139

' Journal of Organometallic Chemistry, 100 (1975) 139—159
© Elsevier Sequoia S_A., Lausanne — Printed in The Netherlands

THE COORDINATION CHEMISTRY OF BIVALENT GROUP IV DONORS§

NUCLEOPHILIC-CARBENE AND DIALKYLSTANNYLENE COMPLEXES

M.F. LAPPERT .

School of Molecular Sciences, University of Sussex, Brighton BN1 9@QJ (Great Britain)

1. Introduction

The principal aim of this article is to review the chemistry of bivalent
Group IV donors MXY {M = C, Si, Ge, Sn or Pb) as ligands in transition metal
chemistry. The simplest products of such reactions are the derived carbene-
metal complexes LM'—MXY, such as I or II, or heavier Group IV analogues such
as IIL. The main emphasis here will be on the carbene complexes.
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I shall restrict the scope to exclude the chemistry of such compounds when
these are not obtained from the carbene or carbenoid precursors (e.g., the
original method for obtaining such complexes, applied to the Cr, Mo and W
Group by E.O. Fischer and his co-workers, employed procedures: Whei'eby '

a coordinated CO ligand was converted to a coordinated carbene; this will not
be discussed); however, the literature of ca:rbenemetal derivatives up to 1972 '
has been comprehensively summarised elsewhere [1,2]. Also omitted is the =~ -
situation wherein the carbenemetal complex, usually derived from an electro-
philie carbene, is a transient mtermedlate, as is often the case in various tra.ns1- .
tion metal-catalysed oxganic reactions; this field has also been surveyed {3]. ‘

' Because of the special nature of this volume of reviews, it may be’ ofin- .~ -
terest in this introduction briefly to place our researches on bivalent Group IV.
donors in the context of our earher and curtent work in organometalhc chem-

istry.
My doctorate was completed under the supernslon of W Gerrard and
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concerned the reactions of alcohols or ethers, including optically-active com-
pounds, with boron trichloride. (This formed a part of Gerrard’s commitment
to the problem of interaction of an alcohol and a non-metal halide in connec-
tion with the reaction sequences of alkyl halide formation.) The work was ex-
tended to include reactions of boron trichloride with organic compounds gen-
erally [4] and, much later, to inorganic compounds [5]. The first review of
organoboron chemistry was published in 1956 [6], and further contributions
made to other areas of boron chemistry: B—O [7], B—N [8], B—C [9], B—S
[10], B—halide [11], B—pseudohalide [12], and cyclic boron compounds [13].
Work on boron halides was enlarged to include Lewis acid—base adducts, in-
cluding structural and calorimetric investigations [14].

Physicochemical approaches to bonding problems, in collaboration with
J.B. Pedley, were initiated in the early 1960’s and continue to the present time.
Methods used involve calorimetry, nuclear magnetic resonance, He(I) photo-
electron spectroscopy (PES), mass spectrometry, and analysis of data by mole-
cular orbital (MO) procedures. Compounds examined include simple derivatives
of B, Si, P, and the heavier Group III-V elements, as well as of transition metals.
The objectives are to obtain, for series of compounds, reliable standard heat of
formation, bond energy, bond dissociation energy, and orbital energy data, and
thereby contribute to an understanding of bonding. These experiments are, for
the most part, related to the synthetic programme. For example, researches on
metal alkyls (vide infra) have encompassed PES and AH? measurements [15].

The use of organotins for the synthesis of organoboron species led to in-
volvement in Group IV chemistry in 1960. Organotin—nitrogen compounds were
examined in detail [16]. Metal amides, including Me3;SnNMe,, were shown to be
versatile reagents in synthesis: involving their reactions with unsaturated moie-
ties (insertion reactions generally were reviewed in 1967 [17]), including mono-
mers (in collaboration with A.D. Jenkins) [18]; protic species, such as cyclo-
pentadienes and acetylenes; and metal and non-metal halides. Amides examined
were derived from B, Al, Si'V, Ge!V, Ge'"!, Ge'!, Sn!V, Sn!!!, Sn!!, Pbll, PII AgHI
TilV, Ti'™, zr!V, Hf'Y, VI and VIV [16,19]. The study was extended to deriva-
tives of aldimines and ketimines such as Me;SnN=C(CF3;), and cis-[Pt(PPh;), Cl-
{N=C(CF3),}] [20].

Reactions of amides with diazomethane afforded the first volatile organo-
metallic diazoalkanes, Me;SiCHN, and (Mes;Sn),CN, [21], and this in turn led
to their use in the synthesis of organic heterocycles, metal alkylazo complexes
such as [Mo(7-CsH;5)(CO), (N=NCH,SiMe3;)], and, in part, in our interest in car-
benemetal complexes. Reactions of amides with metal hydrides yielded com-
pounds having metal—metal bonds, such as [Ta(n-Cs;H;),H,(SnMe;)] [22]. This .
discovery stimulated our work on silyl—transition metal compounds [23] and
subsequently transition metal-catalysed (especially using Ziegler systems) hy-
drosilylation [24]; for example, RC=CH was converted regio- and stereo-spe-
cifically into IV. We found, in collaboration with C. Eaborn, that strained Si
heteracycles undergo ring opening with various transition metal complexes [{25].

R R
R, Se”
H av)

X3



141

We have contributed to synthetic organosilicon chemistry (e.g., perfluoro-
phenylsilanes [26]) and the use of organosilicon compounds in organic synthesis
(e.g., Wittig-type reactions of 2-lithio-2-trimethylsilyl-1,3-dithian and related re-
actions for providing C, homologation [27]).

Studies on the chemistry of homoleptic metal alkyls, MR,, [28], using
bulky ligands without 8-hydrogen such as Me;SiCH, ™, (R')~, and (Me;Si),CH™,
(R)™, commenced in 1968 and stemmed from our interest in the amido ligand
including (Me3Si),IN” [16], compounds having M—Si bonds [23], and the
chemistry of other monohapto organometallics (carbene complexes [1,3], and
alkenyls and alkynyls [29]). Among the thermally stable alkyls to be synthesised
and characterised were the first paramagnetic Main Group neutral alkyls MR;
(M = Si, Ge or Sn), Group IIIA, IVA, and VIA alkyls, e.g., YR, ZrR’, and
CrR;, and the square planar (CuR’), which has alkyl-bridges between Cu atoms
[281.

