds occur in nature. Organosilicon compounds are manmade
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materials and have to be synthesized. The development of methodologies for
forming Si—-C bonds started in the 19th century.'™ Historically, the
alkylation of chlorosilanes using a variety of organometallic reagents such as
organomagnesium halides,” organozinc, organomercury, organolithium,
organosodium, organopotassium reagents, etc.® has been widely used for
the preparation of organosilicon compounds in the laboratory since Friedel
and Crafts reported the reaction of tetrachlorosilane with ethyl zinc to
afford tetraethylsilane as the first Si-C coupling product in 1863 [Eq. (1)].'®

2 ZH(C2H5)2 + SIC]4 — SI(C2H5)4 +2 ZI’IC]2 (1)

Important advances in the synthesis of organosilicon compounds were
made by F. S. Kipping who used Grignard reagents to replace chlorine
groups on the silicon atom with hydrocarbon substituents (Eq. 2).> While
his work provided a basis for the modern chemistry of organosilanes,
the Grignard reaction is not a good synthetic method for large scale
production of simple organosilanes useful to the silicone industry, because it
requires flammable ether solvents and it is difficult to isolate the major
product from byproducts and salts formed during the reaction.

—%i-CI + R-Mg-X

In 1940, E. G. Rochow discovered the direct reaction of elemental silicon
with simple organic chlorides such as methyl chloride in the presence of
copper catalyst to give methychlorosilanes. Since that discovery, the direct
synthesis of organochlorosilanes from elemental silicon and organic
chlorides has been intensively studied and the reaction has become the
most widely used basic technique for the synthesis of simple organosilicon
chlorides.* ® Subsequently, the hydrosilylation of unsaturated molecules
with hydrosilanes” '" was developed and is also now of considerable
industrial significance. Two new methods for organic substituents
introduction to silicon have been recently developed and are expected to
become commercially important processes. New methods for organic
substituent-introducing to silicon atom recently developed are the
dehydrochlorinative Si—-C coupling reaction of alkyl halides'*!® with
hydrochlorosilanes and the double silylation of olefins with hydrosilanes'*
in the presence of organophosphonium salt as catalyst. By this catalytic
coupling reaction, a wide variety of silyl-functionalized compounds may be
prepared easily and in good yields.

Today’s silicone industry is based on the direct reaction, which does not
require a preformed organometallic reagent and a flammable solvent and

—%i-R + MgXCl 2)
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does not generate large quantities of metal halide. About 90% of the starting
materials for the silicone industry are prepared by the direct reaction and the
other portion by hydrosilylation reactions. Methylchlorosilanes, in particular
dimethyldichlorosilane, the most important starting materials for the
production of silicones, are produced by the direct reaction of elemental
silicon with methyl chloride (Eq. 3).* Besides methyl chloride, the direct
reaction of simple organic halides such as phenyl chloride and vinyl chloride
has been also practiced on a large scale in industry.’

2CHCl + §i —CYe (CHy),SICly 3)

Although the direct reaction of elemental silicon with methyl chloride
shown in Eq. (3) looks simple, it is a complicated reaction and gives many
kinds of byproducts.”® The yield of methylchlorosilane obtained from the
direct reaction varies, and depends upon the reaction conditions such as
temperature, pressure, flow rate of reactants, and other processing
conditions including particle size and impurities of elemental silicon,
catalyst, promoter, reactor type, etc.’

The direct reaction of elemental silicon with methyl chloride is usually
carried out at around 300°C to give 90% selectivity for dimethyldichloro-
silane, while the carbon (sp*-orbital)—chlorine bonds of chlorobenzene and
vinyl chloride require more severe process conditions due to their lesser
reactivity.” The selectivity of diorganosilicon dichlorides from these
reactions are lower than that of dimethyldichlorosilane due to the
decomposition of the starting materials at the higher reaction temperatures.
For the direct reaction of chlorobenzene, silver is known as a superior
catalyst to copper.”* Although many organic halides have been applied for
the syntheses of organochlorosilanes, alkyl chlorides other than methyl,
phenyl, and vinyl chloride have not been used on a large scale in industry
due to side reactions and low yields.”®

Activated organic chlorides such as allyl choloride,'> benzyl chloride,'®
polychloromethanes (methylene chloride'”"'® and chloroform'?) have also
been studied for the direct reaction with elemental silicon. As expected from
their molecular structures having activation groups such as vinyl, phenyl,
and chlorine next to the C—Cl bond, they are more reactive than methyl
chloride, and react at lower temperatures. However, they undergo side
reactions such as the elimination of hydrogen chloride, and give very poor
yields. Carbon deposition resulting from decomposition and the production
of polymeric products from the reaction of polychloromethanes on the
surfaces of the silicon and copper catalysts deactivate the catalysts, resulting
in loss of reactivity.”®
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Recently, it has been reported that organochlorosilanes having Si—C-Si
linkages can be sucessfully synthesized by the direct reaction of elemental
silicon with (chloromethyl)silanes®® and with mixtures of (chloromethyl)
silanes®’ or organic polychlorides* *> and excess hydrogen chloride.
Hydrogen chloride-incorporated reactions of elemental silicon and activated
alkyl chlorides***’ afford H-Si group(s)-containing chlorosilanes in rela-
tively good yields. In such direct reactions, the decomposition of starting
materials is suppressed and the deactivation problem of solid reactants due
to polymer production was avoided.

Thousands of papers and patents have appeared on the direct synthesis
of organochlorosilanes since 1940 when Rochow reported the direct
reaction.” These results are comprehensively accounted for in a number of earlier
reviews and books.®> ® The purpose of this review is to describe the recent
developing trend of the direct reaction of elemental silicon with activated
or unactivated alkyl chlorides, in particular, emphasizing direct reactions
with a mixture of hydrogen chloride and activated alkyl chlorides such
as polychlorinated methanes, silylmethyl chlorides and dichlorides, allyl
chloride, etc.

I
DIRECT REACTION OF ELEMENTAL SILICON WITH
ALKYL CHLORIDES

A. Reaction with Methyl Chloride and its Mechanism

Among the direct reactions of elemental silicon with a variety of alkyl
chlorides, the reaction with methyl chloride has been intensively studied and
utilized in both the laboratory and industry.*”® The distribution of
methylchlorosilane products resulting from the direct reaction largely
depends on the catalysts used, which are mostly transition metals.
For example, dimethyldichlorosilane is obtained as the major product
from the reaction using copper'’® or iron®® catalysts, while methyldi-
chlorosilane is the major product with lead catalyst,” and methyltrichlor-
osilane with tin catalyst,”” and trimethylchlorosilane with calcium catalyst.”®
In particular, the direct reaction using methyl chloride in the presence of
copper for selective dimethyldichlorosilane formation’>® has been well-
studied and has led to an understanding of the direct reaction mechanism
of alkyl halides.”®

The direct reaction of elemental silicon with methyl chloride in the
presence of copper affords dimethyldichlorosilane as the major product
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along with other methylchlorosilanes (Me,SiCl,_,, n=1, 3) and a variety
of other silanes (Eq. 4): other monosilanes include Me,Si, hydrogen-
containing chlorosilanes such as Me,SiHCI, MeSiHCl,, H,SiHCl,_,, (n=0,
1, 2), and R,SiCl,_, (R > CHj).'®?!

CHs CH3 CHy
. Cu ; L. T
CHy—Cl + 8i == CI=Si=Cl + CH3-Si—Cl + CI-Si—CI + others (4)
CH, CHy cl

main product

In addition to such monosilanes, many other higher molecular-weight
compounds are also produced: disilanes (Cl;_,,Me,,SiSiMe,Cl5_,;: m=3, 2,
1, 0; n=3, 2, 1, 0), silaalkanes [(Me,SiCl;_,),,CHy4_,,, (SiCH,CH,Si)
Me,Cls_,, and Me,(SiCH,SiCH,Si)Clg_,], siloxanes (Me,HSiOSiHMe,,
Me,Clg_,.Si>0), some hydrocarbons (CHy4, CoHg, C-H,), and H,® indicating
that it is a complex process. The composition of the products largely
depends on reaction conditions such as the reaction temperature, catalyst,
promoters, etc. Compounds containing two or more silicon atoms have
high boiling points with high molecular weights. The disilane fraction
can be converted to useful methylchlorosilanes by further reaction with HCI,
Cl,, alkyl chloride, ete. /83233

Many studies on the direct reaction of methyl chloride with silicon—
copper contact mass and other metal promoters added to the silicon—copper
contact mass have focused on the reaction mechanisms.”* The reaction rate
and the selectivity for dimethyldichlorosilane in this direct synthesis are
influenced by metal additives, known as promoters, in low concentration.
Aluminum, antimony, arsenic, bismuth, mercury, phosphorus, phosphine
compounds®® and their metal complexes,’>*® Zinc,’” " tin®**° etc. are
known to have beneficial effects as promoters for dimethyldichlorosilane
formation.”®* Promoters are not themselves good catalysts for the direct
reaction at temperatures < 350 °C.,%® but require the presence of copper to
be effective. When zinc metal or zinc compounds (0.03-0.75 wt%) were
added to silicon—copper contact mass, the reaction rate was potentiated and
the selectivity of dimethyldichlorosilane was enhanced further.** These
materials are described as structural promoters because they alter the
surface enrichment of silicon, increase the electron density of the surface of
the catalyst modify the crystal structure of the copper—silicon solid phase,
and affect the absorption of methyl chloride on the catalyst surface and
the activation energy for the formation of dimethyldichlorosilane.*®*"
Cadmium is also a structural promoter for this reaction, but cadmium
presents serious toxicity problems in industrial use on a large scale.*'**
Other metals such as arsenic, mercury, ctc. are also restricted because of
such toxicity problems. In the direct reaction of methyl chloride, tin in
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combination with zinc is also known to be a good promoter. Tin is termed a
textural promoter, since it is effective in enhancing the reaction rate and
selectivity for dimethyldichlorosilane only in combination with opti-
mum content of zinc.>® ** Lead is a potent inhibitor in the direct reaction,
and thus preferably kept below 0.005 wt% in elemental silicon materials.”**

The study of the mechanism for the heterogeneous reaction between
a gas (methyl chloride) and a solid (silicon—copper phase) consisting
of two different elements and involving several phases is fraught
with difficulties.®** > Obviously, the initial reaction must occur on the
surface of the silicon—copper catalyst. In order to understand hetero-
geneous catalysis, a good understanding of the surface nature of the
silicon—copper phase is required. Many reports dealing with the analysis of
the silicon—copper surface formed during the reaction with methyl
chloride'®7-3%-335¢ have been published and have led to a great under-
standing of the physicochemical events leading to the formation of
dimethyldichlorosilane and other products as well. It has been proposed
by many researchers that methylchlorosilylene (MeCISi:) or silylenoid
intermediates are formed by the chemisorption of methyl chloride on
the copper-activated silicon surface.”%°%°"3® The desorption of this
silylene intermediate MeClSi: provides insight into the reaction mechanism
because dimethyldichlorosilane can selectively be formed by the reaction
of absorbed MeCl with adsorbed MeCISi: as required by Langmuir-
Hinshelwood kinetics.”®°%>7 Lewis’ and Falconer’”*® provided strong
evidence that the direct reaction of elemental silicon with CH;Cl in the
presence of copper catalyst proceeds by way of surface-confined
silylenes: CH;CISi: as the (CH3),SiCl, precursor and Cl,Si: as the precursor
for CH3SiCl;, with all other organosilicon products except (CHjz)4Si
originating from silylene intermediates. Key experimental support was
provided by trapping experiments in which a desorbed species of mass
78 (CHsCISi:) was identified wusing mass spectrometry following
CH;Cl  chemisorption on silicon-enriched surfaces of a silicon—
copper catalyst.” Lewis er al. proposed that an intermediate such as
MeCISi: behaves like a silylene, generated in the gas phase, and inserts
into the carbon—chlorine bond of adsorbed methyl chloride to give
dimethyldichlorosilane (Scheme 1).7-%-¢°

The formation of other monomeric methylchlorosilanes can be explained
by the insertion of the corresponding divalent silicon species (silylenes) such
as CL,Si:, CIHSi:, Me,Si:, MeHSi:, and etc. into C-CI or H-CI bonds
(Scheme 1).”°""7* The formation energies of silylenes calculated by Bell et al.
increase as follows: Cl,Si: (—39.95 kcal/mol) < CH;CISi: (—13.59 kcal/mol)
< CIHSI: (9.6 kcal/mol) < Me,Si: (16.3 kcal/mol) < MeHSi: (35.8 kcal/mol).”
Thus, the stabilities of such silylenes, generated from the direct reaction of
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Cl—CHj
Cut it
-Cu

cut—si® + CHyCl —=

, H
CHgSiH,Cl «——2— [cHyeisi] -HE, o psicl,

lcn—bcr
(CH3),SiCl,
Cut—si + X'—x2 —>{:Six1xz] HCI HsicIX X2
X', X = Me, H, Cl jCH3CI
CH3SiCIX X2

ScHEME 1. Silylene insertion reaction leading to the formation of methylchlorosilanes.

elemental silicon with methyl chloride in the presence of copper, decrease
in the following order: Cl,Si: > HCISi: > (CH;),Si: > CH;HSi:.”””® From
the standpoint of efficient production of methylchlorosilanes, many studies
have been carried out in industry.’***™* 77 In the formation of
dimethyldichlorosilane, the observation of CH;CISi: as a surface
intermediate indicates that the rate-determing step of the direct reaction is
its insertion into a C—Cl bond.

B. Reaction with Long-Chained Alkyl Chlorides

It is well-known that the direct processes for the synthesis of
methylchlorosilanes and phenylchlorosilanes operate primarily on a
large scale.””® Mikhaylov er al., reported that ethylchlorosilanes are also
manufactured in the Soviet Union,”® but the total production capacities of
ethylchlorosilanes and ethylsilicones in the Soviet Union are unknown.
The reaction of longer chain n-alkyl chlorides with elemental silicon gives
alkylchlorosilanes in low yields due to the cracking and decomposition of
the starting alkyl chlorides.”” Under direct reaction conditions, those alkyl
chlorides undergo dehydrochlorination reactions on the surface of silicon—
copper contact mass to afford hydrogen chloride and alkene. It is well
known that long-chain alkyl chlorides having hydrogen B to the C-Cl
bond easily undergo B-elimination reactions during the direct reaction to
give HCI and alkenes.*™®' The hydrogen chloride formed participates
simultaneously in the direct reaction to produce alkyldichlorosilanes having
Si—H bonds.

In specific reaction conditions, formation of alkyldichlorosilanes with
very high selectivity is observed from the reaction of elemental silicon with
alkyl chlorides. For example, when a gasecous mixture of n-propyl chloride
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and helium (inert gas) were fed in flow rates of 5 and 10 mmol/h into a
reactor®” charged with elemental silicon (7.1 mmol) and Cu(I)CI (10 wt%) as
a catalyst at 300 °C for S h, 2% of the silicon reactant was consumed to give
n-propyldichlorosilane in 98% selectivity (Eq. 5).%

/CI
~—"6i + \/ +  Others (5)
/" H
Cl

Cu

\/\CI + Si

Under these reaction conditions, n-propyl chloride hardly decomposed to
form propylene and hydrogen chloride with the amount of propylene being
formed at a rate below 0.2 mmol/h. This probably accounts for the low
silicon conversion, because hydrogen chloride is necessary for the formation
of propyldichlorosilane.

When iso-propyl chloride was used instead of n-propyl chloride under the
same reaction conditions as above, iso-propyldichlorosilane and other low
boiling compounds were obtained (Eq. 6).

Cl
>—c| + s Sy, Si—H + ~uF + Others (6)

This reaction showed a greater reactivity than that involving n-propyl
chloride. In a 5 h reaction period, iso-propyldichlorosilane in 85% selec-
tivity was obtained with 86% consumption of elemental silicon.®* In
addition to iso-propyldichlorosilane, other products included isopropyltri-
chlorosilane, trichlorosilane, and dichlorosilane as minor components.
These results indicate that the decomposition of isopropyl chloride to
propylene and hydrogen chloride occurred. It seems likely that the hydrogen
chloride reacted with elemental silicon to form the silicon—hydrogen bond
containing intermediate, chlorosilylene (CIHSi:), followed by an insertion
reaction with isopropyl chloride to give the iso-propyldichlorosilane
product.

When reactions with n-, sec-, iso-, and tert-butyl chlorides were carried
out under the same conditions for the n-propyl chloride reaction,
butyldichlorosilanes were obtained as major products as observed in the
analogous reactions of propyl chlorides. It has been reported that butyl
chlorides undergo addition reactions to silylene intermediates to give the
corresponding butylchlorosilane products.®® ’? Butene formation involving
a zwitterion intermediate was proposed by Ishikawa ez al. The tendency of
alkyl chlorides to decompose to alkene and hydrogen chloride decreases
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in the following order: tert- > sec- > n-alkyl chloride. The o,B-hydrogen
chloride elimination of various alkyl chlorides on a copper catalyst has
been reported.®*®! The sec- and ters-butyl chlorides were more easily
decomposed than n-butyl chloride to produce butenes and hydrogen
chloride.

The decomposition rates of butyl chlorides decreased in the following
order: tert > sec > n-butyl chloride. It is highly plausible that the formation
of butene is caused by both the decomposition of butyl chloride over the
copper surface and by the decomposition of zwitterion intermediate
formed by the reaction of silylene on the surface of the silicon—copper
contact mass with butyl chloride.*>®' From the reaction with n-butyl
chloride, sec-butyldichlorosilane is also obtained as a minor product along
with n-butylchlorosilanes.®

The formation of sec-butyldichlorosilane can be explained by the
reaction of elemental silicon with hydrogen chloride followed by insertion
to 1-/2-butene resulting from the decomposition of n-butyl chloride, or by
the reaction of elemental silicon with a gaseous mixture of hydrogen
chloride and sec-butyl chloride formed by isomerization of n-butyl chloride
under the direct reaction conditions. These results suggest that alkyldi-
chlorosilane can be obtained both by the reaction of elemental silicon
with a gaseous mixture of hydrogen chloride and alkyl chloride, and by
the reaction of elemental silicon with a gaseous mixture of hydrogen
chloride and alkene.®

In the direct reaction of cyclopentyl chloride using a stirred reactor
equipped with a spiral band agitator (Fig. 1), cyclopentyl chloride was fed to
the reactor containing the contact mass of elemental silicon (360 g) and Cu
catalyst (40 g)/NiCly(dppb: 1,4-bis(diphenylphosphino)butane) promoter
(0.7 g) at 260°C to afford the corresponding cyclopentyl-containing
chlorosilanes, cyclopentyldichlorosilane (21%) and cyclopentyltrichlorosi-
lane (1%), along with cyclopentene (61%) (Eq. 7).%

QCI v s Su, + + @ + others  (7)
CI—Si—Cl  Cl—Si—Cl

H Cl

The main product, cyclopentyldichlorosilane, can be explained by
the reaction of one equivalent of silicon with one equivalent of
cyclopentyl chloride and hydrogen chloride. The hydrogen chloride used
for the reaction should have been formed by the decomposition of
cyclopentyl chloride.
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In this reaction, the decomposition of cyclopentyl chloride reactant
was higher at 240°C than at 260°C. At higher reaction temperatures
ranging from 280 to 300°C, the total amounts of both cyclopentyl-
containing chlorosilanes were similar to those at 260 °C, but the amount of
cyclopentyltrichlorosilane increased slightly at higher temperatures. In this
reaction, NiCly(dppb) was a good promoter for the preparation of
cyclopentyldichlorosilane. This trend suggests that the optimum reaction
temperature is 260 °C.
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C. Reaction with a Gaseous Mixture of Long-Chained Alky!
Chlorides and Hydrogen Chloride

As described above, long-chain alkyl chlorides undergo o,B-elimination
to give hydrogen chloride and alkene at the direct reaction temperature
(=300°C). To increase the yield of alkylchlorosilanes from the direct
reaction of elemental silicon with long-chain alkyl chlorides, this cleavage
reaction must be suppressed. External addition of hydrogen chloride gas
to the alkyl chloride reactants is expected to reduce the decomposition of
long-chain alkyl chlorides. The effect of hydrogen chloride addition was
studied using a stirred reactor equipped with a spiral band agitator
(as shown in Fig. 1) at various reaction temperatures.’

As a mixture of iso-propyl chloride and hydrogen chloride was fed to
a reactor containing the contact mass of elemental silicon (360 g) and
Cu catalyst (40 g), iso-propyldichlorosilane was obtained as the major
product along with iso-propyltrichlorosilane as a minor product (Eq. 8).%

Y . Cu

& *HCL + Si ——> CI—Si—Cl + ClI—§i—Cl * Others ®)
3 [}
H cl

Other products were trichlorosilane and tetrechlorosilane, produced from
the reaction of elemental silicon and hydrogen chloride. The formation
of iso-propyldichlorosilane can be explained by the reaction of one
equivalent of silicon with each equivalent of iso-propylchloride and
hydrogen chloride.

At various temperatures ranging from 200 to 300 °C, iso-propyldichloro-
silane was obtained in the highest yield at 220°C, but decreased as
the reaction temperature increased due to the decomposition of iso-propyl
chloride. Under these reaction conditions, the yield of iso-propyldichloro-
silane was higher compared to those obtained from the direct reaction
without hydrogen chloride addition, indicating that the decomposition
of iso-propyl chloride was suppressed as expected. The yields
generally increased with increased ratios of hydrogen chloride to iso-propyl
chloride.

The reaction of elemental silicon with a 1:2.5 mixture of iso-propyl
chloride and hydrogen chloride using 0.17 wt% NiCl,(dppb) as a promoter
at 220°C gave iso-propyldichlorosilane and iso-propyltrichlorosilane in
55 and 2% yields (based on iso-propyl chloride used), respectively. Zinc,
known as a good promoter for the direct reaction of methyl chloride, was
found to be an inhibitor in this reaction in addition to being an accelerator
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of the decomposition of iso-propyl chloride. Tin was also shown to be a
similar inhibitor. In contrast to the inhibiting zinc and tin, NiCly(dppb) was
found to be a good promoter and enhanced both the reactivity and
selectivity for iso-propyldichlorosilane.

In the direct reaction of n-hexyl chloride, a 1:4 gaseous mixture of
n-hexyl chloride and hydrogen chloride reacted with elemental silicon in
the presence of copper/nickel catalyst at 280°C to give the correspond-
ing n-hexyl-containing chlorosilanes, n-hexyldichlorosilane (30%) and
n-hexyltrichlorosilane (11%), along with 1-hexene (22%) (Eq. 9).%

P NG N . Cu
Cl + HCl + 8§ ——

%)
c—si—ci  * crsi—cl ¥ AN~ + Others
H Cl

Unreacted n-hexyl chloride (11%) was recovered. The yield of n-hexyldi-
chlorosilane increased from 14, 28, 30, to 41% as the ratio of hydrogen
chloride/n-hexyl chloride increased from 1, 2, 4 to 8. However, a large excess
of hydrogen chloride should be avoided because it increases the formation
of byproducts such as trichlorosilane and tetrachlorosilane.

In this reaction, NiCly(dppb) was also a good promoter for the
preparation of n-hexyldichlorosilane. fert-Butyl chloride can be used
instead of hydrogen chloride because it easily decomposes to give
off hydrogen chloride. When ¢-butyl chloride was used, higher yields
of n-hexyl containing chlorosilanes were obtained and the reaction using
a 1:4 gaseous mixture of n-hexyl chloride and #-butyl chloride gave
n-hexyldichlorosilane and n-hexyltrichlorosilane in 44 and 9% yields,
respectively.

In the direct reation of cyclopentyl chloride, hydrogen chloride
addition to the cyclopentyl chloride reactant did not have much
effect but gave about the same result as without hydrogen chloride
addition. This may be explained by the rapid decomposition of cyclopentyl
chloride to provide enough hydrogen chloride to produce cyclopentyldi-
chlorosilane.

D. Reaction with Silylmethyl Chlorides

In contrast to long-chain alkyl chlorides, silyl-group substituted
methyl chlorides having no B-hydrogen do not decompose much under
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the direct reaction conditions and react successfully with elemental
silicon in the presence of copper catalyst to afford the Si—C coupled
bis- or trisilaalkanes in good yields. The direct reaction of eclemental
silicon with a wvariety of silylmethyl chlorides 1 [Cl;_,Me,SiCH,CI:
n=0 (a), 1 (b), 2 (¢), 3 (d)] in the presence of copper catalyst using a
stirred reactor equipped with a spiral band agitator (Fig. 1) at
various temperatures gave the corresponding trisilaalkanes 2a-d and
bis-silaalkanes 3a—d.?

The formation of the expected 2,4,6-trisilaalkanes 2 can be explained by
the 2:1 reaction of (chloromethyl)silanes 1 and elemental silicon. The
byproducts, 1,3-disilaalkanes 3, were obtained from the reaction of
(chloromethyl)silane reactant 1 and hydrogen chloride (or chlorine) with
the same silicon atom, as methyldichlorosilane (or methyltrichlorosilane)
was obtained from the methyl chloride reaction. This result indicates that
some of the (chloromethyl)silane reactant decomposed under the reaction
conditions and acted as a chlorine or hydrogen chloride source. In the direct
reaction of (chloromethyl)dimethylchlorosilane (1¢), a significant amount of
starting material was recovered at temperatures below 300°C, but the
reaction went to completion above 320°C. 2,6-Dimethyl-2.4,4,6-tetra-
chloro-2.4,6-trisilaheptane (2¢) was obtained in much higher yields than
3-methyl-1,1,1,3-tetrachloro-1,3-disilabutane (3c) at reaction temperatures
ranging from 280 to 320°C, but the ratio of both compounds reversed
above 340°C.

The highest selectivity (82%) for the product 2c¢ was obtained at the
reaction temperature of 320 °C. This reaction indicates that the amount of
3c increased at higher temperatures because the chlorine produced from the
decomposition of (chloromethyl)silane reactant 1c¢ increased at higher
reaction temperatures. Although zinc is well-known as a good promoter
for the direct reaction of methyl chloride, it was shown to act as an
inhibitor for this reaction. In contrast to zinc addition, cadmium
enhanced the reactivity and selectivity of (chloromethyl)silanes 2 and
was found to be a good promoter for this particular reaction. Other
(chloromethyl)silane reactants such as (chloromethyl)trichlorosilane (1a),
(chloromethyl)methyldichlorosilane (1b), and (chloromethyl)trimethylsilane
(1d) were used for this reaction. The yields and distribution of products
depends on the substituents on the silicon reactants. As the number (n)
of methyl-substituent(s) on the silicon atom of la—d (Cl;_,Me,SiCH,CI:
n=0-3) increases from n=0 to 3, the yields of trisilaalkanes increase
from 2a (51%), 2b (62%), 2¢ (82%), to 2d (88%), respectively, but
those of disilaalkanes generally decrease 3a (14%), 3b (19%), 3¢ (2%),
to 3d (7%) (Eq. 10).%°
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Cl
Cly ,Me,Si—CH,—Cl + Si % c13_nMeHSi—CH2—$1-CH2—SiMenc13_,, +
1a:n=0 Cl
b:n= 2a (51%)
c:n=2 2b (62%)
d:n=3 2c (82%)
2d (88%)
(10)
cl
Cly,Me,Si—CH,~$i-Cl  + Others
Cl
3a (14%)
3b (19%)
3¢ (2%)
3d (7%)

E. Silylmethyl Chlorides and Hydrogen Chloride

Organochlorosilanes having Si-H bond are interesting and useful
starting materials for silicones, because they undergo hydrosilylation
with unsaturated molecules and Si-H/C-Cl exchange reactions. The
direct reaction of elemental silicon with silylmethyl chlorides la-d
having no B-hydrogen generally proceeds to give silaalkane products
in good vyields as described above. It was also described that
external addition of hydrogen chloride to alkyl chlorides supresses the
decomposition of alkyl chloride reactants and gives Si—-H bond containing
products.

The direct reaction of elemental silicon with a 1:3 gaseous mixture of
silylmethyl chlorides 1a—d and hydrogen chloride for the synthesis of Si-H
containing organochlorosilanes [Cl,HSiCH,SiMe,Cly_,,: =0 (4a), n=1
(4b), n=2 (4c), n=3 (4d)] (Eq. 11) has been reported.>' The direct reaction
using a gaseous mixture of (chloromethyl)silanes 1 and hydrogen chloride
in the presence of copper catalyst was carried out using a stirred reactor
equipped with a spiral band agitator (Fig. 1) at various reaction
temperatures. Both 1,3-disilaalkanes 4 containing Si-H bonds and
(silylmethyl)trichlorosilanes 3 were obtained along with trichlorosilane
and tetrachlorosilane. Trichlorosilane and tetrachlorosilane were formed
from the reaction of elemental silicon with the excess hydrogen chloride
used. Compounds 4a—d obtained as major products suggest that the
reactivities of 1 and hydrogen chloride are comparable. In the direct
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reaction of elemental silicon with gaseous mixture of methyl chloride and
hydrogen chloride, the yield of Si-H containing methylchlorosilanes is
usually very low, because of the large reactivity differences between the
two reactants.

In the direct reaction using a mixture of (chloromethyl)dimethylchloro-
silane an hydrogen chloride, about 20% of the (chloromethyl)silane
reactant was recovered at temperatures below 280°C, indicating the
temperature was not high enough for complete reaction. The recovery
became 9% at temperatures above 300°C. The yields of Si-H bond
containing 1,1,3-trichloro-3-methyl-1,3-disilabutane (4c) as the major
product increased from 47 to 55, and 59% as the reaction temperature
increased from 280 to 300, and 320 °C, but dropped down again at 340°C.
At reaction temperatures ranging from 280 to 320°C, 1,1,1,3-tetrachloro-
3-methyl-1,3-disilabutane (3¢) was obtained as a minor product in about
13-14% yield but increased to 21% at 340°C, resulting from the increased
decomposition of (chloromethyl)silane reactant l¢ or the reductive
chlorination of 1,1,3-trichloro-3-methyl-1,3-disilabutane product 4c¢ at
higher reaction temperatures. The selectivity for product 4¢ was highest
at 320°C.

The formation of 4¢ can be explained by the reaction in which 1 mol of
each of the two reactants reacted simultaneously with an equivalent of
elemental silicon. Besides 1,3-disilaalkanes 3¢ and 4¢, 2¢ was obtained in
small amounts along with trichlorosilane and tetrachlorosilane. Cadmium
was a good promoter for the reaction as observed in the direct reaction of
reactant 1c¢ above, while zinc was found to be an inhibitor for this particular
reaction. Other (chloromethyl)silanes 1a,b,d were also applied for this
reaction.?’

The direct reaction using a gaseous mixture of the other (chloromethyl)
silanes and hydrogen chloride under similar reaction conditions also gave
the corresponding product mixtures of the two 1,3-disilaalkanes in
relatively good yields. The yields and distribution of products depend
on the substituents on the silicon of (chlromethyl)silane 1. As the
number of methyl-substituent(s) at the silicon of (chloromethyl)silanes
[Cl5_,Me,SiCH,CI: n=0-3] increases from n =0 to 3, the yields of 4a—d and
other 1,3-disilabutanes 3a—d were 41-59% and 14-19%, respectively, as
shown in Eq. (11).

These carbosilane products can be used as precursors for silicon carbide
materials, fine powders or continuous fibers. In particular, 1,3-disilabutane
obtained by the reduction of 1,1,3,3-tetrachloro-1,3-disilabutane 4b or
1,1,3,3,3-pentachloro-1,3-disilabutane 3b by lithium hydride is a good
precursor for silicon carbide.®*
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Cly,Me,Si—CH,~CVHCI  + g ——2Cd
1a-d 320 °C
cl cl
C13_nMenSi—CH2—SIi—H + C13_nMenSi—CH2—§i-cl + Others
Cl Cl (11)
4a (45%) 3a (19%)
4b (41%) 3b (19%)
4c (59%) 3c (14%)
4d (44%) 3d (16%)

]
DIRECT REACTION OF ELEMENTAL SILICON WITH ACTIVATED
ALKYL CHLORIDES

Unlike alkyl chlorides, activated benzyl chloride did not react with
elemental silicon even with the addition of hydrogen chloride. Instead,
benzyl chloride decomposed rapidly on contact with silicon—copper alloy at
temperatures above 150°C.%° However, some activated alkyl chlorides such
as, a,a-dichlorotoluene, o,o/-dichloro-o-xylene, and allyl chloride react with
elemental silicon to give organochlorosilanes having Si—-H bonds. In those
reactions, a combined catalytic system of copper catalyst and cadmium
promoter was advantageous: it accelerated the reaction rate so that lower
reaction temperatures could be used. A fair selectivity favoring the RSiHCl,
type of products was observed, but substantial amounts of organotrichloro-
silanes, RSiCl;, were also obtained and the yields increased at higher
reaction temperatures.

A. Allyl Chloride and Hydrogen Chloride

Allylsilanes are known as interesting and useful reagents for organic
synthesis.®>> ®* Hurd first reported the direct reaction of elemental silicon
with allyl chloride in the presence of copper catalyst to give a mixture
of allylchlorosilanes and polymeric materials.'”> Among the volatile com-
pounds, allyltrichlorosilane, formed by the 1:1:1 reaction of allyl chloride,
hydrogen chloride and elemental silicon, was observed as the major
product instead of the normally expected diallyldichlorosilane. Since
diallyldichlorosilane thermally polymerizes at temperatures above 130°C,
the product mixture polymerized during the reaction or upon distillation.
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To prepare allylchlorosilanes, the problems of allyl chloride decomposition
and diallyldichlorosilane polymerization must be solved.'” The hydrogen
chloride addition technique was expected to work for this reaction.

When elemental silicon was reacted with a mixture of allyl chloride and
hydrogen chloride in the presence of copper catalyst using a stirred reactor
equipped with a spiral band agitator (Fig. 1) at temperatures ranging
from 220 to 320°C, allyldichlorosilane was successfully obtained as
the major product along with allyltrichlorosilane as a minor product.
Allyldichlorosilane was produced by the 1:1:1 reaction of allyl chloride,
hydrogen chloride, and elemental silicon (Eq. 12).*’

CH,~CHCH,-Cl + HCl + Si (;‘;/chc
¢l ¢ (12)
CH,~CHCH,~$i-H + CH,=CHCH,~Si~Cl + Others
Cl Cl
31% 2%

Allyl chloride did not react at temperatures below 220°C. The total
amount of products and the selectivity for allyldichlorosilane gradually
increased as the temperature increased to 260°C, but decreased beyond
280°C. Reaction temperatures were significantly lower than those for
unactivated alkyl chlorides, a reflection of the higher reactivity of allyl
chloride. As hydrogen chloride content increased from 50 to 75 mol%
in the mixture of allyl chloride and hydrogen chloride, the yield
of allyldichlorosilane increased from 31 to 41% and that of diallyldi-
chlorosilane decreased from 1.9 to 0.2%. However, the amount of
trichlorosilane, formed from the reaction of elemental silicon with
hydrogen chloride, also increased.

Zinc inhibited and cadmium promoted this particular reaction, consistent
with the results observed for the direct reaction of elemental silicon with a
mixture of alkyl chloride and hydrogen chloride, described above. In
addition to allylchlorosilanes, several other compounds were also produced
as minor products, including the following: 2-methyl-1,1,4,4-tetrachloro-1,4-
disilabutane; 1,1,5,5-tetrachloro-1,5-disilapentane; and 3-(dichlorosilyl)-
1,1,5,5-tetrachloro-1,5-disilapentane.

A 1:1 mixture of allyl chloride and hydrogen chloride reacted with
elemental silicon in the presence of copper catalyst (10 wt%) and cadmium
promoter (0.5 wt%) to give allyl-containing compounds, allyldichlorosilane
(31%) and allyltrichlorosilane (2%), and other volatile compounds,
2-methyl-1,1,4,4-tetrachloro-1,4-disilabutane (1%); 1,1,5,5-tetrachloro-1,5-
disilapentane (2%); 3-(dichlorosilyl)-1,1,5,5-tetrachloro-1,5-disilapentane
(4%), etc. and polymeric materials.’
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B. Reaction with o, -Dichloro-o-xylene

Although benzylic chlorides easily decompose above 150°C, o,o/'-
dichloro-o-xylene having two benzylic chlorides undergoes the direct
reaction to give 2,2-dichloro-2-silaindane in moderate yield (Eq. 13).%°
Alkyl-2-silaindanes are known to undergo ring opening polymerization to
give the resulting polymers, which are high melting materials with good
thermal stability. When 48 wt% solution of o,o'-dichloro-o-xylene in
toluene was reacted with elemental silicon in the presence of copper
catalyst (10% based on elemental silicon) in the reactor equipped with a
spiral band agitator (Fig. 1) at temperatures ranging from 260 to 320°C,
2,2-dichloro-2-silaindane was obtained with a best yield of 51% at 280°C.
Other products included a-(trichlorosilyl)-o-xylene (2%), o-xylene
(3%), 5,6,11,12-tetrahydrodibenzo[a,e]cyclooctane (3%) and high boiling
materials.

Even though 2,2-dichloro-2-silaindane was obtained from o,o’-dichloro-
o-xylene in good yield, there was some deposition of solid materials,
probably formed by the decomposition of a,o/-dichloro-o-xylene on the
surface of the silicon. Zinc, known as a good promoter for the direct
reaction of methyl chloride, was found to accelerate the decomposition of
the reactant. Cadmium, known as a good promoter for the direct reaction of
(chloromethyl) silanes, had no significant effect for this particular reaction,
as was the case for silver.?

Cl Cu
48—
cl ' 280°C

dissolved in toluene

©i>SiC12 + @[\SiCh + Others

CH;4
51% 2%

(13)

C. a,a-Dichlorotoluene and Hydrogen Chloride

The direct reaction of elemental silicon with a,o/-dichlorotoluene in the
presence of copper catalyst around 300°C was unsuccessful due to the
decomposition of a,u-dichlorotoluene on the silicon—copper contact mass.>
However, o,a-bis(silyl)toluenes were obtained when a mixture of o0~
dichlorotoluene and hydrogen chloride was reacted with silicon—copper
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n-phase contact mass. The decomposition of a,a-dichlorotoluene was sup-
pressed and the production of oligomeric and polymeric carbosilanes was
reduced by the addition of hydrogen chloride to the a,a-dichlorotoluene
reactant.

When a mixture of hydrogen chloride and 48 wt% solution of o,o'-
dichloro-o-xylene in toluene was injected using a syringe pump into
a reactor charged with Si (90%)-Cu (10%) mn-phase contact mass
and equipped with a spiral band agitator (Fig. 1) at temperatures
ranging from 280 to 360°C, o,a-bis(silyl)toluenes consisting of oo~
bis(dichlorosilyl)toluene, a-(dichlorosilyl)-a-(trichlorosilyl)toluenes, and
a,o-bis(trichlorosilyl)toluenes were obtained as the major products along
with monosilylated toluenes, a-(dichlorosilyl)toluenes and a-(trichloro-
silyl)toluenes (Eq. 14). In this reaction, the total amount of products and the
selectivity for o,a-bis(silyl)toluenes increased as the ratio of hydrogen
chloride/o,a-dichlorotoluene increased. The highest yields of o,a-bis(silyl)-
toluenes were obtained when hydrogen chloride was used more than
six-fold in excess.

cl
®—< + HOl s —2
cl
six'cl
O C% Pones
S six3cl,

iX2Cl,
x=x2=H =HorCl
x'=H,x?=cl
x'=x%=cl

v
DIRECT REACTION OF ELEMENTAL SILICON WITH
POLYCHLOROMETHANES

Although the direct reaction of elemental silicon with alkyl chlorides
has been extensively studied and a vast number of reports are available
in the literature, the reactions with polychlorinated alkanes such as
methylene chloride and chloroform are scarce, possibility due to the
intractability of the non-volatile high molecular weight products often
obtained.
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A. Methylene Chloride and Hydrogen Chloride

Patnode and Schiessler (1945) first reported the direct reactions
of methylene chloride with elemental silicon in the presence of copper
catalyst. This reaction gave a mixture of both linear [CI(Cl,SiCH,),SiCl,X:
X=H or Cl, n=1-4] and cyclic carbosilanes [(Cl,SiCH,),, n>3] as
volatile compounds and unidentified high boilers (Eq. 15).'* Later, a
study on the same reaction using a fluidized-bed reactor at 320°C by
Fritz and Matern was disclosed to give a similar mixture of
volatile carbosilanes of over 40 compounds containing from one silicon
atom to twelve silicon atoms.*” The yield of non-volatiles was around
20%, partly due to the difficulty of efficient removal of the products out of
the reactor.

Cl

Cu L.
ClI—CH,—Cl + Si ————> ‘(CHz_Sl%‘ + Volatiles 15
&/n (15)

polycarbosilanes

The volatile products obtained from the previously reported reactions
always consisted of compounds having Si—H bonds, indicating that
hydrogen chloride produced by the decomposition of methylene chloride
participated in the direct reaction. The results also suggested that the
hydrogen chloride incorporation technique would also work for this
reaction. The direct reaction of elemental silicon with a mixture of
methylene chloride and hydrogen chloride in the presence of copper catalyst
using a stirred reactor equipped with a spiral band agitator (Fig. 1) at
various temperatures gave bis(chlorosilyl)methanes containing Si—H
bond(s) such as bis(dichlorosilyl)methane and bis(dichlorosilyl)(trichloro-
silyl)methane as the major products and bis(trichlorosilyl)methane as a
minor product along with trichlorosilane and tetrachlorosilane derived
from the reaction of elemental silicon with hydrogen chloride (Eq. 16).>
The decomposition of methylene chloride was suppressed and the produc-
tion of polymeric carbosilanes reduced in this case.

Cl Cl
_ _ . 280 °C 1l L2
CI-CH,-Cl + 4HC + Si Cuca X (IS:; CH, ('S:; X* + Others

(16)
X' =X? = H: 36%
X'=H, X?=Cl: 31%
X'=x?=Cl: 7%
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In this reaction, the required ratio of methylene chloride to hydrogen
chloride was 1:2 at the minimum to prevent polycarbosilane production.
The highest selectivity for bis(dichlorosilyl)methane was observed and
good yields of bis(silyl)methanes were obtained with a 1:4 ratio of
methylene chloride to hydrogen chloride. In this reaction, methylene
chloride was recovered at temperatures below 260°C. Product yields of
bis(chlorosilyl)methanes did not differ greatly as the temperature increased
from 280°C to 340°C, but the selectivity for bis(dichlorosilyl)methane
decreased. More chlorinated bis(silyl)methanes increased in yield as the
chlorine arising from the decomposition of methylene chloride increased at
reaction temperatures higher than 340°C. The optimum temperature for
this reaction was 280 °C, considerably lower than the reaction temperature
for methyl chloride.

Cadmium was a good promoter for this reaction, while zinc was found to
be an inhibitor. Thus, the reaction of elemental silicon with a 1:4 gaseous
mixture of methylene chloride and hydrogen chloride at 280°C using
copper catalyst and cadmium promoter afforded bis(silyl)methanes
consisting of bis(dichlorosilyl)methane (36%), bis(dichlorosilyl)(trichloro-
silyl)methane (31%), and bis(trichlorosilyl)methane (7%).>

B. Chloroform and Hydrogen Chloride

Direct reaction of chloroform with elemental silicon in the presence of
copper catalyst was first reported by Miiller and Seitz in 1958." This
reaction gave branched compounds having formula (Cl,XSi);CH (X =H,
Cl) and CLSi[XCLSiJCH],SICLY (Y =CH,SiCLX, n=1-2) as well as
cyclic carbosilanes having formula [Cl,SiCH(SiCl,Z)], (Z=X or Y, n=3)
consisting of compounds containing one to seven silicon atoms (Eq. 17).'*

¢l o ¢
H—(I:-CI + Si — H-C<|Si—x> 3 + Others (17)
Cl Cl
X=Hor(Cl

The deactivation of elemental silicon and copper catalyst was a major
problem due in part to the decomposition of the starting chloroform
and in part to the high boiling polycarbosilanes produced. Considering
some of the products contained Si-H bonds, hydrogen chloride was
likely produced during the reaction and involved in the reaction with
elemental silicon.

Direct reaction of elemental silicon with a gaseous mixture of chloroform
and hydrogen chloride has been studied in the presence of a copper catalyst
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using a stirred reactor equipped with a spiral band agitator (Fig. 1) at
various temperatures from 280 to 340 °C.>* Tris(chlorosilyl)methanes with
Si—H bonds were obtained from this reaction as the major products, along
with bis(chlorosilyl)methanes, and trichlorosilane and tetrachlorosilane as
byproducts (Eq. 18).%

% Ccwod ,
H—(lj—CI + 6 HCl + Si W Bis(chiorosilyl)methanes +
c (17%)
§in1c1
H—Q—SiXZCIz + Others (18)
Six’cl,

5a X' =Xx2=X=H (6%)
sb X'=Cl, x?=Xx%=H (45%)
5¢ X'=x3=Cl, X%=H, (16%)
5d x'=x?=x%=ClI(3%)

The bis(chlorosilyl)methanes were the same products as those obtained
from the direct reaction of silicon with a mixture of methylene chloride
and hydrogen chloride, indicating that some of the starting chloroform
decomposed to methylene chloride during the reaction. When the isolated
tris(chlorosilyl)methanes were fed into the reactor under the reaction
conditions, they did not decompose to bis(chlorosilyl)methanes. The
decomposition of chloroform was suppressed and the production
of polymeric carbosilanes reduced by adding hydrogen chloride to chloro-
form. As a result, the deactivation problem of elemental silicon was
eliminated. Cadmium was a good promoter for the reaction, while zinc
was found to be an inhibitor.

The tris(silyl)methane products consisted mainly of four Si-H-
containing tris(chlorosilyl)methanes: 2-(chlorosilyl)-1,1,3,3-tetrachloro-1,3-
disilapropane (5a, 6%), 2-(dichlorosilyl)-1,1,3,3-tetrachloro-1,3-disilapro-
pane (or tris (dichlorosilyl)methane) (Sb, 45%), 2-(dichlorosilyl)-1,1,1,3,3-
pentachloro-1,3-disilapropane (5¢, 15%), and 2-(dichlorosilyl)-1,1,1,3,3,3-
hexachloro-1,3-disilapropane (5d, 3%), and an all-chlorinated compound,
2-(trichlorosilyl)-1,1,1,3,3,3-hexachloro-1,3-disilapropane (trace). It is inter-
esting that tris(silyl)methane, containing three Si—-H bonds (5b), was
obtained as the major product from the reaction of chloroform mixed with
three equivalents of hydrogen chloride and of silicon, suggesting that the
reactivities of chloroform and hydrogen chloride are comparable.

The selectivity for tris(dichlorosilyl)methane was the highest at 300°C
and decreased slightly at reaction temperatures below or above 300°C.
The total amount of products increased as the ratio of chloroform and
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hydrogen chloride increased from 1:4.5 to 1:9. When the ratio increased
from 4.5:1 to 6: 1, the yield of tris(chlorosilyl)methanes and the selectivity
for tris(dichlorosilyl)methane also increased. However, roughly the same
amounts of products were obtained even when the ratio increased
from 6:1 to 9:1, suggesting that the optimum-mixing ratio of hydrogen
chloride to chloroform in the direct synthesis of chloroform from an
industrial point, of view is 6:1.%

C. Tetrachloromethane and Hydrogen Chloride

Using the same reaction procedure described in the direct reaction
of elemental silicon with methylene chloride or chloroform, the reaction
of elemental silicon with a gaseous mixture of tetrachloromethane and
hydrogen chloride afforded no tetrakis(chlorosilyl)methane; instead,
tris(chlorosilyl)methanes and bis(chlorosilyl)methanes were obtained,
which were the same products derived from the reactions of chloroform
and methylene chloride, respectively. This result may be rationalized by the
decomposition of tetrachloromethane to chloroform and methylene chloride
on the silicon—copper contact mass during the reaction, followed by reaction
with elemental silicon to afford the products or by the decomposition
reaction of partial silylated chloromethane intermediates.'®

\'
DIRECT REACTION OF ELEMENTAL SILICON WITH
(POLYCHLORINATED METHYL)SILANES

A. (Dichloromethyl)chlorosilanes and Hydrogen Chloride

As described above, a variety of new Si-H containing organochloro-
silanes were successfully synthesized by the hydrogen chloride incorporat-
ing technique to activated alkyl chlorides such as allyl chloride,
polychloromethanes and silyl-substituted methyl chlorides in the direct
reaction of elemental silicon in the presence of copper-catalyst/cadmium
promoter.

As an extension of these reactions, dichloromethyl-substituted silicon
compounds have also been used for the direct reaction. Tris(chlorosilyl)
methane products were obtained and their formation can be explained by
the reaction of the two C-Cl bonds of (dichloromethyl)silane with
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equivalent amounts of silicon and hydrogen chloride. The substituent
effect on the silicon atom of the starting (dichloromethyl)silanes, 6
[Cl;_,Me,SiCHCl,: n=0 (a), n=1 (b), n=2 (¢), n=23 (d)] was investigated
for the direct synthesis of tris(chlorosilyl)methanes.”*

In order to find the optimum conditions for the direct reaction,
(dichloromethyl)dichloromethylsilane (6b) was used as a representative
among (dichloromethyl)silanes 6a-d. A 1:4 mixture of 6b and hydrogen
chloride reacted with the contact mixture in the presence of copper catalyst
using the stirred reactor (Fig. 1) at reaction temperatures from 240°C to
310°C. Tris(chlorosilyl)methanes consisting of three Si—H containing
compounds were obtained as the major products: 2-(dichlorosilyl)-1,3,3-
trichloro-1,3-disilabutane (7b), 2-(dichlorosilyl)-1,1,3,3-tetrachloro-1,3-di-
silabutane (8b), and 2-(dichlorosilyl)-1,1,1,3,3-pentachloro-1,3-disilabutane
(9b); all chlorinated compound, 2-(trichlorosilyl)-1,1,1,3,3-pentachloro-1,3-
disilabutane (10b). In addition to 7b—10b, a mixture of bis(chlorosilyl)
methanes 3b and 4b were produced as minor products along with
trichlorosilane and tetrachlorosilane.

The production of Si-H containing compounds 7b-9b as the
major products suggests that both 6b and hydrogen chloride reacted with
the same silicon atom, and the reactivities of the two reactants are
comparable. The minor products 3b and 4b are derived from the direct
reaction of silicon with a gaseous mixture of (chloromethyl)dichloromethyl-
silane, formed by the decomposition of the reactant 6b during the
reaction, and hydrogen chloride. It has been reported that tris(chlorosilyl)
methanes do not decompose to bis(chlorosilyl)methanes under the reaction
conditions.?”

The formation of 8b and the all-chlorinated compound 10b can
be explained by the reaction of one equivalent of 6b with two equivalents
of silicon and hydrogen chloride and by the reaction of one equivalent
of 6b with two equivalents of silicon and chlorine, respectively. Similarly,
the formation of 9b can be explained by the reaction of 6b with two
equivalents of silicon, and one equivalent each of hydrogen chloride
and chlorine. The total amount of products and the percentage of the
compound containing two Si—H bonds (8b) were the highest at 280 °C and
decreased at temperatures below or above 280°C, while the percentages of
the more chlorinated products, 9b and 10b, increased. These results indicate
that the reactivity and selectivity were best at 280°C. Compared with the
reaction of methylene chloride, the 73% yield of 2-(dichlorosilyl)-1,1,3,3-
tetrachloro-1,3-disilabutane was more than double the corresponding
bis(dichlorosilyl)methane production.

The optimum reaction temperature of 280°C is the same as the
temperature for the direct reaction of methylene chloride, indicating that
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the silyl substitution of the starting compounds greatly improves the
selectivity, but does not enhance the reactivity of the carbon—chlorine bonds
towards the direct reaction. However, the optimal reaction temperature is
about 40° lower than that for the direct reaction of monochlorinated
methanes, such as methyl chloride and (chloromethyl)silanes 1a—d without
using hydrogen chloride. This result is consistent with the higher reactivity
of (dichloromethyl)silane 6b than those of monochlorinated organic
compounds. The reaction even proceeded at a temperature as low as
240°C, but the total mass of the product mixture and the selectivity for
2-(dichlorosilyl)-1,1,3,3-tetrachloro-1,3-disilabutane decreased as the tem-
perature decreased below 240°C, likely due to inefficient removal
of the high boiling products from the reactor.

It is interesting to note that production of bis(chlorosilyl)methanes was
the lowest at temperature below 280°C and increased at temperatures
above, probably due to increased decomposition of the reactant. The
percentage of polymeric carbosilanes obtained was 11% and comparable
with the literature value for the reaction with chloroform.”® The amounts
and distribution of trisilylmethane products were measured using ratios of
hydrogen chloride/6b ranging from 2 to 8 in the presence of copper catalyst
with cadmium promoter at 280°C.

In the formation of product 8b, two moles of hydrogen chloride should be
available for each mole of the reactant 6b. Trichlorosilane and tetrachloro-
silane as byproducts are also produced from the reaction of hydrogen
chloride with silicon. Therefore, the required amount of hydrogen chloride
for this reaction was more than a two-fold excess of 6b to prevent
polycarbosilane production. In this study, the total amount of products
and the selectivity for the product 8b increased as the ratio of 6b to
hydrogen chloride increased from 1:2 to 1:4, indicating that the
decomposition of (dichloromethyl)silane 6b reactant to hydrogen chloride
and chlorine was suppressed under these reaction conditions as shown in
other systems.” ° However, the results worsened as the ratio changed from
1:6 to 1:8, suggesting that the optimum mixing ratio of (dichloromethyl)
silane 6b to hydrogen chloride in the direct synthesis of (dichloromethyl)
silane 6b was 1:4.

Promoters are normally incorporated in quantities less than 1%. Zinc
is known as one of the most effective promoters for the direct
synthesis methylchlorosilanes.*> Cadmium is known as one of the
most effective promoters for the direct synthesis of tris(sila)alkanes,*
bis(chlorosilyl)methanes,® and tris(chlorosilyl)methane.”® In the direct
reaction of (dichloromethyl)silane 6b, the total amounts (percentages) of
(trisilyl)methane.> In the direct reaction of (dichloromethyl)silane 6b, the
total amounts (percentages) of (trisilyl)methane products 7b—10b in the



170 BOK RYUL YOO AND IL NAM JUNG

product mixtures were 71%, 75%, and 76% with no promoter, cadmium,
and zinc, respectively. The selectivity for tris(dichlorosilyl)methane 8b in
the direct reaction with cadmium as a promoter was slightly improved,
while the reaction with zinc promoter resulted in the lowest yield. This
indicates that zinc is not a promoter but an inhibitor, and cadmium is a good
promoter for this reaction.

In the reaction using cadmium promoter, the selectivity for tris(chloro-
silyl)methane 8b was the highest among the four tris(chlorosilyl)methanes
7b-10b and about 73% in the distribution of their four compounds. These
are consistent with the results observed for the direct reactions of silicon
with (chloromethyl)silanes,?*" allyl chloride,”” methylene chloride,* and
chloroform.*

The direct reaction was extended to other (dichloromethyl)silanes 6a,c,d
using the same optimized reaction conditions. A 1:4 mixture of
(dichloromethyl)silanes 6a—d (Cl;_,Me,SiCHCl,: n=0-3) and hydrogen
chloride was reacted with the contact mixture®* prepared from elemental
silicon and copper catalyst using a stirred reactor equipped with a spiral
band agitator (Fig. 1) at a flow rate of 6.93 g/h of (dichloromethly)silane
reactants 6a—d at a temperature of 280°C for 3 h. The product mixtures
consisted of three fractions, low boiling trichlorosilane and tetrachloro-
silane, bis(chlorosilyl)methanes 3 and 4, and tris(chlorosilyl)methanes 7-10
(Eq. 19).

Cly ,Me,Si, Cl sgooc  ClaMe,Si, SiHLCl
N + HCl +8i — Lo +
cl cw/cd u’ siHC
6a: n=0 Ta-d
b: n=1
z:_ :fg ClyMe,Si, SiHCh Cly.Me,Si, ,SiHCL
. W CsiHc, Y H sicl,
8a-d 9a-d (19)

ClyMe,Si,_ ,SiCh
u \SiC13 +  Bis(chiorosilyl)methanes

10a-d

+ Others

The products were purified by preparative GLC and subsequent spectral
analysis led to the assignments of the structures for the products. The results
obtained from the direct reaction of elemental silicon with mixtures of
various (dichloromethyl)silanes 6a—d and hydrogen chloride are summarized
in Table I.
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TABLE 1
RESULTS OF THE DIRECT REACTIONS OF (DICHLOROMETHYL)SILANES 6a—d

Product yields (wt%)°

Tris(silyl)methanes 7-10

Reactant 6" Distribution (%)

n g g° % 7 8 9 10 Bis®
0 (a) 22.9 28.5 75 7 72 18 3 19
1 (b) 20.8 27.0 75 4 73 21 2 14
2 (¢) 18.6 27.5 86 6 71 21 2 13
3(d) 16.5 259 85 4 72 12 11 14

435 mmol of (dichloromethyl)silanes was used during 1 h; catalyst/promoter =Cu (10%)/
Cd (0.5%).

®Low boilers, HSiCls, and SiCly are excluded for simplicity.

“Volatile carbosilanes.

dGLC area percentages of tris(chlorosilyl)methanes.

“Mixture of bis(chlorosilyl)methanes.

As shown in Table I, tris(silyl)methanes with two Si-H bonds
8a—d [Cl;_,Me,SiCH(SiHCI,)], and tris(silyl)methanes with one Si-H
bond 9a-d [Cl;_,Me,SiCH(SiHCI,)(SiCl;) were obtained as the major
products. Also obtained were the unexpected tris(silyl)ymethanes containing
two hydrogen atoms on silicon 7a-d [Cl;_,MeSiCH(SiH,CI)(SiCl,)]
and all chlorinated tris(silyl)methanes 10a-d [Cl;_,Me,SiCH(SiCls),]
along with bis(chlorosilyl)methanes 3a—d and 4a-d, derived from the
reaction of silicon with chloromethylsilanes la-d formed by the
decomposition of 6a—d. In addition to those products, trichlorosilane and
tetrachlorosilane were produced by the reaction of elemental silicon with
hydrogen chloride.

The selectivity for products 8a—d was higher than 71% for all four cases
and was the highest for 6b and the lowest for 6d, although the differences
were not great. These results suggest that the reactivity and selectivity of
(dichloromethyl)silanes do not greatly depend upon the electronic nature
of the substituents on silicon. In this reaction, the decomposition of 6a—d
was suppressed and the production of polymeric carbosilane reduced by
adding hydrogen chloride to reactant 6.

Cadmium was a good promoter for the reaction, and the optimum
temperature for this direct synthesis was 280 °C.>* Bis(chlorosilyl)methanes
3 and 4 were the same as those obtained in the direct reaction of silicon with
a mixture of (chloromethyl)silanes 1 and hydrogen chloride,?' indicating
that some of the starting (dichloromethyl)silanes 6a—d decomposed to
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(chloromethyl)silanes 1a—d during the reaction. Most of the tris(chlorosi-
lyl)methane products 7-10 were different from the tris(chlorosilyl)methanes
5 obtained from the reaction of elemental silicon with a mixture of
chloroform and hydrogen chloride, because the starting (dichloromethyl)
silanes 6a—d have substituents such as methyl or chlorine on the silicon
atom. The optimum reaction conditions such as reaction temperature, the
mixing ratio of the reactants, and catalyst/promoter effects for the synthesis
of tris(silyl)methanes 7-10 were reported in detail.**

B. (Trichloromethyl)chlorosilanes and Hydrogen Chloride

The direct reaction of (trichloromethyl)chlorosilanes was applied
under the same reaction condition described in the direct reaction
of elemental silicon with (dichloromethyl)chlorosilanes above. In this
reaction, an admixed gases of hydrogen chloride and 40 wt%
(trichloromethyl)chlorosilanes in toluene injected using a syringe pump in
pre-heater zone was fed into a reactor charged with elemental silicon (90%)
and copper catalyst (10%) (Fig. 1). This reaction afforded no tetrakis
(chlorosilyl)methane; instead, tris(silyl)methanes and bis(silyl)methanes
were obtained, which were the same products derived from the reactions
of (dichloromethyl)chlorosilanes or chloroform, and (chloromethyl)chlor-
osilanes or methylene chloride, respectively. This result may be rationalized
by decomposition of (trichloromethyl)chlorosilanes to (dichloromethyl)-
chlorosilanes and (chloromethyl)chlorosilanes on silicon—copper contact
mass during the reaction, followed by reaction with elemental silicon
to afford the products or the decomposition tetrakis(silyl)methane
products.'®

Vi
DIRECT REACTION OF ELEMENTAL SILICON WITH A MIXTURE
OF UNSATURATED HYDROCARBONS AND
HYDROGEN CHLORIDE
The reaction of elemental silicon with a gaseous mixture of hydrogen
chloride and unsaturated hydrocarbons such as alkenes (e.g., ethylene and

propylene) and alkyne such as acetylene in the presence of copper catalyst
also affords the corresponding organodichlorosilanes.
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A. Ethylene and Hydrogen Chloride

The reaction of silicon with a gaseous mixture of ethylene and
hydrogen chloride was carried out at temperatures ranging from 240
to 260°C, after preheating a mixture of elemental silicon and
copper(I) chloride in a helium stream at 450°C.*> Ethyldichlorosilane
was formed along with trichlorosilane, dichlorosilane, and tetrachlorosilane
(Eq. 20).

CuCl (l;l
CHp=CHp + HCl + Si ———= CHyCH,~Si-H + Others  (20)
Cl

The selectivity for ethyldichlorosilane was higher at a lower
temperature, while the silicon conversion was lower and the rate
of formation of trichlorosilane decreased with decreasing reaction
temperature. Using a 4:1 ratio of ethylene to hydrogen chloride, 36% of
elemental silicon after 12 h was converted to give ethyldichlorosilane
with 47% selectivity. The formation of ethyldichlorosilane can be
explained by the formation of silacyclopropane from the addition of
chlorosilylene (:SiHCI) to ethylene, followed by ring opening with hydrogen
chloride.

B. Propylene and Hydrogen Chloride

Direct reaction of elemental silicon with hydrogen chloride and
propylene in place of ethylene under the same reaction conditions gave
isopropyldichlorosilane (22% selectivity) and n-propyldichlorosilane (8%
selectivity) along with other chlorosilanes (Eq. 21).

CH3CH,=CH,+ HCI + Si ”“(ﬂ’
CH, Gl cl
)——§i—H + CH3CH2CH2—§i—H + Others
CH; ¢ o
major product minor product

(21)

The formation of isopropyldichlorosilane can be explained by the
reaction of elemental silicon with. hydrogen chloride and isopropyl chloride
formed by the hydrochlorination of propylene. As an alternative, it is
possible that a silicon—carbon bond is formed by the reaction of a silylene
intermediate, generated on the surface of silicon metal powders, with alkene
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or alkyne. In these reactions, a small part of the alkene undergoes
hydrochlorination to yield alkyl chloride, which subsequently reacts with the
surface silylene to form the silicon—carbon bond. The reaction of silicon
with propyl or butyl chloride also gave alkyldichlorosilane as the main
organosilicon product. Alkyl chloride is dehydrochlorinated over the copper
surface, and the hydrogen chloride that is formed participates in the
formation of the silicon-hydrogen bond.*?

C. Acetylene and Hydrogen Chloride

The reaction of silicon with a mixture of hydrogen chloride and
acetylene was carried out at various temperatures ranging from
240 to 260°C, after a mixture of elemental silicon and copper(I)
chloride in a helium stream was preheated at 450 °C.** Initially, activation
of silicon—copper was required by feeding hydrogen chloride at 240°C
for 10 min; reaction did not proceed without this step. Subsequently, the
mixture of hydrogen chloride and acetylene reacted with elemental silicon

to give both dichlorovinylsilane and dichloroethylsilane (Eq. 22).%?
CH=CH + HCI + 8i ﬂ(}_l__»
CIII Clil
CH,=CH—Si-X + CH3CH,=Si~X + Others
Cl Cl
X=HorCl

(22)

The rate of formation of ethyldichlorosilane was almost the same as
those for dichlorovinylsilane and trichlorosilane. While the silicon
conversion was 13% for 5 h, the overall selectivities for dichlorovinylsilane,
dichloroethylsilane, and trichlorosilane were 39, 23, and 38%,
respectively. The silicon conversion and the product distribution depended
on the ratio of acetylene and hydrogen chloride. The selectivity for
dichlorovinylsilane increased as the ratio of both reactants increased
and reached 34% using a 0.26:1 mixture of acetylene and hydrogen
chloride. The selectivities for dichlorovinylsilane and dichloroethylsilane
were higher at lower temperatures and reached 36 and 26% at 223°C,
respectively.

In this reaction, vinyl chloride, which is formed by the hydrochlorination
of acetylene with hydrogen chloride, was not observed from the reaction
mixture. This result shows that vinyl chloride does not participate in the
formation of dichlorovinylsilane.
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Vi
CONCLUSIONS AND PROSPECTS

Recent studies on the direct reaction of elemental silicon with alkyl
chlorides such as methyl chloride, activated alkyl chlorides, polychloro-
methanes, (chloromethyl)silanes, (dichloromethyl)silanes, etc. are sum-
marized in this review. In the direct reaction of elemental silicon with
activated alkyl chlorides and polychloromethanes, the decomposition of
the reactants can be suppressed and the production of polymeric
carbosilanes reduced by adding hydrogen chloride to the reactants. These
reactions provide a variety of new organosilicon compounds containing
Si—H and Si—Cl functionalities, which should find considerable application
in the silicone industry.
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|
INTRODUCTION

While small carbon molecules have been found in locations as diverse as
interstellar molecular clouds, carbon stars, hydrocarbon flames and laser-
ablated carbon, bulk quantities are much less easily produced and have
therefore been little studied. However, as with many organic intermediates,
stabilization of these reactive molecules by coordination to metal centers can
be achieved and is the subject of this review. The preparation of systems
containing metal centers linked by carbon-atom chains is both a synthetic
challenge (in spite of the first such being obtained over 45 years ago) and of
considerable current relevance.

In the solid state, three allotropes of carbon (diamond, graphite, and
fullerene; Fig. 1) are well-established. Synthetic approaches to other carbon
allotropes, including poly-ynes, cyclo[n]carbons and other carbon networks
have been surveyed.! The chemistry of fullerenes, the so-called ““third form”
of carbon, and of the closely related carbon nanotubes, has been extensively
detailed.” * The molecule Cy, may be the smallest fullerene, although other
structures have been suggested (Fig. 2).° It is highly reactive and has been
produced in only miniscule amounts in a mass spectrometer from a highly
brominated dodecahedrane.

In the free state, carbon molecules containing less than 60 carbon
atoms are generally unstable, although many smaller ones have been



Complexes Containing All-Carbon Ligands 181

Bowl

FI1G. 2. Possible structures of Csg.

detected in comets,® interstellar molecular clouds,” and in the atmospheres
of carbon stars.® Other sources include ion-molecule reactions under high
vacuum conditions where subsequent reactions are precluded.” The
preparation, structure, and chemistry of carbon molecules or clusters C,,
(n=1-20) have been reviewed;'*'" hybrid molecules, such as cyclic
poly-ynes and related molecules, have also been considered.'? It has been
suggested that chains of C(sp) atoms may form a ““fourth stable allotrope of
carbon”, also known as “carbyne” or “chaoite”.'*'* Approaches to this
material have been described, bulk quantities of C,, (n up to 28) with bulky
organic groups having been made and CF3-capped species with up to 300
carbon atoms have been observed in the gas phase.'> *° Closely related are
the dicyanopoly-ynes, obtained by vaporization of graphite in the presence
of cyanogen.”!

In addition to discussions of unnatural carbon allotropes constructed
from C(sp?) and C(sp’) atoms,” ** several imaginative approaches to the
construction of molecular “carbon scaffolds” and other novel molecular
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FIG. 3. Extended carbon networks containing diyne fragments linked by (a) sp> carbons,
(b) sp? carbons, and (c) [3]-radialenes.

(a) (b)
FIG. 4. Carbon networks: (a) graphyne, (b) graphdiyne.

architectures have involved acetylenic carbons.”>?’ Some examples built
from sp, sp?, and sp® carbon atoms are shown in Fig. 3. Novel stable
molecular scale materials with attractive and specialized properties, such as
electrical and non-linear optical properties, result from the presence of two-
dimensional 7 electron systems.”®*° Monodisperse n-conjugated oligomers
can now be made with multi-nanometer dimensions.’® Combination of
benzene and alkyne units gives “graphdiyne”;’! several other systems have
been proposed (Fig. 4).

This chapter surveys the rapidly burgeoning field comprising the
chemistry of transition metal complexes containing ligands which are made
up only of carbon atoms within their coordination spheres. Interest in this
area is related to the search for new materials, of which molecular scale
electron (or hole) conductors (“wires’”) form but one group. Possible
stabilization of one-dimensional carbon (carbyne) by addition of metal
fragments has been noted.'*>*? The role of transition metal complexes in
building up the molecular topologies related to those described above [see
a proposed Fe(CO); derivative in Fig. 5] together with the well-known
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FI1G. 5. An extended carbon network stabilized by Fe(CO)3 groups coordinated to
cyclobutadiene fragments.

propensity of transition metal centers to stabilize reactive molecules and
intermediates allows the preparation of complexes containing C,, ligands as
stable entities with a chemistry of their own. This is the chemistry
described below. However, whether one describes the compound
{(MesP),CIPd}C=CC=C{PtCI(PMe;),} as containing a complexed C,
molecule, or as a diyndiyl complex, is a matter of personal choice. Aspects
of this and related chemistry have been reviewed elsewhere’’:**3?
but this account is intended to be comprehensive to the end of 2002. Our
recent article on the chemistry of 1,3-diynes and related species is also
relevant.*®

In order to limit this account to a reasonable length, we have decided
to cover metal complexes which contain linear or cyclic ligands of
composition C, (n < 60). We shall also survey metal cluster complexes
containing all-carbon molecules containing two or more carbon atoms; the
chemistry of mono-carbido clusters is too extensive to be included here
and has been reviewed.’” *° There have been several recent reviews of
metal complexes containing fullerenes of various sizes;*' ** the largest to
date is Cgyq in Ir(Cgq)CI(CO)(PPhs),,** while multiple addition of Pt(PR5),
(R = Et, Ph) units to several fullerenes has also been reported.***” We shall
not cover these here, nor shall we discuss the endo-metallofullerenes.*®*’
Similarly, we shall not include any molecules which have been produced
in the gas-phase, but have not been isolated or structurally characterized in
the solid-state. These include “‘simple” metal carbides, such as Ta,C,,° the
metallacarbohedrenes, Mg(C,)s (M =Ti, Zr, Hf, V, Nb, etc.) (Fig. 6),°'>°
and M4C15.°*7 The presence of C-C bonds in the former has
been confirmed by gas-phase IR spectroscopy.” Finally, transition
metal carbides, although having been shown structurally to contain C,
species of various sizes, will not be included.’®®° In this regard, however,
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F1G. 6. Proposed structure for metallacarbohedrenes, Mg(C,)s.

the reader may be interested to consult the recent articles by King,®"%% in

which he rationalizes various observed structures in terms of well-known
organometallic fragments.

