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INTRODUCTION

An allene (or 1,2-propadiene) is a moiety with two cumulated double bonds
between three atoms (R,C=C=CR>). The central atom of the allene is therefore
sp-hybridized. The 7 -bond of one double bond is orthogonal to the other and this
unusual r-bonding arrangement can lead to unique electronic effects (Fig. 1). This
also results in steric properties at the ends of the allene by forcing the substituents
to also be orthogonal to each other.

This review will focus on allenes which have at least one carbon atom replaced
by a heavier group 14 atom, commonly referred to as a heteroallene. Group 14
heteroallenes have appeared in the literature over the last 20 years, and stable
examples of this moiety have been synthesized since 1992. Heteroallenes that do
not have a group 14 heteroatom will not be discussed, although it is useful to
consider phosphaallenes, which have been reviewed by Regitz in 1990." To date.
heteroallenes with the heteroatom at the end of the allene, the one position, have
been easier to synthesize because of their thermodynamic stability compared to
those with the heteroatom as the middle atom, the two position.
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FIG. 1. m-Orbital arrangement of an allene.

]
BONDING THEORY

Heteroallene structures can be regarded as depending on the extent of contribu-
tion from each of two bonding arrangements (Fig. 2). Bonding Model A depicts
both the heteroatom and the carbon atom in the triplet state, forming one o -bond
and one 7-bond to make a formal double bond. Lappert et al.?® first postulated
bonding Model B, and illustrated bonding between the heteroatom and the carbon
atom in singlet states that “may be described as a ‘double’ r-donor-acceptor inter-
action,” according to Griitzmacher et al.?® Differences between these two models

Model A 6¢4,Aa(

Me o C=( - M=C=(

Model B

M: o ( = M

FIG. 2. Two bonding models of 1-heteroallenes.
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TABLE 1
RELATIVE ENERGIES OF C2H3S1 ISOMERS (kcal mol™ h

H>C=Si=CH: H>Si=C=CH> H3S5i—C=CH Ref.

45.7 - 0 4
49.0 29.8 0 5
50.1 289 0 6
- 25.7 0

- ca. 55 0 12f

leads to obvious differences in geometry in order to maximize orbital overlap.
Model A should lead to a linear allene backbone and Model B should produce a
structure bent at the central carbon, as well as pyramidalization at the heteroatom.
The key issue in determining which model applies to a particular system is the
singlet—tripletenergy difference’ for both atoms involved in bonding. Typically, the
triplet state is favored only for carbon, whereas silicon, germanium, tin, and lead
favor the singlet state. The filled orbitals of the heavier atoms are progressively
richer in s-character and therefore the singlet state becomes more energetically
favorable as one moves down the periodic table. Thus. the pure carbon allene
bonding is dominated by the triplet contribution, and so the C;=C>=C; bond
angle should be 180°. In the heteroallenes, the bond angle may deviate from 180",
and the bending is predicted to increase as the size of the heteroatom increases.
The empirical results, which agree very well with this view, will be discussed later.

Several groups have reported ab initio calculations of C,H,Si isomers* "
some of the results are listed in Table I. The most stable structure is ethynylsilane.
Relative to this molecule, I-silapropadiene is less stable by about 25-30 kcal mol ™!
(Ref. 12(f) places the energy of the parent silaallene ca. 55 kcal mol ™" above
ethynylsilane) and 2-silapropadiene is even more unstable, lying ca. 50 kcal mol ™"
above ethynylsilane. This is consistent with the fact that 1-heteroallenes have been
isolated, but 2-heteroallenes are still unknown.

A recent calculation' of the relative energies of CH,SiO isomers shows that a
bent silylene-carbon monoxide adduct (lone pair donation from carbon to empty
p-orbital on silicon) is the most stable, and the planar/linear H>Si=C=0 isomer
(strong double bond between silicon and carbon) lies 16.6 kcal mol™" higher in
energy (Fig. 3). Earlier energy calculations of (CH;),SiCO provide contrasting
results depending on the methods used—MNDO/AM| calculations predict the
minimum energy structure is the planar/linear silaketene, but ab initio calculations
favor the pyramidal silylene-CO adduct. Although no stable heteroketenes have
been synthesized to date, structural, spectroscopic, and reactivity data from related
heteroketenimines (Sects. [IIC3 and [V) also suggest that the silylene-CO adduct
is more stable.
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AN
(OosicOGoe==0: Si—=(=—0
2\ R/
R R
silylene-carbon monoxide adduct linear/planar silaketene
Fia. 3.

Itis instructive to examine the atomic charges predicted for various propadienes.
The normal polarization of the Si=C double bond in silenes is calculated to be
strongly polarized, Si* —C™~, with large net charges of +0.46 on silicon and —0.67
on carbon (Table II). In allene itself, the C=C bonds are also substantially polarized,
with net negative charge on the outer two carbon atoms.” In 2-silaallenes, the net
charges on silicon and carbon are predicted to be quite similar to those in silenes,
but in 1-silaallenes, the net charges on all three atoms are greatly reduced. The
normal allene polarization evidently cancels out much of the Si=C polarization.
Thus, 1-silaallenes are far less polar than silenes and 2-silallenes, and so may be less
reactive toward polar reagents. Calculations have been reported only for silaketenes
(see below), but similar trends are likely for the other group 14 heteroallenes.

