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. Introduction

The preparation by Fischer and Maasbdl of com-
plex 1, the first fully characterized heteroatom sta-
bilized metal carbene complex,! was the starting
point for the rapid development of the synthesis of
these types of organometallic compounds. Their ap-
plications in organic synthesis were early recognized,
and the last 30 years have been witness of their
evolution, from the first exploratory carbene transfer
reaction to olefins? to the wide array of synthetically
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useful methodology based on these compounds that
is known today. Reactions such as Détz benzanula-
tion (eq 1)% or Hegedus metal carbene based photo-
chemistry (eq 2)* are now standard tools in synthetic
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organic chemistry. As a consequence, the different
aspects of the chemistry of Fischer carbenes and their
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synthetic applications have been thoroughly and
repeatedly reviewed.®

Strictly speaking, the first dimetallic heteroatom
stabilized carbene complex 2 was synthesized by King
in 1963, 1 year before Fischer reported the synthesis
of complex 1.5 The structure 3 initially assigned to
this compound was further corrected by Casey (Fig-
ure 1).” The history of homo- and hetero-di- and
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Figure 1.

polymetallic Fischer carbenes parallels that of mono-
metallic carbene complexes, and many of these
compounds have been synthesized during the last 30
years. Nevertheless, the applications of these com-
plexes in synthesis fall well behind their mononuclear
cousins. In fact, the first examples of the use of di-
and polymetallic carbenes in organic synthesis have
been reported only during the last 10 years. These
efforts may be fostered by the growing interest in the
development of di- and polymetallic reagents and
catalysts for organic synthesis. The awareness that
two or more metals can cooperate in catalytic trans-
formations more efficiently than if they were isolated
as well as the ability to promote new processes
unknown for the metals alone have drawn an enor-
mous interest in these compounds.® The present
review will survey the synthesis of di- and poly-
metallic metal carbenes having a heteroatom bonded
to the carbene carbon (Fischer carbenes) and their
application to organic synthesis.

There are, in principle, three possibilities to join
new metal centers on a metal carbene double bond
(Figure 2). The first mode is on the carbene carbon,

XR XR X—[M']
[M]='([M.] Miw'] [M1=<R
A B Cc
. XR
[M1=<X/\[M] ['\’”=<:-R M=
R (M) L
M)
D E F

Figure 2.

either directly joined to it (A) or through a carbon
chain (B); the second is through the heteroatom
attached to the carbene carbon (C and D); and the
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third is directly to the metal center, either by a
metal—metal bond (E) or by using a bidentate ligand
joining both metal centers (F). There are also a few
examples of complexes that may be included in more
than one group.

ll. Class | Di- and Polymetallic Metal Carbene
Complexes

Class | polymetallic metal carbenes (except when
otherwise stated, to avoid repetitive long hames, the
term metal carbene complex or carbene complex will
refer to heteroatom stabilized metal carbene com-
plexes) have the metal centers joined through C—C
bonds on the carbene carbon (structures A and B in
Figure 2), and they represent the larger class of these
compounds. Their synthesis is made by one of the
following methods, which are mainly based on the
standard synthetic procedures developed for the
preparation of mononuclear carbenes:

(i) From metal complexes lacking a preformed
carbene ligand

(i) By the alkylation or acylation of a carbanion
generated o to the carbene carbon of a mononuclear
metal carbene complex

(iii) By attaching the additional metal center on the
double or triple bond of metal carbene complexes
having unsaturated substituents

(iv) From allenyl complexes

(v) By addition of a metal nucleophile to a carbyne
complex

A. Synthesis of Di- and Polymetallic Metal
Carbenes by Building the Carbene Ligand

This approach to di- and polymetallic metal car-
benes follows the original method reported by Fis-
cher, namely, the addition of a nucleophile reagent
(usually an organolithium) to a metal carbonyl (eq
3).

ML (CO)m oLi gt OE
+ Ln(CO)m_1M=<R — Ln(Co)m»1M=<R
RLi
(3)
ML(CO)m = Cr(CO)s; Mo(CO)s; W(CO)s; Fe(CO)s; Cp(CO)sMn;
Cp(CO),RUAr;Cp(CO)»(NO)Mo; Tp'Mo(CO)»(NO) ...
R = Alkyl, cycloalkyl, aryl, vinyl, ethynyl....

This first addition reaction forms an ate complex that
is subsequently alkylated. Evidently, the use of an
organolithium reagent having an additional metal
center would give, at the end of the process, a
dimetallic carbene complex (egs 4 and 5).

ML(CO)rm - o
+ — Ln(CO)m41M=<[M‘|]—> Ln(CO)m_1M=<[M|]

(ML

4)
ML,(CO)m = Cr(CO)g; Mo(CO)g; W(CO)g; Fe(CO)s;
(CsH4Me)Mn(CO)3; (C4H4N)MN(CO)3; Re(CO)sCl
[M] = CpyFe; CpaRu; (CgHs)Cr(CO)g; (C4HaS)Cr(CO)a;
(CaHsS)Cf(Co)a,CpMn(Co)a, CP(CO)2F9(M8), RCQB10H10

On the other hand, the reaction of a dilithium reagent
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with two equivalents of metal carbonyl would form
a bis-carbene, once the dilithium salt obtained in the
first term is alkylated (eq 6).

.
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Alternatively, dianions of group 6—8 metal carbonyls
may be reacted with diamides or diacid—dichlorides
to yield dimetallic bis-carbene complexes (eq 7).
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M = Cr, Fe; Y = Cl, Me,N

s

Z= (\( i ~(CHa)gi -(CHa)sy  H——OAc
px AcO——H

~
AcO——H
CH; 1,2-; 1,3-subst. 1
N; 1,6-subst. H Ohc

Pl

The first example® of the synthesis of heterodi-
metallic carbene complexes following the route de-
picted in eq 4 was the addition of ferrocenyl lithium
(FcLi) to [M(CO)s] (M = Cr, W) to yield the ate
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complexes 4a,b that were alkylated with [Me;O]BF,
or [Et30]BF, to yield complexes 5a—c. Alternatively,
the lithium salt 4b was transformed into the amino
derivative 6 via its tetramethylammonium salt 7 by
sequential reaction with acetyl chloride and pyrroli-
dine. Chromium aminocarbene complexes 8 were
obtained by standard alkoxy—amine interchange.
Attempts to prepare the analogous pentacarbonyl-
[(ferrocenylmethyl)(methoxy)carbene]lchromium(0)
from FcCH,Li and Cr(CO)s followed by alkylation
were fruitless. Dimer 9 was the sole reaction product
(Scheme 1). Analogously, attempts to prepare the
complexes [(7°-CsHs)Co(CO)C(Fc)OR] and [(77°-CsHs)-
V(CO)3C(Fc)OR] from the reaction of FcLi with [(5°-
CsHs)Co(CO),] and [(17°-CsHs)V(CO)4], respectively,
were also unsuccessful. In each case, ferrocene was
recovered together with unreacted starting material.

Scheme 1
N el
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! |
Fe + M(CO)y — Fe
Cé: M=Cr, W
4aM=Cr
M=W 4bM=W
msr l [ReOIBF,
©_<W(CO)5 @_<M(CO)5
Lo ONMe, L OR
7 (24 %)
5aM=Cr, R=Me (47 %)
5b M = Cr, R = Et (47 %)
1. MeCOCI k
J2 Pyrrolidine 5c M=W, R = Et (40 %)
M=Cr
@——( R,NH
(50-78 %)

@Cr(CO

@

8 R = H, Me, CH,CH,CH,CH,

@—CH2L| @’CHZCHZ/@

1.0(CO) L

2. [Me;OJBF, @ d)
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@‘Me
I
1. (n5-CsH4Me)Mn(CO)5 ©_<Mn(00)2

> OMe

2. [Me3O]BF,

G-

10 (6 %)
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However, [(#°-CsH4sMe)Mn(CO);] reacted with FcLi
followed by alkylation to yield [(7°-CsH;Me)Mn-
(C0O),C(Fc)OMe], 10.

Lithiated ruthenocene, [(#°-CsHs),Ru], and 1,1'-
dimethylferrocene, [(°-CsHsMe),Fe], were also con-
verted to heterodimetallic complexes 11 by the stand-
ard addition to [M(CO)¢] (M = Cr, Mo, W) followed
by alkylation with Et;0BF, (Scheme 2).10

Scheme 2
M'(CO)s

1. EL0/A ,
U OFt

+ MI(CO)y ————=

2. [Et;0]BF, d): : R

R=H,M=Ru 11aM=Ru, M' =Cr (14 %)
R =Me, M= Fe 11bM=Ru, M' =W (17 %)
M' = Cr, Mo, W 11c M =Fe, M' =Cr (32 %)

11d M =Fe, M' = Mo (27 %)
11eM=Fe, M' =W (30 %)

n®-Arene and heteroarene complexes have been
converted to homo- and heterodimetallic complexes
following the standard Fischer procedure (Scheme 3).
Thus, [(75-CsHs)Cr(CO);] was lithiated and reacted
with [M(CO)g] (M = Cr, Mo, W) to yield the corre-
sponding dimetallic derivatives 12 (Scheme 3).1!

Scheme 3
. M(CO
Li 1. Et,O/A (CO)s
—_— OEt
Cr(CO), 2. [Et30]BF4 Cr(CO)s

+

M(CO)s 12a M =Cr (37 %)

12b M = Mo (27 %)

M = Cr, Mo, W 12c M =W (39 %)

The analogous reaction of lithium [(;75-C4H,4S)Cr-
(CO)3] with [M(CO)] (M = Cr, W) followed by
methylation with [Et;0]BF, produced a mixture of
the expected dimetallic carbene complexes 13 and
new carbene complexes 14.2 Formation of complexes
14a,b represents the cleavage and inclusion of THF
into the ethoxy substituent of the dimetallic carbene
complex. This unexpected reaction is proposed to
occur by coordination of the solvent to the initially
formed acylmetalate, followed by nucleophilic attack
of the acylate oxygen to the carbon o to the oxygen
on the coordinated THF on 15 to produce the new
intermediate 16. Finally, ethylation of the intermedi-
ate 16 would lead to the observed product 14 (Scheme
4). However, products such as 14a,b were not formed
during the reaction of lithium [7%-benzo[b]thiophene-
Cr(CO);s] and [Cr(CO)]e to yield complex 17.

The reaction of lithium [(35-C4H4S)Cr(CO)3] with
[Re(CO)sCI] followed by ethylation yielded the di-
metallic Re carbene 18 as the sole product.'® Complex
18 is stable in air for short periods of time, but it
losses the Cr(CO); fragment in polar solvents. The
related reaction of the lithium derivative of [(n°-
CsHs)Mn(CO);3] and [W(CO)g] followed by alkylation
to give complex 19 has been also reported (Scheme
5).% Analogously, [CpFe(CO),Me] is lithiated by sec-
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_THF, 5"
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20aM=Cr,n=6(38%)
20b M = Mo, n =6 (35 %)
20c M =W, n=6 (25 %)
20d M =Fe, n=5 (23 %)

BuLi and reacts with different group 6 and group 8
metal carbonyls to yield the dimetallic complexes
20a—d.®

A more bizarre transformation occurred when 7°-
pyrrolyltricarbonylmanganese is reacted with n-
BuL.i. After the initial formation of the ate complex
21, quenching with D,O formed trinuclear carbene
complex 22. The proposed mechanism for the forma-
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Scheme 6
N (CO)3
1. BuLi N—Mn—N
—_—
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Li R 1. M(CO)g OMe
O, (CO)sM R
ByoH1o 2. [Et,0]BF, o
- BioH
25 R = Me, Ph M=Cr, W 10M10

26aM = Cr, R = Me (37 %)
26b M = Cr, R = Ph (37 %)
26c M =W, R =Me (40 %)
26d M =W, R = Ph (43%)

tion of compound 22 involves the elimination of
deuteriopyrrole from deuterated 23 by action of a new
molecule of #5-pyrrolyltricarbonylmanganese, fol-
lowed by reaction of intermediate 24 with, again, a

P

Scheme 8
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new molecule of #%-pyrrolyltricarbonylmanganese
(Scheme 6).16

Lithium-o-carboranes 25 have been reacted with
[M(CO)g] (M = Cr, W) followed by alkylation to yield
a new class of dimetallic Fischer carbenes having an
o-carboranyl substituent in their structures, namely,
the [(o-carboranyl)methoxycarbene]metal complexes
26a—d (Scheme 7). 17

The preparation of heterodimetallic carbenes by
addition of a lithium acetylide bearing a metal
nucleus has been widely used to prepare heterodi-
metallic mono-carbene complexes in connection with
the search for lineal forms of carbon, a chemistry that
has been reviewed.*® The general approach to this
kind of complexes is represented in eq 5. Thus, the
Re/Li—C, complex [(17>-CsMes)Re(NO)(PPh3)—(CC)Li],
27, prepared from [(1°-CsMes)Re(NO)(PPh3)—(CCH)]
was reacted with carbonyl complexes [W(CO)g], [Fe-
(CO)s], and [(#*>-CsH5-nCln)Mn(CO);] (n =0, 1, 5), and
the lithium ate complexes formed were alkylated
with [MesO]BF, to yield complexes 28—30.1924 The
analogous reaction of acetylide anion 27 with [Re,-
(CO)10] formed the trinuclear carbene complex 31,%°
while tetranuclear complex 32 was obtained from 27
when [Os3(CO);,] was used (Scheme 8).21:22