Our treatment will cover firstly mononuclear complexes (the term
mononuclear refers to the end-capping metal groups, not to the complex as
a whole) containing linear C, ligands, in order of increasing carbon content
of the ligand. Following will be a short section (reflecting only the paucity of
current results) devoted to complexes of cyclic all-carbon ligands, such as
[C5{Fe(CO),Cp}s3]". Complexes containing C, ligands associated with
binuclear metal-metal bonded systems are followed by an account of metal
cluster complexes containing C,, ligands. This section also includes hybrid
complexes where a cluster supports a C, ligand also attached to a
mononuclear metal-ligand fragment. The survey will be broadly based on a
Group-by-Group approach and will include salient details of synthesis,
properties, chemistry and electronic structure. Where appropriate, data for
individual complexes are tabulated.

A. Possible Chemical Sources of C,, Molecules

Although smaller, short-lived and highly reactive C,, molecules have
usually been prepared using plasmas and studied in matrices or in the gas
phase, there have been several reports of molecular species which have been
designed as possible precursors for C, molecules under conventional
laboratory conditions. Thus, pyrolysis of 5-diazotetrazole in the presence of
an appropriate substrate has been used as a source of atomic carbon.® %
The reaction of C30, with WCIly,(PMePh,), gives WCIl,(CO)(PMePhs),
(n*-OC,PMePh,) which loses CO at r.t. affording the phosphinocarbyne
WCl,(CO)(PMePh,),(CPMePh,).®° The CPPh; analogue is obtained
directly from WCl,(PMePh,), and O=C=C=PPh;.

Thermolysis of [IPh(C=CH)]OTf in the presence of substrate affords
products resulting from formal addition of C,;®’ related iodonium cations
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[PhI(C=C),IPh]** (n=1, 2) are also known.®® Dehydrochlorination of
Diels—Alder adducts of 2-chloro-1,4-benzodithiin-S,S’-tetroxide, followed
by addition of a second molecule of diene and desulfonylation, gives
compounds expected from the addition of C, to the dienes.®” Both of
these compounds can be considered to be C, synthons. Complexes of the
carbonyl ylid PhsP*C=C" have been made from Ph;P=C=PPh;, e.g.,
MnBr(CO),(CCPPhs),”” [Ru(CCPMeR,)(PPh;),Cp*]™,”" and are consid-
ered to be donor/acceptor-stabilized forms of Co.

Stabilization of even C, molecules by simultanecous coordination of
electron-rich phosphine and electron-deficient borane groups has been used
in the case of R;B-C,—PR; (n:2,72 473), whereas for odd n, stabilization
requires two donor groups at the ends of the C, chain, as in R3P-C,—PRj3
(n=1,"* 37%. Evidence for the formation of the analogous diylid,
Ph3;P=C=C=PPhs, in the reaction of E-[Phs;PCH=CH(PPh;)](OTf), with
LiBu has been given.”> The use of these species as sources of C,, ligands in
transition metal chemistry is in its infancy.

]
COMPLEXES CONTAINING C,, CHAINS

The contemporary challenge of preparing carbon allotropes containing
“infinite” one-dimensional arrays of C(sp) atoms has been approached by
extensions of poly-yne chemistry to end-groups which stabilize, solubilize,
and provide other desirable properties for characterization, as way-points.
The presence of poly-yne chains promotes strong electronic communication
between the end-groups in rigid-rod structures.”®’” Several reviews and
highlights which address the importance of these complexes have
appeared.®*’®” The function of carbon chains as “molecular wires” has
been considered on several occasions®® ®> and potential applications in
areas as diverse as electronics, optical technology, electrochemistry and
the synthesis of highly unsaturated compounds have been remarked
upon. Rigid-rod compounds containing these and related groups, such as
{ML,)-C,~Y-C,-(M'L))} (Y =CeHs, CsHsCsHa, CsH,S, etc), are
expected to show liquid crystalline and NLO properties® *® and can also
act as monomers for carbon-rich polymers. However, the effects of other
spacers within the chain, such as CgHy, thien-2,5-diyl, etc., will not be
discussed below.

Metal-capped carbon chains can exist in several forms (A-D; Chart 1),
with uneven-numbered chains only as cumulenic or alkynyl-carbynic
tautomers and to date, up to 20 carbon atoms have been used to join two
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CHART 1

metal centers. Major synthetic routes involve:

(a) oxidative coupling of terminal poly-ynes (Glaser-Eglinton [Cu(OAc),/
hot pyridine], Hay [CuCl, tmeda/O,, r.t.]).%” It is remarkable that for
such reactive organometallic species, the M—C(sp) bond is not cleaved
in these reactions. In general, oxidative coupling affords carbon chains
capped at each end by ML, fragments;

(b) lithiation and condensation with appropriate halides;

(c) copper-catalyzed coupling of halo- (bromo-) alkynes (Cadiot—
Chodkiewicz);

(d) radical dimerization, with prior or subsequent deprotonation.

Routes to complexes containing longer carbon chains linking two metal
centers have used either a combination of the approaches discussed above
(for even-numbered chains) or methods dependent on a single reactive
metal-bonded carbon center. The synthetic methods employed depend
heavily on the nature of the metal fragment. Thus while Re(C=CC=CH)
(NO)(PPh3)Cp* and Fe(C=CC=CH)(dppe)Cp* are sufficiently robust to
be coupled to give the bis(metallated) tetrayndiyls using the Glaser
conditions, the carbonyl complexes M(C=CC=CH)(CO);Cp (M =Mo, W)
and Fe(C=CC=CH)(CO),Cp are more successfully coupled using the
milder Hay conditions. The Glaser coupling has also been applied with
success in the preparation of bimetallic complexes with metal centers
spanned by longer poly-yne chains.

Descriptions of the major features of the spectroscopy, molecular and
electronic structures, and the electrochemistry of the resulting complexes are
given in Section IV below. Key electronic properties (including electronic
communication between the metal centers) and changes in bond order along
the C, chain as oxidation proceeds can be studied by IR, NIR and UV/vis
spectroscopy, and electrochemical methods. Intra-molecular electron
transfer processes have been studied in many C,, systems with a variety of
end-caps [o,0-CN, Me, Bu’, Ph, SiRj; organometallic, ML, (L = N-donor
ligand: bpy, tpy, porph); mixed organic/metal, e.g., ML./NMe,].*
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As summarized by Lapinte,*® the role of the carbon chain can be
perceived as providing rigidity to the molecular backbone and it
allows the whole molecule to acquire properties not found in the
individual constituents. Electronically, this arises by mixing of carbon
orbitals with the metal orbitals, favored by the large degree of covalency of
the C, system. Attachment of different groups to each end results in
polarization of the C, system, which may be reversed by suitable redox
processes, possibly allowing construction of a molecular switch. A
discussion of the use of two metal centers linked by an unsaturated spacer
(C,) for synthesis of molecular wires concludes that the terminal metal—
ligand fragments play a crucial role in determining the degree of
electronic communication along the wire. Particularly, the authors’ work
with derivatives containing the Fe(dppe)Cp* fragment has been high-
lighted.®

Introduction of two or more terminal diyne units, either at a metal center
or, for example, on an mn-ring-metal complex, gives the possibility of
generating metal-based polymers. In the case of alkynes, many examples of
polymers have been described, but studies of similar systems derived from
di- or poly-ynes are in their infancy.”® Two- and three-dimensional polymers
can be constructed in similar fashion, extension leading (conceptually, at
least) to the formation of novel carbon allotropes.

A recent development has been the characterization of discrete complexes
containing carbyne anions (see below) and the metallated derivatives (with
Li, for example) of C, chains. Lithiation of {L.M}(C=C),,H has given
derivatives which are useful intermediates en route to bicapped carbon
chains, although at present their structures remain unknown. By analogy
with the carbyne anions, the characterization of species containing anionic
naked carbon chains may be anticipated.

A. Monocarbon Ligands

1. Mononuclear C; Complexes

Perhaps the most unusual complexes here are the anionic species
containing one-coordinate carbon. Successive reactions of Mo{NBu'(Ar)}s
(Ar = CgH3Me»-3,5) with CO to give 1 (Scheme 1), reduction and acylation
with pivaloyl chloride is followed by cleavage of the acyl group with Na
and protonation with MeCN to give 2, also formed in low yield from
Mo{NBu'(Ar)}5 and CH,CL.”" Deprotonation of 2 with LiBu’ or KCH,Ph
gives tan 3/Li (assumed to be a dimer) (8 470.1) and crystallographically
characterized 3/K. An alternative route which affords gram quantities of
3/K has been developed, whereby the reaction of 7-chloronorbornadiene
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SCHEME 1

with a mixture of Mo{NBu’(Ar)}; and Ti{NBu'(Ar)}s resulted in loss of
chlorine and benzene to give 2 (70%).°* Addition of KCH,Ph afforded 3/K
(40%). The square M,C, unit is cleaved by macrocyclic ethers to give the
ion-separated complex 4, which contains an exposed carbide ligand.93 %
The Mo=C bond length is 1.713(9) A [cf. 1.68(3) in 3, 1.702(5) A in HC=
Mo(NR2)s].

The carbide resonance of 4 is found between 6 ca. 474 and 501 (Table I),
which may be compared with & 288 for 1. The t; for the carbon atom is
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0.14 s. Solvation occurs in thf as shown by '*C resonances for 3/K (& 489) and
4 [L =(thf),] (& 501), the former being favored at low temperatures [K.q
225M7', AH 13.3 kImol™!, AS —23 Jmol'K™']. While no C-Mo
coupling is seen in solution, '*C CP/MAS spectra of solid '*C-enriched 4
give J(CMo) 60(5) Hz and the Mo nuclear quadrupole coupling constant
of ca. —2.9 MHz.

The NMR parameters indicate that the carbon 2s” pair is largely localized
on the carbon atom, giving the largest '>C chemical shift tensors so far
found. Significant deshielding occurs in 3/K. The electronic structure
involves a high-lying HOMO with ¢ symmetry and a low-lying LUMO
which has largely Mo—C,+ character. DFT calculations carried out on
[CMo(NH,)3]” and HCMo(NH,); show the charge distribution to be
—0.5334 and —0.2379 (on C), and 0.3628 and 0.5992 (on Mo), respectively.
The added negative charge in the anion leads to an increase in overlap
population from 0.4462 in 2 to 0.5795 in 4, interpreted as the formal C*~
anion being a stronger donor than HC>~, leading to a greater bond order
for the C-Mo bond in 4.7

Very fast degenerate proton transfer occurs between 4 and 2 [k=7 x 10°
(20°), 4 x 10° (=60°), 1 x 10> M~" s7! (=90°), E, 17 kJ mol~']. The anion
in 4 is sufficiently basic to deprotonate MeCN and HC=CPh, while only
partial conversion of 2 to the anion is achieved with KCPh;. Accordingly,
the pK, of 2 is estimated to be ca. 30.7. The strong nucleophilic properties
and synthetic utility of 3 are shown in its reactions with PC1,X (X = Cl, Ph),
the chalcogens and SC,H4 (Scheme 2). The products all contain a sterically
undemanding substituent on the carbon and unusual chemistry is foreseen.””
Reduction of 5 with Na/Hg affords the phospha-isocyanide complex as ion-
pair 6, while a neutral diamagnetic dimer was obtained from the reaction
between 5 and 6.7

Deprotonation (LiBu, LiBu’, LDA) of the methylidyne complex
Tp'(OC),W=CH (7; Scheme 3) affords orange Tp'(OC),W=CLi (8) which
was not isolated but could be characterized by its broad '*C signal at
3 556.7° The v(CO) spectrum indicates the negative charge is mainly in the
carbon s orbital. The pK, of the methylidyne is estimated at 28.7 (vs.
2-benzylpyridine), it being less acidic than HC=CPh or HC=CBu' (pK,
23.2, 25.5, both vs. NH,Cy). Nucleophilic properties of the carbide anion
are shown in reactions with electrophiles such as Mel, SiMe;(OTf), I,, and
acyl compounds.

The optimized geometries (DFT/B3LYP) of FeC(CO), (Fig. 7) show
the trigonal pyramidal form with axial C is a minimum on the singlet
potential energy surface, while the equatorial isomer is a transition state.”’
The Fe—C bond dissociation energy is calculated between 350 and 395 kJ
mol™'. The complex should behave as a nucleophile, with the
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TABLE 1
CoMPLEXES CONTAINING C; LIGANDS, {L,M}-C—{M'L’ }

‘m

ML, ML), 3¢ M-C M-C-M’ Notes Ref.
(a) Mononuclear

Mo{N[CMe(CDs),]xy}3 - 1.713(9) - é 93
Mo{N[CMe(CDs),]xy}; - 482.8 - b 93
Mo{N[CMe(CDxs),]xy}3 - 494.5 - ¢ 93
Mo{N[CMe(CD5),]xy}5 - 474.2 - d 93
W(CO),Tp’ — 556 - ¢ 96
RuCl,(PCy;), - 471.8 - 98
RuCl,(PCys){I(mes)} - 479.64 1.650(2) - 98
(b) Binuclear

Nb(calix-Oy) Nb(calix-Oy) 268.9 1.966, 1.968(5) 92.0(2) f 99
(1-O)(u-Na), ‘

Nb(calix-Oy) Nb(calix-Oy) 1.925(4), 1.919(3) 173.9(2) f 99
(1-Na); .

Nb(calix-Oy) Nb(calix-Oy) 257 f 99
(n-Na),

Mo(CO),Tp* Fe(CO),Cp 381 1.819(6) (Mo), 1.911(8) (Fe) 172.2(5) 101
W(O)(silox), WCl,(silox), 379.14 (Jew 200, 187) € 100
W(Nxy)(silox), WCl,(silox), 406.25 (Jew 194) 1.994(17), 1.769(17) 176.0(12) € 100
W(OBU'); Ru(CO),Cp 237.3 (Jew 290.1) 1.75(2) (W), 2.09(2) (Ru) 177(2) 103
Fe(oep) Fe(oep) 1.664 210
Fe(tpp) Fe(tpp) 1.675, 1.683(1) 180 109,114,117,210
Fe(tpp)(thf) Fe(pc)(thf) 1.71, 1.65(1) 179(1) 117
Fe(pc) Fe(pc) 113,114,117
Fe(thf)(pc) Fe(thf)(pc) 1.71, 1.64(2) 114,117
FeF(pc) FeF(pc) 1.687(4) 179.5(3) b 114,116

(Continued)
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TABLE 1

Continued
ML, ML), d¢ M-C M-C-M’ Notes Ref.
FeX(pc) FeX(pc) b 114,116
Fe(py)(pc) Fe(py)(pc) 1.69(2) 177.5(8) 113-115
Fe(4-Mepy)(pc) Fe(4-Mepy)(pc) 113
Fe(pip)(pc) Fe(pip)(pc) 113
Fe(Me-im)(pc) Fe(Me-im)(pc) 1.70(1) 178(1) 112,113
Fe(OCMe,)(pc) Fe(OCMe,)(pc) 113
Fe(tpp) Re(CO)4Re(CO)s 1.605(13) (Fe), 173.3(9) 118

1.957(12) (Re)

Ru(py)(pc) Ru(py)(pc) 1.77(2) 174.5(8) 115

Notes: “[K(benzo-15-crown-5)] " salt; °[K(2,2,2-crypt)] " salt; “Dimer; Na salt in solution, not isolated; °Li derivative; 'calix-O4 =4-Bu'-
calix[4]Jarene; ®silox = OSiBuj; h[NBu4]Jr salts, X =Cl, Br, NOj (radical cations), CN, OCN, SCN.

a6}
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SCHEME 4

carbide ligand being a strong m acceptor and even stronger ¢ donor,
polarized towards the Fe atom. Stabilization by coordination to Lewis
acids such as BCl; (strongly bonded) may give isolable compounds.

Elimination of dimethyl fumarate from intermediate 9, obtained
from reactions between Grubbs-type complexes RuCl,(=CHPh)(PCy;)(L)
[L=PCy;, I(mes)] and the substituted methylenecyclopropane CH,=
CCH(CO,Me)CH(CO,Me), gives air- and moisture-stable Ru(=C)
Cl(PCys)(L) (10) (Scheme 4).°® The I(mes) complex has a very short
Ru-C distance [1.650(2) A]; in both, the carbido resonance is found at &
ca. 475. Complex 10 (L = PClyj;) is also obtained (70% yield) directly from 9
[L, = (PPh3),] by addition of an excess of PCys.
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(15) (18)

SCHEME 5

2. Bi- and Poly-Nuclear C; Complexes

The reductive cleavage of CO to carbide and oxide, then to carbide, has
been modeled on an Nb-O framework (Scheme 5).” Reduction of a
calixarene—niobium complex 11 with CO affords oxyalkylidyne 12 in which
one Nb atom forms an Nb=C bond and the other engages in 1n>-CO
bonding. Treatment with sodium resulted in reductive cleavage to 13 and
deoxygenation to paramagnetic 14; oxidation ([FcH]') gives 15. The
interactions shown result from electrophilic attack of Na™ on the electron-
rich carbide ligand.

Dissociation of CO about a W=W triple bond is found in the reaction of
(silox),CIW=WClI(silox), (16, Scheme 6; silox =O0SiBu}) which affords
initially 17. On heating (120°C, 4 h) in toluene, (silox),(O)W=
C=WCl,(silox), (18) is formed.'™ A similar reaction of 16 with xylyl
isocyanide gave W,Cl,(silox)4(CNxy), which in less than 1 h at 80°C gave
the imido analogue (silox),(Nxy)W=C=WCl,(silox), (19). The carbide
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Silox = OSiBu}
silo: silox I
i silo.
S'IOX';\ / ilox \QI .]
- cO E B i SHOX
Ci \CI “silox /C silox
silox
© C
(6]
(16) 17)
xyNC;
80°C 120°C
_ silox silox silo silox
silox,, silox,, )\
A N \wCl iCl
N Cl 0 Cl
)I(y silox silox
(19) (18)
SCHEME 6

resonances in 18 and 19 are at & 379.14 [J(CW) 200, 187 Hz] and 406.25
[/J(CW) 194 Hz], respectively. The latter contains two W—C distances [1.769,
1.994(17) A], with W-C-W 176.0(12)°, consistent with the W=C-W
formulation. Treatment of either with acid (HCI) affords methane.

The chlorocarbyne-molybdenum complex Mo(=CCI)(CO),Tp* reacts
with [Fe(CO),Cp]™ to give Tp*(OC),Mo=C-Fe(CO),Cp (20; Scheme 7),
for which the carbide resonance is found at & 381. Structural data are
consistent with the Mo=C-Fe formulation.'”' Protonation (HBF,) affords
the u-CH complex, in which the proton is agostic, adopting a position
bridging the C and Mo atoms [¢ 344, J(CH) 72 Hz]. Photolytic substitution
of both CO ligands on iron by PMe; or CNBu' is found, while insertion of
CS, into the Fe-C bond gives Tp*(OC),Mo=CCS,Fe(CO)Cp. Related
heterometallic carbides obtained from M(=CX)(CO),Tp* (M =Mo, W;
X = (I, Br) have been described briefly and include complexes with M=C-
M’ bonds (21, M’ =Ni, Pd, Pt).'*

Metathesis of W(=CEt)(OBu’); or W»(OBu’)¢ with Ru(C=CMe)(CO),
Cp’ (Cp’ = Cp, Cp™®°) occurs readily at r.t. with elimination of MeC=CEt to
give (Bu’O);W=C-Ru(CO),Cp’ (22; Scheme 8); the analgous iron deri-
vative could not be prepared in this way.'** % The carbide resonance is at &
237.3 [J(CW) 290.1], while the W=C and Ru-C distances are 1.75(2) and
2.09(2) A, respectively. The W=C-Ru fragment is essentially linear [177(2)°].
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[FG(CO)QCD]' o
(M = Mo) M'(n-CH4)(PPhg)2
(M'=Pd, Pt)
M = Mo, W

C
0" ¢ ¢ o ° ¢
o] o o
(20) 1)
2PPhg
(M' = Pd)
o)
PPh3 Y 0
HB\/—\N Br——Pd CEM{H,
N TR
Nm.,k N\
M===C—Pd—Br N gH
| \ ~
o A PPhg
o
HB\/\N
( N = HB(dmpz); (Tp*) (20), HB(pz)3 (Tp) (21)

SCHEME 7

Complex 10 behaves as a o-donor in the complexes (PCy3),Cl,Ru=C-
ML, [23; ML, = Mo(CO)s (not isolated), trans-PdCl,(SMe,)] (Scheme 4),'%°
as predicted for Fe(=C)(CO), (above). The p-C ligands resonate between
o 381.2 and 446.3, respectively, and structural data are consistent with the
Ru=C-M formulation.
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(BUlO)sW===CEt or (BU'O)sW==W(OBu);

MeC=C—Ru(C0).Cp'

(BU'O)sW==C—Ru(CO),Cp’

(22)
SCHEME 8
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(24) N4 = tpp, L = - (27) Ny = tpp
(25) N4 =pc, L =-
(26) N4 = tpp, L = Me-im

The earliest example of a p-carbido complex, {Fe(tpp)},C (24), was
obtained by reactions of Fe(tpp) (tpp =tetraphenylporphin) with Cly,
CCl53SiMes, CH,Cl, and LiBu, or by reaction with Fe(CBrz)(tpp).'m’m8 The
X-ray structure of 24 reveals a single carbon atom bridging the two Fe(tpp)
moieties with Fe—C 1.675(1) A and a linear Fe-C—Fe unit, i.e., it has an
Fe=C=Fe structure.'”” Theoretical calculations (EH MO) confirm that
there is strong Fe—C n bonding in {Fe(tpp)}»,C.""” The Mssbauer spectrum,
measured at 131 K, with an isomer shift of 0.10 mm s~' and quadrupole
splitting of 1.88 mm s, is similar to that of the analogous u-N complex.'"!

Similarly, reaction of Fe(pc) (pc=phthalocyaninato) with CI; in
I-chloronaphthalene, in the presence of sodium dithionite, gives
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{(pc)Fe}=C={Fe(pc)} (25); addition of 1-methylimidazole affords {(pc)(Me-
im)Fe}=C={Fe(Me-im)(pc)} (26)."'> A band at ca. 990 cm™' is assigned
to vo(FeCFe) in the parent carbide, which shifts to 940 cm™' upon
coordination of the N-donor ligand. The 1-methylimidazole adduct has
Fe—C bonds of 1.70(1) A and Fe-C—Fe of 178(1)°; the pc rings are staggered.
Other complexes containing acetone, pyridine, 4-methylpyridine, and
piperidine have been reported.''> Mossbauer data for these complexes are
consistent with their being Fe(IV) derivatives.''*'!*

Recent papers have described a series of related derivatives, including
crystal structure determinations, for {M(py)(pc)}»(u-C) (M = Fe, Ru),'"
[NBugL,[{FeX(pe)}»(n-C)] (X=F, Cl, Br),''® and {(pc)Fe}=C={Fe(tpp)},
{Fe(tpp)}(-C) and their thf adducts.''” Synthetic methods include direct
addition of the Lewis base (/N-ligand, halide) to the parent carbide complex,
and reaction of [Fe(pc)]>~ with Fe(CCL)(tpp).

Heterometallic carbide complexes have been obtained from
Fe(CCl)(tpp) and carbonylmetal anions. Thus, with [Re(CO)s] ™, (tpp)Fe=
C=Re(CO)4Re(CO)5 (27) was formed, with Fe-C and Re-C distances
of 1.605(13) and 1.957(12) A, respectively, and Fe-C-Re 172.8(4)°.
The carbene resonance is at & 211.7. The tpp ligand is unusually dis-
torted from planarity.''® Briefly mentioned are (tpp)Fe=C=Cr(CO)s and
(tpp)Fe=C=Fe(CO),, obtained similarly using [Cr(CO)s*~ and
[Fe(CO)4*~, respectively.'

An early report described (tpp)Sn{C[Re(CO);]}, from SnCl,(tpp) and
Re,(CO);0, together with a crystal structure''” but calculations (EH MO)
suggest its reformulation as a p-O or p-CH, complex.''*'%°

3. Tetrametallomethanes

Some tetra-metal-substituted methanes are known. While reactions of
C{B(OMe),}4 with AuCI(PR3) have usually given the aurophilic carbide
clusters such as [C{Au(PPhs)}s]™ or [C{Au(PPh;)}¢*"."*>!** use of
sterically demanding phosphines afforded neutral C{Au(PR3)}4 (R=Cy,
C¢H,Me-2).'*

Similarly, reactions of C{B(OMe),}, with Hg(OAc), afforded
C(HgOAc)4;'?® a series of tetra-mercuro-methanes, C(HgX), (X =Cl, Br,
I, CN, SCN) has been obtained from reactions of C{Hg(OAc)}4 with halides
or pseudohalides.'*® In turn, the acetoxy compounds derived from
“Hofmann’s base”, previously thought to contain a C, unit, are now
believed to be a polymeric oxonium ion formed by condensation of
C{Hg(OH)}4. Treatment of this compound with acetic or trifluoroacetic
acids afforded C{Hg(O»R)}4 (R =Me, CF3). Extensive spectroscopic studies
of these derivatives have been carried out.'””'** Further reactions with
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MeSH or H,S give C{Hg(SMe)}s and {CHg,S,},, respectively."*” Several
of these compounds have been used as sources of heavy-atoms in X-ray
crystallography of macromolecules such as nucleic acids, membrane
proteins and ribosomes.'?! '3

4. Molecular Ti—Al Carbides

Reactions of TiMe,(N=PR3)Cp’ (28, Cp’'=Cp, R=Pr’, Ph, Cy; Cp' =
ind, R =Pr’; Scheme 9) with AlMes afford clusters containing carbide ligands,
Cp'Ti(p-Me)(u-N = PR3)(114-C)(u-AlMe,)>(AlMe,)  (29) (Table I1).'3%!%
An excess of AlMe; gives 30, containing a five-coordinate trigonal
bipyramidal carbide, which has been compared to that in [{Au(PPh;}sC]™
and other hypervalent carbon species. One Al atom in 29 is three-coordinate
and takes up Lewis bases, L, to give CpTi(u—Me)(p-N:PPrg)(m—C)
(AlMe,)>{AlMe,(L)} (31; L =OEt,, thf, PMes). The phenyl analogue of
29 was obtained from TiMe,(N =PPh;3)Cp and an excess of AlMe; and
crystallographically identified [Ti—C 1.975(3) A]. The carbide resonances of
the '*C-enriched compounds are found between & 298 and 313.

Related chemistry occurs in reactions of the thiolates Ti(SR),(N =
PPr})Cp (32, R=Ph, CH,Ph, Bu’) with AIMe; which result in the unusual
complete C-H bond activation of a Me group to give CpTi(n-SR)(u-
N:PPrg)(u4-C)(A1Mez)2(SRA1Me) (33). The same compounds are formed
by addition of HSR to 29. The carbide is coordinated by Ti and three Al
atoms, with Ti—C distances of between 1.900(3) and 1.945(6) A and severely
distorted tetrahedral geometry resulting from the presence of three fused
four-membered rings.'¥¢'%’

B. Complexes Containing C» Ligands

Consideration of the degree of metal substitution at the carbons of the C,
fragment and the separations of the two carbon atoms, has led to the
formulation of polymetallic species as “‘permetallated” ethyne (E), ethene
(F), or ethane (G) (Chart 2).*° Addition of metal fragments to the
unsaturated species E leads to sequential formation of F and G and
progressive saturation of the C=C triple bond. These ideas are broadly
consistent with the results of computational studies (Section IX.D).
Compounds of type E are described below, while the more highly metallated
species are discussed in Sections VII, VIII, and IX.

Although the ethynediide dianion, [C=C]*", in the form of its Group 1
and 2 salts, is a useful if somewhat specialized reagent in organic
chemistry, transition metal complexes containing C, ligands have been
sparsely studied until recently. Compounds such as M,,C, [M = Group 11
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TABLE 11
SOME SPECTROSCOPIC AND STRUCTURAL DATA FOR MOLECULAR Ti—Al CARBIDES
Complex Cp/ R R’ L 3¢ Ti-C/A Ref.
29 Cp Cy - - - 1.891(6) 135
29 Cp Pr' - - 304.7 1.874(4) 134,135
29 ind Pr’ - - 310.8 1.878(4) 135
30 Cp Ph - - 1.972(3) 134,135
30 Cp Pr' - - 298.2 1.972(3) 134,135
31 Cp Pr' - OEt, 312.8 - 134,135
31 Cp Pr' - PMe, 309.1 1.887(5) 135
31 Cp Pr' - thf 312.4 - 135
33 Cp Pr' CH,Ph - - 1.900(3) 136,137
33 Cp Pr! Ph - - 1.902(2) 137
33 Cp Pr' Bu’ - - 1.945(6) 137
M. M M
+2M \ —7 +2M % //
oo = N[/ = MK
Mem——M
permetallated permetallated permetallated
ethyne ethene ethane
(E) (F) (G)
CHART 2

(n=2) or 12 metal (n=1)] have been known for many decades and,
although structural studies are limited, they are thought to be polymers
with extended frameworks. Detailed studies are often precluded by the
extreme tendency towards detonation with mechanical shock. Apart from
the complexes reviewed herein, transition metals are also found in
association with C, units in solid-state ternary dicarbides together with
the electropositive lanthanides or actinides, e.g., DyCoC, or ScCrC,,%% 138
and the lanthanide cluster species, such as Cs3[Tb;o(C5),]lI,; and
Gd o(Cr)al 6. 21" The C-C separations are longer than that found in
ethyne (1.205 A), ranging from 1.32 to 1.47 A and even to 1.60 A in
ScCrC, (above), leading to their interpretation as C5~ (n=4 or 06), i.c.,
deprotonated ethene or ethane.

Transition metal derivatives assume p-n':n' bridging modes which are
assigned electronic structures H, I or J (Chart 3) on the basis of the central
C—C separation, which can be related to those in ethyne (1.21 A), ethene
(1.34 A), or ethane (1.53 A), respectively.
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L,M—C==C—ML, Ly\M=—C=—C=—=ML,, L.M=C—C==ML,

(H) U] ()]

CHART 3
Possible routes to C, complexes include the following:

(a) reaction of alkali metal ethynyls or ethynyl Grignard reagents with
metal halides, alkyls, or triflates;

(b) reaction of anionic metal carbonyls with HC=CX or C,X,

(X =halide or triflate);

(c) oxidative addition of dihaloethynes, 1,3-diynes or alkynyliodonium
cations to metal substrates; this may be followed by substitution of
the second halogen;

(d) deprotonation of vinylidene complexes (from metal halides or alkyls
with alkyne complexes containing acidic protons) or p-n': n*-C=CH
complexes (in which the alkyne protons are rendered more acidic by
coordination);

(e) from metal alkyls and ethyne;

(f) by modification of another two-carbon ligand, e.g., by dehydro-
genation;

(g) by metathesis of carbyne-metal complexes with alkynyl-metal
complexes, or of complexes containing M=M triple bonds with
1,3-diynes.

However, the ethynediide dianion often reacts as a 2-e reducing agent rather
than giving any C, complexes.'*!

The chemistry of haloalkynes with low-valent metal complexes has been
reviewed.'*” Two competing reactions of anionic metal carbonyls
[M(CO),]~ with halo-alkynes are (i) abstraction of X" to give MX(CO),
and (ii) nucleophilic displacement of X~ to give M(C=CX)(CO), and
{M(CO),,}>(u-C=C). A recent study of reactions of haloalkynes with
[M(CO);Cp’]” (M =Cr, Mo, W; Cp'=Cp, Cp*)] has clarified the reaction
conditions, which are determined by the nucleophilicity of the anionic metal
carbonyl and the electron-withdrawing power of any substituent on the
C=C triple bond. Cross-coupling of the anion with a chloroalkyne is
catalyzed by palladium.'*

1. Complexes Containing Isolated C, Ligands

At the time of writing, there are no reported examples of complexes
containing C, ligands attached to only one metal atom, although in
principle, it should be possible to access species such as [W(C=C)(CO)s]*~,
using alkali metal cations surrounded by crown ethers. Deprotonation
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(with LiR) of ethynyl or vinylidene ligands gives lithiated derivatives which
are valuable synthons for C, compounds, although their use has been
limited. As a result of the presence of the metal fragment, which is both
electropositive and a n-donor, the pK, of the acetylenic proton (ca. 22-34)
is more acidic than the Cp protons in ReMe(NO)(PPh;)Cp, but less
acidic than organic alkynes. Thus, the reaction between Re(C=CH)(NO)
(PPh3)Cp and LiBu (thf, —80°C) gives lithiocarbide complexes Re(C=CLi)
(NO)(PPh3)Cp and Re(C=CLi)(NO)(PPh;)(n-CsH4Li), as demonstrated by
the formation of the corresponding methylated derivatives after treatment
with Mel.'**!'*> The dilithiated complex was formed in ca. 90% yield if
2 equiv. LiBu were used; however, both products were formed even when
1 equiv. LiBu was used (66/26 at —80°C, 80/10 at 20°C). In some cases,
addition of CuCl gave an insoluble and as yet uncharacterized copper(I)
derivative, which was used with advantage in the reactions with metal
halides. Reactions of the lithiated complex with SnCIPh; afforded similar
amounts of Re(C=CSnPh;)(NO)(PPh3)Cp and Re(C=CSnPh;)(NO)(PPh;)
(n-CsH4SnPhj). More extensive reactions were carried out with Re(C=
CH)(NO)(PPh3)Cp*, which afforded the corresponding C=CR (R=D,
Me, SiMes, SnPhs) complexes. Double deprotonation of [Ru(=C=CH,)
(PPh3),Cp*]™ with LiBu’ (—78°C) affords Ru(C=CLi)(PPhs),Cp*, which
reacts with SiCIMe; to give Ru(C=CSiMes;)(PPhs),Cp*.'"*® The Cp
analogue gave inseparable mixtures of products formed from Ru(C=CLi)
(PPh;),Cp and Ru(C=CLi)(PPh;),(n-CsH4Li), as found for the rhenium
analogue.

2. Binuclear Complexes Containing C, Ligands

Selected spectroscopic data for homo-binuclear C, complexes are given
in Table III.

(a) Group 3

Reactions of ethyne with ScCRCp3 (R =H, Me, CH,SiMe;, CMe=CMe,,
C=CMe, Ph, NMe,) afford Sc(C=CH)Cp3; excess ethyne is converted
to various oligo- and poly-alkynes.'*” Rapid conversion of the ethynyl to
off-white {ScCp3 },(n-C=C) (34) occurs on attempted isolation.

While several products were obtained from ethyne and SmCpj3, the
reaction with Sm(thf),Cp3 (n=1, 2) in toluene at —196 °C afforded yellow
{Sm(thf)Cpj3 }»(n-C=C) (35); the monometallated derivative could not be
obtained, nor was there any evidence for the formation of an n*C,H,
intermediate.'*®

Reduction of M(thf){oepg-Na(thf),} [M = Pr, Nd; oepg = meso-octacthyl-
porphyrinogen tetra-anion] with sodium in the presence of ethyne results
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(34
(35)
(37
(39)

41)
(42)
(43)
(45)
(1)
(52)
(53)
(55)
(58)
(59)
(61)

(63)

L,M-C=C-ML,

ScCp*,

Sm(thf)Cp*,

Ti(PMe;)Cp,

Zr(ICR=CHR')Cp, (R=H, R'=SiMe;; R
= Ph, R' = Me)

Zr(NHBuYCp', (Cp' = Cp, Cp™®)
Hf(C=CH)Cp*,

[V(mes),]

M(CO),Cp (M = Cr, Mo, W)

M(CO); (M = Mn, Re)

ReO,

Fe(CO),Cp*

Ru(CO),Cp

trans-PtCI(PR;), (R = Bu, Ph)
Pt{C;H,(CH,NMe,).-2,6}

Au(PR;) [R = Ph, 3- and 4-tol, C;H,-
OMe-4, nap; PR; = PPh,(bp), PPhFc,]
HgR (R = Me, Cy, Ph)

(36) M=Pr, Nd

205

in formation of {M(oepg)(n-Na),}»(u-C=C) (36), in which the saddle-
shaped ligand is attached to M in the N,n°-mode, the sodium cations being
incorporated into the cavities formed by bridging of two M(oepg) fragments

by the C, unit.'*

(b) Group 4

An otherwise unsubstantiated account describes air-sensitive blue
{(TiCpy)r(n-C=C)},, isolated from the reaction of C,(MgBr), with
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TABLE III
SELECTED SPECTROSCOPIC PROPERTIES OF {ML,},(u-C,)
ML, IR (Raman) v(CC)/cm™~" 3¢ (J/Hz) Anm (e M~ em™") Ref.
Group 3
ScCps (1899) 179.4 147
Group 4
Ti(PMe;)Cp, 258.1 (m) 151
Zr(NHBu')Cp, 169.9 156
Zr(NHBu')(Cp™©) 171.0 156
Zr(CPh = CHPh)Cp, 178.5 153
Hf(C=CH)Cp} (1938) 153.3 157
Group 5
Ta(silox); 709/695 (*CC)/682 157,160
("Cy) (1617)
Group 6
Cr(CO);Cp 116.1 162
W(CO);Cp obscured by CO 101.1 163,165
W(CO)-Cp™M© obscured by CO 106.3 165
W(OBu'); not observed 278.6 470 (170), 425 (460), 370 (1800), 167,168
350 (2100), 295 (3100), 248 (24,000)
W(OBu');* not observed 430 (2490), 354 (7590), 294 (11,300), 170
254 (27,800), 246 (26,800)
W(OCMe,CF3); not observed 460 (220), 420 (460), 373 (1700), 354 (1900), 168
289 (2900), 247 (26,000), 241 (26,000)
W(OCMe,Et); not observed 464 (210), 428 (520), 370 (2300), 353 (2500), 168
296 (3700), 249 (30,000)
Group 7
Re(CO)s (2002) 319 (12,000), 242 (50,000), 223 (68,000) 171,175
ReOs 143.7 177
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Group 8
Fe(CO),Cp™
Fe(CO),Cp*
Ru(CO),Cp
Ru(CO),CpM®
0s(CO),Cp

Group 10

trans-PdCI1(PMe;), (2008)
trans-Pd1(PMes), (2004)
trans-PtCl(PMes), (2024)
trans-PtI(PMe;), (2022)

Group 11
Au{PPh(nap),} (2012)

Au{PPh(nap)} (2007)
Au{PPhFc,} (2003)

Au{P(nap)s} (2008)
Au(PCy;)

Au(PPh;) (2040)/(2002)
Au{P(tol)s} (2025)
Au{P(C¢H,OMe-4)3}

Group 12
HgMe
HgCy
HgPh

98.1
98.1
74.7
81.9
65.9

101.91 (CP 15.6)

145.0 (dd)

89.95 (CP 24.4)

155.8
158.7 (CHg 880, 200)
155.0 (CHg 956, 260)

322 (10,100), 315 (20,100), 306 (36,500), 296 (51,000),
284 (42,500), 274 (35,800), 232 (169,000)

318 (4100), 306 (12,600), 295 (19,500), 284 (17,400),
261 (20,000), 230 (90,500)

406 (5170), 300 (10,400), 285 (15,600), 270 (27,300),
258 (58,200), 242 (63,800)

308, 297, 287, 230 (¢ not determined)

331 (50), 315sh (120), 303 (330), 283 (3500),

270 (6840), 256 (55,020), 239 (47,260)

288 (4150), 265 (18,300), 234 (48,800)

182
178
104
105
105

187,188
187,188
187,188
187,188

209,211
209,211
209

209
288

206,209
206
380

216
216
216
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' " =N [Li(thf)4]*
Lo
L
Ne/—|[——i=—==N
T/
(38)

TiCICp,, as being “undoubtedly polymeric”."*® A poor yield of deep green
{Ti(PMe3)Cp,},(1-C=C) (37) was obtained by from TiCl,Cp, with Li,C,
and treating the resulting {TiCICp,}>(u-C=C) in situ with PMes and
magnesium.'>' The reaction of 2-methylene-1,1-diphenylcyclopropane with
Ti(PMe;)>Cp> gives the red n? complex which over six weeks in thf solution
gives a higher yield of 37, enabling it to be characterized crystal-
lographically. It is very sensitive to air and water, and reacts with HCI to
give an 85/15 mixture of ethyne and ethene. The formation of this complex
probably occurs by ring-opening, loss of CH,=CPh, and then 1,1-diphenyl-
2-methylcyclopropane after dimerization, and hydrogen transfer.

The reaction of Ti(thf),(oepg) with lithium in the presence of ethene
gives red [Li(thf)s]>[{Ti(oepg)(n-Li)}>(pn-Cs)] (38), in which two Ti(oepg)
units are joined by a C, unit, together with two Li atoms. The latter are n*
bonded to the porphyrinogen ligands and the Li,Ti, portion is square-
planar. The C-C bond is longer than expected for a bridging ethyndiyl
group, with the structural data consistent with a Ti=C=C=Ti formulation,
although the paramagnetism is in accord with the Ti-C=C-Ti form.'>* The
C, unit is stabilized by coordination to electron-rich Ti centers and
protected by the Li cations which can also interact with the periphery of the
oepg ligands (cf. the Nb—calixarene complex above).

Ethyne reacts with the zirconacyclobutene Zr(CH,CPh=CPh)(PMe;3)Cp,
with ring-opening to give yellow {Zr(CPh=CMePh)Cp,},(u-C=C) (39,
R=Ph)."” The complexes M(L){n>-C5(SiMes),}Cp> (M=Ti, L=—;
M =Zr, L =thf) are useful precursors.'?""!>*!% The zirconium derivative
reacts with ethyne to give a mixture of {Zr[C(SiMe3)=CH(SiMe3)|Cp-}»
(u1-C=C) (39, R =SiMej3), which contains an agostic Zr---H interaction
to the vinyl H, and zirconacyclopentadiene Zr{CH=CHC(SiMe;)=
C(SiMe3)}Cp,. Reactions of Zr(NBu')(thf)Cp) (40; Cp’ =Cp, Cp™®) with
ethyne give {ZrCpj},(u-NBu')(i-CHCH=NBu'), which on heating are
converted to light yellow {Zr(NHBu")Cp) }»(u-C=C) (41) via fragmentation
into Zr(NBu')Cp) and Zr(CH=CHNBu')Cp) (Scheme 10).">

An excess of NaC,H is required for the synthesis of Hf(C=CH),Cp3
from the dichloride; if the reaction is carried out in refluxing thf, light yellow
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{Hf(C=CH)Cp3}»(u-C=C) (42) is obtained in 50% vyield.””” Fluxional
'H NMR spectra arise by rotation of the two Hf sites about the Hf-C—C—Hf
axis (barrier to rotation 19.5 kcal mol™").

(c) Group 5

The reaction between Li,C, and V(mes); in thf afforded grey-blue
paramagnetic [Li(thf)4],[{V(mes);}(u-C=C)] (43).""

The formation of a C, complex from CO and a tantalum siloxide
(Scheme 11) provides significant support for intermediate steps in the
Fischer-Tropsch reaction. Cleavage of CO in the reaction with
Ta(silox); (silox =OSiBu}) in benzene at r.t. gave a 2/l mixture of brick-
red {Ta(silox);}»(u-C,) (44) and TaO(silox)s.">” '®" Structural data are
consistent with the presence of the Ta=C=C=Ta fragment, in which the
HOMOs are a fully occupied C=C n° and a half-occupied HOMO localized
on the Ta=C bond (n) with partial C=C =" character. Magnetic properties
indicate a singlet ground state. Hydrolysis required drastic conditions (thf,
110°C, 15 h) and gave C,H,4 and H(silox); dioxygen required 30 min at r.t.
to give Ta(=C=C=0)(silox); and TaO(silox);. The same mixture was
obtained from Ta(silox); and CO in toluene between —78 °C and r.t., while
treatment of the ketenylidene with Ta(silox); rapidly formed the dicarbide
and TaO(silox)s;. Labeling studies suggest the transformations shown in
Scheme 11, and these are supported by the direct reaction of Ph,C=C=0
with Ta(silox); to give Ta(n?-OC=CPh,)(silox); at —78°C in hexane.
Extended thermolysis (benzene, 155°C, 8 h) resulted in extrusion of C,Ph,
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SCHEME 11

and formation of TaO(silox);. The suggested intermediate vinylidene, such
as Ta(=C=CPh,)(silox);, could not be detected or trapped. The selectivity
of this reaction is the result of the strong reducing and oxophilic nature of
the formally Ta(III) center.

(d) Group 6

Chloroethynyl complexes of Mo and W are obtained from [M(CO);Cp]™
(M=Mo, W) with C,Cl,, with only trace amounts of W(CCl=
CHCI)(CO)sCp and {W(CO);Cp}»(n-C=C) being isolated.'®> Pale brown
{Cr(CO);Cp}»(u-C=C) (45/Cr) is the major product obtained with M =Cr,
together with a black pyrophoric powder containing Cr. With C,X, (X =
Br, I), only MX(CO);Cp was formed. The dark yellow tungsten complex
45/W is also obtained from the reaction of LiC,H with WCI(CO);Cp.'**

Reactions between [W(CO);Cp']™ (Cp’ = Cp, Cp™M®) and CH,1, in MeCN
give {W(CO);Cp'}r(u-C=C) 45/W') in 31% vyield [together with
WX(CO);Cp’ (X =Me, I) in similar amounts].'**'*> In MeOH, intermediate
formation of W(CH,I)(CO);Cp’ and the ketene complexes W(u-n':
112-CH2CO)(CO)5Cp’2 (46) is seen (Scheme 12). The latter are probably
formed by insertion of CO into the pu-CH, derivative; when dissolved in
MeCN, they are converted to the dicarbide by formal loss of H>O. The Cp
complexes are the less stable.

Generation of the C, ligand by modification of another two-carbon
ligand has been achieved in the reactions of [M(=C=CH,)(CO),Tp*]”
(M =Mo, W), itself obtained by deprotonation (KOBu’) of the methyl-
carbyne complexes (Scheme 13).'°® Reactions of the anion with WI(CO)(1*-
C,Ph,)Tp afford Tp*(OC),M=CCH,W(CO)(1*-C>Ph,)Tp (47) which are
converted to the anions [Tp*(OC),M=CCHW(CO)(n*-C,Ph,)Tp]~ (48) by
treatment with KOBu'. Further addition of an equivalent of KOBu’ and
half an equivalent of I, afforded Tp*(OC),M=CC=W(CO)(n>-C,Ph,)Tp
(49) (by net removal of 2H). In contrast to the Cp complexes described
above, the presence of a dicarbyne bridge is suggested by the two resonances
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at 0 343 and 277 (M =Mo) or 347 and 274 (W). In the vinylidene precursor,
the C,Ph, ligand is a four-electron donor, whereas in the dicarbyne complex,
it donates only two electrons, allowing formation of the dicarbyne bridge.

The dark red dicarbyne complex {W(OBu);}»(u-Cs) (50) was first
reported from metathesis of W,(OBu’)s and EtC=CC=CEt (Scheme 14).'%’
Two structure determinations revealed that the three OBu’ groups on each
tungsten are staggered (D3,). The structure of the toluene hemisolvate has
rather longer W—C and shorter C—C bonds; both are consistent with the
W=C-C=W formulation.'® 7" This complex is not a metathesis catalyst
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(OBUY)sWE=C——C=W(OBuY)3

(50)
(BU'O)sW=W(OBuU")3 (BU'O)sWe=C——C=W(OBU")3
_— (50)
+ +
EtC==C——C==CEt EtC==CEt
SCHEME 14

for alkynes and is probably formed as the most stable of the three possible
alkylidyne products. However, when the reaction is carried out in the pre-
sence of quinuclidine (quin), slow formation of W(=CC=CEt)(OBu’);(quin)
occurs. Several derivatives were obtained from W(=CEt)(OR); [R =Bu/,
CMe,(CF3), CMe,Et] and EtC=CC=CEt; use of more bulky deca-4,6-diyne
gave only W(=CR'){OCMe,(CF;)}; (R’ =Pr, C=CPr).'®

(e) Group 7

Several reports have shown that general routes to complexes containing
M-C=C-M fragments (M =Mn, Re) are not available, Li»C, and
MnBr(CO)s giving only Mny(CO);o'*' while Li,C, or Na,C, with
Re(FBF5)(CO)s also does not give the desired product.'”" Similarly, the
reaction between MnBr(CO)s and C,(SnMes), gives only Mn(SnMe;)(CO)5
and {Mn(CO)s},SnMe,.'"?

Comparison of the reactions of [M(CO)s]™ (M = Mn, Re) with C,I, showed
that, while the rhenium anion abstracts I to give Rel(CO)s and {Re(p-I)
(CO)4}5, the manganese anion gives pale yellow {Mn(CO)s},(u-C=C)
(51/Mn) accompanied by {Mn(p-I)(CO),},.'”* This C, complex can also be
obtained from Mn(FBF3)(CO)s and HC=CSiMe;, followed by depro-
tonation of the resulting [{Mn(CO)s},(u-n" : n*-C,H)]BF 4 with K[BHEt;].'”

In the course of studies of the synthesis of binuclear hydrocarbon-bridged
complexes by nucleophilic attack of anionic metal carbonyls on coordi-
nated unsaturated hydrocarbons,**!'”* reaction of Re(FBF5)(CO)s with
Re(C=CH)(CO)s, itself obtained from Re(FBF3)(CO)s and HC=CSiMe;s,
afforded [{Re(CO)s}>(u-n':m?-CoH)]™ which could be deprotonated with
K[BHEt;] to {Re(CO)s}»(n-C=C) (51/Re; Scheme 15)."7>!7® The latter
reaction can be reversed with [Et;OH]BF,4 and methylation ((Me;O] ™) gives
[{Re(CO)s}>(i-n': m*C,Me)]BF,, although reactions with HX (X=Cl,
OTY) afford ReX(CO)s.

The reaction between Re,O5(thf), and Bu;SnC=CSnBujs gives the
extremely unstable {ReOs},(n-C=C) (52) in quantitative yield (by NMR).
Hydrolysis rapidly produces ReO;(C=CH), which is further converted to
H[ReO,4].""’
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(f) Group 8

Iron. Deprotonation of [F13§‘(u-nl :n°-C,H)] " [Fp* = Fe(CO),Cp*] with
NaOMe gives brick-red Fp*C=CFp* (53) in a reaction which is reversed
with acid (HOTF)."”* %% The reactions of the cation with other carbon
nucleophiles [LiMe, LiCuMe,, NaCH(CO,Me),] also give 53,"%"'5! but LiR
(R =Bu, Bu’) gives acylvinylidene 54 by further attack on a CO group of
the C, complex (Scheme 16). In the solid-state, a solvent MeOH molecule
interacts with the C=C triple bond of 53 inducing a bending of the iron
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[Ru] = Ru(CO).Cp

[RupF—C=C—Me MeC=CMe

[RuF—C==C—Me
+ — (RO)3W=C—Me (RO)sW=C—{Ru]

(RO)z;W=W(OR)3

[RuF—C=C—1IRu] [RuF—C=C—Me
(55)
SCHEME 17

substituents away from the MeOH [Fe-C-C, 173.0, 173.3(8)°], while no
distortion is seen in the solvent-free molecule. The H atom of MeOH is 2.41,
2.45(5) A distant from the two C atoms, with some elongation of the C=C
triple bond [1.202(5) vs. 1.173(4) A].'*?

Ruthenium. Although the reaction between W(=CEt)(OBu’);
and Ru(C=CMze)(CO),Cp in toluene gives (Bu’O);W=C-Ru(CO),Cp
(Section II.A), loss of volatile C,Me, and precipitation of yellow
{Ru(CO),Cp}o(u-C=C) (55) occurs if the reaction is carried out in iso-
octane (Scheme 17).'°%'% The latter can be obtained in 66% yield if
W,(OBu')g is used as a catalyst (up to nine turnovers per W atom); the Cp™©
analogue is also known.'” Extension of the reaction to a mixture
of Ru(C=CMe)(CO),Cp™ and (Bu'O);W=C-Ru(CO),Cp™® afforded
{CpMY(OC),Ru}»(n-C=C).

(g) Group 10

Nickel. The only mention of a nickel-C, system appears to be as an
intermediate in the reactions of NiCl,(PR3), (R =Me, Pr, Bu) with C,Cl»,
in which an intermediate nickel(I) species NiCI(PR3), may react
with NiCl(C=CCI)(PR3), to give {NiCl(PR3),}C=C{NiCl,(PR3)} (56;
Scheme 18).'® Elimination of NiCI(PR;), then generates the observed
product, [NiCl(C=CPMe;)(PMes),] .

Palladium and platinum. Reactions of alkali metal acetylides, M>C,
(M =Na, K) with Pd or Pt (550°C, in argon) gave black M,(Pd/Pt)C,,
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which are air- and moisture-sensitive.'**'®> They contain —{M-C—-C},—
chains, which interact with the alkali metal cations via the C, units; each
Pd/Pt atom is octahedrally surrounded by six M atoms. The C-C separa-
tions are lengthened [1.263(3) (Pd), 1.289(4) A (Pt)] and v(CC) reduced [ca.
1850 cm™'] as a result of significant back-bonding into the C, unit. The
compounds are semi-conductors with an indirect band gap of ca. 0.2 eV.
Isomerization of Pt(n*-C,CL)(PPhs), [from C,Cl, and Pt(n*-C,Hy,)
(PPhj3), or Pt(PPhs)4] to trans-PtCl(C=CCl)(PPh;), occurs upon refluxing
in toluene for several hours. Further reaction of the latter with
Pt(n*-C,H4)(PPhs), gives {rrans-PtCI(PPhs),}C=C{cis-PtCI(PPhs),} (57;
Scheme 19).'* Ready exchange of PEt; for PPhs occurs. A similar reaction
with trans-PtCl(C=CCI)(PEt;), gives a mixture of the binuclear p-n':n*-
C=CCl complex, which isomerizes to the C, complex upon warming in
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solution, and {rrans-PtCI(PEts),}C=C{cis-PtCl(PPhs),}. Complex 57 con-
verts to the trans, trans isomer 58/Ph on heating in refluxing toluene for
several hours. The two Pt(PPhs), groups are staggered, the angle between
the two P-Pt—P vectors being 82°, generating an ovoid molecule with
diameters ca. 10-11 and 12.5 A. An excess of PBus reacts with 58/Ph
to give a mixture of {trans-PtCl(PBus),},(C=C) (58/Bu) and [{trans-
PtCI(PBu;),} C=C{Pt(PPh;);}]Cl.

Copper-catalyzed coupling (CuCl/NHEt,) of trans-M(C=CH),(PMes),
with MCI,(PMes), gives lemon yellow (Pd) or white (Pt) {trans-
MCI(PMej3),},(u-C=C) (M =Pd, Pt); the corresponding Pd/PR; (R =Et,
Bu) complexes require longer reaction times.'®”'*® The reaction proceeds
via MCI(C=CH)(PR3), which then reacts with further dichloro complex.
Exchange of Cl for I occurs with KI (for the PdCl/PMes, PEt;, and PtCl/
PMe; compounds) while with C,H,, the palladium complex gave only
Pd(C=CH),(PMes),. In the presence of PhCN, the cationic derivatives
[{Pd(NCPh)(PEt;),}»(1-C=C)]X, (X =Cl, PF) are formed.'®’

The synthesis of {[C¢H3(CH,NMe,),-2,6]Pt},C, (59) from the chloro
complex and Li,C, has been described.'” Zwitterionic p-n':n*C,SiMe;
complexes  {cis-Pt(C¢Fs)>(CO)(u-n" : n*-C,SiMes) { trans-Pt(C=CSiMe5)
(PR3),} (R=Et, Ph) have been obtained from trans-Pt(C=CSiMes),
(PR3), and cis-Pt(C¢F5)>(CO)(thf). Treatment with MeOH or EtOH gives
alkoxycarbene complexes {cis-Pt(C¢F5)>(CO)}C=C{trans-Pt{CMe(OR)]
(PR3),} (60) from reactions which involve protodesilylation and the
possible intermediacy of vinylidene complexes (Scheme 20)."""
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/9 \ E — P —_— — pt—(C=—C—pf=
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PhsP——Pt——PPha CoFe  CO PR g Phf Me
m SiMe,
(60)
SiMe,
SCHEME 20

(h) Group 11

The extensive early chemistry of the Group 11 acetylides, M,C,, has
been summarized in Gmelin.'”? The structures of polymeric copper(I) and
silver(I) acetylides, M,C, (M =Cu, Ag) are unknown, but have been
assumed to involve both ¢ and n bonding of the C, unit as it bridges the
Group 11 atoms (K). However, they either react with ligands or dissolve in
solutions of silver(I) salts to give more tractable products.
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Copper. The compound {Cu,C,}, is formed readily from ethyne and
sources of copper(l) in aqueous or aqueous ammoniacal solution as an
explosive orange monohydrate, or from Cu,l, and KC=CH in liquid
ammonia as dark red crystals.'”® '%° It is also formed by decomposition of
orange CuC=CH above —45°, or from the reaction between CuCl and
{[C¢H3(CH>NMe,)»-2,6]Pt}>C,.""° The acetylide is insoluble in all solvents
with which it does not react; with HCl or KCN solutions, ethyne is
liberated. If copper(Il) salts are used, red CuC, is formed.

Extensive studies of its chemistry have been carried out in conjunction
with the use of Cu(I) as a catalyst for the synthesis of various acetylenic
derivatives from ethyne and aldehydes or ketones. On standing in air at r.t.,
it appears to disproportionate, evidence for the formation of Cu,C,4 being
presented,'”® and higher members of the series Cu,C, (n<20) have been
obtained by oxidation of Cu,C, with CuCl,. Thermal decomposition gives a
fine powder, suggested to be “carbyne”.'””'”® Treatment of the oxidized
material with HCI has given mixtures of H(C=C),,H (m = 1-6).

Silver. Similarly, extensive reports about the chemistry of Ag,C, are
available, which emphasize its greater explosive power compared with
Cu,C,. In liquid ammonia, AgNO; reacts with KC=CH to give a deep
yellow precipitate (probably AgC=CH) which spontaneously loses ethyne at
0°C to give explosive white Ag,C,. The reaction between Ag,C, and KC,H
in liquid ammonia gives a mixture of K[Ag(C=CH),] and insoluble
KC=CAg."” The latter reacts with water to give Ag,C, and dissolves in
aqueous KCN, forming K[Ag(CN),], both reactions proceeding with the
evolution of ethyne. Other preparations are from AgNO3 and Hg,(C=CH),
or Cz(COzNa)z.
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A large number of multiple salts containing Ag,C, have recently been
shown to contain C, units within Ag, cages (n=7-24) (Section IX.C).
Ternary carbides MAgC, (M =alkali metal), which are not explosive, have
been prepared from an excess of MC>H and Agl in liquid ammonia via
MI[Ag(C,H),], which loses ethyne at 120130 °C to give insoluble MAgC,.>”°
The insoluble Li compound could also be obtained by heating Li[Ag(C,H),]
in boiling pyridine. They contain —{Ag-C—C},~ chains, the alkali metal
cation being associated with three (Li) or four C=C units in separate chains.

Gold. Explosive Au,C, has been known for over a century.”*"*°? Yellow
polymeric gold(I) alkynyl compounds are readily prepared from the alkyne
and AuCl; and KBr in aqueous acetone after reduction with SO,. The
brown, explosive precipitate of Au,C,-NHj;, from Aul and K[C=CH] in
liquid NH3j, is touch-sensitive, and with an excess of K[C=CH] dissolves to
form white K5[{Au(C=CH)},(u-C=C)], which reacts with ethyne to give
K[Au(C=CH),].>**> The C, complex reacts with KCN to give [Au(CN),]~
and ethyne. Extension to similar derivatives K[{AuR},(u-C=C)] (R=CN,
C=CH, C=CMe, C=CPh) from reactions of {Au,C,}, with CN~ or
[C=CR]™ was also reported, these anions being isolated as their [PPhs]™
salts; characterization was limited to IR and *'P NMR spectroscopy.”*

More recently, reactions of alkali metal acetylides, HC,M (M = Li—Cs),
with Aul in liquid NH;3 and subsequent heating of the solid product in
pyridine (Li-K) or in vacuum (Rb, Cs) gave pale yellow M,AuC,.'**1%
They contain —{Au—C-C},— chains, which interact with the alkali metal
cations via the C, units, and are generally similar to the analogous silver
compounds.”**

Treatment of AuCI(PR3) with ethyne in the presence of base (NaOEt)
gives firstly, Au(C=CH)(PR3) (R =Ph, tol-3 and -4, CdH4,OMe-4) and then
{Au(PR3)},(n-C=C) (61), a process which may proceed directly if the
intermediate ethynyl complex is soluble.”’”> >’ Modifications of the syn-
thetic procedure have included addition of thf to improve solubility, use of
the colloidal solution of AuCI(PR;) obtained by running this solution
into EtOH, and the use of KOBu’ or KOH in EtOH. Prolonged reaction
times with ethyne results in increasing amounts of Au(C=CH)(PR3) being
formed, which can be sometimes separated from the C, complex only with
difficulty. Treatment of Au(C=CSiMe;)(PPhs) with K,CO;5 in methanol
gave a quantitative yield of {Au(PPhj;)},(u-C=C), possibly via an
intermediate [Au(C=C)(PPh;)]” anion.’”® Other examples of complexes
with PR3 =P(nap);, PPhy(bp) (bp=biphenylyl) and PPhFc, have been
described.”” Facile metathesis of W,(OBu’)s or W(=CEt)(OBu'); and
Au(C=CMe)(PR;) (R=Et, Ph) gives {Au(PR;)},(1-C=C).""> In their
fast-atom bombardment mass spectra, aggregation processes predominate,
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(62) PRy = PPhy nap)y, n = 1,2

the highest mass ions being found around mi/z 4000, corresponding to
[My + Au,Cy] T [M = Cr{Au(PR3)},], other fragment ions being assigned as
[M,,+Au] " and [M,,+ Au(PR3)] .2’

Most of these complexes form strong solvates with CH,Cl, or CHCl;, or
with C¢Hg. The solid-state structure of the the PPh; complex contains a
benzene molecule included in an octahedral cavity formed by the Ph groups
of the PPh; ligand. Similarly, the P(CgH4Me-3); derivative forms an
elongated cavity that has been likened to a wine barrel with the Ph rings as
the staves and the Me groups as the ends.”®” Other features include the
aromatic ring stacking of naphthyl groups in the PPhy(nap) and PPh(nap),
complexes.””” There are no aurophilic interactions in the solid-state
structures of CHCIl; solvates of {Au(PR3)},(u-C=C) [62; PR;=
PPh;_,(nap),, n=1, 2]2°*'" The chloroform solvate molecules are
arranged so_that the C-H bond points to the center of the C=C triple
bond 2.42 A away. For the PPh(nap), complex, two CHCIl; molecules
“dock” with the same m orbital, while for the PPhy(nap) complex, four
CHCI; molecules are found, two interacting with each C=C = orbital at
2.50, 2.58 A. These arrangements have been likened to a “‘reversed
coordination” (square-planar and octahedral, respectively) of the C, moiety;
the bulky Au(PRj;) substituents generate cavities in which the solvate
molecules are protected. DFT calculations indicate that the bonding is
strong (10-15 kJ mol™"), with the C=C triple bond becoming more electron
rich than in ethyne as a result of the Au(PR5) groups.”'”

(i) Group 12

Very little is known about white mercury(I) acetylide, which is formed as
a monohydrate by passing ethyne into aqueous solutions of mercury(I)
acetate, while white HgC, was similarly obtained from Hgl,/KI or
K,[Hg(CN),] solutions.?'® This material decomposes at 100°C and with
dilute HCI, affords ethyne. The mercury(I) compound Hg,C,- H,0, from
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ethyne and Hg,(OAc), in the dark, cannot be freed from water without
decomposition.

A series of white organomercury complexes {HgR},(u-C=C) (63;
R:Me, Et, Pr, Bu, C5H11, C6H13, Ph, C6H4Me-2, and -4, CHzPh), which
are volatile enough to have a garlic odour, were prepared by passing ethyne
into solutions of HgXR (X=Cl, Br, I) containing 10% KOH.?'"* The
compounds, which precipitate out from the reaction medium, can be
crystallized from organic solvents. Reactions with HCI give ethyne and with
iodine give C,I, and Hgl,. Similar compounds have been obtained from
HgCIR (R =CH,Ph, Ph) and C,(SnBus),.*"> With HgCl,, an oligomeric
compound, formulated as Cl(HgC=C),SnBus (n~5) was formed, while
with a 2/1 ratio of reactants, the product is CI(HgC=C),HgCl. Little is
known about these derivatives, although '*C and '""Hg NMR data for
compounds with R = Me, Et, Cy, Ph have been reported. Large variations in
J(CHg) are explained in terms of varying contributions to the Fermi contact
interaction as a result of differing polarization of the Hg—C(sp) bond.

(j) Mixed metal systems
Table IV lists hetero-binuclear C, complexes with some spectroscopic
data.

Zr—Fe, Zr—Ru. In contrast to Ru(C=CH)(PMe;),Cp, which is hydro-
zirconated to {ZrCICp,}CH=CH{Ru(PMe;),Cp} by {ZrHCICp,},,”"” the
dark red iron analogue Fe(C=CH)(dppe)Cp* reacts to form
{ZrCICp,}C=C{Fe(dppe)Cp*} (64) in quantitative yield.'® The difference
probably results from the increased steric hindrance about the iron atom.

Reactions of Ru(C=CH)(PMe;),Cp with ZrCI(X)Cp, (X = Me or better,
NMe,) give orange {ZrCIlCp,}C=C{Ru(PMe;),Cp} (65) as an example of a
complex with electron-poor and electron-rich metal centers at each end of
the C, ligand (“push—pull alkyne”).?'” The complex is thermally stable but
extremely sensitive to water. A contribution from the zwitterionic form
Rut=C=C=Zr", resulting from the disparity in electron density at the
two metal centers tending to equalize through the C, ligand, accounts
for a somewhat longer C-C distance [1.251(20) A] than found in
{Ru(CO),Cp}>(n-C=C), and lower v(CC) absorption (1868 cm~') and '*C
chemical shifts [6 178.3 (CRu), 190.4 (CZr)].

W-Fe, W-Ru. In the presence of TIBF,, reactions of WCI(CO)
(M*-C,Ph,)Cp with M(C=CH)(L),Cp [M=Fe, L=PMe;, P(OMe)s,
L,=dppp; M =Ru, L =PMe;, P(OMe);] give the p-nl;:n-C,H cations
(66), which can be deprotonated with KOBu’ or NaN(SiMes), to {W(CO)(n*
C,Ph,)Cp}C=C{ML,Cp} (67).”° The p-ethynyl cation is regenerated by
addition of HBF, to the Ru(PMes),Cp derivative. Unusually, the W—-C-C



(64)
(65)
(67)

(69)
(70)
)
(72)

(73)
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ML,

ZrCICp,

ZrCICp,
W(CO)(n-C,Ph,)Cp

[Mn(CO).CpT
Re(NO)(PPh,)Cp*
Re(NO)(PPh;)Cp*
Fe(dppm)Cp,
Ru(PPh,),(n®-CH,)
trans-PdCKPBu,),

Fe,
Ru,

221

L,M-C=C-M'L',

ML,

Fe(dppe)Cp*

Ru(PMe,),Cp

M(L).Cp

[M = Fe, L = PMe,, P(OMe),; L, = dppp;
M = Ru, L = PMe;, P(OMe),]
Fe(CO),Cp*

Rh(CO)(PPh,),

trans-PdCI(PEt,),

Au(PPh;)

trans-PtCI(PBu,),

L = PMeg, P(OMe)s, dppp/2
L = PMes, P{(OMe)3

(66)

angle in the cation [97.3(8)°] suggests that there is some bonding
interaction between the tungsten and C(2), although W-C(1) is long at
2.53(1) A, leading to a description of this complex as containing a
metallated (tungsten) vinylidene ligand (alternatively a 3-center, 2-clectron

system).

Mo—Cu, Ag. Reactions of [NHy]5,[MoS,] with M,C, (M =Cu, Ag) give
violet or brown materials formulated as [NH4],[M0oS4sM,C5].>*! Analytical
and spectroscopic studies suggest that these contain polymeric bridged
anions (68). Addition of Lewis bases L (py, bpy, phen, nicotinamide, PPhs)
give monomeric species formulated as [S;Mo(u-S),MC=CML,]*".



TABLE 1V
SELECTED SPECTROSCOPIC PROPERTIES OF HETERO-BINUCLEAR COMPLEXES, {ML,}-C,~{M'L]}

IR (Raman) dc (J/Hz) A nm
ML, ML, v(CC) ecm™! (1) CQ) (eM'em™)  Ref.
Group 4
ZrCICp, Ru(PMe;),Cp 1868* 190.4 178.3 418 217

1872° (PC 22.8) (e not given)
ZrCICp, Fe(dppe)Cp* 1843% 207.1 192.2 218

(PC 40)
Group 6
Mo(CO),Tp* W(CO)(C,Phy)Tp not observed 277.0 342.7 166
(CW 43) (CW 184)
W(CO),Tp* W(CO)(C,Phy)Tp not observed 274.4 347.5 166
(CW 171) (CW 185)

W(CO)(C,Ph,)Cp Ru(PMe;),Cp not observed 144.7 195.0 220
W(CO)(C,Ph,)Cp Fe(PMe;),Cp not observed 160.6 211.2 433
W(CO)(C,Ph,)Cp Fe{P(OMe);},Cp not observed 158.9 179.5 433
W(CO)(C,Ph,)Cp Fe(dppp)Cp not observed 165.1 198.1 433
W(CO)(C,Ph,)Cp Ru{P(OMe);},Cp not observed 144.5 168.4 433
Group 7
Re(NO)(PPh;)Cp* Rh(CO)(PPhs), 1961° 134.6 153.4 223,224

19617 (CP 10.5) (CRh 37.7,

CP 21.2)

c¢cc
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Re(NO)(PPh;)Cp*

Group 8
Fe(dppm)Cp
Ru(CO),Cp
Ru(PPh3)>(n*-CoHy)
Ru(dppe)(n’*-CoHy)
Ru(PMes)(PPhs)
(nS-C9H7)

Group 10
cis-Pt(CgF5)2(CO)

cis-Pt(CeF5),(CO)
cis-Pt(CgF5)»(CO)
cis-Pt(CgF5)>(CO)

trans-PdCI(PEt3),

PACI(PEts),-trans

Au(PPhs)
Ru(CO),Cp™©
Au(PPhs)
Au(PPhs)
Au(PPhs)

trans-Pt{CMe(OEt)}
(PEt3),
trans-Pt{CMe(OMe)}
(PEt;)>
trans-Pt{CMe(OEt)}
(PPh3),
trans-Pt{CMe(OMe)}
(PPhs),
trans-PtCI(PEt3),

1989°
1994% (1971)

1966*
1933%
1935
not
observed
2021°¢
2026°
2030°¢

2019¢

111.7 116.2 390 (4000),
(CPPh 15.1, (CPPh 1.5, 314 (17,000),
CPEt 4.3) CPEt 17.5) 268 (35,000),

234 (76,000)

overlap with Ph (128.8-133.0)

82.3, 83.6

226.39 (CP 19.4), overlap with Ph (127.3-138.7)
220.80 (CP 19.7), overlap with Ph (128.1-134.6)
227.70, overlap with Ph (127.65-139.6)

173.3 (CP 4.5)

94.26 (CP 16, CPt 363)  88.62 (CP 14, CPt 1339)

223,224

225
105
225
225
225

191

191

191

191

226

*Enantiomeric pair. “thf. “Nujol.
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-M—C=—=C— / \ \ —C=—=C— g
AN

(68) M=Cu, Ag

n

Mn—Fe. Deprotonation (LiBu) of Mn(=C=CHFp*)(CO),Cp’ gives
the anionic species Li[{Mn(CO),Cp'}C=CFp*] (69).>*> An excess of LiBu
attacks an iron-bonded CO group to give eventually the p-acylvinyl
complex {Mn(CO)Cp'}(u-CO){p-n":n*-CH=CHC(O)Bu(Fp*)} (Scheme
16)."8! Calculations indicate preferred sites of electrophilic attack are Cg
(to Min) and Mn, which is found for protonation (or deuteration). In contrast,
methylation affords Mn{n>*MeC,[Fp*]}(CO),Cp’ by attack at C,, a result
explained by the bulky Cp* ligand preventing attack on Cg by anything
larger than a proton. No reaction is found with SiClMes.