Apeloig and co-workers have pointed out that decreased polarity of the Si=C
double bond is also calculated for silenes with oxygen substitution, i.e.,
H,Si=CH(OSiH;).” In this case, the reduced net charges are due Lo resonance
electron donation by oxygen. The calculations are in accord with the greater Si=C
bond length, increased *°Si shielding, and decreased BC shielding found in C-
oxygen-substituted silenes, compared with silenes lacking oxygen substituents.

Atomic charges were calculated'" for parent silaketene, H,SiCO, using gen-
eralized atomic polar tensor (GAPT) population analysis. Two geometries were
investigated—the “doubly bonded” planar and the “silylene-CO adduct” bent. The
most important point relative to the examination of heteroallenes is that the planar
structure has a significantly more negative charge on silicon (—0.05,C = +1.27)
than does the bent structure (+0.32, C = +-0.81). Based on the charge calculations
for silaallenes, a slight negative charge on silicon seems unlikely, making the bent
structure a better model than the planar structure.

TABLE 11
CALCULATED Si=C BOND LENGTHS AND NET ATOMIC CHARGES

rSi=C,pm Si, Chg. C*, Chg. Ref.

H,Si=CHa 1718 +0.46 —0.67 9
HaSi=C*=CH; 170.2 +0.17 ~0.10 10
H-C#=S$i=CH, 170.1 +0.40 —0.63 10
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Hi
SYNTHESIS AND REACTIONS

A. Transient 1-Silaallenes

1. Photolysis, Thermolysis, and Pyrolysis

Extensive studies of the photolysis and thermolysis of alkynylsilanes and sila-
cyclopropenes were carried out by Kumada and Ishikawa, beginning in 1977.
The first report of a group 14 heteroallene in the literature was the proposal
by this group of a transient !-silaallene as a product of the photolysis of a 1-
alkynyldisilane (la)Izu (Scheme 1). When this precursor was irradiated in the
presence of methanol, a 1,3-silyl migration occurred. The major products (40%)
were methoxysilaethenes, whose existence can be explained as being methanol
adducts of I-silacyclopropene (2). Two additional methoxysilanes were isolated
in a combined yield of 21% and were rationalized as methanol trapping products
of the intermediate silaallene 3. A similar photolysis of 1a in the presence of
acetone produced the transient acetone adduct of the [-silaallene, a 2-silaoxetane,

Me, Ph
. hv Si AN
PhC==CSiMe,SiMe; ———» / \ + C=C=SiMe,
1a Ph SiMe; Me;Si 3
. 2
- :SiMe, | hv - :SiMe,
hv
MeOH
PhC=CSiMe;
(PTMSA) MeOH
40%
Ph SiMe, Ph SiMe;
. N _
MeOMe,Si H H SiMeOMe
21%
Ph SiMe,OMe Ph H
_ " _
Me;Si 1 Me;Si SiMe,OMe

SCHEME 1.
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Me;Si Me;Si
3 MeC=0 /C:(“*;-SiMCZ — C=C=CMe,
, Ph
Ph MC;(,'—:'O 4
+
(Melsio)n
SCHEME 2.

which decomposed to an allene (4—>5% isolated yield) and a siloxane (Scheme 2).
This type of decomposition has been seen with other 2-stlaoxetanes made from the
ketone cycloadducts of silenes.' It was proposed that photolysis of both 1a and 2
can eliminate :SiMe; and phenyltrimethylsilylacetylene (PTMSA). Although this
silylene elimination was not observed for the reaction in Scheme 1, PTMSA was
isolated in 5% yield in another reaction using methanol, and in 10% yield from
the acetone trapping reaction in Scheme 2.

Further studies'*" spanning nearly 15 years suggested that photolysis of other
alkynylpolysilanes can, but do not necessarily, form 1-silaallenes. In the paper]Zb
following the original communication, six l-alkynylpolysilanes were irradiated
in the presence of methanol, but only four of the six (Sa—c, e) gave methanol
adducts of l-silaallenes [6—Eq. (1)]. There is no clear-cut substituent pattern
leading to 1-silaallene production, but it seems that those precursors having more
phenyl groups lead to higher yields of 1-silaallene trapping products (cis 4 trans
yields: Sa = 16%, 5b = 34%, S5¢ = 44%, 5e = 28%). The alkynylpolysilanes
S5a—c and e were also irradiated from 3 to 9 h in the absence of methanol followed
by immediate methanolysis of the photolysis products. None of the methanol
adducts of [-silaallenes was found from these experiments, indicating that the
| -silaallenes, if formed, survived for only a very short time in solution.

R} SiR'R*OMe
Cis-6
H 11
53 hv
HC=CSiR'R*R’ +
MeOH
5 ,
R’ H
_ trans-6 (hH

(a) R" = R* = Mec, R? = SiMe,Ph H SiR 'RZOMe

(bYR' = Me. R? = Ph, R* = SiMe;
(¢) R'= R?=Ph, R = SiMe;

(d) R' = R? = Me, R = SiMe,SiMe;
(¢) R" = Me, R? = R = SiMc;

() R' =R? = R? = SiMcy
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Si hv (Vis)
— Me;SiC=C(SiMes,SiMe;
SN hv (UV)
Me;Si SiMe; 8
7
hv (Vis) hv (UV)

[ (Me;Si)gCZCZSiMesz :|
9
MeOH

SiMes,OMe
(Me3Si),C=C
! \
H
10

SCHEME 3.