The homologous diethynyllithium derivative 33
prepared from [(#°-CsMes)Re(NO)(PPh3)(CC—CCH)]
was analogously reacted with [(7°-CsXs)Mn(CO)3] (X
= ClI, Br) and [(1°-CsH4Cl)Mn(CO);] to form, respec-
tively, complexes 34 and 35.2324 Iron derivative 36
was prepared in the same manner. Trinuclear com-
plex 37 was obtained from the reaction of 33 and
[Re2(CO)10] (Scheme 9). 21

A different approach to dimetallic carbenes is the
addition of a dilithium derivative to two equivalents
of a metal carbonyl (eq 6). The alkylation of the
obtained dilithium bis-acylate would yield the desired
dimetallic bis-carbene. This approach leads by its

1. W(CO)g or

Re\ Fe(CO)s Re\ Re\
ON” 1 ~PPhgy 1. Re5(CO)yo PPh3 PPh,
2. [Me;OlBF, 2 ”‘"@' e e
\ g i
(CO)MRe? oM (Co)sw)\OMe (CO)F )\OMe
Re(co)s ;lqe\ 28 (73 %) 29 (67 %)
(92 %) ON~ PPh,
I:Cl
1. 0s53(CO)1 Li 5
2 MoBE i 1. (3‘ CSHBSI_:,,CI,,)Mn(CO)a
| / ! wl 4 |
_Re{
ON” ge\PPha ON”L™"PPhy
"n "
c coC
oc| ~
00) o OSAOMG M”AOMe
o
(CO)4 Clolon
32 (87 % 30an =0 (72 %)
(67%) 30bn =1 (41 %)
30cn =5 (57 %)
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Scheme 9
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2. [MezOBF,
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n
¢
C
n
C
(CO)4Re\/ OMe
Re(CO)s
37 (44 %)

own nature to homodimetallic bis-carbenes. No ex-
amples of the sequential preparation of a heterodi-
metallic bis-carbene complex by this method have
been reported to date. Aromatic dilithium reagents
have been the most extensively used dinucleophile
reagents. Thus, the reaction of p-phenylenedilithium
with [M(CO)s] (M = Cr, W) followed by alkylation
with Et;OBF, yields bis-carbene complexes 38a,b,
together with the corresponding mononuclear car-
bene complexes 39a,b, the latter arising from the
reaction of PhLi with bromobenzene to form biphen-
yllithium. This lithium reagent generated in situ
reacts, successively, with [M(CO)e] and the alkylating
agent to yield the observed compound 39b (Scheme
10).% In contrast, the analogous reaction with o-
phenylenedilithium led to monuclear 1,4-chelated bis-
carbene complexes 40a—c.?® p-Biphenylenedilithium
reacts with [M(CO)s] (M = Cr, W) to form the
dimetallic bis-carbene complexes 41a,b,?® while the
analogous reaction with o-biphenylenedilithium does
not lead to the desired bis-carbene complexes but to
the corresponding monocarbene complexes. Treat-
ment of complexes 41a,b with ammonia yielded the
expected amino bis-carbenes 42. Binaphthyl bis-
carbene 43 was prepared by the reaction of dilithium
derivative of racemic 1,1'-dimethoxybinaphthyl with
[Cr(CO)g] followed by alkylation. A mixture of bis-
carbene 43 and monocarbene 44 resulted from this
reaction. Axial chiral (R)- and (S)-43 were prepared
starting from enantiomerically pure naphthyl deriva-
tives.?”

Complex 43 showed broad signals corresponding
to the MeO groups in its *H NMR spectrum. This fact
may be explained in terms of hindered rotation of the

2. [MGQO]BF4
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1. (n%-C5Xs)Mn(CO),

2. [Me3O]BF4

1. M5-C5sH CHYMN(CO)4
34a X = Cl (77 %)
34b X = Br (55 %)

35 (39 %)

carbene MeO groups, which evidently influences the
aromatic MeO substituents. Variable temperature
NMR studies suggested that there is a cooperative
mobility of the MeO groups, namely, the orientation
of the carbene MeO group controls the conformation
of the aromatic MeO group, as consequence of the
E—Z configuration of the Cgarhene—O bonds. Addition-
ally, the dihedral angle 6 between the two naphthyl
rings [C(2)—C(1)—C(1")—C(2')] decreases from 110°
(free 2,2'-dimethoxybiphenyl) to 75°. These results
reflect the balance of steric interaction between the
bulky M(CO)s moieties on one side and both naphthyl
systems on the other side. However, the C(1)—C(1")
bond is only slightly longer (1.507 (6) A) than the free
binaphthyl (1.488 (7) A).

Other examples of the formation of bis-carbenes
from aromatic dilithium derivatives are the prepara-
tion of tungsten bis-carbene complex 45 from 9,10-
dilithium anthracene?® and complex 46 from 1,6-
dilithiomethano[10]annulene (Scheme 11).2° The
analogous reaction of 2,10-dilithiomethano[10]annu-
lene gave only monocarbene 47. Neither bis-carbene
48 nor chelated mononuclear bis-carbene 49 were
obtained.

Aliphatic dilithium derivatives have been sparingly
used in the preparation of bis-carbene complexes.
Thus, 1,2-diphenyl-1,2-dilithioethane was reacted
with [M(CO)s] (M = Cr, W) to give low yields of the
corresponding bis-carbene complexes 50a,b together
with mononuclear bis-carbenes 51a,b as the major
products (Scheme 12).25

The analogous reaction of di-Grignard reagent 52
with [M(CO)¢] (M = Cr, Mo, W) gave the stable
magnesium ate bis-carbene complexes 53a—c. Com-
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Scheme 10

Li
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M(CO)y/THF  (CO)sM OBt < > (OE‘
, C \ M(CO)s

2. [Et,0]BF, EtO M(CO)s

38a M =Cr (49 %)
38b M =W (41 %)

39a X = Br, M = Cr (24%)
39b X = Ph, M = Cr (13 %)

OEt

M(CO)g/THF

1. 7
i ——° 5 (CONM
2. [Et,0lBF,

OEt

40aM = Cr (35 %)
40b M = Mo (31 %)
40cM=W (29 %)

L Li 1. M(CO)y/THF

2. [Et;0]BF,

1. t-BuLi
2. Cr( CO)G

l I OMe
‘ g OMe

3. [Me3O]BF4

plexes 53a and 53c were methylated to yield com-
plexes 54a,b while compound 53b decomposed to a
mixture of unknown compounds. It is noteworthy
that bis-carbenes 53a—c having an OMg bond are
thermally stable, but they did not undergo further
transformation to yield a chelating bis-carbene, as
might have been expected by analogy with the
reaction with Liy(0-CsH4) (see above). Dilithium
reagent 55 gave complexes 56a,b by reaction with
[M(CO)s] (M = Cr, W).%° Ligand interchange by Et;P
on 54a gave the new dimetallic bis-carbene complex
57 (Scheme 13).

Carbon—oxygen dianion 58 reacted with Cr(CO)e
in the usual way to yield the ate complex 59. This
compound upon treatment with acetyl chloride formed
dimetallic complex 60. The reaction is thought to
occur through the intermediate 61, formed by acyl-
ation of the oxygen bonded to the carbene carbon. The
intramolecular 1,4-addition of the alkoxide to the
alkyne triple bond on intermediate 61 would lead to
62, which by reaction with a new molecule of acylate
59 would form a new dimetallic complex 63. Complex
63 would yield 60 by a cascade cyclization promoted
by the intramolecular attack of the oxygen alkoxide
to the extreme of the ylidene carbon (Scheme 14).3!

(CO)SME . . OFEt

EtO

(CO)sM . . NH,

HoN

o

M(CO)s

41aM=Cr (50 %)
41b M =W (57 %)

‘NHS/EIQO

M(CO)s

42aM = Cr (90 %)
42b M = W (80 %)

Cr(CO)s
O B
O OMe

An alternative and efficient approach to the Fischer
synthesis of metal carbenes is the reaction of M(CO),>~
with tertiary amides in the presence of TMSCL.32 The
use of a diamide would lead evidently to a homodi-
metallic bis-carbene complex. Thus, a series of Cr and
Fe dimetallic bis-carbene complexes 64 were pre-
pared by reacting bis-amides 65 with [M(CO),]?>~ (M
= Fe, Cr; n = 4, 5), followed by quenching with
TMSCI.2 These reactions produced also monocarbene
66, the main reaction product when M = Fe. Het-
erodimetallic bis-carbene complex 67 was prepared
sequentially from amide 68 through monocarbene 69.
This approach was also used to prepare bis-carbenes
70a,b having the metallic nuclei joined by an ali-
phatic chain. Aliphatic diamides 71 were the starting
materials in these cases. Diamides derived from
oxalic and malonic acids failed to give any isolable
carbene product. This failure may be due in the latter
case to deprotonation of the acid diamide protons by
the strongly basic [Cr(CO)s]?>~ (Scheme 15).

Carbohydrate-bridged bis-carbene complexes 72a,b
were prepared from the corresponding anionic car-
bonylmetalates and aldaric acid dichlorides, following
the method reported by Semmelhack.®* Thus, 2,3,4,5-
tetra-O-acetyl-p-galactaryl dichloride, 73, was re-

Cr(CO)s

43 (50 %)
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Scheme 11
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Ph Ph  1.M(CO)g
_—
L L 2. [Etz0]BF,
EtO  Ph Ph Ph
(CO)SM)\HY Et0” M~ “OEt
Ph OEt (CO),
50a M = Cr (0.5 %) 51aM =Cr (5 %)
50b M = W (0.5 %) 51bM=W (5 %)

acted with K;M(CO)s (M = Cr, W) to yield after
alkylation Cr and W bis-carbenes 72a,b (Scheme
16).%5

B. Di- and Polymetallic Metal Carbene Complexes
from Carbanions o to a Preformed Carbene
Ligand

Hydrogens bonded to the carbon o to the carbene
ligand in metal carbene complexes are acidic (eq 8).3°

XR3 Base
Ln(co)mM R1 — (8)
H R®
~ XR® XR®

2(CO)m =&_ <_,l_CO)M~\$1

R2

Sierra

Scheme 13

@E:MQ—THF M(CO)s

M(CO)s o
—_— —~Mg(THF),

(0]

2
MgCl M(CO)
MgCl
53a M= Cr (61 %)

53b M = Mo (yield not reported)
53¢ M =W (51 %)

1 . HZO
2. [Et;0]BF,

Cr(CO),PEt, M(CO)s
OEt M=Cr OFt
OEt -—
EtsP OBt
Cr(CO),PEt, M(CO)s
57 (64 %) 54a M = Cr (44 %)
54b M =W (44 %)
M(CO)s
SiMe;
Litmen M(CO)g OLi(OEt),(tmen)
—_— .
Litmen  M=Cr,W OLi(OEt);(tmen)
SiMe, M(CO)s
55 56a M = Cr (84 %)

tmen = Me,N(CH,),NMe, 56b M =W (89 %)

The resulting carbanions can react with different
electrophiles to produce new carbene complexes.
There are, in principle, three possibilities to prepare
di- or polymetallic metal carbene by using these
carbanions:

(i) Capture with an electrophile having a metal
nucleus (eq 9).

s E-M' XR?
XR L,(CO),-M
Ln(CO)mM — R!
_ l;’ FIE R2
R W
L(CO)M = (CO)sCr, (CO)sW (CsH4Me)(CO),Mn ©)
X =0, N

E-M' = [(CoH4)Re(CO)s]"; [(C7H7)Cr(CO)3I"; [(C7H7)Mo(CO)a];
[(C2Ha)FeCp(CO),]"; [(CeHy)Fe(CO)q]*:[C7HsFe(CONsI":
[(C7Hy)Fea(CO)I'; [(CoHeMn(CONI*
[(CeHsMe)Fe(CO),]*; CsHsFe(CsHy-Y-CHO)

(if) Capture with a carbon bidentate electrophile.
This reaction will lead to an homodimetallic bis-
carbene complex (eq 10).

