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Abstract

This paper provides a brief review of our researches on carbenemetal complexes. The main emphasis is on saturated heterocyclic
bis(amino)carbene ligands, referred to here as electron-rich olefin- or ERO-derived ligands, as outlined in Sections 2 and 3. The fol-
lowing Section deals with Fischer-type carbene complexes, based on reactions of a transition metal substrate with an imidoyl chlo-
ride, Vilsmeyer reagent or Eschenmoser salt. The researches of Sections 2, 3, 4 have resulted in the synthesis, characterisation and
selected reactions (including as catalysts) of carbene complexes of V, Cr, Mo, W, Mn, Re, Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, Pt and Au
in various oxidation states. A final Section describes some more recent work on C[(NCH,Bu'),C¢H,—1,2], its adducts with
M[(NCH,Bu),CsH4—1,2] (M = Si, Ge, Sn, or Pb) and the biphenyl- bis(carbene), [C{NCH,Bu'},CsHs-3,4].
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Keywords: ERO-carbene; Fischer carbene; Arduengo carbene; Metal complexes

Contents

Lo Introduction . . . . ..o 5467
2. Synthesis of ERO-derived transition metal carbene complexes . . . . .. ... ..t 5468
3. Structures, bonding and reactivity of ERO-derived transition metal carbene complexes . . .. ................. 5469
4. Fischer-type transition metal carbene COmpleXes. . . . . . .. .. ottt 5471
5. Studies on Arduengo-type carbenes and derived metal complexes. . . ... .. ... 5471

Acknowledgments . . . . . .. 5472

References . . . .. . o 5473

1. Introduction

Our group was the first to prepare carbenemetal com-
plexes from an enetetramine (an electron-rich olefin or
ERO) such as 1 [1] or a Vilsmeyer reagent such as 2
[2]; we provided the first model system demonstrating
that a carbenemetal complex was implicated in an
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(ERO) olefin metathesis [3], and showed that EROs
were then a new class of benzoin condensation catalysts
(cf. vitamin Bj) [4]. Such studies on carbenemetal com-
plexes and related chemistry were particularly vigor-
ously pursued in the period 1971 (cf. the first
publication [5]) to 1985. We reviewed transition metal
carbene complexes in 1972 [6], their role as reaction
intermediates in 1973 [7], optically active EROs and
their metal complexes in asymmetric synthesis and catal-
ysis in 1981 [8], and the coordination chemistry of nucle-
ophilic carbenes (and dialkylstannylenes) in 1975 [9] and
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of EROs in 1988 [10]. Our work on carbenemetal
complexes in the latter review [10] referred to about
500 such complexes described in 35 full papers [11,12],
3 reviews [6,7,9] and 25 preliminary communications.
Subsequent such papers are listed in [13].
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The aim of this paper is to provide a short resumé of
some of our contributions to the chemistry of metal
complexes having one or more saturated carbene ligand
such as 3 or 4, and finally to describe more recent re-
search on the unsaturated analogues 5 and 6.

R
I
. Me;N

N

N X
R 3 4
CH,Bu'
|
\
/C:
N
|
5 CH,Bu'
4 t
CH,Bu! /( H,Bu
\N \ N\
C €:
Cm N T;' e
|
CH,Bu' 6 CH,Bu'

2. Synthesis of ERO-derived transition metal carbene
complexes

Well characterised complexes having 1, 2, 3 or 4 car-
bene ligands of Cr° Cr', Mo’ Mo", W’ W' Mn!,
Fe !, Fe¥, Fe!, Fe'!, Ru™", Ru’, Ru", Os!, Co™!, Co",
Co™, Rh', Rh™, 1r!, Ir™ Ni% Ni', Ni'', pd", Pt", Au'

and Hg'" have been prepared from an ERO of type 1 by:
(a) di-p-ClI- or di-p-Br-dimetal bridge-splitting (Rh, Pd,
Pt); (b) displacement of a neutral (CO, PRj, or alkene)
or (¢) an anionic (e.g., ClI7) ligand. These procedures
are illustrated by the examples of Scheme 1 [10]. Such
complexes have been neutral or cationic (as in Scheme
1) [12]. The only case of a chelating bis(carbene) ligand
was in the cation of [cis-Rh(COD)(LY“*™)|[RhCl,-
(CO),-cis] (7), obtained from the ERO 8 (derived from
cyclam) and successively [{ Rh(COD)(u-Cl)},] and CO,
illustrated in Fig. 1 [14]. Complexes 9 (or analogues)
and 10 (or analogous low spin d’ compounds) were
the first paramagnetic carbenemetal complexes to be sta-
ble at ambient temperature [15].