In another study,'* Kumada and Ishikawa proposed that the stable 1-silacyclo-
propene 7, when irradiated in the presence of methanol, equilibrated with
1-alkynylpolysilane 8 and produced the methanol adduct (10) of the |-silaallene
9 in 36% yield (Scheme 3). From previous studies using ultraviolet(UV) radia-
tion as the photon source, it was shown that 8 was the most likely precursor to
I-silaallene 9. Compound 7 was never indicated as a direct source of 9. From the
observation that 8 is stable to visible light, whereas 7 is not, the authors inferred
that the silaallene can be created from both 7 and 8. When 7 was irradiated with
UV light for 10 h, 7 and 8 were found in a constant 2/3 ratio irrespective of the
time of irradiation, showing that 7 and 8 were equilibrating with each other. Irra-
diation of 7 with UV light in the presence of methanol gave methanol adduct (10)
of I-silaallene 9 in 32% yield. But when a Pyrex filter (allowing only visible light
to reach 7) was included in the photolysis with methanol present, compounds 8
and 10 were produced in 60 and 16% yields, respectively, clearly indicating that 7
was converting to 9 when photolyzed.

Experiments reported in 1982'%! by the same group provided the first example of
heteroallene dimerization. In this work, head-to-head dimerization of 1-silaallenes
11a—c (Scheme 4) was observed, forming 1,2-disilacyclobutanes 12a—c with two
exocyclic double bonds.



———

Me;SiC==CSiAr,SiMe3

11a-c

(a) Ar = m-toly} (yield = 20%)
{b) Ar = p-tolyl (yield = 21%)
(¢ Ar = o-tolyl (yield = 29%*)

* - irradiated in the presence of

bis-trimethylsilylacetylene to
improve yield

SCHEME 4.
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(Me3Si);C==C=SiAr:

X2
(Mexsl)zc\ //(‘(SiMC})z
C—C
ArSi—SiAr
12a-¢

When alkynyldisilanes 13a and b were photolyzedIzg in the presence of freshly
generated dimesitylsilylene (Mes,Si:), the silylene added to the Si=C double bond
of 1-silaallenes 14a and b to form disilacyclopropanes 15a and b (Scheme 5). Even
without the independently generated silylene, photolysis of 13b produced 15b in
8% vyield, but compound 13a gave only traces of 15a. In the case of 15b, the
dimesitylsilylene most likely originated from silacyclopropene 16.

hy
RCECSiMCstiMe] —
13a,b
z/il“z hy [ ISIMSS:}
2 —_— - +
R SiMes RC==CSiMey
16a,b
(a) R = SiMe
(b) R = Ph

SCHEME 5.

N
C=(==SiMes,

MC},Si
14ab

{:SiMcsz]

\

'

R SiMes

15a.b

e
~

MessSi SiMes,



Chemistry of Group 14 Heteroallenes 9

PhC=CSiR'R’SiM¢;

l (a) R[IRZZ Me
(b) R;{=R,= SiMec;
(¢) Ry= SiMe;, Ry= Mes

180—-200°C
10—20 h, Ni cat.

(

PhC =CSiMe;
L,Ni—SiR'R?
17

- NiL,| PTMSA

PhC—CPh

WA
Me;Sl(,\ ./(SIME_“;
Si
R'R?

20

Ph\ /Rz Ph\ R’
_— /C:CZ,Si\ JL=C=si
Me;Si PR R! b USiMes
18 NiL, 19 NiL.
-NiLa | x2
RIR? )
Ph Si SiMe; Ry Me
N o7 e Ph Si
C—C = .\ ; 1\
NS i .
Me:Si Si Ph SN
R'R? R! Sj
MCZ
21 22
-NiL; | PTMSA
2 Me R>  Me
NS N7
Ph S~Cph Lo "~CSiMe,
/C—C\ I /C:C\ |
R! Si/(51MC3 R} S‘/C,Ph
Mez Mel
23 24
SCHEME 6.

The Kumada/Ishikawa group also investigated thermolytic reactions of alkynyl-
polysilanes and silacyclopropenes in the presence of nickel catalysts and impli-
cated a I-silaallene—nickel complex as an intermediate in the reaction pathway
to the observed products.m’_k When alkynylpolysilanes la—c (Schemes 6 and
7) were heated to 180-200°C for 20h in the presence of a catalytic amount of
NiCl>(PEt3)> (1a,b) or Ni(PEts), (1c) and two equivalents of PTMSA, products
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180—200°C
1020 h. Ni cat.

4 D

17 = > 18

R'=R2= SiMe; Nilz | PTMSA

Ph

PhC =—=CSiMe; MesSi—— C
[\ me N
Mezs.\ _Sil C—SiR'R?
Ni SiMe;
L

[N

PhC==CSiMe;
25
27
-NiL; | PTMSA

Mez
Si
Me;SiC~ CPh

Ph(‘\S/CSiMeg

i

AN
Mc/ SiMes

26

SCHEME 7.