The behaviour of a metal—alkyl bond is also a theme of a project begun
in 1972, in collaboration with A.W. Johnson, on coenzyme-B;; -dependent
enzyme reactions [30]. The organometallic chemistry of free radicals and the
use of ESR spectroscopy, in collabgration with A. Hudson, features in this
work, in the study of metal-centred radicals MR; {31], in Sy 2 reactions at
transition metal centres [32], and in efforts to elucidate the mechanism of
reactions such as oxidative-addition of Mel to Pt [33] or M—R photolysis
{34]. Previously we had considered researches on model-B,,-systems; hydro-
gen transfer involving an alkylcobalt(III) reagent was then in principle viable
via a carbene- or alkenyl-cobalt moiety, and this in part prompted our in-
volvement in those areas.

II. Nucleophilic-carbenemetal complexes and related chemistry

A. Electron-rich olefins and other electron-rich carbenoids: general consi-
derations

A major field of transition metal organometallic chemistry has concerned

the interaction between a metal complex and an organic molecule. Almost

invariably, the metal complex has been the nucleophile with the metal atom
as the electron-rich centre. Typically, such a reaction has been an oxidative-
addition to a low valent coordinatively unsaturated metal complex, using vari-
ous organic substrates. Examples of the latter are olefins such as C,F4 or C;-
(CN),, acetylenes including EtOOCC=CCOOZEt, or alkyl or acyl halides; un-
activated olefins such as C,H,, C;Hq, or CgHg are not regarded as formally
causing the oxidation of the metal, but the borderline between a complex and
a metallocycle is often blurred.

Our own studies, however, are distinct in that we have been mterested in
the transition metal chemistry of electron-rich olefins or carbonium ions, e.g.,
V-XI1.
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y The PE spectra of V(R = Me) and VI show that for each olefin there are
five bands. below 10.5 eV, with the energetically most accessible orbital at the
remarkably low first vertical ionisation potential (IP) of ca. 6.0 eV (cf.; C,H,

- or C,F,4,10.5 eV; Na, 5.1 eV) [35]. A simple Hiickel 7-MO scheme shows

this orbital (75 in Fig. 1) to be antibonding between four of its-six centres and
hence of low IP. Not surprisingly, therefore, these olefins readily give rise to
cations such as [LE1* or [LE]?" (XIII) [36]. The weak olefinic C=C bond,
estimated at ca. 80 kcal mol™ [361], is consistent with the MO description, and
is exemplified by the reaction of V with strong acids to give salts having the
cation XIV. Nevertheless, an electron-rich olefin such as V does not dissociate
in solution to produce a nucleophilic carbene (cf., [37]), unless a suitable cata-
lyst, e.g., a Rh! complex, is present [38]. Thus, heating two closely-related
electron-rich olefins in boiling xylene for 2 h caused no metathesis (e.g., eqn.
1), but in the presence of 1.8 mol % of [ RhClI(PPh;);] the redistribution was
statistical [38]. The catalytic cycle probably involves a sequence like that
shown in Fig. 2. Evidence rests on the following observations [38]: (a) com-
pounds X1IVa and XIVDb are obtained from [RhCI{PPh;);] by heating with the
appropriate olefin V in boiling xylene and hence step (i) is confirmed; (b) both
X1IVa and X1IVb are effective metathesis catalysts; and (c) the complexes XIVa
and XIVb are infterconvertible by treatment with excess of the other olefin.
Hence the only missing step in the proposed cycle is a Rh!! metallocycle such
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- Fig. 1- Schematic 71-MO scheme for electron-rich olefins V or VI. .
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as XV. However related (stable) RhC, rings are known, and both Rh! and an
electron-rich olefin are known to be good nucleophiles; hence a transition state
of type X VI is plausible. (It remains a speculation to suppose that the well-
known olefin metathesis reaction, involving simple hydrocarbons, also pro-
ceeds via carbenemetal intermediates.)

Lgh + szz-Tol;_\ 2 LPh_ p-Tol ’ (1)

(Va) (Vb) (Vo)

B. The reactions of transition metal complexes with electron-rich olefins

Our initial objective was to seek synthetic procedures for carbenemetal
complexes from organic precursors, or carbenoids. It soon became clear that
such complexes were likely to be stable only if the carbene ligand is electron-
rich, i.e., a nucleophilic carbene. Nevertheless, we did attempt to prepare elec-
trophilic carbenemetal complexes, but instead obtained the reaction products
shown in eqns. 2 and 3 [39,77].

The initial experiments (eqn. 4) which led to our fu-st carbenemetal com- .
plex, I [39], were designed to generate the nucleophilic carbene LP® and trap
this by means of reagent XVII, known to undergo bridge-cleavage by bases
such as amines or phosphines [40]. ‘

We now consider it unlikely that a free nucleophilic carbene is an inter-
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mediate in reactions such as those shown in.eqgn. 4, because for a Group VI
metal carbonyl as the transition metal reagent, other products can be isolated
under milder conditions [41] (see below). The électron-rich olefin can be
generated in situ from XVIII or an aminoacetal (eqn- 5) [41]. Reaction 5 may

HC(NMe,)(OMe), + RNH(CH;).NHR - V + 2MeOH + Me,NH (5)

be modified by usinga 1 3-propy1ened1amme derivative to make the six-mem-
bered cyclic homologue of V, which has proved to be much less reactive than V
in its transition metal chemistry [41]. The N-arylolefins (V) are considerably
less reactive than the alkyls and somewhat less Ieactwe than the thiazole deri- -
vative L (VII) [39].