m
\N_/
c=C
/7 N\
U
8
[Cr(COXDMPE)(LM)][BFy]
9
[Fe(COXL™®){P(OPh)3}3][BF,]
10

A limitation of the ERO-based synthesis of carbene-
metal complexes from an ERO is that EROs are only
accessible with primary alkyl or unhindered aryl (these

/

Lch (c) trans-[[r(CO)Cl(PPh;)z]:
1

(a) 122[{Rh(u-C1)(CO)},] Me
> trans-| Rh(C1)}(CO)(LY'®),]

[Ir(CO)(LMe)3][BE]

b) [Ni(Cl),(PEt,Ph
\ (b) [Ni(Cl),(PEty )2]_; INK(CILME), ]

Scheme 1.

=
) \7
(COD)Rh AN p

Fig. 1. Representation of part of the molecular structure of the cation
7 [14]; the C-Rh-C angle is 78.1°.
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are less reactive) substituents at the nitrogen atoms.
Examples of skeletal arrangements of such EROs,
other than those shown in 1 or 8, are illustrated in
11-17. Optically active EROs 13-16 were obtained
by syntheses based on the appropriate S-amino-acid
(13-15) or R-(—)-trans-1,2-diaminocyclohexane (16)

@H?@ CH

CH;R (or R')
EN:

N

CH,R (or R")

CH,R' = ch@
15

NR'

The general routes to the EROs 1 which we have used
are summarised in Scheme 2. The procedure most widely
employed was that of a modification of step (i) of
Scheme 1 [17]. The pathway of step (ii) is exemplified
by the synthesis of 18 from 1,3-dimethylbenzimidazo-
lium iodide and NaH [13g].

>.=<

Scheme 3 shows the proposed reaction pathway from
an ERO to a carbenemetal complex, exemplified by the
formation of [M(CO)s(L®)] from [M(CO)¢] and
LY (M = Cr,Mo or W) [18]. The alternative, of predis-
sociation of the ERO to generate the free carbene of
type 1, was discounted (but see [19]), since mixing LPh
and LTOl P did not result in redistribution [20]; but in

the presence of a Rh! complex as catalyst a statistical
mixture of LF", LT and 2 L™"-LT°"P was obtained.
This led to the proposal of the model alkene metathesis
catalytic cycle of Scheme 4 [3]. Thus, (independently of
the work of Hérrison and Chauvin [21]), this led us to
propose that alkene metathesis implicates both carbene-
metal and metallacyclobutanes in the catalytic cycle [3].
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3. Structures, bonding and reactivity of ERO-derived
transition metal carbene complexes

Spectroscopic data of diagnostic value for characte-
rising ERO-derived transition metal carbene complexes
include the v,m(CNy) IR band at 1480-1520 cm™
and the >C NMR shift for Cgup at 200-230 ppm [10].
Variable temperature 'H NMR spectral experiments
on a number of such complexes showed that there is
restricted rotation about the M€C bond with typical
activation free energies of 40-60 kJ mol~'. From He(I)
photoelectron spectra (PES), the first ionisation poten-
tials of [M(CO)s(L®)] and [Fe(CO)4(LM)] were
found at 7.12 (Cr), 6.90 (Mo), 7.02 (W) and 7.3 (Fe)
eV [10], the first six PES bands for [Fe(CO)4L]
[L = CN(Me)CH=CHNMe or CO(CMe,),0] were as-
signed with the aid of MO calculations [22], which con-
firmed the view [23] that each of the carbene ligand is a
good o-donor but weak m-acceptor, rather like a tertiary
phosphine. X-ray data on numerous complexes, including

R R
NH N
i) 2CH(OMe),NMe 11) 2NaH i
5 (1) (¢ )2 "2 :(“) 2 X <+
(- 2Me;NH, - 4MeOH) (- H,, - 2NaX)
NH N
R' Rl

Scheme 2.
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Scheme 4.

cis- and trans-[PtCl,(L"")(PEt;)], showed that the M-
Cearp bond is not particularly short and hence has little
n-character. From such results on Pt'! complexes, it was
established that the trans-influence for various ligands
decreased in the sequence LR ~ PR; > CI™, also consis-
tent with the view that the ERO-derived carbene ligand
is a good o-donor but poor m-acceptor.