21-30 were observed.'”" Intermediates 17 (a nickelsilacyclobutene) and 18 and
19 (two isomeric 1-silaallene—nickel complexes) were proposed to be in equi-
librium with each other and were formed initially by a 1.3-trimethylsilyl shift.
Intermediate 17a added PTMSA (Scheme 6) with loss of Nil, to form silole
20a (32%), whereas intermediate 18a simply underwent head-to-tail dimerization
(-NiL,, 15%). Intermediate 19a performed an unusual rearrangement where the
nickel moves a —SiMe, fragment from a ~SiMe; group to the a-carbon, replacing
the —SiMe; fragment with the remaining methy! group, forming intermediate 22a.
This then added PTMSA to give a perfectly statistical distribution of isomers 23a
(23%) and 24a (23%). The greater steric bulk of 1b (two SiMes groups) over that
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no reaction 21a (74%)

200 r\?( leo ;E 180°C. 20 h
cat. NiCh(PEL), cat. Ch(PEt;),Ni—PhC =CPh

PhC=CSiSiMesMe;

la
cat. Cly(PEt3),Ni—Me;SiSiMe,H cat. Clo( PEt3),Ni—PhC =CSiMe;
200°C, 20 h 200°C. 20 h
Mer
P M 212 (28%), 20a (3%).
Me;Si/ \Sil \Ph 23a + 24a (5%)
MCQ
21a (78%)
SCHEME 8.

of 1a (two Me groups) caused the alkynylpolysilane to follow a completely dif-
ferent mechanistic pathway (Scheme 7). Compound 1b did not produce any of the
same compounds as 1a, instead forming 26 (58%) and 27a (19%). Compound 26
presumably formed via intermediate 17b, which rearranged in a manner similar to
the formation of intermediate 22, and then added PTMSA. Compound 27b is the
adduct of PTMSA with 1-silaallene intermediate 18b.

Thermolysis of 1a with various nickel catalysts gave some surprising results
(Scheme 8).'" Possibly the most unexpected finding was that the thermolysis of
1a with NiCl»(PEt;3), in the absence of PTMSA left 1a unchanged, but when it was
heated with a catalytic amount of NiCl>(PEt3),-PhCCSiMe;, dimerization product
21a (28%) and PTMSA adducts 20a (3%) and 23 + 24a (5%) were obtained.
Again in the absence of PTMSA, heating 1a with NiCl;(PE(;),-PhCCPh gave 21a
(74%) and with NiCl, (PEt3),-Me;SiSiMe;H also gave 21a (78%).

To see if silacyclobutenes (28) would react in the same manner as the alkynyl-
polysilanes (1) and respond similarly to steric differences, compounds 28a and
b were heated in the presence of NiCl,(PEt;); and PTMSA (Scheme 9)."% Com-
pound 28a gave silole 20a in 94% yield,'™ but the only isolable products from the
thermolysis of 28b were 26 (51%) and 27b (36%). The products from the ther-
molysis of silacyclopropene 28b were very similar to that for alkynylsilane 1b, but
for some reason there were many fewer products for the thermolysis of 28a than
for alkynylsilane 1a. These results suggest that the more sterically hindered 1b
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R! R?
\Si/ 200°C, 20 h

cat. NiCl(PEt3),

20a (94%)
7/ \
PhC ==(SiMe;

28a

135°C, 15 h
28b —_— 26(51%) +  27b(36%)
cat. NlClz(PEt3)2

SCHEME 9.

and 28b prefer the 1-silaallene intermediate 18b, whereas the smaller precursors
1a and 28a prefer the nickelsilacyclobutene intermediate 17a, although electronic
differences cannot be ruled out as important factors.

To further illustrate the effect of steric hindrance. a bulky mesityl group was
added to the alkynylpolysilane (1¢) (Eq. (2)). 12X When 1¢ was heated in the presence
of Ni(PEt3); and PTMSA, compounds 27¢ (77%) and 29 (11%—a compound
similar to 26) were obtained, which is a product distribution similar to that of
bulky 1b.

MCZ
/Si\
195°C. 20 h Me;SiC CPh
Sl - 27c(77%) + [
Ni(PEt3)4, PTMSA Ph(‘\gi/(‘Mc (2)
N
MC3Si/ Mes
29

Numerous other studies' by Ishikawa and co-workers, with or without nickel
catalysts, have reinforced the importance of 1-silaallenes and nickel-complexed
1-silaallenes as intermediates in the pathways of the photolyses and thermolyses
of alkynylsilanes.

Barton and co-workers'” performed flash vacuum pyrolysis (FVP) on trimethyl-
silylvinylmethylchlorosilane (30), resulting in the production of trimethylchlorosi-
lane (30%), trimethylvinylsilane (11.5%), and most interestingly, ethynylmethyl-
silane (34, 11.9%). A proposed mechanism for the synthesis of 34 (Scheme 10)
begins with the loss of trimethylchlorosilane to form silylene 31, which can rear-
range either to silaallene 32 or to silirene 33, both of which can lead to the isolated
ethynylsilane.

Maier er al.” studied the FVP of another vinylsilane, 35 (Scheme 11). They
proposed that, instead of leading directly to the observed products, silaallene 37
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800°C | 4x 10 torr N
Si—C=Cll,

/
Me 1 \

Me*.S.i/ } HoMeSi— C==CH

31 34
+
Me H

MesSiCl L\S_/

N i
Me; Siﬂ\
\\ 33
SCHEME 10.

was in an equilibrium process with silylene 36 and that the silylene directly made
silacyclopropene 38, which photolyzed to ethynylsilane 39.