XR®  Y_C-y M(CO)mLn M(CO)mLsn
Ln(CO)mM :&7 — Rsx)g(c%mg
R' R? R?R! (10)

00),n = (CO)Cr, (CO)sW; (CsH4Me)(CO),Mn

X=0,N

Y-C-Y = m-CgH4(CHO)y; p-CoHa(CHO),; OHCCgH;FeCgH4CHO;
-(CHy)q-; CICOCH=CHCOCI; Cl,Cq
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Scheme 14
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(iii) Oxidative dimerization of the carbanion. This
process would form a symmetric homodimetallic bis-
carbene complex (eq 11).

s Lo(COM g2 R

L(CO)mM = (CO)sCr, Cp*(CO)PR*sFe; (CsHsMe)(CO),Mn;
XR3 = OMe; OEt; -NPh

The first example of the synthesis of a homodi-
metallic bis-carbene 74 following the approach rep-
resented in eq 9 was the reaction between the anion
derived from cyclic carbene 75 and formaldehyde.
This reaction failed to produce the desired exo-
methylene carbene complex 76, and the only isolated
product was the bis-carbene 74. This complex arises
from Michael addition of the carbene anion of 75 to
the initially formed exo-methylene carbene complex
76. The analogous reaction of the carbene anion
derived from 75 and the formaldehyde equivalent
CICH,OMe gave also bis-carbene 74 in good yields
together with dialkylated complex 77 (Scheme 17).%7

A general procedure for the synthesis of (u-bis-
carbene)ditungsten complexes 78 was developed by
the Michael addition of anions 79 to o,5-unsaturated
carbenes 80, followed by the capture of the lithium
enolates 81 by different electrophiles (Scheme 18).38:39
The process outlined in Scheme 18 is quite general
for both the anion and the Michael acceptor. Poly-
merization was observed when the anion derived
from the parent complex was used. It was also
observed that, as the number of substituents on the
o-lithio carbanion increased, their reactivity toward
a given a,-unsaturated carbene decreased. Organo-
metallic Michael acceptors 80 behave similarly to
standard organic Michael acceptors. Substitution at
the terminal carbon decreases its reactivity, and only
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Scheme 15
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MeO,
cocl N=M(CO)s
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- -1 C
H [ OAc M=Cr. W ]
COCI (CO)M=0oMe
73

72aM = Cr (11 %)
72bM =W (7 %)
complexes having an E configuration are reactive.
The reagents used to quench the carbanions 81
formed after the Michael addition, were triflates,
benzyl and allyl bromides, and trimethylsilyl chlo-
ride. Monoalkylated products 78 were consistently
obtained together with variable amounts of carbenes
82 arising from the protonation of the carbanion 81.
Methyl triflate showed a increased tendency to form
dialkylated products. These reactions were also mod-
erately diastereoselective.

Capture of anions by cationic metal complexes
produced the corresponding dimetallic monocarbene
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Scheme 17
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M'=W, Cr
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X'R = OMe, OBn, OCH,CH,Ph, NMe,
X2R = OMe, OBn, NMe,

R'=H, Me

R?=H, Me, n-Pr, SiMe,

R3=H, Me

R*=H, Me

R%R* = (CHy)3, (CHy)s, (CHy)s

E = H, Me, Allyl, Bn, CH,CH=CHPh, TMS

complexes. Thus, the addition of anion 83 to the
cationic complexes [(CO)sRe(C,H4)]™ and [(CO)sM(5’-
C;H7)]" (M = Cr, Mo) affords the dimetallic hydro-
carbon-bridged complexes 84 and 85, respectively
(Scheme 19).4°

The addition of carbanion 86 to [(y?>-ethenyl)Fe-
(CO),Cp]* 87 and [r5-cyclohexadienyl)(CO)sFe]™ has
been reported to yield the expected complexes 88 and
89, respectively. The reaction of 86 with [(°-
cyclohexadienyl)(CO)z;Fe]* lead also to the trimetallic
complex 90.4! The last compound can be also obtained
by reaction of the lithium anion derived from 89 with
a new equivalent of [(°-cyclohexadienyl)(CO)s;Fe]".
A diastereomeric mixture of complexe 90 was ob-
tained in this way. Similarly, treatment of complex
1 with Et;N and coordinated olefins 91 yielded the

Sierra
Scheme 19
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M2(CO), OMe
Me (OC)sM!
(COsM! -
CHolLi H
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o]
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Re(CO)s

85d M' = W, M? = Mo (60 %)
84aM' = Cr (80 %)

84b M' = W (yield not reported)

corresponding dimetallic carbenes 92. Dialkylation
occurs in complexes 92a—c by treatment with EtzN
and a new mole of the coordinated olefins 91 to form
compounds 93a,b as diastereomeric mixtures (Scheme
20).42

Anions 94a—e reacted with [(CsHe)(CO)sMnPFg]
complexes to yield dinuclear (5°-cyclohexadienyl)-
manganese tricarbonyl carbene complexes 95. Both,
alkoxy- and aminocarbene complexes gave satisfac-
tory results. The reaction of cyclic carbenes 96 with
cationic tricarbonyliron(i°-cyclohexadiene) complex
97 gave the expected neutral heterodimetallic com-
plexes 98a,b as diastereomeric mixtures (Scheme
21).43.44

Heteroanions 99 and 100 generated in situ by
treatment of 101 with BuLi and CS; were quenched
with organometallic Lewis acids to form diverse
heterodimetallic carbenes. Thus, treatment of het-
erodianion 99 with [(CO)sReBF,] or [cis-MCI,(PR3)]
(M = Pd, Pt) gives complexes 102 and 103, respec-
tively. Heteroanion 100 forms complexes 104a,b
when reacted with [XRe(CO)s] or [XAuPPhs]. The
behavior of heteroanion 100 toward coordinated
ethene or allyl ligands is analogous to that of the
parent carbanion derived from 101, yielding hydro-
carbon-bridged dimetallic carbenes 105 and 106
(Scheme 22).4%

Chromium carbene 107 reacts with ferrocenyl-
carbaldehyde under the conditions tuned up by
Aumann to prepare o,5-unsaturated carbene com-
plexes*® to form heterodimetallic monocarbene 108
(Scheme 23).472 An analogous process using benz-
aldehyde tricarbonyl chromium gave homodimetallic
monocarbene complex 109.4® Ferrocenylcarbalde-
hyde and 1,1'-bis-formylferrocene formed dimetallic
carbene complexes 110a,b by reaction with the Mn
carbene complex anion 111,4”¢ while polyconjugated
monocarbenes 112a,b were obtained from 9-ferro-
cenyl-2,7-dimethylnonatetraenal and complexes 1
and 113 following essentially the Aumann proce-
dure.*®

As was exemplified in eq 10, the capture of a
carbene a-anion with a bidentate electrophile would
lead to a homodimetallic bis-carbene complex. This
methodology was implemented originally by reacting
two equivalents of complex 113 with aromatic di-
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Scheme 20
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93b [R] = C;HgFe(CO); (78 %)

92¢ [R] = C7H,Fex(CO)s (78 %)

aldehydes 114 and 115 to form bis-carbene complexes
116 and 117 (Scheme 24).%6 Trimetallic bis-carbene
118 was formed when an excess of Mn carbene anion
111 was reacted with 1,1'-ferrocenedicarbaldehyde.*’
Diverse di- and trimetallic bis-carbene complexes
with structures analogous to 119 were accessed from
the Peterson olefination reaction of tungsten carbene
120 and different polyene dialdehydes.*® The sequen-
tial reaction of the anion derived from complex 121
with o,w-dihalogenoalkanes yields in first instance
complexes 122 and finally bis-carbenes 123a—c.%®

The reaction of anions derived from complexes 124
and fumaryl dichloride gave results different from
those expected. In this case bis-carbene complex 125,
having a lactone nucleus in its structure, were
obtained. Apparently, after the acylation of the
carbanion had occurred to yield a new carbene
complex 126, a second molecule of 124 preferred the
addition to 126 in a conjugated fashion rather than
to the carbonyl group of the acid chloride moiety. The
enolate oxygen of intermediate 127 is hence intramo-
lecularly acylated by the acid chloride to yield 128.
This intermediate finally yields 125 by 1,3-H shift
(Scheme 25).%0

bis-Carbene complex 129 connected by a conju-
gated ammonium pentadienide bridge has been
obtained by reacting 113 with tetrachlorocyclopro-
pene 130 in the presence of EtsN. This reaction
involves the elimination of 4 equivs of HCI and the
formation of the nitrogen ylide complex. The actual
mechanism of the process is unknown (Scheme 26).5!

The oxidative dimerization of a carbene anion to
yield a dimetallic carbene complex (eq 11) was

initially observed when TiCl, was used to activate
an oxirane ring toward the nucleophilic attack of a
chromium carbene anion. Thus, the anion 86, derived
from 113, was reacted with propylene oxide in the
presence of TiCl, to form the expected complex 131
together with bis-carbene complex 132. This last
compound was formed probably by the oxidation of
anion 86 by Ti(IV) to yield a radical species that
undergoes dimerization to the carbene 132. No
improvement in the yield of complex 132 was ob-
served when the reaction was carried out in the
absence of the oxirane (Scheme 27).52 A controlled
oxidation of carbanion 86 was achieved by using
AgBF,.5% These conditions lead to complex 132 in 50—
80% vyields that was, in turn, converted to a,f-
unsaturated bis-carbene complex 133 through the
sequence deprotonation, to form the carbene dianion
134, followed by AgBF, oxidation. This dianion was
also reacted with [(CO)sRe(C;H4)BF,4] and [(CO)sFe-
(CsH7)BF,] to yield the tetranuclear complexes 135
and 136, respectively.5?

Iron bis-carbene 137 was obtained following an
analogous approach from cationic complexes 138,
which were transformed to the neutral vinyl complex
139 by deprotonation with KOtBu at —80 °C. The
reaction of complex 139 with an stoichiometric amount
of [Fe(n°-CsHs),PFs] gave a mixture of 137 as two
pure diastereomers (Scheme 28).5* The dimerization
should occur through a 17-electron radical cation 140
generated from 139 that is stable at —80 °C. Dimer-
ization of 140 occurs upon warming in the solid state.
When 140 remained in solution, abstraction of an
hydrogen from the solvent favorably competes with



3602 Chemical Reviews, 2000, Vol. 100, No. 10

Scheme 21
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Fe(CO)s
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the dimerization to produce starting materials 139.
Dimerization of two 17-electron species having a CO
ligand is rather interesting, since this ligand is
exceptionally labile in these compounds, and often
evolves with decoordination of CO that leads to
decomposition.

The oxidation of the anions derived from Mn
carbene complexes 141 and 142 with Cul and O,
yields bis-carbene complexes 143 and 144, respec-
tively. Complex 143b has two stereogenic centers,
and it is formed as a 1:1 mixture of diastereomers.
Complex 144 was formed as a mixture (66:33) of two
of the six possible diastereomers. Finally, the trans-
formation of 143a into complex 145 can be achieved
by either electroxidation or by oxidation of its dianion
with CuCl; and O,. The dianion derived from 143a
behaves as expected when reacted with Mel, yielding
compound 143b in quantitative yield as a 60:40
mixture of diastereomers (Scheme 29).55

C. Synthesis of Di- and Polymetallic Metal
Carbenes from a,f-Unsaturated Metal Carbenes

Due to the different possibilities of reaction in the
conjugated unsaturation, this approach leads to
structurally diverse complexes. The simplest way to
di- and polymetallic metal carbenes is to gain ad-
vantage of the coordination chemistry of the double
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or triple bond or to introduce the new metal center
or centers (eq 12).

X X
M=__ + M — [Ml=&_i_.
(M) (12)
[M] = Cr(CO)s; W(CO)s;
[M] = Co,(CO)g; Fey(1-EE')(CO)s; B1gH1o(NCMe),

Alternatively, the conjugated double addition of a
bidentate dinucleophile to 2 molecules of carbene
would lead also to dimetallic complexes (eq 13).

EtO

[M]i — [Mli M

+ Y-C-Y

13)
[M] = Cr(CO)s; W(CO)s;

NN
ot om0 (R
='Nu N N\/N
H
Nu = COOH; OH; NHMe

ee

In the same way, the compound obtained from the
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Michael addition may react with a new molecule of
the unsaturated carbene to yield to a new dimetallic
complex (eq 14).

(14)

OR - OR
[M]i + Y-C —» [M]%C\

M] -

=

[M] = CHCO)s; W(CO)s;

Y-C = MeO,

Iy

By far, the most profusely used route to di- and
polymetallic carbenes starting from a,$-unsaturated
metal carbene complexes is represented in eq 12,
namely, the coordination of new metal centers to an
o,B-unsaturated bond. o,5-Alkynyl carbenes react
with Co,(CO)s to yield the corresponding heterodi-
metallic trinuclear complexes. These complexes are
reacted, in general without isolation, with different
olefins to yield the corresponding cyclopentenones in
a Pauson—Khand (P—K) reaction.?® The synthetic

EtO R2

A \ NHR' BF4 .
CO,Et —\—< Et

EtO
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- OMe
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EtN (CO)s _
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' OFEt
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- 60" c
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(00)5MY\J\/W\/©
|
BN ome Fe

<

112aM = Cr (14 %)
112b M = W (23 %)

applications of these dicobalt hexacarbonyl metal
carbenes will be discussed below. The first examples
of isolation of trinuclear monocarbene complexes by
this approach were reported almost simultaneously
by three different groups. Complex 146 prepared by
reaction of complex 147 with Co,(CO)s was the first
example (Scheme 30).57 Other alkoxy trinuclear car-
bene complexes, 148, were also prepared from the
corresponding monuclear carbenes 149 and some
(148, M = Cr, R = Me) characterized by X-ray
difraction.585°

These preliminary reports were promptly followed
by the isolation of complex 150 by reaction of tung-
sten carbene complex 151 and Co,(CO)s (Scheme
31).% Complex 150 was formed by an alternate
evolution of the first intermediate of the P—K reac-
tion 152, after the initial formation of cobalt—
tungsten complex 153. Instead of a reductive elimi-
nation of the first cobalt atom, intermediate 152
evolves by replacing the tungsten at the carbene
center by a Co. The steric hindrance of the bulky
TMS group was claimed to be the responsible for this
unexpected result.5°

The P—K chemistry of trinuclear complexes such
as the above-mentioned has been thoroughly studied
since these preliminary results were reported (see
below).57-64 However, only a few complexes have been
isolated and characterized. Thus, complexes 154a,b
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were prepared by the reaction of carbenes 155 and
C02(C0).5* The reaction of carbene complexes 156
and Co,(CO)s produced complexes 157 as side prod-
ucts.5263 The analogous reaction of carbenes 158a,b
formed complexes 159a,b (Scheme 32).%4

Chalcogenide and mixed chalcogenide iron carbonyl
cluster metal carbenes 160a—k were prepared also
by the addition of [Fe,(u-EE')(CO)¢] (E = S, Se, Te;
E' =S, Se, Te) to alkynylcarbene complexes 161. The
reaction was clean and, together with the polynuclear
complexes 160, new mononuclear carbene complexes
162a,b, produced by the conjugated addition of
MeOH to the starting 161, were obtained as traces.
The analogous aminocarbene polynuclear complexes
163a—f were obtained by aminolysis of the corre-
sponding alkoxy complexes 160 (Scheme 33).6566 The
reactivity of these complexes as well as their pre-
liminary synthetic applications have been also stud-
ied (see below).57:68
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The transformation of the carbon—carbon triple
bond of carbene complex 164 into an o-carborane
framework was achieved by reaction with BjoHj,-
(MeCN),. Compounds 165a—d were obtained in high
yields from the direct two carbon insertion reaction
of the alkynylcarbene complex.” Formation of di-
nuclear complex 166 occurred upon standing complex
167 in solution at room temperature.®® Complex 166
is very stable in solution and only regenerated the
starting complex 167 after heating for long periods
of time (Scheme 34).