It is often held, but see [24], that a useful distinction
can be made between a Fischer-type and Schrock-type
carbenemetal complex, such as [Cr(CO)s{C(OMe)Ph}]
and [Ta(CH,Bu’);{C(H)Bu’}], being susceptible to
nucleophilic and electrophilic attack at C.,p, respec-
tively. Although LR ligands such as 3 are nucleophilic
carbenes, ERO-derived carbenemetal complexes differ
from both, in that the coordinated ligands are resistant
to either type of attack at Cg,p. It is this inertness, cou-
pled to firm M-Cg,,, binding, that makes L® valuable
spectator ligands, a property now very widely exploited
in catalysis.

A carbene ligand is generally not readily displaced
from an ERO-derived carbenemetal complex. However,
steric effects may provide exceptions, as in the thermal
conversion of frans-[RuCl,(LM®),] into [RuCly(LM¢);]
[25]. Reactions at metal centres of such complexes in-
clude oxidations (e.g., Fe® — Fe'), oxidative additions,
e.g., cis-[Mo(CO)4(LEY),] — [MoBr,(CO)5(L),], isom-
erisations, e.g., cis-= trans-[W(CO)4L""),], or dehy-

drochlorlnatlve cyclometallatlon and its retrogression

as in I(LTOP), " p)101 [Ir(LT"l P); [for frL™"P),
see 19][26].

Me

ERO-based carbenemetal complexes were shown to
be effective homogeneous catalysts, with an activity
similar to those of tertiary phosphine analogues for:
(a) hydrogenation of an N-acylamido acrylic ester
(e.g., using [RuCly(LM)(PPhs),])), (b) hydrosilylation
of an alkene, alkyne or ketone, e.g., using cis-
[RhCI(COD)(LM®)], (c) cis- = trans-isomerisation of
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PhCH = C(H)SiEt; using trans-[RhCI(LM¢)(PPhs),], (d)
Si-Si-coupling  (e.g., SiH,Ph, — [Si(H)Ph;},) using
cis-[RhCI(COD)(LM®)], (e) the metathesis of
LM 4 Lo = 2L™-L™" (using a Rh' complex), (f)
the metathesis of ¢-CgH o+ C,Hy using [Mo(CO)s-
(LM¢)] with AICLEt/[NBu,]Cl, and (g) the polymerisa-
tion of CH, = C(Me)CO,Me using cis-[M(CO),(LM®),]
(M =Cr, Mo or W); for (a)-(e), and (f) and (g), see
[10] and [27], respectively.

4. Fischer-type transition metal carbene complexes

Our experiments in this area are quite distinct from
those pioneered by Fischer, being based on carbenoids
as precursors: imidoyl chlorides, Vilsmeyer reagents or
an Eschenmoser salt. The work was triggered by the dis-
covery in 1972 that a chlororhodium(I) complex with
various imidoyl chlorides gave carbenerhodium(III) tri-
chlorides (Scheme 5; e.g., L =(CO), and L' = CO), a
process then designated as a “three-fragment oxidation
addition” [28].

The tandem imidoyl chloride/HCI route led to syn-
theses based on [RoNC(H)CIICI (R = Me, Et, Pr' or
Bu; or bromide analogues) or [Me,NCCI,]Cl as the
carbenoid. By the three-fragment oxidative addition,
various carbenerhodium(III) chlorides were prepared
[9]; alternatively, related complexes were accessible

R'C(Cly=NR?

by a salt elimination, e.g. [Cr(CO)s{C(CI)NMe,}],
from Na,[Cr(CO)s] and [Me,NCCIL,]CI. Such a chloro-
carbene complex with various silver salts provided
a new route to carbynemetal complexes, e.g.
[Cr(CO)s(CNMe,)|[BF,4] [29]. From [Me,NC(H)CI]CI
alternative routes (i)—(iii) to the first secondary car-
benemetal complexes were developed: (i) the three-frag-
ment oxidative addition procedure gave a series of
Ru'', Rh™, Ir' and Pt" complexes; (ii) a salt elimina-
tion pathway yielded V', Cr°, Mo’ W° and Fe’ com-
plexes; and (iii) a salt elimination with concomitant
oxidative addition led to Mo™, W, Mn!, Re' and
Co' analogues; these routes are exemplified in Scheme
6 [30].