2. Flash Photolysis Studies

The early photolysis studies of Kumada and Ishikawa have been greatly aug-
mented by recent investigations of the laser flash photolyses by Leigh and his stu-
dents, in which the silapropadienes have been characterized spectroscopically. 16.17
Thus, the flash photolysis of 40 using a KrF excimer laser produced transient com-
pounds 41 and 42, along with a non-decaying species, 43" (Scheme 12). These
products were identified on the basis of their UV absorption spectra and reactivity.
Silaallene 41 is a minor (~15%) photoproduct, but could be identified because it
is relatively long lived compared with silylene 42, and has rather strong electronic
absorption bands at 275 and 325 nm. Compound 41 reacted with MeOH, -BuOH,
HOAC, acetone, and O,; absolute rate constants were obtained for these reactions
by quenching studies. Also investigated by the group was the flash photolysis of
1a, leading to 2 and 3, the transient products postulated earlier by Kumada and
Ishikawa, as well as dimethylsilylene and the stable product PTMSA."? Quenching
reactions and UV spectroscopy again identified the products. Silaallene 3 reacts
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Me;SiHJSiJ

35

650°C | 107 mbar
- MC}SiH

Ha
Si A, hy

A ———— HSi—C=CH

39
38

SCHEME 11.

more rapidly with quenching agents than does 41, by factors of 20 to 1000. The
difference is suggested to result from a combination of steric effects and hyper-
conjugative stabilization of the Si=C bond in 41 by the trimethylsilyl substituent.

B. Transient 1-Silaketenes

Using CO-saturated hydrocarbon matrices, Pearsall and West'® photolyzed sily-
lene precursors at 77 K and monitored CO coordination to the silylenes by UV-vis
spectroscopy (Scheme 13). Bis(trimethylsilyl)silanes 44a—c or SigMe > were irra-
diated at 254 nm to create silylenes 45a-d, which reacted with CO, causing new
peaks to ca. 290 and 350 nm, which were attributed to complex 46a-d, a resonance
structure of silaketene 47a—d. Silylene adducts form fairly weak bonds, as seen by
warming of the matrices. In the case of silylene adducts where one R = Mes, the
CO dissociates and the corresponding disilene 48a—c peaks in the UV-vis spec-
tra observed upon warming (R» = Me most likely produced silane rings SizMeq,
etc.).
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Me;SiC=C(SiMe;SiMe;
40

hexane
MeOH

- N

Me;Si Me :i'cl
C=C=8i{ + MeySii  +  Me;SiC=CSiMe,SiMe; A
Me;Si 41 Me 4?2 43 Me:Si SiMe;
46%
McOH McOH MeOH
Me;Si SiMe>OMe H H SiMe,OMe
R S —
Me,Si
Me:Si H OMe Me;Si SiMe;
12% 23%
SCHEME 12.

A separate study of the interaction of :SiMe; with CO in an argon matrix
(Scheme 14) was carried out by Arrington et al.'® Dodecamethylcyclohexas-
ilane or dimethyldiazidosilane were irradiated in the presence of CO at 15 K
and produced a silylene-CO adduct. This species was detected by infrared (CO
stretch = 1962 cm™') and UV-vis (peak at 342 nm) spectroscopies and the inten-
sities of the peaks increased upon warming, indicating that more of 46d was being
formed at higher temperatures owing to the increased mobility of the reactants in
the matrix.

Maier and co-workers® condensed formaldehyde and elemental silicon at 12 K
in an argon matrix and photolyzed the mixture to form silaketene H,SiCO, which is
similar in structure to the silylene-CO adduct mentioned above. The reactants first
form siloxiranylidene 49 (which equilibrates with an unknown species postulated
as the planar/linear silaketene 50 when exposed to 313-nm-wavelength light) and
then forms complex 51 when photolyzed at 366 nm (Scheme 15). This species
could also be formed by photolyzing diazidosilane 52 in the presence of CO, and
complex 51 equilibrates with SiCO (53) and Ha.. The CO infrared shift for this
bent structure was calculated at 2129 cm ™', which is shifted —80c¢m ™' from the
calculated value of free CO, at 2210 cm ™ '. The experimentally observed value was
reported at 2038-2047 cm ™' at 12 K.
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C. Stable Heteroallenes

1. I-Silaallenes

The first stable silaallene, 56, was synthesized in 1993722 by the intramolecular
attack of an organolithium reagent at the S-carbon of a fluoroalkynylsilane (Scheme
16). Addition of two equivalents of ¢-butyllithium in toluene at 0°C to compound
54 gave intermediate 55. The a-lithiofluorosilane then eliminated lithium fluoride
at room temperature to form the |-silaallene 56, which was so sterically hindered
that it did not react with ethanol even at reflux temperatures. [-Silaallene 56 was
the first, and so far the only, multiply bonded silicon species to be unreactive toward
air and water. The X-ray crystal structure and NMR spectra of 56 is discussed in
Sect. IVA.

In 1997, the intermolecular addition of organolithium reagents to fluoro-
alkynylsilanes was used to synthesize three novel, stable 1-silaallenes. In this
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salt-elimination approach, one equivalent of the organolithium reagent is added to
a solution of a sterically hindered (to prevent attack at silicon) fluoroalkynylsilane
57. The organic part of the organolithium compound adds to the -carbon of the
alkyne and the lithium is transferred to the «-carbon, forming «-lithiosilane 58
(Scheme 17). Compound 58a was stable at 0°C in solution and was trapped by
methanol, forming the a-hydrovinylsilane 60a (Eq. (3)). The TMEDA complex
of compound 58a was studied by X-ray crystallography, clearly showing that this
intermediate is present in solution prior to the formation of 1-silaallene 59. These
intermediates were not detected for 1-silaallenes 59b or 59¢. Further warming
(25"C for 2 h for 59a; 0°C for 1 h for 59b; 25°C for 3 days for 59¢) led to
elimination of lithium fluoride, providing 1-silaallenes 59a—c.