As stated earlier, the addition of a bidentate
dinucleophile to 2 molecules of an a,$-unsaturated
carbene will lead to an homodimetallic carbene
complex (eq 13). Analogously, the Michael addition
of a nucleophile to an o,5-unsaturated carbene may
lead to a new complex that also can react as a
nucleophile with an additional molecule of starting
material, leading again to a homodimetallic carbene
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(eq 14). The first example in which an homodimetallic
chromium complex, namely, bis-carbene 168, was
prepared through a double Michael addition route
was the reaction of tungsten complex 169 with
terephthalic acid. This reaction yields complex 168
as single Z,Z-isomer. The sequential reaction of
equimolar amounts of complex 169 and p-N-methyl-
aminobenzoic acid yielded the E-complex 170 that
was converted to E,Z-homo bis-carbene 171 by the
addition of a new molecule of 169. This last addition
requires the presence of EtzN as the catalyst (Scheme
35).7°

Dinuclear carbene complexes 172 and 173 were
analogously prepared by the reaction of m- and
p-diphenols and 1,1'-binaphthol and metal complexes
161a,b. Complexes 172—174 were obtained exclu-
sively as their E,E-isomers. However, while 172 was
configurationally stable, complex E,E-173 slowly
isomerizes in solution to the Z,Z-isomer, and E,E-
174 formed a mixture of E,Z- and Z,Z-isomers when
solved (Scheme 36).7*

The reaction of aqueous urotropine with metal
carbene 175 leads to symmetric complex 176 having
a quinuclidin nucleus, with extrusion of formalde-
hyde in the process. This is a striking result since
the reaction of urotropine with other carbenes, in-
cluding a,3-alkenyl derivatives 177, leads to destruc-
tion of the metal complex with formation of the
corresponding aldehyde and [(CO)sCr(urotropine)].
The formation of 176 was explained by the initial
conjugated addition of the base to the complex 175
to yield the allenyl zwitterion 178. Fragmentation of
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the urotopine nucleus yields a new intermediate 179
that is hydrolyzed to complex 180 with the loss of 1
molecule of formaldehyde. Complex 180 adds to a
new molecule of the starting complex to give the
observed product 176 (Scheme 37).72

The generation of a nucleophilic carbene interme-
diate that is able to react with a new molecule of the
starting material is exemplified by the reaction in
Scheme 38, and it has been successfully used to
prepare different classes of compounds. The reaction
of complex 175 with 3,3-diethoxy acrylate leads to
bis-carbene complex 181 when a limited amount of
ester is used. Formation of complex 181 was ex-
plained by the initial formation of zwitterionic inter-
mediate 182. The intramolecular cyclization of 182
forms pyranylidene complex 183 that adds to a new
molecule of the starting material to finally yield 181
(Scheme 38).73

A beautiful cascade [4+2]-[2+2] cycloaddition be-
tween complex 175 and alkenyl imidates 184 has
been used to prepare bicyclic bis-carbenes 185a—c.
These complexes in turn rearranged to monocyclic
bis-carbenes 186a—c after acid treatment. Formation
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of complexes 185 is explained by the initial conjugate
addition of the imidate nitrogen to the carbene
complex 175 followed by the ring closure of the
intermediate zwitterion 187 to yield the new complex
188. This reactive intermediate undergoes a [2+2]
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cycloaddition with a second molecule of 175 to yield
the observed compound 185. Complex 185 is stable
in the solid state but rearranges to the monocyclic
compounds 186a—c upon acid treatment. The regio-
selective breakage of the cyclobutane ring generates
a new zwitterionic complex 189, which evolves to the
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final products by successive protonation—deprotona-
tion (Scheme 39).7

Five- and six-membered cyclic imidates (lactims)
gave also dinuclear complexes referable to 185.7°
Thus, five-membered O-methyl lactim 190a reacted
with (1-alkynyl)carbene complexes 161a,b in a 1:2
ratio to afford dinuclear carbene complex 191a in
excellent yields. Mononuclear complexes 192a—f
could not be detected as intermediates, even when
the lactim was used stoichiometrically. The reaction
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of complexes 161 with six-membered O-alkyl lactim
190b gave by analogy complex 191b. On the contrary
seven- and eight-membered lactims gave exclusively
mononuclear complexes 192a—f. Formation of com-
plexes 191a—c was explained by the initial addition
of the lactim nitrogen to the S-carbon of the complex
to yield allenyl complex 193. This complex undergoes
a spontaneous 1,5-hydrogen shift to give the enamine
derivative 192. The obtained dinuclear complexes
191a—c are then formed by [2+2] cycloaddition of the
triple bond of a new molecule of the starting complex
to the electron-rich C=C(OMe)N bond of 192. Prob-
ably, in the case of five- and six-membered lactims
the second step of the reaction, the [2+2] cycloaddi-
tion between 192 and 161, is faster than the first one;
hence, complexes 192a—f could not be isolated in
these cases (Scheme 40).

Other homodimetallic bis-carbene complexes could
be obtained from 191b. This complex was not stable
in solution and undergoes fast transformation, espe-
cially in acidic media, to give three different products
after chromatography, two of them containing a bis-
carbene moiety. Then, complex 194 was formed by a
(1-cyclobutenyl)carbene — metallatriene rearrange-
ment’* that involves a 1,3-H migration on the initially
formed intermediate 195. Compound 196 was formed
from 195 by hydrolysis. Cyclization of the metalla-
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triene unit of 194 formed 197, which evolves to the
final product 198 by the hydrolysis of the enol ether
moiety of intermediate 199 (Scheme 41).7°

An intringuing case occurred during the reaction
of complex 200 with sodium teramilate (C,Hs(CHj3)»-
CONa). This reaction leads to a mixture of com-
pounds from which monuclear carbenes 201 and 202,
dinuclear carbene 203, and finally trinuclear complex
204 were isolated and characterized. A mechanism
for the formation of these compounds involves the
conjugate addition of sodium teramilate to 200.
Complex 201 would be formed by protonation of the
resulting anion 206. The conjugated addition of anion

206 to a new molecule of complex 200 results in 207,
which by protonation would lead to 202 (protonation
at tungsten) and 203 (protonation at carbon). The
formation of 204 is a consequence of two successive
conjugate additions of a-carbene anions to 200 form-
ing sequentially 208 and 209. Protonation of (u-
tetrakis(carbene)) complex 209 at tungsten followed
by reductive elimination would yield the observed
complex 204 (Scheme 42).7

Polymeric tungsten carbene complexes have been
also reported. In fact, during the synthesis of complex
167, an insoluble orange solid was invariably pro-
duced when the standard Fischer procedure was
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followed.”” Compound 167 could be obtained when
purification of the crude reaction mixture was ef-
fected immediately and was stable at —30 °C. How-
ever, it evolves to the same orange insoluble material
upon standing 7 days at room temperature (see
Scheme 43). This orange material was identified as
polymer 210 on the basis of spectroscopic data and
by its oxidative conversion to poly(methyl acrylate).
Together with this material, a soluble copolymer 211
could be obtained by partial oxidation of 210. The
mechanism of formation of polymer 210 under bulk
conditions is not known, but both radical and anionic
pathways appear possible. The radical polymeriza-
tion of monomer 167 occurred in the presence of
AIBN. Likewise, monomer 167 can be homopolymer-
ized by using many anionic initiators including
TMEDA, PPhg, t-BulLi, etc.

A totally different approach to di- and polymetallic
carbene complexes, starting from ethynyl mono-
nuclear metal carbenes, makes use of the acidity of
the terminal ethynyl hydrogen to anchor the new
metal/s center/s (eq 15).

M=, My M= (15)

(M1]

[M] = Cr(CQ)s; W(CO)s;

[M'] = trans-Pd(PEt3),Cl; trans-Fe(dmpe),Cl; CIPd(PEt;),(CCH);
Cly Ni(PEt3),; CloPd(PEts),; CloPt(PEts),; Cly Fe(dmpe),;.
CloHg; Cl,TiCp,; BBr3; PClg; SiCly; GeCly; Sn Cly

Moreover, this approach allows us to attach more
than 1 molecule of the ethynyl carbene to the new
metal center.”®~81 Ethynyl carbene complexes 212a,b
react with metal mono-, di-, tri-, and tetrachloride
derivatives leading to di-, tri-, tetra-, and penta-
nuclear carbene complexes, 213—216, respectively.
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Spectroscopic and structural data for these complexes
suggest only a weak interaction between the carbene
fragments and the central metal nucleus (Scheme
44).78

The homologous diinyl carbene complex 219a was
obtained from 212a by reaction with BuL.i, followed
by quenching with Cul and BrCCSiMe; and desilyl-
ation by KF.”® Triinyl carbene complex 219b was
obtained from the Pd-catalyzed coupling of dimetallic
carbene 217 and ICC—CCSiMe;, followed by de-
silylation by fluoride.®® Complex 219a formed di-
nuclear complex 220 by deprotonation of the acety-
lenic hydrogen followed by treatment with [IFe-
(C0O).LCp]. Analogously, deprotonation of 219 followed
by quenching with CISnBus; yielded complexes 221a,b.
Treatment of such complexes with [CIRu(CO),Cp] in
the presence of [CI,Pd(CH3CN);]) yielded diynyl
and triynyl dinuclear carbene complexes 222a,b.
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Trinuclear bis-carbene complexes 223a,b were ob-
tained by successive treatment of monuclear carbenes
219a,b with BuLi and HgCl, (Scheme 45).7°80

Dimetallic bis-carbene complexes having conju-
gated C4, C6, C10, and C14 bridges were efficiently
synthesized from ethynyl complexes 224 following
two alternative routes (see Scheme 46).81 Sym-
metrically substituted alkynediyl bis-(aminocarbene)
complexes 227 were prepared by Pd-catalyzed cou-
pling of two (CO)sM=C(NR2)(CC)«Y (Y = I, SnBus3)
units 225 and 226. This route allowed for the
synthesis of complexes with an even number of
ethynyl units. Alternatively, the lithium derivative
of 212a reacted with W(CO); followed by methylation
to yield the corresponding bis-carbene complex 228.
As above, spectroscopic data of the symmetrically
substituted alkynediyl-bridged complexes suggests
that in the ground state there is only weak s-interac-
tion between the (CO)sW=C(NMe,) fragments through
the bridge, while the contrary seems to be true for
the unsymmetrical alkoxycarbene—aminocarbene com-
plex 228, which shows a significant z-interaction
between both carbene units.

Some dimetallic complexes have been also prepared
by effecting a reaction on an unsaturation not-
conjugated with the metal carbene bond. Thus,
metathesis of the double bond of complex 229 with
the mixture WOCI4/Ph,SiH, yielded the homodi-
metallic bis-carbene 230.82 Complex 231 was hy-
droborated with HBETt; to yield complex 232. Trans-
metalation from boron to zinc yielded complex 233.
The reactivity of complex 233 toward D,0O and iodine
was the expected, yielding complexes 234 and 235,
respectively (Scheme 47).82
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More sophisticated was the preparation of complex
236. Dotz reaction between complexes 237 and 238
afforded the mixture of diastereomeric heterodi-
metallic carbene complexes 236. The major complex
of this mixture undergoes the haptotropic migration
of the Cr(CO); moiety by heating, to yield the new
complex 239 (Scheme 48).84

D. Synthesis of Di- and Polymetallic Metal
Carbenes from Allenyl Complexes

Preparation of di- or polymetallic carbene com-
plexes by the sequence allenyl complex — carbene
complex® has been scarcely reported. The reaction
of [(CsMeg)LRuUCI;], 240, with [FCCCH] in the pres-
ence of MeOH yielded the heterodi- and trimetallic
cationic carbene complexes 241.8 The reaction of [5°-
(arene)Cr(CO)s] having propyn-2-ol substituents 242
with [(CeMes)(PMe3)RuUCI;] also occurred to yield the
corresponding heterodimetallic complexes 243. A
nearly complete absence of selectivity was observed,
even when an optically pure diastereomer of the
alkyne 242 was used (Scheme 49).87

The alternative approach is to use a diyne diol to
generate a dinuclear bis-ylidene complex that is then
trapped in situ by the alcohol, thus generating the
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bis-carbene complex. This approach has also been Scheme 43
described. Reaction of [W(CO)sTHF] with diols 244a,b
gave a mixture of mono- and bis-carbene complexes Me,
245 and 246. Alkoxy—amine interchange on com- ] o]
plexes 245a,b followed by reaction with a second (CONW OMe  Bulk 10°C (CO)sW={__H
mole of [W(CO)sTHF] gave the mixed alkoxyamino ° =<: 7 days W
bis-carbenes 248a,b. Unsymmetrical, diamino bis- 4 .’
carbene 249 was obtained by aminolysis of 248a with 167 210
piperazine (Scheme 50).88 DMSO
4 days
. . . 25°C
E. Synthesis of Di- and Polymetallic Metal
Carbenes from Carbyne Complexes
B B MeO,

Easily available metal carbyne complexes have CO,Me DMSO W(CO)sMeO_o
been also used to introduce a second metal directly - 7days  +C CH,45t C—CHaydrmm
joined to the carbene carbon. The sequence usually 25°C Me Me
involves the initial synthesis of a mononuclear car- 211

bene complex, its transformation to the corresponding
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carbyne complex, and finally the addition of a metal
nucleophile or a nucleophile having a metal nucleus
to the carbyne carbon (eq 16).