Re—Rh, Re—Pd. Metallation of Re(C=CH)(NO)(PPh;)Cp* with LiBu,
followed by addition of RhCI(CO)(PPhj3), or trans-PtCly(PEt;),, gives the
red heterobimetallic C, complexes {Re(NO)(PPh;)Cp*}C=C{ML,}
[ML,=Rh(CO)(PPhs), (70), trans-PdCI(PEts), (71)].>**** In both cases,
steric interactions between the bulky PR3 ligands on Rh or Pd and the Cp*
and PPh; ligands on Re probably account for restricted rotation about the
C=C bond indicated by low temperature *'P NMR spectra.

Fe, Ru—Au. A series of mixed-metal C, complexes is obtained from
reactions between M(C=CH)(PP)Cp’ [M =FeCp, PP=dppm; MCp =
Ru(n’-CoH;), PP =(PPhs),, dppe, (PMes)(PPh;)] and AuCI(PPhs) in the
presence of Tl(acac) as halide abstractor. Stille couplings of AuCl(PPh;)
with Fe(C=CSnPh;)(dppm)Cp or Ru(C=CSnPh;)(PPh;),(n’-CoH,) also
give the respective Fe-Au and Ru-Au complexes (72).%*

Pd-Pt. The heterometallic {trans-PdCI(PR3),}C=C{trans-PtCI(PR;),}
(73, R =Me, Et, Bu) were best prepared from trans-PdCl,(PR3), and trans-
Pt(C=CH),(PR3),; the reaction between trans-PdClI(C=CH)(PEt;), and
trans-PtCl,(PEt3), gave the Pd/Pt—C, complex together with some of the
homonuclear products as a result of ready self-disproportionation.?*°

C. Complexes Containing Cs Ligands

Possible reactions which lead to Cs ligands bridging two transition metals
include:

(a) reaction of lithiated ethynyl-metal complexes with metal carbonyls,
followed by treatment of the intermediate anion with [OMe;s]BF, to
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give methoxycarbene derivatives. Subsequent abstraction of the
OMe group (BF;) gives the C; complex;

(b) removal of H atoms from hydrocarbon fragments bridging two metal
centers, such as methylene-bridged bis-carbyne complexes;

(c) metathesis of C=C and M=C triple bonds.

1. Tp*M Systems (M= Mo, W)

The vinylidene anions [M(=C=CH,)(CO),Tp*]” (M = Mo, W), obtained
by deprotonating M(=CMe)(CO),Tp*, react with Mo(=CCl)(CO),Tp*
to give Tp*(OC),M=CCH,C=Mo(CO),Tp* (74, Scheme 21).**’
The Mo-W derivative is deprotonated (KOBu’) to the dianion
[Tp*(OC),W=C=C=C=Mo(CO),Tp*]*~ (75), which reacts with H™ or

M = Mo, W]
KOBU!
Tp*(OC)M==CMe ———> [Tp*(OC)M=—=C=—=CHyJ"
l Tp*(OC)Me==CCl
Hp
yd C\
4 N
Tp*(OC),M Mo(CO),Tp*
(74)
i =
KOBuU!
/C\ H* M=W
A N
Tp*(OC)zM/ C\MQ(CO)ng*
78) [Tp*(OC)pWe=C=—=C=—=C=—=Mo(CO)Tp">-
(75)
Mel l
Oz
Mes
C/ C\
Tp,(OC)ZM% C\MO(CO)ng' TPH{OC) WE=C——C==C——Mo(0)2 Tp*
(76) +

Tp*(0)sW—C==C——C==MOo(CO);Tp"

a7

SCHEME 21
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Mel to give Tp*(OC),W=CCR,C=Mo(CO),Tp* (74 or 76, respectively).
In the dianion, the carbons of the C; unit are found at & 238.4
(WC), 234.4 (MoC) and 153.8 (CCC). After addition of KOBuU', the anion
can be oxidized (air) to give a separable mixture of Tp*(OC),W=CC=
CMo(0O),Tp* (77/Mo) and Tp*(0),WC=CC=Mo(CO),Tp* (77/W), the
former predominating. The green dimolybdenum analogue is formed
from Tp*(OC);Mo=CCH,C=Mo(CO),Tp* and KOBu', followed by
exposure to air. Aerial oxidation of Tp*(OC),W=CCH,C=Mo(CO),Tp*
or direct reaction between the dianion and 2-PhSO,-3-Ph-oxaziridine
and HCI, affords the unsaturated ketones Tp*(OC),M=CC(O)
C=Mo(CO),Tp* (78).

2. Complexes Derived from Re(C=CH)(NO)(PPh3)Cp*

Lithiation of Re(C=CH)(NO)(PPh;)Cp* (LiBu/thf, —80°C) and reac-
tion with W(CO)s or Mn(CO);Cp’ (Cp’=Cp, n-CsHCly, n-CsCls) and
addition of [OMe;s]BF; gave {Re(NO)(PPh;Cp*}{pu-C=CC(OMe)=}
{M(CO),} (79, M=W, x=>5; M =MnCp/, x=2; Scheme 22).>** ?*° Many
attempts to remove the OMe group from the W complexes were unsuc-
cessful, but treatment of the Mn derivatives with BF5 gave [{Mn(CO),Cp’}
CCC{Re(NO)(PPh;)Cp*}|BF4 (80). Spectroscopic and structural data are
consistent with the cumulenylidene, formulation Re t =C=C=C=Mn for
the bridge. For the Mn complexes, the most intense UV-vis bands show
progressive red-shifts from Cp to n-CsCls (392, 396, 414 nm). The blue-grey
Re—Cs—Fe analogue [{Re(NO)(PPh;)Cp*}CCC{Fe(CO)4}]BF, was obtain-
ed similarly, but neither this nor the SbFg salt could be structurally
characterized.””’

The same approach applied to Re,(CO),o afforded cis-{Re(NO)
(PPh3)Cp*}{u-C=CC(OMe)=}{Re(CO)4Re(CO)s} (81) which with BF;
gave [{Re(NO)(PPh3)Cp*}{u-CCC[Re(CO)4]}{Re(CO)s}IBF, (82) for
which resonance forms a—d can be written. Of these, form a with an Re=C
double bond [Re—C 1.94(3) A] is favored.”*"**> The C; chain is end-capped
by two rheniums, while the Re(CO),4 group is attached by an asymmetric n°
interaction to all three carbons. As a result, the C3 unit is bent [CCC
152(4)°]. The '*C NMR spectrum contains three resonances at & 297.1,
146.6, and 95.1 for the C; group, the former having J(CP) 10 Hz, indicating
attachment to the Cp*Re fragment. With BF; - OEt,, an air-stable orange-
red material is formed, for which structure 83 has been suggested.

Metathesis  of (Bu‘O);W=W(OBu'); with Re(C=CC=CR)(NO)
(PPh;)Cp* (R=H, Me, but not SiMes;) gives deep red {Re(NO)(PPhj;)
Cp*}C=CC={W(OBu’');} (84) together with W(=CR)(OBu’);.*** In the
solid-state structure, a dimer is formed with two p-OBu’ groups.
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ML, = Re(NO)(PPh3)Cp*,
MLy = M(CO), (M=W,n=5; M=Fe,n=4; M=MnCp', n=2)

(i) LiIC=C{M'L'm} OMe

LM—C=0 ——> {LnM}=C<
N

(i) [OMe3]BF4
C\{M'L'm}
(79)

BF3

{LaM==C—C=C—{ML'nll"

(80)

SCHEME 22

D. Complexes Containing C, Ligands

The subset of bimetallic complexes {ML,},(u-n',n'-C,) is dominated by
the diyndiyl (L) sub-group, although a smaller number of complexes
displaying carbon ligands better considered as cumulenic (M) or as metal
complexes of acetylenic dicarbynes (N) are also known (Chart 4).
Theoretical analyses of these various forms have been carried out, with
the structural type being found to depend heavily on the nature of the metal
and its oxidation state, as well as the type of supporting ligands. A more
detailed description of these studies is given in Section IV.D.

The chemistry and physical properties of diyndiyl complexes are similar
to those of both bimetallic acetylide complexes and typical of somewhat
sterically congested and electron-rich, diynes. Buta-1,3-diyne and its
derivatives have been used in the preparation of a wide variety of C4
complexes, although due care must be exercised in the preparation and
manipulation of this potentially explosive reagent. The nucleophilic dilithio
derivative LiC=CC=ClLi is obtained either by lithiation (BuLi) of buta-
1,3-diyne®* or from cis-HC=CCH=CH(OMe) after treatment with three
equivalents of BuLi at low temperature.”*> The corresponding disodium
salt has been prepared by reaction of butadiyne with NaNH,.>**
The silyl derivative Me;SiC=CC=CSiMe;, which is commercially
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LM—C=C—0C=0—ML,  LM=C=C=C=C=ML, LM=C—C=C—C=ML,

L) (W) (N)

CHART 4

available or readily prepared by Hay coupling of Me;SiC=CH,**° is

a stable crystalline butadiyne synthon and reaction with two equivalents
of MeLi affords Li,C,.>*” Reaction of Li,C, with SnCIMe; affords
the tin derivative Me;SnC=CC=CSnMe;, which has been shown to
enter into a Pd-catalyzed cross-coupling reaction with Fel(CO),Cp to
give {Fe(CO),Cp}r(u-C=CC=C).>** The electrophilic iodonium salt
[PhIC=CC=CIPh][OTf], has been employed in the preparation of Rh
and Ir complexes.”®® Very recently, remarkably stable 1-iodo-4-trialk-
ylsilyl-buta-1,3-diynes have been prepared by direct iodination of
LiC=CC=CSiR; (R=Me, Pr),** although the use of these materials
in the synthesis of C; complexes remains unexplored at present.
Manipulation of the non-metal end-cap in diynyl complexes
{ML,}C=CC=CR* has also enabled entry to many M,Cy systems.

Many of the common synthetic routes to C4 complexes are similar to
those employed in C, chemistry, and can be summarized:

(a) reactions of alkali metal or di-Grignard derivatives of buta-1,3-diyne
with metal halides and pseudo-halides;

(b) oxidative addition of buta-1,3-diyne to low-valent metal substrates;

(c) metallation or transmetallation of n'-diynyl complexes {ML,}C=
CC=CR (R =H, SiMe;, SnRY%);

(d) reactions of Group 14 diyne reagents R;3EC=CC=CER; (E=Si, Sn)
with metal halides;

(e) oxidative coupling of terminal n'-acetylide complexes;

(f) modification of the supporting ligand configuration around existing
MC4M species.

1. Homodimetallic Compounds

Table V summarizes selected spectroscopic data for homo-binuclear Cy4
complexes.

(a) Groups 3—5
At the time of writing, no compounds containing metals of Groups 3-5 as
end-caps to C4 chains are known.



TABLE V

SELECTED SPECTROSCOPIC PROPERTIES OF {ML,}>(u-Cy)

IR (Raman) d¢ (J/Hz) A nm
ML, V(CC) em™! (1) CQ) (eM'em™h Ref.
Group 6
Mo(CO);Cp not observed limited solubility 241,293
Mo(CO),Tp’ 279.8 258.2 245
Mo(CO),Tp’ 279.8 258.2 245
not observed 248.9 107.0 245
W(CO);Cp 2145% limited solubility 241,293
W(CO);Cp* obscured by CO 119.7 106.5 243
W(0O),Cp* 2017¢ 119.6 110.5 243
W(CO),Tp’ not observed 243.7 88.0 245
Group 7
trans-Mn(I)(dmpe), 2127, 1805° 1164 (1400), 246
908 (39,360),
572 (4960),
504 (3820),
390 (40,430)
trans-Mn(C=CH)(dmpe), not observed 247
Re(NO)(PPh3)Cp*© 1964w/1888" 95.8 117.5 350 (17,000) 248,249
1968w;® 1967w (CC 96.5/47.1; (CC 97.2/47.6)
(2056) CP 10.9)
Re(NO){P(tol);}Cp* 1963 95.7, 96.6° 118.0 232 (63,900), 251
270sh (22,300),
352 (13,500)
(Continued)
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TABLE V
Continued
IR (Raman) d¢ (J/Hz) A nm
ML, Vv(CC) cm™! C(1) CQ2) (M 'em™h Ref.
Re(CO);(Bub-bpy) 1981°¢ 117 124 330 (15,140), 253
362 (8510),
458 (3010)*

Group 8
Fe(CO),Cp 2144% 66.84 101.58 238,255,256
Fe(CO),Cp™t 446
Fe(CO),Cp* 2141 79.8 98.5 182

2150 101.6 66.8 306
Fe(dippe)Cp* 1949°¢ 258
Fe(dppe)Cp* 1955, 1880* 99.7 110.2 270
Ru(PPh;),Cp cis 1970/trans 260-262

1990, 1976°

Ru(PMe;)(PPh;)Cp 1972, 1957* 262
Ru(dppe)Cp 1970 267
Ru(dppm)Cp* 1966 93.25 (CP 27) 100.38 264
Ru(dppe)Cp* 1973 94.63 (CP 27) 99.47 264
Os(PPh;),Cp 1972 271
Os(dppe)Cp* 1965 271
Group 9
Rh(H)(CI)(P'Pr3), 2010° 275
Rh(H)(CD)(py)(P'Pr), 2000° 110.22 (CRh 13.3) 275
Rh(C = C = CPhy)(PPr}), 1947¢ 278
Rh(C = C=CBu'Ph)(PPr}), 1952°¢ 133.7 (CRh 39.7; CP 19.3) 149.8 (m) 278
Rh(C = CHPh)}(PPr}), not observed  123.1 (CRh 37.2, CP 21.3) obscured by solvent 277,279
Rh(C = CMe,)(PPr}), not observed  123.8 (CRh 38.2, CP 19.1) 127.4 (CRh 10.1) 277

0ee
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RhH(py)(C=CPh)(PPr%),
Rh(C = CH,)(PPr}),
Rh(C = CHBu')(PPr),
Rh(CNxy)(PPrs),

Rh(CO)(PPr),
[trans-1rCI(CO)
(NCMe)(PPhs),] *
IrHCI(PPr}),
IrHCI(py)(PPr}),

Group 10
cyclo-Pt(PEt3),
cyclo-Pt(dppe)
cyclo-Pt(dppp)
cyclo-Pt(dcype)

cyclo-Pt(dcpe)
{C=CC=C[Pt(PBus),]}

Group 11
Au(PCys)

Au(PPh;)
Au{P(tol);}
cyclo-Auy(dppm)

2086°
not observed
not observed
2031, 2005, 1965
(CN and CC)®
not observed
2183"

2010¢

2144°

2148°

2148°
2075, 2142

2001, 2074, 2139

(2150, 2087)

2102
2157
2141

124.5 (m) or 96.9 (m)
122.2 (CRh 38.1, CP 19.3)
122.7 (CRh 37.6, CP 19.3)

not observed

108.1m, 109.5m
46.9 (CP 12)

67.8 (CP 13.4)
57.6 (CP 11.4)

94.7 (trans-CP 139,
cis-CP 12, CPt 1084)

123.8 (CP 134.1)

119.89 (CP 140)

110.8 or 99.3 (both CRh 7)
125.0 (CRh 8.7)
127.4 (CRh 8.1)

95.6

101.0 (CP 1.9)

88.2 (br)

98.9 (trans-CP 32,
cis-CP <0.1, CPt 313)

88 (CP 25.8)

88.11

413 (20), 381 (40),
361 (80), 339sh (130),

328 (580), 309 (1410),

291 (1770), 264 (119,880),
252sh (27,350, 245 (77,930)

2717
279
279
279

280
239

276
276

285
285
285
284

284

288

267
267
289

Note: *CH,Cly; PKBr; enantiomeric pair; %thf; *nujol; ‘CCly; ECHCl;.

spuebi] uoque)-||y Bulureyuo) sexs|dwon
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(b) Group 6

Copper(I)-catalyzed reactions of MCI(CO);Cp’ (M =Mo, Cp' =Cp;
M =W, Cp’ =n>-CsHs, n°-CsMes) with an excess of buta-1,3-diyne in amine
solvents readily afford the diynyl complexes M(C=CC=CH)(CO);Cp’
which react further under similar conditions with a stoichiometric amount
of the halide MCI(CO);Cp’ to give diyndiyl complexes {M(CO);Cp’}-(u-
C=CC=C) (85) in good yield (Scheme 23).**'*** While the Cp derivatives
were generally insoluble, the Cp* analogue {W(CO);Cp*},(u-C=CC=C)
has much greater solubility in common organic solvents, and chemical
oxidation (H>O,/H->SOy) of this complex afforded the bis(dioxo) complex
{W(0),Cp*}»,(n-C=CC=C) (86) via an intermediate bis (oxo—peroxo)
complex which could not be isolated in a pure state (Scheme 23).*** The
asymmetric homobimetallic species {Cp(dppe)(CO)Mo}(u-C=CC=C){Mo
(CO)>(PPh;)Cp©Me) was isolated as a mixture of cis (34%) and trans
(66%) isomers (with respect to the CO ligands) from the Cul-catalyzed
reaction of Mo(C=CC=CH)(CO)(dppe)Cp with cis/trans-Mol(CO),
(PPha)CpCO:Me 244

{LM}— C=C—C=C—{MLy}

ML,
(85) M(CO),Cp' (M =Cr, Mo, W; Cp'=Cp, Cp*)
(86) W(0),Cp*
(93) Mnl(dmpe),
(95) Mn{C=CH)(dmpe),
(96) Re(NO)(PR;)Cp* (R = Ph, tol, C;H,Bu*-4)
(98) Fp
(99) Fe(dippe)Cp*
(103) Ru(PPh,),Cp
(104) Ru(PMe,){PPh,)Cp
(105) Ru(dppe)Cp
(106) cis-RuCl{bpy),
(107) Fe(dppe)Cp*
(109) Ru(dppe)Cp*
(110) Ru(dppm)Cp*
(111) Os(dppe)Cp*
(114) cis-[RhH(PMe,),]*
(115) trans-RhHCI(PPry),
(116) trans-RhHCI(py)(PPr,),
(121) trans-Rh(=C=CHPh)(PPr',),
(122) trans-RhH(C=CPh)(PPr',),
(123) trans-Rh(CO)(PPr'y),
(124) [trans-IrC{CO)NCMe)(PPh,),]*
(125) NIi{CN)Y(NH,),
(126) Ni(PPh,)Cp
(127) MCI(PR;), (M = Pd, Pt; R =Bu, Ph)
(128) PtMe(cod)

(131) Au(PR;) (R =Cy, Ph)
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M,M' = Mo, W; R=H, Me

R5 Rs
ﬁ HC=G-CG=CH ﬁ MX(CO)5Cp’
—_—

X M—C=C—C==CH

OC/ . .
b co Cul / amine OCO/éBCO Cul/ amine
Rs R{,% Mes Mes
M —O=C—O=C— H" TH:0, ﬂ Y
oc” co ———  _jp-o=c—c=c—
ol %o oC €0 ol E‘%
(85) (86)
SCHEME 23

Complexes of types L and M containing Group 6 metal fragments
have been obtained via a beautiful sequence of reactions (Scheme 24),
commencing with deprotonation (BuLi) of M(=CCH;)(CO),Tp’ (87)
(M =Mo, W; Tp'=hydridotris(3,5-dimethylpyrazolyl)borate) to give the
anionic vinylidene (88), which 1is oxidized (ferricinium, iodine, or
nitrobenzene) to afford bright yellow {M(CO),Tp'}>(u-CCH,CH,C)
(89). A second sequence of deprotonation/oxidation reactions gives
{M(CO),Tp'}»(u-CCH=CHC) (90). Further deprotonation of 90 with
KOBu' affords the blue-green anionic cumulene complexes 91, which are
finally oxidized to give the neutral complexes of type M (92).”*° Overall, the

M =Mo, W
BuLi , - oxidation
Tp(OC)M=CCH; ———> Tp'(OC);M—C=—CHy| —

(87) (88)

2H*/-2e

H
Tp(OC)M=C-CHzCH—C=M(CO),Tp ——— = 1P(OCRM=C—C(

(|_3|— CG=M(CO),Tp'

(89)
(90)

l -2H*

-2 . ]2
Tp'(OC),M=C—C=C—C=M(CO),Tp' «~2%  |Tp(OCHM=C=C=C=C=M(CO);Tp

(92) 91)
SCHEME 24



234 MICHAEL I. BRUCE AND PAUL J. LOW

reaction sequence amounts to the removal of two molecules of dihydrogen
from the CH,CH; linkage between the robust metal carbyne cores.

(c) Group 7

Green, paramagnetic {Mnl(dmpe),},(u-C=CC=C) (93) was obtained
from the reaction of MnI(dmpe)(n°-CsHsMe) with Me;SnC=CC=CSnMe;
in the presence of dmpe.”*® The complex was sequentially oxidized
by ferrocinium to afford the mono and dications. In turn, these were readily
reduced in reactions with CoCp,. Desilylation and subsequent deprotona-
tion of [{Mn(dmpe),(C=CSiMes),]" (94) (Scheme 25) affords the radical
complex Mn(dmpe),(C=CH)(C=C") which is best described in terms of
a triplet ground state. This radical undergoes a spontaneous homo-coupling
reaction to give {Mn(dmpe),(C=CH)},(u-C4) (95), which is oxidized
by [{Mn(dmpe),(C=CH),]" present in the solution to give
[{Mn(dmpe),(C=CH)},(u-C4)] ™ ([95]T), isolated in ca. 65% yield.>*’

Glaser oxidative coupling [Cu(OAc),/py] of the rhenium ethynyls
Re(C=CH)(NO)(PR;)Cp* (R =Ph;*** 2" tol, C¢H,Bu’-4>>") affords the
corresponding diyndiyls {Re(NO)(PR3)Cp*},(u-C=CC=C) (96) as diaste-
reotopic mixtures. Fractional crystallization leads to diastereotopic
enrichment, or resolution for R=Ph, which permitted cystallographic
assignment of the configuration. '*C-Labeled complexes were prepared and

[Mn} = Mn{dmpe)>

+ [NBU4]F +
[ Me3SiC=C-[Mn}-C=CSiMe; — [ H.EC—[Mn]—(FECH]

(4

HC=C-[Mn—-C=C—C=C-[Mn—C=CH =~——— HC=C-{Mn|—C=C"
(95)

[ HC,EC—[Mnr—%CH] *

[HCEG-[Mn]—C——EC—CEC—[Mn]—OECH] * 4 HC=C-{Mn}—C=CH

(195]*)

SCHEME 25
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isolated in an analogous manner. Ethynyl complexes bearing bulkier
phosphines (R =4-C¢H4Ph, Cy) did not afford the corresponding diyndiyls
under comparable conditions.>***>> The binuclear rhenium o,o/-diimine
complex {Re(CO);(Buj-bpy)}(n-C=CC=C) has been prepared by Glaser
coupling of Re(C=CH)(CO);(Buj-bpy).*>*

(d) Group 8

The first report of a transition metal complex containing a bridging Cy4
ligand, Kg[{(NC)sFe}C=CC=C{Fe(CN)s}], appeared in 1957.%** Arguably,
Wong’s report in 1990 describing the synthesis and characterization of
a series of p-n',n'-C=CC=C complexes by sequential reactions of
Fe(C=CC=CH)(CO)(L)Cp (L =CO, PPh3) with Bu’Li and a metal halide
(Scheme 26) was responsible for renewing interest in this area.>>’
In this manner, {Cp(L)(CO)Fe}(u-C=CC=C){Fe(CO),Cp} (97) was
obtained, as were several heterobimetallic derivatives (Scheme 26) (see
Section II.D.2). The Cp* derivative has been prepared in a similar
fashion.'®* Complex 98 has also been prepared by reaction of Li,C4 with
two equiv. of FeCl(CO),Cp,?>*® and via the Pd-catalyzed coupling of
Me;SnC=CC=CSnMe; with FeI(CO),Cp in thf or dmf.>*

Application of Cu(I)-amine coupling of the appropriate metal halides to
Fe(C=CC=CH)(CO),Cp® has given a range of complexes {Cp~(CO),Fe}
(1-C=CC=C){ML,,} [Cp® = Cp*, ML, = Fe(CO),Cp*, Fe(CO),
(M-CsH4Et);  CpR=n-CsH4Et, ML, =Fe(CO)>(n-CsH4Et)] (see also
Section I1.D.2 below)."®*?*” The more electron-rich dippe complex
{Cp*(dippe)Fe}»(u-C=CC=C) (99) was prepared by coupling FeCl(dippe)
Cp* with Fe(C=CC=CH)(dippe)Cp* in the presence of both KPF, and
KOBu’ in methanol.?® It is likely that the reaction involves either
an ethynylvinylidene or butatrienylidene intermediate (Scheme 27).
Analogous procedures have been used to prepare {Cp*(L),Fe}
(u-C=CC=C){Fe(CO)»(n>-CsRs)} from FeCl(L,)Cp* and the appropriate

R's R2

= <

Pe—C=C—C=C—F
L/EZ_ CF\L3

0
R' R® L L2 L®
(97) H H CcO CO PPh,
(100) Me Me dppe 610)
(101) Me Ph dppe CcO

(102) Me Me dippe CO
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@ (i) BuSLi @
Fe— C=G—C=CH W(EC—EC—M(CO)XCp
Y co Y co

(ii) MCKCO),Cp

L = CO, PPhg;
M = Fe (x=2) (L = PPh; 97, CO 98)
M = Mo, W (x = 3) (134)

SCHEME 26

(R"s

R?) ®Ds R?)
@ @ 5 KPFg / KOBU! @ @)5

Fe—C=C—C=CH + cn—ie\ _— /Fe\—cEe—CEe—Te\
L L

RERA L2 L? 1 jz L2
R' (L R (L3,
(97) H (CO), H (CO)(PPh,)
(99) Me dippe Me dippe
(100) Me (CO), Me dppe
(101) Ph (CO), Me dppe
(102) Me (CO), Me dippe
SCHEME 27

diynyl reagent Fe(C=CC=CH)(CO),(n’-CsR5) [L, =dppe, R =Me 100, Ph
101;*® L, =dippe, R =Me 102].>*°

The ruthenium complex {Ru(PPh;),Cp},(u-C=CC=C) (103) was first
obtained by displacement of the labile thf ligand in [Ru(thf)(PPh;),Cp]*
by LiC4? Alternatively, the reaction of RuCIl(PPhs),Cp with
Me;SiC=CC=CSiMe; in the presence of KF and a strong non-nucleophilic
base affords 103 in good yield,”*" and ligand exchange at elevated tempera-
tures affords the mixed phosphine derivatives {Ru(PPhs)(PMes)Cp}a(u-
C=CC=C) (104)*** and {Ru(dppe)Cp},(n-C=CC=C) (105) (Scheme 28).>%*

In general terms, the direct metalla-desilylation of SiMes-protected
diynes has proven to be of great use in the preparation of Group 8 metal
complexes.”®!2*+ 2% For example, metallation of the diynyl ligand in
Ru(C=CC=CSiMes)(PPh;),Cp with RuCl(dppe)(n°-CsRs) (R =H, Me) is
achieved upon reaction with KF and dbu in methanol to give
{Cp(Ph3P),Ru}(n-C=CC=C){Ru(dppe)(n>-CsRs)}.*’

The reagent Me;SiC=CC=CSiMe; is suitable for the preparation of
the octahedral complex cis-{RuCl(bpy),},(p-C=CC=C) (106) from
cis-RuCly(bpy), in the presence of NaF and NaBF,.>*® The same complex
was also obtained from Me;SiC=CSiMes, but the mechanism responsible
for the coupling process was not identified. In the case of iron, the reaction



Complexes Containing All-Carbon Ligands 237

RUCI(PPhg ),Cp

‘ (i) or (ii)

C p(Ph3P),Ru—C=C—C==C—Ru(PPhs),Cp
(103)

' (iti)

Cp(L)sRu—C=C—C=C—Ru(L),Cp

Reagents: (i) AgPFg, Li,Cy; (i) Me3SiC ,C,SiMes / KF / DBU;
(i) PMes [L = (PMes)(PPh3) (104)] or dppe [Lz = dppe (105)] 110°C

SCHEME 28

of FeCl(dppe)Cp* with RC=CC=CSiMe; (R=H, 0.6 equiv; SiMes, 1.2
equiv) in refluxing methanol containing a halide abstracting agent (R =H,
NaBPhy; R=SiMes;, KPF4) and a suitable nucleophilic base (R=H,
KOBu’/MeOH; R =SiMes;, KF) gave {Fe(dppe)Cp*},(u-C=CC=C) (107)
in up to 73% vyield.?*® It is interesting to note that for both iron and
ruthenium, binuclear species were formed from Me;SiC=CC=CSiMe;
regardless of the stoichiometry employed.

An alternative approach to C4 metal complexes of the Group 8 metals
involves oxidative coupling (ferrocinium cation) of the ethynyls
M(C=CH)(dppe)Cp* (M =Fe, Ru, Os) at low temperature to give the
bis(vinylidene)s [{Cp*(dppe)M}»(u-C=CH-CH=C)]** (108) via a 17-¢
radical ethynyl cation. Deprotonation of 108 (KOBu') gave the diyndiyls
{Cp*(dppe)M},(u-C=CC=C) [Scheme 29; M =Fe (107),°°”*’° Ru (109)***
(the analogous dppm complex 110 was also prepared), Os (111)*"'].
Oxidation and rearrangement of the Ru porphyrin 112 afforded the
bis(vinylidene) 113 although this has not been converted to the C4 derivative
(Scheme 30).>’*> The original authors note that this complex represents an
entry point for dimetallacumulene and carbene chemistry.

(e) Group 9

The first Group 9 C4 complex was reported by Marder and his colleagues
in 1991.%427327* Facile oxidative addition of each C—H moiety in butadiyne
to [Rh(PMe;),]T gave the bimetallic Rh(II) species {cis-RhH(PMes)s},
(u-C=CC=C) (114) in a single-pot reaction. The only by-product of the
reaction is the volatile PMe;, which is readily removed. Similarly, double
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é +2 Fc* é )

C=CH ———— —CH _—

Ph@l}:;12 -2e phzblr;f:

S| . & &

Ph 'Y'=(;C>H
- . _
2" pphy O=C=M—ron, Phop” | O 0 O M=gPh,
Phy Pha Phy
(108) M = Fe (107), Ru (109), Os (111)
SCHEME 29
4-
8- Fc'/-Np INaRUF=C=C
HC=C—[RuNsJ;—N=N—[RuN,J—C==CH| —F——> C—=C=—=[RuN4]
Na-naphthalene /
H
(112) (113)

[RuNg4] = Ru(meso-octamethylporphrynogen)

SCcHEME 30

oxidative addition of HC=CC=CH to {RhCl(PPrg)z}n affords the Rh(III)
complex {RhHCl(PPrg)z}z(p-CECCEC) (115), which with pyridine gives
{RhHCl(py)(PPrg)2}2(p-CECCEC) (116).°”> The same product was
obtained from reaction of the bis(vinylidene) complex {RhCl(PPrg)z}z
(ui-C=CHCH=C) (117), formed by thermolysis of 115 or photolysis of wet
benzene solutions of Rh(C:CHCECSiMe3)(C1)(PPrg)2 containing {RhCl
(PPrg)z},,, with pyridine (Scheme 31). The iridium analogues have also been
described.?’®

Stannylated diynes have proven to be especially useful in the preparation
of Rh(I) complexes containing C, ligands (118) via the elimination of
Ph;SnX from Rh(X)(L)(PPr}), and Ph3;SnC=CC=CSnPh; [X=OH,
F; L=C=CHR (R=H, Ph, Bu’), C=CMe,, C=C=CPhR (R =Ph, Bu’),
CNxy, CO].*"7?" Reactions of fluorinated starting materials were
greatly expedited by the formation of insoluble SnFPh; in organic
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[Rh] = trans-Rh(PPris),

. HC,CH H
{RCI(PPry)zly —22—  Ci-[Rh}-C=C—C=C{Rn}-Cl

(115)
e
py

CHRhEC= _py =
[RhH %: (RAL-CI CHRP-C=C—0=C ‘Ejh]—Cl
Py

(117) (116)

ScHEME 31

solvents. The fluoro(isocyanide) precursor reacts sufficiently slowly with
Ph;SnC=CC=CSnPh; to permit the isolation of the diynyl complex
Rh(CECCECSnPh3)(Cny)(PPr§)2 (119). The second carbon—tin bond
was subsequently cleaved upon reaction with RhF(C=CHPh)(PPr}),
to afford the asymmetric C; complex trans,trans-{Rh(CNxy)(PPr}),}
(u-C=CC=C){Rh(=C=CHPh)(PPr}),} (120) in excellent yield (Scheme 32).
In the case of {Rh(=C=CHPh)(PPr}),},(u-C=CC=C) (121), reaction with
an excess of pyridine gave {RhH(CECPh)(PPrg)z}z(u-CECCEC) (122).
Similar chemistry occurs with Me;SiC=CC=CSiMe; and two equiv. of
Rh(OH)(CO)(PPr%), to give {Rh(CO)(PPr}),}(n-C=CC=C) (123).**°

An alternative single source C,; precursor is the electrophilic
bis(iodonium) triflate [PhIC=CC=CIPh](OTf),, which reacts with Vaska’s
complex in acetonitrile to give unstable pale brown [{zrans-IrCI(CO)
(NCMe)(PPh;),},(1-C=CC=0C)](OT), (124).>* With trans-RhCI(CO)
(PPhs),, only uncharacterized polymeric material was formed.

(f) Group 10

Homo-bimetallic nickel derivatives of C4 are rare, only
{Ni(CN)(NH3)5}»(u-C=CC=C) (125)>** and {Ni(PPh;)Cp},(un-C=CC=C)
(126)>>° having been reported. The C4 chemistry of the Group 10 metals,
especially Pd and Pt, was largely advanced by interest in metal-containing
poly-ynyl polymers (Section II.H), with several of these species being
prepared as intermediates for polymer synthesis or resulting from polymer
degradation or ligand exchange reactions.

The Cul-catalyzed reaction of an excess of MCI,(PBus), with
trans-M(C=CC=CH)(PBu3), in piperidine/toluene or NHEt, afforded
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[Rh] = trans-Rh(PPris),

0.5 PhgSnC,C»SnPhg

(—[Rh}—X — o —Cf
(AR - 2SnXPhy g [Rh]_(':(z“s(;zc (AR

PhsSn CgCQSnPha .
- SnXPh3 RhF(CNR)(PPI"S)z

RhF(C=CHPh)(PPr3),

1—[Rh|—C=C—C=C—SnPhy I—[Rh}—C=C—C=C—[Rh}—L"
(119) (120)

X=OH,F; L L' =C=CR'5, C=C=CR'5, CNxy,

(ofe]
SCHEME 32
{LM—C=C—C=C—{ML'n}
ML, M'L',,
(120) Rh(CNxy)(PPr',), Rh(=C=CHPh)(PPr,),
(133/\m) W(CO),Cp M(CQO); (M =Mn, Re)
(134) W(CO),Cp Fe(CO),Cp
(135) W(CO),Cp Ru(PPh,).Cp
(136/M) W(CO),Cp M(CO)(PPh,), (M =Rh,Ir)
(137) Re(NO)(PPh,)Cp* Fe(dppe)Cp*
(137a) Re(NO)(PPh,)Cp* trans-PdCI(PEt,),
(138) Fe(CO).(n-C;Me,Et) Ru(C0),Cp' (Cp' = Cp, Cp*)
(139) Fe(dppe)Cp* Ru(PPh,).Cp
(142) Cu(triphos) Au{P(tol),}

{MCI(PBu;),}»,(1-C=CC=C) (127; M =Pd,*®' Pt**?). The palladium
polymer {Pd(PBus),(u-C=CC=C)},, reacts with PdCIl,(PBuj), to give
{trans-PdCI1(PBu3),},(1-C=CC=C) (127/Pd), while the platinum analogue
is inert under similar conditions, due to the increased Pt—C bond strength.?®!
The complex Pt(OH)Me(cod) reacts directly with buta-1,3-diyne to afford
{PtMe(cod)}»(n-C=CC=C) (128) in moderate yield.”**

The cis-bis(diynyl) complexes, cis-Pt(C=CC=CH),(PP) (PP =dppe,
dppp, dcype) react with cis- or trans-PtX,(PP) (X=Cl, OTf) under
high dilution conditions to afford molecular squares 129 and 130
(Scheme 33).%%%?% The smaller squares have been shown to have high
binding affinity for alkylammonium and Group 11 metal cations.
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LgPr—CEC—CEC—T‘tLg

XL cis-Pt{CoCH)Lo W ﬁ[
=2 (i) or (ii) (]: (|:

I I

LoPt—C=C—C=C—PlL,
trans-Pt{C2CaH)2(PBus)2

0 (129)
Lz Pf—cso—ca—P]—CEo——CEc——Tth
f{i PBug ih“l
i I
f B P—P?-——PB
BusP—Tt—-PBua uaP—P) us
i I
v 1
i I
1; Bus f

Lo PI—CEC——CEC—P|—CEC—CEC—PtL2
PBU3
(130)

Reagents:

(i) Cul /NHEY (X =Cl, Lp =dcpe)
(i) NaOAc (X = OTf, L, = dppe, dppp)

SCHEME 33

(g) Group 11

The structures of Group 11 diyndiyl derivatives M>C4 (M = Cu, Ag) are
unknown; they are explosive materials, prone to detonation upon
mechanical shock. The preparation of Cu,C4 from buta-1,3-diyne and
ammoniacal solutions of Cul has been reported, and this material is thought
to convert to the linear carbon allotrope carbyne during thermal
decomposition.'”®!?*% Evidence has also been given for the formation
of Cu,C, in aged samples of Cu,Cs.'”® A yellow solid which precipitates
when buta-1,3-diyne is passed into solutions of AgPF, containing NHEt,
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is thought to be Ag,Cy, although this material has not been investigated
in detail.”’

More readily manipulated C; complexes have been isolated using
Au(PR3) endcaps. An elegant synthesis of the luminescent complex
{Au(PCy3)}»(u-C=CC=C) (80%) (131/Cy) involves treatment of a metha-
nolic solution of AuCl(PCy;) containing Me;SiC=CC=CSiMe; with
NaOH.”® The P(tol); derivative {Au[P(tol);]}»(n-C=CC=C) (131/tol) is
prepared similarly.”” Analogous PPhs-substituted materials were obtained
from the Cul-catalyzed reaction between Au(C=CC=CH)(PPh;) and
AuCI(PR;) (R=Ph, tol).**” The condensation reaction of {Au(C=
CC=CH),}(u-dppm), in which aurophilic interactions are expected to
impose a “U”-shape, with {Au(OTf)}>(u-dppm) in NHEt, under high
dilution conditions affords cyclo-{Au,(n-C=CC=C)(u-dppm)}, (132) in
87% vyield.”®

PhoP———Au—C=(C—C==C——Au—RPh;

PhyP—— Au——(C==C——C===C——Au—PPh,

(132)

2. Heterobimetallic Complexes

The chemical reactivity of the C=CH portion of terminal 1,3-diynyl
ligands is often found to resemble that of conventional organic 1-alkynes.*®
Consequently, numerous examples of heterometallic diyndiyl complexes
have been prepared (Table VI). The most frequently used methods involve
metallation of terminal diynyl complexes {ML,}C=CC=CH, usually with
similar synthetic protocols to those described for the preparation of diynyl
and homometallic diyndiyls. General methods include:

(a) Cul-catalyzed coupling of {ML,}C=CC=CH with metal halides in
amine solvents;

(b) lithiation of terminal diynyl ligands with any of a range of
organolithium bases, such as n-, sec- or -BuLi, or Li(NPr}) (LDA),
followed by treatment with the metal halide or pseudo-halide. If CO
ligands are present, more bulky and less nucleophilic reagents (LiBu?,
LDA) may be required;

(c) copper(I) derivatives of the diynyl-metal complex, prepared in situ by
addition of Cul to the lithio compound, are useful reagents employed
in Cadiot—Chodkiewicz couplings;
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(d) a copper(I)-free procedure uses the terminal diynyl and the metal
triflate in the presence of NHEt, or NaOAc;

(e) metalladesilylation of silylated diynes is achieved using electron-rich
metal fragments in the presence of fluoride.

Copper(I) derivatives of metal diynyl complexes have proven to be useful
synthetic intermediates in Cadiot—Chodkiewicz coupling reactions,””* %2
and similar species are implicated in coupling of metal diynyls with aryl
halides under Pd/Cu catalyzed (Sonogashira) conditions**'*** and in the
Cul-catalyzed coupling reactions of metal diynyl species with other metal
halides.””

The following sub-sections describe the preparation of hetero-bimetallic
complexes, and are grouped in terms of the earliest metal present in the
complex.

(a) Group 6

The chloride ligand is readily displaced from complexes MCI(CO);Cp
(M =Mo, W) by diynyl anions. For example, {Cp(CO);Mo}(u-C=CC=C)
{Fe(CO),Cp} is readily obtained from sequential reaction of
Fe(C=CC=CH)(CO),Cp with Bu’Li and MoCI(CO);Cp.>>> The Group 6
diynyl complex W(C=CC=CH)(CO)sCp is also a convenient source of these
complexes and, for example, {Cp(CO);W}(u-C=CC=C){Mn(CO)s} (133) is
prepared from W(C=CC=CH)(CO);Cp, MnlI(CO)s, and LDA. The use of
the bulkier lithiated bases seems to be essential in order to avoid complications
arising from inadvertent attack of this reagent at the carbonyl ligands.?”*

In the presence of a Cul catalyst, W(C=CC=CH)(CO);Cp couples with
FeCl(CO),Cp to give the mixed Group 6/8 complex {Cp(CO);W}(u-
C=CC=C){Fe(CO),Cp} (134). Treatment of W(C=CC=CSiMe;)(CO);Cp
with RuCl(PPh;),Cp in a methanolic solution of KF gave {Cp(CO);W}
(u-C=CC=C){Ru(PPh;),Cp} (135).*

Copper(I)-catalyzed reactions have also been used to make W/Rh- and
W/Ir-diyndiyl complexes, although the products are often contaminated by
the corresponding O, adducts.””® Better is a Cu-free procedure in which
W(C=CCC=CH)(CO);Cp and M(OT)(CO)(PPhs), (generated in situ)
react in the presence of diethylamine to give {Cp(CO);W}(u-C=CC=C)
{M(CO)(PPh;),} (136/M; M = Rh, Ir).*”®

Reaction of the Dbimetallic reagents {AuCl},(u-dppm) with
W(C=CC=CH),(CO);Cp requires the Cul catalyst, and affords the
tetrametallic species [{Au(C=CC=C[W(CO);Cp])}2(n-dppm)]. It is thought
that the steric requirements of the W(CO);Cp groups would overcome the
Au---Au aurophilic interactions and twisting of the Au-phosphine
backbone would result.®



TABLE VI
SELECTED SPECTROSCOPIC PROPERTIES OF HETERO-BINUCLEAR COMPLEXES {ML,}-Cy—{ M’L;,}
dc (J/Hz)
IR (Raman) A nm

ML, M'L, V(CC) em ™! (1) C©) C(3) C(4) M 'em™)  Ref
Group 6

Mo(CO)(dppe)Cp  Mo(CO),(PPhs)CpCO2Me 2145, 20528 106.8, 101.7, 92.7, 70.9 244
Mo(CO);Cp W(CO);Cp 2145¢ insoluble 293
W(CO);Cp Mn(CO)s 2150, 21284 114.88 (CW 22) 101.49, 80.83, 55.65 293
W(CO);Cp Fe(CO),Cp 21354 115.45 (br) 63.32 42.32 101.00 255,293
W(CO);Cp Fe(CO)(PPh;)Cp 21274 117.6 105.1 52.0  98.1 (CP 41.3) 255
W(CO);Cp Ru(CO),Cp 2142¢ 115.26 87.45 52.01 95.43 293
W(CO);Cp Ru(PPh;),Cp 2110, 1976 294
W(CO);Cp Rh(CO)(PPhs), 2145¢ not observed 293,295
W(CO);Cp Rh(0O,)(CO)(PPh3), 2145°¢ not observed 293
W(CO);Cp Rh(tene)(CO)(PPh3), 2142¢ not observed 295
W(CO);Cp Ir(CO)(PPh;), 2156¢ not observed 293
W(CO);Cp Ir(O,)(CO)(PPh;), 21474 not observed 293
W(CO);Cp Au(PPhs) 2145¢ 293
Group 7

Re(NO)(PPh;)Cp* Fe(dppe)Cp* 2093, 2058,  121.3, 106.4, 76.7 356sh (14,000), 296

1955¢ 330sh (19,000),

298 (40,000)

1444
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Re(NO)(PPh;)Cp*
Re(NO)(PPh;)Cp*

Group 8
Fe(CO),Cp
Fe(dppe)Cp*

Fe(dippe)Cp*

Fe(dppe)Cp*
Ru(PPh;),Cp
Ru(PPh3)2Cp

Group 9
Rh(CNxy)(PPrs),

Group 10
Pt(C=CC=CH)
(dppe)

Group 11
Au{P(tol)s}
Au(PPhjs)

Rh(CO)(PPh;), 2110¢
PACI(PEts),-trans 1988¢
1988¢

(2128, 2093)

Fe(CO)(PPh;3)Cp

Fe(CO),(n>-CsPhs) 2102¢
Fe(CO),Cp* 2112¢
Ru(PPh;),Cp 2037, 1959
Ru(dppe)Cp 1966
Ru(dppe)Cp* 1965

Rh(C = CHPh)(PPr}), 2030, 2004

(NC and CC)®
AuPPh; 2140, 2084°
Cu(triphos) 2158, 2127
Au(Ptols) 2153

90.8
(CP 17.6)

107.4
(CP 41)
1.7

(CP 39)

110.0
(CRh 36.6,
CP 20.3)

not
reported

116.1 95.0
(CP 3.7)
108.5 102.4
(CP2)  (CP3)
106.5 102.5

(CP2)  (CP2)

107.5
(CRh 12.2)

126.96, 125.80, 88.23, 85.78

83.9
(CP 17.3)

68.3

224
224

255
88

259
267

267
267

279

285

267
267

Note: *Di-potassium salt; "BF, salt; °KBr; “CH,Cl; °nujol; ‘cyclohexane; ®thf.
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(b) Group 7

The complex {Cp*(NO)(PPh3)Re}(u-C=CC=C){Fe(dppe)Cp*} (137)
was prepared from the reaction of Re(C=CC=CSiMe;)(PPh;)(NO)Cp*
with FeCl(dppe)Cp* in the presence of KF, the halide abstracting agent
KPFs and 18-crown-6."° Sequential reactions of Re(C=CC=CH)
(PPh;3)(NO)Cp* with LiBu and PdCl(PEt;), give {Cp*(NO)(PPh;)Re}
(u-C=CC=C){PdCI(PEt;),},*** while Re(C=CC=CCu)(PPh;)(NO)Cp*, of
presently unknown structure, is prepared in a similar manner.”*’

(c) Group 8

In the presence of Cul and an amine solvent, Fe(C=CC=CH)(CO),
(n°-CsMe,Et) couples with RuCI(CO),Cp' to give {(n°-CsMe4Et)(CO),Fe}
(u-C=CC=C){Ru(CO),Cp'} (138; Cp =Cp, Cp*)."***>" The more elec-
tron rich mixed iron/ruthenium complex {Fe(dppe)Cp*}(u-C=CC=C)
{Ru(PPh;),Cp} (139) is readily prepared from reaction of Ru(C=
CC=CH)(PPhj3),Cp with FeCl(dppe)Cp* following reaction in the presence
of NEt; and NaBPh,.”’

(d) Group 10

Curiously, while sequential treatment of the cis-bis(diynyl) reagent
cis-Pt(C=CC=CH),(dppe) with two equivalents of Bu‘Li and Mel affords
the bis(pentadiynyl) complex Pt(C=CC=CMe),(dppe), only monoauration
is observed after a similar reaction with AuCI(PPh;) with Pt(C=CC=CH)
{C=CC=CJ[Au(PPhs)]}(dppe) (140) being the only isolated product.
The same product was obtained from a Cul-catalyzed coupling of
Pt(C=CC=CH),(dppe) and AuCI(PPh;) in a mixed NHEt,/thf solvent.
Molecular modeling studies failed to reveal any obvious steric interactions
which might be responsible for this anomalous behavior.®> Nevertheless,
cis-Pt(C=CC=CH),(dppe) reacts with [ppn][Au(acac),] to afford a tetra-
anionic, heterometallic expanded molecular square (141).%*’

(e) Group 11

Lithiation (LiBu) of Au(C=CC=CH){P(tol);} followed by treatment
with CuCl(triphos) gave {[(tol)3sP]JAu}C=CC=C{Cu(triphos)} (142) in
good yield.?®’

3. Trimetallic Complexes

Aside from the edges of the molecular squares mentioned above, there are
few complexes of the type M(p-C=CC=CM’), known (Table VII). These
have been prepared using the same types of reactions described previously.
For example, a Cul-catalyzed reaction between trans-Pt(C=CC=CH),



Complexes Containing All-Carbon Ligands 247

PPhy

thP—Pl—C=—C—-C=—- ——Au(PPhg)

I—O==O—0O==0

(140)

LzP%—EC—CEC—Au—CEC—(EC—]l?LZ
lT ||
i I
I

LPt—C=C0—CGC=—Au—C=C—C=C—VFPtL,

(141) Ly = dppe

(PBus), and MCl,(PBus), (M =Pd, Pt) gives the linear trimetallic species
trans-Pt{C=CC=C[MCI(PBus),]}»(PBus), (143).?*" Selective cleavage of the
Pd—C bonds occurs in the reaction between PACI,(PBus), and trans,trans-
{Pd(PBu3),}(u1-C=CC=C){Pt(PBu;),(u-C=CC=C)}, to give trans,trans,
trans-Pt(PBus),{(u-C=CC=C)[PdCI(PBus;),]}, (143/Pd).

Lithiation of Re(C=CC=CH)(NO)(PPh;3)Cp* and subsequent reaction
with a stoichiometric amount of trans-PdCl,(PEts), affords trans-
Pd{C=CC=C[Re(NO)(PPh;)Cp*]}»(PEts), (144).”** The Pd(PEts), group
efficiently insulates the remote Re centers, and there is no evidence of
electronic ‘“‘communication” between the terminal metal fragments.
Coupling W(C=CC=CH)(CO);Cp with cis-PtCl,(PP) species [PP = (PEt3),,



TABLE VII
TRIMETALLIC BIS(DIYNDIYL) COMPLEXES

Complex IR (Raman) v(CC) cm™! d. (J/Hz) Ref.
Hg{C=CC=C[W(CO);Cpl}>» 2161* unassigned 293
trans-Pd{C=CC=C[Re(NO)(PPh3)Cp*]}»(PEt;3), 2114, 1984° 100.5 (CP 11.1) [C(1)], 98.2 (CP 3.3) 224

2114, 1988° [C(2)], 117.0 [C(3)], 87.4 (CP 18.4) [C(4)]

(2111/2128)
cis-Pt{C=CC=C[W(CO);Cp]}(PEt3), not observed 116.15, 93.69, 58.90 293
Pt{C=CC=C[PtCI(PBu;),]}»(PBu;), 2280w, 1990m° 281
Pt{C=CC=C[PdCI(PBus;),]}»(PBus), 2290w, 1992m" 281
[ppnla[cyclo-Pt(dppe){C=CC=CAuC=CC=C}], 2142, 2073° 99.56 (Au-C), 97.26, 76.08, 60.31 289
Hg{C=CC=C[Au(PPh;)]}» 2100, 2014 267
Hg{C=CC=C[AuP(tol)3]}» 2166, 2052 88.17 (CP 29) (Au-C), 102.52, 72.52 267
Hg{C=CC=C[Ru(dppe)Cp*]}» 2156, 2095, 1992 298
Hg{C=CC=C[Ru(PPh;),Cpl}» 2108, 1955 298
[ppn][Au{C=CC=C[W(CO);Cp]},] 2029° 63.57 267
[ppn][Au{C=CC=C[Au(PPh;)]},] 2140, 2080° 118.78, 88.34 267
[ppn][Au{C=CC=C[Au(Ptol3)]}5] 2145 267

Note: *CH,Cly; ®nujol; “K Br.

8¢
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dppe, dggp] to give cis-Pt{C=CC=C[W(CO);Cp]}-(PP) (145) is catalyzed
by Cul.*”-

The salts [ppn][Au{C=CC=C[Au(PR;)]}»] (146; R =Ph,**° tol’*’)
contain a linear 13-atom P-Au-C4—Au-C,—Au-P sequence in the anions
and were obtained from Au(C=CC=CH)(PR3) and [ppn][Au(acac),] in the
presence of NHELt, through the elimination of acacH. The reaction between
[ppn][Au(acac),] and W(C=CC=CH)(CO);Cp gives the linear trimetallic
species [ppn][Au{C=CC=C[W(CO);Cp]},] (147).**

The diynyl complexes Ru(C=CC=CH)(dppe)Cp*, W(C=CC=CH)
(CO);Cp and Au(C=CC=CH)(PR3) (R=Ph, tol) react with 0.5 equiv.
Hg(OAc), to give the trimetallic complexes Hg{C=CC=C[ML,]},
(148).2°7293-2%% The limited mixing of the Hg-based metal orbitals with the
carbon m-orbitals results in the terminal metal groups being essentially
electronically isolated.

{LM)—C=C——C=C—M—C=C—"C=C——{MLy}
M ML,

(143) trans-P(PBu,), trans-MCH(PBu,), (M = Pd, Pt)

(144) trans-Pd(PEt,), Re(NO)(PPh;)Cp*

(145) cis-Pt(PP) [PP = (PEt,),, dppe, dppp] W(CO),Cp

(146) [Au] Au(PR;) (R = Ph, tol)

(147) [Au] W(CO),Cp

(148/W) Hg W(CO),Cp

(148/Ru) Hg Ru(dppe)Cp*

(148/Au)  Hg Au(PR,) (R = Ph, tol)

E. Complexes Containing Cs Ligands

1. Group 7

The methodology used to prepare the first C; complexes has been
applied to the synthesis of a Cs analogue. Lithiation of Re(C=CC=CH)
(NO)(PPh3)Cp*, followed by successive reactions with Mn(CO)3(n-CsCls)
and [OMe;]BF,, gives dark purple {Re(NO)(PPh;)Cp*}{u-C=CC=
CC(OMe)=}{Mn(CO)»(n-CsCls)} (149, Scheme 34).>*° Removal of the
OMe group with BF;3 then affords dark brown [{Re(NO)(PPh;)Cp*}
CCCCC{Mn(CO)»(n-CsCl5)}[BF4] (150). This complex is very light
sensitive and decomposes readily to paramagnetic materials. Similar
derivatives with Mn(CO),(n-CsBrs) and Fe(CO), groups were prepared.?*’
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(n-CsCls)(OC)oMm——C=0

(i) Li(C=C),Re(NO)(PPhs)Cp*
(i) [OMeg]BF4

OMe

{(n-05015>(00)2Mn}—=0<
\

C\
AN

{Re(NO)(PPh3)Cp*}
(149)

BF3

[{(n-C5Cl5)(OC) oMn}=——=C=—=C—=C=——=C=—=C=—={Re(NO)(PPh3)Cp*]"

(150)

SCHEME 34

Spectroscopic properties are consistent with the cumulenic structure
shown, with v(CC) at 1953 cm™' and '*C NMR signals for the Cs chain
at 6 218.4 [J(CP) 12.5 Hz, ReC], 296.2 (MnC), and at 119.1, 110.6, and 107.0
(CCCCC). No reactions were found with tcne, CoHy, or SMe,.

The complex cis-{Re(NO)(PPh;)Cp*}{u-C=CC=CC(OMe)=}{Re(CO)4
Re(CO)s} (151), obtained from Re(C=CC=CLi)(NO)(PPh;)Cp* and
Re,(CO)y, did not give the Cs derivative with BF;.>*

/PPh3
Ro\——CEC—c:c—

Re—Re CO)s
NO

(151)

2. Group 8

Attempts to obtain complexes containing Cs chains linking electron-rich
ruthenium or osmium centers have been reported, with several complexes
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[M(PR3)2 = Fe(dppe), Ru(PPhg),, Os(PPhg)2]

= .

1 (i) AgBF4
! > (ML==C==
R3P//VI\X (i) I'\ /OH C>=C=C={ML,,}
RoP - H
HC¢C C§c;H
(152)

-H (Alg()/

{MLn}——CEC—C<
(\
\

{ML}*
H H
{MLy}——C==C— { LMy=—C=—=C— /
= +C\ {LaM} 0\

°\\C\ \\c\

{ML} {ML}

(153)

SCHEME 35

containing p-CsH ligands having been prepared. The reaction of CH(OH)
(C=CH), with [M(L),Cp*]* (M =Fe, L,=dppe; M=Ru, L=PPh;,
L,=dppe; M=0s, L=PPh;) gave [{M(L),Cp*}=C=C=CHCH=C=
{M(L),Cp*}]** (152, Scheme 35) which were deprotonated on alumina
to give stable blue [{M(L),Cp*}=C=C=CHC=C{M(L),Cp*}]*
(153).%77" The symmetrical p-CsH bridge is V-shaped. It was not possible
to convert the Ru compound into a complex containing a Cs bridge, either
with [CPh;] " (to remove H™) or with strong base (to remove H™).
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Comparing the 'H NMR spectra, the signals for the central H on the
Cs chain occur at & 6.50 (Fe), 8.30 (Ru), and 10.55 (Os), suggesting
increasing carbocationic nature as the Group is descended. Strong
absorptions at 722 (Fe), 600 (Ru), and 583 nm (Os) are assigned to
transitions involving the M—Cs—M bridges. The solid-state structures of
the Ru and Os complexes are similar, with the V-shaped CsH chain
[130.3(11), 128.2(8)° (Os)] probably reflecting the degree of steric interaction
between the phosphine Ph groups on the two metal centers. Electrochemical
studies show a reduction wave between —1.10 and —1.30 V and two
oxidation waves, which are reversible for iron (at +0.12 and +0.47 V)
but irreversible for ruthenium and osmium (4 0.68, +0.74 and + 1.04,
+1.10 V). These have been assigned to reduction of the CsH ligand, the
LUMO of which is largely centered on the CH group (C p orbital
character), and to oxidation of the metal centers (Scheme 36).*"!

H
I

+ C%C/i\c\ +

MLy C\{MLn}

4

H
|
A &
C
MLy ~

SCHEME 36

\

{MLg}
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F. Complexes Containing Cs—C2p Ligands

Terminal poly-ynes containing chains with six or more carbon atoms
are generally highly sensitive to thermolysis or photolysis and are therefore
not readily available for use in the construction of complexes of the type
being reviewed here. Trialkylsilyl-capped chains are somewhat more stable,
and reliable syntheses of R;Si(C=C),,SiR; (R=Me, Pr, m=3, 4) are
available. Very recently, several series of poly-ynes containing up to ten
C=C triple bonds were described, making use of bulky aromatic polyether
dendrimers to separate the carbon chains.’*> An alternative approach is
the use of cyano end-groups and the series N=C—-(C=C),,—C=N (m=1-8)
is known.?!=3%3

Complexes containing Cy¢ and Cg ligands bridging two metal centers were
first described in 1970 but only partly characterized.>® Several complexes of
this type have also been obtained by depolymerization of H{(C=CC=
C)Pt(PBu3),(C=CC=C)},H (Section II.H). More recently, construction of
derivatives of longer carbon chains is achieved by sequential application
of metallation or oxidative coupling reactions to suitable precursors
containing one or two C=C triple bonds. In this way, derivatives containing
up to 20 carbon atoms, such as {Re(NO)(PPh3)Cp*},{u-(C=C),(}, have
been prepared and satisfactorily characterized. Usually, this has been
carried out to give homonuclear systems, since it is not yet clear whether
coupling of poly-ynes with different end-groups can be directed to give
specific combinations preferentially, rather than giving statistical mixtures
of all possible products.

There are four general reactions which have been applied to lengthen the
carbon chain commencing with the complexes {ML,}C=CC=CH:

(a) Lithiation (LiBu), which may or may not be followed by cupration
with Cul, to give {ML,}C=CC=CLi(Cu), which is condensed in situ
with halo-poly-alkynes, such as Br(C=C),,SiR; (m=1, 2; R =Me,
Et) to give {ML,}C=CC=C(C=C),,SiR3;

(b) In some cases, the free poly-yne can be generated in situ by proto-
desilylation reactions (base, fluoride). If these reactions are carried
out in the presence of a metal halide, subsequent reaction gives the
desired complexes end-capped by transition metal-ligand fragments.

(c) Oxidative coupling (Eglinton, Hay) of 1-alkynes containing ML,
groups, H(C=C),,{ML,}, doubles the chain Ilength to give
{ML,}>{p-(C=C),,,}. Note that a variant of this reaction, carried
out in the presence of HC=CSiR3, results in lengthening of the
poly-alkynyl chain by one C, unit. The desilylated complexes may be
obtained in situ by proto-desilylation as in (b).
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These compounds will be described below, together with the trends in
properties (spectroscopic, structural) as the chain length increases. In the
limit, the properties may resemble those of “‘carbyne”, the (presently)
unknown C(sp) allotrope. If redox-active metal centers are linked by
unsaturated C,, chains, electronic interactions between the two metal centers
may occur, and have been demonstrated for up to C( chains so far. Further
complexation of metal centers by m-bonding to the chain generally reduces
communication along the chain, but more recent studies of cobalt carbonyl
complexes and their phosphine derivatives have suggested that both
through-bond and through-space interactions may occur. This remains a
topic of active investigation.

1. Molybdenum and Tungsten Complexes

Oxidative coupling (Hay conditions: CuCl/tmed in acetone, O, or air,
r.t.) of M(C=CC=CH)(CO);Cp (M =Mo, W) gives orange {M(CO);Cp},
{n-(C=C)4} (154; Scheme 37) in excellent yield.*!-**>

2. Rhenium Complexes

The major synthetic routes to binuclear complexes containing longer
—(C=C),,— chains (155/m) have been established by Gladysz and his
co-workers, who have employed Re(NO)(PR3;)Cp’ (R generally Ph,
Cp’ =Cp, Cp*) as end-capping groups.>”’ The Re(NO)(PPh;)Cp* fragment
is chiral, although in most syntheses racemic mixtures of the initial mono-
rhenium complexes have been used. Reactions give mixtures of meso and dl/
diastereomers, which in some cases are distinguishable by NMR methods
(Table VIII). For example, *C and *'P resonances for both isomers can be
seen for the C¢ complex, but for the Cg derivative, separate resonances were
not seen (probably because of a greater separation of metal centers); a
similar isomeric formulation is assumed. As mentioned above (Section
I1.D), the diasterecomers of the C; complex can be separated by
crystallization. However, in no case longer than C,4 has it been possible to
separate the isomers and difficulties in getting X-ray quality crystals have
been ascribed to the presence of mixtures of diastereomers. For the Cg

o)
[LM]-C=C-C=C-H — 2 - [LyM]-C=C-C=C-C=C-C=C-[ML{]

[Cu(tmeda)]*
(154)
LM = Mo/ W(CO)sCp

SCHEME 37
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LM—(C=C);7—ML,

m ML
(154) 4 M(CO)sCp (M = Mo, W)
(155) 2,3,4,56,8,10 Re(NO)(PPhs)Cp*
(158) 3,6 Fe(CO).Cp* (Fp*)
(159) 4 Fe(dppe)Cp*
(160) 34 Ru(PPh;).Cp
(161) 456 trans-Pt(tol)(PArs3),
(165) 46,8 trans-Pt(CsFs5){P(tol)s}>
(169) 34 Au(PR3) (R = Cy, tol)

complex, a preliminary X-ray study suggests that the Re center is less
sterically hindered than that in the C4 complex.

Oxidative  cross-coupling  [Cu(OAc),/py] of a mixture of
Re(C=CH)(NO)(PPh3)Cp* and Re(C=CC=CH)(NO)(PPh3)Cp* gives
a mixture of the {Re(NO)(PPh;3)Cp*},{u-(C=C),,} complexes (155/m;
m=2, 14; 3, 44; 4, 15%) which could be separated by chromatography on
silica gel.”>*?*° An alternative synthesis of the Cg complex was also ob-
tained by a sequence of reactions between Re(C=CC=CCu)(NO)(PPh;)Cp*
and BrC=CC=CSiMe; in the presence of NHEt, to give
Re{(C=C)4SiMe;3}(NO)(PPh3)Cp*, which was desilylated and oxidatively
coupled to give 155/4.°°* This complex is also formed by thermal
decomposition of trans-Pd{C=CC=C[Re(NO)(PPh;)Cp*]},(PPh3), in
refluxing benzene.?*%>%°

Syntheses of complexes containing poly-ynediyl chains, —(C=C),—
(m=23-10), spanning rhenium centers involves a methodology involving
four well-established reactions applied sequentially to Re(C=CC=CH)
(NO)(PPh3)Cp* (Scheme 38).**-*°*-*! Conversion to an incompletely
characterized copper(I) derivative (see below) was achieved with LiBu and
Cul, after which reaction with bromo(silyl)alkynes (Cadiot—Chodkiewicz)
and protodesilylation of the resulting C4 and Cg complexes ([NBuy]F in
wet thf) afforded Re{(C=C),,H}(NO)(PPh3)Cp* (m=3, 4). Oxidative
coupling [Cu(OAc),/py] then gave the binuclear C;, and C;4 complexes. In
one case, reaction of BrC=CC=CBr with Re(C=CC=CCu)(NO)(PPh;)Cp*
afforded 155/6 directly. Lithiation and cupration of Re{(C=C),H}
(NO)(PPh3)Cp*, followed by coupling with SiR;C=CBr (R =Me, Et)
gives Re{(C=C)sSiR3}(NO)(PPh;)Cp*. Alternatively, this compound can



TABLE VIII
SELECTED SPECTROSCOPIC PROPERTIES OF {ML },(u-C,) (n=6-20)
d¢ (J/Hz)
IR (Raman) A nm
ML, n V(CC)/em™! C(1) C(2) C(3) C(4)  Unassigned (M 'cem™) Ref.
Group 6
Mo(CO);Cp 8 2140 112.24 92.22 63.47 59.95 242
W(CO);Cp 8 2190* 112.39 91.60 63.70 60.91 241,242
Group 7
Re(NO)(PPh3)Cp* 6 2061m* 104.2, 114.3, 232 (62,000), 250
2064m"° 103.3¢ 113.9 328 (39,000),
2058m° (CP 15.7/16.0) 354 (37,000)
(2100s, 1951s)
6 106.8, 112.6 65.0, 232 (62,000), 290
106.5" 64.9 328 (39,000),
(CP 16.8/16.0) 354 (37,000)
8 2108s, 1959m* 109.7 1133 360 (67,000), 250,290
2112s, 1956m° (CP 16.9) 390 (60,000)
2107s, 1954m*®
(2100s, 2000s)
8 111.0 (CP 18.4) 1127  66.8 (CP29)  63.8 234 (58,000), 290
262sh (36,000),
340sh (56,000),
360 (67,000),
390 (60,000)
10 2120s, 2000m° 117.3 112.7 66.1 66.3, 64.1 230 (58,000), 290
2114s, 1993m° (CP 15.7) (CP 2.7) 268 (32,000),

274 (32,000),
338sh (41,000),
366sh (59,000),

9G¢
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Re(NO){P(tol);}Cp*

20

4

6f

2117m, 2056vs,
1952s°

2112m, 2050s,
19465°

(2135w, 2030m
1951s)

2074m, 2014vs,
1941vs®
2069m, 2012s,
1938s¢
(2101vw, 2000w,
1921s)

2164w, 2116w,
2058s, 2031vs,
1962vs®
2136w, 2101w,
2036s, 1949s¢
(2102vw, 2068vw,
1984w 1899s)

1963*

2059w*

116.8
(CP 15.6)

125.1
(CP 15.2)

127.3
(CP 14.6)

95.7, 96.6

104.9

113.7

113.2

113.2

118.0

114.8,

66.0
(CP 3.3)

66.6
(CP 2.4)

66.6

66.6

67.1, 66.3,
64.4

66.7, 66.4,
65.6, 65.5,
65.2

67.0, 66.5,

65.5, 65.4,

65.3, 64.9,
64.8

394 (76,000),
426 (50,000),
474 (10,000)
230 (60,500),
280 (47,600),
364sh (47,300),
390 (63.400),
422 (82,700),
470 (37.350)
512sh (16,600),
568 (3900)

232 (62,600),
328 (61,700),
348 (65,300)
402sh (81,500),
430 (142,000),
470 (128,000),
548 (61,200),
644 (9900)

228 (78,000),
384sh
(110,000), 430
(131,000), 466
(191,000),

508 (136,000),
582 (73,000),
602 (73,000)
232 (63,900),
270sh (22,300),
352 (13,500),
232 (82,000),

290,291

290,291

290,291

251

251

(Continued)
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TABLE VIII
Continued
dc (J/Hz)
IR (Raman) A nm
ML, n v(CC)Jem ™! C(1) C(2) C(3) C(4) Unassigned (M 'em™) Ref.
(CP 16.6) 114.7 320 (38,200),
358 (37,800)
8  2107s, 1954m* 110.7 114.6 67.9 66.0 234 (83,000), 251
(CP 12.7) 362 (75,000),
394 (71,000)
Re(NO){P(CsH,Bu’);}Cp* 8  2108s, 1954m* 110.3 114.5 67.7 66.0 232 (90,200), 251
(CP 15) (CP 3.0) 362 (65,600),
394 (61,000)
Re(NO){P(CsH4Ph);}Cp* 8  2108s, 1954m* 109.8 114.4 67.5 65.8 228 (74,500), 251
(CP16.9) 270 (164,000),
362 (74,200),
392 (61,000)
Re(NO)(PCy;)Cp* 8 2110s, 1953w" not 274 (27,300), 251
observed 340 (39,400),
366 (55,100),
398 (52,800)
Group 8
Fe(CO),Cp* 6 2094 99.7 94.9, 54.0 182,306
8 2136, 2088 110.8 94.8, 61.6, 182,306
51.4
12 2123, 2087* 118.3 94.6, 64.8, 306
62.2, 58.9,
50.5
Fe(dppe)Cp* 8 2109s, 1949s¢ 139.5 101.8 62.7 50.6 389 (100,500), 307
(CrP4.2) (CP 3) 481 (10,000)

8G¢
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Ru(PPh;),Cp

Group 10
trans-Pt(tol)(Ptolz),

trans-Pt(tol){PPhs},

trans—Pt(CéFS){P(tol)3}2

Group 11
Au(PCyj;)

12

6

8

2135w, 2066s,
1965w"
2110s, 1956m*

2135s, 1987m*

2121m, 2083s,
1982m*

2139s, 1984m*
not observed
2152s, 201 Im°®

2127m, 2088s,
1992m*

2154w, 2088w,
2054s, 1984m°

2109¢

2147, 2066,
2007¢

111.6
(CP 13.5)

120.9
(CP 14.4,
CPt 875)

112.9
not observed
100.6
(CPt 998)
106.5

109.1

131.3
(CP 131.4)
136.0
(CP 122.2)

98.3

96.7
(CPt
212.5)

98.6

96.7
(CPt 265)
95.5

95.0

85.9
(CP 25)
87.4
(CP 24.9)

64.5

64.3

64.1

75.1

67.4

62.8

66.6, 63.8,
61.2, 56.9

65.7, 63.0,
61.0, 57.1

66.7, 64.9,
63.1, 61.5,
60.1, 56.8

233 (200,000),
305 (95,000),
343 (100,000)
231 (151,000),
322 (60,000),
347 (125,000),
371 (215,000)

295 (80,000),
325 (113,000)
315 (101,000),
336 (267,000).
359 (432,000)
290 (46,000),
306 (42,000),
326 (54,000),
346 (151,000),
369 (397,000),
397 (602,000)

see original
literature
290, 274,
260, 252

261

308

310

310

310
310
311

311

315

315

Note: *CH,Cly; °thf; °KBr; “nujol; *powder film; ‘enantiomeric pair.
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[Re*] = Re(NO)(PPhy)Cp*

0,
[Re"]-C=C-C=C-H mﬁ* [Re*}-C=C-C=C-C=C-C=C-[Re"]
gl!?lu, (155/4)

Br-CEC-SiF(i

[Re*]-C=C-C=C-Cu [Re"}-C=C-C=C-C=C-SiR3

\‘ K,COy / MeOH
(i Br-C=C-C=C-SiR,

i Cu(OAc), /
) KGO, / MeOH [Re-C=C-CC-0mGH XA B o 1 CoC-C=C-0=0-C=C-C=C-CCRe]
(155/6)
[Re"}-C=C-C=C-C=G-C=C-H [Re*}-C=C-C=C-C=C-Cu
() LiBu, Cul
(i) Br-C=C-SiR, lBr-Cé)-CaC-SiMea
Cu(OAc), / py
[Re*]-C=C-C=C-C=C-C=C-C=C-SiR,
A (i) KzCO5 MeOH
i) Cu(OA
[Re"]-C=C-CG-C=C-C=C-C=C-C=C-C=C-C=C-[Re’] ) CulOAcPy

(155/8)
[Re"]-C=C-C=C-C=C-C=C-C=C-C=C-C=C-C=C-C=C-C=C-[Re]
(155/10)

SCHEME 38

be obtained from SiEt;C=CBr and the copper compound to give
Re{(C=C);SiEt;}(NO)(PPh3)Cp*, which after conventional desilylation,
lithiation and reaction with Cul, is converted to the putative
Re{(C=C);Cu}(NO)(PPh;)Cp*. Further reaction with SiMe;C=CC=CBr
affords Re{(C=C);SiMe;}(NO)(PPh;)Cp*. Desilylation and oxidative
coupling [Cu(OAc),/py] then affords 155/10.%°!