Ph

Tip t-Bu
MeOH |
58a —_— Tip—Si% (3)
FH 60a

1-Silaallene 59a decomposes to silacyclobutane 61 (Eq. (4)) upon heating to
135”C in solution. This sole decomposition product was created from the insertion
of the Si=C double bond of the silaallene into one of the ortho tertiary carbon
isopropyl C—H bonds, which are preferred (or more acidic) over the primary
carbon methyl C—H bonds on the isopropyl groups, which would form a less
strained five-membered ring.
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i-Pr

Only one type of reaction occurred for I-silaallenes 59b and 59¢ (Eq. (5)).
The greater steric bulk of the substituents on silicon led to a similar insertion of
the Si=C double bond into a C—H bond on one of the ortho t-butyl groups on
the Mes* group, forming the five-membered ring 62. In this reaction, there is no
longer a tertiary C—H bond to insert into, giving only one option for insertion into
a C—H bond, that of rearrangement to the silacyclopentane. The insertion occurred
in three separate pathways for 59b. The first was observed when 59b was heated
to 90°C overnight. The second method for synthesis of 62b was to stir $9b with
excess ethanol at room temperature for several hours. The same rearrangement
occurred upon mixing at —78°C when a catalytic amount of acid in excess ethanol
was added to 59b. Excess deuterated ethanol and 5 mol% D,SO, added to 59b
incorporated a deuterium atom in the «-vinylic position (>95%, 63), suggesting
initial protonation (deuteration) at the I-silaallene central carbon (Scheme 18),
thereby creating a reactive silicenium ion, which inserts into an ortho t-butyl C—H
bond, liberating H' and making 64. 1-Silaallene 59c is less sterically hindered and
forms 62¢ under mild conditions of excess ethanol at room temperature in only a
few seconds.

t-Bu
A, EtOH or EtOH(H") _ t-Bu

oPh
t-Bu Si=(C=C,
v

t-Bu/ R

b, (b) R=t-Bu
(c) R=Ph

Compound 59a underwent intermolecular reactions characteristic of silenes
(Scheme 19). Water added instantly across the Si=C double bond of the 1-silaallene
is expected to give vinylhydroxysilane 65 in 71% yield, and methanol was added
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to provide vinylmethoxysilane 66 in 78% yield. Benzophenone also reacted with
59a to give a mixture of E- and Z-isomers of 1,2-oxasiletane 67 in 22% isolated
yield.

Two more novel silaallenes were reported in 1995°" and 1999%*. 1-Silaallene
707" was synthesized (Scheme 20) from alkynylfluorosilane 68 and two equiv-
alents of t-butyllithium to give intermediate 69, which eliminates lithium fluoride
upon warming to room temperature for 2 to 6 h yielding bright yellow silaal-
lene 70. Compound 70 is stable in refluxing neutral or slightly basic ethanol for
3 days, but undergoes a rearrangement (Scheme 21) similar to that of silaallenes
59b and 59¢ when submitted to slightly acidic conditions in refluxing ethanol,
giving 71. Silaallene 70 also photolyzes to insert the Si=C double bond into the
C—H bond of the nearest methyl group on the fluorenyl moiety to form the strained
silane 72.

Silaallene 73** was synthesized in an manner analogous to that of 70. Compound
73 was stable at room temperature over | month, but in the presence of any protic
source (i.e., water, methanol), it underwent a rearrangement different than that
observed for 70, inserting into a methyl C—H bond (74) on the octamethylfluorenyl
moiety rather than into one of the groups on silicon (Eq. (6)). It is believed that
the favored mode of rearrangement for these groups is that of silaallene 73, but 70
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71

t- Bu—‘Sr—( —C

72

is too sterically hindered to do so, and therefore the Si=C double bond is near
enough only to the group on silicon to react to form 71.

Tip, O

Si—=(C=—=C H Tip////,“ (6)
4 i
Tip 73 O Tip?”
74

2. 1-Germaallenes

West et al. have recently described the synthesis® and reactions™ of a I-
germaallene. Germaallene 76 (Eq. (7)) is analogous to silaallene 59a and is syn-
thesized by intermolecular addition of ¢-butyllithium to precursor 75, followed by
salt elimination at —78°C. This germaallene is not stable above 0°C in solution,
but remains intact until heated above 90°C in the solid state. In either case, the
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germaallene performs an insertion of the Ge=C double bond into a C—H bond on
an ortho isopropyl group, forming four-(77) and five-membered (78) rings (Eq. (8))
in a ratio of approximately 3:2, depending on which C—H bond is inserted into.
Compound 76 also added external reagents such as water and alcohols across the
Ge=C double bond to make compounds 79a-c (Eq. (9)). Benzophenone was too
large to add to the germaallene at 0°C, but benzaldehyde added readily to provide
oxagermetane 80 (Scheme 22). Germaallene 76 also reacts with acetone to give
the unexpected trapping product 79a.