. Reaction 4 suggested to us that electron-rich olefins like V or VII might
have an extensive carbene-ligand chemstry, in some ways analogous to that of
tertiary phosphines. Stable complexes having 1,2, 3, or 4 carbene hgands have been
‘made from oleﬁns for Cr°,Mo®, Mo™, W°, Wi Fe° Fe!, Ru?, Ru”, Rh', RW', I, .
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‘Ref.

Complex k Compiex Ref. -
{M(CO)sLR] 41 trans-[RhX(LR)(PPh3), 1 - 35,43,
M = Crand R = Me or Et: X =Cland R = Me, Ph, or p-MeOCgHg; . 46,48
M = Mo and R = Me. Et, n-Bu, or PhCH,:; X=Brand R =Me orp-Tol: X=1 -
M = W and R = Me, Et, ox PhCH> and R = Me;
[M(CO)sL'R] 41 : ;3; or N.=:(1(}F3)2 and
M = Cr. Mo, or W and L'R = EN(Me)- : € orp-lo o
(CHZ)3NMe trans-[TRh(CO)CILE(PPh3)] 45,48
L=M Ph, p-

cis-[M(COX4(LR),] a1 © e it Pl p-Tol, ox
M=Crand R = Me or Et; 654 ,
M = Mo and R = Me, Et, n-Bu, or PhCHaj; zmns-[Rh(c0)cu,Et(pEt3)1 a7
M = W and R = Me, Et, or PhCH, also L’ analogue 41
trans-EM(CO)4(LR),1 41 trans-[Rh(CO)CILR),1 . 44,4548
M = Cror W, and R = Me; R =MeorEt : :
M = Mo and R = Me, Et, or PhCH, also (L'); analogue 41
cis-[M(CO)4LMe {C(OR R"h 1, 41 cis- or trans-[Rh(CO)LMe(®Ph3),1 "X~ 48
M=CrorMoand R'=Me=R"; Bt

_ cis- or trans-[RhCO(L )2(PPh3)] *a~ 48
M =W and R’ = Et with R” = Me or Ph 1s0 L' logue 41

fs- Me -
cis-IM(CO)4(LT9Q] 41 trans-{Rh(LMe),(P),1°C1 46,48
M =Crand Q = AsPh3; P = PPh3 or PPhMe;
M = Mo and Q = LEt, [,CH2Ph PPhg. or py Rt
Cl” ,R = Me or Et 46
fac-TW(CO)3(LMe)31 41 [RhCO(L™)3} e or
- Me

e s ézpy)]] i cis-fRhCHCOD)LR] 46 -
[Cx(CO)RL M (CeHen : R = H, Me, Et, Ph, p-Tol, or A, 41)
cis-fW(C0)sLMe {c(0)Ph J1 Li* or P-MeOCgH, T
(LMegy+ 41 also L' analogue 41
[M(CO)Z(LR)ZXZ] 41 crs-l'Rh(Cﬂzste3)(COD)LP‘T°1 or Ph'I 46
M = Mo and X = Cl, Br, or I, with ‘IRBE(CI(LED),SiCl31 47
R = Me or Et; . ) eis-[RE(COD)(LMe),1*C1™ 46
M=Wand X=1,with R =Me or Et [GCOLMe{ } :

; N=C(CF3); |PPh3] 44
[M(CO)3(LR);X 1 41 o ot 372 JFER3 :
M=Moand X=I, withR= : [IrCO(LM€)3] 'BF4 44
Me: Me, . + -

CcoLMe
M =W and X = BrorI, with R Me L ¢ Ph3)2] BFy4 44
or Et (for I) trans-[NiCI(LMe), (pPhE®;)) "BF4~ 44
N 1,Me

[M(NO)2(LR); X1 a [NICILME)31 "BF, 44

M = Mo and X = Br, with R = Me; c:s-[PdCl,L’Me(P_)] 39,42

M=Wand X=1,with R=Et P = PEt3 or P-n-Bug

[W(C0)4LMex,] 41 ¢is- or trans-[PACLL,LPR(P)} 39,42

X=Brorl P = PEt3 or P-n-Bugj 41

[W(CO)LRBr3) “[LA—H1" 41 also L (PEt3) analogue 44

R =MeorEt trans-[PACILMe(PEt3),1 " BF, ™

[Fe(CO);LR] 41 ‘cis-[PdBr,LPh(P)] 42

R =MeorEt P = PEt3 or P-n-Bugj

Me

[Fe(CO)3(LT )21 41 trans-(PtCLLR(Q)] . 39

cis- or trano-[Feg(CO)3LR(05H5-n)] 41 R = Me and Q = PEt3, P-n-Pr3.

R« Me or Et. o P-n-Bugj, or AsEt3; e

Ru3(CO);1LEY] 4 R=Phand Q= PEta. P—n—nua. PPhMez

[Ruz(CON 1 or AsPhy; |

[Ru (LR)4Cly] 41 . R=S5and Q=PEt3or P-n-Bu3 e
_R=MeorEt- : - also L (PEt3) analogue :

- (Table continued) -
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TABLE 1 (continued)

- CARBENEMETAL COMPLEXES FROM ELECTRON-RICH OLEFINS

Complex S Ref. Complex Ref.
trans-[PtBr, LR (PEt3)] 89.42 trans-[PtMe,(LMe)Q1 a2
R =Me,Ph,orS Q =PEt3 or AsEt3
cis-IPtCLLLE(Q)N 3942 cis-[PtMey(L.M®)Q] 42,44
R = Me and Q = P-n-Pr3, P-n-Buj, Q = PEt3, PPh3, PPhMe;, or AsEt3
PPhMe,, or AsEt3; ' Me o —
trans-[PtCIL BF, 42
R = Ph and Q = PEt3. P-n-Bus, P f";ét o Pph(;?] 4
PPhMe;, or AsEta: 3 2
R =S and Q = PEt3, trans-[PtHLMf(PEt3)2] Cl or BF3 42
P-n-Buj, or PPhMe; [PtX(LMe€)31 "BF4 44
. X=HorCl
cis-[PtBr, LR (PEL3)]
R =Me, Ph, or S 30,42 Cis-[PtCLME);(PPh3)]"Cl 17, 0r BFy~ 44
[Pt(o-C3Hs)CILMe(PPh )] 44
cis- or trans-[PtR,(LEt),] 11
cxs—[Pt(o-C3H5)(LMe)2(PPh3)] Cl or BFg 44
[Au(LM¢€),1"Cl or BF4~ 44