Rapid decomposition of the product from reaction of Re{(C=C)s
SiMe;} (NO)(PPh3)Cp* with wet [NBuy]F/PhMe precluded the synthesis of
155/12. Compounds with up to 16 carbon atoms in the chain form orange
powders which are stable in air, but 155/10 is black. While no obvious
trends in stability are apparent, decomposition points indicated by DSC
range between 155 (for Cy) to 217°C (for Cg). Complexes containing long
carbon-chain links between two metal centers are generally stable in air
at r.t. for a week and decompose > 100°C without explosion.

Complexes containing a range of different phosphines PR3 (R =tol,
CgH4Bu'’-4, C¢H4Ph-4, Cy) could be prepared from the appropriate
ReMe(NO)(PR3)Cp* derivative by a reaction sequence involving treatment
with HBF,; in PhCl, displacement of the labile PhCl ligand by
HC=CC=CSiMejs, conversion to the o-diynyl compound with KOBu’,
followed by protodesilylation ([NBuy]F in wet thf) and oxidative
coupling [Cu(OAc),/py, 50-80°C] to {Re(NO)(PR3)Cp*},{u-(C=C),}.>""!
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These orange to dark red compounds were obtained in 23-54%
yields as inseparable diastereomeric mixtures. Oxidative coupling of
Re{(C=C),,H}(NO){P(tol);}Cp* (m=1 and 2) afforded the orange Cg
complex (23%), accompanied by only 8% of the Cg derivative.

Similar synthetic sequences have been employed to prepare
{Re(NO)[PPh,(CH,)sCH = CH,] Cp*},{u-(C=C),4} (156) as a mixture of
diastereomers, which with Grubbs’s catalyst underwent olefin metathesis to
give 157 (Scheme 39).**> An ion from the intermolecular metathesis
product (m/z 2728) was detected in the mass spectrum of 157, while the
NMR spectra suggested that the compound was a mixture of configura-
tional (at Re) and geometrical (Z/E) isomers. CV data (two one-electron
oxidations at E°(1)= 40.24, E°(2) = +0.52, both only partially reversible)
showed oxidation to be thermodynamically slightly more favorable than for
the PPhs analogue.

3. Iron Complexes

Copper(I)-catalyzed coupling of Fp*Cl with Fp*(C=C);H (from Fp*Cl,
Me;Si(C=C);SiMe; and LiMe, followed by proto-desilylation) gives orange
Fp*(C=C);Fp* (158/m, m=3) (71%).'"®* This complex has only one
v(C=C) band at 2094 cm~ !, and the chain carbons resonate at & 99.7, 94.9,
and 54.0 (C, Cg, C,). Similar coupling (CuCl/tmeda, O,, 30°C) of
Fp*(C=C);H gives yellow-brown Fp*(C=C)sFp* (158/6; 76%).>*® The Fe—
Co—Fe chain adopts an S-configuration (individual angles 171.7(9)-178(1),
av. 175.2°). Changes in Fe-C and C-C bond lengths compared with the
ethyn- and butadiyn-diyl complexes are rationalized in terms of
contributions from a vinylidene tautomer. While C, and Cg resonate at &
118.3 and 94.6, respectively, the other carbon chain atoms are found
between & 50.5 and 64.8. Two v(C=C) bands are found at 2123 and 2087
em~'. Oxidative coupling (CuCl/tmeda/O,) of Fp*(C=C),H gave
Fp*(C=C),Fp* (75%)."®> This paper gives an extensive table of '*C
NMR shifts and assignments. Two v(C=C) bands occur in the IR spectrum,
while the four carbons of the chain resonate at 6 139.5, 101.8, 62.7, and 50.6,
with “J(CP) (3 Hz) being larger than *J(CP) (~0 Hz), and *J(CP) 42 Hz.

Similar oxidative coupling [Cu(OAc),/pyridine/dbu, 40°C] of
Fe(C=CC=CH)(dppe)Cp* gives {Fe(dppe)Cp*},{p-(C=C)4} (159) as an
air- and thermally-stable burnt-orange compound.’®’ Oxidation with
[FcH] ™ gave forest-green [{Fe(dppe)Cp*}-(u-Cg)] " *, which has two v(CC)
absorptions at lower frequencies (1784, 1879 cm™'), intermediate between
the diyndiyl and cumulenic forms. The UV/vis spectra contain MLCT
bands at 389, 481 nm (neutral) and 403, 423, 556, 624, 707 nm (cation),
while the near IR spectrum contains a narrow intense intervalence CT band
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4@ R«=<N—:hEC—CEC—H
/’ 2
Z

(CHz)e\/
qu(OAc)g
/\(CHz)e
/NO PhaR
“R EC—CEc—CEc—CEC—7Re-
Phy ON
(CHz)e\/

(156)

l Ru(=CHPh)Clx(PCya)s

J Ha/ RhCI(PPhg)s

(157)

SCHEME 39
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(1958 nm). There is a strong electronic coupling between the two Fe centers
(Var=0.32 eV).

4. Ruthenium Complexes

Facile cleavage of the C(sp)-Si bond of silylated alkynes occurs in
reactions with RuCI(PPh;),Cp carried out in the presence of fluoride ion.
Application of this reaction to Me;Si(C=C),,SiMe; (m=3, 4) has
given orange {Ru(PPh;),Cp},{pu-(C=C),,} (160/m, m =3, 4).°"% In the
solid state, the two metal-ligand groups take up a trans conformation,
intermolecular interactions resulting in bending of the carbon chain
at C, [172.2(4)°]. Oxidative coupling [Cu(OAc),, pyridine/dbu] of
RuCl{(C=C);H}(dppe) afforded {RuCl(dppe),}>{p-(C=C)s}.*"

5. Platinum Complexes

Commencing with trans-PtCI(tol)(PAr;), (Ar=Ph, tol), conventional
copper(l)-catalyzed coupling with buta-1,3-diyne to give trans-Pt(C=
CC=CH)(tol)(PAr3),, followed by oxidative cross-coupling reactions
involving HC=CSiEt;, have given bright yellow or orange {trans-Pt(tol)
(PA13),} - {p-(C=C),,} (161/m, m=4, 6).>'° Extension to C;¢ complexes is
limited by the apparent instability of Pt{(C=C),H}(tol){P(tol)s},, while
PPh; derivatives have much lower solubilities. The spectral properties are
similar to those of other long chain complexes, although the UV /vis bands
are less intense than those of the rhenium analogues. The CVs contained two
irreversible oxidation waves. In the solid-state, these complexes stack with
the C,, chains parallel and with C, aligned near the mid-point of the chain of
an adjacent molecule. The carbon chains show slight bending, mostly at
the Pt-bonded ends, but in general the geometrical parameters are
unexceptional. Bond lengths approach limiting values of 1.24 and 1.34 A
for C=C and C-C bonds, respectively.

A series of complexes containing trans-Pt(CgFs){P(tol)s;}, end-groups
have been prepared similarly from the chloro complex.’'’ Conversion to
the buta-1,3-diynyl derivative trans-Pt(C=CC=CH)(C¢xF5){P(tol);}, (162)
and oxidative cross-coupling (CuCl/tmeda, O,, acetone) with an excess of
HC=CSIiEt; gives trans-Pt{(C=C);SiEt;}(CcFs){P(tol)s}» (163), which in
turn could be protodesilylated (wet [NBuy]F) and oxidatively coupled
again with HC=CSIiEt; in the presence of SiClMe; to remove fluoride ion,
to give trans-Pt{(C=C),SiEt3}(CgF5){P(tol)s}, (164) (Scheme 40). Binuclear
compounds are formed by oxidatively coupling either 162 directly, or
after treatment of 163 or 164 with [NBuy]F, with CuCl/tmeda. Complexes
{trans-Pt(C¢F5)[P(tol);]»}»{p-(C=C),,} (165/m, m=4,6,8) are formed as
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[P = trans-PHC4Fs){P(tol)s},

{PY]-C=C-C=C-C=C-C=C-{P1]

b (165/4)
[P-C=C-C=C-H CuCl/tmeda
-
HO=CSiEt, [PU-G=C-C=C-C=C-Sity
(163)
lwet (NBuy]F
! o
[PICC-CC-C=CH ~ ————m  [PHC=C-C=C-C=C-C=C-C=G-C=C-{PY

CuCl/ tmeda

" j@/ (165/6)

[Pt]-C=C-C=C-C=C-C=C-SiEt, —¥&
{NBugJF CuCl / tmeda

(164) (165/8)

53 {Pt]-C=C-C=C-C=C-C=C-H — % [P{C=C-C=C-C=C-C=C-C=C-C=C-C=C-C=CP]

SCHEME 40

air-stable yellow to apricot powders. Unlike some of their mononuclear
precursors, they are thermally stable, with m.p. between 234 and 288 °C.

The Cg¢ complex {trans-PtPh(PEt3),}>{u-(C=C);} was formed in 18%
yield during treatment of trans-PtPh{C=CSiPh,(C=CH)}(PEt;), with
Cu(OAc),/O, in pyridine, in reactions involving cleavage of Si—C(sp)
bonds.*'? The Cg4 chain is almost linear (maximum deviation 1.7°). The
UV-visible spectrum shows well-resolved coupling to vibronic levels in the
excited state, as found in {~Pt(PBu;),(-C=CC=CC=C-)},.*"* Similarly,
sharp structured emissions are found in the photoluminescence spectra,
probably from the triplet state associated with the carbon chain. The
vibronic progression (2090 cm™") reflects the v(C=C) mode.

A fascinating development of this chemistry has been the construction
of molecules containing double helices formed by wrapping poly-
methylene chains around a —(C=C),~ chain.>'* This was achieved by
linking two Pt end-caps with diphosphine ligands, themselves containing
—(CH,),, (n > 12) chains. Simple phosphine substitution reactions of {zrans-
Pt(tOl)(PPhg,)z}2{“-(CEC)W} by PRz(CHz)lzPRz (R:Ph, C-C(,Hg) gave onc
product which, however, oligomerized or polymerized upon workup. Use of
PAr,(CH;)4PAr, (Ar=Ph, tol) and {trans-Pt(CgFs)[P(tol)3]1}>{pu-(C=C),,}
afforded similar complexes 166 in high yield (Scheme 41), together with
some of the corresponding chelate complexes. Several combinations of
—(C=C),,— and —(CH,),~ chain lengths were prepared, structural studies
suggesting that helical conformations are adopted with sp*/sp carbon ratios
> 1.5. Interconversion of enantiomeric double helices has a low barrier



Complexes Containing All-Carbon Ligands 265
(tol)sP P(tol)s

FsCo—P{—(C==C),—Pt——CiFs

(toh)sP P(tol)3
AroP{CHg),PArs
Ary Arp
R F P p R F
F 3 {cAc} Pt F
AN
F F Ary Arp
(166)
SCHEME 41

(ca. 12 kcal mol™"). For m=4, n=10, 11, only non-helical complexes were
obtained.

An alternative approach used as precursor trans-Pt(Cg¢F5)(C=CC=CH)
{PPh»(CH,)¢CH=CH,},, which was oxidatively coupled (CuCl/tmeda/O,)
to the Cg complex. Again, linking of vinylphosphines by olefin metathesis
with Grubb’s catalyst and subsequent hydrogenation of the C=C bonds
(H,/Pd on C) gave 167 in 32% yield, together with the chelate complex 168
(Scheme 42).>'* The —(CH,),4— chains are inter-twined and have more than a
half twist (196.5°), as defined by the two P—Pt—P planes.

6. Gold Complexes

Reactions of Me;Si(C=C),,SiMes (m = 3, 4) with AuCI(PR3) (R =Cy,*"’
tol’®’) in the presence of NaOH in methanol give air-stable pale yellow
{(R3P)Au},{u-(C=C),,} (169). The Cg complex was also obtained by
oxidative coupling of Au(C=CC=CH){P(tol);}.?" The complexes are
unstable in chlorinated solvents, although no C-H-..-C=C n=-type
association is found. In all cases, the carbons of the chain resonated
between & 60 and 130. Extension of these studies to tetra-
ethynylethene afforded the unusual branched chain C;, derivatives
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H
R F PSRN R F
PhoP——(CHa)e—CH HC——(CH)s—PPhy
F P{——C==C——C=0—C=C—C=C—FP F
F F PhoP——(CHJe—C Jo——(CHI—PPha £ F
H\CH e

(i) Ru(=CHPh)Cl(PCys)2
(i) Hp/Pd-C

(CHY7  (CHa)y

R Php \ PPR, N F
F Pl‘i—ozj()——(::C_ ‘_.C=C_ _C=C_F|’t F
F PhoP \/PPhg F
P Cha)y  (CH2)7 F
(167)
+
R F R F
PhgP Phy
(CHo)1a 2
F pi—C==C—C==C—C=C—C=C—F"t F
F g PhP PPhy g (CHu
(168)
SCHEME 42

{(R3P)AuC=C},C=C{C=C[Au(PR3)]}» (170; R = Cy,*'® Ph*'7). The former
shows carbon-centered '(nn*) fluorescence at 428 nm.

7. Heterometallic Compounds

(a) W—Cu

The red copper(I) derivative, formulated as { CuC=CC=C[W(CO);Cpl},,
has been obtained serendipitously as a by-product from copper(I)-catalyzed
coupling reactions of W(C=CC=CH)(CO);Cp.*"" It is shock-sensitive and
attempts to characterize it further have been unsuccessful to date.
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(R3HAI\ /’\u(PR3)
N/
N/
/—\\
/

(R3P)Au Au(PRgz)

(170) R=Cy, Ph

(b) Re—Cu

Lithiation of poly-ynyl-rhenium complexes Re{(C=C),,H}(INO)(PPhj;)
Cp* (m=1, 2, 3), followed by treatment with Cul, gives incompletely
characterized mixed-metal derivatives of composition {Cu(C=C),,[Re(NO)
(PPh3)Cp*]}, as red-brown thermally stable powders which are likely
oligomeric.?”>** Alternatively, the SiMes-alkyne can be converted to the
Cu derivative directly by reaction with Cu(OBu’) and [NH,]F in one pot.**°
The Cu—C,4 derivative is a useful synthon (see above) en route to Cg¢ and
longer derivatives, subsequent reactions with bromo-alkynes giving the
corresponding di-rhenium complexes. Attempts to characterize the copper
derivatives by addition of phosphines or other ligands to break the supposed
oligomeric linkages were unsuccessful.

G. Complexes Containing Binuclear End-Caps

1. Homonuclear

An excess of Li,C, reacts with Ru,(p-ap)4Cl to give red-purple {Ru,(p-
ap)s}-(u-C=C) (171/1; ap = 2-anilinopyridinate) in which mutual strength-
ening of the Ru—C and weakening of the C=C = bonds is found, and for
which CV data indicate that significant electronic communication occurs
between the two Ru, centers.?'®*!? This complex has also been isolated from
reactions of the ethynyl under Glaser coupling conditions.

Black {Ru,(C=CC=CSiMes)(u-dpf)s}-{pn-(C=C),} (172; dpf=N,N-
diphenylformamidinate) is formed by homo-coupling (CuCl/py) of the
butadiynyl Ruy(C=CC=CH)(C=CC=CSiMe;)(u-dpf)s (173).°*° In the
solid-state, the Cg complex has two toluene molecules over the significantly
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\/ \/ — \/ VL
T/T /T/‘T

M N-N L
(71 Ru ap -
(172) Ru dpf C=CC=SiMe,
(175) Rh ap -

e N
H_(CEC)Z—/RL/Y—"'“}L/v(CEC)g—SiMes

(173) N-N = dpf

bent carbon chain, with the Me groups pointing to the chain. It shows two
quasi-reversible reduction waves at —1.68 and —0.74 V together with two
irreversible oxidations at +0.50 and +0.81 V. Similar coupling of 173 with
Ru,(C=CC=CH),(u-dpf)4 gives 174, which contains a 32-atom Si—C4—Ru,—
Cg—Ru,—Cg—Ru,—C4—Si chain with a length ca. 45-50 A.

Glaser-type coupling of terminal alkynes with Ru,(C=CC=CH)(ap)4
affords, in addition to the diyne and hetero-coupled products, the
homometallic complex {Rus(p-ap)s}-{p-(C=C)y} (171/4, M=Ru, LL=
ap)’?' or, in better yield, from Ru,Cl(pu-ap)s and Li,C4 '® Eglinton/
Hay- type coupling of Ru,{(C=C),,H}(n-ap)ys (m=1-3) has given {Ru,
(p-ap)a}2{p-(C=C),,,} (171/2m).*?> The Cg complex shows complex
electrochemical behavior, with separations between redox couples being
less than those found in the C4 complex.

The structurally analogous rhodium complex {Rh,(p-ap)s}-(n-C=
CC=C) (175, M = Rh, LL =ap) was obtained stepwise from Rh,(p-ap)4Cl
with LiC=CSiMe;, desilylation with LiBu and further reaction with
Rh,(p-ap)4CL.>** However, in this case UV spectroscopy indicates little
electronic communication between the two Rh, centers.
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2. Heteronuclear

The reaction of Na,C, with {(OC);Mo}(u-Br)(u-S>,PCy3){Mn(CO)s}
gives emerald-green {[(OC);Mo](1-S,PCy3)[Mn(CO);]} (1 : p-C=C) (176)
in which the four metal atoms are staggered (CMoMn interplanar angle
49.2°).>** The Mo—C and Mn-C distances support its formulation as a
3-center/2-electron CMoMn system, i.e., as a tetrametallated ethyne.

H. Polymeric Complexes Containing C,, Chains

Conjugated polymeric materials containing metal centers in the main
chain have been a source of considerable interest due to both the rigid
rod-like structure adopted by these materials, which can lead to liquid
crystalline phase behavior,® and the extended conjugated m-system which
can result in large non-linear optical responses.’”> **” While there have been
many reports of polymeric materials based upon poly(ethynylated) repeat
units {ML,(C=CRC=C)},,***** metallo-carbon main chain polymers are
rather more sparsely described. The vibrational spectra of polymeric poly-
yndiyl Pt(Il) species are consistent with there being considerable C=C
character in the polycarbon fragment, despite the m-conjugation which is
evident through the metal centers in vibrational and optical studies.’*
Vibrations in these rod-like materials are strongly coupled to the
electronic transitions along the metallo-carbon backbone which results in
resonant enhancement of the vibrations parallel to the backbone relative to
perpendicular motions. The m-conjugation through these materials is
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reduced by insertion of aromatic (phenylene) substructures, which may
reflect a combination of the energy differences between the acetylenic and
phenylene ring orbitals, as well as the orientation of the ring m-system
relative to the m-system associated with the platinum-poly-ynyl chain.
However, recent studies have shown that the 2,5-C=C-C,H,S-C=C-
spacer may have an effect on the ground-state interactions between iron
centers similar to that of a —Cg— spacer, when measured using a Hush-style
method of analysis.*"

The first reports of poly-yndiyl polymers were made by the Hagihara
group in the 1970s. The regular polymer {trans-Pt(PBu;),C=CC=C}, (177)
was prepared by the Cul-mediated condensation of frans-Pt(C=CC=CH),
(PBus), with PtCl,(PBus), in diethylamine.’*” The resulting pale yellow
material was isolated and purified by repeated precipitation in methanol and
characterized by IR [v(C=C) at 1999 cm~'] and *'P NMR spectroscopy
[0 —4.2 ppm, J(PPt) 2384 Hz]. A weight-average molecular weight A, of
119,000-122,000 was determined by sedimentation equilibrium in toluene.
Despite the high molecular weight, the polymer was highly soluble in a
range of organic solvents, including CH,Cl,, thf, benzene, and refluxing
hexane. The analogous Pd polymer 178 (M, 63,000, A, 342 nm, log € 4.32)
was prepared in an identical manner.”®'** The blue shift of the lowest
energy UV absorption band (metal-alkynyl charge transfer) in the Pd
material relative to the Pt analogue reflects the decreased metal-carbon
interactions (see electronic structures below). The Pd-containing material
was rather more reactive than its Pt analogue, and the Cul-catalyzed
reaction of 178 with PdCl,(PBus), in NHEt, gave the palladium dimer
{PACI(PBu3),},(n-C=CC=C).>8!-33

Mixed ligand polymers have also been reported. For example, room
temperature reactions of {PtCI(PBus),},(un-C=CC=C) with 1,4-diethynyl
benzene in amine solvents catalyzed by Cul afforded {[Pt(PBus),]
C=CC=C[Pt(PBu3),]C=CC¢H4C=C}, (M, =34,000) (179). The related
polymer {[Pt(PBu;),]C=CC=C[Pt(PBu;),|C=CC=C[Pt(PBu;),]C=CCsH,4
C=C}, (180) is obtained from trans-Pt(C=CC=CH),(PBus), and trans-
Pt(C=CC¢H4,C=CH),(PBus),. At elevated temperatures, Cul-mediated
ligand redistribution reactions result in more irregular polymer struc-
tures.”®” Palladium analogues containing mixed C, and Ar (Ar = benzene-
1,4-diethynyl, 2,5-Me»- or Et,-benzene-1,4-diethynyl) moieties spaced along
the polymer backbone are also known.**

Polymers containing alternating Pd and Pt metal centers linked by
C=CC=C groups in the backbone were obtained by entirely analogous
methods from 1:1 reactions of trans-M(C=CC=CH),(PBu3), and M’'Cl,
(PBus), (181/MM’, M =Pt, M’'=Pd). Oligomeric model complexes
trans-M{C=CC=C[M'CI(PBu;),]}>(PBus), were obtained from reactions
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employing a 1: 2 stoichiometry (Section I1.D.3).%8! While polymer 181/PtPd
gave a well-resolved UV spectrum and is the more well-defined, the
spectrum of 181/PdPt was considerably broader, suggesting a degree of
randomization in the metal arrangement in the main chain. This is possibly
induced by Cul-promoted ligand redistribution reactions (scrambling) of
the palladium precursor Pd(C=CC=CH),(PBu3),, with its weaker Pd-C
bond, under the reaction conditions. The suggestion of metal disorder
in 181/PdPt was further supported by depolymerization reactions
with Cul, from which a series of unspecified oligomers was obtained.
Depolymerization of the regular polymer 181/PtPd afforded Pt{C=CC=
C[PdCI(PBus),]}(PBus), in 75% isolated yield.?®!

Nickel centers have been introduced into these Group 10 poly-yndiyl
polymers by reactions of bis(diynyl)metal reagents with Ni(C=CH),(PBus),.
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Loss of gaseous acetylene drives the reactions to completion. In this manner,
polymers {trans-Ni(PBus),(C=CC=C)}, (182) (M, 15,000) and {trans-
[Ni(PBu3),]C=CC=C[Pt(PBus),]C=CC=C}, (183) were obtained.’* The
presence of additional PBu; was found to be beneficial in preventing
decomposition of the polymer by phosphine dissociation. Similar
syntheses involve copper-catalyzed coupling of nickel dihalides with
Ni(C=CC=CH),(PBus3),.>**

Oxidative homocoupling of Pd(C=CC=CH),(PBus), under Hay
conditions (CuCl/tmeda/O,) afforded the oligomeric tetrayndiyl trans-
H{C=CC=C[Pd(PBu;),]C=CC=C},H (184/Pd) (n ca. 9.5) in 75% yield.
In the IR spectrum v(C=C) bands were observed at 2200, 2160, 2100, and
1980 cm™', while the UV spectrum was characterized by a single
absorption band (A 378 nm, € 520,000).*” The corresponding Pt
polymer (184/Pt) was rather insoluble, precipitating from the reaction
solvent as a rather low molecular weight material (M, < 20,000). The
lowest molecular weight fractions of this polymer, which were soluble in
CH,Cl,, gave two *'P resonances which were assigned to the phosphines
coordinated to the external (8 —4.94 ppm) and internal (& —5.16 ppm)
metal centers. The IR spectrum contained v(C=C) bands at 2135 and
2005 cm~'. The polymer 184/Pt was cleanly depolymerized by Cul in
piperidine to afford the tetrayndiyl complex {PtCI(PBuj),}>{p-(C=C)4} in
80% yield, which provides indirect evidence for the regularity of the
polymer.**®

Reactions of the bis(trimethylstannyl)poly-ynes Me;Sn(C=C),,SnMe;
(m=2, 3) with PtCl,(EBus), (E=P, As), sometimes in the presence of
catalytic Cul, affords high molecular weight polymers {Pt(EBu),(C=C),,},
(E=P, M,,=130,000-210,000) in > 90% isolated yields.>****° The polymers
were purified by a column chromatography and repeated precipitation from
methanol. The IR spectra of these materials were characterized by strong
v(C=C) bands at 1999 cm™' (m=2) or 2096 cm ™' (m = 3).

Optical absorption and photoluminescence (PL) spectra reveal a series
of features assigned to m— m* transitions involving the poly(yndiyl)
portion of the main chain. The triyndiyl polymers give rise to the lowest
energy absorption bands, indicative of a lower band gap in these materials.
The absorption spectra are particularly well-resolved as a consequence of
coupling of the ground-to-excited state transition with transitions to the
various vibrational levels of the excited state. Interestingly, the main peak
in the PL spectrum of each material was found to be long-lived (us),
indicating that it arises from a forbidden transition likely involving a
triplet state. It was noted by Friend and colleagues that the large spin—
orbit coupling associated with heavy transition metals could facilitate
singlet—triplet conversion and as a result differentiate metallo-polymers
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from the simple hydrocarbon species.”*” This later point has been a source
of a considerable body of attention. Since emission from triplet states is
spin forbidden, triplet states can usually only be probed by a number of
indirect methods. An understanding of the effects of electron spin on
the electronic interactions in conjugated polymers is necessary to underpin
the technological development of optoelectronic devices which might
employ these materials. By using heavy metal centers in the main chain
of the conjugated polymer, radiative transitions between singlet and
triplet states become possible, allowing triplet states to be studied
directly. 334

The black polymeric material which is deposited from methanolic
solutions of {Co,(CO)s}>(1-1°: 1>-Me;SiC,C,SiMes) gave microanalytical
data consistent with the formation of a polyacetylene, or arguably a
fragment of the linear carbon allotrope carbyne, with each, or most, triple
bonds coordinated to a Co,(CO)g fragment {Co,(u-C5)(CO)g}, (n ca. 30).
However, related poly-yne complexes have been shown to accommodate
only two adjacent C,Co,(CO)4 units, which are separated from the next
pair by an uncoordinated C=C triple bond. The nature of the end-
capping groups was not discussed, but is probably SiMe; or H.***
Theoretical analysis of the structure using Hiickel methods revealed a
degree of residual conjugation along the carbyne-like backbone. However,
the band structure of the ideal polymer shows the valence and conduction
bands to be separated by a large band-gap and predominantly metal-
centered, and the polymer is thought to be of little use as a conductive

Liquid crystal polymers (LCPs) have been a source of considerable
interest for some time, as they have been shown to offer particular
advantages in terms of their processability and physical properties which
make them attractive in a wide range of engineering applications.**® Serrano
and his colleagues have reviewed metallomesogenic polymers, including the
liquid crystalline properties of several of the platinum poly-yndiyl polymers
described above.®>*

The second and third order non-linear optical (NLO) properties of metal-
containing systems, including polymeric materials, have been comprehen-
sively reviewed.*” 3%  For the Hagihara-type polymeric materials
{M(PBu3),(C=CC=C)},, (M =Ni, Pt) the third order NLO responses were
measured using degenerate four-wave mixing (DFWM) methods, with the
observed hyperpolarizablility decreasing from Ni (CHCl;, A 410 nm,
Iyl 3.57x107* m® V72) to Pt (CHCly, A 364 nm, |y| 2.28 x 107%
m® V%) 330350352 However, direct comparisons should be made with
caution as the polymer length and average molecular weight vary with
the metal.
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1]
COMPLEXES CONTAINING CYCLIC C, LIGANDS

Included in this Section are the few complexes which contain per-
metallated C, rings, often m-bonded to another metal center.

A. Cs

Reactions of Na[Fe(CO),Cp] with [C3Cl5]SbF afford a reasonable yield
of dark amber [{Fe(CO),Cp}3C5]SbF¢ (185) in which the three iron residues
are o-bonded to the three-membered ring.*>*2>* The chloride salt is
obtained from the anion and C;Cly. The three Cp rings are disposed two
above, the third below, the C; ring plane; the ring itself is nearly equilateral.
The Fe—C bonds [av. 1.916(7) A] are similar in length to Fe—C(sp) bonds, the
NMR spectra indicating free rotation about the Fe-C bonds. The C;
carbons resonate at dc 256.6.

Approaches to complexes containing neutral cyclo[3]carbon (cyclopro-
penylidene) by reaction of Fp~ with M(CO)s{=C;(OEt),} (M =Cr, Mo, W)
afforded the o-bonded derivatives M(CO)s{=C5(OEt)[Fe(CO)-Cp]}
(186).*> Structural data suggest that the zwitterionic formulation is
important. Replacement of the OEt group with a third ML, fragment
was unsuccessful, although NHMe, reacted with 186/Cr to give
Cr(CO)s{=C5(NMe,)[Fe(CO),Cpl}.

og Q_‘ S %&

oc— Té oc- FT’
AN A
@ — 20
‘Fe/ C\Ee/\oo (OC)5M/ OMe
O~ C -

(186) M = Cr, Mo, W

(185)

Analogous complexes with M(CO);Cp (M =Mo, W), Re(CO)s, and
Ru(CO),Cp substituents, prepared by similar routes, are also known. The
rhenium complex is unstable, but gives a resonance at dc 237.8 for the Cs
ring carbons.
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LCAO density functional calculations on the iron complex show that the
most important bonding interactions correspond to ¢ and © bonding in
the C; ring plane, together with those of iron d, orbitals with the C3 ©
system.>*® The latter is the smaller one, although M — C; ™ back-bonding is
not negligible. Half of the positive charge is delocalized onto the CO and Cp
ligands. Calculations on [{Fe(CO),Cp}CsH,] " indicate that both extreme
orientations of the iron group are almost isoenergetic, consistent with the
free rotation found by NMR; the observed orientations in the crystal are
determined by crystal packing effects.

B. C,

Facile mercuration of Fe(CO);(n-C4H4) occurs with Hg(OAc), in
acetic acid (30 min, r.t.) to give an equilibrium mixture of all possible
products, including Fe(CO)3{n-C4(HgOAc),4}, which were characterized by
iodination (KI5).>>” In acetic acid, disproportionation occurs, even with
the tetra-substituted product. This system has a reactivity similar to that of
ferrocene.

C. Cs

Per-mercuration of Mn(CO);Cp with Hg(O,CCFj3), in CH,Cl, or Et,O
at r.t. to give a yellow, poorly soluble Mn(CO);{n-Cs[Hg(O,CCF3)]s} was
first reported in 1983.°>® This compound is the likely intermediate in
the formation of Mn(CO)3(n-Csls) by treatment of Mn(CO);Cp with
Hg(O,CCF5), followed by Nal;.**’ Per-mercuration of M(CO);Cp
(M =Mn, Re) occurred with Hg(OAc), (1,2-dichloroethane, reflux, 4 h) to
give pale yellow M(CO);{n-Cs(HgOAc)s} (Mn 73, Re 90%).”* NMR
studies indicate that rotation of the OAc groups is fast. Mercury—halogen
exchange occurred between the manganese complex and CuCl or CuBr in
acetone, or with aqueous KI. The rhenium complex decomposed under
similar conditions.

Deca-mercuration of ferrocene with Hg(O,CCF3), in EtOH/Et,O (r.t.)
was first described in 1977;*! similar reactions with FcR (R=Me, Et, CN,
CHO, Ac) gave Fe{n-CsR(HgOAc),}{Cs(HgOAc)s}.>*> A later improved
study, in which the reaction is carried out with added HgO to remove
CF;CO,H, gave yellow-orange Fe{n-Cs(HgO,CCF3)s}, (60%). Low
solubility precluded obtaining '*C and 'Hg NMR spectra.’®
Halogenation (CuCl,, KBr;, KI3) gave mixtures of partly halogenated
ferrocenes. Treatment of ferrocene with Hg(OAc), in refluxing 1,2-
dichloroethane gave yellow Fe{n-Cs(HgOAc)s}, (95%), which could be
satisfactorily per-halogenated.
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Per-mercuration of ruthenocene to give off-white Ru{n-Cs(HgOAc)s}»
occurs nearly quantitatively with Hg(OAc), in refluxing 1,2-dichloroethane
(88%).*** Similar reactions with RuCpCp* occur in EtOH/Et,O at r.t. to
give RuCp*{n-Cs(HgOAc)s}.*® The rate of the first mercuration is slower
than subsequent steps. The "H NMR spectrum shows that rotation of the
OAc groups occurs rapidly at 60 °C, but is frozen out at —80°C (O or Me
pointing up from ring plane). Halogenation with CuCl, or KXj3 in water
(X =Br, I) gives Ru(n-CsXs), (X=CI, Br, I) (39-73%) or RuCp*(n-CsXs)
(35-67%).

D. Co

The brown raft-like complex [{Fe(CO),Cp};{;C3(C=C);}|SbF (187) is
formed from the reaction of [C;Cl5]SbF and Fe(C=CSiMe;)(CO)),Cp.>**

(187)

E. Cis Co4

The larger all-carbon molecules, C,, (n=10-24), are predicted to have
mono-cyclic structures (cyclo[n]carbons), molecules with n=14, 18, 22,
being expected to be aromatic, with closed 4n + 2 electron shells.'>2%%> The
smallest cyclocarbon for which a reasonable stability is predicted is
cyclo[18]carbon, C;5.%* 3% Both in-plane and out-of-plane m systems are
aromatic. In contrast, the larger molecules (n=30-40), are very reactive,
while more stable polycyclic structures predominate for higher values of n,
culminating in fullerene structures for n > 60.
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Several approaches to the synthesis of C;g and other cyclo[n]carbons
have been made, including fragmentation of propellane- or anthraceno-
annulated dehydroannulenes with loss of indane or anthracene, respectively,
using flash vacuum pyrolysis (FVP).>*° 37! Fragmentation of higher carbon
oxides (C4,0,, n=06, 8, 10) under laser desorption with loss of CO has also
been studied®’**”* and other routes have been explored.?’*3"°

The total strain energy of a free cyclo[n]carbon (n =18, 24, 30; alternating
C—C single and C=C triple bonds) is calculated at 76 kcal mol™"', which
agrees with the sum of distortion of acetylenic or allenic angles from 180° to
160° (ca. 4 kcal mol™"). The well-known bending of acetylenic bonds that
occurs after complexation to a metal center (between 136 and 145°) was used
to design a synthesis of cyclo[n]carbons (n=18, 24) as their Co,(CO)g
complexes, in which the ring would be relatively free of strain.*’'*’® The
more stable Co,(u-dppm)(CO), adduct of Pr;Si(C=C);SiPr; was proto
desilylated ([NBuy]F in moist thf) and oxidatively coupled [Cu(OAc),/
pyridine, 55°C] to give the tri- and tetra-mers in 33 and 5.4% yields,
respectively, containing cyclo[18]carbon (188) and cyclo[24]carbon. The
X-ray structure of the former confirmed bending at the complexed C, units
between 131 and 134°. The UV-vis spectra contain bands at 370 and
380 nm, respectively, indicating that partial macrocyclic conjugation exists.
The cyclocarbons have not been successfully released from the complexes
(for example, using Ce(IV), 4-methylmorpholine-N-oxide, or I,), probably
because of the greater stability of the dppm-substituted complexes
compared to the analogous Co,(CO)s adducts, or because of the inherent
instability of the cyclo[r]carbons.

Ph2 (
P—

(188) Phy
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v

SPECTROSCOPIC PROPERTIES, MOLECULAR STRUCTURES,

ELECTROCHEMISTRY, AND ELECTRONIC STRUCTURES OF
{ML,}x(p-C,) COMPLEXES

A. Spectroscopic Properties

Of the various techniques routinely available, IR and '*C NMR
spectroscopy usually provide the most valuable information in terms of the
determination of the most appropriate valence description (A—D, Chart 1) of
the carbon fragment. Mdssbauer spectroscopy has also been used with good
effect with iron-containing poly-carbon complexes.® This solution-based
work is complemented by a significant number of solid-state structural
studies, which are described in greater detail below. Electronic spectroscopic
methods, including luminescence methods, have been used to probe the
electronic structures of a small number of poly-yndiyl complexes and
polymers,288:313:340-342.377-380 Gelocted IR, '*C NMR, and UV-vis data have
been given in Tables I-VIII, above.

1. Vibrational Spectroscopy

(a) v(CC) bands

The great majority of C, complexes are of type A, being well described
as dimetallated acetylenes. As such, the IR or Raman spectra of these
compounds very often contain a band between 1900 and 2050 cm ™', which
can be confidently assigned to the v(C=C) mode. In light of the selection
rules, symmetrical complexes {ML,},(nu-C,) rarely give IR-active v(C=C)
bands, and in these cases Raman spectroscopy is more useful. In the case of
[Li(thf)4]5[{Ti(oepg)(u-Li)}>(u-C»)], for which the structural data are con-
sistent with a Ti=C=C=Ti formulation, the v(C=C) band was not IR
active.'”? The Raman spectrum of {Ta(silox);}»(1-C=C) has been measured,
and v(C=C) is found at 1617 cm™', also consistent with the cumulenic
structure B.">*!%° The asymmetry inherent in heterometallic examples gives
rise to a greater proportion of complexes which show IR-active v(CC)
bands. While the v(C=C) frequencies associated with these heterometallic
complexes are for the most part similar to those of homometallic deri-
vatives, it is interesting to note that the complex {ZrCICp,}(u-C=C)
{Cp(PMe;),Ru} in which the C=C system spans electron-rich and
electron-poor metal fragment, gives rise to an unusually low energy, high
intensity v(C=C) band at 1868 cm™'.*!’
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The v(C=C) bands were not observed for any of the Group 6 C;
complexes with M=C—C=CM’ valence structures.”>” However, the presence
of characteristic strong v(C=C=C) bands between 1870 and 1900 cm~' in
the IR spectra of the C; complexes [{Cp*(NO)(PPh;)Re}(n-C3){ML,} "
[n=1, ML, =Mn(CO),Cp/, Cp' =Cp, n°>-CsH,Cl, n°-CsCls; n=0, ML, =
Fe(CO)y4] strongly supports the description of these materials in terms of
cumulenic M=C=C=C=M structures.’*’

Poly-yndiyl structures (L) dominate the C4 and higher sub-groups, and it
is useful to compare the properties of these species with those of their
organic analogues. In organic poly-ynes, broad v(C=C) absorptions are
found, the wavelengths being essentially independent of the end-group. The
number of bands increases with chain length, and if silyl groups are present
sharper bands are found. In general, the v(C=C) stretches of the metal
complexes {ML,}»{p-(C=C),,} are found between 1900 and 2200 cm~'. The
number of IR-active v(C=C) bands increases with increasing number of
C=C moieties and the new v(C=C) bands are generally found at higher
frequencies. Of course, symmetrical dimetal complexes show only half
the number of v(C=C) bands. For example, while the IR spectrum of
{Re(NO)(PPh3)Cp*},(u-C=CC=C) contains a single v(C=C) band at
1968 cm ™! (KBr), the decayndiyl complex {Re(NO)(PPh;)Cp*},{u-(C=C);0}
exhibits five v(C=C) bands between 2164 and 1962 cm™',>**° while for
Pt compounds 165/4, 6, 8, two, three, and four v(CC) bands were found for
m=4, 6, and 8, respectively.’'" Similar multiplicities are found for Fe and
Ru, but not Mo or W, based series.

In a limited number of cases, Raman spectroscopy has been employed,
and while the amount of data available is greatly reduced, the range
of frequencies observed is comparable with those found in the IR
spectra, 224249290

(b) Other bands

With Re(NO)(PPh3)Cp* end-groups, v(NO) frequencies increase from
1627-1637 (m=1) to a limiting value of ca. 1660-1662 cm™' (for m=
5-6),%%%Y and similar trends in the v(CO) frequencies are also observed in
the series Fp*(C=C),,Fp*.>*® While this trend was initially thought to be
due to the increased electron-withdrawing power of the poly-yne with
increasing chain length, and progressive reduction in back-bonding, more
recent computational results suggest that these trends are more likely due to
a decrease in the electron-donating properties of the longer chain ligands.

For complexes containing cumulenic ligands (M), such as
[{Ru(PPh3),Cp}»(1-C=C=C=C)]**, the IR-active v(C=C) band is observed
near 1750 cm~'.?°> While the v(C=C) band in [{Re(NO)(PPh;)Cp*},
(u-C=C=C=C)]** was not observed, a strong Raman band at 1883 cm™'
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was found and attributed to the carbon fragment.**’ The infra-red spectra of
the ethynyl-bridged dicarbyne complexes {M(CO),Tp'},{p-(=CC=CC=)}
(N) were dominated by the v(CO) bands, and do not provide clear evidence
for the valence structure of the carbon chain.*

There are few examples of complexes in which a linear chain containing
an odd number of carbons C,, (n > 5) spans two metal centers. In the case of
[{Cp*(NO)(PPh;)Re}(11-Cs){Mn(CO)s(n>-CsCls)}] ™ a single, strong v(CC)
band was observed at ca. 1950 cm™' and assigned to the cumulenic
C=C=C=C=C moiety.?”’

2. '3C NMR Spectroscopy

As with the vibrational spectroscopic techniques, the '*C NMR spectra
of poly-yndiyl and cumulated carbon ligands are distinct, providing a
complementary technique for use in the assignment of formal valence
structure. In organic poly-ynes, the resonances of the two carbons out
from the end-group appear down-field from the remainder, which are
concentrated between § 62 and 67.°> For the most part, '*C chemical shifts
associated with C,, complexes follow the trends established for these organic
analogues and the appropriate metal ynyl or metallacumulene mono-
metallic complexes.’®**! While there is great variation in the *C NMR
parameters associated with poly-yndiyl complexes, due at least in part to
the difficulty in unambiguously assigning these spectra, in general '*C
resonances near 100-120 ppm and 80-100 ppm can be assigned to the
M-C=C and M-C=C carbons, respectively. Internal carbons give reso-
nances which asymptotically approach 60 ppm with increasing chain length.

The cumulenic carbon atoms in complexes of type M give rise to reso-
nances M=C=C (200-300 ppm) and M=C=C (150-250 ppm).>?7-?2%-24-249
As the length of the carbon chain increases, the internal =C=C= resonances
tend towards 100 ppm, although data are scarce. For example, the '*C
NMR signals for the C; chain in [{Re(NO)(PPh3)Cp*}CCC{Mn(CO),
(N-CsCls)}[BF4] are found at & 287.8 (MnC), 221.1 [J(CP) 11, Re(C]
and 168.9 (CCC) while for [{Re(NO)(PPh;)Cp*}CCCCC{Mn(CO),
(M-CsCls)}[BF4] (150) the Cs resonances are at & 218.4 [J(CP) 12.5, Re(C],
296.2 (MnC), and at 119.1, 110.6, and 107.0 (CCCCC).>*’

The acetylene-bridged dicarbyne form N shows both low-field M=C
signals (ca. & 350 ppm) and higher field acetylenic resonances for the C=C
nuclei near & 80—100 ppm. 6227243

Definitive assignment of the '*C resonances has been possible only in few
cases where '*C labeling studies have been carried out**’ or when additional
information is provided by coupling to other spin-active nuclei associated
with the supporting metal-ligand fragments. In this respect, J(CP) values
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have been most widely exploited, but coupling to metal nuclei such as "W
has also been reported and used in the assignment of '*C NMR data. The
data collected in Tables I-VIII are based upon the assignments given in
the original literature, although there are now sufficient data reported to
indicate several inconsistencies within closely related compounds.

3. UV-Vis Spectroscopy and Luminescent Properties

The UV-vis absorptions of organic poly-ynes occur in two distinct
regions, one at higher wavelength showing little dependency on chain
length, whereas that at lower wavelength shows markedly increased
extinction coefficients as 7 increases and a limit of A =569 nm has been
estimated for R(C=C),R. Bands in this latter region dominate the spectral
profile, with € values approaching 6 x 10° M~ ecm~'.%> Absorptions in both
regions are assigned to m— ©* transitions.

The UV-vis spectra of bimetallic complexes containing linear C,, ligands
contain transitions which have been assigned to m— m* transitions
associated with the (C=C),, fragment and also to MLCT processes, which
could be approximated by n (or d)— n* transitions. Rich UV-vis spectra
are found for {W(OBu");}»(n-C>) and closely related complexes. While
definitive assignments of most of these transitions were not possible, the
lowest energy (430 nm) was attributed to the singlet HOMO — LUMO
transition. In the excited state, © conjugation along the chain occurs.'” The
lowest energy band in the UV—-vis spectrum of {Re(CO)s},(u-C=C) (319 nm)
was assigned to the ©(C=C) — n*(CO) transition.'”!

In complexes {ML,},{p-(C=C),,} containing longer poly-ynyl ligands,
absorption bands assigned to n (or d) — 7* transitions shift to lower energy
and become more intense with increasing chain length?!270-310311.315 4y 5
manner similar to that associated with organic poly-ynes.>'*°> Extinction
coefficients for the allowed m— ©* bands are typically greater than for the
forbidden n— n* (MLCT) bands, and the m— n* transition associated
with, for example, {Pt(C¢Fs)(PEt;),}>{pu-(C=C)g} is > 600,000 M cm~'. For
the series of complexes {Re(NO)(PPh3)Cp*},{u-(C=C),,} there appears to
be a correlation between 1/m and band energy, which permits an estimate of
565 nm (nm — *) and 1082 nm (n — ©*) as the respective limiting values for
compounds of infinite chain length.>°

The heterometallic complexes {Cp*(PPh3)(NO)Re}(u-C=C){trans-
PdCI(PEt;),} and trans-Pd{C=CC=C[Re(NO)(PPh3)Cp*]},(PEt;3), give rise
to similar UV—vis spectra, featuring three shoulders on the intense PPhj
centered absorption at 234 nm, indicating similar underlying electronic
structures.”**
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The UV-vis spectrum of {Re(CO);(Buj-bpy)},(u-C=CC=C) contains a
solvent-dependent low energy absorption which appears between 430 and
495 nm (450 nm in acetone).>>* Excitation at A 350-400 nm gives long-lived
(us at 77 K, shorter at 298 K) orange-red emissions at ca. 660—690 nm which
are not solvent-dependent, originating from a *MLCT d.(Re)— n*(bpy)
transition. Excitation at A > 350 nm gives emission at 750 nm, likely from
MLCT d (Re) — n*(C4Re) or *LLCT n(C4Re) — n*(bpy) transitions.

Gold complexes of general form {Au(PRj3)},{p-(C=C),,} give rise to
absorption spectra which display vibronic structure and luminescent
properties which assist in making assignments. Electronic absorption
spectra of complexes with PPh;_,(nap), (n=1-3) have an intense band at
ca. 296 nm, assigned to promotion of an electron from the phosphorus
lone pair (now o) to a naphthyl ©* orbital, i.e., c — n*(nap). Excitation
with A > 330 nm results in long-lived emissions, which are reduced in
the PPhFc, complex. For the PPh(nap), derivative, multiple emission is
found, dependent upon the exciting wavelength: for A =350 nm, a c — m*
transition is involved, while for A =380 nm, the emission originates in a
n— m* transition.?”’

Photo-excitation of {Au[P(CsH4OMe-4);3]},(u-C=C) at 320 nm results in
emission between 400 and 600 nm which has vibronic structure [spacing
2100 cm ™!, v(C=C)], arising from the *(r — n*) excited state of C§*.380 The
absorption, excitation and emissive properties of {AuPCy;},{u-(C=C),}
(n=1-4) have been investigated in some detail as the heavy atom permits
sufficient spin—orbit coupling to allow observation of the lowest energy
3(n — 1*) state in both the absorption and emission spectra for the more
soluble complexes n=1, 2. For the C, complex, [Sd(Au)]— [6p(Au),
n*(phosphine)] (singlet—triplet parentage) are at 270, 283 nm, while
[5d(Au) — [6p(Au), n*(phosphine)] (singlet-singlet) are more intense, at
239, 256 nm.?*%3!° This is interpreted in terms of the C, ligand acting as a
n-acceptor, with n*(C%‘) higher in energy than p, ,(Au). There is a near-UV
emission which has a ca. 2000 cm~' vibronic progression, assigned
to *(n— m*) transitions. In the excitation spectra, similar bands with a
ca. 1700 cm™" progression are assigned to v(C=C) in the *(t — 1*) excited
state. Other broad emissions in the solid-state are tentatively assigned to
exciplex formation involving strong hydrogen bonds between the excited
C, fragment and solvent H atoms. Similar observations are made for
the longer chain complexes, although solubility problems prevented the
observation of the weak, forbidden acetylenic *(t— m*) band in the
absorption spectra. While the acetylenic '(n — n*) transitions in {AuPCys},
{p-(C=C),,} (m=1-3) are buried beneath the [5d(Au)]— [6p(Au),
n*(phosphine)] transitions, in the m=4 complex a vibronic absorption
at 274-290 nm (vibrational progression 2010 cm™') is assigned to the
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dipole-allowed m— m* transition of the tetrayndiyl bridge.’'> Both the
triyndiyl and tetrayndiyl complexes are emissive and vibronically structured
(2120 cm™' progression) Aq_ emissions are observed at 498 and 575 nm,
respectively, arising from the *(m— n*) excited state. Linear regression
analysis indicates that the energy of the 0-0 transition decreases with
increasing conjugation length, and a limiting Ay ( value (corresponding to
the n=8 complex) for the acetylenic *(nr — ©*) emission is estimated to be
910 nm.*"”

The UV-vis spectra of the odd-carbon chain compounds [{Cp*(PPhs)
(NO)Re}(u-C,){ML}IBF,  [n=3, ML,=Mn(CO),Cp, Mn(CO),(n’-
CsH4Cl), Mn(CO)>(n*-CsCls), Fe(CO),; n=5, ML,=Mn(CO)y(n’-
C;Cls)] are dominated by intense bands near the visible region which have
no counterpart in the corresponding mono-metallic model complexes, with
weaker bands trailing into the visible. The ReC;Mn complexes show a
progressive red shift of the most intense band (392, 396, 414 nm), with the
lower energy transitions appearing to follow the same trend, as the number
of chlorine atoms on the Cp ring is increased. The longest wavelength bands
(> 376 and 562 nm) in the UV-vis spectrum of {Re(NO)(PPh;)Cp*}
{p-C=CC=CC(OMe)=}{Mn(CO)»(n-CsCls)} are substantially red-shifted
from the comparable absorption bands in the C3(OMe)-bridged analogue,
and the most intense band in the Cs analogue (A 480 nm) was found to be
virtually independent of solvent. These trends suggest that charge transfer
from a rhenium- (or ReC,)-based orbital to an orbital with appreciable Mn
or MnC,, * character, i.e., involving orbitals with appreciable ReC, & or
C,Mn ©* character rather than being purely metal-based transitions.**

B. Structural Studies

Examples of metal complexes containing linear carbon ligands have been
characterized for metals from across the transition series (Tables IX, X, and
XI) and the structural forms A-D can generally be differentiated on the basis
of an examination of the structural parameters. However, the variable
precision of the structure determinations, the different size of the various
metals and variations in the electrostatic contribution to the M—C bond with
metal oxidation state and the nature of the other supporting ligands
(e.g., phosphine vs. carbonyl) make detailed comparisons of the molecular
parameters within a structural subset somewhat arbitrary.

Structural parameters associated with M—C,—M complexes are summar-
ized in Table IX. For the majority of complexes, the C—C bond length falls
within the range 1.13-1.25 A, and these compounds are considered to be of
type A. Such classifications based upon bond lengths are also supported by
the IR and '>*C NMR data. Fewer C, complexes of type B and C have been



TABLE IX

BoND LENGTHS (A) AND ANGLES AT C(n) IN C; COMPLEXES

Bond lengths

M-C(1) C(1)-C(2)
Bond angles at
ML, C(l) Cc(2) Ref.
(a) Homo-binuclear C, complexes {ML,},(u-C,)
Group 3
ScCp3 2.194(7) 1.224(9) 147
175.1(6)
Sm(thf)Cp3 2.438(7), 2.448(8) 1.213(10) 148
173.3(6) 176.3(6)
Pr(oepg)(p-Na), 2.670(4) 1.250(8) 149
180.0
Nd(oepg)(p-Na), 2.790(7) 1.490(17) 149
84.8(6)
Group 4
Ti(PMes)Cp, 2.051(2) 1.253(2) 151
177.1(1)
[Ti(oepg)(n-Li)]™ 1.809(9), 1.757(7) 1.301(11) 152
178.7(9) 178.7(8)
Zr(NHBu')Cp, 2.240(3) 1.226(7) 156
173.8
Zr{C(SiMe;)=CH 2.258(6) 1.212(12) 401
(SiMes)}Cp3 177.0
Hf(C=CH)Cp; 2.25(2) 1.24(3) 157
171(2)
Group 5
Ta(silox)s 1.95(2) 1.37(4) 159,160

173(3)
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Group 6
W(CO);Cp

W(CO);Cp™*
W(OBU);

W(OBuU');

Group 7
MU(CO)5

Re(CO)s

Group 8
Fe(CO),Cp™t?

Fe(CO),Cp*
Ru(CO),Cp

Ru(CO),Cp™*
0s(CO),Cp
Group 10
trans-PtI(PMes),

trans-PtCI(PPhs),
Group 11

Au(PEt3)
Au(PPhs)

2.172(22)
172.3(18)
2.135(9)
176.4(8)
1.79(1)
180
1.819(16)
178.6(17)

2.011(2)
179.5(2)
2.141(16)
179.2(23)

1.929/1.932(3)
178.6(6)]178.4(5)
1.935(3), 1.939(4)
173.0(3)
2.05, 2.04(1)
179.6(9)
2.055(2)
2.071(6)

1.973(30), 1.980(38)
175.6(30)
1.958(4)

177.8

1.95, 1.99(2)
2.00(1)
180.0

1.18(3)

173.1(17)

1.216(19)
1.38(2)

1.34(3)

1.201(2)

1.195(33)

1.206/1.211(6)

1.202(5)
173.8(3)
1.19(1)

1.205(3)
1.169(9)

1.179(48)
177.1(33)
1.221(9)

1.22(2), 1.29(3)
1.19(2)

164
165

168,169

173

171

182
182
104

105
105

187,188

186

105
207

(Continued)
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TABLE IX

Continued

Bond lengths

M-C(1) C(1)-C2)
Bond angles at
ML, c(l) c(2) Ref.
Au{P(tol)s} 2.02(1), 2.002(9) 1.13(2), 1.19(2) 206
Au{P(CsH4Me-3)} 2.002(9) 1.19Q2) 207
Au{PPh(nap),} 1.986(17) 1.225(34) 209,211
177.8(23)
Au{PPhs(nap)} 1.983(8) 1.222(16) 209
174.2(10)
Au(PPhFc,) 2.002(6) 1.196(12) 209
177.9(11)
M-C(1) C(1)-C2)
ML, ML C(1) C(2) Ref.
(b) Hetero-nuclear C, complexes {ML}(u-C2){M'L’}
W(CO)(C,Ph,)Cp Ru(PMe;),Cp 2.05(1), 1.96(1) 1.25(2) 220
97.3(8), 163(1)
Re(NO)(PPhs),Cp* trans-PACI(PELy), 2.079(9), 1.967(9) 1.21(1) 223224
173.2(9), 169.5(9)
ZrCICp, Ru(PMe;),Cp 1.989(13), 2.141(15) 1.251(20) 217
174(2), 169.9(3)
¢is-Pt(C4F5)2(CO) trans-Pt{CMe(OEt)} (PEts), 2.00(2), 2.02(1) 1.22(3) 191

171.7(23), 174.6(9)

“Values for molecules 1, 2.

98¢
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structurally characterized. However, from the data in Table IX, it is clear
that the complex anion [Ti(oepg)(p-Li)]»(pn-Cs) is better described in terms
of a cumulated Ti=C=C=Ti structure (Ti-C 1.809(9)/1.757(7) A, C-C
1.301(11) A, cf. {Ti(PMe;)Cp}»(n-C=C) Ti-C 2.051(2) A, C-C 1.253(2) A).
Similarly, the long C—C separation in {Ta(silox)s;},(1-C,) points to a
Ta=C=C=Ta valence structure, which is confirmed by the v(C=C)
stretching frequency. A combination of '*C NMR and structural data
indicate the C, unit in {W(OBu')3}»(1-C,) to be a bis(carbyne).'** 7
Structural comparisons of related dimetalla-alkyne, -alkene, and -alkane
complexes have been made in both the rhenium'”' and mixed Zr-Ru
series,”!” the M—C and C—~C bonds showing the expected shortening. In the
last two entries, there are agostic interactions between H atoms on the Ru—C
atom and the Zr center.

Complex® Cc-C M-C (M =Re or Zr) Ru-C
[Re] C=C [Re] 1.20(3) 2.14(2)

[Re]-CHR=CHR-[Re]® 1.37(1) 2.18(1)

[Re] CH,CH, [Re] 1.52(2) 2.30(1)

[Z1]-C=C-[Ru] 1.251(20) 1.989(13) 2.141(15)
[Zr]-CH=CH-[Ru] 1.304(22) 2.095(16) 2.185(19)
[Zr]-CH,CH,—[Ru] 1.485(14) 2.186(9) 2.276(10)

3[Re] = Re(CO)s, [Zr]=ZrCICp,, [Ru]=Ru(PMes;),Cp; °CHR=CHR = cyclobutenedione-
1,2-diyl.

In both the manganese'’” and rhenium'”' complexes {M(CO)s}»
(u-C=C),"”" the M(CO)s groups are eclipsed, in contrast to the staggered
geometry found about the C=C bond for Pt complexes.'*®

As might be expected from the limited number of examples that have
been prepared so far, there are few structurally characterized examples of
M-Cs—M complexes. However, these include examples of structural types B
and C. The C-C bond lengths in [{Cp*(NO)(Ph;P)Re}(p-C3){Mn(CO),
Cp}]* are in the range 1.27-1. 31(2) A, which spans the values reported for
allene and butatriene (1.28-1.31 A). These distances are similar to those
reported for [{Re(NO)(PPh;)Cp*},(u-C=C=C=C)]** [1.260-1.305(10) A].
The Re=C distances are also similar in these cations [Cs: 1.91-1.93(1); Cy4:
1.909-1.916(7) A]. The Mn=C distance in the C; cation [1.75(1) A] is closer
to the distances found in vinylidene and allenylidene complexes (ca. 1.80 1&)
than in manganese carbyne derivatives (ca. 1.66 A).

The OBu’-bridged dimer found for {(Bu’O);W }(u-C3){Re(NO)(PPh;)Cp*}
in the solid-state has alternatmg short and long C-C separatlons consistent
with the W=C[1.769(8) A], =C-C=[1.398(11) A], -C=C-[1.227(10) A] and
=C-Re [2.039(8) A] formulatlon.z”



. TABLE X
BoND LENGTHS (A) AND ANGLES AT C(n) IN C4 COMPLEXES

Bond lengths

M-C(1) C(1)-C(2) C(2-C(3) C(3)-C(4)
Bond angles at
ML, n Cc(l) C(2) C(3) C(4) Ref.
(a) Homo-binuclear complexes [{ML,},(u-C4)]" ™
Group 6
W(CO);Cp* 0 2.127(7) 1.226(10) 1.376(14) 243
178.9(8) 179.3(10)
W(0),Cp* 0 2.072(4) 1.217(5) 1.375(7) 243
177.6(3) 179.3(5)
Group 7
trans-Mnl(dmpe), 0 1.798(15) 1.263(17) 1.33(3) 246
176.1 177.4
1 [PFq] 1.763(2) 1.275(3) 1.313(5) 246
179.1 179.3
2 [BF4]» 1.768(4), 1.770(4) 1.289(5) 1.295(5) 1.298(5) 246
trans-Mn(C=CH)(dmpe), 1 [PFq] 1.818(4) 1.285%6) 1.307(9) 247
180.0(4) 180.0(3)
SS/RR-Re(NO)(PPh3),Cp* 0 2.037(5) 1.202(7) 1.389(5) 248,249
174.4(5) 176.8(6)
2 [PF¢)» 1.909(7), 1.916(7) 1.263(10) 1.305(10) 1.260(10) 248,249
168.5(7), 171.4(7) 177.8(9) 175.4(9)
Re(CO);(Buj-bpy) 0 2.13(2) 1.19(2) 1.43(4) 253
176(1) 178(2)
Group 8
Fe(CO),Cp* 0 1.993(4) 1.917(4) 1.396(7) 182

178.0(4) 178.0(6)
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Fe(dppe)Cp* 0 1.889(9), 1.885(8) 1.22(1) 1.37(1) 1.22(1) 450
175(1) 177(1) 176(1) 179(1)
1 [PF¢] 1.830(8) 1.236(9) 1.36(1) 269,270
167.0(6) 177(1)
Fe(dippe)Cp* 3 [PFgls 1.79(1) 1.27(1) 1.33(1) 258
175.2(9) 178.7(9)
Ru(PPh;),Cp 0* 2.001(3) 1.217(4) 1.370(6) 260
178.9(2) 177.2(3)
o° 2.01(3) 1.24(4) 1.31(4) 260
174(2) 176(3)
0° 2.00, 2.01(1) 1.20(2) 1.38(2) 1.25(2) 261
177(1) 178(2) 175(1) 170(1)
0¢ 2.00(1) 1.22(1) 1.39(1) 261
175(1) 177(1)
Ru(dppm)Cp* 0 2.017(2), 2.019(2) 1.216(3) 1.385(3) 1.223(3) 264
175.2(2) 179.1(2) 177.7(3) 170.6(2)
Ru(dppe)Cp 0 2.016(7), 2.007(8) 1.22(1) 1.40(1) 1.22(1) 267
177.1(9) 176(1) 172(1) 171.4(9)
Ru(dppe)Cp* 0 2.001(3), 2.003(3) 1.223(4) 1.382(4) 1.2128(4) 264
176.6(3) 176.9(3) 178.0(3) 177.1(3)
1 [PFg] 1.931(2) 1.248(3) 1.338(3) 264
165.6(2) 178.0(2)
2 [PF¢)» 1.858(5), 1.856(5) 1.280(7) 1.294(7) 1.269(7) 264
175.6(5) 176.7(6) 174.2(6) 170.1(4)
174.5(8)
Ruy(p-ap)y 0 2.047(14) 1.258(16) 1.33(2) 318
177.8(12) 176.1(19)
Os(dppe)Cp* 0 2.010(3), 2.015(3) 1.220(4) 1.380(4) 1.224(4) 271
177.4(3) 176.2(3) 177.3(3) 177.2(3)
(Continued)
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TABLE X
Continued
Bond lengths
M-C(1) C(1)-C(2) C(2)-C(3) C(3)-C4)
Bond angles at
ML, n C(l) C(2) C(3) C(4) Ref.
Group 9
trans-Rh(C=CMe,)(PPr}), 0 2.023(7) 1.221(9) 1.38(1) 277
173.1(7) 176(1)
trans-Rh(CO)(PPr}), 0 2.021(4) 1.205(5) 1.388(7) 280
178.5(4) 178.9(5)
Au{P(tol);} 0 1.996(5), 1.996(5) 1.196(6) 1.390(6) 1.215(6) 267
176.3(6) 178.6(6) 178.8(5) 169.2(6)
Bond lengths
M-C(1) C(1)-C(2) C(2-C(3) C(3)-C4)
Bond angles at
ML, ML c(l) C(2) C(3) C(4) Ref.
(b) Hetero-binuclear complexes {ML,}(u-C4){M'L]}
W(CO);Cp Ir(0,)(CO)(PPhs), 2.13(5), 2.03(4) 1.21(7) 1.41(7) 1.21(7) 293
166(4) 170(5) 170(5) 154(4)
W(CO);Cp Rh(tene)(CO)(PPhs), 2.10(1), 2.00(1) 1.23(2) 1.38(2) 1.20(2) 295
178(1) 173(1) 176(1) 170(1)
) 179.5(2)
Re(NO)(PPh;)Cp* Mn(CO),Cp' 1.92/1.93(1), 1.26/1.28(2) 1.32/1.28(2) 228,229
1.75/1.75(2)
173/175(1) 175/170(2) 178]178(1)
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Re(NO)(PPh;)Cp*
Fe(dppe)Cp*
Fe(dppe)Cp*

cyclo-Pt(dppe)

(c) Trimetallic complexes
Cl’S-Pt(PEt»})z

Fe(dppe)Cp*
Fe(CO),Cp*
Ru(PPh;),Cp

Pt(dppe)

{W(CO);Cp}2

1.895(6), 2.029(6)
176.6(5)
1.886(9), 1.90(1)
177.8(8)
1.989(5), 2.019(5)
176.6(5)
2.027(8), 2.00(1),
2.019(8), 2.00(1)
176(1), 175.9(8)

1.99(1), 2.14(1)°
172(1)

1.209(8)
178.3(7)
1.21(1)
175(1)
1.226(7)
178.3(7)
L.17(1), 1.24(2)

179(1), 177.5(9)

1.20(3)
177(1)

1.370(9)
177.4(7)
1.36(1)
178.4(9)
1.392(7)
177.4(7)
1.40(1), 1.38(2)

178(1), 177(1)

1.39(1)
176(1)

1.224(9)
169.6(6)
1.24(1)
172.0(1)
1.238(7)
169.6(6)
1.22(1), 1.21(2)

177(1), 177.3(8)

1.21(2)
177(1)

296

88

267

285

293

Note: “trans isomer, thf solvate; Pcis isomer; cis isomer, thf solvate; Y¢is isomer, MeOH solvate; “averaged values; fvalues for molecules 1, 2.
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. TABLE XI
BOND LENGTHS (A) AND ANGLES AT C(n) IN {ML,},(u-C,) (n=6-20)

Bond lengths (A)

M-C(1) C(1)-C(2) C(2)-C(3) C@B)CHE) CH-CB) CB)C®) CB)-C(T)or C(6)
Bond angles at
ML, n c(l) C(2) C(3) C(4) c(s5) C(6) Ref.
Fe(CO),Cp* 12 1.878(9), 1.23(1), 1.36(1), 1.20(1), 1.35(1), 1.22(1), 1.35(1) 306
1.888(8) 1.20(1) 1.38(1) 1.19(1) 1.36(1) 1.23(1)
175.2(6), 172.7(8), 175.5(8), 176.8(9), 176.3(9), 177(1),
173.3(7) 171.9(9) 173.8(9) 175.1(9) 176.9(9) 178(1)
Ru(PPh;),Cp 6 2.001(6) 1.210(8) 1.382(8) 1.212(8) 261
172.2(4) 178.8(6) 177.3(6)
Rus(p-dpf)4 8 1.939(12) 1.22(2) 1.37(2) 1.22(2) 1.31(3) 320
(C=CC=CSiMe;) 176.7(12)  176.3(18)  176.0(19)  177.2(30)
Os(dppe)Cp* 6 2.001(6) 1.210(8) 1.382(4) 1.212(8) 271
171.8(3) 177.4(3) 178.2(4)
trans-Pt(tol)(PPhs), 8 2.011(4) 1.2118(6) 1.368(6) 1.223(6) 1.367(9) 310
178.0(4) 176.5(5) 177.8(5) 179.5(9)
trans-Pt(tol){P(tol)s}» 12 1.990(3) 1.233(4) 1.358(4) 1.210(5) 1.356(5) 1.211(5) 1.344(7) 310
174.0(3) 174.5(4) 178.6(4) 178.3(4) 177.5(4) 178.9(6)
trans-Pt(CgF5){P(tol)3}» 8 1.951(2) 1.252(6) 1.365(6) 1.209(6) 1.351(8) 311
177.6(4) 179.2(5) 177.1(5) 178.5(6)
12 1.972(6), 1.234(8), 1.361(8), 1.209(8), 1.363(7), 1.216(7), 1.358(8) 311
1.983(5) 1.223(7) 1.374(7) 1.208(7) 1.356(7) 1.210(7)
172.9(5), 173.2(7), 178.3(7), 175.6(7), 175.3(6), 175.7(6),
171.6(5) 171.8(6) 176.2(6) 173.4(6) 175.3(6) 175.7(6)
16 1.981(2) 1.220(3) 1.355(3) 1.214(3) 1.350(3) 1.217(4) 1.349(3) 311
175.7(2) 176.9(3) 178.2(3) 178.0(3) 178.7(3) 179.1(3) 178.3(3)
Au(Pcy3) 6 2.011(8) 1.170(1) 1.40(1) 1.18(1) 315

dpf= N,N'-diphenylformamidinate.

c¢6c

MOT T TNVd ANV 30N49 "I 13vVHOIN



Complexes Containing All-Carbon Ligands 293

The majority of structurally characterized examples of {ML,},(1-Cy)
complexes belong to the poly-yndiyl (L) subset (Table X). The structures
typically display M—C bond lengths of ca. 2.0 A, with distinctly shorter bond
lengths being observed only in the case of complexes of the smaller and
lighter metals, such as Mn. Along the poly-yndiyl carbon chain, clear short-
long-short alternation of the C-C separations is in evidence, with C=C
bonds lengths near 1.20 A, and C—C bond lengths of 1.35 A being typical.
The effects of metal size are most clearly demonstrated in the rare examples
of hetero-bimetallic complexes which have been structurally characterized.
Thus in complexes such as {Fe(dppe)Cp*}(u-C=CC=C){ML,} [ML,=
Re(NO)(PPh3)Cp*,° Ru(PPhs),Cp*®’], the shorter M-C distance is
associated with the smaller Fe center. Of the two alkynyl moieties, the
C=C adjacent the more electron-releasing metal fragment is the longer.
In the case of the tungsten complexes {W(CO);Cp*},(u-C=CC=C) [W-C
2.127(7) A] and {W(0),Cp*}»(u-C=CC=C) [W-C 2.072(4) A], the short-
ening of the W-Cgynyi bond distance has been attributed to both the
decreased size of the W(VI) center in the dioxo complex, and the greater
electrostatic attraction between the high oxidation state metal and the
carbon center.>*?