Pt
TipyGe—Ca=C—ph  — DL ]
iple—C= — —_— > Tiszc:(‘:C
-78°C AN (7
F t-Bu
75 76
i-Pr
A Ph 0°C (solution)
i-Pr Ge:C:C.‘ —_—
Tip/ t-Bu > 90° (solid)
76
i-Pr
e
i-Bu
ROH C—Ph
7% , e
Tip,e—C (9)
79
(a)R=H OR H
(b) R=Me
(c)R=Et

Another germaallene was also reported in 1998 by Okazaki et al.>® Initially,
the report of a germaallene trap with chalcogens, alkylidenetelluragermirane 86a,
appeared in 1997.%% The germylene precursor 82 is made in situ from dichloroger-
mane 81 and two equivalents of lithium naphthalenide (Scheme 23). The addition
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85
84
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(b) E= S

(c) E=Se
e

\
Mcs—GTL‘C:C
e
86

Tht= 2.4,6-tris[bis(trimethylsilyl)methyl}phenyl

SCHEME 23,
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of dichloromethylenefluorene 83 and tributylphosphine telluride to the solution,
leads first to compound 84, which was isolated in 5% yield and can be dechlo-
rinated by the addition of germylene 82 to give |-germaallene 85, regenerating
dichlorogermane 81 in the process. The germaallene then abstracts atellurium atom
trom tributylphosphine telluride to make tributylphosphine and the final isolated
alkylidenctelluragermirane 86a in 10% yield as orange crystals. This reaction also
produced the alkylidenethiagermirane (86b) and the alkylideneselenagermirane
(86c¢) from elemental sulfur and selenium, respectively.

Germaallene 85 can be synthesized in two other ways.” In the first method
(Eq. (10)), compound 86a was reacted with excess hexamethy! phosphorus tri-
amide in order to reversibly abstract the tellurium atom away from the germaallene.
The second method (Eq. (11)) utilized dehalogenation by addition of two equiv-
alents of -butyllithium to 84 at —72°C. Germaallene 85 reacted with methanol
(Scheme 24) to give methoxyvinylgermane 87 and with mesitonitrile oxide to give
compound 88. Germaallenc 85 also underwent cyclization in a manner similar
to that of germaallenc 76 to make four-membered ring 89, upon storage at room
temperature for 4 days (50% complete) or at 80 C tor 13.5 h.

Te )
‘\ O (MeaN); P C o Dg, 25°C Mes

26b

Mes—Ge—C—C Ge==(=—=("
| (MeaN}P=Te _—
Tht
86a 85
Mes O M
| 2 -BuLi. THF N
Thl*(iT-(":(‘ ———7’*_> Ge=—=((=—(
-72°C v
¢ ‘ Tht
83
84

3. Heteroketeninmines

The addition of isocyanates (isoelectronic to CO) to group 14 carbene analogs
was investigated in order to sec if the resulting molecules would have an allene-
like framework. In the first study, Weidenbruch er af.>™° attempted to synthesize
stable I-silaketenimines starting from silylenes and isocyanates, but only produced
dimerization products of silaketenimines. In this investigation, di--butylsilylene
91, generated by photolysis of hexa-t-butyltrisilacyclopropane (90), was allowed to
react with four isocyanates (92a—d) (Scheme 25). The reaction presumably forms
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1-silaketenimines 93a~d, which (depending on substituent R) either rearrange to
1,3-alkyl shifted cyanotrialkylsilane or dimerize. Only the head-to-tail dimer was
isolated when R = phenyl (94a—65%) and 2.4,6-tri-methylpheny! (94b—45%).
but when the steric bulk was increased to R = 2.4.6-tri-isopropylphenyl to hinder
dimerization. a mixture of the head-to-tail dimer (94¢—76% ) and the head-to-head
dimer (95¢—minor product) was produced. When even more steric hindrance was
employed (also to prove that the isocyanate was not simply adding twice to the
disilene formed in the photolysis to make the same dimer product) by changing R
to 2.,4,6-tri-t-butylphenyl (Mes*), the silaketenimine did not dimerize, but rather
rearranged to give compound 96. The mechanism is not well understood. but a
similar isomerization with a 2,4.6- t|1 t—butylphenyl group was also reported for
chlorostannanes by the same ,s:r()up

The first stable group 14 heteroallene, a |-stannaketenimine (99), was reported
by Griitzmacher ef al. in 1992.2" Compound 99 was synthesized in 91% yield by
adding diarylstannylene 97 and mesityl isocyanide 98 in hexane (Eq. (12)). The
bonding in 99 can be described as a stannylene-isocyanide adduct rather than a
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stannaethene and this is illustrated through the reactivity of 99 (Scheme 26). When
2.3-dimethylbutadiene was added to 99, mesityl isocyanide 98 was displaced
and compound 100 was isolated, which is the addition product of the butadiene
to stannylene 97. A similar situation occurred when r-butanol is added to 99;
t-butanol not only expels 98, but also replaces both of the aryl groups on tin with
t-butoxy groups to give stannylene 101.