/ r
or /(jr : x=0MeorF;
R v = OMe or Mt

Ni", Pd", Pt" and Au' (Table 1) [39,41-47]. The phosphine analogy is forti-
- fied by noting that these complexes have been prepared by (a) di-u-chloro- or
di-u-bromo-dimetal bridge-splitting (Rh, Pd, Pt) [39,42,44,46,47]; (b) dis-

placement of a neutral ligand (CO, PR3, olefin, or L®) [41,43-47], or (c)

displacement of an anionic ligand (e.g., C1”) [44,46]. Some examples are illus-
trated in Fig. 3. As we are here not concerned particularly with the chemistry
of carbenemetal complexes, this is covered only briefly; complexes are made
(2) directly from electron-rich olefins, or (b) from other carbene complexes.
Nlustrations of such reactions are in Figs. 3 and 4. Substitution reactions of

. . . P - -
fnitenLs]'se” [nicePe] [2ucip] [AuLs] el ——= [AuL,]" BF2
(b) @ (o)
ans-[Ir(COIP, L] BR trans-{Ir(cOCiP,] [Crecons] fertcont]
) e e @
N N
[ N =C/ j [ercco] cis=Cr(CO) L,
N/ \N e) . i
T Me Me ] /
i | = Cr(CO)3(NCMe)
OC—An—N=cicry), 20 {rn{=cicraa)rs] [« 3 3
] (a) (Iy==L, (@)
L -
- - + .- .
[Rnicorcil, [Pt-CHmiP] I cis-[Ptie-CaHmIPL,] C1”

rrans—[Rh(CO)Cle] ©
c

Fig. 3. Some tmmnnon metal complex reactions of the electron—nch olefin I (=L2) (P = PPh3; P'

(a)

PPhEty).

-Reaction condluans. (a) PhMe, reflux, 5-20 min; (b) Me2CO, NaBF4. reflux, 3 h; (c) DMF, 110°C, 15-20

- min; (d) MeCGHu. 100°C; (e) dekalin, 160°C, % h.
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cis-[Motcoy LM (L¥)]

1/2 LCHZPh

cis-[Ma(co), LM (asPny)] cis-[Mo(cor L™ (PPhy)] cis-[Motcoy, {comerr L™ |

PPh '
MeCgH AsPh k) o -
eCgHyy 3 MeCgHy, (iiYMeOSO,
LMe LMe
[Motcog] 2 [Mmo(cOiM] ———2 = cis-[Mo(CO, (L™),]
MeCgH,, . 100°C dekalin, 120 C
pY Xz, heat™ || P¥
MeCgHy, CeHg.20°C 9% 1| csHsN [EL0
halogen (X)),
. + -
cis-[Mo(CO)a L™ (py)] LMe—x]" [Motcownxs) CHyCl, or CClq
Irans—[Mo(COh(LMe)ﬂ
X M
l /NO ) l + fac-[Mo(CO)3(L “)a py]»
NO ™M
M M N el LT Mo-—co \
e | CH,Cip l in solution [Mo (conx,(L™Me), ]
X

Fig. 4. Some reactions of a Group IV carbonyi(carbene)metal complex {41].

square-planar Rh! complexes of type [RhCO(L?),P; ,X] (n=1or2and P

= a tertiary phosphine) with tertiary phosphines to give cationic carbene com-
plexes [Rh(CO)L¥?),P;—,1"X"~ were shown to proceed by a two-step (i then ii)
process: substitution with retention of configuration, and subsequent isomerisa-
tion, both sensitive to steric effects; an illustration is in egn. 6.

Detailed examination of the nature of the reactions of electron-rich olefins
V-VIII with various transition metal complexes reveals a more complex pattern
than that so far described. Firstly we may distinguish (i) chelate olefins, such as
V and VII, and (ii) the open-chain compounds VI and VIII. For both class i and
ii, we find reactions in which the C=C bond of the olefin is not cleaved and these
may be of typea or b.

(a). Reactions in which the olefin becomes bound to the metal, formmg a
metallocycle in which 2 N’s or 2 S’s act as ligating atoms. At present, structural
evidence for XIX [41], XX [51] and XXI [51], rests on analysis and 'H and
13C NMR spectra, but X-ray diffraction studies are in hand**. For the olefin VII,
we have observed another reaction in which S—Me cleavage is observed (eqn. 7)

* Thermal isomerisations of this type and for trans- or cis-Pdl or -ptII complexescan l:;e followed by
differential scanning calorimetry, to obtain quantitative data; reliable results are not vet to hand
[49]; such thennal and photochemical isomen’saﬁqns have also been demonstrated for

[Mo(CO)4(C/ ))21 [(501.

= Completed in XIX [{52]1.
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[62]. The structure of XXII was confirmed by a single crystal X-ray analysis.
The bridging olefin fragment is intermediate between that found in XX and a
bridging bis(dithiolate). However, we have been unable to convert XXII mto
such a complex, which would require further loss of 2MeCl.

(b). Reactions in which the olefin is oxidised to the cation XII. The coun-
terion has thus far been [V(CO)s1~ [53], [M(5-C;H;)(CO);]1~ (M = Cr, Mo, or
W) [41,53], [Mn(CO);s] ™ [411, [Co(CO).]~ [41,53], and [CuCl,]~ [41], from
respectively V(CO)s, [M(1-CsHs)(CO)s]2, Mn,(CO)10, C0,(CO)s, and (CuCl),.’

For class i only, we find, additionally, reactions in which the C:C oleﬁmc
bond is cleaved, and these may be of type c ord.

-{c). Reactlons in whlch nucleophmc-carbenemetal complexes are. formed
(v1de supra).