Lengthening of the carbon chain (Table XI) does not alter these
generalized observations, although the extension of the conjugated
M—(C=C),,—M r-system results in a small lengthening of the C=C moieties
and contraction of the C—C bond lengths. For H-(C=C),,—H, theoretical
calculations predict limiting values for C-C and C=C of 1.1956-1.2031 and
1.3574-1.3726 A, respectively.*®* The complex {trans-Pt(CeFs)[P(tol)s]>}>
{p-(C=C)g} contains the longest metal-stabilized carbon fragment
structurally characterized during the period covered by this chapter.’'" In
general, individual parameters (Pt-C, C-C, C=C bond distances, M—-C-C,
C-C-C bond angles) do not differ significantly from values found
in analogous alkynylmetal complexes. For increasing n in the Pt series
165/m, the C=C and C-C distances tend to values of 1.20 and 1.35 A,
respectively.®!!

A striking feature is the bending of the M—C,—M chain to a greater or
lesser extent, which appears to arise from the low bending force constants of
M-C, C=C, and =C-C bonds. This was first observed in Re{(C=C),,tol}
(NO)(PPh3)Cp* (m =3, 4), where the bond angles average 174.7 and 175.7°,
respectively.?”> The degree of bending does not appear to be related to any
one of van der Waals contacts, m interactions or the presence of solvent
molecules. Computational studies have failed to identify any underlying
electronic effects which may be responsible for these gracefully bent
structures, and, at present, these structural phenomena are best considered
to be a result of ““crystal packing forces”. Angles at individual atoms do not
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differ much from 180° but the bending may be either cumulative, leading to
inter-metal distances less than the sum of the intervening bond distances,
e.g., for 165/m (m =4, 6, 8),>'" or pseudo-symmetrical, resulting in an S- or
transoid conformation. The C,, chain shows the greatest degree of bending
for 165/6, with an average angle at C of 174.6°. The chain in the Pt—C;4—Pt
complex is straighter, with an average angle of 178.0°, leading to a difference
in Pt- .- Pt separations of only 0.3%. Some degree of curvature is also found
in {Fe(CO),Cp*},{p-(C=C)e}, with angles at C ranging between 171.7 and
178> (av. 175.2°).3° In this case, crystal packing is determined by
interactions between the Fp* groups.

As mentioned above, in derivatives containing n-bonded metal-ligand
fragments, changes to the geometries of the carbon chains also parallel those
found in analogous alkyne-ML, complexes.**?

C. Electrochemistry

The combination of multiple metal centers linked by a conjugated
polycarbon bridge often results in a rich electrochemical response. Details of
the electrochemical studies which have been performed to date are
summarized in Table XII. Rather than correct the original data, which has
been collected using a wide range of solvents, electrolytes and reference
electrodes, to a common reference potential, we cite the results as reported
in the literature together with an indication of the conditions employed.’*
While comparisons between complexes featuring significantly different
metal centers holds some value, a more illustrative comparison of the
properties of these metallated polycarbon species comes from an analysis of
trends observed in a closely related series of compounds, and it is this latter
approach around which we base the following discussion.

1. Complexes Containing C, Ligands

The complex {W(OBu');},(u-Cs) shows two irreversible 1-e oxidation
processes at £}, +0.362 and +0.816 V (vs. SCE), consistent with a deloca-
lized (rather than mixed-valence) cation.'”® Electrochemistry of {Re(CO)s}»
(u-C=C) shows two irreversible oxidations occur at £E= +1.12, +1.35V
(CH,Cl,) or +1.02, +1.55 V (MeCN) indicating that the C=C triple bond
oxidizes more easily than the Re-Re bond in Re,(CO)y [E +1.40 V
(MeCN)J.M"!

2. Complexes Containing C3 and Cs Ligands

The electrochemical responses of the complexes {ML,}>(u-C,) (n=3, 5)
have not yet been described.
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3. Complexes Containing C,4 Ligands

(a) Homometallic Complexes

Group 6. An electrochemical study of {M(CO),Tp'},{p-(=C-C=C-C=)}
(M =Mo, W) revealed two reversible oxidation processes in each case, with
the tungsten complex both easier to oxidize than the Mo analogue and
giving rise to a larger separation of the redox events [AE(Mo)=0.239,
K.=1x10% AEW)=0.278 V, K.=5x 10*.*® The separation of redox
events, often taken as a rough “‘rule of thumb’’ estimate of the ground state
interactions between the metal centers in such bridged bimetallic complexes,
is smaller than in many of the diyndiyl systems described below, and has
been attributed to a limited contribution from the carbon bridge orbitals to
the HOMO of the oxidized form.

Group 7. The paramagnetic manganese complexes [{trans-Mn(X)
(dmpe),}>(u-C=CC=0)] [X =1 (93),>*® C=CH (95)**"] can be oxidized in
two fully reversible steps, with the CVs indicating the electrochemical
formation of the corresponding mono (Mn"/Mn'"") and dications (Mn'"/
Mn""). In the case of 95 an irreversible reduction (—2.29 V) was also
observed, and assigned to the Mn'"/Mn"-Mn"/Mn' couple. The large
potential difference between each oxidation process [AE=0.63 V (93),
0.576 V (95)] gives rise to large comproportionation constants K¢ [5.4 x 10'°
(93), 7.5 x 10° (95)], which indicate the thermodynamic stability of the
monocations [93]" and [95]" towards disproportionation.**¢

The CV of (SS,RR)-{Re(NO)(PPh;)Cp*},(u-C=CC=C) (96/Ph) also
displays two reversible oxidation waves. Samples enriched in the SR,RS
diasteromer give identical electrochemical results.”**?*?>! Racemic mix-
tures of 96/tol, which bears the P(tol); ligand, displayed two reversible
one-clectron oxidation processes in the CV which were approximately
230 mV more facile than the corresponding processes in 96/Ph.>!

The complex {Re(CO);(Bub-bpy)}2(n-C=CC=C) undergoes three irre-
versible oxidations and a Buj-bpy-centered reduction (—1.62 V). Oxidation
processes near + 1.8 V are also observed in related alkynyl complexes, and
suggests that this redox event is associated with the Re(I/II) couple.
The remaining redox events were tentatively assigned to oxidation of the
carbon chain.”>

Group 8. The iron complexes [{Cp*L,Fe},(u-C=CC=C)] [L,=dppe
(107), dippe (99)] are characterized by a series of three one-clectron
oxidation processes (L, = dppe,?**?**"" dippe®>*). Substitution of the dppe
ligand for dippe results in positive shifts of the three electrode potentials
by 0.29, 0.14, and 0.14 V respectively, and that the difference between these
processes increases with increasing electron density at the metal centers.



TABLE XII
ELECTROCHEMICAL PROPERTIES OF COMPLEXES CONTAINING LINEAR C,, LIGANDS
Complex E\/V K. Notes" Ref.
Group 6
{W(OBU")3}»{p-(=C-C=)} +0.36 (irr), +0.82 (irr) 170
{Mo(CO),Tp'}»{p-(=C-C=C-C=)} +0.29 (r), +0.53 (v) 1 x10* 385
{W(CO),Tp'}»{p-(=C-C=C-C=)} +0.17 (1), +0.45 (1) 5% 10* 385
Group 7
[{MnI(dmpe),}»(u-C=C=C=C)][BPh4], —0.02 (r), —0.66 (q) 5.4 % 10" b 246
[{Mn(C=CH)(dmpe),}(11-C=CC=C)|PF, —0.89 (r), —1.46 (r), —2.29 (irr) 7.5x 10° ¢ 247
{Re(CO);(Bub-bpy)}(n-C=CC=C) +0.72 (irr), + 1.33 (irr), d 253
+ 1.84 (irr), —1.62 (irr)
{Re(CO)s}»(p-C=C) +1.12, +1.35 171
S8, RR-{Re(NO)(PPh3)Cp*}(u-C=CC=C) +0.01, +0.54 1.1x10° 248,249,251
{Re(NO)[P(tol)5]Cp*}»(1-C=CC=C) —0.22, +0.31 1.1x10° 251
{Re(NO)(PPh3)Cp*},{p-(C=C);} +0.10, +0.48 3.0 x 10° 251
{Re(NO)[P(tol)5]Cp*}>{p-(C=C)3} +0.02, +0.41 4.4 % 10° 251
{Re(NO)(PPh3)Cp*}»{p-(C=C),} +0.24, 40.52 5.9x10* 251
{Re(NO)(Ptol3)Cp*}»{u-(C=C),} +0.16, +0.45 8.8 x 10* 251
{Re(NO){P(C4H,Bu'-4);}Cp*}»{u-(C=C)4} +0.18, +0.48 13x10° 251
{Re(NO){P(C4H,Ph-4)3}Cp*}>{p-(C=C)4} +0.25, +0.54 8.8 x 10* 251
{Re(NO)(PCy3)Cp*},{p-(C=C),} +0.11, 4+0.43 2.8 % 10° 251
{Re(NO)(PPh3)Cp*}»{p-(C=C)s} +0.43, 40.63 2.6 x 10° e 290,291
{Re(NO)(PPh3)Cp*}»{u-(C=C)¢} +0.46, +0.65 1.7 % 103 ¢ 290,291
{Re(NO)(PPh3)Cp*}»{p-(C=C)s} +0.57, +0.66 34 e 290,291
{Re(NO)(PPh3)Cp*},{u-(C=C),0} +0.64 ¢ 290,291
Group 8
{Fe(dppe)Cp*}»(n-C=CC=C) —0.68, —0.40, +0.95 1.6 x 102 258,266,269,270

{Fe(dippe)Cp*},(u-C=CC=C)

—0.18, 0.81, —0.97

258

96¢
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{Cp*(dppe)Fe} (-C=CC=C){Fe(CO),Cp*} ~0.36, +0.74 88,259

{Cp*(dppe)Fe}(1-C=CC=C){Fe(CO)»(n-CsPhs)}  —0.28, +0.93 88

{Cp*(dippe)Fe} (1-C=CC=C){Fe(CO),(n-CsMes)}  —0.53, +0.69 259

{Ru(PPh;),Cp}»(n-C=CC=C) —0.23, +0.41, +1.03, +1.68 1.5%x 10", 1.5 % 10" 262,265

{Ru(PPhs3)(PMe3)Cp}(n-C=CC=C) —0.26, +0.33, +0.97, +1.46 2.1x10", 2.7 x 10 262,265

{Ru(dppm)Cp*}»(n-C=CC=C) —0.48, +0.15, +1.04, +1.41 4.46 x 10", 1.11 x 10", f 264
1.80 x 10°

{Ru(dppe)Cp*},(u-C=CC=C) —0.43, +0.22, +1.04, +1.51 9.70 x 10'°, 7.26 x 10", f 264
8.80 % 107

{cis-RuCl(bpy),}»(u-C=CC=C) —1.61, —1.42, +0.35, 6.13 x 10° b 268

+0.87, +2.05, +2.47

{Rus(p-ap)}2(1-C=CC=C) —1.17, —0.78, +0.33, +0.49, +1.12 3.8 x 10° (red), 506 (0x) g 318

Group 9

{Rhy(ap)s}»(u-C=CC=C) —0.65, —0.52, +0.60 h 323

Heterometallics

{Cp*(NO)(PhsP)Re}(11-C=C){PdCI(PEt5),} +0.08, +1.25 : 224

{Cp*(NO)(Ph;P)Re}(n-C=CC=C){PdCI(PEt;),} +0.32, +1.29 (irrev) i 224

trans-Pd{C=CC=C[Re(NO)(PPh3)Cp*]}»(PEt;), +0.32, +1.29 (irrev) : 224

{Cp*(NO)(Ph3P)Re}(n-C=CC=C){Fe(dppe)Cp*}  —0.50, +0.23, +1.33 296

{Cp*(NO)(Ph3P)Re}(1-C=CC=C){Fe(dppe)Cp*}  —0.50, +0.23, +1.33 296

Os;(-H){ -0 '-C=C[Re(NO)(PPh3)Cp*]} +0.78 434

Os3(u-H) {1>-n'-C=CC=C[Re(NO)(PPh;)Cp*]} +0.43 434

Os3(u-H){pr-n'-(C=C);[Re(NO)(PPh3)Cp*]} +0.48 434

Notes: *Measured in CH,Cl, containing 0.1 M [NBu4PF vs. SCE, referenced to FcH/[FcH] ™ couple at 0.46 V. ®In MeCN, [NBuy]PF, vs. Ag/AgCl.
°In NCMe, vs. F¢/Fe*. 9In NCMe, 0.1 M NBu,PF, vs. SCE, FcH/[FcH]™ internal reference. °In CH>Cl,, 0.1 M [NBuy|BF,, vs. Ag wire.
Tn CH,Cl,. &In thf, 0.2 M [NBuy]PFs, vs. Ag/AgCL "In thf, 0.2 M [NBuy]ClO, vs. SCE. In CH,Cl,, 0.1 M [NBuy]BF,, Ag pseudo-reference
(FcH/[FcH]* =0.56 V).
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The large separation between the redox events indicates the thermodynamic
stability of [107]"" and [99]"" (n=0-3), and chemical oxidation of 107
and 99 by [FcH]PF¢ or AgPFg afforded [107]"" (n=1, 2)*"° and [99]""
(n=1-3)>>* in good to excellent yields.

In the case of the homo-bimetallic diyndiyl complexes {Cp*(dppe)Fe}
(u-C=CC=C){Fe(CO)»(n’-CsR5s)} (R =Me 100, Ph 101) CV analyses reveal
two oxidation processes, the latter becoming reversible at faster scan rates.
The first oxidation processes is rather more thermodynamically favorable
than was found for the mononuclear species Fe(C=CC=CSiMe;)(dppe)Cp*
under the same conditions (0.00 V), while the much greater chemical
reversibility of the second oxidation process suggests there is a significant
interaction between the two metal centers. The results are consistent with
significant electron-donating properties associated with the metallo-carbon
fragment, despite the presence of the supporting carbonyl ligands.*® Similar
data were reported for {Cp*(dippe)Fe}(1-C=CC=C){Fe(CO)(n’>-CsMes)}
(102) under the same conditions (—0.53, +0.69 V).**’

The ruthenium diyndiyl complexes {Ru(PP)Cp’},(u-C=CC=C) [Cp’ =
Cp, PP =(PPh3), 103, (PPh;3)(PMe;) 104] undergo a series of four oxida-
tions, the first three being well-defined reversible one-electron processes, the
fourth complicated by subsequent chemical reactions.”**?°> The chemical
reversibility of the fourth oxidation process is improved in the complexes
109, 110 (Cp'=Cp*, PP=dppe, dppm, respectively), although some
decomposition of 110 in the higher oxidation states occurs.”** These data
indicate that a total of five accessible oxidation states is associated with the
Ru-C4,—Ru framework. The 3+ /4+ couple has not been found in any
related iron system to date. The first oxidation potentials of the more
electron-rich complexes 110 and 109 at —0.48 and —0.43 V, respectively, are
lower than those determined for 103, 104 but not as low as the 0/1+
potential observed for the Fe(dppe)Cp* analogue (—0.68 V) measured under
the same conditions. Similar comments apply to the second oxidation
potentials (1 +/24) of these complexes. However, as oxidation proceeds,
the 2+ /3 4+ couples are essentially identical for the ruthenium compounds,
while the 3+ /4+ couples of 110 and 109 (at +1.41, +1.51 V) are lower
than those for the RuCp complex [ +1.68 V (irr.)] and in both cases they are
reversible. In the case of 110, an irreversible wave was also observed in the
cathodic sweep (0.724 V), which was found to decrease at higher scan rates.
This is most likely due to a product resulting from the decomposition of the
higher oxidized species under the conditions used in the experiment and is
presently uncharacterized. In each case, the large potential difference
between these processes gives rise to large values for the comproportiona-
tion constants associated with the oxidized materials and provides an
indication of their thermodynamic stability.”**
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The cyclic voltammogram of {cis-RuCl(bpy),}.(u-C=CC=C) displays
two quasi-reversible oxidation waves at +0.351 and +0.871 V (vs. Ag/
AgCl) which have been attributed to the Ru'//Ru'" and Ru""/Ru"" couples.
Two irreversible oxidations above +2 V were observed and may arise
from oxidation to formal Ru™/Ru" and Ru'"Y/Ru'"V states. Ligand
(bpy)-centered reduction processes were observed at —1.42 and —1.61 V.>%

(b) Heterobimetallic Complexes

Electrochemical studies have also been performed on a number of
heterometallic systems, which may be broadly distinguished by the extent of
interaction between the dissimilar metal fragments mediated by the
p-polycarbon ligand. Gladysz and his co-workers have investigated the
electrochemical properties of the binuclear species [{Cp*(NO)(PPh;)Re}
(L-C=C){PdCI(PEt3),}], [{Cp*(NO)(PPh;3)Re}(u-C=CC=C){PdCI(PEt;),}]
and the linear trimetallic complex trans-Pd{C=CC=C[Re(NO)(PPhs)
Cp*]}2(PEt5),.>** In each case, two oxidation waves were detected by CV,
the first being chemically reversible. By analogy with model complexes, the
oxidations can be attributed to sequential processes largely centered on
the electron-rich Re(PPh3)(NO)Cp* fragment, and the PdX(PEt;), moiety.
It is apparent that the Pd(PEt;), fragment is not efficient at transmitting
electronic information between the rhenium centers.

The mixed rhenium/iron complex {Cp*(NO)(PPh;)Re}(u-C=CC=C)
{Fe(dppe)Cp*} (137) gives three oxidation waves in the CV at —0.50,
+0.23, and + 1.33 V, the first two being reversible, the third being partially
obscured by the edge of the solvent electrochemical window (CH,Cl,).?”°
Comparisons of the values obtained from Re(C=CC=CSiMe;)(PPh;)
(NO)Cp* (+0.35 V) and Fe(C=CC=CSiMes)(dppe)Cp* (0.00 V) and
the homobimetallic complexes 96/Ph (+0.01, +0.54 V) and 107 (—0.69,
+0.03, +0.95 V), measured under the same conditions, suggest that the
initial oxidation process in 137 is likely to be predominantly iron in
character, while the second would be more rhenium-centered. Assuming
that the solvation energies associated with these species in their various
oxidation states are similar, a strong interaction between the Fe and Re
metal end-caps is apparent. It appears that the Fe(dppe)Cp* moiety is more
electron-rich than the rhenium end-cap, and that even the mono-oxidized
form of the iron end-cap is capable of acting as a good electron-releasing
group in comparison to SiMe;. The second oxidation process in the
heterobimetallic species is also thermodynamically more favorable than
the oxidation event associated with Re(C=CC=CSiMe;)(PPh;3)(NO)Cp*,
clearly indicating that the iron center plays a role in stabilising the oxidized
product.””®
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4. Higher Poly-yndiyl Complexes

It is generally observed that electronic interactions between metal centers
bridged by linear carbon fragments are strongly attenuated by the length
of the bridge. For example, the CV trace of the octatetrayndiyl complex
{Fe(dppe)Cp*},{u-(C=C)4} (159) displays two reversible oxidation waves at
—0.23 and +0.20 V (vs. FcH, 40.420 V), which gives a wave separation of
0.43 V, somewhat less than the 0.71 V separation found for the diyndiyl
107.3%7 Nevertheless, while the interaction between the metal centers in 159
is some what less than in 107, the radical cation has suffient thermodynamic
stability with respect to disproportionation (K¢ =2 x 107) to be isolated by
oxidation with [FcH]PF4. The observation of a unique v(CC) profile for
[159]PF¢ together with a strong NIR band (A, 1958 nm, € 31,000), which
is narrower than predicted by the Hush relationship for localized mixed-
valence systems, indicates that the cation is best described with a delocalized
electronic structure (V,, =0.32 eV).*"’

Gladysz and his group have carried out systematic analyses of the effect
of chain length on coupling between rhenium centers in complexes of
general form {Re(PR3)(NO)Cp*},{u-(C=C),,} (R =Ph, m=1-10;>">0-21
R = C¢HuMe-4, m=2-4;:" R = C¢H4Bu'-4, CqH,Ph-4, Cy, m=4>""). Each
complex undergoes two oxidation processes, the reversibility of which
decreases with increasing chain length. In addition, as the chain is
lengthened, the first oxidation potential becomes less thermodynamically
favorable, and shifts to more positive potentials. The second oxidation
potential is less susceptible to the influence of the carbon fragment, and as a
result the differences between the two formal electrode potentials decrease,
such that only a single, possibly two-electron, oxidation is observed for
[{Re(PPh3)(NO)Cp*},{u-(C=C);0}].>”° The reversibility of the electrochem-
istry of the longer chain examples was improved by the presence of bulky
phosphines, but in no case could oxidized materials be isolated for
complexes with bridging poly-yndiyl ligands other than C=CC=C.>"'

5. Complexes Containing Bimetallic Fragments

Complexes containing multiple polymetallic fragments bridged by poly-
yndiyl ligands have also been shown to display a rich electrochemical
response. The bis(dirhodium) complex {Rhs(ap)s}-»(u-C=CC=C) (175)
(ap = 2-anilinopyridinate) exhibits two overlapping oxidation processes at
0.60 V together with two resolved one-electron reductions at —0.52 and
—0.65 V (vs. SCE, thf, 0.2 M TBAP).>**> The CV results were verified by
normal pulse voltammetry, which gave a current—voltage curve with limiting
currents in the ratio 2:1:1 for the oxidation and two reductions
respectively. ESR data suggest the electronic configuration of (o)*(m)*
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(8)*(n*)*3)" is appropriate for the neutral material, with the unpaired
electron most likely localized on the rhodium center which is not o-bonded
to the diyndiyl ligand. Consequently, while oxidation involves orbitals
which are not mixed with the polycarbon bridge, upon reduction, the
additional electron density can be delocalized across the Rh—C,~Rh portion
of the complex, and this interaction is responsible for the separation of the
reduction potentials.

The closely related bis(diruthenium) complexes, {Rux(ap)4}>{p-(C=C),,}
(171/m) (m =1, 2) undergo a total of five identifiable redox processes.>'*3!
The first four events are partially chemically reversible, while the
most positive oxidation event is more irreversible. These redox processes
have been assigned to two sequential reduction processes, (171/1
—1.555, —0.888 V; 171/2 —1.173, —0.784 V), and three sequential oxidation
processes (171/1 0.223, 0.508, 1.079 V; 171/2 0.334, 0.491, 1.115 V). As was
observed for the Rh analogues, coupling between the bimetallic centers is
most pronounced upon reduction, with the greater difference between the
reduction potentials of each complex [171/1 667 mV, Kc(red)=1.9 x 10'";
171/2 389 mV, Kc(red)=3.8 x 10°] than was observed for the oxidations
[171/1 285 mV, Kc(ox)=6.6 x 10% 171/2 157 mV, Kc(ox)=506]. This is
consistent with these complexes being better carriers for electrons than
holes. The oxidation waves merge for the Cg complex and become
an apparent 2-electron event (or two superimposed I-clectron events)
with Ci,, whereas even in the latter, the reduction waves are resolved.
Regardless of the nature of the electrochemical event, the trend of
exponentially decreased coupling with increasing poly-yndiyl bridge length
is apparent.

D. Electronic Structures

Several structures may be envisioned for compounds {ML,},(u-C,),
which are broadly distinguished by whether or not they describe closed-shell
singlet states or open-shell triplet states, and the number and combination of
bonds between the metal and carbon as well as adjacent carbon centers.
There have been several reports rationalising the valence bond descriptions
of complexes containing even®®” ** or odd values of n****°! and related
polymeric materials™*°*** and Sponsler has offered a comparison of the
electronic properties of {Fe(CO),Cp},(n-L) as a function of the structure of
the bridging ligand L (L=CH=CHCH=CH, C=CC=C, C¢H,;, N=
CHCH=N).*** These various analyses suggest that the structural type
depends heavily on the nature of the metal and its oxidation state, as well as
the type of supporting ligands, and the number of carbon atoms in the C,
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ligand. It is this latter aspect which suggests a natural break of this survey
in terms of even and odd numbered chains.

1. Even-Numbered C,, Chains

The o-bonded M-C,—M framework is similar in all complexes, and
the variation in valence bond descriptions of the M—C and C-C bonds,
and associated bond orders, are associated with the changes in the com-
position and occupancy of the n- and d-frontier orbitals. In general terms, it
is therefore possible to forecast the valence structures for the C,-bridged
complexes (n even) based on the metal d* configuration, since a total of
[2(x—1) 4+ 2n] electrons is contributed to the n-skeleton from the metal and
carbon fragments.

A qualitative model for a metal complex M—C,—M can be derived by
considering the interactions between two metal fragments M with the
orbitals of a C, fragment. The M-C,—M o-framework (taken to define
the z coordinate) comprises two low energy M—C & bonds formed from
the M d.» and C(sp) orbitals of the terminal carbons, with the other
C(sp) hybrids forming (n—1) C—C bonds of lower energy. This strongly
o-bonded framework is complemented by two orthogonal sets of
(n+2)-centered MOs derived from linear combinations of M d,, with C
pr and M d,. with C p, orbitals, giving rise to (n-+2) orbitals which
are either degenerate or closely spaced in energy, depending on symmetry.
The scheme is completed by the metal-centered orbitals of & symmetry,
formally derived from the in and out of phase combinations of the metal d,
and d,._,. orbitals. For octahedral fragments, the d.._,. levels are
destabilized by o interactions with the supporting ligands and are likely
to be well removed from the lower lying m-orbitals. This m-scheme is
illustrated in Fig. 8 for octahedral metal fragments and a C, ligand.*®’

This generic bonding scheme can be fine-tuned by allowing for different
metals, the donor or acceptor properties of the supporting ligands and
symmetries of the metal ligand fragments, all of which affect the energies of
the metal d orbitals and consequently the extent to which they interact with
carbon orbitals of appropriate symmetry, and the occupancy of the resulting
frontier orbitals. In general terms, m-donor ligands destabilize the metal
d orbitals, and as a result these metal d orbitals are found at much higher
energies than the C, m-orbitals. Consequently, the lower lying frontier
n-MQO’s (In) tend to be predominantly C-centered m-bonding, while the
higher lying (2n—4m) orbitals exhibit more metal character.””> The converse
is true of complexes containing m-accepting ligands.**”-*

In the case of early d metal systems, in which the presence of n-donor
ligands is necessary to stabilize the complex, the & orbitals are likely to lie
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F1G. 8. Schematic MO diagram for {LsM}C,{MLs} complexes depicting the main interactions
between the frontier orbitals of the MLs fragments (M =mid-late transiton metal, L =
n-accepting ligand) and C,. Adapted from Ref. 387.

above the 27 level. Thus in the case of C, complexes containing d' metal
fragments (i.e., with 4m electrons), the 1n levels which are essentially
localized between the carbon centers are occupied and form the HOMO,
giving rise to the M—C=C-M valence description. Increasing the electron
count by the introduction of d* metals results in occupation of the 27 level,
which is m-bonding between metal and carbon and C—C anti-bonding in
nature, leading to M=C=C=M descriptions, as observed for {Ti(PMe;)
Cp}o(u-C»),"" potentially with triplet ground state character. Further
occupation of the 2m level leads to a valence description as a dimetallo-
carbyne, M=C—C=M, as is found experimentally for {(‘BuO);W},(u-C5).'”
As the metal d-electron count increases and m-accepting supporting
ligands become more likely to be encountered, more care is required to
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establish the relative positions of the non-bonding & orbitals with respect to
the 3r level. For example, a bonding scheme for {W(OH);},(u-C») has the
HOMO derived from metal d. (e,) and C, m-orbitals (74 and 26%,
respectively), while the LUMO is largely metal-centered (Fig. 9).'"°

HO
HO&O’—_ /ot HOa = /OH
W W;’”OH /W—C-C-W;,,,OH c—-cC

F1G. 9. Schematic MO diagram for {W(OH);},(n-C,) depicting the main interactions between
the frontier orbitals of the two W(OH); fragments and C,. Adapted from Ref. 170.
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For more electron-rich (low oxidation state) complexes, progressive
occupation of the 3w levels, which are M—C antibonding and C-C bonding
in nature, results in a shift in structure back through cumulenic forms
towards the acetylenic substructure. The C, n*-orbitals are well removed in
energy from the metal d orbitals, and n-back bonding is therefore limited.
Thus, the HOMOs of {Re(CO)s},(u-C=C) consist predominantly of the
C=C mr-orbitals; no Re-C, back-bonding occurs because of the large
separation (3.16 eV) from the m*-orbital.'”" This precludes the observation
of a second series of cumulenic and carbyne-like structures for the metals at
the far right of the periodic table. On this basis it is possible to predict poly-
yne-like structures (L) for metal fragments, such as M(L),Cp (M =Fe, Ru,
Os, L=CO, PR3) and Re(NO)(PPh;)Cp*, which become more cumulenic
(M, N) as the number of electrons available to fill the 3w levels is reduced.

As the carbon chain is extended, the energies of the occupied m-orbitals
from the C, fragment increase, while the energies of the C(mn*)-orbitals
decrease dramatically. This shift of fragment orbital energies can play a
significant role in tuning the composition and order of the resulting MOs.*°
This point is addressed in more detail below with reference to specific
complexes.

Detailed DFT studies have been carried out on several Cy
complexes,?**?*2%% with the intention of understanding the electronic
structures of these complexes and their redox-related analogues. The
complex {Mnl(dmpe),},(u-C=CC=C) (93), was found to have a triplet
ground state’*® as predicted from the studies on the isoelectronic model
compounds {Mn(CO),Cp}»(p-C=CC=C)**® and {MnI(PH;),}»(n-C=CC=
C).>** Sequential oxidation of this compound serves to depopulate the
4r levels to give [93]" and [93]* " which possess more cumulenic structures,
as is evidenced by the decreased v(CC) frequencies and the trends in C—C
bond lengths observed in their solid-state structures.

The isoclectronic complexes {Re(NO)(PPh;)Cp*},(u-C=CC=C) (96/
Ph).,”* {Fe(dppe)Cp*}»(u-C=CC=C) (107)>°**"° and {Ru(PPh;)(L)Cp},
(u-C=CC=C) (109)*** all feature fully occupied, closed-shell singlet
structures for their HOMOs. The experimental structures are in accord
with this description, and display bond lengths consistent with a poly-yne-
like structure. These complexes, and closely related phosphine derivatives,
display two (Re), three (Fe) or four (Ru) 1-¢ oxidation processes.

While computations involving [96] " did not converge, the calculated
structure of the dication is in good agreement with the experimentally
observed cumulenic form. In terms of the simple Hiickel model, double
oxidation of 96 is consistent with the depopulation of the higher lying 4n
level. In the case of the iron complex 107, the first two oxidation processes
resulted in an increase in the acetylenic character of the carbon chain and
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the resulting dication [107]*" was found to be diamagnetic at room
temperature.”’® Two interpretations have been given for this point, which
differ only in the fine detail of the explanation. Sgamellotti and his
colleagues®®® have argued that the strongly electron donating dppe ligand
destabilizes the metal d orbitals which form the 286 MO, raising the level of
this orbital relative to 47 to become the HOMO. In this scheme, the HOMO
is thought to be derived from the metal orbitals which are d-bonding with
respect to the carbon fragment. The first two oxidation processes of 107
depopulate the 6 orbital(s) and do not affect the gross bonding picture
associated with the C4 portion of the molecule. Halet and colleagues have
performed DFT calculations on {Fe(PH3),Cp},(u-C=CC=C) and found the
HOMO to be delocalized over the six atom Fe—C,—Fe chain, but with a
significant metallic contribution, and suggest that it is for this reason that
depopulation of the HOMO does not affect the structure of the carbon
bridge to a great extent.’®> Replacement of the phosphine ligands by
carbonyl groups was calculated to decrease the interactions between the
stabilized metal orbitals and the carbon m-orbitals, leading to increased
carbon content in the HOMO and an overall decrease in the HOMO energy.
The net result is that the oxidation of such carbonyl complexes should be
less thermodynamically favorable than their phosphine-substituted analo-
gues, a result which is entirely in agreement with experiment.’>

In either event, the decrease in the metal d orbital energy expected to
accompany such metal-centered oxidations would limit the metal
contribution to the HOMO in the resulting dication [107]*", which would
be anticipated to display considerable carbon character. Indeed, the third
oxidation of 107 gives the open-shell cation [107]*", for which experimental
evidence strongly supports a predominantly carbon-centered radical
structure.”®

Variable temperature magnetic susceptibility measurements have been
carried out on [107)*", with p.r decreasing from 2.8 pg to 1.1 pp as
temperatures were lowered from 300 to 5 K.**” The temperature dependence
of the measurement, and the negative J parameter (—18.2 cm™') demon-
strates antiferromagnetic coupling between the metal centers, and the
dication is ESR-silent at room temperature. The energy gap between
this singlet state and the corresponding triplet (AEgt=—J) is sufficiently
small that the triplet can become thermally populated at liquid nitrogen
temperatures.

As the ruthenium complex 109 is oxidized the carbon bridge becomes
cumulenic, more in keeping with the Re complexes 96 than with the iron
complex 107. As indicated above, this has been attributed to a greater
interaction between the higher lying metal d orbitals of the heavier metals
with the filled carbon m-orbitals. The cumulenic dication is observed to be
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diamagnetic and in agreement with this observation the (35a’)*(22a’)° singlet
state was found to be energetically favored over the (35a’)'(22a)! triplet by
0.1 eV. Hirschfeld analysis reveals a significant portion of the electron lost in
the third oxidation originates from the carbon chain, much as was found for
the iron series. For the electrochemically detected tetracation, unique to the
Ru series, the singlet state (21a”)*(35a’)° was calculated to be significantly
more stable than the corresponding triplet.”

Lengthening of the carbon chain results in decreased mixing of the metal
and carbon orbitals associated with the HOMO of {ML,},{u-(C=C),,}
complexes. This is to be expected on the basis of even a simple analysis as
the C, fragment m-orbitals must be partitioned over a greater number of
atoms, decreasing the contribution at the terminal centers. Thus in the
case of {Re(NO)(PPh3)Cp*},{u-(C=C);¢}, the longest poly-yndiyl complex
isolated to date, only a single, possibly two-electron, oxidation event is
observed. When the trends in oxidation potentials within the series m =
2-10, which become thermodynamically less favorable with increasing chain
length, are considered, it is reasonable to suggest that in this case the
HOMO has considerable metal character. An electronic structure with
predominantly (C=C) n-character would result in an increase in the HOMO
energy level and a decrease in the observed oxidation potentials. In light of
this argument, the most intense band in the UV-vis spectrum of these
species, not the lowest energy band, has been assigned to the (C=C) n — r*
transition.

The electronic structures of {Ru(dHpe)Cp*},{u-(C=C),} and
Hg{C=CC=C[Ru(dHpe)Cp*]}» (dHpe = H,PCH,CH,PH,) were compared
to examine the unusual bending found at C, in the solid-state structure of
the mercury complex.””® Whereas electronic communication between the
two Ru termini in the Cg complex was little different from that in the
analogous C, derivative, introduction of the Hg atom resulted in a
significantly higher ionization potential. The HOMO has n-character and
is non-bonding between the carbon and Hg atoms, i.e., there is no
contribution to this orbital from the Hg atom. This result has significant
implications if these complexes are considered as models for molecular
wires, communication between the end-caps being prevented by insertion of
the Group 12 atom into the carbon chain.

2. Odd-Numbered C,, Chains

As has been described above, metal complexes containing odd-numbered
carbon chains are relatively rare in comparison with their even-numbered
analogues and the data available suggest that the kinetic stability of these
odd-carbon systems decreases more rapidly with increasing chain length
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than is the case for the even-numbered examples. Valence forms C and D
can be drawn without invoking radical formalisms. The Gladysz group have
reported DFT analyses of a series of model complexes closely related to
several isolated C,, (n odd) complexes (M = Re, Mn, W), while subsequent
work by Belanzoni, Re and Sgamellotti has considered a set of hypothetical
materials with Cr, Fe, and Mn using both DFT and qualitative Hiickel
methods.

It is convenient to consider first the Hiickel results as an extension of
the bonding schemes described for even-chain C,, complexes. The M—C,—M
o framework is formed by overlap of the d.. and C(sp) orbitals from the
terminal carbons, together with C(sp)-C(sp) overlaps to give the carbon
skeleton. Provided the M(d,) and C(p,) orbitals are of comparable energy,
the M—-C,—M mn-system is described in terms of two sets of orthogonal
(n+2)-center MO’s obtained from linear combinations of the M(d,.) with
C(px) and M(d,..) with C(p,). These orbitals can be designated 1n- (n+ 2)m,
and are illustrated in Fig. 10 for MC3M.*° The § orbitals obtained from the
bonding and anti-bonding combinations of d,, and d,._ . complete the n—6
framework. As has been stated previously, the exact positioning of these
d levels relative to the m levels is determined by the nature of the suppor-
ting ligands and the symmetry of the resulting metal-ligand fragment.
For pseudo-octahedral fragments, the d,._,. levels are destabilized by
c-interactions with the equatorial ligands and are well removed from the
n framework, leaving only 16 and 26 near the 3w level.

For metal complexes containing M(CO),Cp [M =Cr (d°), Mn (d°), Fe
(d")] groups, there will be 14, 16, or 18 electrons, respectively, occupying
the levels illustrated in Fig. 10, and cumulenic structures are predicted (the
3w level is essentially anti-bonding). Higher level DFT calculations suggest
that singlet states are always lower in energy than the corresponding triplet
states for the series {Cp(CO),M}(u-C,){M'(CO),Cp} (n=3, 5, 7).

DFT studies broadly support the conclusions reached from the Hiickel
work. Geometry optimization of the model cation [{Cp(NO)(PH;)Re}
(1-C3){Mn(CO),Cp}]* is in good agreement with the experimentally deter-
mined structure of the cation in [{Cp*(NO)(PPh;)Re}(u-C3){Mn(CO),Cp}]
BF,*”' The computed and observed structures both display a cis
relationship between the Re—P and Mn—Cp centroid vectors, as a result of
the overlap between the occupied metal fragment frontier orbitals with the
orthogonal n-bonding orbitals at opposite ends of the =C=C=C= bridge.
The resulting HOMO closely resembles the 3m level shown in Fig. 10. In
comparison with symmetrical model complexes M—C3-M , the Re-C3—Mn
complex displays longer Re—C and shorter Mn—C bond lengths, and natural
bond order (NBO) and charge analyses indicate that these variations arise
from electrostatic effects. The orbital coefficients indicate limited interaction
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F1G. 10. Energy diagram for the m and 6 frontier orbitals of an {L . M}C3{ML,} complex with
pesudo-octahedral metal coordination spheres. Adapted from Ref. 390.

between the occupied Re(d;) and the carbon chain, which together with
the NBO data and the observed conformation suggests that the ground state
is best described in terms of a dominant contribution from Re*-C=C=
C=Mn, with a highly polarized Re-C bond, and a cumulenic resonance
form Ret=C=C=C=Mn. The longer chain complexes Re"=C=
(C=C),=Mn behave similarly.””! Exchange of the Mn(CO),Cp moiety for
the more m-donating Re(CO),Cp fragment gave {Cp(NO)(PH;)Re}
(1-C3){Re(CO),Cp} for which geometry optimization and NBO analysis
indicates a dominant {Cp(NO)(PH;)Rel-C=CC={Re*(C0O),Cp} reso-
nance form. In contrast, NBO analyses of the symmetrical complexes
Cp(CO),MC3M(CO),Cp show more symmetrical cumulenic linkages.

The charge-neutral C; model compound {Cp(NO)(PH3)Re}(u-C3){W
(OMe)s} was used to model the known complex {Cp*(NO)(PPhs)Re}
(- Cy){W(OBUY )3} ¥1 The calculated geometrical parameters [Re-C 2.021
A; W=C 1.787 A; ReC=C 1.250 A; C—-CW 1.383 A] are in good agreement
with both calculated and experimental geometries of the monometallic
reference compounds Re(C=CC=CR)(NO)(PPh3)Cp* (R=H, Me) and
W(=CR)(OMe); (R=H, Me, C=CH, C=CMe). The NBO results also
indicate dominant Re—C single and W=C triple bond character, and there is
some evidence for ground-state charge transfer from Re to W.
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3. Polymers

The electronic structures of several hypothetical {{ML,}-C,}, polymers
have been considered.**®*? In general, the band structure of these materials
is derived from orbitals similar to those considered for the discrete
molecular species {L ,M}-C,—{ML,}. Similar trends in variation of valence
bond structure with metal d count are predicted, with the possibility of half-
filled bands opening the way for Peierls distortions to give closed systems
with greater band-gaps at the Fermi level. It is suggested that by raising the
energy of the metal d, orbitals through a judicious choice of metal-ligand
fragments, a greater mixing between the filled metal d and empty carbon
n*-orbitals may be engineered.*®®

A collaborative study between the Bredas, Friend, and Lewis groups
have examined the extent to which the Pt metal orbitals are involved in the
conjugated backbone of polymers Cl-{[Pt(PMe;),](C=C),,} —PtCl(PMes),
(m=2,3;x=1, 2, 3, 4, 00), and the effect of chain length on the energy of
the lowest energy optical transition using EHMO methods.*** The HOMO
is derived from mixing of the d, and C, orbitals, while the LUMO is
similarly comprised of empty metal and carbon orbitals. The calculated
band gap decreases with increasing number of repeat units, although not to
the same extent as found for purely organic poly-ynes H-(C=C),,—H, due to
the increased stabilization of the LUMO and providing an indication of a
degree of conjugation through the metal center. The smaller variation in
band gap with number of repeat units in the longer chain systems points to a
more localized electronic structure between the metal centers.

\')
REACTIVITY

This section summarizes the reactions of metal supported C, fragments
towards non-metal based reagents, including addition of electrophiles and
nucleophiles, cycloadditions, and insertions. Simple ligand substitution
reactions, and modifications of the supporting metal fragment which give
derivatives without modification of the C, moiety have been detailed in the
relevant parts of Section II. Reactions of these complexes with metallic
reagents are summarized in Sections VI-VIII.

A. Addition of Electrophiles

Reactions of {Re(CO)s},(n-C=C) (51/Re) with HBF,- Et,O or [Me;O]"
give [{Re(CO)s}>(u-n':n>*-C,R)™ (R=H, Me, respectively), although
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reactions with HX (X=Cl, OTf) afford ReX(CO)s.'”>'"® The related
complex [{Ru(CO)>CpMe},(u-n':n*-C,H)|" is obtained by protonation of
{Ru(CO),CpM©},(u-C=C), in a reaction reversed by NEt;.'%’

The majority of C, complexes containing more than two metal centers
are clusters with significant M—M bonding interactions (Section IX).
In contrast, protonation of the Cp complex{Ru(CO),Cp},(u-C=C) with
HBF, - OEt, affords the orange trinuclear cation [{Ru(CO),Cp};(n-C=C)]*
(189) in good yield, in which an Ru(CO),Cp fragment is n’-bonded to a
{Ru(CO),Cp}»(n-C=C) ligand.*'® An alternative route to this cation is from
the reaction of [Ag;{(C,)Ru(CO),Cp'}s]>" (Section VI) with RuCl(CO),Cp’
(Cp’ =Cp, CpM©). While the C-C distance [1.206(9) A] is similar to that
found in {Ru(CO),Cp},(n-C=C) [1.222(9) A], the bend-back angles of the
Ru(CO),Cp fragments are 152.5(4), 155.2(5)°. In solution, a facile fluxional
process, even at —80°C, renders all Cp groups equivalent, one possible
process being the rotation of the C, unit within the Rujs triangle. Similar
chemistry has been found for [{Fe(CO),Cp*},(n-C=CH)] ™ .*>1¥!

I |

(OC)QRU\ C/F(Cl(CO)z
o——]

o™ l?“\co
D

(189)

The complexes {Cp*(PP)Fe}(u-C=CC=C){Fe(CO),Cp*} (PP=dppe
100, dippe 102) are protonated (HBF,-Et,O) or methylated (MeOTf) to
give [{Cp*(PP)Fe}{u-C=C=C=CR[Fe(CO),Cp*]}|BF4 (190a-d) (R=H,
Me), which can be isolated as moderately stable powders (Scheme 43). The
UV-vis spectra of these deep purple butatrienylidene complexes have
characteristic absorptions between 527 and 546 nm (e ca. 15,000).>> The
absence of v(CC) bands between 1500 and 1650 cm™' excludes the
ethynylvinylidene formulation, and bands at 1952, 1776 (dppe/H), 1945
(dippe/H), 1942, 1882, 1830 (dppe/Me), and 1946 cm~' (dippe/Me) were
tentatively assigned to v(CC) modes. In '*C NMR spectra, resonances
beween 250 and 265 ppm [*J(CP) ca. 35 Hz] were assigned to the carbon
adjacent the Fe(PP)Cp* moiety. The other carbon resonances were assigned
on the basis of J(CH) and the assumption that the chemical shifts will move
upfield along the chain. The Mdssbauer spectra contained two quadrupole
doublets, with 6 values similar to those shown by Fp*Me or allenylidene
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SCHEME 43

complexes containing the Fe(PP)Cp* group, which support the proposed
regiochemistry of the electrophilic addition. The complex [{Cp*(dppe)Fe}
{p-C=C=C=CH]JFe(CO),Cp*]}]BF4s (190a) was deprotonated by dbu
(thf, —80°C), and even partially deprotonated by water. The facile
deprotonation leads to some complications in the electrochemical response
of the secondary butatrienylidene complexes, which were rationalized in
terms of Scheme 43. The tertiary butatrienylidene complexes display
reversible one-electron oxidation processes (dppm + 0.40 V, dippe + 0.28 V),
and an irreversible reduction in the case of the dppm complex at —1.13 V.**°

B. Cycloaddition Reactions

Addition of C,(CN)y4 (tene) to {Ru(CO)»>Cp},(n-C=C) gives the buta-1,3-
dien-2,3-diyl complex {Ru(CO),Cp},{u-C[=C(CN),]JC[=C(CN),]} (191).**8
With C,(CO,Me),, unusual coupling of both CO and the alkyne to the C,
ligand gives Ru{n',n*-C(0)C(CO,Me)=C(CO,Me)C=C[Ru(C0O),Cp]}(CO)
Cp (192).

(CN)2

CHOCHR /Ru(CO)ZCp
2

C(CN)2

(191)
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Cyclo-addition of tcne to {PtCI(PRj3),},(1-C=C) (R=Me, Et) gives
yellow s-cis-{PtCI(PR3),}>{p-C[=C(CN),]JC[=C(CN),]} (193), in which the
torsion angle between the two C=C moieties is 55(1)°. In both cases, a green
charge-transfer complex is the initial product, changing in hours to the
product(s). An unobserved cyclobutenyl complex is probably formed which
undergoes ring-opening to the kinetically favored s-cis product. The PEt;
complex is accompanied by the s-trans isomer, a slow equilibrium between
the two isomers occurring by slow rotation about the C—C single bond, as
suggested by NMR data.*”*%° This is the first example of the s-trans
geometry found for a tetracyanodienyl ligand. At higher temperatures (ca.
106°C in C,D,Cly), *'P NMR spectra of the PMe; complex show signals
assigned to the s-trans isomer. Although the s-cis form is thermodynamically
more stable, steric hindrance between the Pt(PEts), groups in the cis isomer
favors formation of the s-trans form in this case.

cN
Q @ PEt, PEt, (c )o TEta

ez o] al
N PEt;  \
ool hi P SRt p” S _t—Rt—al
JRu—C c N e - e
N e o——¢
% % (‘: BPd N\ PEL . Voo PR
?¢ ~CO,Me (NC), {CN), (CN),
MeQO,C cis trans
(193)

(192)

The heterometallic diyndiyl complexes {Cp(CO);W}(u-C=CC=C)
{M(CO)(PPh3),} (M =Rh, Ir) readily add tcne not to the C, moiety, but
to the electron-deficient Group 9 metal center to give the simple adducts
{Cp(CO); W} (n-C=CC=C){M(CO)[1>-Co(CN)4](PPhs),}, but attempts to
add a second equivalent of tcne were unsuccessful.””> Nevertheless, addition
of tcne to poly-yndiyl ligands occurs readily, as evidenced by the
facile reactions with {Cp(CO);W}(u-C=CC=C){Ru(PPh;),Cp}.%¢!:401:402
The heterometallic diyndiyl complex afforded {Cp(CO);W}{u-C[=C(CN),]
C[=(CN),]C=C}{Ru(PPh3),Cp}, in which addition has occurred at the
least hindered triple bond adjacent the W center. In the case of the
homonuclear Ru-butadiyndiyl 103, cycloaddition and ring opening is
followed by intramolecular displacement of a PPh; ligand to give an
n3-cyanocarbon ligand (194), which converts to the crystallographi-
cally characterized tetrametallic dimer 195 during preparative TLC
(Scheme 44).4

Addition of tcne to the central C=C moiety in {Ru(PPh;),Cp},
{p-(C=C)3} affords the dark-red symmetrical product {Ru(PPhs),Cp},
{p-C=CC{=C(CN),}C{=C(CN),}C=C} through a similar sequence of
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[Ru] = Ru(PPh3)-Cp

Cp(Ph3P),Ru— G=C—C=C—Ru(PPh3),Cp
(103)

LOW

(Ruk_
AN

S
(NC)2,G——C(CN),

{Ru]

(NC)2G=C(CN),
(CN); (RN
[RuF—C=C— Ru(PPh3)Cp -PPhy C\C\ [Rul
C(CN), (NC);C//: <C(CN)2
(194)
\c.
Cp(Ph;P)zRu\ N
\ ~CN-=Ru(PPh3)Cp
C\C_ /c C(CN)z
(NC),&& G—‘(
Cp(PhaP)RLH—NC——R &
CN Ru(PPhs),Cp
(195)
SCHEME 44

cycloaddition and subsequent ring-opening reactions. In this case, the stiff
Ru—-C=C unit prevents the intramolecular displacement of a phosphine
ligand, and the steric bulk of the end-capping Ru(PPh;),Cp moieties prevent
intramolecular reactions.”®' While only one tcne moiety adds to the triyne,
the longer chain in {Ru(PPh3),Cp},{p-(C=C)4} permits addition of two tcne
units to give the red-brown bis-adduct, containing the first example of an
octacyano ligand in 196.*> Addition to the inner C=C triple bonds is
dictated by steric considerations, although addition to triple bonds adjacent
the metal center has been observed in related acetylide complexes.***

C. Insertion into the M—C(sp) Bond

The orange-yellow m*iminoacyl derivative ZrCICp,{n*Bu'N=CC=C
[Ru(PMes)>Cp]} (197) is formed by a rare insertion of Bu'NC into the Zr-C
bond of {ZrCICp,}C=C{Ru(PMes),Cp}, for which a small contribution
from the zwitterionic form is proposed.
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@ Paks
Phyp— 'u——-—CEC—C\ B C/i(CN)z %

Ph —C=C—~R
(NC)C r f\

Ph.
(NC):C Prgp TG

(196)

(197)

A selective double insertion of ArNC (Ar =Ph, C¢H4NO,-4) into one of
the Pd—C(sp) bonds of {trans-PdX(PR3),},(1-C=C) (X =Cl, I; R =Et, Bu)
gives {trans-PdX(PR3),}C=CC(=NAr)C(=NAr){trans-PdX(PR3),} (198;
X =Cl, R=Et, Ar=Ph, CdH4NO,-4, xy; X=1, R=Et, Ar=Ph; X=Cl,
R =Bu, Ar="Ph, Scheme 45)."%%% In the presence of KPFj, the cationic
intermediate [{Pd(CNPh)(PEt;),},(1-C=C)|PF was obtained; with [NEt4]X
(X=Cl, Br, 1), insertion of PhNC gives {trans-PdX(PEt;),}C=CC(=NPh)
C(=NPh){trans-PdX(PEt;),}. The heterometallic complex {trans-PdCl
(PEt3),}C=C{trans-PtCI(PEt;3),} (73) also undergoes specific double
insertion of ArNC (Ar=Ph, tol, C¢H4NO,-4) into the Pd—C(sp) bond
(refluxing thf). Alkyl isocyanides (R = Bu’, Cy) do not insert.

In the presence of free PR3 (R = Et, Bu), insertion of PhINC occurs into
each Pd—C(sp) bond of {trans-PdCI(PR3),},(n-C=C) to give the symmetrical
product {trans-PdCI(PR3),},{p-C(=NPh)C=CC(=NPh)}; no polymeriza-
tion occurs.**®*7 The cationic complex [{Pd(PR3);}>{p-C(=NPh)C=
CC(=NPh)}]Cl, could also be detected, suggesting the intermediate
formation of [{PdCI(PR3),}[C=CC(=NPh)|{Pd(PR3);}]CL

However, with an excess of isocyanide, oligomeric materials were
obtained, e.g., with 10 equiv. of PhNC, yellow {PdCI(PEts),}{[C(=NAr)],}
C=C{trans-PtCI(PEt3),} (199, n~ 10, av. M =1850) was formed (Scheme
46).%°74%% Similarly, 100 equiv. of PANC gave a polymeric compound with
n~100. Other isocyanides ArNC (Ar=CgH4R’-4, R"=Bu, CgH7, NO,,
Me) behaved similarly, as did the PBus complex, giving narrow molecular
weight distributions, characteristic of living polymerization processes. Chain
growth occurs on a cationic intermediate, similar to those isolated from
stoichiometric reactions, with halide attack forming the termination step.
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P
TRS TRs Ra / PRy
— ArN - —_—
X-Py—C==0~P—X X—Pg—C=0 ﬁ/ C\NAr
PR3 PRa PR3 lar
R=Et X=ClI R = Et, X = Cl, Ar = Ph, CgH/NOo-4, xy
R = Bu X = Cl R =Bu X = Cl, Ar = Ph
(198)
l PhNC / PR3
RaF’\ _Cl
PR
e _ A
Cr—Pf—— ~—C==C Tf PR3
NPh
PR3NPh
R = Et,Bu
SCHEME 45
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PRy PR3 PRy l”lAr n PR3
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Ar = Ph, CgHsX-4 (X = Me, Bu, CgHy7, NO,)
Ar =

e
>

R
LT 000000 ®

m-~n-~10
(200}

SCHEME 46

Further reactions include that of the bis-PhINC insertion product with an
excess of PANC to give the same polymer, and of the 10-oligomer of PhINC
with toINC to give block co-oligomers {PdCI(PEt;),}{[C(=NPh)],,
[C(=Ntol)],,C=C}{trans-PtCI(PEt5),} (200, m ~n~ 10). Since the products
still contain the active end-group PdCI(PR3),, they are suitable for
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preparing designed polymers with defined compositions, sequences, and
molecular weights. Block co-polymers could be obtained when one polymer
complex was used as initiator for the second isocyanide. However, the
p-butadiyndiyl complex {trans-PdCI(PBu3),},(n-C=CC=C) did not initiate
polymerization, and even in the presence of a 100-fold excess of phenyl
isocyanide only the single insertion complex (201) was obtained. The
multiple, successive insertion of isocyanides into the Pd—C bond is therefore
specific to the p-ethynediyl complexes.

Cl
PBuU3 BusP—p
‘ PBu3
CHPT——(E,"—EC—
PBu3 NPh
(201)

Many polyisocyanides have a helical structure. The Pd-Pt C, complex
has been used to initiate living polymerization of chiral isocyanides. The
products have helical chirality, the polymerization occurring with high
screw-sense selectivity (Scheme 46). As found above, the chiral oligomers
may also be used to initiate screw-sense selective polymerization of
isocyanides with achiral but bulky groups; the single-hand helix is not
preserved in polymerization of smaller isocyanides.**”*!° Thermodynamic
control of the screw-sense occurs. A range of substituents has been
employed: Ar* = (L)- and (D)-CsH4(CO,men)-3 and -4, with different ratios
from 1/10 to 1/200. Block co-polymers were prepared from various chiral
oligomers and CNR’ [R'=C4H4CO,R-3 (R=Pr, Cy), C4H4CO,Cy-4,
C¢H3(COsR),»-3,5 (R=Pr, Bu, Cy)]. In all cases, products had narrow
molecular weight distributions, in agreement with there being no significant
differences in polymerization rates, and suggesting that the polymer
backbone adopts the thermodynamically stable screw-sense.

D. Thermal and Environmental Stability

The majority of C, bridged complexes display impressive thermal
stability. For example, the Re complexes up to 155/10 are stable in the solid-
state, and it would seem that access to longer chains is precluded more by
the instability of intermediates, particularly Re{(C=C)sH}(INO)(PPh;)Cp*
in the Re series®” than any inherent instability of the dimetal products.
Thermal decomposition of these reagents possibly involves initial inter-
molecular cross-linking between chains, as found for 1,3-diynes,*'" to give
polymeric materials containing C=C and C=C units. However, it has



318 MICHAEL I. BRUCE AND PAUL J. LOW

been noted that both {Au(PCy;)}»{u-(C=C),}""> and the expanded
molecular square cyclo-{[Pt(dcpe)]C=CC=C[Pt(PBu;),]C=CC=C},>** are
decomposed by halogenated solvents. In the case of the latter, PtX,(PP)
[PP = (PBus),, dcpe; X = Cl, C=CC=CH] could be recovered. The selective
cleavage of M-C bonds has been demonstrated for several polymeric
materials containing Pt and Pd centers (see Section II.H).

Vi
REACTIONS OF COMPLEXES CONTAINING LINEAR C, LIGANDS
WITH METAL SUBSTRATES

A. (ML }2(1-Cp)

The reactions of alkynes with a variety of transition metal substrates have
been a rich field of endeavor since the early days of organometallic
chemistry. Attachment of ML, residues to alkynes by M—C o-bonds
generally results in activation of the alkynyl fragment, since C, becomes
electron deficient and Cg becomes an electron-rich center. However, the
general lack of metal-alkynyl back-bonding (see above) results in little
change to the  bonding power of the C=C triple bond. Consequently, it is
no surprise to find that ethynediyl complexes also take part in m-complex
formation. For example, the ready reactions of alkynes with Co,(CO)g to
give C,Co, derivatives are often paralleled by the C, complexes. However,
the proximity of the o-bonded metal center often results in metal-metal
bond formation and construction of metal clusters, in which the C, ligand is
attached to several metal atoms, in the process donating up to eight
electrons (see Section IX.D). As demonstrated below, the C, complexes are
now widely utilized as synthons for building clusters.

A survey of the reactions of C, complexes with other metal-containing
fragments is conveniently organized in terms of the metal reagents by
Group.

1. M{n-Cx(SiMes)-L)Cps (M=Ti, L=—; M=Zr, L = thf)

Reactions of {Ru(CO),Cp'}»(u-C=C) (Cp’'=Cp, CpM®) with M{n*-
C»(SiMe;),H(L)Cp, (M =Ti, L=— M =Zr, L =thf)"?""**15 gave 202, in
which the C, ligand is attached via an unsymmetrical © bond to the Group
14 element and one of the Ru - - - M vectors is bridged by a CO group. Under
CO, the Ti derivative gives Ti(CO),Cp, and the C, complex, while with
HCl, the binuclear complex RuTi{p-n':n*CHMe(CsH4)}Cl,(CO),
CpCpM© (203) is obtained.'®
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2. Fex(CO)g

Addition of Fey(CO)y to {Re(CO)s}r(n-C=C) affords orange-red
FeRe{p-1'gre : N%ge-Co[Re(CO)s]H(u-CO)(CO)- (204) with a structure related
to that of [FeRe(u-n':n*C,Ph)(C0O),Cp]™; the p-CO group is semi-
bridging to Re.*'>*!?

*\/Me

@ Ru(CO).Cp
B C/ CpOC) R
/ "~ ~TiCl,Cp
c
\ (203)
R

u{CO)LCp Re(CO)
€ 5

T S
(202) M = Ti, zr _—

(00)4He% Fe(CO)q
e}

(204)

3. Co,(CO)g

The ready reactions of alkynes with Co,(CO)g to give C,Co, derivatives
are paralleled by the C, complexes, although subsequent Co-M bond
formation usually occurs and simple Co,(CO)4 adducts have not yet been
reported.

4. {Ni(n-CO)Cp}2

Alkynes react with {Ni(u-CO)Cp}, to give dimetallatetrahedrane com-
plexes containing the C,Ni, core. However, only FeNi (u-CO),(CO)CpCp*
is obtained from this reagent and {Fe(CO),Cp*},(u-C=C), the fate of
the C, ligand being unknown.*'

5. Pt Complexes

The reaction between W»(OBu’)s and trans-Pt(C=CH),(PMe,Ph), gives
tl’anS-Pt(CECH){Cz[Wz(OBut)5]}(PMCQPh)z, lrans-Pt{Cz[Wz(OBu’)S]}z
(PMe,Ph), (205), and (Bu’O);=CC=W(OBu’);.*'* Similar products contain-
ing OPr’ groups were characterized by NMR methods. The C, unit is
o-bonded to the Pt and attached to the W, moiety by an n' : n? interaction,
with a C-C distance of 1.336(13) A. 3C-Labeled samples were used to
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assign the C, resonances at 6 235.2 and 302.1, and at 233.9 and 302.0
['J(CPt) 802, 801; 2J(CPt) 78, 76, 'J(CW) 132, 133] for C(1) and C(2) in the
mono- and bis-C, complexes, respectively. Complex 205 decomposes in
water, O,, I,, or BCl;; with CO, stepwise addition to form (probably)
trans-Pt{Co[W,(OBu")s]} {Co[Wo(u-CO)(CO)s]} (PMesPh), and trans-Pt{C,
[WL(n-CO)(CO)s]}2(PMe,Ph), occurs.

In contrast to the reaction with Fe,(CO)o, that between {Re(CO)s}(p-
C=C) and Pt(n-C,H,)(PPhjs), affords yellow PtRe{pu-n Lpe: ane-Cz[Re(CO)4
(PPh3)]}(CO)s(PPhs) (206) in which the C, unit is c-bonded to Pt and Re;
Re—C(sp) bond cleavage and exchange of CO and PPh; has occurred
between Re and Pt.*!?

(OBuY),
4 PMePh _Re(CO(PPNy)
(BUOW [ C—H— = T>W(OBU')3 o
FhMezF W (PhgP)(OC)Pt He(CO)s
(0BUY,
(205) (206)

6. Group 11 Precursors

A detailed study of the reactions of {Re(CO)s},(n-C=C) with Group 11
complexes shows that it behaves as a normal alkyne. With CuCl, bright red
{Cu(u-CH[M>-C»{Re(CO)s}-]}> (207) is formed, which decomposes readily to
ReCI(CO)s on attempted recrystallization.*'® With [Cu(NCMe),] ", the
yellow dimetallatetrahedrane [Cu,{p-1>-Co[Re(CO)s]>}(NCMe),]** (208) is
obtained, probably being formed via dimerization of an unisolated [Cu{n’-
C,[Re(CO)s],}(NCMe),]t intermediate with concomitant loss of MeCN. In
this compound, which is similar to the well-known alkyne-Co, derivatives,
the C—C bond is 1.2(3) A, Cu—Cu 2.786(5) A. Addition of water results in
formation of the Ll-OzPFz derivative CU4{H-Cz[Re(CO)5]2}2(“-02PF2)4 (209)
with a structure similar to that of Cu4{p-Cz(SiMe3)2}z(p-OzCMe)4.417 If a
1/2 ratio of reactants is used, [Cu{n>-C>[Re(CO)s]>},]" is formed.

Similar 1/2 silver(I) derivatives were obtained from AgBF, or AgOTf; an
unstable intermediate formed with AgSbFg is thought to be [Ag,{p-1°-
C5[Re(CO)s],}(thf),]*", but it rapidly decomposes to the m*-alkyne com-
plex. In thf, the triflate gives a 1/2 adduct, possibly with a structure related
to that of 209. All materials decompose to silver on standing. Related
compounds have been obtained from {Re(CO)s},(u-C=C) and Au ™ cations,
further reaction with PPh; affording [Au(PPhs){n*C,[Re(CO)s),}]™ (210).
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With [Au(PPhs)]", an equilibrium mixture of 210 with [Au(PPh;),]" and
[Au{p-n>-C,5[Re(CO)s]o}»]" is formed, while the latter was obtained pure
from [Au(SMe,)] *.*'¢

Reactions of {Ru(CO),Cp},(p-C=C) with CuCl give the chloro-bridged
polymer {[Ru(CO),Cp]>(u-C=C)Cu(pu-Cl)}, (211), while [Cu{n>*-C,[Ru
(CO)Cpllal™ (212) and [Cus{Co[Ru(CO),Cpl}s]*" (213) are formed
with [Cu(NCMe),]".'” In solution, NMR spectra indicate that the Cp’
groups are equivalent and show only small shifts (ca. 15 ppm) for the
resonances of the C, units.

Extensive studies of the reactions of {Ru(CO),Cp'},(u-C=C) (Cp’ =Cp,
Cp™°) with silver(I) cation have been made. If non-coordinating anions are
present, cationic adducts [Ag;{[Ru(CO),Cp'l(n-Co)}:]*" (214) are
obtained, in which the {Ru(CO),Cp'},(u-C=C) units are attached to the
Ag" cations in either p-n':n' or p-n?:n? modes.'”>*'"® A "H NMR study
established that complexes with 1/2, 1/1, and 2/1 Ag"/Ru, compositions are
formed sequentially, and reactions with the appropriate stoichiometry
enabled [Ag{[Ru(CO),Cp'l-(1-C»)}»]+ (215) to be isolated. With CF5CO5
as counter-ion, complexes Ag4{[Ru(CO),Cp'la(n-Cs)}2(1-O,CCF3)4 (216)
were obtained, with structures probably similar to those of the Cu-Re
compounds above.

7. Other Routes

A Dby-product from the preparation of {Re(CO)s},(u-C=C) is
{(OC)sRe}(u-n':m':n*-C5){Re(CO),ReH(CO),} (217). which is fluxional
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by o,m exchange of the ethynyl ligand. Here, the C, ligand is n-bonded to
the third Re(CO), fragment, which is linked to one of the c-bonded Re
atoms, with an H atom bridging the resulting Re-Re bond.'”? Photolysis of
{Re(CO)s}»>(u-C=C) or treatment with Me;NO results in the formation of
tetranuclear {(OC)sRe(u-1':n':n*C,)Re(CO),}, (218); a by-product is
{Re(u3-OH)(CO)3}4-4H,0. The dimer is formed by the C, ligand of each
monomer becoming n-bonded to one of the Re atoms of the other molecule,
with loss of CO. In both cases, the usual bending of the acetylenic
substituents results in Re—C—C angles between 150.1(12) and 161.1(9)°;
in the Re; complex, the Re(1)-C(14)-C(15)-Re(3) adopts a transoid
configuration.'”

B. {ML.}2(u-Ca)

In contrast to the formation of Co,W clusters in its reactions with
Co0,(CO)g (see below), the reaction of {W(CO);Cp}(n-C=CC=C) with
Co,(u-dppm)(CO)g gives a good yield of the simple mono-adduct Co,{p-
[Cp(OC); W]C,C=C[W(CO);Cp]} (n-dppm)(CO)4 (220), perhaps because
the presence of the bulky diphosphine precludes the formation of new
W-Co bonds.*"” Reaction of Co(CO)s with the mixed-metal complex
{Cp(OC):;W}C=CC=C{Fe(CO),Cp} results in addition of a Co,(CO)q
fragment to the sterically least hindered C=C triple bond to give Co,{j-
[Cp(OC),Fe]C>,C=C[W(CO);Cp]}(u-dppm)(CO), (221).*'” No evidence for
the formation of a bis-adduct was obtained.