" Lewis Aci + (M (M1
[M]=(XR ewis Acid [M]=C-R-| [M]=<R
R
[M] = Cr(CO)s; W(CO)s; n°(CsHsMe)(CO),Mn; Cp(CO),Mn (16)
[M'] = SnPhg; AsPh,; AsMey; TePh; SePh

Thus, treatment of cationic carbyne complex 250
with K[SnPhg] yielded heterodimetallic monocarbene
complex 251.8° The analogous reaction with K[AsPh;]
formed the corresponding carbene complex 252.%°
Strikingly, a totally different reaction occurred when
Li[AsMe,] was used as the nucleophile. Instead of the
expected addition of the As anion to the carbyne
carbon to yield the complex analogous to 252, reduc-
tive C—C coupling of two [(CO)sCrCNEt;] fragments
takes place to give the u-bis(aminocarbene) complex
253 together with As,Me,. Apparently, the reductive
dimerization of a cationic carbyne complex with
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concomitant C,—C, coupling can become the domi-
nating reaction, competing with the addition of the
nucleophile to the carbyne carbon atom, when strongly
reducing nucleophiles are used.’® The reaction of
complex 250 with Li[TePh] afforded the expected
carbene complex 254. This complex was unstable and
rearranged to a new carbyne complex 255 upon
standing at room temperature or to mer-256 if PPhg
is present in the reaction medium (Scheme 51).%2 This
approach can be also applied to dimetallic monocar-
bynes such as 257 that reacts with LiSePh or LiTePh
to yield the corresponding carbenes 258a,b (Scheme
51).%8

The reaction of Mn carbyne complex 259 or Re
vinylidene complex 260 with benzalazine, 261, formed
the novel bicyclic bis-carbene complexes 262a,b
(Scheme 52).°4 The formation of compounds 262 is
an organometallic version of the classic organic
process named “criss-cross reaction”.® It is likely that
the first step of the reaction would be the nucleophilic
addition of the azine nitrogen to the electrophilic
central allene carbon to form zwitterion 263, followed
by intramolecular cyclization to form 264. This new
zwitterionic intermediate 264 would add to a new
equivalent of vinylidene or carbyne complex to give
265, which will cyclize to yield the final compound
262 (Scheme 52).

lll. Class Il Di- and Polymetallic Metal Carbenes

Class Il di- and polymetallic carbene complexes
have the metal centers joined through the heteroatom
bonded to the carbene carbon (Figure 2C,D). Strictly
speaking, all the lithium, sodium, or magnesium ate
complexes (CO)sM=C(XM")R (M = Cr, W; M' = Li,
Na, Mg) obtained by standard Fischer synthesis are
dimetallic carbene complexes. Nevertheless, they are
not to be treated here as such due to their almost
exclusive role of reaction intermediates in the prepa-
ration of other carbene complexes. One of the earliest
examples describing the preparation of a complex of
class 11 was the reaction of 266a with TiCpCl, to yield
a mixture of dimetallic monocarbene complex 267a
and trimetallic bis-carbene complex 268.6 The an-
alogous reaction with complex 266b gave exclu-
sively dimetallic monocarbene complex 267b (Scheme
53).%7

Metalloxycarbenes of class Il as well as the cyclic
heterodimetallic carbene complexes that may be
considered the link between class | and class 11
carbenes (they have the new metal center joined both
to the heteroatom and to the carbon chain attached
to the carbene ligand) derived from Ti % Zr,% Hf 100
Tht metallocenes and a group 6 metal carbene have
been prepared. The synthesis, chemistry, and syn-
thetic applications of these kind of complexes have
been the subject of several reviews and will be
considered only briefly here.1®2 The example in Scheme
53 shows that the classical Fischer route to carbene
complexes is applicable to this class of compounds.
Nevertheless, metalloxycarbene complexes can be
prepared without nucleophilic addition to metal
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Scheme 45
1. BuLi
NMe2 2. Cul
(COW=_ - NMe,
G 3. Br-C=CRC=C—TMS | (CO)sW=
‘W X
212a C
N
= \C
%C,
\C\
NMe, P 218an=0(6%) TMS
(CO)5W=<C It C=CHC=C—TMS 218bn=1(5%)
“‘c\ Cl,Pd(MeCN),
SnBus KF
217 THF/MeOH
NMe2 .
NMe.
(CO)5W=<C 1. Buli (CO)5W=< 2
Ao ” 2. CISnBug C“c
C X
‘c C*
221an=0(51%) 2C 218an=0(72%) X
= o an= %
221bn=1(51%) " 'C, 219bn=1(75%) NO%
SnBuj; “H
CIRu(C0O)Cp n=0
Cl,Pd(CH,CN), 1 BuLi
2. IFe(C0O),Cp
NMe. NMe,
cow=__° (CO)5W=<C
C, e
C, o
C“c 220 (42 %) “%

X N
222an=0(57%) nCs Fe(CO).Cp
222b n = 1 (46 %) *Ru(CO),Cp

2 NMe,
(€O)sW=
C¢
C
“c
N
G
C
NMeg n ‘\C
(C°)5W=<C 1. BuLi Ry, .
Cy, o X
s 2. HgCly %
* 223an =0 (39 %) N
219 e 223bn=1 (23 %) G
n-¥ n C&
C. C
H W(CO)
Me2N>= (CO)s

carbonyls, using very reactive n?-olefine and aryne
complexes of titanocene, zirconocene, and hafnocene
and metal carbonyls (eqs 17 and 18).

L,M,CO Cp'2Ti~g

- . a7)

ML

CszTi_”

MLy = Cr(CO)s; Mo(CO)s; W(CO)s;
trans-Mn,(CO)g; trans-Re,(CO)g

R
Si
A W(CO Z
CpoMAr, & Cng—{E}R WEeo M (1)
Z o
M=Ti zr W(CO)s

Strictly speaking the processes drawn in eqs 17 and
18 are closely related to the Fischer procedure,
although the mechanism of the process may be quite

different. One very general route to different metal-
loxycarbenes starts from (7*-diene)metallocenes and
metal carbonyls, and several dimetallic metalloxy-
carbenes have been prepared by this route (eq 19).1%2
\\}

AN
CpQZr\—\\\

, A
L,M-CO T
CppZr—| —— szzr\ T CpoZr

ML, 07 ML,

f
szza (19)

ML, = Cr(CO)s; Mo(CO)s; W(CO)s; Fe(CO),; Fe(CO)sPPhs; Rh(CO)Cp;
Co(CO)Cp;Co(CO)(n-CsH4Cl); Ni(CO)3; Zr(CO)Cp,; Hi(CO)Cpy;
V(CO)sCp
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Scheme 46
NM62
1. BuLl (Co)stgcc o
. N
2.1, Cf NMe,
nc&c (CO)5M=§
225 N Ce
NMe, CX
(c0)5M=§(C\\\ [PdCl,(MeCN),] nCq s
C
A N,
nc*»c CX
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rW O=M(CO)s
. NMeg MezN
1. BuLi (CQ)SM=§ ]
2 ClSnBu, C»CX 227 M =Cr, W;n=0, 1,2 (13-40 %)
nco
C\
226 SDBU3
1. Buli
NMe NMe,
cojgw=_ 2 WIC9% (COW=_
C“c 3. F,CSOsMe %
H =W(CO)s
MeO
212a 228 (31 %)
Scheme 47 Scheme 48
OEt wocl, OFEt W(CO)s Ph OMe 1.15h,55°C
(CO)W TSI (CO)sW " oJ""- Z + (cosor= -
N =12 N\_q, e Ph 2. NEty, TBDMSCI
W(CO)s
o] 237 238
229 (n=9) 230 (N=9) (22 %
(=9 @2°%) = W(CO)s ‘O W(CO)s
+
/ /H ~ OMe 7", OMe
Cr(CO)s  Hpet, Cr(CO)s 1. Boln . (CO)sCr copcr M H
e MeO BEt2 = 28 % 236 7%
MeO 0°C.2h V¢
| : 2.0.1 mmHg .
o'C 1h ¢900,3h
231 232 (not isolated
( ated) & W(CO)s
Cr(CO) S
Cr(CO . s S
( )5 ) 7 D20, 0°C Moo )22n / H ~,’H OMe
MeO 2 e e (CO)sCr
239 (65 %)
233 (not isolated) 234 (67 %)
I, - 78°C complexes 274 were obtained by trapping the ate
l THF complexes 275 with BF3.0OEt,.1% Group 6 boroxycar-
CH(CO) bene complexes 276 were prepared in a single step
5

MeO
235 (43 %)

Other class Il heterodimetallic boron group 6
carbene complexes have been also prepared following
the standard reaction of a lithium ate complex and
an electrophilic boron derivative. Thus, ate complex
269 reacted with Bu,BCI to form the new complex
270.1% The reaction of complexes 271 with different
dialkylchloroboranes 272 yielded the expected com-
plexes 273 that were unstable and decomposed upon
warming by loss of metal to form oxaborolane or
oxazaborolydine derivatives via intramolecular C—H
insertion (see below for a detailed discussion).1%
Unstable difluoroboroxymolybdenum Fischer carbene

by addition of the dilithium amidures derived from
277 to the corresponding M(CO)e, followed by quench-
ing of the resulting ate complex with BF;.0OEt,. The
rich chemistry of complexes 276 will be discussed
below (Scheme 54).106

Cyclic heterodimetallic carbene complexes 278
having the structural feature M=C(R)OM' were
obtained by reacting [Ph;GeMn(CO)s] with MeLi.
Treatment of the thus formed Li salt 279 with
Et;OBF, yields the typical ethoxycarbene complex
280. Acidic quenching of the ate salt 279 provokes
the evolution of benzene resulting in the formation
of complex 278. Complex 281, obtained by reaction
of [Me;GeMn(CO)s] with MeL.i, loses spontaneously
methane to yield 282. The remarkable ease of cleav-
age can be attributed to a four center process,
following the initial formation of an hydroxycarbene
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Scheme 49
LS c=cH
1 NaPFg
| + Fe 2 e
L.-Ru

MeOH/DCM

240 L = PMey, PPh,, FcPPh,,
(n°-CsH4PPhy)Fe(n®-CsH,COOH)

== 1"

L-RU

CII \WEOMe

Fe

241 (68-89 %)

R OH

_é_ c NaPF

T + R1 %C‘ —_—
cl-Ru H  MeOH
MesF' Cl Cr(CO),

242 R = Me, OMe, H

< EE T

--R
Ci-7,
Me3P

Cr(CO);
243 (78-83 %)

complex.1” Further evidence demonstrates that com-
plex 282 is in equilibrium with its dimer 283a.