- (d). Reactions in Whlph pruton abstractlon takes Plmce from- solvent (e.g i
_eqn. 8) or a metal hydride (e.g., eqn. 9) to give the cation XIV [41], or halogen
abstraction takes place to form a catlon related to XIV [LR—X] (see Flg 4)
[41]. . , , , : :
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M82C6 R V _ I
> 2 [L*—H] " [M(n-CsHs)(CO)s1 (8)

M = Cr, Mo, or W) ] (XXHI; 5 3
2 [CrH(n-CsHs)(CO)3] + L3 2 XXI1I1 - 9)

For the chelate olefins, e.g., V (class i) N,N’ -metallocycles such as XXIV
are formed under milder conditions than those required for C=C cleavage as
illustrated by egn. 10 [41].

[M(-CH;)(CO)s 1. + LE

R n-CGHm

NMe
co Me2 C\/ 2
‘/ /\C——NMez-
oC ——Mo——N
‘ Mes
oC
co

(XXTV)

CeHs | W, 70°C

Me O Me o .
LMS , 80°c LM, 20°C
cis—.[Mo(CO)4(LM°)2] ———22 77~ [Mo(MeCN,(CO), | 2 - XIX  (10)

. CeHe CeHe

MeCgHy;, , 100°C

[MotcoyLMe] =

Reactions in which the olefin is a reducing agent clearly require the transition
metal neutral substrate to have accessible stable neighbouring oxidation states:
e.g., [Mo'] = [Mo®] "; [Mn°®] - [Mn~']; or [Co°] —» [Co"] The [CuCl,]™ salt
was formed, we believe, from Cl~/CuCl, after initial L /CuCl reaction (to give
[L%] 2“(CI ), + Cu) [41]. Efforts to make a carbenetm(IV) complex, by treating
LMe, LEY  or L, with MesSnCl, or related compounds, led to a complicated
redox reaction, in which the radical cation [L®,}* and the ions [L®--H]" and
[MesSnCl,]” were identified [54].

Complexes other than carbenemetal compounds, which are directly acces-
sible from electron-rich olefins are shown in Table 2.

C. Reactions of imidoyl chlorides with low valent transition metal complexes
The imidoyl chlorides are the nitrogen analogues of carboxylic acid
chlorides. The transition metal chemistry of the latter is well-documented,
whereas the nitrogen compounds had not been explored prior to our work,
begun in 1971. Using a Rh' substrate we observed that a carbenerhodium(1II)
complex could be isolated by one of two distinct processes, depending on
whether the hydrogen chloride was rigorously excluded [55,56] or was pre- .
sent [55,57]. This is illustrated for the case of {Rh(CO),Cl], and PhC(Cl)-—
NMe in eqn. 11, and the derived carbene complexes are listed in Table 3. The. -
structure of the lodo-analogue of XXV, [Rh(CO) \Ph)NMeC(Ph)—NMeI?,] was ’
confirmed by a smgle crystal X-ray analyms [56]. Possible reactmn sequences
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- TABLE 2

= OTHER TRANSITION METAL COMPLEXES FROM ELECTRON-RICH OLEFINS

M = Cr, Mo, or W, or [Mn(CO)s] ; or
[Co(C0)4] 2 or [CuClz]
(Me),
[(CH2)3/N c1 2% or [LEt;]12" [Mo-
SN e)
(n-C5H35)(CO)31 2

* Complex’ Ref. Complex Ref.

' (a). Olefm complexes via 2 N's or 28’s (c). Electron-rich carbonium:ion salts

| cis-[M(CO)4(N,N-LR )] - 41 [LMe—_H]*{M(n-CsH5)(CO)3] ~ 41
M=Moand R=Me;: M= Wand M = Cr, Mo, or W or .
R =Me or Et [w(co);rL.Mepr 7~
cis-[M(CO); {v.v -cchMe,z(cnz)31 41 (LEt_H1*[Mo(n-CsH5)(CO)3] “or 41
M=MoorW ['V(CO)3LEtBr3}
cis-[Mo(CO)q {N,N'C (NMey) 1 41 N(Me)
- b 2 £(CH2)3 _C—HI'IM(1CsHs)-
cis-[Cr(CO)4 {5,5"Co(SMe)s 1 51 N(Me)
[PICIPEL3)SC=C(SMe)SMePtS- 52 (COY31 41
(PE13)CI1 (XXII) M=Mo or W

2+ [(LMe—X1*Mo(C0)sX3] ~ 41
(b). [Olefin} *complexes X =Brorl
[C2(NMe3);5] 2 [V(CQ)G] 2 or - 41,53 [LMLXI +[W(CO)4I3] - 41
[Mo(n-CsH5)(CO)31 2 or [Mn(CO)s1 2
or [Co(CO)3] 2 or [Ptbl3(PEt3)] 2
" [LMe;1 2 M(n-CsH5)(CO)31 2 41

are shown in Flg 6. The overall reacnons c are three-fragment oxidative reac-
tions, but both the pathways a w1th a’ (reactions of a coordinated 1m1doyl

NHPh
S a
MezphP\c,:/CMe ‘
i) HCI
Rh { o [rR(corcl]. + 2PhCI(CH=NMe
, (ii) 2PPhMe, 2 .
cl PPhMe,
ci
cl Ph
\l CnMe a1
I \N=CPh
f e
EXV)
. L . . L +
SR S ?hBT,,"/NMe S Pt NHMe .
[PrePn,L] -+ PhCiCn=NMe = —a c:’—m—c< CoRC Cl—Pt—'c\,. S N

AL S & - PPhy
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TABLE3 _ L
CARBENE METAL COMPLEXES BY THREE-FRAGMENT OXIDATIVE ADDITION