(CO)s (OO~ —FRe(cO)
(OC)sRe— EC—RTH
(05 (OC)Re— C—

1) Re(CO)s

(218)
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C. From {ML,}>(.-C,) (n=6, 8)
1. With Cox(p-dppm),(CO)g_o, (1=0, 1)

Reactions between {W(CO);Cpl, {pu-(C=C),} (154/W) and Cos(p-
dppm)(CO)s occur readily in thf at r.t.**! A mono-adduct on an inner
C=C triple bond and two isomers of the bis-adduct, in which the two outer
(222) or two inner C=C triple bonds (223) were coordinated to Co,(-
dppm)(CO), groups, were isolated. The structural parameters of the C,Co,
fragments in these derivatives are similar to those found in the well-known
n-n*-alkyne-Co, complexes and show the usual bending of the substituents
on the m-bonded carbons away from the Co, center, the distortion from
linearity ranging between 33.8 and 38.2°. The bis-adducts consequently
adopt a transoid or S-shaped conformation in which the W—C(1) vectors
are approximately orthogonal to the central C(4)-C(4’) vector (range
82.6-92.6°). The bulk of the terminal substituent appears to have the major
effect on the degree of bending of the Cg chain, which is unaffected by the
presence of the dppm ligand. Since the Co, unit can be readily displaced by
oxidation with Ce(IV), for example, these complexes may serve as
derivatives to aid characterization, especially by X-ray crystal structure
determinations.

Phy
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The complex {Coy(CO)4(u-n*-C,C=CFp*)}, (224) features two
Fp*C=CC,[Co0,(CO)¢]-moieties linked by a C-C single bond and is
obtained from the reaction of the tetrayndiyl complex Fpj{p-(C=C),} and
Co0,(C0O)g.*** The two C,Co, cores, which again involve the inner C=C
triple bonds, induce a transoid conformation (S-shaped) in the carbon
chain, analogous to that described above for the tungsten complexes.

(CO)3
0

/ \ (CO)2
(OC)3CO< —7C—CEC—F9\‘

g LA

Fe—C=—C— Co(CO)s
(OC); /
Co
(CO)3
(224)
PhgPe [ N ——PPhg
R R
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With Co,(CO)g or Co,(pu-dppm)(CO)s, addition of the Co, fragment to
the inner C=C triple bonds in {Ru(PPh;),Cp},{p-(C=C),,} (m =3, 4) occurs
to give green {Ru(PPh3),Cp},{u-C=CC,[C0,(CO)c](C=C),,—»} (225); the
brown dppm derivative is formed similarly from Co(pu-dppm)(CO)e.>%

2. With Group 11 lons

The electrospray mass spectrum of {W(CO)3;Cp},{u-(C=C)y} (154/W) ,
when run with AgNO; as an aid to ionization, contained ions such
as [{Wa(Cg)(CO)6CpayAg(NCMe),] © and [{Wa(C)(CO)sCpalaAg] ™, for
which structures such as 226, involving n’-bonding of the Cy chains to silver
center, can be proposed.**?

Vil
COMPLEXES CONTAINING ONE METAL CLUSTER MOIETY

A. As End-Groups to C, Chains

In the next two sections are grouped complexes which contain metal
cluster moieties at each end of the carbon chain. In general, these are
attached via p-n'-C (0) or ps-n':n*C, units (P) (Chart 5). Other
complexes in which C, fragments are incorporated either partly (peripheral)
or completely within metal clusters are considered in Section IX.

Initial coordination of a metal fragment to a C=C triple bond directly
attached to another metal center is often followed by formation of new
metal-metal bonds and concomitant elimination of a 2-e donor ligand.

L
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In this way, a general route to complexes of type P, containing ps-n':n*
Co{ML,} ligands, becomes available. An alternative mode of bonding is
via a ps-carbynic carbon as in Q. If the carbon chain is longer than two,
uncoordinated carbons separate the cluster-bonded fragment from the
metal center.

1. M-C,—M3; Complexes

(a) x=1

Although we have chosen not to include cluster complexes containing
fully or partially enclosed carbido atoms, such as FesC(CO);s, there are few
complexes (so far) which contain a single sp-hybridized carbon supporting
both a cluster and a single metal atom. This is in spite of several attempts to
form such compounds. Thus, the reaction between Mn(CX3)(CO)s (X =Cl,
Br) and [Co(CO)4]~ afforded the ketenylidene -cluster [Co,Mn(ps-
CCO)(CO)y] ", possibly via coordination of CO onto the three-coordinate
carbon atom which is produced when the Mn(CO)s group migrates from the
carbide in Cos{p;-C[Mn(CO)s]}(CO)y to the cluster with displacement of a
Co(CO); group.**® The reducing agent is assumed to be excess [Co(CO)4] ™.
Similarly, attempts to replace the halogen in Cos(p3-CX)(CO)q (X =Cl, Br)
in reactions with several anionic metal carbonyls resulted in incorporation
of the metal (Cr, Mo, W) into the M5C cluster.***

The reaction between [Ru(CO),Cp]~ and Cos(p;-CCl{ps-(PPh;,);CH}
(CO)s gives the tetranuclear complex Cos{ps3-C[Ru(CO),Cp]}{us-
(PPh,);CH}(CO); in 5-10% yield (227).**° Considered as a permetallated
methane, the angles around the solitary carbon atom range between ca. 80°
(C—Co—C) and ca. 130° (Co—C—Ru), consistent with sp> hydridization.
A radical mechanism involving a Co;C  species is suggested by the
accompanying formation of Cos(p3-CH){p;3-(PPh,);CH}(CO)s. A similar
reaction carried out with Coz(u3-CBr)(CO)y afforded the heptanuclear
carbido cluster Co4RuC{p-Hg[Ru(CO),Cp]}(1-CO)»(CO),;Cp (228), which
incorporates a [HgRu(CO),Cp] ™ fragment [derived from the amalgam used
to generate the [Ru(CO),Cp] ™ reagent, and hence Hg{Ru(CO),Cp},].

(b) x=2

Some of these complexes are obtained by reactions of {ML,},(u-C,) with
other metal complexes and they are given in order of metal substrate used in
these reactions.

Group 6. A tetranuclear cluster now formulated as Rus{ps-
CC=[Mo(CO),Cp]}(u-CO);Cp’5 (229) is the major product from reactions
of {Mo(CO),Cp}, and {Ru(CO),Cp'}»(n-C=C) (Cp'=Cp, CpM*).#**7
The two C, resonances are at 6 87.2 and 308.4. In air, slow formation of



328 MICHAEL I. BRUCE AND PAUL J. LOW

Ru(CO),Cp /Ru(CO)Cp
H
N
(OC)szé\ io(CO)z (OC)2C —ﬁo(CO)s
0(CO) ~ o
2 PPhy O(COC\) \\C /C

2 (CO),

H (228)
(227)

m‘O(CO)ch

7

0
ol
CpR\ >RuCp

oc——Rir—C0
Cp

(229)

Rus{p;-CC(O)R}(n-CO);Cp’5 (R=H, OH) occurs, while among the many
products obtained from reactions with CO, both Ruz{p;-CC(O)[ORu
(CO),Cpl}(u-CO)sCps  and  {Ruy(-CO)(CO),Cp5'} (114-C=C){MoRu(p-
0)(0)(CO)CpCp™©} were isolated. The unusual electron-deficient cluster
Mo;{ps3-Co[Ru(CO)>CpM]}(u-CO)CI)»(CO)Cp; was obtained from a
reaction with tetrachloroethene.

Group 8. Black trinuclear clusters Fe,M{p3-C5[Fe(CO),(n-CsMesR)[}H(p-
CO)(CO)4(M-CsMe4R) (230; M =Fe, Cp'=Cp*, n-CsMesEt; M =Ru,
Cp’ =Cp*) are formed from Fe,(CO)y and {M(CO),Cp'}»(u-C=C). 4?54
Migration of one Ru center from a o-bonded to a n-bonded position on the
C, chain occurs during the reaction, perhaps via a “windscreen-wiper”-like
motion with the o,m-exchange of the alkynyl ligand, although apparently
not in the homometallic reaction. As found elsewhere, the C—C separation is
lengthened, with bending at both C atoms. The M—C o-bond length is
similar to that in the precursor. The complexes are dynamic, not only by
rotation of the alkynyl group, but also by one of the processes shown in
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Scheme 47 whereby the two ML . Cp groups are exchanged. The mechanism
involves a relatively uncommon reversible M—M bond cleavage.

The oxygen of the ketenylidene ligand in [Fe;(p3-CCO)(CO)o)*~ is readily
acylated (MeCOCl) to give [Fe3{p3-CoOC(O)Me}(CO)y] . Further attack of
[Fe(CO),Cp]™ occurs at the outer carbon with displacement of the acyl
group to give red [Fe;{u3-C[Fe(CO),Cp]}(CO)o]~ (231).**° Rapid exchange
of cluster CO groups occur. The structural study showed the C,Fe fragment
to incorporate a conventional ps-alkynyl group, for which the C, carbon
resonances are at & 206.3 (Fe;C) and 99.0 (FeC). At —20°C, reversible
oxidation occurs at E°= 40.72 V.*!

Similar reactions of [Fe(CO)4*~ with [Fes(j3-CoOAc)(CO)o]~ proceed
via the metalated ethynyl cluster [Fes{p3-Co[Fe(CO)4]}(CO)o*~ (232) which
exchanges isoelectronic Fe(CO); and [Co(CO);]" groups upon reaction
with Co,(CO)s to give [CoFes{ps-Co[Fe(CO)4]}(CO)o]™ (233).4% In the °C
NMR spectrum, C, and Cg resonate at 6 201.6 and 114.8, respectively
['J(CC) 23 Hz]. An 8 Hz coupling of Cp to the Fe(CO),4 groups was also
observed. At —70°C, the C, ligand in 233 gives signals at 6 142.2 (Cg) and
193.1 (C,) ['J(CC) 27 Hz], with the downfield resonance being broadened by
the Co quadrupole, indicating it is o-bonded to Co.*** Further reactions
with iron and cobalt carbonyls are discussed in Section VIII. Reactions of
[ppn]a[Fes{ps-Ca[Fe(CO)4]H(CO)o] with [Mn(CO)3;(NCMe)s]* afforded a
cation-exchanged product formulated as [ppn][Mn(CO);(NCMe)s][Fes{us-
C,[Fe(CO)4]}(CO)g]. In contrast to the reaction with Co,(CO)g (above), that
with {Rh(u-CI)(CO),}, gave the carbido cluster [ppn][FesRh3C(CO),5].*!
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Reactions of Ru3(CO);, with Fe(C=CH)(CO),Cp’ (Cp’ =Cp, Cp*) gave
yellow-orange Rus(p-H){j13-Co[Fe(CO),Cp'1}(CO)y (234).*** This complex
has a structure similar to those of other ps-alkynyl-triruthenium clusters,
with C-C 1.33(2) A.

The reactions of Re{(C=C),,H}(NO)(PPh3)Cp* (m=1-3) with Os;
(CO)1o(NCMe), gave Osy(u-H){p-n'-(C=C),[Re(NO)(PPh3)Cp*[}(CO);0
(235/m) (Scheme 48) which contain unusual p-n'-poly-ynyl ligands. For
m=1 and 2, decarbonylation in refluxing hexane affords the ps-diynyl
complexes Os3(n-H){p3-n' ,n*-Cy(C=C),,_[Re(NO)(PPh3)Cp*]}(CO)q
(236/m)."**% In orange Os;(u-H){p-n'-C=C[Re(NO)(PPh;)Cp*]}(CO);0
(235/1), both bridging groups symmetrically span the same Os—Os vector,
the C, fragment being bonded in the p-n' mode. The Re-C, moiety tends
towards the zwitterionic cumulenic form, with short Re—C [1.965(9) A] and
long C—C bonds [1.25(1) A] and 8¢ 245.4 [ReC; J(CP) 8.8 Hz], 124.2 [J(CC)
64.5 Hz]; the latter is close to those found for vinylidene—Re complexes, but

A
7
AN
MLMZ
Complex n WM M2 M m*
(230) 0 Fe(CO), Fe(CO), M(CO),Cp Fe(CO),Cp
(231) 1-  Fe(CO); Fe(CO), Fe(CO), Fe(CO),Cp
(232) 2. Fe(CO), Fe(CO), Fe(CO), Fe(CO),
(233) 1-  Co(CO); Fe(CO), Fe(CO), Fe(CO),
(234) 0 Ru(CO); Ru(CO), Ru(CO)4(H) Fe(CO),Cp'
(235M1) 0 Os(CO), Os(CO), 0s(CO), Re(NO)(PPh,)Cp*
(237) 0 Re(CO); Co(CO), Co(CO), Re(CO)s
(238/Fe) 0 FeCp Co(CO),(u-CO) Co(CO),(u-CO)  Fe(CO),Cp*
(238/Ru) O RuCp Co(CO),(n-C0O) Co(CO),(u-CO)  Ru(CO),Cp
(319) 0 Fe(CO), Ru(CO), Ru(u-H)(CO), Fp*
(326) 1- Ru(CO); Ru(CO), Ru(CO), Fp

the J(CC) value is similar to that found for a related Re " =C=C=C=CRe "
cation. The v(CC) absorption is at 1705 cm™'. Decarbonylation occurs in
refluxing hexane to give Oss(p-H){p3-1n'.n?*-Co[Re(NO)(PPh;)Cp*]}(CO)y
(236/1), while a reversible protonation gives orange [Osz(u-H)>{p-
C=C[Re(NO)(PPh;)Cp*]}(CO);o]BF,4, which contains a Ret=C=C=O0s;
contribution, with similar Re-C and C-C bond lengths to the neutral
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SCHEME 48

precursor.**> No pure complexes were isolated from attempted substitution
reactions with PMe,Ph or PPhs, nor was it possible to deprotonate the
cluster (LiBu).

The absorption bands in the UV-vis spectra of the cluster-terminated
complexes Os;(pu-H){pr-1n'-(C=C),[Re(NO)(PPh;)Cp*]}(CO),, (235/m) are
not as intense as found for other poly-ynyl complexes featuring the same Re
metal auxillary. There are minor shifts to longer wavelengths in the longer
chain complexes.**> Cyclic voltammetry of Os;(u-H){p-n'-(C=C),Re(NO)
(PPh3)Cp*}(CO)10 (235/m, m = 1-3) showed that the longer chain complexes
were more ecasily oxidized than their shorter chain analogues. However,
all of these irreversible oxidations are found at more positive potentials
than for the corresponding oxidation of Re(C=CR)(NO)(PPh;)Cp reference
complexes. This behavior, together with spectroscopic data [for n=1,
v(NO) 1663 cm™'], was interpreted in terms of contributions to the
structure from a zwitterionic resonance form Re ™ =(C=C),—~(Os;)~ for the
cluster species, which becomes less significant as the carbon bridge
lengthens.**

Group 9. The green-black cluster Co,Re{ps-n':n?:n*C,5[Re(CO)s]}(u-
CO),(CO); (237) is formed from {Re(CO)s},(1-C=C) and Co,(CO)g; the
o-type bonds from the C, unit to Re are preserved, the geometry resembling
that of a conventional p-n':n*alkynyl cluster.*'

With Co,(CO)g, both {M(CO),Cp'}»(n-C=C) [238; M = Fe, Cp’ =Cp*;
M =Ru, Cp'=Cp] react to give CorM{u3-Co[M(CO),Cp']}(u-CO)(CO)5
Cp’.#%*7 The latter exhibit a dynamic process involving cluster rearrange-
ment and CO scrambling.

(c) x=3

The reaction between Re(C=CLi)(NO)(PPh;)Cp* and Os;(CO);,,
followed by treatment with [OMes]|BF,, affords a rare example of an Os;
cluster carbene complex, Os3;(CO);;{=C(OMe)C=C[Re(NO)(PPh;)Cp*]}
(239) (Scheme 49).%*% The structural parameters for the Cs chain indicate
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MIL.MZ
Complex m-1 M m? m? M*
(236/2) 1 Os(CO), Os(CO), Os(CO),4(H) Re(NO)(PPh,)Cp*
(236/3) 2 Os(CO); 0Os(CO), Os(CO),(H) Re(NO)(PPh,)Cp*
(248) 1 Fe(CO), Fe(CO),; M(CO)PPh,) (M W(CO),Cp
=Rh, Ir)
(257) 1 Fe(CO), Fe(CO), Fe(u-CO)Cp* Fe(CO).Cp*
(245) 1 Ru(CO); Ru(CO), Ru(CO),(H) W(CO),Cp
(246) 1 Ru(CO); Ru(CO),(dppm) RuH(CO), W(CO),Cp
+
Re(NO)(PPh,)Cp*
Re(NO)(PPhg)Cp* /c/
/0/ X
(CO)4 4
Os d /\/TS(C%
(ocumé\%oﬁc\/ —_— (00)405\/9\03(00)3
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that there is a significant contribution from the {Re*}=C=C=C(OMe)-
{Os3} resonance form [Re-C 1.983(7), Os—C 2.042(7), C-C 1.238(9).
1.364(10)A; ReCC 174.5(6), CCC 174.2(8), CCOs 124.2(6)°]. No C;
complex was obtained from its reaction with BF3;. Upon heating, however,
OMe-migration to the cluster affords red-orange cumulenic Os;{ps-n>
CC=C=[Re(NO)(PPh;)Cp*]}(1-OMe)(CO)y (240).**° In the crystal, two
forms are present (ca. 62/38), the minor form apparently containing a highly
asymmetric i-OMe group [Os—O 1.90, 2.25(2) A]. Other structural data are
consistent with a contribution from a zwitterionic structure.

Although Cos(us-CC=CH)(CO), is very unstable,”***? its black
Co,(CO)g adduct (241) is one of the products obtained by heating Cos(1L3-
CCI)(CO), in xylene or mesitylene (130 °C/30 min) under CO.**° It is also a
minor product from the reaction of ethyne with Cos(u;-CBr)(CO)y, being
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formed along with Cou(ps-HC,H)(CO);5.**! The X-ray structure determina-
tion showed the p;-CC=CH group to have C—C separations of 1.34, 1.46(2) A
and a C—C—C angle of 145.6(14)°. Coordination of the Co, fragment results
in bending of the C(1)-C(2) vector away from the ideal perpendicular
configuration as a consequence of close approaches of the CO groups within
the molecule. The Pd(0)/Cu(I)-catalyzed reaction between HC=CSiMe; and
Co3(n3-CBr)(p-dppm)(CO); affords  Co;(p3-CC=CSiMe;)(p-dppm)(CO)5,
which on treatment with NaOMe and subsequent reaction with
AuCI(PPh;), gives Cos{p3-CC=C[Au(PPh3)]}(n-dppm)(CO); (242).**

Proto-desilylation (KOH) of Cos(p;-CSiMes)(p3-CC=CSiMe3)Cps
affords Cos(us-CSiMes)(u3-CC=CH)Cp; (243).** No reaction occurs
between this complex and Co,(CO)s.

Cp

(0C)C H %°
7 MegSi—cL

\ —Cc=Cc—H
(0C)s|—£e—° N%% CPW

Co

Cp

(QC)sC Co(CO)q

(241) (243)

(d) x=4

The chemistry of the C4 chain is dominated by its varying electron-donor
power, depending on the nature of the metal fragments with which it is
associated. Zwitterionic species or intermediates are formed as a result
of electron transfer through the C, ligand, while if CO ligands are also
present, terminal (2-e) or bridging CO (2 x 1-e) ligands may complete the
coordination sphere.

The terminal diynyl ligand in W(C=CC=CH)(CO);Cp has proved to be
a convenient source of other complexes featuring ,m-bonded diynyl ligands
via reactions with multinuclear cluster reagents (Scheme 50). The reaction
of the diynyl with Ru3(CO),((NCMe), proceeds via the ps-alkyne cluster
(244) to give Rus(pu-H){p3-n":n*-C,C=C[W(CO);Cp]}(CO)y (245). 444443
A similar reaction with Rus(u-dppm)(CO);, proceeded smoothly to give the
oxidative adduct Rus(u-H){ps-n':n>-C,C=C[W(CO);Cp]}(n-dppm)(CO),
(246) in high yield (92%). In solution, this complex exists as an
interconverting mixture of isomers. The major component displays the
usual “windscreen-wiper” motion often associated with cluster-bound
acetylide ligands, while the minor isomer arises from trapping of the WCy
portion of the molecule in the cleft formed by two phenyl rings from the
dppm ligand.**"** A second molecule of W(C=CC=CH)(CO)-Cp adds to
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244, coupling with the uncoordinated C=C triple bond of the diynyl ligand
with subsequent cyclization to give cluster 247, in which the new organic
ligand is involved in carbenic bonding to the cluster tungsten atom.

The reactions of {Cp(OC);W}(u-C=CC=C){M(CO)(PPhs),} (M =Rh,
Ir) with Fe,(CO)y have given FeoM{p3-CoC=C[W(CO);Cp]}(CO)g(PPhs)
(248; Scheme 51).* Interestingly, in 248, the terminal carbon of the C,
chain is o-bonded to iron, rather than to the Group 9 metal center, as found
in the precursor. As mentioned earlier, this type of rearrangement is
frequently found (see Section VI) and indicates the ready mobility of alkynyl
groups on metal clusters.

Red-orange Os;(p-H){p-n'-C=CC=C[Re(NO)(PPh;)Cp*]}(CO);, (235/2)
is obtained from Os3(CO);((NCMe), and the butadiynyl-rhenium
complex.****3% The ReC resonance is at 8¢ 242.9. The UV-vis bands are
at 296 (20,000), 388 (7500) and 500 nm (4900), while partially reversible
oxidation occurs at 0.43 V. Thermolysis gave the ps-butadiynyl complex
Os3(u-H) {p-C,C=C[Re(NO)(PPh3)Cp*[}(CO)y (236/2) in which the ReC
resonance is unchanged at ¢ 242.9 [J(CP) 11.5 Hz].

Reactions between Fp*C=CC=CH and either {Mo(CO),Cp},, MoCo
(CO);Cp or Co,(CO)g gave the adducts Fp*C=CC,H{ML,} [ML,, =Mo,
(CO)4Cp> (249/Mo), MoCo(CO)sCp (249/CoMo), Co,(CO)s (249/Co)]
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(Scheme 52).**° Further reaction of 249/Mo with Co,(CO)s afforded red-
grey Co,Fe{p3-C>C,H[Mo,(CO)4Cp,]}H(-CO)»(CO)4Cp* (250). Similarly,
249/Co and Fe,(CO)g gives CoFe,(113-CoC=CFp*)(CO)y (251), possibly by
addition of an Fe(CO), fragment to the C,Co, tetrahedron; the presumed
intermediate Co,Fe complex eliminates CoH(CO),, before adding a second
Fe(CO), fragment. The bis-adduct 252 is converted to the dark yellow
CosFe, cluster 253 in refluxing benzene, while reactions with Fe,(CO)y give
two isomeric complexes, purple 254, containing CoFe, and Cos clusters
linked by a Cs;H ligand, and yellow 255, containing an Fe-spiked FeCo,
core. In refluxing benzene, the latter is converted into the vinylidene
Co,Fe{u;-CCHC,H[Co0,(CO)g]}(CO)y (256).

The complex Fp*C=CC=CFp* reacts with Fe,(CO)y to give the grey-
yellow alkynyl cluster Fe;(p3-Co,C=CFp*)(u-CO)(CO)Cp* (257) and the
yellow ketenylidene complex Fe,{u-n’-C(Fp*)CCC(CO)Fp*}(CO)s (258),
the latter being obtained in thf, but reverting to 257 in benzene after 44 h at
r.t.**® Structural data for 258 suggest contributions from propargylidene
tautomers. In the product from Fp*C=CC=CRp, the Fp* group migrates
to the C=C triple bond adjacent to the Ru center to give zwitterionic
(259).44¢
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More extensive rearrangements occur in the reactions of Fp*C=
CC=CFp* with Ru3(CO);, (Scheme 53).**° The products include 260, also
formally zwitterionic but with a contribution from the butatrienetetra-yl
tautomer 260a, and the coupled derivative (261, M' = M? = Fe), in which a
Cg chain is present. In both cases migration of one Fp* group gives end-
capping Fe,(u-CO)(CO),Cpi groups. In a similar reaction with Fp*C=
CC=CRp*, inseparable isomers (261, M'/M?=Fe/Ru, Ru/Fe) were
obtained, both with an Rp* group attached to the central allylic carbon.

Migration of a o-bonded iron group in these complexes, either to a
n-bonded site in the cluster or with coupling to the second iron center, is
possibly as a result of steric congestion and electronic effects.**%44¢
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With buta-1,3-diyne, (AuCl),(u-dppm) affords {Au(C=CC=CH),}
(u-dppm); serendipitous use of a stoichiometric amount of Cul catalyst
resulted in migration of dppm from gold to copper and formation of the
curious bis(diynyl) species Cu;(i3-C=CC=CAuC=CC=CH)(us-I)(dppm);
(262).**” The reaction between [ppn][Au(C=CC=CH),] and [Cus(us-I)»
(u-dppm);]I gave the dumb-bell complex {Cus(ps-I)(p-dppm)s}o(ps: ps-
C=CC=CAuC=CC=C) (263).*’

Phy Phy
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HEAN \\ - -C=C—C=0—Aur—C=C—C=C—H

AN

YARN / Phy
thi\ 7
P

Phz (262)

PRaR_ |\ - iec==0c—C=C—~Ar—C=C—o0=\=C---{--

Pn,
;E/ Phg\ci

(263)

(e) x=35

One product from coupling of Cos(u3;-CBr)(CO)y with HC=CC=CH
(Cul/NHE?t,) is Cosz{u3-C(C=C),H}(CO)y which, although unstable, could
be characterized via its Co,(CO), adduct. Attempted coupling reactions
between Cos(3-CBr)(CO)y and the Co,(CO)s derivative of Cos(us-
CC=CH)(CO)y (CuCl, NHEt, in dioxan) give only Cos{u;-CC,C(O)
NHE{[C0,(CO)6]}(CO)o.*** The red copper acetylide derivatives also
separate during the reaction, together with black polymers similar to the
Magnus product (see below). The reaction of Cos(p;-CBr)(CO)y with
Me;SiC=CC=CSiMe; under Friedel-Crafts conditions afforded Cos{us-
C(C=C),SiMe;}(CO)y (264), but similar reactions did not occur with
Me;Si(C=C),SiMes (n =1, 4). Both regioisomers of the Co,(CO)g derivative
of 264 were formed.**®
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The Cjs clusters {Cp(OC);W}(u : u3-C=CC=CC){Cos(pu-dppm),(CO)9_»,}
(265/n; n=0, 1) have been obtained in 16 and 80% yields, respectively, from
the reactions between W(C=CC=CH)(CO);Cp and Cos(u3-CBr)(u-dppm),,
(CO)g_s, (Cul/NEts, r.t.). The X-ray structures show that the alternating
short-long—short-long pattern of C-C bonds is preserved in these
compounds. Reactions with Co,(CO)g or tcne with the dppm-substituted
complex have given the expected adducts, by reaction at the least hindered
C=C triple bond.**’

As with the tungsten analogue, the Cul-catalyzed reaction between
Ru(C=CC=CH)(dppe)Cp and Cos(u3-CBr)(n-dppm)(CO), afforded the
Cs cluster {Cp(dppe)Ru}(p: pu3-C=CC=CC){Co;s(u-dppm)(CO);} (266),
although in only 26% yield. A side-product was the now-ubiquitous
amidomethylidyne cluster Cos{p3-CC(O)NEt,}(u-dppm)(CO),.**

(f) x=6

Red-brown Os;(p-H){p-n'-C=C(C=C),[Re(NO)(PPh3)Cp*]}(CO);o (235/3)
is obtained from Os;(CO);o(NCMe), and the hexatriynyl-rhenium complex,
but this could not be decarbonylated to the ps-derivative.*****> The ReC
resonance is at dc 204.9. The UV-vis bands are at 306 (18,000) and 516 nm
(3600), while partially reversible oxidation occurs at 0.44 V.

(g) x=7

The only example of a complex with a C; chain presently known
is Coz{ps3-C(C=C)3Fc}(u-dppm)(CO); (267) which was prepared from
the reaction between IC=CFc and Coz{p;-C(C=C),Au[P(tol)s]}(p-
dppm)(CO);.**

(h) x=38
The Re-Cg—Os; complex 235/4, analogous to the C, (n=2, 4, 6)
derivatives described above, could not be obtained.***

(i) x=9

The Co,(CO)s complex of Cos{us;-C(C=C);H}(CO)y is one of the
products formed in the reaction between buta-1,3-diyne and Cosz(us-
CBr)(CO),.*®

Reactivity of Re—C,—Os;3; complexes.

The stabilities of the Os;—C,—Re complexes decrease with increasing X,
the Cg complex being thermally quite labile, although the nature of
decomposition product has not been established. Tethering the redox-active
Re(PPh3)(NO)Cp* moiety to the cluster moiety Os;(u-H)(CO)jy via a p-
n'(Re): ' (0s,)~(C=C),, bridge results in complexes 235/m which undergo
a single partially chemically reversible oxidation at more positive potentials
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than comparable mono-nuclear complexes Re{(C=C),,R}(PPh;)Cp* in each
case.**** In contrast to the Re(C=C),,Re systems described above, these
oxidations become more thermodynamically favorable as the chain length
increases. These observations may be due to a greater contribution from a
*Re=(C=C),=0s; zwitterionic form in the ground-state, which becomes
less important with increasing chain length.**”

B. Compounds Containing Two Carbon Chains Attached to a
Single Cluster Unit

Reactions of {ML,}»{pu-(C=C),,} [ML,=Fp*, Ru(PPh;),Cp; m=3, 4]
with Fe,(CO)y under mild conditions result in cleavage of one of the central
C=C triple bonds to give the carbyne clusters {ML,}C=CC{Fe;(CO)y}
C(C=0),,_»{ML,} (268).>°*4??> The carbyne carbons are found between
4 265 and 280. These results contrast with reactions of the analogous p-C,
and u-C4 complexes, which give alkynyl clusters (above). These reactions
result in cleavage of a C=C triple bond under mild conditions, possibly by
formation of an electron-deficient trigonal prismatic C,Fe, intermediate
which adds a third Fe(CO); group. The electron deficiency of this
intermediate is relieved somewhat if electron donation from electron-rich
ML, groups can occur through the C=C triple bond.

(CO)s Fe(CO)s

0
/T N o AN o
—(C==C)—SiMes VU e
(ocm(/c L//M ¢ C\\ /\/C =¢ M\\L
(o c = L

5 (OC)sFe=—Fe(CO)3
(CO)3

(264) (268) ML,Cp' = Fp*, Ru(PPhs)Cp

Vi
COMPLEXES CONTAINING TWO CLUSTER END-GROUPS

A. Compounds with a Single Carbon Atom

Complexes containing a single carbon atom linking two trimetallic
clusters have been obtained from the reaction between Cos(u3-CCI)(CO)q
and [PPhy]s[Fe;(13-CCO)(CO)s] in the presence of TIBF4.*!' The Fe; cluster
replaces the halide to give (269) which in turn is converted into the ethyl
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ester (270) after treatment with EtOH. Subsequent reaction of 270 with
AuClI(PPh3) displaced the Co3;C cluster, affording AusFes(u;-CCO,Et)
(CO)o(PPh3)s.

i

Fe(CO)3

(CO (CO)s
0

(OC)sF Fe(CO)s /A —Fo(CO)s

// c— c==q0) —<{ /
(oc
Co
n

(CO)3

=0(271), 1 (286), 2 (290)

(269) CR = C=0
(270) CR = C(O)OEt

B. Compounds with C, Ligands

Two main methods have been used to produce metal clusters bearing C,,
ligands (n > 2) bridging two metal clusters:

(a) Addition of metal substrates to preformed complexes containing C,,
ligands;

(b) Thermal reactions involving dehalogenation of halomethylidyne
precursors (especially cobalt).

As found with other complexes discussed in this chapter, the prevalence of
even-numbered carbon chains is a result of the use of C,, (n =even) synthons
in their construction. A few examples of odd-numbered chains, particularly
when end-capped by trinuclear clusters which form ps3-methylidyne
complexes, are known. The following discussion will consider complexes
in order of increasing n.

1. {Cos(CO)g}a(ua: ns-Cy) (271)

The first example of a cluster containing two M3C cores linked by a
C-C bond was reported in 1966, when orange-brown {(OC)9Cos} (13 : Hs-
C,){Co3(CO)o} (271) was obtained by heating Cosz(u3-CBr)(CO)y in toluene
at 90°C.*? Other compounds formed include CoBr, and {Co;(CO)y
(13-C)},CO. The best preparation appears to be Lewis base (AsPhs)-induced
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reductive coupling of Cosz(u3-CBr)(CO)y, either at 100°C (90%) or in
hexane at 70°C for 3 h (38%), the likely by-product being AsBr,
Ph;. #4334 Under CO, however, a 63% yield of {Co3(CO)y(115-C)}>CO is
obtained.

The same compound has been reported on several occasions since then,
often as a by-product from reactions involving other cobalt cluster carbides.
Thus, it is one product of the reactions between Cos(p3-CX)(CO)y (X =Cl,
Br) and arenes.*%*>%¢  Other products include Cos(C3H)(CO)ys,
Co0C4(CO) 3 and CogCs(CO)y7, together with {Cos(CO)y(3-C)}-,CO, all
complexes being obtained in low yield. Product distribution studies in
reactions of Co,(CO)g with either CX4 (X =Cl, Br) or Cos(u3-CBr)(CO)y
have been used as evidence for the existence of the Cos(u3-C')(CO), radical
as an intermediate.*>” The complex has also been isolated from reactions of
Co;(u3-CCO,Pr)(CO)y in propionic anhydride with aqueous HPFg
[probably by reaction of [Cos(u3-CCO)CO)]tT with Cos(ns-CCO,H)
(CO)o]:*® in trace amounts in the reaction of Cos(us-CI)(CO)y and HgPh,
(benzene under CO, 58°C), or in 35% yield from Co;(u3;-CBr)(CO)g, 4-
BrC¢H4Me and activated copper—bronze in refluxing benzene under CO.**’
Low yields were also obtained from thermal or photochemical reactions of
Co,(CO)g with CF31 (3.6%), C,F4 (7.7%) or C,HF; in acetone (14%), along
with Cos(p3-CF)(C0),,* as a by-product from [Co(CO)4]~ with CCl, or
CHBr3, or of Co»(CO)s with C,Clg (ca. 1% vyield),*' from Co,(CO)s with
1,2,5-thiadiazolo[3,4-d]'dithiole-2-thione,*** or with dihaloethynes, parti-
cularly C,1,. 463464

The molecular structure of the monoclinic phase was first reported in 1971
and confirmed that two CCo3(CO)y units were joined through a C—C bond
[1.37(2) A] with mean Co~C 1.96(1), Co-Co 2.457 A.**>° The Cos clusters
have average Co—Co and Co-C separations of 2.457(1) and 1.96(1) A,
respectively. Twisting of the Co;C groups (ca. 28°) minimizes steric interac-
tions between CO groups. The short C—C bond is consistent with approximate
sp hybridization. A more recent structural determination, carried out on a
trigonal phase, also found an inter-cluster twist of ca. 28°; the crystals are
optically active by spontaneous resolution.**” In this form, the C-C
separation is longer at 1.426(9) A, with Co-C 1.94, Co—Co 2.458 A (av.).

The cluster does not undergo electron transfer-catalyzed CO substitution
reactions because the lifetimes of the intermediate radical anions are too
short (see below).

2. [{CoxFe(CO)o}(ns: 13-Ca){CoFes(CO)o}]™ (275) and Related Species

Addition of electrophilic metal reagents to ketenylidene (CCO) clusters is
a source of several carbido clusters via cleavage of the C—-CO bond.**®
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Cleavage of the CC-O bond to give C, derivatives can be achieved by using
precursors containing good leaving groups, such as acetate, attached to
alkynyl clusters. Ready attack on the ps-alkynyl group enables the
nucleophilic metal reagent to become attached to the C, fragment. Further
reactions to involve the added metal center in the cluster core (cluster
expansion) affords dicarbido clusters.

Thus, attack of [Fe(CO)4)*~ on [Fes(u3-C>OAc)(CO)o] ™ (272; Scheme 54)
affords [Fes{ps-Co[Fe(CO),4J}(CO)o)*~ (232) which with Co,(CO)g gives
[{Co,Fe(CO)o}(u3: pu3-Cr){CoFe,(CO)o}]™ (273) via intermediate complexes
[CoFes{p3-Co[Fe(CO)4]}(CO)o]~ (274) and [{CorFe(CO)oj(13: pa-Co){Fes
(CO)o}*~ (275).%*% Direct conversion of 272 to 275 occurs in its reaction
with Co,(CO)g, but lower yields are obtained. Formation of 275 involves
addition of a Co,(CO)s fragment to the C, moiety, together with exchange
of an Fe(CO); group for [Co(CO);] . Since addition of [Fe,(CO)s]*~ to 273
regenerates 275, similar structures are ascribed to these two clusters. The
terminal CO ligands resonate at 6 200-225, with p-CO signals at & 240
and 245. Broad resonances at 6 285.9 and 293.7 arise from the C, ligand,
which at —70°C show 'J(CC) of 34 Hz. For 275, the C, resonances are
at & 279.4 and 285.7, the former assigned to the carbon attached to the
Co,Fe cluster on the basis of quadrupolar broadening.

The X-ray structure of 273 shows that the C, ligand is ps: p3-bridging
CoFe, and Co,Fe clusters. Of the nine CO ligands, one bridges a Co-Fe
edge on each cluster. The C—C separation is 1.362(8) A, similar to that found
in {Co3(CO)o}>r (n3:u3-Cy) (271) above. However, in contrast to this
complex, in which the two Cos planes are parallel, the M5 planes in 273 are

- 2- -
_ome /Fe(co;] /Fe(CO;l
<7 <7 <7
/\\T'(CO) [Fe(Cour” Fé—{(cO) CoalCO) / \Fei (co)
[N 3 » /. NEE[C0% — < 3
OC)4F¢ {OC).
OOFE——N con, (OC)SFQ\TFe(CO)g SCO/\Fe(CO)a
(@72) (232) (279)
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(OC)F /
/ \_C //T\FE(C% Cop(CO)s s \\ Ll Srecon
<00)3F( \I/ o [Fes{CO)™ X f \

I /C (OC):;Q\\\ Co/ co

SCHEME 54
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inclined towards each other by 18° so that the Co(3)--- Fe(2) separation is
only 2.899(1) A, with concomitant effects on the CO coordination. The
asymmetric interactions of the Mj clusters with the C, ligand is seen from
the M—C-C angles [range 110.0(4)-140.6(5)°] and some variation in M—-C
distances [Co(1)-C(1) 1.919(6), Fe(3)—-C(2) 1.987(6) 1&]. The tilt is ascribed to
a second-order Jahn-Teller effect, which results in separation of the nearly
degenerate HOMO and LUMO levels and full occupation of the former,
leading to the observed diamagnetism for this 94 c.v.e. anion.

The related cluster anion [CosFe(C,)(CO);7]~ (276) has been prepared
from Cos(s-CCI)(CO)y and [PPhyl,[Fe5(CO);,] in the presence of TIBF,.*!
The structure is closely related to that of 273 by replacement of [2Fe(CO); +
CO] by two Co(CO); groups. A similar but larger tilt (42°) of the Co,Fe and
Coj planes towards each other results in formation of a shorter Co—Co bond
[2.643(2) A]. The reaction probably proceeds via Tl-induced loss of Cl from
Cos(u3-CCI)(CO)y and reduction to give {Co3(CO)o}»(n-C»), followed by
facile exchange of cobalt for iron.

gJO)s (%{a .
/ X Z-/——-CO(CO):;
(OC)aRK / \ //
__—-—CT CO
Oc e /Co( )3
(o]

(276)

Cp

Co gg
MGQSF'?{/_I_\—»\C—CEC— \/C /‘>o'—(CEC)m—SiM63
/ AN
op Go P Co
Cp

Cp
(277) m=0, 1

3. Co3Cps Derivatives

The complexes (u3-CSiMe;){Co3Cps}(ps : p3-CC){Co3Cps3}{ps-C(C=C),,
SiMes} (277, m =0, 1) were found in the plethora of products obtained from
reactions of Co(CO),Cp with SiMe3(C=C),,, ,SiMe; (decalin, 195°), the
cluster being formed with concomitant cleavage of one of the C=C triple
bonds.**’
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C. Compounds with C, Chains

1. lron, Ruthenium, and Osmium

Cleavage of the CC-O bond in ps-ketenylidene clusters has been used as a
route to dicarbido clusters, sometimes via an intermediate containing a
ligand with a good leaving group, such as acetate. In the presence of an
excess of triflic anhydride, ready loss of the resulting triflate group followed
by oxidative coupling of the C,Fe; cluster occurs instead to give red [{Fe;
(CO)o}o(13: ps-C)*~ (278),47°4"! also obtained by loss of the Fp group in
the reaction of [Fes(us-CoFp)(CO)ol>~ with [Mn(CO);(NCMe);] . %!
The C,4 chain is attached to each cluster through two carbons, in the
familiar ps-n',2n? mode often found in ps-alkynyl ligands. The C, chain is
bent [internal angle C—C—C 148.0(6)°] and the C—C distances are 1.306(7)
and 1.42(1) A, the ligand resembling a 1,3-diene with a rather larger internal
angle from steric interactions.

Thermolysis (refluxing toluene with nitrogen purge) of the bis(cluster)
complexes {M3(CO);;}>(u-PPh,C=CC=CPPh,) (279, M =Ru, Os) results
in cleavage of both P—C(sp) bonds to give {M;3(iu-PPh,)(CO)o}s(p3: ps-
C,C,).**** The C, fragment bridges two triangular Mj clusters in the
u3-n'.2n° fashion. The two halves of each molecule are related by a
crystallographic symmetry element.
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Reactions of 279 with H"/H" (=H,) gave 280 in which hydrogen has
added both to the cluster and to the central carbons of the C, unit. In
contrast, the reaction of 279 with molecular dihydrogen resulted in cleavage
of an Ru(CO); fragment and formation of the pentanuclear complex 281.%7*

The cluster Rus{ps-n':n*HC,C=C[W(CO);Cp]}(n-CO)(CO)y (244)
reacts readily with a further portion of Ru;(CO);, to afford {Rus(u-
H)(CO)o} (13 : p3-CrCr){Ru, W(CO)gCp} (282) in which both C=C moieties
of the original diynyl ligand are engaged in o/n bonding with a trimetallic
fragment (Scheme 55).****> A similar reaction with Fe,(CO), gave
a mixture of complexes {Fe, Ru;_,,(L-H)(CO)o}(us: 13-C,C5){Fe,Ru,_,
W(CO)sCp} (283), while Co,(CO)g gave the ethynylvinylidene-linked cluster
{CoRuy(CO)o} {3 : p3-CCHC,}{CoRuW(n-CO)(CO)sCp} (284). The clus-
ter-bonded H atom in the precursor has migrated to the C4 chain in 284.
In both, X-ray studies showed the presence of extensive disorder, eventually
resolved in terms of variable occupancies of the three sites M(1,5,6) in 283 of
between 26, 52, 12 and 74, 92, 64% iron. In 284, sites M(2,3) similarly have
Co/Ru disorder. In these complexes, the two cluster-bonded C, units act
independently, being linked by a formal C—C single bond.
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Reactions of {Cp(OC);W}(u-C=CC=C){M(CO)(PPh;),} (M =Rh, Ir)
with Fe,(CO)y have given not only 248 but also {Fe;M(CO)g(PPh3)}(u3: 13-
C,C,){FesW(CO)sCp} (285; Scheme 51, above) as the major products,
which are formed sequentially.””> Concomitantly with the formation of the
two new metal-metal bonds, loss of PPh; has occurred from the Group 9
metal center and of CO from the tungsten atom. In contrast to 248, the
terminal carbon of the C4 chain remains o-bonded to the Group 9 metal
center in 285.

2. {Co3(CO)g}2(u5: ns-CC=CC) (286)

Orange-brown {Co3(CO)¢}>(113 : p3-CC=CC) (286) is one of the products
of thermolysis of Cosz(n;-CX)(CO)y (X = Cl, Br) in xylene or mesitylene, and
it is also obtained from MgBr(C=CH) and Co;(p3-CBr)(CO)y,*543¢
Co0,(CO)g and CFCls, Cos(u3-CBr)(CO)y and C¢Fg4, Cor(CO)s and C,F,.
However, the highest yielding reaction is that between Co,(CO)g and
Fp*C=CC=CFp* (62%).**° The crystal structure confirms the presence of a
linear C4 ligand, attached to a Co3(CO)y cluster at each end by a p3-C atom,
with a C=C unit linking the two.***° The mean Co—Co and Co-C
distances are 2.47(1) and 1.92(1) A, while the C-C and C=C bond lengths
are 1.37(1) and 1.24(2) A, respectively, consistent with “‘partial -
delocalization”. The C=C triple bond is sterically protected by the CO
groups and does not react with Co,(CO)s, nor it is catalytically
hydrogenated.

The mono- and bis-PPh; derivatives were prepared as brown neceedles
from the parent complex and PPhs in refluxing hexane, or better, from
Pt(PPhs), at r.t.;*® mono- and bis-PCy; complexes are also described.
IR v(CO) data are given for complexes containing up to five PEt,Ph ligands,
but no preparative details are available. Reactions of 286 with P(OMe);
afforded di-, tri-, and tetra-substitution products as black crystalline
materials.*** The structure of {[(MeO);P](OC)sCos}(us: p3-CC=CC){Cos
(CO)7[P(OMe)s]»} (287) suggests that the distribution of P(OMe); ligands
minimizes steric interactions in the solid-state. The central C, ligand has
C-C bond distances of 1.39, 1.26, and 1.38(2) A and mean Co-C and
Co—Co separations are 1.91 and 2.475 A, respectively.

3. Mo/W-Co Clusters

Reactions of Co,(CO)g with the C; complexes {M(CO);Cp},(n-C=
CC=C) (M=Mo, W) have given the cluster complexes {Co,M(CO)g
Cp}a(ps: u3-CC=CC) (288) in which the terminal carbons are attached
to all three metal centers in each cluster.*'? All three compounds
(Mo,, MoW, W,) have similar structures, which are closely related to that
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of {Co3(CO)g}r(13: n3-CC=CC). The C-C separations suggest that the
electronic rearrangement of the original diyndiyl chain has been altered to
an acetylenic dicarbyne, =CC=CC=, corresponding to a formal oxidation
of the precursor. Of note also are the locations of the Cp groups, which in
one cluster is proximal, in the second distal, to the C4 chain. Cluster
formation occurs as a result of the presence of the two sterically demanding

M(CO);Cp end-caps.

4. Co3Cps Derivatives

Products from reactions of Co(CO),Cp’ (Cp’=Cp, Cp™©) and Me;Si
(C=C),SiMe; include (MesSi-p3-C){Co3Cps}(p;:p3-CC=CC){CosCps}(us-
CSiMe;) (289) (0.33%),***75 also formed by “deck shifting” (f.v.p. at
550°C, or in pristane at 290°C/6 h; 40%) of the isomeric (Me3;SiC=C-p;-
C){Co3Cps}(13: u3-CC){CosCps}(n3-CSiMe;). Compared with those of
Cos(p3-CSiMes){p;-C(C=C),R}Cps (n=1, R=H; n=1, 2, R=SiMes),
the electronic spectra of the more deeply colored {Cos(ps-CSiMes)
Cpsha{ps: n3-C(C=C),C)} (n=2, 4) are bathochromically shifted to 610
and 635 nm (g ~ 10,000), respectively, indicating a reduced HOMO/LUMO
separation.**
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D. Compounds with Cg Chains

1. Cobalt Carbonyl Clusters

The dark brown Co,(CO)¢ derivative of {Co3(CO)o}2{l;3 : n3-C(C=C),C}
(290) has been obtained on several occasions. It is a minor product from
Co5(13-CBr)(CO)y in xylene (125°C, 25 min),*’**’” from buta-1,3-diyne and
Co5(u3-CBr)(CO)y (with CuCl/NHE,),*® and from the reaction between
Co,(CO)g and hexachlorocyclopropane in thf (13% vyield).*”® In the
0.5Cg¢Hg-solvate, C—C separations along the Cg chain are 1.37, 1.37, 1.36,
1.20, 1.36(4) A and corresponding angles of 140, 148, 172, and 175(3)°, or of
a non-solvated form, which has C—C distances are 1.44, 1.37, 1.38, 1.19, and
1.36(3) A, with mean Co—Co 2.454(7) and Co—C 1.92(3) A.#’® Addition of a
second Co,(CO)g moiety is precluded for steric reasons. The short C-C
distances suggest that electron delocalization along the carbon chain occurs,
subsequently confirmed by electrochemical studies (see below).

The phosphine-substituted derivative {Cosz(pu-dppm)(CO)7}>(1s: p3-
CC=CC) (291) was initially isolated from the Cul-catalyzed reaction
between Cos(p3-CBr)(pu-dppm)(CO); and Au(C=CC=CH)(PPhs), and can
be prepared in 39% yield if {Au(PPh;)},(u-C=CC=C) is used. Presumably
the basic solvent allowed dissociation of both the H and Au(PPhs) groups

C
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and subsequent attachment of the cobalt cluster fragments to each end of
the C, chain.*** An alternative route is from Cos(p3-CBr)(p-dppm)(CO),
and Cosz{pu;-CC=C[Au(PPh3)]}(u-dppm)(CO).

2. CozCps Derivatives

Proto-desilylation of (MesSi-pu3-C){Co;Cps}(p3-CC=CSiMe;) and oxi-
dative coupling of the resulting terminal alkyne (CuCl/tmed/acetone, O,
40°C) afforded {Cos(3-CSiMes)Cpsla(s: p3-CC=CC=CC) (292), also
obtained by coupling of (Me;Si-u3-C){Co3;Cps}(n3-CC=CH) with HC=
CSiMe;s; the cluster (Me;Si-p3-C){Co3Cps}(pn3-CC=CC=CSiMe3;) (293) was
formed as a major product in the latter reaction and also from (Me;Si-pi3-
C){Co3Cp3}(13-CC=CH) and (I-p3-C){CosCps}(p3-CSiMe;). Complex 292
has an unusual intense dark green color rather than the usual purple.*** The
molecular structure contains two CCojs clusters capping a slightly bent buta-
1,3-diyne chain (angles at C 178, 177, 175, 178°) with C-C bonds along the
chain (1.42, 1.19, 1.36, 1.21, 1.43(2) A) indicating some delocalization. There
is no steric interaction between the Cp and SiMes groups.

E. Compounds with Cg Chains

The reaction between Cos(p3-CBr)(pu-dppm)(CO); and {Au[P(tol)s]}>{u-
(C=0)3} gives {Cos(p-dppm)(CO)7}2{ps: p3-C(C=C);C} (294) in 77%

PPhy
[\ (c0)
thi / Q(CO)
(OC)ZC(i —c—(c—c -——< | / 0(CO)
(CO (00)20‘{
Phyl

(291) m=2
(294) m=3
(297) m=4

Cp
AN\
Messi—C? —(C==C),—SiMe,
AL

(293)
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yield.*** Subsequent reaction with tcne gave the mono-adduct {Cos(p-
dppm)(CO)7}> {3 : p3-C(C=C),C[=C(CN),],C} (295). Similarly, treatment
of  Rus(p-H)3(us3-CBr)(CO)y  with  {Au[P(tol);]}>{p-(C=C)3} afforded
{Ru3(p-H)3(CO)o}o{p3 : p3-C(C=C)3C} (296).

(CO)2

/Co\\PPh .
(OC)SCT 7C—— — C—C)2-—-C\ ( /

(cg)(;\ PPh, MO / \Pht
2

(295)

00(00)3

{(CO)3

0Q) H Ru C=C \
| \V/ = \v(

/RU
(CO)3 (OC)3

(296)

F. Compounds with C;, Chains

The complex {Coz(nu-dppm)(CO)7}-{p;3 : p3-C(C=C),C)} (297) forms thin
black hair-like crystals and is obtained in 91% yield from the reaction
between Cos(p3-CBr)(p-dppm)(CO); and {Au(PPh;)}»{p-(C=C),}.**

Proto-desilylation of  Co;(pu3-CSiMes){p;-C(C=C),SiMe;}Cps  and
oxidative coupling (CuCl/tmeda/acetone, O,, 40°C) in situ afforded dark
green {Cos(u3-CSiMes)Cpslr{ps : pus-C(C=C)4C} (298), which is unstable
both as a solid and in solution.*** As found for the analogous Cg cluster 292,
the complex shows an intense band at 635 nm (g ca. 10,000) and
two reversible oxidation steps separated by ca. 0.14 V, again indicating
some electronic communication via the carbon chain. The Co3;Cps
clusters provide steric hindrance to adjacent CC=C moieties and only
298 reacted with Co,(CO)g to give (MesSi-p3-C){CoszCps}{ps-CC=
CC,SiMes[Co,(CO)g]}. 4
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G. Polymeric Species

Several copper(I)-catalyzed coupling reactions of alkynes or diynes with
Coj clusters proceed with the deposition of insoluble black materials which
have v(CO) spectra typical to those of the CCo3(CO)y clusters described
above.**® Similar products were obtained when HC=CMgBr was used.
Thermal decomposition of 286 at 100 °C gives conducting aggregates, which
continue to show v(CO) absorptions and are soluble in non-aqueous
solvents.*®® The conductivity appears to be associated with partial
decarbonylation and formation of granular microcrystalline materials.

H. Redox Chemistry of Complexes Containing Coz Clusters
Linked by Carbon Chains

Extensive studies of the redox chemistry of [{Co3(CO)e},{u-C(C=C),,C}]
(m=0, 271; 1, 286) have been made independently by the groups of
Robinson*? and Osella*®"**? and the electrochemical behavior of the C,
and C, complexes has been compared with that of {Coy(CO)s}a(p-n>-
PhC,C,Ph).*¥** Two distinct one-electron reduction processes are found,
of which the first shifts to more negative potentials as the carbon chain is
lengthened. This is consistent with effective electronic communication
between the redox centers. This is attenuated when a Co,(CO)g group is
attached to the carbon chain. All scans contain a wave due to the
[Co(CO)4] anion formed by chemical decomposition.

Osella and co-workers observed that the absolute values of the
electrochemical potentials are sensitive to the nature of the solvent
(CH,Cl, vs. acetone), which is consistent with the different degree of
solvation around the metal cores, and the different reorganization energy
associated with the ligand rearrangement proposed by Robinson.*!
However, as the difference in half-wave potential between the two
electrochemical events is more or less independent of the dielectric constant
of the medium (271/286 ca. 340/200 mV CH,Cl,; 360/210 mV acetone), it is
reasonable to suggest that a significant through-bond contribution to the
electronic coupling between the metal centers is in operation. In thf the
wave separation was found to increase to 470/300 mV, but this may be due
to the greater stabilization of the radical anion in this solvent.**’

1. {Co3(CO)e}a(3: H3-C2) (271)

Solutions of {Co3(CO)g}a(l3: 13-Cy) (271) and its reduction products are
unstable at r.t., so conventional electrochemistry of this complex was carried
out at low temperatures. Two chemically reversible 1-e transfers are found
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at £° —0.41, —0.77 V; the 360 mV separation suggests that there is effective
electronic communication between the redox centers, namely the Cos
clusters which are kept 4.6 A apart by the carbon chain. At higher
temperatures, these processes become less reversible and a third process
with E°~0.1 V is found. The latter is derived from the first reduced
product via a slow chemical reaction.*****!%52 Both reductions are
associated with fast irreversible chemical processes, the first reduction
to the radical anion being followed by a rapid conversion to a new
CO-bridged species (299; Scheme 56), which can be oxidized back to the
original neutral cluster at —0.33 V (vs. [FcH]”'"). The isomerization is
probably induced by steric interactions between the CO groups, as well as by
the tendency of bridging CO groups for the better removal of electron
density from the cluster. The main features of the reduction have been
confirmed by in situ spectro-electrochemistry, monitoring the v(CO) bands
of the five reduced species which account for the spectral and
electrochemical changes observed in this system.*** Solvent effects on
the reduction potentials result from solvation of the anion and ion
association processes.

Irreversible chemical reduction of 271 gives a dark brown solution,
which also contains [Co(CO)4]". Slow conversion to the p-CO species
occurs, which has a short half-life on oxidation, regenerating 271. With
CoCp,, the ESR-silent CO-bridged product is formed quantitatively.
Oxidation of this species regenerates 271 in an amount which is less by
the [Co(CO)4]™ produced by decomposition. Attempted chemical oxidation
(Ag™) gave only unstable pale yellow materials.

{CO)s (CO)a ﬁC% (CO)s - (COY, (CO) z

(O0)s T /c —C/|7°(CO)3 - OT/C—C//O(CO)S ] ocnc@

(CO) CO, CO)
(00)3 - 3 (COY (CO)g (co) (CO)

//00(00)3

00>2

%ok (:0)2 CO),

0(00)2 o(CO); 0(00)2
—C: —C -
oG | ik i/ °°TZ «x»z@ 7

00)2 (CO)z (CO)z (CO)2 (CO)2 (CO)z
(299)

SCHEME 56
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The rapid chemical transformation of the initial radical anion precludes
the use of ETC-substitution chemistry to make substituted derivatives,
because of the short lifetime and hence inactivity of the isomerized radical
anion [299] ~ towards the CO/PR; replacement reaction.*®*

2. {Co3(CO)g}a(ps: n3-CC=CC) (286)

Strong electronic interactions between the two Cos clusters in the Cy
analogue 286, which are separated by some 7.1 A by the carbon chain, are
suggested by the presence of two chemically reversible 1-e processes separated
by 200-300 mV. The reduced species are more stable than the C, anions
under electrochemical conditions and voltammograms were successfully
collected at ambient temperature. At low temperatures (243 K) and moderate
scan rates (200 mV/s) two reversible reductions are observed at £, =—0.39
and —0.68 V. Above 243 K, a third reversible couple is found at ca. 0.85 V.
In polar solvents (CH,Cl,, Me,CO) AE®° is 200-210 mV, whereas in thf, a
value of 300 mV suggests that the monoanion is stabilized by the solvent
interaction. The dianion also displays a tendency to generate electroactive
species by subsequent chemical reactions, but if the cathodic scan is limited to
the first two reduction waves (attributed to the [0,0/0,—1] and [0,—1/—1,—1]
processes), the electrochemical response of each wave is as reversible as
ferrocene under the same experimental conditions.*®"

3. {Coa(ns-CSiMes)Cpala(ia : 13-C(C=C),C} (m=2, 4)

Less well-defined redox spectra are obtained for analogous CosCps
complexes, which show two reversible 1-e oxidation processes atca. 0.5,0.8 V,
separated by ca. 140 mV, again suggesting some electronic communication
between the two clusters. Attempted chemical oxidation (Ag't) gave
unstable uncharacterized pale yellow compounds.

The cluster {Cos(p3-CSiMe;3)Cpsla{ps: u3-C(C=C)4C} (298) displays two
reversible 1-e¢ processes separated by ~0.14 V, suggesting electronic
communication between the two clusters. The oxidized species were not
accessible by chemical oxidation (Ag™), unstable uncharacterized pale
yellow materials being obtained instead.**?

IX
METAL CLUSTERS CONTAINING C,, LIGANDS
For reasons discussed above, this section will not include metal cluster

carbide complexes containing only one carbide atom, for which several
. . 35,37.38,40.485,456
reviews are available.



Complexes Containing All-Carbon Ligands 355

Fi1G. 11. Proposed structure for Sc;Cr@Cgqy. (Reproduced with permission.)

An unusual C, complex contained within a carbon cluster is contained in
the soot formed by an arc discharge between graphite containing Sc,Os.
Purification of the endohedral scandium fullerenes by HPLC gave
Sc,Cor@Csy (Fig. 11). X-ray powder diffraction and '*C NMR data (& 92)
were interpreted in terms of a disordered Sc,C, cluster encapsulated by
D>yCsa (Sc—C 2.26, C—C 1.43 A).*7

Relatively few examples of metal clusters containing C, ligands have been
reported, in comparison with the host of complexes containing a single
carbon atom. There are two major classes of complexes, so-called “‘cage” or
interstitial dicarbides, in which the C, unit is encompassed within the metal
polyhedron, and “‘peripheral” dicarbides, where the C, unit lies on the
periphery of the cluster or, alternatively, can be considered as part of a
C,M,, polyhedron. There is a continuum between clusters containing C,
ligands in which the carbon atoms are separated by “normal” C-C bond
distances (1.2-1.5 A) and those in which the separation is up to 2.4 A, ie.,
too long for a conventional C—C bond (see Section IX.B below). The
bonding electrons are delocalized between the carbon atoms and the metal
clusters and rearrangements can occur readily.®

A. Peripheral C, Clusters

Several clusters are known in which the C, ligand lies more-or-less
exposed on the surface of an M, cluster or within a cavity, but not
completely encapsulated by the metal core. A theoretical study of these
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compounds has been given by Frapper and Halet (Section IX.D).***4% 1n
the complexes so far described, the C, unit acts as a four- or six-electron
donor, while the distribution of electron density on the C, unit is revealed in
the reactions with H-H, C-H or C-C bonds, or C—C bond-forming
reactions. Often only one carbon is involved, the second becoming more
closely bonded to the cluster. Synthetic approaches have included

(a) reactions of mono- or di-nuclear ethynyl complexes with other
reactive metal substrates;

(b) cleavage of P-C(sp) bonds in 1,2-bis(phosphino)ethyne complexes;

(c) reactions of metal substrates with other easily cleaved C—X bonds.

Table XIII contains selected '°C NMR and structural data for many of
the C, complexes described below.

1. M4 Complexes

(a) M,C5 clusters

The complexes Fp'C=CX [Fp =Fe(CO),Cp’, Cp'=Cp, Cp*; X=H,
Fp'] react readily with iron, ruthenium, and cobalt carbonyls to give a range
of homo- and hetero-metallic clusters containing C, and C,H ligands.*>***
Thermolysis (refluxing toluene) or oxidation ([FcH]PF4) of Rus(pu-H)
(13-CoFp')(CO)y affords the purple tetranuclear dicarbide cluster
FesRus(py-Co)(u-CO)»(CO)sCp” (300), also obtained from Ruz(CO);, and
Fp*C=CFp*. The Cp* complex contains the C, unit [C-C 1.27(1) A] in a
slightly twisted Fe,Ru, framework (dihedral 24°). Each carbon bridges
an Fe—Ru bond, with a long Ru—Ru separation [2.963(2) 1&]; the complex
is considered to be a permetallated ethene. Both carbons are equivalent,
giving a singlet at & 177.2; the CO groups are found between & 191.1 and
217.8, with the p-CO ligand resonating at & 262.5. NMR studies suggest
that protonation occurs either on the the Ru—Ru bond or to form an
agostic C—H to the Ru atom (301).

Attempted protonation of the C, group with MeCHCICO,H resulted in
addition of the acid across the Ru-Ru bond to give 302 (Scheme 57).*°
Reaction of the substituted cluster 303 with HBF,- OEt, gave a cationic
w-CoH  complex 304, which with SiH,Ph, afforded FeRu,(pu-H)
(u3-HGH)(u-dppm)(CO)sCp* (305), completing the formal hydrogenation
of the C, ligand in 300. Reaction of 304 with [NEt4][BH4] gave FeRu,(3-
C,H)(p-dppm)(CO)sCp* (306) while reaction of 303 with Co,(CO)g formed
CoRu,(p3-CoFp)(p-dppm)(CO)7 (307).

Further examples of clusters containing the C,M4 framework have been
obtained from {Ru(CO),Cp®},(u-C=C) and two equivalents of Ru(CO)(n-
C,Hy), which afford dark red Ruy(C,)(p-CO)(CO)sCp, [Cp’=Cp (308a),
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Cp™©, (308b)] in moderate yield.*”' The reaction probably proceeds via the
n? intermediate, followed by cluster build-up. The four metal atoms are
almost co-planar with (308a) or slightly twisted (308b) with the C, unit,
which is formulated as a permetallated ethene, and is similar to the Fe,Ru,
complex mentioned above. The unique Ru—Ru separation is long, at
3.0190(5) (Cp) or 3.0423(3), 3.0366(4) A (Cp™*©) and the C-C separations
are 1.258(5), 1.258(4) A, respectively. The '*C NMR spectrum of enriched



TABLE XIII
PERIPHERAL C, CLUSTERS
Complex Structure 8¢ (Jep) C-C/A M-C/A Ref.
300/Fe FesRuy(114-Co)(1-CO)o(CO)sCp3 177.2 1.24(1) 1.946(7) (Fe), 2.204(7) (Ru) 498
302 Fe,Rus(p-H)(py-Co)(1-O,CCHCIMe) 178.3, 178.5 1.263(7) 1.923(4) (Fe), 2.173, 2.180(4) (Ru) 490
(n-CO)(CO)sCp3
303/dppe Fe,Ru,(pa-Co)(p-dppe)(u-CO)»(CO)sCps 182.7 1.270(5) 1.921, 1.925(4) (Fe), 2.183, 2.202(4) (Ru) 490
303/dppm  Fe;Rus(pys-Co)(p-dppm)(p-CO)»(CO)sCp3 180.9 (12.2) 490
308a Ruy(ps-C)(n-CO)(CO)sCps 154.9 1.258(5) 2.030, 2.240(4) 491
308b Ru(114-Co)(n-CO)(CO)sCpde 157.1 1.258(4)  2.015,2.212(3) 491
315 Rus(ps-Co)(1-SMe),(1-PPhy),(CO) 3 1.20(4) 2.06-2.65(2) 495
316 Ru(1a-Co)(1-SMe)»(11-PPh,)>(CO) 1 1.23909)  2.027-2.499(6) 495
318 FesRug(pe-Ca)2(p-CO)3(CO)14Cpa 203.2, 209.0 1.334(8),  1.866, 1.908(6) (Fe), 1.997-2.205(5) (Ru) 498
1.354(7)
320 Rus(ps-CoFp*)o(p-CO)3(CO) 1o 1.32, 1.93(2) (Fe), 2.14-2.26(1) (Ru) 497,498
1.34(2)
321 FeRug(ps-Co)(ps-CoH)(n-CO)(CO),sCp 1.334(9) 1.877(7) (Fe), 1.939-2.282(7) (Ru) 497,498
322 Rus(it5-Co)(p-dppm)(1-CO)»(CO),Cp» 211.8,248.6  1.29(1) 1.982-2.337(7) 499
322/Me Rus(ps-Co)(n-dppm)(p-CO)»(CO)Cphe 211.9, 251.3 1.308(9) 1.964-2.351(7) 499
325 Rus(pts-Ca)(1-SMe)a(i-PPh,)>(CO) 1 184.9,206.66  1.305(5)  1.938-2.471(3) 520,521
335 Rus(ps-Co)(1-SMe),(p-PPhy),(CO) 2 1.26(2) 2.06-2.45(1) 521
336 Rus(i5-Co)(1-SMe)»(1-PBus)»(CO)1 187.44, 522
203.23 (7.8)
337 Rus(pts-Ca)(1-C1)a(1-PPh2)»(CO) 1.32(1) 1.931(9)-2.25(1) 523
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338
340
341/Fe
341/Ru
342/Fe
342/Ru
343
344
345
346
348
349
350
352

353
354

Rus(ps-Co)(r-PPhy),(CO)11(py)2
Cog(16-C2)(14-S)(u-CO)4(CO) 2
FeRus(ps-Co)(1-SMe)a(-PPh)»(CO) 14
Rug(pe-Co)(1-SMe)a(1-PPhy)>(CO) 14
FesRus(pe-Co)(13-SMe)o(1-PPhy)»(CO) 6
Ru7(p6-C2)(13-SMe)a(p-PPhy)»(CO) 16
CosRug(n7-Co)(3-SMe)(1-PPhy)2(CO) 6
CogRus(ps-Co)(H3-SMe)a(p-PPhy)»(CO)
NiRus(pe-Co)(1-SMe)a(p-PPhy),(CO)oCp,
Ni>Rug(pe-Co)(1-SMe)o(p-PPhy),(CO)sCpa
Os3W(p4-Co)(113-CoPh)(CO)oCp*
Os3W(Ha-Co)(13-OC,Ph)(CO)oCp*
Os3W(4-C2)(113-CPh)(CO)o Cp*
Rus(ps-Co)(1-SMe)s(1-PPh,)>(CO), 1 (CNBu')

Rus(ns-C2)(1-SMe)(1-PPhy)>(CO) 1 o(CNBu')
Rus(s-Co)(p-SMe)(1-PPhy)2(CO) o {P(OMe);}

145.9, 172.2
119.9, 141.4
155.3, 162.5
146.02 (15.7),
146.96 (14.6)

1.301(5)
1.37(2)
1.355(9)
1.381(8)
1.38(1)
1.37(2)
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1.20(4)

1.22(1)

1.36(2)
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2.05(1) (Fe), 2.079-2.120(6) (Ru)
1.998-2.058(6) (Fe), 2.093-2.119(7) (Ru)
2.095-2.146(9)

2.09-2.21(1)

2.039(8) (Co), 2.12-2.20(1) (Ru)
1.94-2.13(3) (Co), 2.05-2.21(2) (Ru)
2.017, 2.038(6) (Ni), 2.163-2.199(6) (Ru)
1.72(3) (Ni), 2.24, 2.32(2) (Ru)
1.99-2.26(2) (Os), 2.25, 2.43(2) (W)
2.04-2.23(3) (Os), 2.21, 2.47(3) (W)

2.10-2.38(1)

1.88-2.41(1)
1.953-2.416(5)

525,526
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308a showed the dicarbide resonance at & 154.9; weaker (ca. 15%)
resonances in these regions were assigned to a second stereoisomer.

One of the two isomeric products formed from reactions between
C»(CO,Me), and 308 (Cp =Cp, CpM®) was structurally identified as
309, containing a ruthenacyclopentadiene unit attached to two other
Ru fragments.” A likely route to this compound is by a formal
1,3-cycloaddition of the alkyne to an RuC, moiety of the cluster.