Scheme 50
H H
— | | . WECOKTHF (co)w
H—=—77X ="
OH OH
244a X = @ 245a (41 %)
'245b (38 %)
244b X = /@\
S RR'NH
. NRR'
NRR W(CO)sTHF  (CO)sW
—_—

for X = 1,4'CGH4

4-CgHg 248a R = R' = Me (54 %)
248b R = i-Pr, R = H (75 %)
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Complex 284, the Re analogue of complex 282, was
prepared. It was shown to be also in equilibrium with
its dimer 283b. This last complex was characterized
by X-ray difraction (Scheme 55).1%8

A number of complexes 285 with a selenium moiety
bonded to the carbene carbon were prepared by
interchange of the alkoxy group of complexes 113
with CH3SeH. The analogous reaction with PhSeH
gave complexes 286 instead of the expected derivative
analogous to 285 (Scheme 56).10°

Chromium carbenes 287a,b having an additional
Fe nucleus at the carbon side-chain attached to the
heteroatom were prepared in good yields starting
from ate complex 288 by sequential acylation with
acetyl bromide and reaction with diene—alcohol
complexes 289 (see Scheme 57).110

A different approach to dimetallic carbene com-
plexes rests in joining two equal units of carbene by
their heteroatom substituents, either directly or
through a carbon chain (see Scheme 58). The first
example uses dicyclohexylcarbodiimide (DCC) to join
two molecules of hydroxycarbene complexes 290.
These reaction formed dinuclear hydroxycarbene
anhydride complexes 291.11%112 When tungsten hy-
droxycarbene complex 292 was used in this chemis-
try, the corresponding carbene—carbyne homodi-
metallic complex 293 was obtained instead of the
expected anhydride. This property was used to pre-
pare the mixed chromium—tungsten carbene—car-
byne complex 294 by reacting complexes 290 (R =
p-MeCgH,4) and 292 with DCC.113

Aminolysis of complex 107 with diamines 295 in a
molar ratio of 2:1 formed the amino-bridged di-
aminocarbenes 296 when aliphatic diamines were
used. Aromatic diamines such as benzidine or o-
tolidine gave only the corresponding monocarbenes
297. This difference in behavior was explained by the
reduction in the basicity of the free amino group in
the aromatic diaminomonocarbene complexes 297,
which is caused by the action of the strongly electron-

OMe OMe
x . (CO)SWQ
X

X_ OH

246a (15 %) ‘:W(CO)S

H N\
N 246b (15 %) MeO

NH—~ (CO)sW 2
—_—_— —

for 50.5a

MeO ] N/f

249 (63 %)

N
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Scheme 51
Glyme NEt,
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-60°'C SnPhs
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THF NEt;
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_ . NE
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-30°C TePh
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30°C
;V l >-30°C
mer -PhTe(CO)3;PPh;Cr=C—NEt, trans-PhTe(CO),Cr=C—-NEt,
256 (70 %) 255 (77 %)
THF XPh
[MeCsH,(CO),Mn=C~CsH,FeCsHs] BCly + LIXPh — = MeCsH,(CO);Mn==
-60°C CsH4FeCsHs
257
258a X = Se (28 %)
258b X = Te (25 %)
Scheme 52
+ BCl,”
c
p\M c M—‘
n=C-Me Cp
oc” | ' Ph
co THF oSSy
259 + Ph NG ~py —— N-N o
-78 - 25°C A)Q )
Cp\ H 261 Ph M-co
/ReIC=( cp
oc” | H 262a M = Mn (41 %)
c 262b M = Re (53 %)
260
PN\ pn, T
l R Ph N\
P\ w(f-\ oc” TEﬁ{Y OC/Teﬂph cp
_Re y—Ph Cco I;J—N_ cotN-N (aé
oC I +N—-N ) — ( —_— «r\\”/ I =~CO
4 264 Ph Ph 'l co
Ph Cp 265
H /
263 _
>=C—Re\co
H I
co

withdrawing aminocarbene group on the free amino
moiety through the aromatic system.''* The activa-
tion of the amonium salt 298 with acetyl bromide
followed by quenching with different diols lead to
alkoxy-bridged dialkoxycarbenes 299. These com-
pounds have been profusely used in the preparation
of cyclam derivatives (see below) (Scheme 59).115.116

Enantiomerically pure complexes 300 and 301 have
been prepared from salt 288 following a similar
procedure and used in the preparation of optically
active biaryl derivatives (see below) (Scheme 59).1%7

Bis-alkylation of aminocomplexes 302 also formed
bis-carbene complexes 303. These compounds were
not stable and evolve to annulated mononuclear
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Scheme 53
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R4 R3 3. Etgo.BFa, rt
217 276 (M = Cr, Mo, W)
R' = Me, Et, Bn (5-45 %)
R? = Et, Ph, Bn, p-t-BuCgH,, p-MeOCgH,
=R*=H, -(CHp)s-

carbene complexes 304. Thus, compounds 302 are
deprotonated, and the resulting anions 305 experi-
ments an intramolecular addition reaction to the
remaining carbene carbon to form 306. This inter-
mediate losses the metallic moiety to form 304 after
a 1,3-hydrogen shift (Scheme 60).118

IV. Class Il Di- and Polymetallic Metal Carbenes

Class 111 di- and polymetallic metal carbenes have
the metal centers directly joined, either by a metal—
metal bond or through a bidentate ligand (Figure
2E,F). As stated at the beginning of this review, the
first class 11l dimetallic carbene 2 was prepared in
1963 by King® by reacting sodium pentacarbonyl
manganese(—1) and either 1,3-dibromopropane or
4-butyryl chloride, although its true carbene nature
was not recognized until 1970 when Casey corrected
structure 3 formerly proposed by King.” Meanwhile,
Fischer reported that the reaction of [Mn,(CO);0] with
RLi (R = Me, Ph) followed by treatment of the
lithium salts 307 with [R3?0O]BF, yielded the first
class 111 homodimetallic carbenes 308 truly charac-

(co 50r=<
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OT'szCI (CO)Cr ¢p

T./Cp Cr(CO)s
i
Me” 07 07 “Me

267a R = Me (28 %) %
267b R = Ph (20 %) 268 (47 %)
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113aM =Cr 285aM =Cr (5.8 %)
113bM = W 285b M = W (39 %)
Me PhSeH s
(CO)5M=< . (CO}MSe oMe
Me 25 *C/pentane M
113 M=Cr, Mo, W 286

terized (Scheme 61).11%120 Alkoxy—ammonia inter-
change in complex 308a yielded amino complex 309.
However, the use of N,N-dimethylhydrazine instead
of ammonia led to [(CO)sMn;NCMe], which lacks the
carbene ligand. Re,(CO);0 and Tc,(CO)10 wWere also
used to prepare the corresponding homodimetallic
monocarbenes 310a—d. Heterodimetallic monocar-
benes were prepared from MnRe(CO),0 and PhLi
followed by alkylation with Me;OBF, and were
obtained as a mixture of the two possible monocar-
benes.t?!

Further modifications of the basic structure of
complex 2 were done by alkylation of the anions o to
the carbene carbon with methyl fluorosulfonate,
taking advantage of the acidity of these hydro-
gens.?2123 Acylation of the anion derived from 2 with
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Scheme 57
ONMe4 1. BrAc/DCM/O °
(CO)SCr:< 4 rAc/DC (e}
Ph 2.
OH
288 R—//T\\—kfz
Fe(CO),
289aR=H
289b R = Me
MR
o Fe(CO)y
(CO)sCr
5 =<Ph
287aR =H (78 %)
287b R = Me (77 %)
Scheme 58
R Cr(CO)
OH  pce, beM o< ®
2 (CO)sCr —_— )‘
5 =<R _30°C (CO)sCr R

290 R = Me, Ph, pMeCgH,, p-CFsCCeH, 291 (42-78 %)

OH  pcc, bem Ph, OC. CO
2 (Co)w= — >—0-W=C—-Ph
Ph -30°C (COW ™ 0oC” ‘co
292 293 (88 %)
Me.
OH
DCC
(co)ser=< — oc, co
R o—,w\m—@
(co)scr” oc” co
290 R = p-MeCgH, 294 (55 %)
OH
+(COpW=
Ph
292

acetyl chloride lead to the unstable homodimetallic
carbene 311. This compound evolves to mononuclear
carbene complex 312 by loss of the [Mn(CO)s]~
fragment (Scheme 62). Deuteration and methylation
were achieved from the anion derived from 2 and DBr
and MeSOsF to yield complexes 313a,b.

The synthesis of complex 314 was developed by
Casey by reacting [Mn(CO)s]~ with [MeMn(CO)s] in
the presence of [Me3;O]BF,4. Apparently, the reagents
are in equilibrium with the acylate 315. The equi-
librium is displaced to the final product 314 by action
of the alkylating agent.’® These results allow to
rationalize the formation of complex 2 during the
reaction of 1,3-dibromopropane and [Mn(CO)s]~. The
initial attack of [Mn(CO)s]~ would form the interme-
diate alkylmanganese compound 316 that reacts with
a new molecule of [Mn(CO)s]~ to give a dinuclear
acylmanganese anion 317. The anion is trapped by
intramolecular alkylation of the acyl oxygen atom by
the alkyl bromide (Scheme 63). Alternatively, the
reaction of [NaRe(CO)s] with [RMn(CO)s] (R = Me,
Ph), followed by alkylation with MeOSO,F yielded
the heterodimetallic monocarbenes 318.125126 Nev-
ertheless, the reaction of metal carbonyl anions with
methyl metal carbonyl compounds is not a general
route to prepare homo- and heterodimetallic mono-
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carbene complexes.’?8 It was determined that the
formation of acyl anions such as 315 or 317 and their
further trapping with an alkylating agent was only
feasible for the reactions of [RMn(CO)s] (R = Me, Ph)
with [Mn(CO)s]~ or [Re(CO)s] . These reactions pro-
duced complexes 318a,b while highly nucleophilic
complexes such as [CpFe(CO);]~ reacted with [MeMn-
(CO)s] by methyl transfer. Other methyl metal car-
bonyls including [CpMo(CO)s;Me], [CpFe(CO).Me],
and [CpW(CO)s;Me] were not reactive. It should be
noted that compounds 318a,b have the carbene
ligand attached to the Re center rather than to Mn.
According to the mechanism proposed, the reaction
would produce a dinuclear carbon complex with the
carbene ligand bonded to Mn, 319. Formation of the
observed product may be due to a rearrangement of
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Scheme 60
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compound 319 to 318 probably through the interme-
diate 320.

Complexes 321—323 having a silicon moiety at-
tached to the carbene carbon have been prepared
following the standard Fischer procedure. Thus,
reaction of Re;(CO);o with LiSiPh; yields after alkyl-
ation complexes 321a—c. Complex 321b gives com-
pound 324 upon aminolysis. Interestingly, attempts
to prepare compounds 321a—c by the addition of
alcohols to the corresponding carbyne complexes
326a,b produced the axial complexes 325a,b.1?” An
analogous result was obtained when Et,NH was used
instead of alcohols. Aminocarbenes 327 having an

Chemical Reviews, 2000, Vol. 100, No. 10 3619

Scheme 62
(CO)5Mn—T\/In(CO)4 1 sec.BuLi (CO)SMn—PAn(CO)4
—_—
0 2.E R 0
2 E = DBr, MeSO3F 313a R =D (50 %)
1 Buli 313b R = Me (47 %)
2. AcCl
CO)sMn—Mn(CO) M
(CORMNTINCO e (CO)sMn—Mn(CO),
(@) o e 11>
o -
o
31
l — Mn(CO)s~
O—-‘\/In(CO) Mn(CO)4
—_ (o) - o} Y {0}
312 (25 %)
Scheme 63
’\:1."(00)5_ (CO)SMT(COM [Me,O]BF
MeMn(CO)s R™ 0
315
(CO)sMnMn(CO),
Me OMe
314 (48 %)
Mn(CO)s~ Mn(CO)<~
+ — (CO)5MnCH20HgCHgBr e
BrCH,CH,CH,Br 316
(CO)sMn Mn(CO):l
317 0
2 -— Br
NaRe(CO)s
N 1 THE (CO)sMnRe(CO),
RMn(CO - =
(CO)s 2. MeOSOLF R” ~OMe
R = Me, Ph 318a R = Me (29 %)

318b R = Ph (24 %)

| T

o
(CO)sReMn(CO)4 — (CO)4Re>—<Mn(CO)4
R” “OMe RO

|

axial configuration were formed by aminolysis of 325.
The reaction of Re;(CO)io with an excess of LiSiPhs
and subsequent alkylation by Et;0BF, yields not only
complex 321b and the expected bis-carbene 322 but
also a dinuclear carbene complex 323, in which both
Re atoms are bridged by a u-carboethoxy(silyl)-
alkylidene ligand and the octacarbonyl[u-(triphenyl-
silylacyl)ketenyl](u-hydrido)dirhenium 328 (Scheme
64).128.129

Heterodimetallic monocarbenes 329 with the sec-
ond metal center being a main group metalloid



3620 Chemical Reviews, 2000, Vol. 100, No. 10

Sierra

330g M =As, R = Ph (13 %)
330h M =Sb, R = Ph (16 %)
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element were prepared as early as 1969 from [Phs-
AsW(CO)s] or [Ph3SbW(CO)s] following the standard
Fischer procedure (see Scheme 65). Both complexes
were the cis-isomers.1%° An alternative synthesis of
this kind of complexes was the ligand substitution
on preformed monocarbene complexes. This process
is highly efficient with YR3 (Y = As, Sb), but it is not
applicable to BiRs (R = Me, Et, c-Hex). In fact, the
reaction of complex 130 with trialkylbismute deriva-
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Scheme 69
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tives lead to (CO)sCrBiR;3 instead of the correspond-
ing dimetallic monocarbene.*3!

Heterodimetallic SnCo 331, SnRe 332, and SnMn
333 monocarbene complexes have also received wide
attention. Thus, complexes 331a,b have been pre-
pared by reaction of [(CO)4CoSnPPh;] and the cor-
responding lithium reagents followed by alkylation.*?
cis-SnRe complexes 332a,b have been prepared fol-
lowing an analogue procedure from [(CO)sReSn-
PPh3].1% The SnMn complex 333 was prepared from
lithium phenylacetylide and [(CO)sMnSnPPhg]. This
complex was elaborated to pyranylidene complex 334
by reaction with methyl 4-oxobutanoate in the pres-
ence of a catalytic amount of base.'3* Complexes 331—
333 were obtained always as cis-isomers (Scheme 66).