Complex " Ref. ‘Complex o v . " Ref.
(a} From an imidoyl chloride and HCl ) [RhCI3(CHNR2)(P)2} - p 59 -
{Rh(CO)Cls {c@EhNHR]}PY 55,57 R = Me, Et, or i-Prand P = PPh3 -
P = PPh3 and R = Me, Et, i-Pr, or o-Tol; or PEt3 »
P = PPhyMe and R = Me [RhX 3(CHNMe,)(PPhMe3);] 59
trhco)ciz fcenyNar b, 55,57 X=ClorBr : »
R = Me ori-Pr [Rh(CO)I3(CHNMe2)]1 2 - B9
[Rh(CO)Cl3{C(Me)NHTOl0 1, 55.57 [RhI3(CHNMez)(®PEi3),] 59
{RhCl3 {CMe)NHTol0 }(PPhMe;),] 55,57 (PtCL(CHNMeg)PEt] - 58
+ - - -
[ptCL{C(Ph)NHMe }®@Ph3)21 Cl 43 [1r(CO)Cl2(CHNMe)(PPhs);1°Cl” 54,63
{b‘) From an imidoyl chloride [I¥(CO)Cl3(CHNMe3)(PPhoMe)] 54
[Rh(CO)X3 {CPhIN(Me)C(®hINMe }1 55.56 - [PtCl3(CHNMe;)(PPhMez)] "Cl~ 54.
X<=CLBrorl (d) From (PhHN)2CCly . - '
~ [RKCl; {c@nINMe)C@R)NMe }®PuMe,),1 55.56 [Rh(CO)Cl3 {C(NHPh), }(PPh3)] 54,58
tHr(co)Cl3 {CERN(EHCERNEL N 55,56 [Rh(CO)Cl3 {C(Nﬁph’z}]? 54
[RBCl3{C(NHPh); }(PPhR2);] 54

(c) From Ro;NCHCI, - . R=MeorPh
[M(CO)5(CEHNMe2)}%(M = Cr or Mo) 58,59
cis-[Mn(CO)sCI(CHNMe;)1¢ =8 (i:) F;’:' "o’" Me,NCCl3
[Fe(CO)3(CHNMe3)]1¢@ 58,59 [Cr(CO)5(CCINMe)] 54
[Rh(CO)CI3(CHNR>)12 59 [Rh(CO)Cl3(CCINMe3)] 2 - 54
R = Me, Et, i-Pr, or n-Bu S

& B or R [RhCl3(CCINMe2)(PR3)2] 54

[Rh(CO)CI3(CHNR3)(PPh3)] 59 : R=EtorPh -
R = Me, Et, or i-Pr

G By salt elimination.

ligand) or b with b’ [reactions of a methyleneammonium salt, see Sect. IIL.
D] have support. Thus the formation of coupled products, derived from '
two imidoyl chloride molecules per Rh atom, can only reasonably proceed
by the former process. Moreover in the Pt® — Pt system (eqn. 12) this
procedure has been exemplified [43].

EtsP Me
N

Blr h:lqe R I
/ LiBr heat /
Et;p—Pt—C j - Cl—Pt—C \J
4y / N
r Me » - Cl' b;‘e Ci Me

/o P - Y .
EtsP—Rt—c :’ _PEt3[NaBFs oo [Pron™ (PEty;]t BE

. N
d = Me
Me Me M CMe : -
l ‘/N, LiMe @ : | /N ~
Et:,P——Pt-—C\ - Et,P—Pt—C_" j R :
. l N . o I N \N SR 3 I
.Me Me ’ : L s

. : . G Me’
Fig. 5 Some reactions of a caltbeneplgﬁhum(ll) complex [?12]. o i
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CLLRA™C(R')=NR"

(a)
R'C(CH=NR? (a) HCl
CIJLRth(R'-)N(Rz)C(R')NRz LRhICI + R'C(CH=NR? ——== Cl,L Rh C(R)NHR?
R‘C(Cl Y=NR2 CHCL
LRhICE\ (B} R‘C“M HCl/b)
Rcennwacenrz]*er [Roennnr] el

Fig. 6. Reaction sequences in imidoyl chloride/Rhl systems leading to carbene complexes.

D. Oxidative addition reactions of low valent transition metal complexes with
electron-rich geminal dihalides

The reaction of a dialkyl{chloromethylene)ammonium chloride R,NCHCIl,,
R,NCCl3, or (R;N),CCl, [which has ionic character, (IX-XI)] and a Rh! sub-
strate leads similarly to the carbene product of a three-fragment oxidative addi-
tion [54,58,59]. Compounds of type XXVI (which has been confirmed by X-
" ray analysis [ 59]) were named secondary carbenemetal complexes to differ-
entiate them from those which had both H’s of CH, substituted, the tertiary
complexes. The C-chlorocarbenemetal complexes, e.g., the C-chloro analogue
of XXVI, [RhCl;{CCl(NMe,)} (PEt;),], [ 54], are also of interest, in part be-
cause they may be intermediates in Fischer’s carbynemetal synthesis from
alkoxycarbenemetal precursors and BX;. In Fig. 7 are shown some reactions
leading to carbenerhodium(III) complexes (these and others are listed in Table
3) from such electron-rich gem-dichlorides. Alternative reaction sequences
are in Fig. 8. Secondary carbenemetal(0) complexes (Cr®, Mo?, Mn! Fe?) [58,59,-

{i)

[RntcoICiy (CHNR,) (PP 1]

l('” ,

[Rn(cm,c:]z-—m—-— [Rntcorcnicrngy];

[nn(cmcu-’pn,]z

(€]

[Rh(CO)IJ(CHNRZI]Z
v Gii) (1ii

ti) (i)

[Rrecorencainmey], [RRCKPPN L] —— e [RrCHCHNRPPRy )] bl

[rocntcrNRY (PELY, ] —eRnIgCHNR (PET,,]

(ZRYD)

l(iii) (v}
i

1
[ErcntccmmetaEs), | i) [Rcuccinmen trrn, ]
t) [BoncHa] of in cHey L 20°C
(ii) PPhy in CHCly. 20°C
(i1} PEt,y in CeHg . 80°C
(iviLil in CH,Ch . 26°C
v} [Me,uccr,] ci"in cHay . 20°C

an. 7. Some reactmns leading to RhIn secondary ca.tbene— or C-chlorocubene-metal complexes.
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Et3P :
Ci H
Ci——Rh——C <
cl NMe,
PEt,
(XXNIT)

78] and [Cr(CO)s;(CCINMe,)] [54] have also been made by salt elimination
using [Mo(CO)s]1%", [Mn(CO);s]~ or [Fe(CO)q]1*" as sodium salts.
There are analogies for some of these reactions. Thus, Ofele has used

PhE=C(Ph)CCl, and Na*, [Cr(CO)s]>~ to prepare [Cr(CO)s(Cj]Ph)] [61] and
has converted palladium metal to- [PdClz(C<]lfh)]2 [601; whereas chloromethyl-

eneammonium salts having the non-coordinating anion BF,;™ have yielded -
cationic thiazolocarbenemetal complexes of I, PdY, or Pt!! from d® or d!°
precursors [62].