N Fvﬂff‘*

(00)3

(300) M=Fe, Cp'=Cp*
(308) M =Ru, Cp’ = Cp, CpMe ﬁ

Fp*\
u(CO \ Cp*
Q (C\O)? \ _—COoMe \C\ //Fi(CO)
(CO) f CO
@ (0C)3Cc<—/lco(c/o)2
--Ru COzMe /

(CO)2

(309)

Orange Co,Fe,{y-C>,C=CFp*)(u-CO)(CO)yCp* (310) is obtained from
the adduct from Fp*C=CC=CFp* and Co,(CO)g in a reaction with
Fe,(CO)y.*°

(b) M>—C4—M> complexes (see also Section I11.G)

The complex {Fe,(u-PPh,)(CO)g}o(p: pu-Cy) (311, M = Fe; Scheme 58) is
obtained directly from the reaction between Fe3(CO);, and PPh,C=C
C=CPPh, (bdpp) in thf by cleavage of the P-C(sp) bonds,*’* having been
described earlier from the reaction between Fe,(CO)y and bdpp, followed
by thermolysis (PhMe, 100°C, 2.5 h) of the resulting {Fe(CO)4},
(u-bdpp).*’>*73 Carbonylation (20 atm, 100°C, 16 h) of the phosphino-
alkynyl cluster, Rus(us-C>PPh,)(u-PPh,)(CO);5 (329; see below) gives the
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lemon-yellow ruthenium analogue (311, M = Ru) in 28% yield;*? it is also

obtained by thermolysis of Ru;(CO);;{PPh,(C=CC=CSiMes)}.*** The C,
ligand bridges two Ru,(pu-PPh,)(CO)g moieties by a o,n interactions with
each C, moiety, acting as a 6-electron donor. Steric demands of the other
ligands present (particularly the CO groups) prevent the optimal overlaps of
n-orbitals of the C, ligand, which would require the two Ru, systems to
be orthogonal. This results in a relatively weak interaction, with long Ru—-C
n-bonds [2.326, 2.470(6) A] and a short C—C separation [1.275(11) A]
and resulting bend-back angles of only 22.6°. The complex is stable to CO or
H, under mild conditions.

Reactions of the carbon ligands with nucleophiles are rare, the reactivity
being dominated by PPh,-migration reactions. With NHEt,, 1,2-addition of
the sterically unencumbered secondary amine NHEt, to the C4 chain is
accompanied by migration of a PPh, or carbonyl ligand to give 312 and 313,
respectively (Scheme 58).*°% The former is formed by addition of the N-H
bond across the C,=Cp bond and migration of a PPh, group to C(3), while
the other (313) is formed by addition of the amine to C, and migration of a
CO ligand to give the metallacycle. In contrast, reaction with P(OMe)s
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results in facile addition of the phosphite to one of the C, carbons to give a
single adduct (314) in which substitution of one CO on iron by the phosphite
is accompanied by migration of one PPh, group to CB.492 Simple CO
substitution products are also formed.

This mode of addition of the amine is unusual when compared with the
reactions of the corresponding mono-ynyl complexes, which give products
derived exclusively from addition to Cg, and ruthenium diynyl complexes,
which undergo 1,4-addition. These reactions, which demonstrate C—C, C-N,
and C-P bond formation involving the C4 moiety, proceed with total atom
conservation.

Extrusion of an Ru, fragment from Rus(pus-CoPPhy)(u-SMe)y(pt-
PPh,),(CO);; (325, see below) has occurred in both products 315 and 316
isolated from its reaction with CO, although this moiety is retained within
the complex by virtue of the bridging C, ligand.**> Again in 315, excess
electron density in the 50 c.v.e. system is accommodated in low-lying
metal-metal antibonding MOs, resulting in long Ru-Ru separations
[2.956-3.170(4) A]. A short C-C bond [1.20(4) A] and long Ru(5)-C(1)
separation suggest that the C, ligand is a 4-electron donor, the Ru(4)-Ru(5)
bond being short [2.694(6) A] and suggesting a major contribution from
tautomer 315a. In 316, non-bonded atoms Ru(3) and Ru(4) are bridged by
two SMe groups and attached to the second Ru, fragment by the C, ligand,
which is a tetra-metallated ethene.

(315a) (316)
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2. Complexes Containing > 4 Metal Atoms

(a) Iron—ruthenium

Much of the chemistry of peripheral C, clusters of iron and ruthenium
has been reviewed.?> Evolution of permetallated ethynes via cluster build-up
to permetallated ethenes and ethynes is discussed, sequential additions of
metal fragments occurring in addition to thermal redox and thermal
condensation reactions.

Further transformations of the Fe,Ru, cluster 300 (above) occur with
gradual formation of 317 and Fe,Rug cluster 318, suggesting formation of
the latter either by reaction of 300 with Ru3(CO);, or by dimerization of 317
(Scheme 59).#7**7 Compound 318 is thermodynamically the most stable
species. Addition of Fe,(CO)y to 300 gave a low yield of yellow FeRu,
(L-H)(13-C,Fp*)(CO)g (319). On heating 317 in refluxing toluene, black
heptanuclear Fe,Rus (320) and FeRug (321) clusters are formed by assembly
of the metal fragments around the C, ligand. Thermolysis of 317 gives a
trace of 318 and the black ethynyl-containing cluster 321. Oxidation
([FcH] ") of [Rus{u3-C5[Fe(CO),Cp]}(CO)o]~ (from 319, KOH and [ppn]Cl)
produces 318 in moderate yield, together with 320.

The purple-grey Fe,Rug cluster 318 contains an Ruy square, the four
edges each being bridged by Fe or Ru atoms and supporting two pg-C,
ligands on opposite sides of the square, which each interact with the boat-
shaped Fe,Ruy array, each C atom capping a triangular face; the c.v.e.
count is 124 if the C, ligand is an 8-e donor. The C-C separations are
1.334(8), 1.354(7)(4) A, ie., similar to a C(sp)—C(sp) single bond, but the
C>M; arrangement is that of a permetallated ethane. In the '*C NMR
spectra, the C, resonances are at 6 203.2 and 209.0, with CO groups at o
190.5-210.4 and at o 243.4 (u-CO). A rapid fluxional CO-exchange
process on ruthenium is indicated by the '*C NMR spectrum. The Fe,Rus
complex 320 contains two pu-C,Fp fragments attached to the butterfly
portions of a 112 c.v.e. ““arrowhead” Rus cluster and is probably formed by
dimerization of an intermediate radical species. Any dissociation of CO
occurs from the more labile iron centre. In the black FeRug cluster 321, the
us-C, ligand is attached to an open-envelope FeRuy portion and a ps-CoH
fragment is in extended interaction with the FeRus portion of the open Mg
cluster, on opposite sides of the central FeRu; square. The C—C separations
in the C, ligands in 320 and 321 are 1.334, 1.354(3) A (C»), and 1.334(9)
(Cy), 1.420(9) A (C,H), respectively.

(b) Ruthenium
Products from {Ru(CO ),Cp'};(u—C=C). Reactions of {Ru(CO),Cp'}»
(u1-C=C) (Cp' =Cp, Cp*) with Ruz(u-dppm)(CO);o have given dark green
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complexes Rus(ps-C,)(u-dppm)(u-CO)»(CO),Cp’ (Cp'=Cp, Cp™*) (322)
(55-74%).%° The reaction probably proceeds via a ring-opened
Rusz-dppm complex which coordinates the entering {Ru(CO),Cp’},(p-
C=C) complex via the C, ligand. The resulting cluster is a flattened
Ru-spiked butterfly, one edge of which is bridged by the dppm ligand. The
C, ligand is attached to all five Ru atoms, two pairs being considered
“substituents” to each of the carbons, while the C, unit is n2 bonded
to one of the hinge atoms; Ru—C distances are between 1.964 and 2.351(7)
A. The C-C separations are 1.29(1) (Cp) and 1.308(9) A (Cp*). The
geometry is similar to that found in Rus(ps-C,)(1-PPh»)»(CO)q1(py)s
(below). The Cp ligands are inequivalent and two resonances are
found for the dicarbide ligand.

On heating Ruy(C,)(p-CO)(CO)sCp, (308) coupling and condensation
to Ruy (323) and Rug clusters (324) occurs, which are related by loss of
CO and formation of an extra Ru-Ru bond.'” Both contain similar
arrangements for seven of the eight Ru atoms, while the multi-site
attachments of the C, ligands appear to be unique.

Rus(C5)(pu-SMe)(pu-PPh3)>(CO) ;. The best studied cluster of this
type is Rus(C,)(u-SMe)>(u-PPh,),(CO)y; (325) obtained from Rus(CO);,
and C,(PPh,), by a multi-step but efficient transformation which involves
synthesis of Ru;3(CO);;{PPh,(C=CPPh,)}, its conversion to Rus(jt5-C,Ph,)
(1-PPh,)(CO);3 by thermolysis and oxidation with Me,S,. The chemistry
associated with these reactions has been reviewed.’**>"!

The ready migration of one H atom from a p;-HC,H ligand in
Ru;(p3-HCG,H)(p-CO)(CO)y to give Rus(u-H)(us-CoH)(CO)o™ "> is not
followed by cleavage of the second C—H bond to give a cluster-bonded C,
unit. An alternative approach to the stabilization of reactive molecules on
small metal clusters is by C—P bond cleavage.’**>*° In the case of P-Ph
bonds, as found in tertiary phosphine ligands, this can be accompanied by
C-H bond cleavage to give p-benzyne complexes.’*® °*® This work has been
extended to acetylenic phosphines to give a multitude of unusual and
interesting complexes.”” "

Synthesis and structure of 325. The ease of cleavage of P-C bonds, usually
by thermolytic reactions of their trinuclear Group 8 cluster carbonyl
complexes, is P-C(sp) > P-C(aryl-sp”) > P-C(vinyl-sp?) > P-C(sp’).”"*
When applied to {Ru3(CO);;}»>(u-dppa) [326; dppa=C,(PPh,),], in
which the C=C triple bond is not coordinated to either cluster moiety,
the product is formed by cleavage of one P-C(sp) bond and coordination of
the resulting diphenylphosphinoethynyl group to a larger cluster formed
by condensation of the two Rus units with elimination of one “Ru(CO),”
group (Scheme 60). The resulting complex (327) is the source of much



366 MICHAEL I. BRUCE AND PAUL J. LOW

CP(OC)R ?2

— <SR

P PPhy
OC\[RU//\/ //\[Ru]/

cp RF—Cy

(322) [Ru] = Ru(CO)2

0
Y SN /\
U(CO)C
%[RUT A ;[R\u]:-a JRuC0IC
N /\ 5 N ~ al i
A 2
I
[
oo [Ru \Rucp CpR \ué\RuCp
c/ 9
0

(324) [Ru] = Ru(CO)2

(OC)sR

(325) [Ru] = Ru(CO)2

U(CO)q
(00)s /\

)
Phy #——Ru(CO)4
P—C=C—| o

(OC)R u(CO)3 2

90°C

Hu(CO)s
(326) (327)

SCHEME 60



Complexes Containing All-Carbon Ligands 367

interesting chemistry, uncovered while searching for methods to break the
remaining P-C bond.”” An osmium analogue is also known.’"”

During these studies, several products indicated that cleavage of the
second P—C(sp) bond had occurred, but it was not clear whether reaction
occurred before or after further reaction of the reagent with the C,PPh,
ligand. Thus, in reactions with alkenes, products such as Rus(ps-PPh)
{p4-Co(CHCHR)CHCH,R }(u-PPhy)(CO);, (328, R=H, Me) and
Rus(14-PPh)(1-PPh,)(p-CO)(CO),o{n>-CsH3;Me(CH=CH,)}  (329) were
formed.”'® With buta-1,3-diene, the product 330 contains a cyclohex-1-
en-4-yne ligand (an isomer of benzene) formed by cycloaddition of the diene
to a C, group.’'” The formation of the phenylethynyl complexes 331 and
332 in reactions of 327 with oxirane’'® or Co(C0),Cp,”" respectively,
occurs by formal elimination of PPh groups to the cluster. Successful
formation of a C, complex was first achieved in the reaction between 327
and CO, which gave {Ru,(1-PPh,)(CO)g}»(1-C,) (see above).

The C, cluster 325 was obtained as the end-product of a series of
reactions that occurs when 327 is treated with Me,S, (Scheme 61).72%->%!

[Ru] = Ru(CO)2
Phy
Ph [Ru/ P\ u
Me S/ /
- MesS) Me
[Rul —_— /(OC)3 <T\ /S
(OC) R@ (00)3R<R &—Ru(CO)3
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|
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/[Ru ____[Ru /T
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0)2 Ru] -~ "R | _ K7 Au)
R

/
/[RU u‘\/\\ //\PPhg

th M es/[RU]
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This series of transformations occurs under mild conditions at reasonable
rates, allowing isolation of the various intermediates and demonstrating that
each could be induced to complete the transformation into 325. A second
molecule of Me»S, adds to 325 to give 333, in which an Ru—Ru bond of the
Rus pentagon has been broken.

The first isolable product is 334 which on heating undergoes the desired
P-C(sp) bond cleavage to give 335, in which the C; ligand is attached to all
five metal atoms in an asymmetric fashion. Thermal decarbonylation results
in Ru—Ru bond formation to give 325, in which the C, ligand sits atop
the open pentagonal Rus cluster. Notwithstanding the relatively large
number of intermediates, 325 is isolated in over 80% yield. The analogous
complexes Rus(Co)(n-SMe)»(1-PBuy)»(CO)y;  (336)°*% and 337°* have
also been reported. The latter was obtained from a reaction between 327
and CH,=CMeCH,CMe(CH,Cl),, together with Rus(p-H){pns-CC(PPh,)}
(n-CI)(u-PPhy)(CO)1».

In 325, the C, ligand sits atop the open puckered Rus cluster, which
allows ready attack by incoming reagents. The Ru-C separations
range between 2.133 and 2.470(3) A, with a C-C bond length of
1.307(5) A, consistent with a multi-site attachment of the ethyndiyl ligand.
Nuclei C(1) and C(2) resonate at d¢c 184.9 and 206.7, respectively.
Theoretical studies have been carried out on 325 (see Section IX.D)* after
a preliminary study of the model Rus(ps-Cs)(pu-SH)»(p-PH,)»(CO);p.7%*
The C, ligand carries an overall negative charge, resulting in its
displaying nucleophilic character. To some extent, its reactivity is consistent
with formulation as a metallated ps-vinylidene complex. Additionally,
one of the HOMOs is centered on an SMe group bridging the non-bonded
Ru(3)-Ru(4) vector, which results in its adopting pi; bonding in several of
the reactions of 325. The complex has 80 cluster valence electrons (c.v.e.) as
expected for an M; system if the C, ligand acts as a 6-electron donor.

Rus(pus-Cs)(u-PPhy)>(CO);;(py)> (338). This complex was obtained
from 327 and pyridine together with the ethynyl cluster Rug(pe-CoH)
(13-NCsHy)(u-PPh5)»(u-CO)(CO)¢» (339) and other products formed by
metallation of a pyridine ligand without cleavage of the P-C(sp) bond.>*>-%¢

(c) Cobalt

The reaction between Co,(CO)g and CS, at r.t. for 2-3 h affords a
mixture of solid materials and other complexes present in the supernatant.
Repeated extractions of the solid phase gave black Cog(Cs)(14-S)(CO) 14
(340) which contains a boat-like Cog skeleton (a Coys square with two
opposite edges each bridged by a Co atom) supporting a C, unit between the
extremities.”>’ The Co(basal)-Co(basal) and Co(basal)-Co(ap) separations
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Ru(COl(py)2

(339) [Ru] = Ru{CO)z

(340) [Co] = Co(CO),

are 2.590-2.619(3) and 2.490-2.562(3) A, respectively. The structure is
derived from a trigonal prismatic Cog core (of idealized C,, symmetry) by
insertion of the C, group into one of the edges linking the triangular faces.
Alternatively, it is related to the eclipsed rotamer of {Co3(CO)o},C, with
some tilting, as in the related CosFe; complex 275. The two apical Co atoms
and the C, unit are co-planar and inclined at 81° to the square Coy4 base
which is capped by the sulfur atom. It is likely that m-electron density is
delocalized along the Co(ap)CCCo(ap) unit. Each carbon of the C, unit is
attached to the nearest Co; unit by one short (1.81 A) and two long (2.01 A)
C—Co bonds, while the C—C separation is 1.37(2) A. There are eight terminal
CO and six p-CO ligands, the latter bridging all peripheral edges. Detailed
discussions of the v(CO) and IR modes of the C,SCog core are given;
the weak v(CC) band is at 1444 cm™'. A smooth reaction with CO gives
{Co03(CO)9},C5 (2715 q.v.) (60%).

The olive-green selenium analogue of 340 has been isolated from
the reaction of Co,(CO)s and CSe, and identified from its IR
spectrum [v(CC) 1446 cm™']."*® Both complexes probably originate from
mono-carbon species, such as Cosz(p3-CX)(CO)y (X =S- or Se-containing

group).
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(d) Heterometallic complexes

M}Ru5(,u-C2) (,U,-SMé’)g(,LL-PPhZ)Z(CO)10+ on (M: Fe, Ru; n=1, 2) Reactions
of 325 with Group 8 carbonyls result in cluster growth, the hexa- (341) and
heptanuclear compounds (342) being formed.>**>* In these, the C, ligand
acts as a collar, allowing permetallabicyclo[2.2.0]hexane frameworks to
be constructed. Each carbon is found associated with an approximately
square face, the added M(CO),, groups forming the hinge atoms. The SMe
groups span the outer metal atoms and probably prevent further
encapsulation of the C, ligand.

(CO)z

(CO)s //“\\
//\\\ By (Ru]
e RS
3 \ R
o W
/
o ME

[ S
PhoP—" M
s/
M
(341) [Ru] = Ru(CO); (342) {Ru] = Ru(CO)2

ConRu5(,u-C2) (u3-SMe)2(u-PPh2)2(CO)10+2,,, (}’l :3, 4) Related com-
plexes are found in products from reactions between 325 and Co,(CO)g,
in this case the CMy face being capped by Co(CO), groups to give octa-
(343) and nona-nuclear products (344).°>%>! In the latter, the C, unit
interacts with eight of the nine metal atoms.

(343) [Ru] = Ru(CO),
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Ni,Rus_,,(pu-Cs) (pu-SMe) 5( jp-PPh3) ,(CO ) 19—,Cp, (n=1, 2). Two pro-
ducts were obtained from the reaction between 325 and nickelocene. The
metal core in 345 is closely related to those found in the Fe, Ru, and Co
carbonyl adducts mentioned above, migration of Cp from Ni to Ru having
occurred. In the second product 346, an interesting disorder is found in the
solid-state in which the C, ligand adopts a conformation either orthogonal
to (346a) or parallel to the Ni---Ni vector (346b).”**

Ph
CA co §
S
Cp //R (OC):R Ru(CO)
[Ru \’N!\\ Mes\} c/ \ I\:e
I .
o | 20 >

(345) [Ru] = RU(CO)2 Phy
(346)
CPNWNiCp CPN'F C\/NiCp
\I Rw’:ﬁ\—% (A — /4
R Ru R Ru
(346a) (346b)

Other systems. Heating 347 (Scheme 62) [from Os3(CO);o(NCMe), and
W(C=CC=CPh)(CO);Cp*] in refluxing toluene results in incorporation of
the tungsten atom in the cluster and cleavage of the central C—C bond in the
diyne to give 348.>* Oxidation gives the ketenyl cluster 349 which loses CO
on heating to form the benzylidyne (350), the yield increasing to 92% yield
under CO. Notable is the oxidative conversion of alkynyl to carbyne and
CO which has occurred:

R-C=C-+0,—->R-C=C=0—-R-C=+C=0

3. Reactions of Peripheral C, Clusters

Although a relatively complicated molecule with several potentially
reactive sites, the ready availability of 325 allowed a study of its
reactions and led to the characterization of many other complexes
containing cluster-bonded C, ligands. Although the details of reactions
involving (i) substitution of CO by other donor ligands (PR3, CNR),
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(ii) reactions of the C, unit with nucleophilic reagents, and (iii) construction
of larger clusters retaining the C, ligand have been given elsewhere, !>
the following summarizes the salient points of the chemistry and brings the
earlier surveys up-to-date. The Rus core undergoes ready transformations
by making and breaking of Ru—Ru bonds, so that during the course of these
studies, examples of complexes with more than ten different cluster
geometries have been identified.

General features found in these reactions suggest that one of the C,
carbons enters into a reaction (insertion, addition, etc.) while the other
becomes more tightly bound to at least four of the five Ru atoms, giving a
CRuy system related to that found in metal cluster carbides such as
RusC(CO),s. Other geometrical changes result from facile reorganization of
the bridging SMe and PPh, ligands, coupled with the flexibility (or softness)
of medium-sized cluster frameworks. When the cluster geometries are
considered, we conclude that the conformations are determined by the
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nature of the organic ligands present, again revealing the ready
deformability of the cluster core.

(a) Reactions with donor ligands

With dihydrogen, one carbon of the C; ligand inserts into the H-H bond
to give a ps-vinylidene in 351.%%*3% The latter is fluxional via a windscreen-
wiper-like oscillation between the two Rus faces, with AG* estimated at
60.3 kJ mol ™. The 80 c.v.e. cluster exhibits lengthening of the Ru-Ru bonds
(average 3.03 A). .

Expansion of the Rus cluster (average Ru—Ru separation 2.961 A) occurs
in the reaction with CNBu' to give 352, pulling the C, ligand almost into the
Rus plane and shortening the C—C separation to 1.22 A, again indicating
that it is acting as a four-electron donor.>**>*” Decarbonylation affords 353,
with the isocyanide occupying a position opposite the shortest Ru—C vector.
A mechanism involving reversible displacement of one of the SMe groups
from Ru(3) has been suggested.

57 |

PPhg (Ul
PhZP / [Ru] vw\.: \CNB“'
( -

351) R = H
(355) R = CH=CHR!,
R' = H, Me, Ph COsMe

The usual Me;NO-activation of 325 in the presence of MeCN affords
a mono-MeCN derivative. Subsequent reactions with tertiary phosphines
have given complexes 354 [L=PMe,Ph, PPh;, P(OMe);] in which L
occupies the same site as CNBu’ in 353 above.”®’” One Rus cluster can be
attached to each end of PPh,C=CPPh,. With bidentate phosphines, such
as dppm, or functional phosphines [PPh,(CsH4NH»-4), PPh,(CcH4CH=
CH,-4)], a variety of Ru—Ru bond cleavage or C-C bond formation
reactions, were described.*’%->*3

(b) Reactions with unsaturated hydrocarbons
The major products from 325 and 1-alkenes are substituted vinylidenes
355 (R=CH=CHR’, R'=H, Me, Ph, CO,Me), resulting from insertion
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of one carbon of the C, ligand into a C—H bond.’***** The fluxional process
involving the vinylidene ligand is more facile than that found for 351.

Cycloaddition of buta-1,3-diene to the C, ligand affords 356, containing
complexed cyclohex-1-en-4-yne, this time attached to an Ruj face.’*®
With cyclopenta-1,3-diene, formal insertion of one of the C, carbons into a
C=C double bond occurs (possibly via a three-membered ring and ring-
opening) to give 357.°* Two molecules of the cyclic diene have been
incorporated into the organic ligand, which shows C=C double bond
disorder.

The four main types of complex obtained from 325 and alkynes are
illustrated in Scheme 63.7*°3*? Rather than insertion into the =C—H bond,
coupling of the C, ligand with I-alkynes gives 358 which contains a
ruthenacycle which has an n*-interaction with a second Ru atom, as found
in the dimerization of alkynes on Rus clusters. The Rus cluster becomes
flattened, as found in 352. Under CO, extrusion of an Ru(CO), group



376 MICHAEL I. BRUCE AND PAUL J. LOW

[Ru] = Ru(CO),

(358) R = Ph, Bu!, SiMes

e

(R = Ph, SiMeg)

(359) R = Ph, SiMeg

80°

(360) R' = Ph; R2 = Phor C;Ph

(361) R' = R2 = Me, Ph
R' = H, R? = Ph, SiMe3
R'=C,Ph, R2 =Ph

occurs, although this remains in the complex by virtue of attachment via
the p-SMe and p-PPh, groups in 359. Thermal decarbonylation is
reversible (R =Ph, SiMe;) and also affords 360 and 361. While not formed
by heating 358 directly, 360 and 361 are also formed in reactions of
disubstituted alkynes with 325. Again, heating 361 (R =Ph) results in
decarbonylation to 360 (R = Ph). In the latter, the n? interaction is no longer
found, a new Ru—Ru bond giving an open-envelope Rus cluster (78 c.v.e.).
Coupling of HC=CR (R =Ph, SiMes), CO, and SMe with the C, group
in 325 gives the RCCHC(C)C(O)SMe ligand in 362.>*
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(362) R'=H, R2 = Ph or SiMe3
[Ru] = Ru(CO)2

End-to-end coupling of the C, ligand with HC=CR (R =Bu’, SiMe;)
gave the first examples of cluster-stabilized butatrienylidene ligands in 363;
one SiMe; group is lost from C,(SiMes), during the reaction. Treatment of
363 (R=SiMe;) with KOH/MeOH affords the parent butatrienylidene
complex 363 (R =H), which adds CO to give 364 via Ru—C and Ru-S bond
making and breaking reactions (Scheme 64).7**3% Other products obtained
from the reaction between 325 and C,(SiMes), include 365, formed by
coupling two alkyne molecules to the C, ligand with partial desilylation
and loss of one SMe group [possibly as SiMe;(SMe)]. The formation of
366 in the same reaction suggests the intermediacy of a vinylidene
ligand, since the vinylacyl ligand formally incorporates C,, CO, HC,SiMe;s,
and C=CHSiMe;.”*

With 1,3-diynes such as PhC=CC=CPh, complexes of types 359, 360,
and 361 are formed, the diyne behaving as a phenylethynyl-alkyne. Minor
amounts of 367, in which two diyne ligands have added to one carbon of the
C, ligand to give a branched-chain C; ligand, and 368, in which one SMe
group has inserted into an Ru—C bond to give a four-membered
metallacycle, are also isolated.>*

B. Interstitial C, Clusters

In this Section, transition metal clusters encapsulating C, ligands, and
also those with two or more carbide (C) ligands, will be covered. Methods
that have been used for the synthesis of dicarbide clusters include:

(a) thermolysis of mono-carbide clusters;
(b) in situ redox condensation reactions;
(c) reactions of anionic metal carbonyls with a C, source (C,Cly or C,Cly).
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Table XIV summarizes the reported examples and includes systems
with between 8 and 38 metal atoms; sketches of the central cluster cores of
some of the complexes are given in Figs. 12, 13, and 14.

1. Homometallic Systems

(a) Iron and Ruthenium

On heating Rus(us-C,PPh,)(u-PPh,)(CO) 53 (325; see above) with
Ru3(CO);, in cyclohexane under CO (45 bar), Rug(C),(pu-PPh,),>(CO);~
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(369/Ru) is formed.**” The cluster core is made up of a square pyramid fused
to an octahedron, with one carbon atom in each fragment. The isostructural
mixed-metal cluster FesRus(C),(nu-PPh,)2(CO)y;7 (369/Fe) is found (35%)
among the products obtained from heating 325 with Fe,(CO)y (toluene,
100 OC, 40 h)-548.549

Deep purple [NEt4]5[Ru;o(C)2(1-CO)4(CO)50] (370; Scheme 65) was first
reported in 1982, being obtained in 35% yield by thermolysis of [NEt4],
[RugC(CO) 6>~ (tetraglyme, 210-230 °C, 80 h).**->%53! The yield is sensitive
to the counter-ion (Na™, [ppn]™, [NEt3(CH,Ph)]" resulted in decomposi-
tion), although a synthesis of the [ppn]™ salt in up to 50% yield
was achieved from Ru3(CO);, and calcium carbide, followed by
addition of [ppn]Cl.7>* The carbide resonance is at & 457, with CO exchange
between p-CO and one set of terminal CO ligands (interchange of bridged



TABLE XIV
SOME STRUCTURAL DATA FOR INTERSTITIAL CARBIDO CLUSTERS

No. Cluster cv.e’ M-M/A M-C/A C-CJ/A® Ref.

A. Fe/Ru

369/Fe FesRus(C),(p-PPh,),(CO) 7 112 2.648(3) (Fe-Fe) 1.89-1.94 (Fe) [2.46] 547
2.664-2.913(3) (Fe-Ru) 2.01-2.15 (Ru)
2.733-2.946(3) (Ru—Ru)

369/Ru Rug(C),(1-PPh,)»(CO) 7 112 2.738-2.984(3) 1.982-2.162(9) [2.56] 548,549

370 [Ruo(C)o(COYal*~ 138 2.803-3.098(2) 2.07 (av.) [2.984] 550-552
3.122, 3.138(2)*

371 [Ruo(C)a(-CoPhs)(CO)»ol?*~ 138 2.783-3.004(1) 2.06 (av.) [3.001] 553
2.711, 3.823(1)*

372 Ru;o(C)1(n-C,R5)(CO),3 (R =Ph, tol) 138 2.786-3.076(2) 2.07 (av.) [3.029] 554
2.738, 3.892(2)*

373 [Ruo(C)(u-CsHa)(CO)rs >~ 138 2.802-3.028(3) 2.045 (av.) [2.994] 555
3.049, 3.135(3)*

374 [Ru1o(C)a(p-C3H)o(CO)ao*~ 138 2.819-2.990(1) 2.05 (av.) [3.034] 555
3.038, 3.084(1)*

376 Ru;o(C)2(CO)y3(nbd) 138 2.764-3.206(2) 1.95-2.08 [3.004] 556
2.939, 3.876(2)*

377 Ru;o(C)2(n-C,Ph;)(CO)yo(nbd) 138 2.759-3.272(5) 2.065 (av.) [3.016] 556
2.748, 3.839(5)

378 Ru;o(C)2(1-CH;3)(CO),o(nbd) 138 2.794-3.061(1) 2.074 (av.) [3.039] 557
3.071, 3.106(1)*

379 Ru;o(C)2(p-H)(n3-CH)(CO),5(nbd) 138 557

B. Co

380 [Coo(Co)(CO) o]~ 127 2.514-2.780(4) 1.96, 2.04(2) 1.39(2) 558
2.588 (av.)

381 [Co11(C2)(CO)ss)*~ 152 2.48, 2.60 1.86-2.37 1.62, 1.66(5) 558
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382

383

C. Rh
384

385

386

387
388

389

390

D. Ni
391
392
393
394

395
396
398
399

E. Ru—Pd
400
401

[Co13(C2)(CO)pl*~

[Co13(C2)(CO)nal*™

Rh52(C5)(CO)»s
[Rh;5(C)2(CO)as]™
[Rh5(C)x(CO)ql*~

[Rh;5(C)2(CO)a3]*~
[Rh2(C)>(CO)23T*~

[Rh;4(C)2(CO)3T*~

[Rhy5(C)x(u-1)2(CO)4T*~

[Nio(C2)(CO) ]~
[Ni;1(C2)(CO)s]~
[Ni;2(C2)(CO) ]
[Ni;6(C2)2(CO)3]*

[Ni3(C)s(CO)34]°~
[Ni3,H(C)o(CO)36l”~
[Ni3s(C)4(CO)3]°
[NizsH(C)6(CO)36]*~

[PdyRu;5(C)o(CO)30)*
[Pd4Ru;(C)x(CO)s)*~

175

174

164

200

166

166
165

182

200

140
148
162
222

422
422
444
482

184
208

2.390-2.789(5)
2.57 (av.)
2.387-2.745(4)
2.575 (av.)

2.67-2.97

2.79 (av.)
2.738-2.988
2.87 (av.)
2.754-2.834
2.773 (av.)
2.829 (av.)
2.660-3.157(2)
2.831 (av.)
2.570, 2.771-2.830(1)
2.778 (av.)
2.694-3.173(1)
2.89 (av.)

2.42, 2.65, 2.92 (av.)
2.541 (av.)

2.524 (av.)
2.355-3.028

2.604 (av.)

2.397, 2.461, 2.634

2.350-2.975(2)
2.402-2.633

Pd-Ru 2.776 (av.)
Pd-Pd 2.778 (av.)

1.90-2.06(2)
(av. 1.98)
1.97 (av.)

2.22-2.64
1.93-2.12
(av. 2.04)
2.12 (av.)

2.13
2.125 (av.)

2.14 (av.)

2.06

2.08 (av.)

2.069 (av.)

2.062 (av.)
1.935-2.176 (av. 2.07)

2.062 (av.)

2.061

2.08 (av.)
2.08 (av.)

[2.986]

[2.554]

1.48(2)

[3.30]

[3.371]
[3.20, 3.32]

[10.00]

[3.468]

1.405
1.46(2)
1.43(2)

1.38 (av.)
[2.88]
[3.17-3.28]

[3.62, 3.72]
[3.25-3.32]

[5.44]
[6.72]

560

561

562
570,571
563

563,567
565

568

572

573
574
574
575

576

5717

578
571,579

580
580

(Continued)
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TABLE XIV
Continued
No. Cluster cv.el M-M/A M-C/A C-C/AP Ref.
Pd-Ru 2.813 (av.)
402 PdgRu;(C)(n-C3H;5)4(CO)o; 234 Pd-Ru 2.917 (av.) 2.085 (av.) [6.33] 580
F. Ru-Ag
403 [AgsRu;o(C)o(n-Cl)(CO)»s*~ 182 Ag-Ag 2.8074 (av.), 3.3498 2.066 (av.) [7.42] 581
Ag-Ru 2.917 (av.)
Ru—-Ru 2.855 (av.)
G. Co—Ni
404 [CoeNis(Co)(CO) 6~ 114 2.603 (av.) 1.993 (av.) 1.49(1) 582,583
405 [CoeNiy(C2)(CO) 4(NCMe),]*~ 114 2.605 (av.) 1.998 (av.) 1.49 582
406 [Co3NiZ(C,)(CO) 6~ 137 2.34-2.80 1.90-2.15 (av. 2.07) 1.48(2) 584
407 [CosNi(Co)(CO), 5]~ 138 1.43 584
H. Rh—Au
408 AugRh o(C)2(CO)0(PPh3)4 190 Au-Rh 2.826 (av.) 2.01-2.11 [2.98] 586
Rh-Rh 2.895 (av.)
409 AugRh o(C)2(CO);5(PPhs)y 186 Au-Rh 2.825 (av.) 2.00-2.11 [2.99] 586

Rh-Rh 2.888 (av.)

#Calculated with C giving 4 e, C, giving 6 e.
®Values in [ ] are non-bonded distances.
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(b)

(e) (9)

FIG. 12. Some cobalt and rhodium clusters containing interstitial C, ligands or two C atoms: (a) [Coo(C>)(CO)1o]*~ (380):
(b) [Co11(C2)(CO)al*™ (381); () [Coy3(C)2(CO)24l*™ (382); (d) Rhy(C2)(CO)as (384); () [Rhy2(C)a(CO)2l ™ (386); () Rhip(C)x(CO)5]* (387);
(2) [Rhys(C)(u-12(CO)l’ ™ (390).
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FIG. 13. Some nickel clusters containing interstitial C, ligands or four or six C atoms: (a) [Ni;o(Co)(CO)16]*~ (391); (b) [Ni;o(Co)(CO)16]* (393);
(©) [Ni16(C)s (CO)x3]* (394); (d) [Nizx(C)6(CO)36]° (395); (e) [NizgH(C)a(CO)3s]> (397); (1) [Nizs(C)a(CO)30]°~ (398); (2) [NizsH(C)e)(CO)’ ™ (399).
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FIG. 14. Some heterometallic clusters containing interstitial C atoms: (a) [Pd,Ru;»(C)2(CO)30l>~ (400); (b) [PdsRu5(C)o(CO)3,]>~ (401);
() PdgRu;o(C)a(n-C3Hs)a(CO)27 (402); (d) AgsRuyo(C)a(u-ClY(CO)s]*™ (403); (e) [CogNin(C2)(CO) ™ (404); (£) [CosNin(Cy) (CO)yel*~ (406) (Cof
Ni atoms disordered); (g) AugRho(C)(CO);5(PPh;3)4 (409).
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(CO)2
(OC)2
Phy R“( RY(CO)z
\ N / PPh,
(OC)R I u /
2 [ RU(CO)»

(OC)sM
(369) M =Ru, Fe
Ru3(CO)y, [RusC(CO)g* [RU1o{C)2(4-CHo=C=CH,)»(CO)o
CaC,
w J tetraglyme 79
210-230°C, 80 h T
C_H2=C=CH2
I ] 0,34  ereoocH diglyme, 140°C
[RUy(C)a-RCRYCONP = [RuidC)a(CONf 2= 13y (C)(u-CHy=C=CH)(CO) ol
" diglyme, 90°C
a7 dgyme, 1468 5 ©70 @)
) nbd
;5‘23}(‘ chﬁ’ diglyme,
{FeH] 140°C
nbd,
[FeH]*
Ruyo(C)a(1-RC,RHUCO),5 Ru;o(C)2(CO)ponbd) Ruyo(C)
(u-H)(u
@72) nbd (s76) SCHIC  @79)
digl);me, O)ap(nb
b 140°C {FeH] d)
PhMe, 110°C co 80°C
\ RG:R' . CHoN
Ruo(C)zlh-RCR)(CONa(bc) =— 2 C— [RU1(C)o(CONabA) —dom Ru(C)z(t-CHo)HCO)zo(nbd)
(377) (375) {378)
SCHEME 65

and non-bridged apical-equatorial Ru—Ru edges results in racemization
of the cluster). The structure of the cluster anion is closely related to that
of the well-known RugC(CO);7 carbido-cluster and consists of two
edge-fused octahedra, each containing a carbon atom [Ru-C 2.07 A (av.)].
Each Ru has two terminal CO groups, four bridging CO ligands
linking Ru, pairs (except on the fused edge). The triangular faces are
alternately large and small, with individual Ru-Ru separations falling
within five groups between 2.803 and 3.098(2) A. The Ru(ap) - - - Ru(ap)
separations are 3.122 and 3.138(2) A, which is probably a result of apical
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Ru(CO), group repulsions, which also lead to a small twisting between the
octahedra.

Unlike the other clusters considered in this Section, a limited chemistry
has been described for the dianion. The thermal reaction with C,Ph,
at 125°C affords red-purple [Ru;o(C)x(u-C>Ph,)(n-CO)4(CO) s>~ (371,
R =R’=Ph), in which the two apical Ru atoms are now joined with the
alkyne bridging this bond. Heating in diglyme under CO, the parent cluster
anion is regenerated.”® Oxidative substitution of the dianion with alkynes
in the presence of [FcH]' gives green Ru;o(C).(n-RC,R')(CO)»; (372,
R =Ph, R’"=Me, Ph; R =R’ =tol). Ready reduction to the dianions occurs
with methanolic hydroxide.”* Facile migration of CO occurs over the
cluster framework.

The dianion reacts with allene to give bright purple mono- (373) and
red-purple di-substitution products (374) at the apical positions. The allene
can be removed under CO. In solution, dynamic processes involve the CO
groups.”> In contrast, the reaction with bicyclo[2.2.1]hepta-2,5-diene
(norbornadiene) gives red-purple [Ru;o(C)>(CO)»o(nbd)]*~ (375) which can
be oxidized to Ru;o(C)>(CO),3(nbd) (376) by [FcH] T under CO. In both
clusters, the diene is coordinated to an outer Ru atom. In the red-purple
mixed ligand derivatives Ru;o(C),(1-C,R5)(CO)»»(nbd) (377; R =Ph, tol),
the ligands occupy the same relative positions.”® Similarly, the CH, group
bridges the apical Ru atoms in purple-brown Ruo(C),(n-CH,)(CO),»(nbd)
(378), which is formed from 376 and diazomethane/[FcH] ". On heating, the
brown hydrido-methylidyne tautomer 379 is formed reversibly, the
equilibrium mixture containing a 77/13 ratio of CH,/H(CH) at 80°C.>’

The Ru;¢C, cluster dianion 370 has 138 c.v.e. and the HOMOs are
occupied M-M bonding and anti-bonding MOs. The Ru(ap)-Ru(ap)
separations are generally longer than 3.0 A and are considered to be non-
bonding. Comparison of the core structures in the dianion and its
substitution products shows that coordination of the alkyne or allene results
in shortening of the Ru(ap)-Ru(ap) separations, e.g., to 2.738(2) A in the
C,Ph, complex (Table XIV). The formation of Ru(ap)-Ru(ap) bonds
appears to be a consequence of increased back-bonding of the alkyne
or allene, which changes the occupation of the two HOMOs. In addition,
either one or two Ru(ap)-Ru(hinge) distances are very long [at 3.292(2) A
for the C,Ph, derivative]. The difference in donor power between the two
ligand sets (CH, 2-e, H/CH 4-¢) likely results in the lengthening of some
Ru-Ru bonds in the latter case, the cluster being able to accommodate
varying steric and electronic demands. Where only one ligand bridges
the apical Ru atoms, the octahedra bend about the equatorial hinge to
reduce the separation between one pair of Ru(ap) atoms, the other
necessarily increasing.
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[CogC(CON 4T [CogC(CO)5*

dig! i
140°C, 10-11 h 175°C, 8 h
A
2~ \ 3- 4-
[Cog(CH(CO)4g] [Co11(C2)(CO)z,] [Co15(C)2(CO)z4)
(380) (381) (382)
[Co(CO)T || CO Zn I,/ MeCN
{Co3(CO)g(n3-C)} [Co44(C)a(CO)al*
(271) (383)

SCHEME 66

(b) Cobalt

Pyrolysis of paramagnetic [CocC(CO)14] (diglyme, 130°C, 6-7 h)
has given paramagnetic [Coo(C,)(CO)o]*~ (380; Scheme 66) [g=2.027
(thf, 123 K), linewidth 200 G, no hyperfine splitting], together with
[Co11(C2)(CO)»’~ (381; see below).”>® The dianion (but not the expected
trianion) has also been obtained from [Co(CO),4]” and {Co3(CO)y(u3-C)}».
Degradation occurs under CO: extended reaction times give [Co(CO),4]™ and
trace amounts of {Co3(CO)o},C,. The Cog cluster is a staggered three-layer
stack of Cos units forming a Ds, tricapped trigonal prism, the central one
being non-bonded and resulting in a barrel-shaped cluster which perfectly
fits the C, fragment, with av. Co—C 1.96, 2.02(2) A. The C-C separation is
short at 1.39(2) A. In both the Co and Rh clusters [see (c¢) below],
the distribution of terminal and bridging CO groups is generally consistent
with balanced charge donation to the metals and is determined by non-
bonded contacts on the surface of the cluster core.

Fractional crystallization of the mixture of anions (as [NMe3(CH,Ph)]*
salts) obtained by thermolysis of [CosC(CO),s]*~ in diglyme (140°C,
10-11 h)™° or, better, [CosC(CO) ]~ (130°C, 6-7 h)>™* affords
[Co11(Co)(CO)»]* (381) in up to 5-10% vyield. The Coy; polyhedron can
be described approximately as either a tri-capped cube (idealized symmetry
C»,), with one stretched edge [Co(10)-Co(11)] reducing the symmetry to
Cs-m, or as a trigonal prism sharing a square face with a square pyramid, of
which two opposite edges are stretched, with the 11th Co capping a second
square face of the prism. The lengthening appears to be a result of



Complexes Containing All-Carbon Ligands 389

accommodating a bonded C, fragment [1.62(5) A}, one C atom being in the
prism and the other within the antiprism, since shortening of the two Co—Co
distances would lead to lengthening of the C—C separation to ca. 1.8 A. The
Co—C distances average 2.10 (outer Co) and 2.26 A (central Co).

Thermolysis of [CosC(CO);s]*~ in diglyme (175°C, 8 h) afforded
paramagnetic [Co;3(C)»(CO)x4]*™ (382) as the major product, isolated as
the black [NMes(CH,Ph)] ™ salt.”® The ESR spectrum shows a strong
absorption at —120°C (but not at r.t.) for S=1/2, while at 4.2 K,
the anisotropy of the g tensor is found in the spectrum of the powder
(g:-=2.031, g, +=2.183). The anion is oxidatively very sensitive in
solution, while under CO, it is slowly degraded to Co?>* and [Co(CO)4] .
Oxidation of the tetra-anion 382 with iodine in MeCN gives the trianion
[C013(C)»(CO)»4]*~ (383) quantitatively.’®' The anion is stable in air for
a few hours, but solutions are quickly oxidized. Reduction with zinc
regenerates the tetra-anion, but reaction with CO leads to [Co(CO),] ",
Co3(13-CX)(CO)y, and other clusters. In MeCN, reduction with zinc gives
the tetra-anion.

The cores of the two anions are isostructural with idealized C, symmetry.
The closed Co; polyhedron has “‘no resemblance to any simple geometrical
solid” and is best described as a 4 (square)/5 (three fused triangles)/
4 (square) stack. Two trigonal prismatic cavities each contain a carbon
atom. There are two uncapped rectangular faces, the remainder being
triangular. Of the 33 metal-metal interactions (36 are required for a
closed packed M3 polyhedron), the two longest [2.735, 2.789(4) A] are
within the cluster. The connectivity of each cobalt ranges from four to eight,
with all Co atoms being bonded to at least one carbide atom. The overall
ranges of Co—Co distances in both anions tend to confirm the suggestion
that the extra electron is used to widen the prismatic cavities to
accommodate the carbide atoms.

(c¢) Rhodium

Treatment of [RheC(CO);s]*~ with Fe'"' gives Rh;»(C»)(CO)»s (384:
Scheme 67) (79%), also formed by slow decomposition of
[Rh;5(C)>(CO)as]~ (385; see below).’®® Both anions are prepared by
similar reactions, the precise conditions favoring one over the other not
being determined. The metal core is one of the most irregular found, with
the Rh atoms arranged in a nearly parallel 4 (thomb)/5 (irregular pentagon)/
3 (triangle) tri-layer core with average layer separation 2.2 A. All but two
rhombic faces are triangular. The Rh;, core is conceptually related to the
Coy; core in 381 by adding a second p4-Rh capping atom. The central
10-vertex polyhedron in both is well-suited to accommodate the C, unit, the
elongated edges being required for closer M—C bonding contacts. Thus,
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Rhy5(CoHCO)s

y o
T slow

[RheC(CO)yef Fe*
H,50, [Rhy5(C)2(CO)ge]
PrOH (385)
70°C, 30 min

[Rh(CO)2(NCMe),1
[Ry5(C)o(CO)pef __Fe*

(386) = [RhC)oACO)P
(389) AUCKHPPhg)
NaOMe, H Au,4Rhyo(CHCO)ao(PP3),
. {RhCI(CO)2}, or [Rh{CO)o(NCMe),l* (408)
PrOH then X or
reflux [Rh4(C)2(CO)a5l> Rha(CO1z I (X= 1) .o
(388)
K Is Au4Rhyo(CHCO)15(PPh3)s
(409)
[RAyAC)o(CO)pa* [Rh15(C)2(1-X)2(CO)zal™
(387) X = CL B, |
(390)
SCHEME 67

a more regular arrangement is inhibited by the presence of the carbon
atoms. The C, unit occupies an irregular cavity derived from a trigonal
prism and a tetragonal antiprism fused via a rhombic face.

In contrast to 384 and 385, which readily fragment when treated with
common basic solvents, the dianion [Rh»(C)»(CO)w]*>~ (386) is more
stable.”®® On heating [Rh¢C(CO);s]*~ and one equivalent of sulfuric acid in
propan-2-ol (70°C, 30 min), this dianion is obtained in 80-90% yield.
The reaction proceeds via a reactive monohydrido cluster,”®* detected by
NMR. In the absence of an acid, the prismatic Rhg dianion is converted
into octahedral [RhgC(CO),5]>~ after brief heating, while longer times give
[Rh5(C)»(CO)»;]*~ (387) (below). The Rh, cluster dianion has idealized
D»,-mmm symmetry, with a 4 (square)/4 (rhomb)/4 (square) layer structure
which forms two prismatic cavities each containing one carbon atom. Metal
connectivities range from four to seven, with most Rh—Rh separations lying
in the range 2.754-2.834(2) A. Comparison with the Co;3C, cluster (above)
shows that they have closely related structures with an extra metal atom
being attached to the central layer to form a third triangle. The dianion is
isoelectronic with Rh;,(C,)(CO),s, but the presence of a discrete C, ligand
in the latter means they are not isostructural.

The dianion is reduced to the unstable paramagnetic trianion
[Rh;5(C)>(CO)»;]*~ (388) by NaOMe under hydrogen with 35-40% conver-
sion; a diamagnetic species thought to be [Rh;,H(C5)(CO)»]*~ (8 —15.25)
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is also formed.”®> The latter is deprotonated by an excess of base. At 120 K,
the trianion gives ESR signals with g; 2.282, g, 2.198, g3 2.038; in solution,
slow decomposition occurs. The core structure of the trianion is similar
to that of the dianion, with a three-layer 4 (square)/4 (rhomb)/4 (square)
stack. The two C atoms are in the two prismatic cavities (mean Rh-C 2.125
A). Comparison with the dianion shows an increase in both values,
indicating that the unpaired electron is in a delocalized anti-bonding
cluster orbital. ESR studies are interpreted in terms of the atoms lying in
the central plane, the unpaired electron residing in a HOMO derived
from d.» and d,, orbitals.>®

The tetra-anion 387 is formed by treating the dianion with a large excess
of KOH or by prolonged thermolysis (refluxing propan-2-ol or diglyme) of
[Rh6C(CO)15]2*, in 70-80% yield. With iodine, conversion to the trianion is
found, also formed by traces of water in MeCN or acetone solvent; the
tetra-anion is also unstable in methanol.”*>>%” The core structure is similar
to that of the dianion, with two prismatic cavities for the carbides, but loss
of one CO from an acute apex of the equatorial layer is compensated by
movement of two terminal CO ligands to the same bridging positions as in
the trianion, thus alleviating overcrowding in the dianion. Compared with
the dianion, the average Rh—Rh distance increases by 0.018 A t0 2.829 A.
With increasing charge, there is a general increase in back-donation to CO,
giving shorter Rh—CO and longer C-O bonds The tetra-anion reacts with
acids under CO to give the hydrido-trianion and then the dianion; the
trianion is also formed by stoichiometric addition of iodine in acetonitrile
solution.

The reaction between [Rh(CO),(NCMe),]" (in MeCN) and
[RhC(CO),s]*~ (in aqueous acid) under CO gives dark violet
[Rh;4(C)>(CO)s3]*~ (389) by dimerization of a putative [Rh,C(CO)7];
under CO in MeCN, fragmentation occurs to the smaller clusters, while
if halide is present, [RhX,(CO),]” is formed.’®® Some 389 is also formed
from RhgC(CO);9 under CO in acetonitrile/CH,Cl,. The Rhy4 core
consists of two trigonal prismatic clusters bridged by an Rh,(u-CO)5 unit
attached to one triangular face of each RhgC unit and, as such, does
not strictly fall within the scope of this section.

Oxidation (Fe") of [RhsC(CO);s]>~ under mild conditions gives a solid
which, when dissolved and kept under CO, affords RhgC(CO)o.%
Oxidation under nitrogen gives two different clusters, one of which has
been characterized as black [H30][Rh;s(C)»(CO)»s] (385).°’%>"! The anion
has C,, symmetry, two descriptions being (i) a centred pentagonal prism
capped on two basal and two side faces, or (ii) two octahedra sharing a
vertex, with four extra atoms forming tetrahedra with four faces also fused
with themselves. A possible growth mechanism involves capping of a
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trigonal prism (in the precursor dianion) and isomerization reactions. The
central Rh atom is twelve-coordinate but not close-packed. Short non-
bonding distances separate some Rh atoms atoms in the square faces which
contain the carbon atoms. The cluster contains two octahedral cavities
which contain the discrete carbon atoms with Rh—C distances somewhat
shorter than those found in trigonal prismatic cavities.

Reactions of [Rh;5(C)»(CO)u]*~ with {RhCI(CO)}, or [Rh(CO),
(NCMe),]" give an uncharacterized, possibly unsaturated, intermediate
which reacts with halides to give [Rhs5(C)>(1-X)>(1-CO)14(CO)10]*~ (390;
X=Cl, Br, I), which has also been obtained from the reaction of
[Rh{5(C)»(CO)~4*~ with Rhy(CO);, and iodide.’”* The Rh,s core forms a
centred tetracapped pentagonal prism with C,, symmetry, closely related to
that found in [Rh;5(C),(CO),5]”. The two halides span basal edges and
replace four terminal CO ligands. The carbide atoms occupy octahedral
cavities and give multiplet resonances at dc 388.

(d) Nickel

Selective formation of red [Ni;o(C,)(CO)i6]*~ (391; Scheme 68) occurs by
reaction of [Nig(CO);,]*>~ with C,Cly or C,Clg in yields up to 60%.°"* It has
also been made by thermolysis of [NigC(CO);7]>~ in diglyme (120°C).
The core consists of two Ni-capped trigonal prisms sharing a square face
and closely resembles the CogNi, cluster 404 (below). The C, unit resides in
a single cavity (in contrast with others above) with each C atom being
coordinated by seven Ni atoms. The C—C separation is 1.40 A (the shortest

[NigC(COMgl? O [NigC(CO)y 1 =—— [Nig(CO)* [Ni1(C2)o(CO)oql*

CCl.
y y (394)
CoCly or

diglyme
l PRy \?:oc lCZCIG PPhy/ thi

. 3 . 5 CoCl . -n)-
[Ni3(C2)(CO)1sP [Niso(C2)(CO)6l? 259 > [NigHn(C)4(CO)3d &
391) MeCN or n=0;
(@392) ¢ MezCO n=1fromn=0+HaPOy
(397)
+ diglyme
110°C
[Niso(C2)(CO)6l*
393 ., . CH2Cb . N
o [NizAC)o(CONse® T > NizdC)u(COMsP
(395) (398)
‘ H*/MeCN

CCl4CCI=CCh
k

[NizH(C)s(CO)gd™ [NiggH(C)s(CO)ug™
(396) (399)

SCHEME 68
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reported so far). Under CO, reversible degradation to Ni(CO), and other
reactive dicarbido clusters occurs.

Controlled degradation of [NigC(CO),¢J*~ or [NigC(CO);7]*~ with tert-
iary phosphines has given [Ni;(C,)(CO);s]*~ (392) and [Ni;»(C,)(CO),6]*™
(393) by a disproportionation-induced coupling via [Ni;C(CO),J*~.>"
The frameworks are derived by successive capping of an Ni;oC; cluster. Each
C atom coordinated to seven Ni atoms (Ni—C 2.07 A). Similarly, reaction
of 391 with PPhj; in thf affords [Ni;5(C2)»(CO)a3]*~ (394) quantitatively, and
this is also the main product (20%) from the reaction between [Nig(CO),]*~
and C,Cl, with [NMe,4]+ counter-ion (rather than [PPhy]™ or [ppn] ™) being
used.””” The core has a truncated distorted v,-octahedron (idealized
symmetry C,;) derived from fusion of two NijpCy units. Two C, units
are incorporated into the cavity (C-C 1.38 A, C---C288 A) with Ni-C
between 1.935 and 2.176 A (av. 2.07 A, as in Nijg).

Thermolysis of 394 (diglyme, 110°C) gives 394 and [Nizn(C)s(CO)36]°~
(395), together with Ni(CO),. The two larger clusters can be separated by
virtue of their relative solubilities, the Nij, cluster being the less soluble, its
salts separating during the reaction.’’®>”” The six carbon atoms cap six faces
of the inner Nig cube and form a non-bonded octahedron, being in square
antiprismatic cavities formed with the outer Niyy shell. All CO groups
are edge-bridging [v(CO) 1889 cm™'] and resemble CO chemisorbed on a
nickel surface at low coverage.

Addition of acid in acetonitrile to the hexa-anion gives only traces of
[Nis>H(C)6(CO)36]°~ (396), although the penta-anion is stable in acetone.
Reduction (sodium/naphthalene, dmf) affords the hepta- and octa-anions,
which are stable for hours in solution, while oxidation (C;H; 1) regenerates
the hexa-anion and ultimately gives the unstable penta-anion.”’’ The
odd-electron species do not give ESR spectra.

Reactions of [Nig(CO);2]*~ with C,Clg give [NisgH,(C)s(CO)55] ¢~
(397, n=0, 1), accompanied by 391 and 394. The monoprotonated
Nisy cluster is best obtained by addition of H3;PO, to the hexa-anion in
MeCN.>”® Each carbon is thus seven-coordinate and caps a square face of
the cubic-close packed Ni,, fragment. A trigonal prismatic cavity around
each carbon is formed by further addition of two Ni atoms to each square
face to give the Ni»gCy unit. There are 10 terminal CO, 26 p-CO, and two
u3-CO ligands, although the bridging groups are often unsymmetrical or
semi-bridging.

The closely related [Nizs(C)4(CO)10]®~ (398), isolated from the products
obtained by heating [Nig(CO);,]>~ in CH,Cl,, has a structure formed by
formal addition of the extra Ni atom to either of the two centrosymmet-
rically related stepped faces in the Nis4 cluster.””® The CO stereochemistry
is the same as found for the Ni3yCy cluster, except for the extra Ni(CO)
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group and change of one p-CO to terminal. In both, the presence of the
carbon atoms results in swelling of the lattice.

Even larger is the black [NizsH(C)s(CO)4]>~ (399), which was obtained
from [Nig(CO);o*~ and hexachloropropene in tetrahydrofuran.”’’>""
Deprotonation to the hexa-anion occurs in acetone, while reversible
stoichiometric protonation (H,SO,) gives the penta-anion (in MeCN) or
[NizgHg_,,Cs(CO)4]"~ (n=2, 3) in acetone. The carbon atoms occupy
square antiprismatic cavities (Ni-C 2.061, C-.-C 3.25-3.32 A). There
are six terminal CO and 36 pu-CO ligands. Treatment with CO (1 atm.,
MeCN) generates the Ni3»Cg hexa-anion by removal of nickel as Ni(CO)y.
The IR spectra suggests that a stepwise process proceeds through
[Nisg_,Co(CO)ao_,]°" (n=1-6), all of which have (6n+19) valence
orbitals.””®

Reduction (Na/C;oHg, dmf) gives the hepta- and octa-anions (and
possibly nona-), which can be reoxidized with C;H;%, finally giving the
penta-anion. Addition of more oxidant results in decomposition to Ni(CO)y
and black insoluble material.’’” Comparison of the hexa-anion with the
protonated penta-anion shows that the former has four well-defined
reversible redox processes (one oxidation, three reduction), while the four
processes (4-/8-) for the hydrido-anion are not so well resolved. The
presence of the hydride shifts the potentials by ca. 400 mV to more negative
potentials. The penta-anion decomposes slowly and the tetra-anion is
very unstable. Peak-to-peak separations > 60 mV probably arise from some
structural rearrangements. The odd-electron species do not give ESR
spectra. Electrochemical studies of the Ni3»Cg and NisgCgy clusters show
sequences of five (5-/10-) or four (4-/8-) 1-e reduction steps in the CVs; the
HNi;33Cq cluster also gives four l-e¢ processes, each shifted by —400 mV
compared with the non-protonated complex. Some structural changes may
accompany the reductions, which are separated by more than 60 mV.

The structures of the larger nickel cluster cores are closely related.
For 395, the cluster has idealized O, symmetry and is formed from an Nig
cube inside a truncated octahedral Niy shell (Ni-Ni 2.461 A). The
average Ni(inner)-Ni(outer) distance is 2.634 A, the Ni(inner) atoms
being 12-coordinate and lying 0.93 A below the hexagonal face of the Niyy
shell. The Ni3,C¢®~ core is the same as that found in the NizsCy cluster
(see above) and identical to the Cr3»Cg4 structural unit found in CrzCg,
although the carbide atoms in Ni;C are enclosed in octahedral cavities in a
hexagonal close-packed Ni lattice. The core of 397 consists of a cubic close-
packed Niyg core. Further, cluster build-up occurs by capping two of the
square faces adjacent to the two pentagonal faces, also capped, which
generates two stepped units (concave butterfly) on the surface, which are
also capped by two Ni atoms. The two remaining square faces are uncapped.
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In 398, the extra Ni(CO) group caps one of the four stepped faces. In both
clusters, the Ni—Ni separations range between 2.350 and 2.975 A. Neither
metal framework is related to a close-packed metal lattice. Six of the
eight hexagonal faces of the truncated octahedral Ni;»,Cgy core found in 395
are pz-capped by the extra Ni atoms in 399 (Ni—Ni 2.488, inter-layer Ni—Ni
2.633, outer edge Ni—Ni 2.459 A; idealized D3, symmetry). The geometry is
similar to that found for [PtygH>(CO)4]*~ except for the Ptg inner core of
the latter, which is close-packed.

2. Heterometallic Systems

(a) Ru—Pd clusters

Treatment of ruthenium cluster carbide anions [RusC(CO)4J*~ or
[RucC(CO),6]*~ with {Pd(u-Cl)(n-C3Hs)}, or [PA(NCMe)4]** afford high-
nuclearity systems containing two carbido atoms. The complexes
[ppn]o[Pd>Ru;>(C)(CO)s0]  (400),  [ppnlo[Pd4Ruix(C)o(CO)zo] (401) and
PdgRuo(C)r(n-n-C3Hs)4(CO)»7 (402) have been characterized crystal-
lographically.”™ In these compounds, two octahedral PdRusC or RusC
cores are linked by other metal atoms.

(b) Ru—Ag cluster

Similarly, reactions between Ag™ ions and [RusC(CO);4]*~ have given
[AgzRu;o(C)(n-CI)(CO)5]*~ (403), which retains the square pyramidal
RusC core.”™ The Cl atom is presumably derived from the [ppn]Cl or
[AsPhy]Cl used to provide counter-cations for this large anion. When
anchored inside mesoporous silica (MCM-41), the intact cluster core acts a
catalyst for hex-1-ene hydrogenation.

(c¢) Co—Ni clusters

Redox condensation of Cos(p3-CCI)(CO)y with [Nig(CO),,]*~ or better,
[Co3NigC(CO)1]*~, gives [CogNir(C)(CO)16]°~ (404; Scheme 69).°% In thf,
extended redox behavior involves reversible 1-e reduction and two Il-e
oxidations: E(1-/2-) —0.04, (2-/3-) —1.24, (3-/4-) —1.48 V, each being stable
enough for ESR measurements. Chemical reduction gives only one relatively
stable complex which has not been fully characterized. Attempted
crystallization from acetonitrile gave [CogNiy(C,)(CO)4(NCMe),]*~ (405).
In their [NEt,]™ salts, both clusters are similar, consisting of two trigonal
prisms sharing a square face, with the carbon atoms in the prismatic cavities,
i.e., a fragment of a hexagonal lattice stabilized by filling with carbon
atoms.”®® In 404, there are ten terminal CO and six p-CO ligands; the
two atoms with lower CO coordination are assumed to be nickel, and are
those coordinated by MeCN in 405. While the C—C separation is short at
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[Nig{CO)12P or [CogNi(Co)(CONgl _MEN _ [CogNip(C2)(CO)14(NCMe), >

[CosNiQC(W (404) (405)

Cos(1-CCI)(CO)o

NigC(CO) )% NaOH / MeOH ) g
(NsC(COYrel [CoaNir(Co)(CO) 7 [CogNiZ(Co)(CONgl®
(406) (407)
SCHEME 69

1.49 A in both complexes, it is thought that the two atoms are kept
close together by the delocalized interaction with all metal atoms.

Redox condensation of Cos(us-CCI)(CO)y with [NigC(CO);s]*~ gives
paramagnetic [Co;NiZ(C5)(CO);6)*~ (406) [g=12.05 (r.t.), some unresolved
fine structure is seen at —196 °C], which can be reduced to the trianion by
sodium in thf, the reaction being readily reversed by O, or H,O (protic
solvents). The high reactivity of the latter has precluded its structural
characterization. Under a CO/H, mixture, 406 gives ethane, [Co(CO),]™ and
Ni(CO)y, while 404 gives methane. All anions are oxidized in air to Ni(CO)y,
CoCO; and nickel.”®* Treatment of 406 with methanolic NaOH results in
loss of CO to give [CosNis(C,)(CO),s]>~ (407), which is stable in protic
solvents; treatment with acids gives 409 and Ni(CO),.”%**

The cores of 406 and 407 are each 3/4/3 stacks (alternatively described as
a bi-octahedron with a broken shared edge or as two distorted fused trigonal
prisms) with idealized symmetry C,, which encloses a C, unit. The Co and
Ni atoms cannot be distinguished and are probably distributed randomly.
The carbides are in distorted seven-vertex cages (capped trigonal prisms)
with M—C distances between 1.90-2.15 A (mean 2.07 A).

(d) Rh—Au clusters

Reactions of the dianion [Rh;(C)»(CO)y]*>~ with AuCIl(PPhs) proceed
through several unidentified intermediates; with a large excess of
AuCl(PPh3), only [RhCIly(CO),]” remains in solution over a brown-red
precipitate. After addition of four equiv., however, almost quantitative
yields of dark red AusRhio(C)>(CO),o(PPhs)s (408; Scheme 67) can be
isolated.”™®® This complex readily evolves CO to give brown
AuyRho(C),(CO)g(PPhy)y (409) and under CO, a reversible equilibrium
is established. Pure crystalline samples of both complexes have been
obtained from 1-methylpyrrolidin-2-one. The cluster is constructed of two
octahedra sharing an edge, each containing a carbon atom, with the six
Rh(eq) and two carbons being coplanar. Four Rh(ap) atoms and two
Rh(hinge) atoms define two tetrahedra, the outer faces of which are
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capped by the four Au(PPhs) units. The distribution of CO ligands is
more symmetrical in 408, with 10 terminal and eight bridging the outer
Rh(ap)-Rh(eq) edges. In 408, four Rh(eq)-Rh(hinge) edges are bridged by
CO, whereas in 409, the CO ligands attached to Rh(hinge) are disordered
and bend towards the corresponding Rh(eq) atoms. The Rh—C distances are
similar in both clusters. Addition of two CO ligands does not induce any
significant differences in the core geometries of the two complexes.
Conversion of the Rh,C, precursor to 408 likely involves loss of two of the
rhodium atoms above the Rhg plane, followed by core rearrangement to
close-packing.

C. C, Groups in Group 11 Metal Clusters

1. Copper

The pale yellow tetranuclear ethyndiyl complex [Cus(ps-n':n*Cs)
(u-dppm)4][BF4], (410) is formed in 46% yield from a mixture of LiBu
and HC=CSiMe; with [Cus(p-dppm)>»(NCMe),][BF4],.>*” The cation
contains a saddle-like Cuy(p-dppm), system, with the C, unit occupying
the centre of a distorted rectangular Cuy array, each copper being
three-coordinate. The C, ligand acts as a 6-e donor and is attached in both
n' and n? modes. As found for other complexes [e.g., {Rus(u-PPh,)
(CO)g}o(pn-Cy) (Section IX.A)], there is an approximately coplanar
arrangement of the C,Cuy core, whereas an orthogonal system might be
expected from optimal overlap of the two m-orbitals. This conformation
probably arises from steric hindrance between the dppm ligands.
Consequently, the C-C distance is short [1.255 A]. The Cu-C(n") separa-
tions are 1.913 A and the Cu—C(n?) distances 2.131 A. The long Cu---Cu
separations are 3.245, 3.264(2) A, much longer than the van der Waals
sum (2.8 A) and indicative of minimal metal-metal bonding.

VT '3C and *'P NMR studies have shown that the C, unit undergoes a
rapid fluxional process, assigned to a rotation within the Cuy array with
associated flipping of the dppm ligands. Coalescence of the *'P resonances
found at & —9.6 (P attached to m-bonded Cu) and —12.3 (P attached to
o-bonded Cu) occurred at 182 K, while the carbon resonances in the
13C-enriched complex coalesced at 208 K to give a nine-line resonance at
8 149.4 [J(CP) 13.3 Hz]. For the two processes, AG” values of ca. 38 and
47 kJ mol~" were measured. The relatively facile process is indicative of a
weak interaction between the C, ligand and the four copper atoms, which
was confirmed by DFT calculations (calc. AG 32.9 kJ mol™"). The UV-vis
spectrum contains bands at 262 (dppm intra-ligand transfer), 374 nm
(C%’ — Cuy LMCT), while excitation (A > 350 nm) produces intense
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(411)

relatively long-lived emissions at ca. 560 nm, also observed in the solid at
509 (r.t.) or 551 nm (77 K), probably arising from a spin-forbidden
transition from a triplet state. The luminescence is quenched by pyridinium
ions. The reduction potential of the excited state E°(3+/2+*) is —1.77 V
(vs. SCE), i.e., it is a strong reducing agent.

The related complex [Cuy(py-Co)(u-PPhy-pypz)4][ClO4], (411; PPh,-
pypz = 2-PPh,-6-pyrazol-1-ylpyridine) was obtained (60%) from [Cu,
(u-PPh,-pypz),(NCMe),][ClO4], as air-stable orange crystals either by
adding the salt to a mixture of LiBu and HC=CSiMes, or in lower yield,
NaC=CH.’® The carbons of the C, ligand resonate at & 68.65 (cf. C,H,,
8 71.90). The C,Cuy core has a butterfly conformation, containing two Cu,
units attached in both n' and n? modes. The Cu—C-C planes have a
dihedral angle of 129.0(3)°, probably because the phosphino-pyrazolyl
ligand has less steric hindrance than dppm. The C—C separation is 1.26(1) A,
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with Cu-C distances of 1.931(6) (n') and 2.143, 2.215(6) A (n?). Both
coppers are 4-coordinate with the two Cu—Cu separations 2.843, 3.735(1) A,
suggesting some cuprophilic interaction. In the electronic spectrum, absorp-
tion bands occur at 345, 364, 373, and 396 nm (C%’ — Cuy LMCT), while
excitation at A > 350 nm gives a blue-green emission at 408, 430, 448, 475
nm, with vibronic structure (2188, 2203 cm ™).

2. Silver

Reactions of ethyne with sources of Ag(I) afford insoluble yellow Ag,C,,
which is explosive when dry; alternative preparations are from AgNO; and
C,(CO;,Na), or Hg,C». Although the structure of this material is unknown,
a series of adducts of Ag,C, with AgX (X =halide, ClO4, NO3, SOy, etc.)
was first described over half a century ago®” and many of their interesting
structures have been revealed by recent investigations by Mak and his
group. A series of double, triple, and quadruple salts has been prepared by
dissolving the carbide in aqueous solutions of silver(I) salts, which also
contain AgBF,, and allowing to crystallize. In some cases hydrothermal
techniques have been used, such as heating the combined solution in a sealed
tube followed by slow cooling to allow crystallization.

The structures of several of these materials have been described, a
common feature being the encapsulation of the C, unit within a cage of >6
silver atoms. Examples of C, units enclosed in trigonal pyramidal,
octahedral, capped polyhedral, rhombohedral, and triangulated dodecahe-
dra have been found, while extended structures involving edge- or face-
sharing Ag; or Agg clusters are also known. The solubility of polymeric
{Ag,C,}, in aqueous solutions of silver salts presumably results from break-
up of the polymer by addition of the anion, or formation of cationic
[Co@Ag,]" 2 species by addition of extra Ag™ ions from the highly
soluble AgBF,, presumably driven by argentophilic interactions. These are
stabilized by appropriate anions and crystallize directly. Many of these
compounds are unstable in solution and cannot be recrystallized. Table XV
summarizes many of the significant features, while Figs. 15-20 contain plots
of the various Co@Ag, fragments.