5. Studies on Arduengo-type carbenes and derived metal
complexes

Our researches in this area were part of a wider pro-
gramme, namely that of robust, crystalline
bis(amino)metallene(II)s, E(NR,), (E=C, Si, Ge, Sn
or Pb), including their role as ligands, which com-
menced in 1971; results on carbenemetal complexes
were described, in outline, in the preceding Sections
1-4. Subsequently there followed reports on the first
stable monomeric group 14 bis(amino)metallenes such
as E[N(SiMe;),l, (E=Ge, Sn, or Pb) [10,31] and

HCI

R L{(Cl;Rh"™-C(R"YNHR?)
/
LRh'Cl ————— = L(CIRH"—C
N2 )
NR R!C(CI=NR? — N
LYCI:RA™-C(R"){NRH)C(R")=NR}

Scheme 5.

trans-|[Ru(CO);(PPhs),|

(i)

Nay[V(Cp)(CO);]

cO
cl | PP
Ru
~
PhJP/ | C(H)NMe,
Cl

[Me,NC(H)CI]CI @

Na[Mn(CO)s]

[V(Cp)CO);{C(H)NMe,}]

(i)

Scheme 6.
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(much later) by the monomeric silylene 20 [E = Si,
abbreviated as Si(NN)] [31,32] and their transition me-
tal complexes.

CH,Bu'

By A

CH,Bu'
20

The crystalline, monomeric carbene 20 (E=C;
C(NN)) was prepared [33] (and independently by Hahn
et al. [34]) by reduction of the thiourea S = C(NN) with
KCg in THF. Treatment of [Ni(COD),] with this
carbene yielded the carbenemetal(O) complex
[Ni{C(NN)},] [33]. From the latter and Si(NN), the
carbene-silylene adduct 21 (M = Si) was obtained, also
accessible from C(NN) + Si(NN); the X-ray structure
of 21 (M = Si) showed that the sum of the bond angles
subtended at Ccup was 351.4° ( ie., approaching
planarity) and 291.6° at Si (i.e., close to pyramidicity
at Si) with a rather long C-Si bond [33]. DFT calcula-
tions on model carbenesilylene adducts were consistent
with the C"-Si~ bond polarity in the 1:1-adduct [33].
The study was extended to the wider series of carbene
adducts of group 14 metallenes 21 (M = Si, Ge, Sn, or
Pb); the X-ray structures of each of these crystalline
complexes, as well as variable temperature *M and '*C
NMR spectra (*°Si, ''Sn, **’Pb =*M) for toluene-ds
solutions, were recorded [35]. The latter data showed
that each adduct readily dissociated in solution, its
stability decreasing in the sequence M = Sn > Pb>
Si> Ge. From the magnitude of the chemical shifts,
their conformation (Fig. 2) and the long C-M distances

AL e
1 O \ CgK

Fig. 2. Sketches illustrating the fold angles ¢1 and ¢2 of 21.

Table 1

Comparative C—-M bond lengths (A) and bond angles at C and M of 21
Complex C-M (A) $1 (o) $2 () Ref.
(NN)CSi(NN) 2.162(5) 28 77 [33]
(NN)CGe(NN) 2.339(3) 31 75 [35]
(NN)CSn(NN) 2.472(5) 27 79 [35]
(NN)CPb(NN) 2.586(7) 28 80 [35]

% ¢1 and ¢2 are defined in Fig. 2.

\

R
R RN

M = Si, Ge, Sn, or Pb
R = CH,Bu'
21

Following the discovery of stable N-heterocyclic
bis(amino)carbenes, a wide range of modifications has
been made to extend the range of such compounds.
Some of these involved the linking of two bis(amino)car-
bene moieties through nitrogen atoms with a linker
group (see [36]). A different approach has recently been
reported by us, whereby the two carbene moieties of
type 20 (E = C) were linked at the carbon backbone
leading to the biphenyl-biscarbene 22, eqn (1)
(R = CH,BU) [36].

! 1 (1)
C

e =
€ €
YT N N~ ~ -C
5TOR R S N
22
in 21 (ca. 10% longer than for a typical M"-C bond in Acknowledgments

an MR, molecule), it was concluded that the C—M
bond in each adduct is best formulated as being electro-
static in nature, with the carbene moiety as the electron-
donor and the M(NN) fragment as acceptor. Some
structural data are summarised in Table 1.
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complexes. The extensive researches on complexes
containing saturated heterocyclic bis(amino)carbene
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ligands, referred to herein as ERO-derived carbenes,
have been the forerunners of much important work by
others, including those described elsewhere in this vol-
ume. Did we leave the field too early? Perhaps, but then
you cannot win them all!
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the manuscript.
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