Methyleneammonium chlorides do not necessarily yield carbenemetal
products, as exemplified by egns. 13 and 14 [54]. A parallel is with two-frag-
ment oxidation of an alkyl halide RX to [Pt(PPh;);] which gives [PtX(R)-
(PPh3),] unless steric effects supervene when [PtX;(PPh;),] or [PtH(X)(PPh;).]
are obtained [33]. Some reactions of the secondary complexes are in eqns. 15-
17 [54].

1,3-Dichloromalonylcyaminium chloride (XII) was expected to yield chel-
ating dicarbene species. However, reaction with [Rh(CO).Cl]. afforded complex
XXVII, in which the ligand is considered to act as a bridge [54].

. Me,NCHCL [Me,NCHCI} '[BF41 -
cis-[PtCla(PPhs),] =—=——— [Pt(PPhs)s oral —— —

[PtCl(PPh;),1"; [BF.]>  (13)

cl Ci |  +
+ A (ah I v

YX C —_= | L'M—CX

V4
) cr (a<) al
im:” ©) :
N\ L g /(bz) o
(b') XYCCiz I 4 i o

: : S ct
Fig. 8. Reaction sequences leading to three-fragment oxidative addition..

{
E.
|
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trans-[PtCI{(H}PPh3)21

. ClS—[PtCl2 (PPh; )2] < cxs-[PtMez(PPhMez)z]

—{Me,;NH,1'C1™

Me,NCHCl,

{AuMe(FFPh3l ¥
[ AuCl1(PPh;)] : a4)

éis-[PtClz(PPhMez)z] + trans-[PtCl(Me)(PPhMe:,). ]

EtOH, 80°C PR3 (R3 = Et3 or PPhMe3)

[RhClg(CHNMGz)(PPh3)2]
| , R = Phs [RhCLH(CHNMe,)(PR;),]
[Rh(CO)Cl3(CHNMe, )(PPhs)] '
Lo s [RhCle(CHNMez)(PPhg,)Z]% trans-[RhCl; (CHNMez)(Pg?))z]
[ RhCls(CHNMe,)(PEt;),] M trans-[Rh(CO)CL(PEt3),1 (16)
[Cr(CO)s(CHNMe,)] + PhsPCH, — [Cr(CO)s(PPhs)] (17)
ol M
I CcO % ﬁez I /
Rh——C— H
N ocC
CI/CI| Me, Cl
L . —-nN
(XXV1)

E. Structural studies on carb&nemetal complexes

In the more general context of carbenemetal chemistry, the earlier litera-
ture on this topic is dealt with elsewhere [1,2]. In so far as the complexes that
we have prepared are concerned, the problem may be discussed with reference
to XXV, XXVIIT and XXTX.

R

| / ~
X—M—C M——C\
I \N NR,
R
EXYIID : (XXIX)

- Crystal structures have been completed on the triiodo analogue of XXV
[56], four compounds of type XXVIII and one of type XXIX: I and its trans-
isomer [42,64], [RhLM® {N=C(CF3),}(PPhs);] [431, cis-[Mo(CO)s(LM*),] [65],
and XXVI [59]. These data show that the M—C,bond is not particularly short,

e.g., in the Pt" complexes comparable to that in a platinum(II) alkyl [66]. This
suggests that the M—C_.p bond has little 7-bond character The nucleophilic car-
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PEt; - Qasn:n : e \ 0 (4)

‘2.234(3) ' ' N I 1493(12) '
_ Nizezam . N———

. 2009013) / V 2.291(4)

- 2020 (16) /

ci P c Et,P-
2.362(3) \327 an . ‘13(13)
2.381(3) . ' 2.311(6)
. . N
(o] Ci

Fig. 9. Bond length data for isomeric complexes [PtCLLFB(PEt3)].

bene ligand, although a poor m-acceptor, must be a good o-donor because it is
difficult to displace from the metal coordination sphere. Comparison of Pt—Cl
and Pt—P lengths in I and its cis-isomers (see Fig. 9 [42,64]) shows that the
trans-influence is in the sequence carbene =~ PR3 > Cl™. The Rh™—C_ sy, bond
length is very similar (1.96-1.97 &) for secondary and tertiary carbene ligands.
The C..;»—N bond lengths are shorter than in carboxylic acid amides and short-
est for the secondary carbene ligand; this shows there is considerable 7-bond
character in this bond. The coordination plane of the carbene ligand is approx-
imately orthogonal to the coordination plane around the metal.

IR spectroscopic data are useful in a number of ways but p(Cs=2==2=:N) has
diagnostic value: 1480-1520 cm™ -in tertiary carbenemetal complexes M—LE
ca. 1600 em™ in secondary carbenemetal complexes, ca. 1660 cm™ in [L¥] 2+
and ca. 1650 cm™ in [L®—H]" [41]. »(Ciarp—H) is at ca. 3050 cm™ [59]. Far
IR assignments of v(PtCl,) in Pt!! complexes, such as those shown in Fig. 9, con-
firm that nucleophilic carbenes are snmlar to tertiary phosphines in their {rans-
influence |67].