Polymeric layer or three-dimensional supramolecular structures are
achieved by the sharing of common vertices of the C,@Ag, clusters or by
linking through bridging anions. Limitations to the degree of cross-linking
by incorporation of hydrophobic end-groups, such as those of coordinated
nitriles (RCN, R =Me, Et) or perfluoroalkylcarboxylate anions (RgCO, ™,
Rg=CF3, C,F5), or the use of hydrophobic cations, such as [Ag(15-¢c-5)] "
or [Ag(tmec)]?t (tmc=1,4,8,11-tetramethyl-1,4,8,11-tetra-azacyclotetrade-
cane) has enabled other discrete species to be isolated. If quaternary



TABLE XV
STRUCTURAL CHARACTERISTICS OF COMPLEXES CONTAINING Cr@Ag,, CAGES
No. Formulation Ag---Ag Ag-C Cc-C Cage/shape Ref.
412 Ag,C,-AgNO; 2.163(3) (bent o) 1.225(7) Co@Ags 590
2.432(1) (sym m) octahedral, shares corners
to give slab
413 Ag,C,-2AgClO4-2H,0 2.087(3), 1.212(7)  Cr@wAge 591
2.108(6) (o) octahedral, shares corners
2.3448(4)-2.596(4) to give layer
(unsym )
414 Ag,C,-5.5AgNO;-0.5H,0 2.9073-3.3604(5) 1.180(4) Cr@wAg; 590
monocapped octahedron
415 Ag,C,-5SAgNO; 2.712-3.361(2) 2.051(5)-2.416(6) 1.22(1) GC@Ag; 590
(mixed o,m) monocapped trigonal prism
416 2Ag,C,-12Ag0,CCF; - 5H,0 2.909-3.182(2) 2.15(1)-2.46(2) CrwAg; 592
[2.739-3.185(2)] square-based basket
417 4Ag,C,-23Ag0,CCF;- 2.756-3.368(1) 1.20 Cr@Ag, (four types) (see text) 592
7EtCN - 2.5H,0
418 Ag,C, - AgF-4AgO,CCF;- MeCN 2.878-3.003(1) 2.14(1)-2.31909) 1.21(1) GC@Ag, 593
monocapped trigonal prism
418 Ag,C, - AgF-4AgO,CCF;- EtCN CrwAg; 593
monocapped trigonal prism
419 Ag,C,-3Ag0,C(CF,),CO,Ag-7H,O  2.8848-2.9526(8) 2.111-2.521(6) 1.21(1) GC@Ag; 594
crown
420 Ag,C,-5Ag0O,CCF;- shortest 2.954(1) 2.13-2.62 1.13-1.26(1) C,@Ag; 595
2(15-c-5) - H,O (trihydrate) pentagonal bpyramid
421 2Ag,C,-9Ag0O,CCF;-2(15-¢-5) - 2H,O shortest 2.847(1) 1.13-1.26(1) (Co)r@Ag3 595
2 x distorted square
antiprisms share A face
422 Ag,C,-6AgNO; 2.9546(5)-3.0521(6) 2.089(9)-2.488(8) 1.222) Cr@Ags 590,597,599

elongated rhombohedron
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424
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428

429

430

431

432

433

434

Angz . 6Ag02CCF3 .

3MeCN

AgyC, - 4Ag0,C(CF,);COAg -
17.5H,0

2Ag2C2 . 6Ag02C(CF2)2C02Ag .
AgNO; - 12H,0
[Ag(tme)(BF)][Age(C2)(0CCF3)s
(H>0)]- H20

[Ag(tme)][Ag(OH,)(tme)]>

[Agi1(Cy)(tfa);2(OHy)4]
{Ags(Cy)(tfa)s[NMes(CH,Ph)],

Ag2C2 . 6AgOZCCF3 . 2(15-C-5) .
H,O (0.5 hydrate)

2AgBE, - 9H,0

Angz B lOAgOQCCQFS B 95H20

Ag2C2 . 6Ag02CC2F5 -2EtCN

[NEt,]3[2Ag,C, - AgCN -
11Ag(tfa) - (tfa); - 6H,0]

2.738-3.350(1)
2.909-3.338(2)
2.901-3.354(1),

2.849-3.379(2)
2.818-3.366(1)

2.8693-3.3236(7)

2.8076(9)-3.2835(8)

2.8441(4)-3.0863(5)
shortest 2.830(1)
2.879-3.316(1)

2.811-3.265(1)

2.798-3.311(1)

2.20-2.31(1) (o)
2.35-2.67(1) (m)

2.12-2.61(1) 1.23(2)
2.11(1)-2.63(2), 1.21(1),
2.16-2.49(1) 1.22(1)
2.172(8)-2.497(9) 1.17(1)
(o-type to all 7 Ag)
2.138-2.563(6) 1.212(8)
2.100-2.449(5) 1.203(8)
2.110-2.311(4) 1.175(7)
1.13-1.26(1)

2.145(9)-2.59(1) 1.16(1)
2.167-2.560(9)

2.106-2.592(7) 1.221(9)

fused tetrahedra — distorted
triangulated dodecahedron
CowAg

square antiprism

C@Ag;

pentagonal bipyramid
CwAg

edge-sharing triangulated
dodecahedra (fused tetrahedra,
elongated and flattened)
{C@AgstAg

Ag-spiked bicapped trig prism
CowAg

square antiprisms fused

into column

C@wAgy

capped sq antiprism
C@Ag;

distort pentagonal bipyramid
(Co)r@Agy3

2 x Ch(@Agg share A face
(Cr)r@Agi4

2 x Cr(@Agg square
antiprisms sharing edge
(Co)r@Ag4

distorted dodecahedron by
shared edges of Cr(@Agg
C@Ags

bicapped trigonal prism
CwAgs

triangulated dodecahedron
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TABLE XV
Continued
No. Formulation Ag---Ag Ag-C Cc-C Cage/shape Ref.
434 Agr,Cs-9Ag0,CCyFs - 2.845-3.332(1) 2.167-2.596(8) (Cr)r@Ag6 592
3MeCN - H,O 2 x Cr(@Agy edge-sharing
square antiprism with
Ag capping A face
436 [NEt4]6[{2Ag,C, - 8Ag(tfa) - 2.11-2.59(1) 1.21(2), (Cy)4@Agy4 by shared 606
(tfa); - 2H,0},] 1.18(2) edges of (C)@Ag: 3

4014
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FIG. 15. Co@Ags clusters in (a) Ag,Cs - AgNO; (412); (b) Ag,Cs - 2AgCIO, - 2H,0 (413).

ammonium cations are present, further examples of high nuclearity
complexes are obtained.

In most cases, there is no significant lengthening of the C—C separation
(range 1.13-1.26 /0\), i.e., the C, unit retains the triple bond. The Ag---Ag
distances range from 2.71 to 3.38 A and suggest some degree of
argentophilic interaction (the Ag—Ag distance in metallic silver is 2.87 A,
the sum of van der Waals radii 3.4 A). The Ag---C interactions range
from 2.05 to 2.67 A and are interpreted in terms of mixed o, ©
bonding, which affords more flexibility than say, the end-to-end
arrangements found in MAgC,*"or the o,n-bridging mode in [Cuy
(14-Co)(u-dppm)s]* ™ (above). The usual o and m orbital interactions
are considered to operate, although filled—filled interactions may
weaken the overall bonding [C-C 1.20; Ag-C (side-on) 2.45, 2.56;
(end-on) 2.19 A]. In some instances, however, unambiguous ¢ (end-on)
Ag—C bonds are present, as are 1 (side-on) Ag—C interactions. It is suggested
that as the size of the Ag, cage increases, the structure of Ag,C, should
be approached.

C>@wAgs. Two extreme arrangements of the C, unit within an Agg
octahedron are shown. A hydrothermal technique, whereby a solution of
Ag,C, and AgINO; in water was heated (105 °C for 48 h, then slowly cooling
to 80°C) gave Ag,C,-AgNO; (412), in which octahedral C,@Agg units
are linked by their apices, firstly into slabs which are further aggregated
into a 3-D cationic network.’”® Within the octahedron, the C, unit is
parallel to two longer Ag---Ag edges, being m-bonded to equatorial Ag
atoms [Ag—C 2.432(1) 1&]. Other Ag atoms are attached by “bent” ¢ bonds
[Ag-C 2.163(3) A]. In consequence, the C-C bond is lengthened to
1.227(7) A, while there is a shift in v(CC) to lower energy. In
Agr,C5-2AgClOy4-2H,50, the C%‘ dianion is enclosed in an octahedral
Age cage and interacts with the Ag centres in a pe-n'.n':n%in*:n°n°
mode (413).”! The C-C distance is 1.212(7) A. An infinite linear chain
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FI1G. 16. Co@Agy, clusters in (a) Ag,C, - 5.5AgNO; - 0.5H,0 (414); (b) 2Ag,C, - 12Ag(tfa) - SH,O (416); (c) Ag,C, - AgF -4AgOTf- MeCN (418);
(d) Ag,C,-3Ag0,C(CF,),CO,Ag - TH,0 (419); (e) {AgrC, - SAg(tfa - 2(15-c-5) - H,O} - 3H,0 (420); (f) {Ag,Cs - 6Ag(tfa - 2(15-¢-5) - H,0)0.5H,O
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F1G. 17. Chain of C,@Ag; clusters in 4Ag,C, - 23Ag(tfa) - 7TEtCN - 2.5H,0 (417).

is formed between the C, unit and Ag(2) atoms, while unsymmetrical 7w
bonds to Ag(3) serve to link adjacent chains.

C>@Ag,. Here, the C, ligand is enclosed in complete or incomplete
capped trigonal prisms or octahedra; in some cases, the Ag---Ag
separations are > 3.0 A. Addition of AgNO; to a slurry of Ag,C, in
water at 80°C gave Ag,C,-5.5AgNO5-0.5H,O, which contains a
monocapped octahedral Ag; cage enclosing the C, unit (414), which has
the C, unit directed towards the capping Ag, with Ag-C and C-C
separations of 2.108(3) and 1.180(4) A, respectively.”®® The adduct
Ag->C,-5AgNO3 was obtained from a mixture of Ag,C, and AgO,CCF;
to which some AgNO; had been added and contains a monocapped trigonal
prismatic Ag; cage with two long edges (415). Here, mixed o, n-bonding
of the C; unit is found [Ag-C 2.051-2.416(6) A], the capping Ag being
n-bonded; the C—C distance is 1.22(1) A.

Several aggregates were obtained from aqueous solutions containing
Ag,C, with soluble AgBF, and AgO,CR; [Ry=CF; (tfa), C,F5 (pfp)].””>
In 2Ag,C, - 12Ag(tfa) - SH,O, two nearly identical C,@Ag; baskets (416)
are found, each having a square base. Each C is bonded to four of the Ag
atoms [Ag—C 2.15(1)-2.46(2) A]. The cages are linked by p-tfa groups to
give layers, which are further linked by tfa anions to give a 3-D network.
If EtCN is present, the adduct 4Ag,C,-23Ag(tfa) - 7EtCN - 2.5H,0 crystal-
lizes. This has a 1-D structure made up of a double-walled Ag column
consisting of four consecutive fused C,@Ag; cages (417), two of which
are monocapped trigonal prisms, one a basket with an Ag, base, and one a
severely distorted pentagonal bipyramid. The Ag---Ag distances range
between 2.756 and 3.368(1) A with all C-C separations ca. 1.20 A.

Similarly, addition of Ag,C, to an aqueous solution of AgOTf and
AgBF, (1/1) containing a few drops of RCN (R =Me, Et) gave the triple
salts, Ag,C,-AgF-4AgOTf-RCN.°>® The structure contains a capped
trigonal prism containing the C, unit (418) together with a lantern-shaped
Age(ps-F)(p3-OTf), cage. The two polyhedra share Ag--- Ag edges to form
a honeycomb layer containing OTf anions in the hexagonal voids. The
nitrile is coordinated to the capping Ag(5) atom.



G

F1G. 18. Co@Agg clusters in (a) Ag,C, - 6AgNO3 (422); (b) AgoC, - 6Ag(tfa) - 3MeCN (423); (c) AgrC, -4Ag0,C(CF,);CO,Ag - 17.5H,0 (424);
(d) 2Ag:C5 - 6Ag0; C(CF),CO,Ag - AgNO; - 12H,0 (425); (e) [Age(Co)(tfa)s(OH,)] ™ (426).
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(a) (b)

FIG. 19. Co@AgsAg clusters in (a) Agyi(Cy)(tfa)12(OHy)4] ™ (427); (b) {[Ags(Co)(tfa)s
[NMe3(CH,Ph)]},,. (428).

(e)

FI1G. 20. (Cy)>@Ag5 clusters in (a) 2Ag,C, - 9Ag(tfa) - 12(15-¢c-5) - 2H,O (430);
(b) 2Ag,C, - 3AgCN - 15Ag(tfa) - 2AgBF, - 9H,0 (431); (Cy)r@Ag) 4 clusters in (¢) Ag,Cs -
10Ag(pfp) - 9.5H,0 (432); (d) Ag,C, - 6Ag(pfp) - 2EtCN (433); (C,),@Ag¢ cluster in
(e) Ag,C, - 9Ag(pfp) - 3MeCN H,O (435).
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The Cr@Ag; unit 419 in Ag,C,-3AgO,C(CF,),CO,Ag-7H,O forms
a crown-like cage, the C, fragment having both n-type and 3c-2e
o interactions with the Ag atoms.’”* Perfluorosuccinate dianions link the
cages in a zig-zag chain.

A series of trifluoroacetate-containing clusters was obtained by dissolving
Ag>C, in solutions containing Ag(tfa) and 15-crown-5." In Ag,C,-
SAg(tfa)-2(15-c-5)-H,O-3H,0, the C,@Ag; cluster is a pentagonal
bipyramid (420), with four equatorial edges bridged by CF;CO, groups,
while the two apical Ag atoms are each attached to a 15-c-5 ligand. One
equatorial Ag is coordinated by monodentate CF;CO, and H,O. The C,
unit has m interactions with three Ag atoms. A similar C,@Ag5 unit (421) is
found in Ag,C,-6Ag(tfa)-2(15-c-5)-H,O-0.5H,0; here, the pentagonal
bipyramid is distorted so that only two = interactions are found. All
equatorial edges are bridged by CF;CO», one Ag atom also carrying a H,O
ligand. Each apical Ag carries a 15-c-5 ligand. Two of these units are linked
through an Ag,(tfa), bridge.

Cr@Ags. The first example of these cage structures was found in the
compound Ag,C,-6AgNO; prepared from ethyne and 30% aqueous
AgNO;.>%® Crystal data and a preliminary structure were reported in
1954°°7 and again in 1964°%® but the structure was not fully resolved until 26
years later.”%>%°°" The C, unit is enclosed in a rhombohedral array of
eight Ag atoms (i.e., Co@Agg, 422), two opposite corners of which are ©
bonded (side-on) to the C, ligand (Ag—C 2.45-2.56 A); the other Ag atoms
have a o-type interaction with one or other carbon atom (Ag—C 2.19 A).
The C, unit retains its alkyne nature with C-C 1.22(2) A.

Among the plethora of structures found for adducts containing Ag(tfa)
or Ag(pfp) (see above), Ag,C,-6Ag(tfa)-3MeCN is obtained in the
presence of MeCN and contains a distorted triangulated dodecahedral
Cr@Agg cage (423).°°> This is considered to be formed by fusion of
clongated and flattened tetrahedra, the C, in the latter being m bonded.
The formation of 3-centre/2-electron bonds [by overlap of Ag 5s and
filled C(sp) orbitals] results in Ag—C distances of 2.20-2.31(1) A. The
adduct Ag,C,-4Ag0,C(CF,);CO,Ag-17.5H,0 contains the first example
of square antiprismatic Co(@Agg cages (424), which are linked by the
hexafluoroglutarate dianions in a 2-D network.””* In 2Ag,C,-6Ag0,C
(CF,);CO,Ag-AgNOs- 12H,0, a pentagonal bipyramidal C,@Ag; unit
similar to 420, and a new type of C,(@Agg cage (425) are both present. Both
are linked by perfluorosuccinate dianions to give a 3-D network.””*

The anion in mixed-valent [Ag"(tmc)(BF,)][Age(C,)(tfa)s(OH,)].H,O
(tmc = 1,4,8,11-tetramethyl-1,4,8,11-tetra-azacyclotetradecane), which was
obtained after adding the macrocycle to a mixture of Ag,C, and AgBF,
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in aqueous Ag(tfa), consists of a chain of edge-sharing triangulated
dodecahedral C,@Agg cages (426) (similar to 423) [Ag-Ag 2.818-
3.366(1) A].°> The Ag-C distances are 2.172(8)-2.497(9) A, the C, group
interacting with all Ag atoms. Weak axial coordination of BF, groups to
square-planar [Ag(tmc)]* " cations results in formation of accompanying
[Ag"(tmc)(FBF3)]o ™ columns. Another example of an Ag(I)-Ag(Il)
complex is [Ag"(tme)][Ag"(OH,)(tme)lo[Ag; (Co)(tfa)12(OH,)], which is
formed from aqueous solutions containing Ag,C, and Ag(tfa) after addition
of tmc. The dimeric Ag;; anion contains bicapped trigonal prismatic
Cr@Agg cages with another Ag atom bridging one edge (427).°> In both
cases, addition of tmc has resulted in disproportionation to give cationic
Ag'(tmc) and incorporation of the other Ag atoms within the cages.

Cr@wAgo. In Ag,C,-8AgF, the 10th Ag atom is exohedral to a Cr@Ago
cage (428).°%3 The C, unit is attached to the cage in a delocalized fashion
(Ag—C 2.1104-2.3114 A), with C—C separation of 1.1757 A. If the [NMe;
(CH,Ph)]™ cation is added to a mixture of Ag,C,, 4Ag(tfa), and AgBF,,
the polymeric complex {Ags(C,)(tfa)sNMe;(CH,Ph)]},, is formed.®*
In addition to a C>@Agg cage also attached to a ninth pendant Ag atom
(429), which form an infinite chain by edge-sharing, the structure contains
the unusual feature of an exterior n° n-type interaction between the cation
and one of the cage Ag atoms.

(C5),@Ag;;3. In 2Ag,C, - 9Ag(tfa) - 2(15-c-5) - 2H,O trihydrate, an Agis
cage formed by two distorted square antiprisms sharing a triangular face
encapsulates two C» units (430).°”> The 15-c-5 ligands each bridge two Ag
atoms, while the bridging tfa ligands are used to construct an infinite zig-zag
chain. The C-C separations are between 1.13 and 1.26(1) A, and short
Ag---Ag separations [2.954 (1), 2.830 (2), and 2.847(1) A (3)] indicate
argentophilic interactions.

The quadruple salt 2Ag,C, - 3AgCN - 15Ag(tfa) - 2AgBF,4 - 9H,O contains
a (Cy)r@Ag5 cluster, (431), formed from two C,@Agg polyhedra, each
consisting of a trigonal prism with two capped rectangular faces, sharing a
triangular face.®” The C, units point towards the capping atoms and the
very short C—C separations [1.16(1) A] indicate little back-bonding from
the metal.

(C5)>@Ag4 In AgrCy- 10Ag(pfp) - 9.5H,0, two Agg square antiprisms,
each encapsulating a C, group, share an edge to give the centrosymmetric
Ag,, double cage (432).°°% Similarly, Ag,C,-6Ag(pfp)-2EtCN contains a
(C,)>@Ag4 double cage formed by two edge-sharing distorted dodecahe-
dral C>@Agg cages (433).
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Addition of [NEty][BF,4] to a mixture of Ag,C,, AgCN, Ag(tfa), and
AgBF, in water enables the complex [NEt]3[(Ag>C1)>(AgCN){Ag(tfa)},
(tfa);(H,0)q] to be isolated.®®® A double cage is built from two edge-
and apex-sharing C>@Agg dodecahedra which are also attached to two
external Ag atoms. The resulting {(C,)>»@Ag4}Ag, units (434) form an
infinite column, in which the CN anions are also intercalated within a
distorted tetrahedral Ag, moiety.

(C5)>@Ag;s. This double cage (435), formed from two edge-sharing
C,@Ago square antiprisms of which the top faces are capped by the ninth
Ag atom, is found in Ag,C,-9Ag(pfp)-3MeCN - H29.592 In each, the C, is
bonded to all nine Ag atoms [Ag—C 2.167-2.596(8) Al.

(C2)4@Ag>y. The complex [NEt]¢[{(Ag,Co)a[Ag(tfa)s](tfa);(H20)0}] is
formed from Ag,C,, Ag(tfa), and AgBF, in aqueous solution, followed by
addition of [NEt][BF,].°°® The anion is built up from C,@Ag, (n="7, 8)
cages, which share a triangular face to form a (C,),Ag;3 double cage. Two of
these share an edge to give a centrosymmetric (C,)4@Agy4 cluster (436).

D. Theory of C, Ligands in Metal Clusters

While several groups have sought to rationalize the structural features
of clusters containing C, units, perhaps the most comprehensive study is
that by Halet and co-workers, who have considered transition metal
carbonyl clusters containing interstitial Main Group atoms, including
polycarbide clusters®-®"” and clusters containing peripheral C, ligands.*%-*%
Simple electron counting rules (polyhedral skeletal electron pair theory)
supported by extended Hiickel and DF theory calculations have been used
to rationalize the observed structures. In these complexes, it is considered
that the C3~ anion acts as an 8-e donor.

1. Peripheral Carbide Clusters

(a) M, complexes

Three common structural types (R-T; Chart 6) are found for the
tetrametallic compounds, which are related to the 64 c.v.e. square by
addition of electrons and bond cleavage (Scheme 70). In R, the C, unit
bonds like an alkynyl group, with a fourth metal atom being attached by a
o bond to one carbon. An alternative approach is to consider it as a trigonal
bipyramidal CoMj cluster (52 c.v.e.) with an ML, substituent. Either way,
the isolated ML,, fragment is isolobal with an alkyl group. The HOMO and
LUMO are mainly metallic in nature (only 3-6% carbon character),
although the (LUMO + 1), which is an M—C antibonding orbital, is 17%
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2e 2e

SCHEME 70

on the o-bonded C atom and allows nucleophilic attack. The C, unit is
immune to electrophilic attack. Heterometallic complexes have only a small
energy preference for the symmetrical isomers, with the more electro-
negative metal occupying the M(1) site (as found for Re,Co, and Fe,Co,
clusters, but not for Fe,Ru, complexes).

Structure S has the C, unit o-bonded via each carbon to two metal atoms
in a trapezoidal arrangement, which is electron-precise with 66 c.v.e. if C%‘
is a 6-¢ donor. The short C—C distance (compared with ethene) results from
reduced electron donation from C, to the cluster and reduced donation
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from the metals to the C, n* MOs. With two o, one m, and one =©*
orbitals, the description of S as a “permetallated ethene” is appropriate,
although relatively low degrees of donation from C, to the metal
framework and back-donation to the C, moiety result in short C-C
separations. The HOMO has strong metallic character, whereas the
LUMO has 18% carbon character, so that both nucleophilic and
electrophilic reactions at carbon would be expected if these are orbital
controlled. Conversion of R to S requires addition of a 2-e donor ligand
and is initially a dissociative process, with break-up of the Mj cluster
(Scheme 71).

In T, asymmetric bonding from C, to two M, moieties (each attached
via a o, T system) results in an electron precise 68 c.v.e. count if C%‘ is
an 8-¢ donor. Here, the M-M bonds have a bond order >1, since one
of the metallic FMOs does not interact with the C, unit in the planar
complex. Most of the interaction between the metals and the C, unit occurs
via o-type orbitals, with weak back-donation to m-type acceptor MOs.
Better overlap would occur if the M—M bonds were orthogonal; the Ruy
complex 311 has a twist of 42.5° (limited by steric interactions
between ligands), leading to a significant increase in the calculated bonding
energy. Whereas the planar system is predicted to be unstable, the twisted
molecule is more robust, as found experimentally in reactions with H, or
CO. However, the C, unit is electron deficient and therefore attack
by nucleophilic reagents is expected and found in the case of the iron

/M3 M1\ /M3

SCHEME 71
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analogue. Both fluxional behavior and isomerization can be expected
for these structures, via bond breaking/making reactions illustrated in
Scheme 72. Calculations indicate that some suggested intermediates are
relatively unstable; interconversion between C, units acting as 6-¢ or 8-¢
donors can also be envisaged.

Other geometries, such as U, V, and W, can be proposed, although V, as
a double zwitterion, is considerably less stable than U. For W, geometric
constraints probably preclude this arrangement, with normal M—-C and
M-M bond lengths leading to bond formation along the non-bonding
M-.-M vector and the C—C bond penetrating the resulting M square.
The first example of this type of complex was obtained by thermolysis
(PhMe 140 C 2 h) of Fey(p-PPhy)(u-n' : n?-CoPh)(CO)s to give Fey(uis-
n':n':n?:n?-PhC,Ph)(u- Pth)z(CO)g (437) in which the terminal alkynyl
carbons are separated by ca. 1.6 A 008609

(437)
(Fe) = Fe(CO),

Two products, 315 and 316, were obtained by carbonylation of 325.4%°
Addition of two CO ligands gives the first, in which two Ru—Ru bonds
have been cleaved, resulting in an Ru, fragment linked to the Ruj cluster
by the C, unit. Long Ru-Ru separations in the 50-e Ru; fragment
(av. 3.07 A) are consistent with accommodation of the extra two eclectrons
in Ru—Ru anti-bonding orbitals, as found on other occasions for
complexes with p-PR, or p-SR groups. Conversely, the Ru, unit is
electron-poor and has an Ru=Ru double bond [2.694(6) A] with the C, unit
(1.20 A) only weakly bonded to the Ruj cluster. The 68-e Ruy complex 315
is closely related to 308 (66-¢) and 311 (68-¢), with the C, unit acting as
a formal 4-¢ donor. Calculations show one strong Ru-Ru (2.796 A) and
C—C bonds (1.24 A) are consistent with a degree of multiple bonding, as
shown in tautomers 315 and 315a; the second Ru--- Ru separation (3.571
A) is only weakly interacting at best.
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SCHEME 72

(b) Complexes with > 4 metal atoms

Several larger clusters containing C, units have also been studied.*® In a
series of C;M5 and C,Mg clusters, the metal cores are related to square
pyramidal and trigonal prismatic geometries, respectively, by addition of
electrons and consequent M—M bond cleavage (Schemes 73 and 74).
Complexes with these structures have been described in Section IX.A.
The incorporation of the larger C, units (compared to single atoms) results
in the formation of open clusters. However, the different bonding modes of
the C, unit (C%‘ as a 6- or 8-¢ donor) can be accounted for by using
extended Hiickel calculations.

Generally, the C, unit has a synergic bonding interaction with the
cluster, with donation from filled ¢ and m orbitals to the cluster and
acceptance of electron density from the metal framework into the m*
orbitals. In all cases, the C, ligand is slightly negatively charged and
charge-controlled reactions with electrophiles are expected. However, as the
ligand is sterically well protected, reactions may occur at the metal
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+ 4de

(78 c.v.e.) (82 c.v.e)
Rus(C2)(PPh2)2(CO)1(py)2 (338) FezRus(C2)2(C0O)17Cp2 (320)

\we V

;4;/ (74 cv.e.) \+\ie

+ 6e
(78 c.v.e.) (82 c.v.e)
Rus(C»)(SMe)s(PPhs)o(CO)4o (335)
FeRUs(CaI(C2RICONeCP (2T) RS (Mo PPhaCON . (333)
+2e +2e

(80c.v.e)

Rus(C2)(SMe)2(PPh2)5(CO)11 (325)
Rus(C2)(SMe)(PPh2)o(CO)1(CNBUY (352)

SCHEME 73
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(96 cve.)

NiRus(C2)(SMe)2(PPhz)x(CO)sCpy (345)
Ni2Ruy (C2)(SMe)2(PPhz)>(CO)gCp2 (346)

+4e \Ye

(92 c.v.e) (94 cve)
Eii?é'f)(%))(éggfﬁ%) (318) FeRus(C2)(SMe)2(PPh2)x(CO) 14 (341)

\2e +4/

+2e

(90 cv.e)
+2e
(94 c.v.e) (96 cve)
[CosFes(Co)(CONgl” (275) {Co3(CO)g}2(C2) (271)

SCHEME 74
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framework rather than at the C, centre. In Rus clusters (Section IX.A),
the C, is considered as part of a metallated vinylidene spanning an Mj
triangle. Efficient delocalization of electron density results in each carbon
carrying a similar negative charge. In 325, however, asymmetric attachment
of the C, leads to C(2) being more electron-rich than C(1) and its reactions
support the expectation of electrophilic attack at C(2). In 352, reduced
electron transfer in both directions results in a shorter C-C bond, with a
14-C> bonding mode and relatively long Ru—Ru separations. In 321, the two
additional electrons are in an Ru—Ru anti-bonding orbital; again, only four
Ru atoms are involved in bonding to the C, unit. For 335, weaker Ru—C and
stronger C—C bonding are found, as a result of the longer m interactions,
and result in a greater stability for this open-ring compound. In 320, the C,
unit is dipolar, with C atoms attached to two metal atoms being more
electron-poor than those attached to four metal atoms. This may derive
from the electron-withdrawing properties of the Fe(CO),Cp group.

In C,Mg clusters, the C, unit is more strongly bound to the Mg core thap
those in C,M; clusters (above). The C-C separations are about 0.05 A
longer, but net charges are similar. Interestingly, with 271, a 96 c.v.e. count
results in full occupation of the HOMOs. With 94 c.v.e., there is a
Jahn-Teller distortion, the M3 triangles tilting to allow a long M—M bond to
form between them, as is found in 275. For 318 and 340, similarly, two
M-M bonds between the triangles result in M—M non-bonding orbitals
becoming anti-bonding. In all of these, the C, unit is o-bonded to the apical
atoms and o,n-bonded to the square. The calculations agree with the
formulation as a permetallated ethane. For 341, hypervalent carbons have
several (o + m) interactions with the metal atoms. In 343, further interaction
with the apical metal atoms results in diminution of the electron density on
carbon and hence a longer C—C distance. By normal c.v.e. counting rules
this complex has four electrons too many: relatively long M—M distances
suggest that these are accommodated into M—M anti-bonding orbitals. The
final C—C separation depends on the geometry of the metal cage.

The structural determination of the Ni,Ruy cluster 346 is consistent with
the presence of two isomers in which the C, unit is either colinear
with the two Ni atoms, or perpendicular to the Ni-Ni vector.’*” In the
former, the 8-¢ [C,]*~ unit interacts strongly with six of the 12 FMOs,
corresponding to six Ni-C o bonds (as a permetallated ethane) and
n-bonding to Ru. The second isomer is more highly delocalized, calcula-
tions showing m bonding to Ni and numerous C-Ru interactions of the
(o + n) type. However, while there is a higher amount of electron transfer
to the metal in 346a, the net C—C overlap populations and forward
and back-donation are similar in both, which are considered to be
isoenergetic.
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Although no examples of such compounds have been reported to date,
calculations on clusters Au,(C,)(PH3), (n=38, 10, 12) have found two c.v.e.
counts are possible.®'® Stable clusters with (121 + 10) c.v.e. will have short
C—C distances, preserving some C—C multiple bonding. For n=10, with a
bicapped antiprismatic geometry, transfer of 2e from the C, © orbital to the
Auj core, and acceptance of 2.54 e into the n* orbital occurs. On the
other hand, in clusters with (12n+14) c.v.e., the C-C separation
depends strongly on cluster geometry, with the C—C bond being preserved
if Au—C bonds of ca. 2.0 A can be formed. Clusters with (12n+16) c.v.e.
are predicted to be unstable, forming monocarbido clusters, e.g.,
[{Aus(PH3)}sC]" rather than [{Au;o(PH3)i0}(C>)]>", the choice being
related to the presence of a frontier MO of symmetry b.

2. Cluster-Capped C,, Fragments

Extended Hiickel MO studies of the CCos skeleton have been
reported®’'®"? and wused to interpret the UV-PE spectra of Cos
(13-CR)(CO)o.°"* If the C, ligand is considered to be the 8- donor [C,]*~
dianion, the double cluster {(CO)yCo3}a(ps: 13-Co) (271) has 96 c.v.e.’™
Combinations of orbitals from the Cos faces give two sets of six orbitals,
the filled lower set being Co—Co bonding, while the partly filled second set
can accept electron density from filled 6%, n, and o, orbitals of the C,
ligand. The HOMO is delocalized over the Co—Co and Co—C bonds, with a
lower energy MO involving the Co—Co and Co—CO n bonds. The apical
carbon is electron-rich (—0.36 ¢), but the © system can act as an acceptor or
donor. The LUMO is Co—Co anti-bonding and is 1.05 eV above the
HOMO. Metal-C, back-bonding into empty n* orbitals results in
lengthening of the C—C bond to the observed 1.37(1) A. Compared with
encapsulated C, groups, donation from o, and back-bonding to the n*
orbitals is more favorable.®"’

The electronic structures of bis(cluster) fragments bridged by C,, ligands
have been explored. Delocalization of HOMOs in tricobalt-carbon clusters
involves contributions from metal, carbyne, and ligand orbitals. Initially,
it was suggested that the a; orbitals of the Cos(i3-C) units may interact
with p.-type C orbitals to give a filled molecular orbital encompassing the
Co5C(C=C),CCos unit.*** For the cluster {(CO)yCos}s(it3: pn3-CC=CC)
(286) and its phosphine-substituted derivatives the HOMO is constructed
from metal fragment molecular orbitals directed above the M3 plane and
the m-type (2e,) orbital set which is predominantly localized on the terminal
carbon centres. Only six of the 16 MOs of a linear C4 unit are able
to interact with the Cos cluster and these are largely localized on the
terminal carbon atoms. The six M—C bonding orbitals are well separated
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from the six anti-bonding combinations. Replacement of one CO by PHj;
on each cluster fragment has little effect on the interactions, as shown
by donation of 0.72 and 0.82 e, respectively, by the Co3(CO)y and
Co3(CO)g(PH3) fragments. The orbitals associated with the Mj;(uz-C)
and C=C moieties are strongly localized on these fragments and there is
little evidence from the computational work for direct electronic interactions
between the cluster cores via the carbon bridge. The degree of electronic
communication between the clusters via the C4 chain is low, since this
would involve n* FMOs of the C4 chain being involved in bonding to the
clusters. Formally, these complexes are best viewed as permetallated
2-butynes.

The observed electrochemical behavior (two reversible 1-e reduc-
tions)*****! may be associated with changes in geometry of the M5 clusters
and/or the C,4 chain. In contrast with the mononuclear systems discussed
above (Section IV.D), in which the HOMOs are high energy and M—C anti-
bonding, the HOMOs in the cluster complexes are low energy and strongly
M-C bonding, while the LUMOs are M—C, antibonding. Thus oxidation
would result in M—C bond-breaking. Electrochemical studies have shown
the symmetrical Cog species undergoes two 1-e reduction processes
indicative of moderate electronic coupling between the CCo3(CO)y moieties.
It is possible that small changes in geometry involving the metal triangles
and/or the C4 bridge follow the intial reduction and result in some through-
bond interactions not observed in the neutral complex,*’” or that the
electronic interactions occur following a degree of orbital remixing in
the radical anion as there is negligible orbital overlap between the cluster
cores and the C=C bridge in the neutral species. However, for both 271
and 286, the separations of the half-wave reduction potentials are
relatively constant in solvents of markedly different polarity. This suggests
that the electronic interaction occurs mainly through the carbon bridge
as Coulombic (i.e., through-space) interactions should be highly dependent
on the dielectric properties of the solvent.*®' There is a large
HOMO-LUMO gap [1.25 eV (by DFT), 2.26 ¢V (by EH)] for 286 and
the major bonding interaction between the Cos clusters and the C, chain
occurs between the upper FMOs of each fragment.

Theoretical studies of {Cp(CO)gCor,M},(u3: n3-CC=CC) (288; M = Mo,
W) have been carried out using extended Hiickel and density functional
MO calculations.*'” Replacement of Co by Mo in CosC clusters results
in the FMOs being more heavily weighted towards the Mo atom.
Some increased electron donation to the C4 chain from Mo is found in
the complex with proximal Cp groups, compared to the isomer with distal
Cp groups. These heterometallic clusters differ in having significant
electron donation from the Group 6 metal to C, (the amount varies with
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geometries of the two Cp groups), leading to the C, ligand being more
negatively charged. Nevertheless, the C—C bonding is hardly affected and
the electron distribution is similar to that calculated for a (C4)°~ ligand,
because the C4; FMOs are C—C non-bonding. Substitution of a Co(CO);
fragment by an isoelectronic M(CO),Cp (M =Mo, W) group results in
greater localization of the M;C electron density in the FMO set at the
heteroatom, but does not appreciably alter the interactions between the
cluster core and the central C=C moiety. The clusters remain electronically
isolated from each other, the net bonding interactions between the clusters
and the chain being reduced in the heterometallic complexes (11.7 eV
vs. 12.88 ¢eV). The computations indicate that the proximal-proximal
arrangements of the two Cp groups are more stable, and the observed
proximal—distal arrangement in the solid state is likely to be due to crystal
packing forces.

3. Interstitial Carbido Clusters

The relationships between the various structures of the ruthenium,
cobalt, and rhodium dicarbido clusters have been discussed in terms of their
electron counts and the accommodation of some electrons in M—M anti-
bonding orbitals. Such treatments have rationalized the paramagnetism
of some clusters via partial occupation of such orbitals leading to swelling
of the intra-cluster cavity to a point where the C, fragment can be
accommodated.

For ruthenium derivatives, the carbide atoms are found at the centres of
octahedral clusters, while in the Co, Rh, or Ni clusters, individual carbon
atoms are sited in cavities derived from trigonal prismatic, capped trigonal
prismatic, or square antiprismatic polyhedra sharing a square face. The
separation of the carbon atoms within the cluster is dependent upon
the geometry of the metal cage and effects of surrounding ligands.
Consideration of the various geometries of the metal cage (Table XIV)
shows that the favored geometry is that formed by two trigonal prisms, or a
trigonal prism and a square antiprism, sharing a square face. The separation
of the centroids of the cavities approximates to the length of a C—C single
bond. The C-C bond order is calculated at between 1.0 and 1.5, as deduced
from observed C—C bond lengths.

The cluster valence electron (c.v.e.) count usually corresponds to 12n + 22
electrons. Bonding of the C, unit involves stabilization of o, o*, and
n orbitals by interaction with radial metal MOs of the same symmetry,
together with overlap of ©* orbitals with filled metal MOs, i.e., a similar
synergic interaction to the familiar bonding mode found in alkyne-metal
complexes. For the model [Cog(C,)(u-L)(L)s]*~™ based on two trigonal
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prisms sharing a square face, the HOMO/LUMUO region is predominantly
composed of metal orbitals, so that changes in c.v.e. count do not affect
the C—C bond. The C-C separations in [C03N17(C2)(CO)15]3* (138 c.v.e.)
and [Ni;o(C,)(CO)1¢>~ (142 c.v.e.) are 1.430 and 1.405 A, respectively. The
structures of these clusters and the Ru;(C, complex are closely related, being
derived from a bi-octahedron by successive cleavage of M—M bonds. The
electron pair from the C, in Co3Ni; and Nij, clusters is used to stabilize the
bis-octahedral Ruyq system, each C atom being enclosed in an octahedral
cavity.>?

Alternatively, a more spherical cluster, such as a bicapped square
antiprism would incorporate a C, moiety with a C—C separation of 1.47 A
and the M—M and M—C separations between 2.54 and 2.80, and ca. 1.8-2.2
A, respectively. The C, unit is not stabilized in a square antiprismatic cavity
or in other frameworks, because the inter-centroid distances are > 2.0 A,
leading to C—C bond cleavage and formation of dicarbido complexes.
The strength of the metal—carbide bonding is increased at the expense of the
C-C bond. However, the cavity in [Ni;¢(C»)»(CO)»3]*", is large enough to
accommodate two C, moieties.

The strong tendency for cobalt to form paramagnetic clusters has been
related to the accommodation of the unpaired electron in a low-lying cluster
anti-bonding orbital derived mainly from the Co d.. orbitals , thereby
enlarging the cluster to dimensions suitable for incorporation of the carbon
atoms, 338566

The main conclusions are, that lengthening of the C—C bond is a soft
process and that the symmetry-allowed C—C bond breaking/making process
is influenced by the shape of the cavity. For instance, the two compounds
Rh;5(C5)(CO),s and [Rhy»(C)-(CO)»4]*~ are isoelectronic but have different
polyhedra which allow formation of the C—C bond in the former but not
in the latter. Formation of C, hydrocarbons from clusters containing
isolated C atoms is consistent with a facile interconversion of the two
extremes.

A theoretical study of [Niz»(C)s(CO)s6]"~ (400) using combined linear
combination of Gaussian orbitals (LCGTO)-local density functional (LDF)
methods has been reported.615 In the Nis, core, the metal-metal bond
strength derives from the d band, which are reorganized when the C atoms
interact with the 4s orbitals. Addition of CO ligands results in the four
unpaired electrons on the core being quenched by the C atoms, while the
magnetization of the outer layer is quenched by the CO ligands. Addition of
CO results in a large electronic rearrangement and increases the d character
of the Ni atoms so that the cluster resembles a metal. However, while three
levels near the Fermi level are almost degenerate, they are separated by
0.54 ¢V from the LUMO, i.c., the compound is an insulator.
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X
ABBREVIATIONS
acac acetylacetonato
ap 2-anilinopyridinate
bdpp 1,4-bis(diphenylphosphino)buta-1,3-diyne
bp 2,2'-biphenylyl
bpy 2,2'-bipyridyl
cod 1,5-cyclooctadiene
Cp n-CsHs
Cp* n-CsMes
CpR n-CsH4R
Ccv cyclic voltammogram
dbu diazabicyclo[5.4.0lundecene
deype 1,2-bis(dicyclohexylphosphino)ethane
dippe 1,2-bis(di-i-propylphosphino)ethane
dmpe 1,2-bis(dimethylphosphino)ethane
dpf 1,3-diphenylformamidinate
dppa 1,2-bis(diphenylphosphino)ethyne
dppe 1,2-bis(diphenylphosphino)ethane
dppm bis(diphenylphosphino)methane
dppp 1,3-bis(diphenylphosphino)propane
Fp Fe(CO),Cp
Fp* Fe(CO),Cp*
LDA LiNPr}
Me-im N-methylimidazole
mes mesityl
MLCT metal-to-ligand charge transfer
nap I-naphthyl
nbd norbornadiene, bicyclo[2.1.0]hepta-2,5-diene
oepg meso-octaethylporphyrinogen
ompg meso-octamethylporphyrinogen
OTf triflate
pc phthalocyanine dianion
pfp perfluoropropionate
phen 1,10-phenanthroline
porph porphyrin dianion
ppn bis(triphenylphosphine)iminium cation
RE rare earth metal
r.t. room temperature
silox Si(OBu’)3
tbaf tetrabutylammonium fluoride
tene tetracyanoethene
thf tetrahydrofuran
tmc 1,4,8,11-tetramethyl-1,4,8,11-tetra-azacyclotetradecane
tmeda 1,1,2,2-tetramethyldiaminoethane, N,N,N’',N'-tetramethylethylenediamine
tol 4-tolyl
Tp hydrotris(pyrazolyl)borate, HB(pz);

Tp* hydrotris(3,5-dimethylpyrazolyl)borate, HB(dmpz);
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tpp tetraphenylporphyrin dianion

tpy 2:2/,6':6"-terpyridyl

triphos MeC(CH,PPh,);3

Xy xylyl, 2,6-Me,CgH;
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ADDENDUM

In the few months since finishing our review and receiving proofs,
several important papers have appeared, surely a sign of a rapidly
developing field of contemporary interest. These are summarized below
in order of the above Sections.

I. Some aspects of the chemistry of metal alkynyls including M-C,—M
complexes have been reviewed,®'® while volume 670 (2003) of J. Organomet.
Chem. is dedicated to carbon-rich organometallics and contains several
relevant articles.

II. A couple of complexes have been inadvertently omitted: {Cu(u-C,)
Ti(C=CSiMe;)CpS™Me31,917 and  {ZrCp,}s(1s-Cy){Zr(C=CSiMe;)Cp,}».°"
Yam has described luminescent [{4,4',4"-Buj-trpy)Pt},{(u-C=C),,}]**
(m=1, 2, 4; all structurally characterized).®!

I1.B. Rosenthal has written an important highlight in which the various
coordination modes of C, are highlighted and rationalized.®*® He concludes
that the isolobal relationships between [M],C, complexes and alkynes
C,R,, coupled with the extreme mobility of the C, ligand, might lead to
further unusual rearrangements of the former. Principles of structure and
reactivity can be extended to the longer carbon chains, in which “walking”
of the metal center along the carbon chain, already observed for poly-ynes,
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is expected for multi-metal species. The acid-base chemistry of {Ru(CO),
Cp},(up-C=C) involves protonation to give on occasion trinuclear [{Ru
(CO),CpRY5(us-C=C)] " and, more reliably and reversibly, [{Ru(CO),
CpR}(u-n'm*-C,H)] T.%2" Aurophilic interactions are present in {Au
(PR3)}2(p-C=C) (PR3=PMes;, PMe,Ph) but not with the larger PEt;
analogue.®*

II.D. The preparation and structures of W(II), W(VI) diyndiyl complexes
{W(CO);Cp*},(n-C=CC=C), {W(0),Cp*},(un-C=CC=C) have been
reported.®”® Reactions of [Ag,(n-dppm)>,(NCMe),]*" with Re(C=CC=
CH)(CO);(NN) (NN =Me,-bpy, Buj-bpy, phen, Br,-phen) have given
[Age{p3-C=CC=C[Re(CO)3(NN)]}4(p-dppm)s]* * (X-ray for Mes-bpy, Br,-
phen).®** The syntheses, structures and spectro-electrochemistry —of
{Ru(PP)Cp*},(u-C=CC=C) (PP=dppe, dppm) and the mono- and di-
oxidized species have been reported. This study includes the structural
characterization of the cumulenic dication.®”® Trimetallic systems
Hg{C=CC=C[Ru(dppe)Cp']}» (Cp'=Cp, Cp*) have been obtained, the
Cp* derivative showing an unusual bend at the =C-Hg carbon [166.5(2)°].
Calculations showed only limited mixing of the Hg d and C=C-based =«
orbital, suggesting that the chain distortion results from crystal lattice
forces.®”® A C-C coupling reaction occurs in the reaction of {Rh(=C=
CHFc)(PPr}),}2(n-C=CC=C) [from RhF(=C=CHFc)(PPr}), and Ph;
SnC=CC=CSnPh;] with CO to give {Rh(CO)(PPr}),}»{u-C(=CHFc)
C=CC=CC(=CHFc)}.*

ILF. Oxidative coupling [Cu(OAc),/py] of labile Re(C=CC=CH)
(NO){PPh»(CH,),,PPh,}Cp* (n=10, 14) afforded the analogous binuclear
Cs complexes, which each undergo two 1-¢ oxidations.®*® The synthesis and
spectroscopic and electrochemical studies of {Fe(dppe)Cp*},{u-(C=C)4}
have been reported, together with its structure and time-dependent
DFT calculations.®”” Oxidative coupling [Cu(OAc),/py] of trans-
RuCl{(C=C);H}(dppe) afforded the corresponding binuclear C;, complex,
for which Kc=10%%% A full account of the chemistry of {Pt(C¢Fs)
[P(tol)s]r}2{u-(C=C),,} describes the syntheses of compounds with m =3, 4,
6, 8, together with trace quantities of m = 10, 12. Effects of m on IR, UV/vis,
NMR and redox properties, together with the degree of chain bending in
the solid state, are discussed.®!

II.G. The chemistry of carbon chains end-capped by binuclear metal—
ligand fragments has been reviewed.?'*®** Extensive spectroscopic and
electrochemical studies of {Ru,(ap)s},(n-(C=C),,} (m=1-4, 6; X-ray for
m=2, 4) have been reported.®*”

IILB. Four oxidation waves are found for CoCp(n*-C4Fc,) and the
mono- and dications behave as Class II and Class II/III mixed-valence
species, respectively.®*
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IV.D. Bonding within [L,,MC,M'L’, " [ML,, M'L’,=Fe(dppe)Cp,
Re(NO)(PR3)Cp’; z=0-4] has been explored using DFT which confirms the
occurrence of cumulenic singlet dications which have nearly isoenergetic
triplet states with diyndiyl structures.®*> X-ray structures of {Fe(dppe)
Cp*},(1-C=CC=C) and [{Fe(dippe)Cp*},(1-C4)][PF¢]; are given.

IX.A. Akita and colleagues have reviewed the chemistry of cluster
complexes derived from Fp*,{u-(C=C),,} (m=1, 2).°%%7 Reaction of
FezRUZ(H4-C2)(CO)10Cp*2 (300) with Czth afforded FezRU2(H4-C2)(]J,-
PhC,Ph)(CO)sCp*, containing an unprecedented dimetallacyclobutatriene
fragment.®*®

IX.B. The synthesis and structure of [PPhy],[Pt;Ru;o(C)>(CO)s3,] have
been described.®*’

IX.C. Further examples of C,@Ag, clusters were found in complexes
obtained from Ag,C, and Ag(tfa) and various N-donor ligands,*** Ag(tfa)
or Ag(OTf) with (4-hydroxymethyl)pyridine,®*' Ag(tfa) or Ag(pfp) with
crown ethers,’*? and an anionic Ag(I) double cage formed from Ag(tfa),
AgNO; and [NMes(CH,Ph)] T.0%
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A

Acetone-dy solution, 27
Acetylene, direct reaction with, 174
AlCl,, 78
Alkoxysilyl ligand, 120
Alkyl chlorides, 147-148
activated, 160-163
direct reaction of silicon with, 148-159
long-chained, 151-158
1,2-Alkyl migration, 137-138
1,3-Alkyl migration, 138-140
Alkyl-2-silaindanes, 162
Allyl chloride, 147, 160-161
Allylchlorosilanes, 161
Allyldichlorosilane, 161
Allylsilanes, 160
Allyltrichlorosilane, 161
Amide-based O — Si coordinated complexes,
9-10
Ammonium nitrogen, 100
inversion, 101
Apolar solvents, 35

B

Benzyl chloride, 147
Berry pseudorotation coordinate, 86
Binuclear C; complexes, 195-199
Binuclear chelates, equilibrium ionization,
43-46
Binuclear complexes
298 chemical shifts, 45
crystal structure, 44
Binuclear disiliconium salts, 82
Binuclear disiliconium triflate, 83
Binuclear hexacoordinate silicon chelates,
41-46
synthesis and structure, 42-43
Bis-(benzimidato-N,O)silicates, 95
Bis-chelates
topology, 22-23
with dimethylamino donor group, 17-52
with isopropylideneimino donor, 53-59
Bis(chlorosilyl)methanes, 166

445

cis-bis(diynyl) complexes, 240
0,0-bis-TMS-diacetylhydrazine, 15
1,2-bis(trichloro-silyl)ethane, 42
Bis(trimethylstannyl)poly-ynes MesSn, 272
Bond angles, 19, 52, 61, 67, 85, 89, 91,
93,292
Bond distances in analogous pentacoordinate
complexes, 9
Bond lengths, 19, 52, 67, 85, 89, 93, 292
cationic phosphenium complexes, 127-129
donor strength analysis by, 74-76
Buta-1,3-diyne, 227
Butyl chlorides, 152153
t-Butyl chlorides, 156
sec-butylchlorosilane, 153
Butylchlorosilane products, 152
n-Butylchlorosilanes, 153

C

13C chemical shifts, 13, 25, 58, 75
13C NMR spectra, 68, 93, 99
Carbene complex formation vs. phosphenium
complex formation, 120-121
Carbon
free state, 180
solid state, 180181
Carbon allotropes, 180-181
unnatural, 181
Carbon-ligands, 40, 50
Carbon networks
containing diyne fragments, 182
stabilized by Fe(CO); groups, 183
Carybne, 181
Cationic carbene complex, 120
Cationic pentacoordinate siliconium chelates,
74
Cationic phosphenium complexes, 107-143
alkoxide abstraction, 110
amide abstraction, 111
base stabilized complexes, 136-137
bond lengths, 127-129
competitive reactions, 120—121
electrophilic character, 115
formation, 108-114
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Cationic phosphenium complexes (Cont.)
halide abstraction, 109
hydride abstraction, 109
M-P (phosphenium) bond distances, 128
M-P (phosphenium) bond nature, 129-130
miscellaneous methods, 113-114
Mo NMR data, 122, 127
3P NMR data, 121-126
physical properties, 121-129
reactivity, 114-119
Rh(acac)(CO), with, 118-119
spectroscopic properties, 121-122
structural properties, 127-129
theoretical studies, 130135
[(bpy)(CO);M(phosphenium)] *,
130-132
[Cp(CO)(ER3)Fe(phosphenium)] ™,
132-135
vs. silylene complexes, 136-140
'"'W NMR data, 122, 127
Cationic silylene complex, 120
C,C0,(CO)g units, 273
CD,Cl,, 34-36, 38-39, 45, 49
CDCl;, 34-35, 38-39, 99
CH,, 71
CH,Cl,, 97
(CH;),Si, 151
CH;HSI, 151
Chaoite, 181
Chelating agents, 1
CHFCl,, 35, 39, 46
Chloride-bridged disiloxane by partial
hydrolysis, 51-52
Chlorobenzene, 147
Chloroform, direct reaction with, 165-167
Chloromethyl(methyl)dichlorosilane, 14
(Chloromethyl)silanes, 148, 157
(Chloromethyl)trichlorosilane, 59, 157
(Chloromethyl)trimethylchlorosilane, 159
(Chloromethyl)trimethylsilane, 157
Chlorophosphine, 113
CICH,Si(Me)Cl,, six-membered chelate
from, 14-15
CIHSI, 150
(Cloromethyl)methyldichlorosilane, 157
CL,Si, 150151
Cluster-capped C,, fragments, 418-420
C,, molecules, chemical sources, 184
Cobalt, 369-370, 388-389
Cobalt carbonyl clusters, 349-350

Co,(CO)g, 273

Co,(CO)g, 319

CosCps derivatives, 344, 348, 350

[{CoxFe(CO)o} (3 : p3-Co){CoFey(CO)o T,
342-344

{Co3(CO)v}», 354

{Co3(CO)o}a(ps:ps), 347

{Co3(CO)o}a(3:p3-Cy), 352-354

{Co3(CO)o}a(ps:p3-0,), 341-342

{Co3(n3-CSiMes3)Cps}a, 354

Co—Ni clusters, 395-396

Copper, 217, 397-399

Counterion effect on ionization
equilibrium, 40

Counterion-exchange reaction, 77

Coupling constants across dative bond, 7

Cp-P bond cleavage, 113

Cp ring migration, 113

CW Bailar twist, 29

Cyclcobutadiene fragments, 183

Cycloaddition reactions, 312-314

Cyclopentyl chloride, 153, 156

Cyclopentyldichlorosilane, 153, 156

D

Degenerate four-wave mixing (DFWM)
methods, 273
Deprotonation (BuLi), 233
Dialkoxy phospenium complex, 127
Diallyldichlorosilane, 160
Diaminophosphenium cation, and frontier
orbital interactions between
16e-LsM, 130131
Diamino-substituted phosphenium,
116, 127
Diamino-substituted phosphite, 110
Diamond, 180-181
4,5-Diaza-2,7-disila-1-oxacycloheptane, 16
2,2-Dichloro-2-silaindane, 162
a,o-Dichloro-o-xylene, direct reaction
with, 162
(Dichloromethyl)chlorosilanes, 167172
Dichlorosilanes, 2
3-(Dichlorosilyl)-1,1,5,5-tetrachloro-1,5-
disilapentane, 161
o0 -Dichlorotoluene, 162-163
Dimethylamino complexes, bond lengths
and angles, 89
Dimethylamino-coordinated bis-chelates, 25
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Dimethylamino-dihalo complexes, 55
Dimethylamino donor coordination, 2-8
Dimethylamino donor group, bis-chelates
with, 17-52
N-dimethylamino-O-(trimethylsilyl)-
acylimidates, 17
N-dimethylamino-O-trimethylsilylimidates,
42
Dimethylaminoimidato-coordinated
siliconium complexes, 77-87
N-dimethylamino-O-
(trimethysilyl)acylimidates, 2
Dimethyldichlorosilane, promoters for, 149
Dimethylhydrazido chelates, 69, 71
Diorganosilicon dichlorides, 147
Diphenylphosphinoethane, 110
1,3-Disilaalkanes, 157, 159
1,3-Disilabutane, 159
Diyndiyl derivatives, 241
Donor strength analysis by bond lengths,
74-76

E

EHMO methods, 310
Electron populations in r-orbitals, 132
Electron-withdrawing groups, 40
Electronegative ligands, 50
Electrophiles, addition of, 310-312
Equilibrium ionization of binuclear chelates,
43-46
Ethyldichlorosilane, 174
Ethylene, direct reaction with, 173
Exchange barriers
and SiCl distance, 32
solvent effect, 32-35
Exchange mechanisms, assignment of
barriers to (X,Cl) and (0,0), 29-31

F

Fe,(CO)y, 319

FeC(CO),4, computed distances and
C=Fe-CO angle for, 193

Fluoro complexes, 92-93

Free-energy barriers, 33

Frontier orbital interactions between
16e-LsM and diaminophosphenium
cation, 130-131

F-Si-N-C dihedral angles, 93

Fullerenes, 180-181
possible structures of Cyg, 181

G

Gold, 218-219, 265-266
Graphdiyne, 182

Graphite, 180181

Graphyne, 182

Grignard reagents, 146
Group 11 ions, 326

Group 11 precursors, 320-321
Grubbs-type complexes, 194

H

"H chemical shifts, 75
"H DNMR spectra, 27
'"H NMR chemical shifts, 24
'"H NMR spectra, 31-32, 56, 62, 68, 70, 99
"H NMR spectroscopy, 84
H-Si-N coupling constant, 92
H-Si-N-C dihedral angles, 93
HCISi, 151
Heterometallic complexes, 371-372
Heterometallic systems, 395-397
Hexacoordinate bis-acylimidato-N,O
chelates, 55
Hexacoordinate complexes
ionization-resistant, 4041
low-energy ligand-site exchange, 33
Hexacoordinate hydrido-complexes, bond
and dihedral bond angles, 91
Hexacoordinate mono- and ditriflato
complexes, 29Si chemical shifts, 41
Hexacoordinate silicon complexes,
stereodynamics, 25-35
n-Hexyl chloride, 156
Homometallic systems, 378-395
Hydrazide-based hypercoordinate silicon
compounds, 1-106
Hydrazide-based siliconium-cation salts, 73
Hydrido-complexes, 90-93
Hydrocarbons, direct reaction of silicon
with, 172-174
Hydrogen-bond donors, 34-35
Hydrogen chloride, 148, 152—153, 155-163,
167-172
direct reaction of methylene chloride with,
164-165
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Hydrogen chloride (Cont.)
direct reaction of silicon with, 172-174
direct reaction with, 165-167
Hydrosilylation reactions, 147

I

Interatomic distances, 61
Interstitial C, clusters, 377-397
Interstitial carbido clusters, 420421
Ionization
solvent effect, 38-40
on enthalpies and entropies, 40
Tonization barriers, solvent effect on
enthalpies and entropies, 40
Tonization enthalpy and entropy, 37-38, 40
Tonization equilibrium, counterion effect
on, 40
Ionization-resistant hexacoordinate
complexes, 40-41, 78
Iron complex, 213-214, 261-263, 354-357,
378-387
H,O-mediated 1,3-migration of CH; from
SnH, to phosphenium P in, 135
1,3-migration of CH; from SiH, to
phosphenium and silylene in, 139
1,3-migration of CH; from SnHj to
phosphenium P in, 135
with methyl and phosphenium ligands, 133
with stannyl and phosphenium ligands, 133
Iron—ruthenium, 363
Irreversible rearrangement, 59-63
stereodynamic analysis of rearranged
product, 61-63
structure of rearranged product, 60-61
iso-propylchloride, 155-156
iso-propyldichlorosilane, 152
iso-propyltrichlorosilane, 155
Isopropyldichlorosilane, 173
Isopropylidene methyl group, 55
Isopropylideneimino complexes, bond
lengths and angles, 89
Isopropylideneimino-coordinated siliconium
chelates, 87-89
Isopropylideneimino-dihalo-complexes, 55
Isopropylideneimino donor coordination,
8-9
Isopropylideneimino ligand, 53, 57
N-isopropylideneimino-O-
(trimethylsilyl)acylimidates, 53

J values, 94
L

Lewis acid, 120-121

Ligand-exchange processes, 4

Ligand-exchange reaction induced by

phosphenium ligand, 114

Ligand-site exchange mechanism, 27-29

Ligand-site exchange processes, 2627, 68—72
solvent effect on activation free energies, 34

Liquid crystal polymers (LCPs), 273

Lithiation, 253

M

M,-C4~M, complexes, 360-362
M,C, clusters, 356-360
M-C(sp) bond, 314-317
M-C,—Mj3 complexes, 327-340
Group 6, 327-328
Group 8, 328-331
Group 9, 531-539
Me,Si, 150
MeHS;i, 150
Metallacarbohedrenes, 184
Methyl chloride, 147
direct reaction with silicon, 148-191
N-methyl exchange barriers, 6
Methyl groups, 100
N-methyl groups, 63, 68, 70, 93
without exchange of diastereomers, 6
1,3-Methyl migrations, 134
Methylchlorosilane, 147
Methylchlorosilylene, 150
Methylene chloride, direct reaction with
hydrogen chloride, 164-165
Methyl-halide elimination, sterically-driven,
82-84
2-Methyl-1,1,4,4-tetrachloro-1,4-
disilabutane, 161
Migration reaction involving phosphenium
phosphorus, 115-118
Mixed ligand polymers, 270
{ML.}2(p-Cy), 318
{ML,}(n-Cs), 323
{ML,},(n-C,), 324-326
M{n>-C5(SiMes),}(L)Cps, 318
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%Mo NMR data, cationic phosphenium
complexes, 122, 127

Mo/W-Co clusters, 347-348

Molecular structure in solid-state, 19-21, 42

Molybdenum, 254

Monoamimonoalkoxy phosphenium
complex, 127

Monoamino-substituted phosphite, 116

Mono-(benzimidato-N,O)silicates, 95

Monocarbon ligands, 187-200

Mononuclear C; complexes, 187-194

Mononuclear siliconium complexes, 77-82

Mulliken charge analysis, 131

Mulliken charge distribution, 134

N

15N chemical shift, 13

Neutral binuclear (O — Si) pentacoordinate
complexes, 15-17

Neutral hexacoordinate bis-chelates, crystal
structures, 21

Neutral hexacoordinate bis-(N — Si) silicon
complexes, 18

Neutral hexacoordinate silicon bis-chelates
with bicapped-terahedron
structures, 22

Neutral hexacoordinate silicon complexes,
17-72

Neutral pentacoordinate silicon complexes,
2-17

Newman-like projection, 70

I>Ni chemical shift, 5

Nickel, 214, 392-395

{Ni(u-CO)Cp},, 319

Nitrobenzene-ds, 26

Nitrogen donor groups, silyl cations
stabilized by, 77-89

NMR-monitoring, reaction sequence by,
49-51

NOE, 27, 68, 70

2D-NOESY, 31, 33, 70

Non-geminal N-methyl groups, 68

Non-linear optical (NLO) properties of
metal-containing systems, 273

N-Si bond, 82

N-Si coordination, 2-9

N-Si dative bond, spin—spin interactions
through, 8§9-94

N-Si dissociation-recombination, 68

(0)

OMe bridging form, 136

Optical absorption spectra, 272

Organochlorosilanes, 147-148

patents, 148

Organosilicon compounds, synthesis by
new direct readings, 145-177

Osmium, 354-357

Oxidative coupling, 253

Oxygen-donors, silyl cations stabilized
by, 73-77

Oxygen-silicon coordination, 9-17

P

3P NMR data, cationic phosphenium
complexes, 121-126
Palladium, 214-216
Peierls distortions, 310
1,1,3,3,3-Pentachloro-1,3-disilabutane, 159
Pentacoordinate hydrido-complexes, bond
and dihedral bond angles, 91
Pentacoordinate siliconium complexes,
72-89
bond lengths and angles, 85
Peripheral C; clusters, 358-359
Peripheral C, clusters
reactions of, 372-377
reactions with donor ligands, 374
reactions with unsaturated hydrocarbons,
374-377
Peripheral carbide clusters, 410418
Phenyl chloride, 147
R-2-phenylpropionic acid, 71
Phosphenium cation, 108
definition, 108
electrophilic attack, 112
Phosphenium complex,
monoaminomonoalkoxy-
substituted, 116
Phosphenium complex formation
vs. carbene complex formation,
120-121
vs. silylene complex formation, 121
Phosphenium HOMO, 130
Phosphenium ligand, ligand exchange
reaction induced by, 114
Phosphenium LUMO, 130
Phosphenium P, 116
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Phosphenium phosphorus
intermolecular nucleophilic attack, 115
migration reaction involving, 115-118

Phosphines and their derivatives,

preparation, 108-109

Phosphite complex, 110

Phosphite ligand, 120

Phosphite P, 116

Phosphorus compounds, trivalent, 110

Photoluminescence (PL) spectra, 272

n-accepting phosphenium ligand, 116

m-acceptor ligands, 114

n-electron accepting ligands, 122

n-electron acceptor, 131

n-orbitals, electron populations in, 132

7 reaction, 4, 15

Platinum complexes, 214-216, 263-265,

319-320
(Polychlorinated methyl)silanes, direct
reaction of silicon with, 167-172

Polychloromethanes, 147
direct reaction of silicon with, 163-167

Poly(ethynylated) repeat units, 269

Polymeric poly-yndiyl Pt(II) species, 269

Polymers
containing alternating Pd and Pt metal

centers, 270-271
containing nickel centers, 271-272
electronic structures, 310

Polynuclear C; complexes, 195-199

Poly-yndiyl polymers, 270

Propyl chlorides, 152

n-Propyldichlorosilane, 152

Propylene, direct reaction with, 173-174

Protodesilylation, 253

Pseudorotation, 4, 99, 101

Pseudorotation-coordinate model, 85-87

R

Ray-Dutt twist, 29-30

Reaction sequence by NMR-monitoring,
49-51

Re-C,~Os3 complexes, reactivity of,
339-340

Re—Cu compounds, 267

Redox chemistry of complexes containing
Coj; clusters linked by carbon chains,
352-354

Regioselective formation of five- and
six-membered O — Si chelates,
10-11

Remote substituents R, effect on equilibrium,
37-38

Reversible chloride migration, 4649

Reversible ionization, 35-41, 57-59

Rh(acac)(CO), with cationic phosphenium
complexes, 118-119

Rh-Au clusters, 396-397

Rhenium, 254-261

Rhodium, 389-392

2D-ROESY NMR, 99

Ru-Ag cluster, 395

Ru-Pd clusters, 395

Ruthenium, 214, 263, 354-357, 363-369,
378-387

Ruthenium complexes, 111

S

SC2C2C34, 355
Selective inversion recovery (SIR), 68, 72,
101-102
Selective Inversion Recovery (SIR) '"H NMR
spectra, 63—-64
Si < Cl™ coordination in six-membered
chelates, 11-13
»Si chemical shifts, 5-6, 13, 17-18, 35, 37, 58,
74-75, 78, 87, 89
binuclear complexes, 45
hexacoordinate mono- and ditriflato
complexes, 41
solvent dependence, 57-58
solvent effect on, 39
temperature dependence, 57
298i NMR spectra, 35-36, 4546, 49, 99
2Si NMR spectroscopy, 84
Si—Br bonds, 55
Si—C bonds, formation, 146
Si—C coupling product, 146
Si—C coupling reaction, 146
Si-C-Si linkages, 148
Si—Cl bond distances, 33
Si—Cl bonds, 32, 55
Si—Cl distance and exchange barrier, 32
Si—Cu contact mass, 149
Si-N bond lengths, bond and dihedral
angles, 93
Si—N dissociation—recombination, 69
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Silicon
direct reaction
with activated alkyl chlorides, 160-163
with alkyl chlorides, 148-159
with (polychlorinated methyl)silanes,
167-172
with polychloromethanes, 163167
with unsaturated hydrocarbons and
hydrogen chloride, 172-174
and exchange reaction, 2
inversion of configuration, 76-77
Silicon carbide, 159
Silicon compounds
chemistry, 1
hydrazide-based hypercoordinate, 1-106
see also Hydrazide-based hypercoordinate
silicon compounds
Silicone industry, direct reaction, 146147
Siliconium chlorides, 37, 88
Siliconium salts, 40, 81, 88
Siliconium tetrachloroaluminate salt, 80
Siliconium triflate, 88
Silver, 217-218, 399-410
Silyl cations
stabilized by nitrogen donor groups, 77-89
stabilized by oxygen-donors, 73-77
1,2-Silyl migration, 138
Silylacylimidates, 11
Silylene complexes
vs. cationic phosphenium complexes,
136-140
vs. phosphenium complexes, 121
Silylenes, 150
Silylmethyl chlorides, 158-159
direct reaction with, 156-157
Spin—spin interactions through N-Si dative
bond, 89-94
Sterically-driven methyl-halide elimination,
82-84
Stirred bed reactor for direct reaction, 154
Styrene, hydroformylation, 119

T

Tautomeric equilibrium, 46-52
Temperature-dependent 2°Si
resonance, 50
Temperature-dependent NMR
spectroscopy, 25
1,1,3,3-Tetrachloro-1,3-disilabutane, 159

1,1,5,5-Tetrachloro-1,5-disilapentane, 161
Tetrachloromethane, direct reaction with, 167
Tetrachlorosilane, 155-156
5,6,11,12-Tetrahydrodibenzo[a,e]
cyclooctane, 162
Tetrametallomethanes, 199-200
Three-bond coupling constants, 93-94
Ti—Al carbides, 200
spectroscopic and structural data, 202
TMS halides, 2
TMS-hydrazide, 2, 10
TMSOTT, 56, 117-118, 121
Toluene-dg solution, 24-26, 62
trans-diaxial nitrogen ligands, 85
trans-ditriflate chelates, 56
Transition metal complexes, 269
bearing a phosphenium ligand see Cationic
phosphenium complexes
binuclear complexes containing C, ligands,
204-224
Group 3, 204-205
Group 4, 205-209
Group 5, 209-210
Group 6, 210-212
Group 7, 212
Group 8
iron, 213-214
ruthenium, 214
Group 10
nickel, 214
palladium and platinum, 214-216
Group 11, 216-219
copper, 217
gold, 218-219
silver, 217-218
Group 12, 219-220
mixed metal systems, 219-224
bond lengths and angles at C in C,
complexes, 284-286
bond lengths and angles in C4 complexes,
288-291
chemistry of, 108
containing all-carbon ligands, 179444
containing binuclear end-caps
heteronuclear, 269
homonuclear, 267-268
containing C; ligands, 191-192
containing C, ligands, 200224
containing C; ligands, 224-226
containing Cy4 ligands, 227-249
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Transition metal complexes (Cont.)
containing Cs ligands
gold, 265-266
Group 7, 249-250
Group 8, 250-252
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