Preparation of complexes 335 and 336 by reaction
of Et4NGeCl; with [MeMn(CO)s], [PhMn(CO)s], or
[CpMo(CO)s;Me] followed by alkylation of the result-
ing trichlorogermylacyl carbonyl metallate ions 337
and 338 has been also reported.’®®> The cyclic het-
erodimetallic monocarbene complex 339 was obtained
directly by reaction of EtyNGeCl; with CpMo(CO);-
(CH,)2Br (Scheme 67).

Dinuclear carbenes having both metal nuclei joined
by a bidentate ligand are the scarcest and have been
prepared following the different methods above. Dotz
reported the formation of complexes 340 by reaction
between complexes 341 and bis(diphenylphosphino)-
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acetylene under controlled conditions.**® The reaction
of [(y®-arene)RuCl,(PPh,CCH)] with [(CsMeg)(PMe3)-
RuCl;] in the presence of methanol yielded the
dimetallic cationic complex 342.137 Application of
Fischer synthesis to dimetallic carborane 343 allowed
us to obtain the expected trimetallic carbene complex
344 (Scheme 68).1%8

V. Reactivity

Compared to the myriad of reactions that have
been reported for carbene complexes with a single
metal center, the reactivity as well as the applications
to organic synthesis of carbenes having more than

353a M = Cr (85 %)
353b M = W (88 %)

one metal nucleus have been scarcely investigated.
Nevertheless, as will be discussed below, some gen-
eral trends may be extracted from the available data.

A. Synthesis of Di- and Polymetallic Carbyne
Complexes

The rearrangement carbene—carbyne (eq 20) is a

XR!

cosM={
R

MX

— R2—C=M(CO),X (20)

well-known process'®® taking place in the presence
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of a Lewis acid and acid chloride or, in general, a
reagent capable to inhibit the stabilizing donation of
the lone electron pair of the heteroatom bonded to
the carbene carbon. This rearrangement has been
applied to monocarbene complexes having more than
one metal nucleus, and in most cases, the reaction
occurs uneventfully, despite the presence of the
additional metal centers. This fact was first demon-
strated in the reaction of complex 5b with Al;Brs to
yield the raspberry-red trans-bromo(tetracarbonyl)-
ferrocenylcarbyne tungsten complex 346a.14° Follow-
ing this early example, other metallocene—carbene
complexes 345 were also converted to the corre-
sponding trans-carbyne complexes 346 by treatment
with boron and aluminum halides.’® Complexes 12
having an arenetricarbonyl group* as well as com-
plexes 19 with a Mn nucleus also formed the
corresponding carbyne complexes 347 and 348, by an
analogous treatment. Heterodimetallic Mn carbene
complex 10 formed the expected cationic carbyne

mer-360b Y = Sb (68 %)

complex 349 upon treatment with BCl; (Scheme
69).%

This chemistry has been used in the preparation
of different conjugated carbyne complexes in the
search of new forms of coordinated carbon. Com-
plexes of class | lacking additional M—M bonds at
the carbene moiety are converted to the correspond-
ing carbyne dimetallic complexes as in the case of
Fe or Mn heterodimetallic monocarbenes 29, 30, and
34a by the action of an excess of BF; gas. Bond
distances obtained from 351a by X-ray diffraction
analysis confirm that these complexes are best
represented by a cumulene structure than for a
conjugated carbyne (Scheme 70).1923.24

Homodimetallic bis-carbynes have been obtained
from the corresponding bis-carbenes. Thus, bis (trans-
halogenotetracarbonyl)metallocarbynes 353 have been
prepared by reaction of bis-carbenes 38 with BBr;
(Scheme 71).25141 From the IR and Raman spectra
of complexes, it was deduced that the carbyne frag-
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ment influences the m-electronic distribution of the
ring by placing the s-electrons on the bonds parallel
to the axis of the complex molecule.'4!

Data about the behavior of carbene complexes of
type 1l toward Lewis acids are not available when
the metal nuclei are separated by a carbon chain.
However, bis-carbene complex 290 (R = CF3) formed
monocarbyne complexes 354 together with the am-
monium salt 355 by treatment with ammonium
halides.''* Treatment of complexes 292 with am-
monium halides also lead to the same mixture of
complexes: the mononuclear carbynes 356a—d and
the ammonium salts 357a—c (Scheme 72).112.113

The behavior of carbenes of class 111 in the carbene
— carbyne rearrangement appears to be more metal-
dependent. Thus, reaction of dirhenium monocarbene
complex 310d with Al,Brg resulted in the expulsion
of the MeO group, elimination of a CO molecule, and
entry of a Br atom into the complex to yield 4-bromo-
u-phenylmethylidyne-bis(tetracarbonyl)rhenium, 358,
instead of the corresponding carbyne complex

(Scheme 73).1%2 The reaction of other dimetallic
monocarbene rhenium complexes 321 with AlX;
resulted in the formation of heterodimetallic carbyne
complexes 359 with retention of the silicon moiety.?”
Series of heterodimetallic chromium carbyne com-
plexes 360 have been also prepared by reaction of the
corresponding heterodimetallic monocarbene com-
plexes cis-329 and boron trihalides.**?

Complex 31 behaves like its analogue 310d. In-
stead of the corresponding carbyne complex, the
rearranged product 361 was obtained.?>? A similar
rearrangement was proposed for the reaction of
complex 37 and BF; to yield a new, air stable, orange-
red powder for which structure 362 was proposed.®
The proposed mechanism for the rearrangement of
37 to 362 involved the initial abstraction of the MeO
group by the BF; to yield the desired carbyne complex
363. Two alternative pathways may be written from
363 to explain the rearrangement of the Re(CO)s
moiety. One possibility would be isomerization to a
species in which the C; terminus bridges the Re—Re
bond, such as 364. Another would be a 1,3-sigma-
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Scheme 75
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tropic shift of the Re(CO)s group in 363 to yield 365
(Scheme 74).

B. Benzannulation and Related Processes

The reaction of an o,3-unsaturated carbene com-
plex with an alkyne to yield a hydroquinone deriva-
tive, known as the Dotz reaction, is perhaps one of
the best studied reactions of chromium carbene
complexes.®> The nature of the reaction products is
heavily dependent on different factors, like the
nature of the substituents, the solvent, etc. The
outcome of the reaction of homo- and heterodimetallic
carbene complexes with alkynes is more influenced
by the presence of the second metal center than any
other reaction of these compounds. One of the first
examples using a homodimetallic chromium bis-
carbene to obtain a monohydroquinone derivative
was the reaction of complex 38a with an excess of
tolan (Scheme 75). Compound 366, which retains a
carbene moiety, was obtained. Formation of the
expected double benzannulation products was not
observed. The analogous tungsten bis-carbene com-

1.Ph—C=C~Ph
_

W(CO) (Sec Bu)go 50°C

367 (50 %) OFEt

Bre QL

368 (56 %)

plex did not yield any identifiable product under
analogous reaction conditions. In contrast, biphenyl-
derived bis-carbene complex 41a yielded the expected
double benzannulation product 367 upon reaction
with diphenylacetylene.*** When 1-diethylamino-1-
propyne was employed, complex 368 derived from the
insertion of the alkyne into the M=C bond was
obtained in good yields.?* Tungsten bis-carbene 41b
reacted also with tolan, but bis-indene 368 was
obtained instead of the bis-hydroquinone compound
related to 367.1% Data about the stereochemistry of
368 were not given. The reaction of 41b with 1-di-
ethylamino-1-propyne yielded a mixture of amino bis-
carbenes 369 arising from the insertion of the alkyne
into the Cr=C bond.

1,1'-Binaphthol axial chiral bis-carbene complexes
of chromium 43 were also used in double benzannu-
lation reactions to produce biphenanthrenol 370 after
reaction with 3-hexyne. Since the primary reaction
products were monoprotected hydroquinone Cr(CO);
complexes that are notorously sensitive to oxidation,
they were in situ protected by TBDMSCI forming
compounds 370. On the basis of the C, symmetry of
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Scheme 76
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the enantiomerically pure starting complex 43, two
new elements of planar chirality arose from the
annulation reaction, and four diastereomers of 370
may be, in principle, possible. Two of each were
isolated in diastereomerically pure form. Both dia-
stereomers differ in their number of *H and 3C NMR
signals. One isomer produces only half set of signals,
indicating a C, symmetry, whereas the other isomer
gives rise to the expected set of signals indicating a
Ci: symmetry. Alternatively, in situ oxidation of the
annulation products of complex 43 and 1- and 3-hex-
yne by (NH,;).Ce(NO3)s (CAN) afforded the expected
dimethoxy bi(phenantrenequinones) 371. Compound
371b was converted into helicene 372 by treatment
with TMSI (Scheme 76).14°

Complex 299 (n = 2) was reacted with diphenyl-
butadiyne to form a mixture of the double annulation
product, 2,2'-binaphthol 373a, and the indenylnaph-
thalene 374a. The latter product resulted from the
failure of CO to insert in one of the annulation steps,
and it was obtained as a single diastereomer. The
373a/374a ratio was strongly dependent on the
reaction conditions (solvent and temperature). Opti-
cally pure complex 301 also reacted with diphenyl-
butadiyne to produce a mixture of compounds 373b
and 374b, both in optically pure form. Together with
these compounds, dihydrodioxane 375 arising from
the thermal decomposition of the starting carbene
complex 301 was obtained. Strikingly, meso-bis-
carbene 300 gave compound 376 as a single diaste-
reomer.’'” On the other hand, the reaction of 1,9-
decadiyne with bis-carbene 377 has been reported to
produce macrocyclic cyclophane 378. This reaction
opens the possibility to prepare unsymmetrical [n,m]-
cyclophanes from the macrocyclization of bis-carbene
complexes with diynes (Scheme 77).146
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The reaction of titanoxymanganese carbene com-
plexes 379a,b yielded the corresponding quinone
products 380a,b when heated in the presence of 10
equiv of 1-hexyne, albeit in low yields. Better results
were obtained when the same reactions were carried
out photochemically, although yields of quinone 380
were still low. The presence of the titanium moiety
was indispensable for the reaction to occur, since
alkoxy manganese complex 379c was unreactive
toward alkynes. A comparison of bond distances
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between complexes 379a and 379c¢ shows that Mn
engages in increased m-donation to the CO ligands
upon Ti(IV) substitution and, therefore, perhaps less
m-donation to the carbene center. Data suggest that
the enhanced reactivity of the dimetallic structure
may be due to an increase in electrophilicity at the
carbene carbon or to changes in the nature of the
MLCT excited state (Scheme 78).98¢

The effect of the second metal center on the nature
of the reaction between heterodimetallic monocar-
bene complexes and alkynes is more patent in ferro-
cenyl-substituted chromium carbene 5a that reacts
with tolan in boiling Bu,O to form tricarbonyl[(5-
ferrocenyl-2methoxy-3-15-phenyl-4-phenyl)furan]chro-
mium(0), 381.14" Analogously, the reaction of complex
382 and t-Bu-phosphalkyne formed oxaphosphole
383. The product of phosphannulation, the linear
phosphaanthracene, was not formed.'* The influence
of the additional metal centers is also clearly shown
in the a,f-unsaturated Fischer carbene complex
anchored on an Fe,(CO)g(u-Se), core 160 that resulted
in the formation of a new complex 384 by heating.
Compound 384 is clearly derived from 2 molecules
of the starting compound from which one unit of
Fe,(CO)s-(n-Se), should be formally expelled. No
reaction mechanism was proposed for this unusual
transformation (Scheme 79).%8

Complex 340a yielded tetracarbonyl[1,2-bis(phos-
phino)indene]chromium 385 by heating (Scheme
80).1366
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Other heterodimetallic complexes gave also prod-
ucts different from hydroquinones in their reactions
with alkynes. Thus, cobalt complexes 331 gave furane
derivatives 386 by reaction with internal alkynes.
These reactions have been exploited to develop an
expedite entry to bovolide 387. Reaction of heterodi-
metallic complex 388 with 2-butyne formed furan
389, which was transformed without isolation into
bovolide by treatment with an excess of TMSI (Scheme
81)_132c

C. Pauson—-Khand and Related Processes

The cocyclization of an alkyne—Co,(CO)s, an al-
kene, and a ligand CO to yield a cyclopentenone
derivative is known as the Pauson—Khand reaction
(P—K reaction), and it is a powerful method to raise
molecular complexity in a single synthetic step. This
reaction has been extensively applied in organic
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synthesis.>® As stated earlier in this paper, the
(CO)sM carbene moiety of group 6 metal carbene
complexes effects an activating role toward this
reaction. Thus, complexes such as 390 easily give
bicyclic cyclopentenones 391, while the analogous
amide complex 392 forms the corresponding alkyne—
C0,(CO)s complex that is unreactive (Scheme 82).57