NMR spectroscopic data serve to identify secondary carbene complexes,
especially C...,,—H at 7 ca. —1 [59]. Variable temperature 'H spectra in these
show that the activation energy to rotation about the C—N bond is greater than
in tertiary carbene complexes, and is outside the NMR range (i.e., > 25 kcal -
mol) [59]. Restricted rotation on the NMR time scale about the Rh'—C_..,
bond in complexes [RhLE® (Y)Y’(Z)] has been demonstrated [45]; the 'H Et
signal belongs to the ABX; spin system at lower temperature which changes
to A,X; on heating. (M—C hindered rotation had been observed in cis-

_N(Me) ;
[Cr(CO)4(C\N(M )))2] [68]. This observation promises to provide a new
a)

approach to the study of the relative trans-influence of groups X in complexes
such as XXX (in which X is a neutral ligand).

Cl Et

x__RL_c/”j
. I \N
CcO Et

(XXX)
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: 13C NMR of neutral cis- and trans-monocarbene-palladium(II) and -plati-
num(II) complexes [MX,(L®)(ER3)] (X = Cl, Br, or I; E = P or As) show that
the chemical shift of C..,;, (similar to that found in carbonium ions) is sensi-
tive to the trans-ligand and that unusual long range 3!P—'3C couplings are
found to the ring methylene carbons [69]. The !3C chemical shifts of the car-
bonyls are particularly useful in assigning stereochemistry in [M(CO),(L*),]
[41]; for each of XIX and XXI the methyl signals are found as doublets, and
the cis-arrangements of the N,N'-Me’s in XIX is confirmed by the mutually
trans-CO’s shown as a doublet.

IT1. Stannylene- and plumbylene-transition metal complexes

- By use of the bulky ligand (Me;3Si),CH™ (R7) coloured Group IV dialkyls
which are monomeric in benzene or cyclohexane have been obtained: SnR,
['70],PbR, [70],and GeR; [71]. The coordination transition metal chemistry of
the first cf these has been explored. The dialkylstannylene is electron-rich, havinga
first IP of 7.42 eV, corresponding to 1 5p lone pairlevel (7.32 eV in PbR,) [70].
Consequently it is a good nucleophile, superior to a tertiary phosphine. How-
ever, SnR, has a more complicated coordination chemistry than the latter,
because of the greater tendency of Sn than P to achieve a higher valency state
while still being able to bond to metal [72]. Reactions are thus classified into
two types: (i) insertion reactions and (ii) simple dialkylstannylene Lewis base
reactions. This is illustrated in Fig. 10 and exemplified in Table 4. The crystal
structure of one such stannylene complex is complete (Fig. 11) [72], and
shows three-coordinate trigonal tin, C(1), C(2), Cr and Sn being coplanar,
with r(Sn—Cr) shorter than in [t-Bu,(py)Sn—Cr(CO)s][2.654(3) A] [73], and
C,SnCRC(51)C(53)C(54)0(51)0(53)0(54) essentially coplanar; this is sug-
gestive of Cr—Sn (d—>p)n-bonding [72]. The bis(stannylene) complexes have
only been obtained in frans-form, no doubt due to the bulk of the ligands.
1198n Mossbauer spectra of the complexes of Table 4 show two classes: type
(i) in which Sn is four-coordinate, isomer shifts are low (1.49 + 0.25 mm s™
relative to BaSn0;), and with low quadrupole splittings (< 2.37 mm s™!); and
type (ii) in which Sn is three-ccordinate, isomer shifts are high (2.15 + 0.1 mm

[RhCItPPhY,) [MolCO) (norbornadiene)]

[RR?CX(SnRZ)(PPh:)z] - P \ / — »—trans-[Mo(CO) (SnR,);]

SnR2

co

PACI(PEL) / \ Fe(CO), n R co
[PLCI(SARY (SAR,C1) (PEL,)] e [Prc, 3] [Fecconcss- ) “r / \ '

(i) and (ii) (i) RZSn/ \CO/ \Cp

MO —H(COMR (CsHs-7) / [Mo-MelCOnCHs-2)

[MotsnR OO (Cs Hs7)] L = 377 , = Skl [MotsnRMexCONCH-1]
- i

Fig. 10. Reactions of SnR, with some transition metal complexes.
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STANNYLENE TRANSITION METAL AND RELATED COMPLEXES
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Complex® ' " Ret. Complex8 Ref.
(a) Stannylene complexes (b) Stannylene insertion products
IM(CO)s(SnR2)] 70,74,75  [Mo(CO)3(CsHsn)(SnR2X)] - 7475
M = Cr or Mo X =H or Me
trans-[Cr(CO)4(SnR2)z] » 70,7475  [Fe(CO)412SnR2 74,75
M= CroxrMo- [Fe(CO),(CsHsm)1 2SR 7%
[Fe2(CO)2(CsHsn)2(SnR3) 74.75 {Fe(CO)2(CsHsn)(SnR2X)1 74,76
{RhCI(SnR2)(PPh3)2] 74,75 X =H, Cl, or Me
[PtC1(SnR2)(SnR,CI)(PEL3)] 74,75 [PtCI(SnR2)(SnR2CI)(PEt3)] 74,75
(c) A plumbylene complex?
[Mo(CO)s(PbR2)] 5

@ R = (Me3Si),CH. ? [Cr(CO)s(GeR,)1 has also been obtained [76].

s™1), and unusually high qﬁadrupole splittings (4.25 £ 0.2 mm s7') [74]. A
feature of the dialkylstannylene complexes here described is their good hy-
drocarbon solubility, doubtless due to the presence of the many methyl groups.

IV. Conclusions and acknowledgements

I believe that the coordination chemistry of neutral Group IV donors
other than CO and RNC is a rapidly developing field of much promise. Both
electron-rich olefins and bulky dialkyl-stannylenes or -plumbylenes show as-
pects of their coordination chemistry which parallels that of tertiary phos-
phines with, however, considerable differences; accordingly much remains to

Fig. 11. The crystal and molecular structure of [Cr(CO)sSnR21 [72].
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be accomplished, although many of the pnn01pal lines of development may
already have emerged.

It has beer my privilige to work with many able colleagues, named in the

bibliography, whose contribution I gratefully acknowledge.
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