The reaction represented in Scheme 82 is usually
carried out without isolation of the heterotrimetallic
monocarbenes. A general study on the effect of the
substituion at the allyl moiety was carried out on
complexes 156 and resulted compatible with the
formation of cyclopentenone metal carbene complexes
393, except when carbomethoxy or phenyl groups are
placed at the end of the double bond or a furyl group
is attached to the double bond internal carbon. These

compounds only formed the expected alkyne—Co,(CO)s
complexes.f? Substitution of the double bond hydro-
gens by methyl groups promotes formation of di-
nuclear cobalt monocarbene complexes 394 together
with the expected complexes 393. The reaction was
more sensitive to the substitution at the alkyne
carbon. Replacement of the Ph group by a Me group
resulted in an acceleration, while the bulkiest sub-
stituents such as MesSi or t-Bu led to alkyne—
Co02(CO)s complexes but not to cyclopentenone com-
plexes. The effect of placing a second allyl group at
the nitrogen was an increase on reactivity. Com-
plexes 395 having MesSi or t-Bu groups attached to
the triple bond were now reactive leading to bicyclic
cyclopentenone monocarbenes. This effect was at-
tributed to the availability of one allyl group to react,
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once the coordination of the alkyne by the Co,(CO)g
has forced the second allyl group to coordinate the
chromium center (an effect that may render the
monoallyl complexes unreactive). Again bulky sub-
stituents on complexes 395 promote the formation
of dinuclear cobalt carbenes 397 (Scheme 83).57:60.62.63

The intermolecular P—K reaction between alkyne—
Co0,(C0O)s complex 159a and norbornene led to the
corresponding P—K products 398 as a mixture of
regio- and diasteromers with almost no selectivity.
The diastereomeric ratio was analogous to that found

411

in the reaction of ester analogous to 159a and
norbornene (Scheme 84).64

Thermolysis of complexes 399 lacking the olefin
component of the P—K reaction resulted in formation
of isomeric heterotrimetallic clusters 400 and 401
having a bridging carbyne ligand. Compounds 400
and 401 were isolated and characterized as mixtures.
No mechanism for this rearrangement was proposed
(Scheme 85).149

The attempted intramolecular P—K reaction of
(allyloxy)(alkynyl)carbene—Co,(CO)s complexes 154
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gave no P—K product but a novel retro-Fischer
reaction.®* Thus, these complexes evolved to a mix-
ture of products 402—405 upon standing several days
at room temperature in a petroleum ether solution.
The enyne complex 402 can be regarded as the result
of a formal retro-Fischer reaction of 154 in the
presence of the Co,(CO)s fragment. The formation of
enynone 405 may be explained through a [3,3]-
sigmatropic rearrangement of the allyloxy fragment,
followed by the reductive elimination of the penta-

Me O
OMe

EtO Ph
420 (88 %)

carbonyl moiety on intermediate 406 (Scheme
86).

D. Cyclopropanation and C—H Insertion
Reactions

The cyclopropanation of alkenes by group 6 metal
carbenes is one of the earliest reaction tested on these
complexes.? The use of dimetallic carbene complexes
for this kind of processes is scarce to date. Ferrocenyl
alkoxychromium complex 5a was heated with a large
excesses of dimethyl fumarate to give the corre-
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sponding mixture of diastereomeric cyclopropanes
407 in low vyields.’® The analogous reaction with
aminocarbene complex 8 (R, = pyrrolydinyl) gave,
however, the pentene derivative 408. Use of 1,1-
diphenylethene instead of dimethyl fumarate re-
sulted exclusively in recovering of starting material
when complex 5a was used, while aminocarbene 8
(R2 = pyrrolydinyl) gave 3,3-diphenylpropyonylfer-
rocene as a minor product. Formation of the observed
products in the reactions of aminocarbene 8 was
explained by the initial formation of cyclopropanes
409, which were unstable and reacted with a further
molecule of olefin through zwitterion 410 to give 411.
This last intermediate evolves finally to the pentene
derivative 408 (Scheme 87).

Complex 108 reacted with electronically neutral
alkenes to yield the cyclopropanes 412 with high
diastereoselectivity.*’2 These results are significant
due to the fact that the cyclopropanation of electroni-
cally neutral alkenes is not an easy process when
effected intermolecularly, while it becomes very ef-
ficient in an intramolecular fashion.'®* Thus, for
example, alkyl, alkynyl, and aryl chromium carbenes
led to unidentified polymeric materials when heated
in the presence of 1-hexene, while complex 108 gives
the corresponding cyclopropane in 88% yield (Scheme
88).

Unstable boroxy Fischer carbene complexes 273
evolve to oxaborolane or oxazaborolidine derivatives
413 via C—H insertion processes.'® Compounds 413
are produced in moderate yield when both R* and R?
are alkyl groups or H and a donor group. Conversely,
the reaction did not work when R* was H and R? was
an alkyl or electron-withdrawing group. The nature
of the metal plays an important role in the reaction
rate, while the product distribution remained mainly
unaltered by switching from Cr to Mo or W. Thus,
longer reaction times were required for W and Cr
carbenes than for Mo carbenes to complete this
reaction. The use of chiral carbene complexes 414
derived from (—)-chlorodiisopinocamphenylborane
resulted in C—H insertion processes to form com-
pounds 415 with diastereoselectivities in some cases
higher than 99%. A mechanism to account for the
formation of oxaborolanes 413 involves intramolecu-
lar hydride transfer to the carbene carbon in the
complex 273. This transfer is favored, presumably,
by an interaction between the boron and the metal
of carbene complex, as depicted in Scheme 88, to give
the formal carbocation intermediate 417, which
readily affords the oxaborolane derivatives 413 by
simultaneous formation of a C—C bond and loss of
the metal fragment (Scheme 89).

Complex 299 (n = 2) experiments an intramolecu-
lar C—H insertion by reaction with Pd(OAc); to yield
the mononuclear cyclic carbene complex 418.1%2 Tans-
metalation of one of the carbene moieties from
chromium to Pd leads to a heterodimetallic interme-
diate 419. Insertion of the Pd center in a methyl C—H
bond of the remaining Cr carbene moiety followed by
B-hydrogen elimination would lead to the observed
carbene product 418 (Scheme 90).
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E. Cycloaddition Processes

The strong electron-withdrawing ability of the
pentacarbonyl group makes alkenylcarbene com-
plexes highly active dienophiles in Diels—Alder reac-
tions.'®® In fact, [4+2] cycloadditions on group 6
alkoxyalkenylcarbene mononuclear complexes are
exceptionally regioselective and, in general, endo-
selective, while the corresponding amino derivatives
gave the corresponding exo-adducts, which are less
reactive. Cycloaddition chemistry of dimetallic car-
bene complexes has been, in comparison, less studied.
That is rare since these complexes offer an unique
opportunity to study the influence of the second metal
in the cycloaddition process. The use of tin-substi-
tuted manganese carbene complex 334 in an inverse
electron-demand Diels—Alder reaction with ethyl-
vinyl ether formed dihydrobenzene 420 as the reac-
tion product.’® The initial chromium Diels—Alder
adduct 421 could not be isolated as it experiments a
retro Diels—Alder process with the extrusion of the
metal nucleus, a reaction that is very fast even at
room temperature (Scheme 91).

The exo-selectivity of a Diels—Alder process is
recognized to be a property of conformationally

restricted s-cis-dienophiles. The cyclic chelate struc-
ture of boroxyvinyl carbene complexes such as 422
temporally fixes the s-cis conformation of the exo-
cyclic C—C and C—Cr double bonds. This fact makes
these complexes excellent reagents to participate in
highly selective exo-Diels—Alder processes with
2-amino-1,3-dienes. Thus, complex 422 reacts with
achiral aminodienes 423—425 to give cycloadducts
426—429 with complete selectivity. The introduction
of a stereogenic racemic nitrogen like in carbene 430
decreases the selectivity to 3:1 on its reaction with
enamine 423 to give cycloadducts 431. The enamine
moiety in cycloadducts 426, 427, and 429 could be
hydrolyzed to form the corresponding ketone com-
plexes 432 and 433 with complete selectivity (Scheme
92)'106

The reaction of carbene complexes 434 with het-
eroatom-substituted 2-aminodienes 435 led, in turn,
to mixtures of endo/exo-adducts 436/437 with the
endo-adduct 436 being the major or even the exclu-
sive isomer. The high selectivity of these reactions
was used to develop a highly enantioselective [4+2]
cycloaddition using (S)-prolinol-derived dienes 438 as
the chiral components. Very high ee were obtained
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in most cases, and most strikingly, adducts 439 were
always exo-isomers. Should the observed results be
explained by invoking a concerted mechanism, the
dienophile had to be added to the more hindered face
of the diene. Therefore, zwitterionic species 441
formed by an initial anti-attack to the S-carbon of the
complex by the enamine moiety of the diene through
its less hindered face were proposed as the reaction
intermediates. Ring closure on these species would
yield the observed cycloadducts. The diene—dieno-
phile approach topology represented in 440 would
explain the observed stereochemistry and would be
favored by a greater number of close contacts be-

tween the metal center and the prolinol unit. Zwit-
terion 441 would undergo the final ring closure by
Michael addition of the carbene enolate-like moiety
to the o,f-unsaturated iminium salt. This closure
would occur with the CH,OR? unit positioned anti
to the metal fragment. Finally, conversion of enamine
442 to the reaction product 439 creates the third
contiguous stereocenter (Scheme 93).196

F. Photochemistry

Irradiation (visible light) of a chromium carbene
complex is believed to produce a metal bounded
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ketene through the reversible insertion of a CO
ligand into the metal carbene bond (eq 2). Although
this reaction has been extensively applied in organic
synthesis, very few examples of the use of homo- or
heterodimetallic carbene complexes in photocar-
bonylation reactions have been reported. Bis-carbene
complexes 299 were reacted with protected imidazo-
line 443 to yield bis-azapenams 444 in fair yields and
as 1:1 mixtures of diastereomers.'*> Irradiation of
optically active imidazoline 445 in the presence of bis-
carbene 299 (n = 3) followed by deprotection of the
Cbz group gave optically active bis-azapenam 446 as
a single diastereomer.'1® Bis-azapenams experiment
an interesting acid-catalyzed dimerization ring-open-
ing reaction to produce bis-dioxocyclams. An example
is the conversion of optically pure 446 to bis-dioxo-
cyclam 447 by treatment with CSA (Scheme 94).116

Scheme 97
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G. Other Reactions

Difluoroboroxymolybdenum Fischer carbenes 274
are precursors of acyl radicals.1®® These complexes
are stable only at low temperature and underwent
loss of the metal fragment upon heating affording,
after hydrolysis, mixtures of 1,2-diketones 448, 1,2-
hydroxyketones 449, and in some cases dimers 450.
Decomposition of complexes 274 in the presence of
radical aceptors such as benzaldehyde or methyl
vinyl ketone resulted in the trapping of the acyl
radicals generated from these complexes. Thus, reac-
tion of 274 (R = Ph) in the presence of benzaldehyde
gave a mixture of benzyl and 1,2-diphenyl-1,2-
ethanediol. The reaction with methyl vinyl ketone
resulted in the formation of the Michael adducts 451
and variable amounts of compounds 448—450. For-
mation of the observed products is explained by the
equilibrium between complexes 274 and an acyl-
molybdenum complex 452, presumably favored by
the interaction between boron and molybdenum. The
homolytic scission of the C—Mo bond leads to the acyl
radicals 453. 1,2-Diketones 448a—e would be formed
by dimerization of 453, while hydroxyketones 449a—e
would be formed by further reaction of 448 and 452
by a double electron transfer with the subsequent
release of a Mo(CO)s moiety. Benzaldehyde inhibits
the electron transfer, generating a radical anion that
dimerizes to form 1,2-diphenyl-1,2-ethanediol. Con-
jugated addition of 453 to methyl vinyl ketone would
yield the corresponding Michael adduct 451 (Scheme
95)

Complexes 160a—c experiment displacement of the
carbene ligand by reaction with an excess of BusSnH
in the presence of pyridine to afford vinyl ethers 454
as E/Z mixtures.®” When the reaction was carried
out in the presence of 1 equiv of BuzSnH, complex
455 could be obtained as a minor product together
with the above mixture of vinyl ethers. This complex
could be transformed to the corresponding enol ether
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mixture by treatment with one additional equiv of
stannane (Scheme 96).

Heating complexes 287a,b formed furane deriva-
tives 456 and 457 by the nucleophilic addition of the
diene ligand to the carbene carbon center to give the
allylic dimetallic derivative 458. The evolution of
these intermediates is strongly dependent on the
substitution of the diene terminal carbon. Thus,
complex 287 having an unsubstituted terminal double
bond evolves by syn/anti z-allyl isomerization to
produce 459 followed by -H-elimination/H-addition
to form 460 and final loss of the chromium moiety to
yield the observed product. Substitution at the diene
terminal carbon inhibites the sw-allyl isomerization
and favors the attack of the anionic chromium onto
the allyl system to form 461, which evolves to the
final product via reductive elimination, iron decom-
plexation, and, finally, double bond isomerization on
462 (Scheme 97).110

VI. Conclusions

From the diverse di- and polymetallic carbene
complexes listed through this review, it seems clear
that the compounds that have been of use in organic
synthesis (meaning they have been sucessfully in-
volved in the building of C—C bonds with or without
retention of the metallic moiety) are a minority. Even
if one considers those that have been used to prepare
other organometallic compounds, there are still an
overhelming amount of di- and polymetallic carbene
complexes whose reactivity has not been tested. The
attraction for searching new classes of reactions
involving the multimetal system to study the interac-
tion between the diverse metallic centers as well as
the possibility of achieving the modulation of the
reactivity caused on a basic metal carbene structure
by the change on the additional metal centers confer
to this class of compounds both the attraction for the
unknown and the elegance and charm of the well-
known. In any case, much chemistry remains to be
done in di- and polymetallic (Fischer) carbene com-
plexes to achieve its full potential as reagents for
organic synthesis.
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