R,Sn:  + (C=N-—Mes — > RoSn=—=C=N-—Mes
97 98 99

R=2.4.6-(CF3):CeHs

The reactivity of a silylene 103 with isocyanides was probed by Okazaki e¢f al.
in 1997.2® When disilene 102 is heated to 60°C in THF or CeDy, it dissociates
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100
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into two equivalents of silylene 103 (Scheme 27) and in the presence of various
isocyanides 104a—c, 1-silaketenimines 105a—c are formed, on the basis of NMR
results and trapping reactions. Similar to the |-stannaketenimine just mentioned,
data and calculations suggest that 105a~c are best thought of as silylene-isocyanide
adducts and a better depiction of 105a~c is shown in Scheme 28. Although stable in
the absence of external reagents. compounds 105a—c reacted with triethylsilane to
give good yields of the corresponding isocyanides and silane 106, indicating a facile
displacement of the isocyanide and subsequent addition of silylene 103 across the
triethylsilanc Si—H bond. The lability of the isocyanides is also demonstrated by
the reaction of 105a—c¢ with MeOH, which provides methoxysilane 107 and, in

60°C Tbt N
Mes(Th)Si—=Si(Tbt)Mes ———————— Si:
THF or Dy e
102 Mes
103

{C==NR
104a-¢

(a) R - Tip
(b) R=Tht
(¢) R= Mes*

Mes= 2.4.6-MesPh

Mes(Tb)Si==C==NR Tip= 2.4.6-iPr;Ph
Tht— 2.4.6-[CH(SiMe ), |Ph
105a-¢ Mes*= 2 4.6-tBu;Ph

SCHEME 27,
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the case of only 105a, a small amount of compound 108. The isolation of this
compound is unusual for [-heteroallenes in that the oxygen of the methoxy group
normally attaches to the heteroatom (i.e.. silicon) and the hydrogen adds to the
central carbon atom. The authors suggest that for both 107 and 108, the initial
step of the mechanism is protonation of the silicon atom followed by attack of
the methoxy group at the silicon for 107 (eliminating isocyanide 105a) and at
the carbon for 108. Regardless of the mechanism, compound 108 is important
in proving the existence of 105a, since it is the only trapping product which
retains the isocyanide portion of the silaketenimine. [n a manner identical Lo
that for stannaketenimine. silaketenimines 105a—c replaced the isocyanides with
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2,3-dimethylbutadiene to produce compound 109. Another compound, silanol 111,
was isolated from the reaction mixture, the cxistence of which is proposed to be
the hydrolysis of strained compound 110 during work-up. although direct attack
of compound 109 by water cannot be ruled out.

4. Heterophosphaallenes

Escudié and co-workers™ synthesized a metastable |-germa-3-phosphaallene
(114) in 1996 by the salt-elimination method, a process they called “debromoflu-
orination” (Scheme 29). In a reaction that was followed by *'P NMR. one equiv-
alent of n-butyllithium was added to 112 at —90 ' C to form intermediate 113.
Upon warming to approximately —60'C, lithium fluoride was eliminated. form-
ing germaphosphaallene 114 in 65-709% yield. Compound 114 was stable up to
—50 C. whereupon it dimerized in the absence of trapping agents. This process
not only gave the expected head-to-tail dimer 115 (between the two Ge=C bonds),
but also an unexpected dimerization product (116) resulting from the reaction

| 90°C L
F Br oL

112 113

Mes,Ge——C == PMes* _-Bul.i - { Mes,Ge——C ==PMes*

-60°C -LiF

{ Mcsz(]c:(‘:PMcs*} 1) MeLi
el

Mc(ill/ " \2)Me()ll

MesGe——C =PMes* MesaGe—C—=pPMes*
OMe H Me H
X2 | -50°C
117 118
Mes» Mes,
Ge\ Ge
AN
Mes*P—C( C==PMes* +  Mes*P—C( C==GeMes,
N N
Ge P
Mes, Mes*
115 116

SCHEME 29,
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of a Ge=C bond with a P=C bond of another molecule. Two trapping experiments
were performed on germaphosphaallene 114: one with methanol, giving the ex-
pected methoxygermane 117, the other with methyllithium followed by quenching
with methanol, providing methylgermane 118.

Escudié er al.™ followed up the 1-germa-3-phosphaliene work by making a
similar silicon analog, a 1-sila-3-phosphaallene (112). Compound 112 was syn-
thesized by a salt-elimination method similar to that for the germaphosphaallene,
as shown in Scheme 30. Dehalogenation of 119 at carbon by r-butyllithium at
—80 C gave w-lithiochlorosilane 120, which was observed by 1P NMR (as evi-
denced by the downfield shift compared to precursor 119) and was isolated as the
hydrolysis product 121. Upon warming 120 to —60 C, the elimination of lithium
chloride was complete, giving silaphosphaallene 122. Methanol addition to 122 at
—60C afforded methoxysilane 123 in 50% yicld. When the silaphosphaallene was
warmed above —20°C in the absence of trapping agents, it dimerized in a manner
similar to the dimerization of’ germaphosphaallene 124. This gave a head-to-tail
dimer (124) between two Si=C bonds and the product of dimerization at one Si—C
bond and one P=C bond (125) in a 2:3 ratio.
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5. A 1,2, 3-Tristannaallene

Wiberg er al.* have just recently published the synthesis of the only heteroallene
{126) to date in which all of the atoms in the ailene backbone are heavy group 14
elements, and more specifically, are all tin atoms. Compound 126 was synthesized
by adding tri-z-butylsilyl sodium to Sn(OrBu), or Sn|N(SiMe,)s|> at =196 C and
warming to —25 C to provide a mixture of compounds, from which the tristan-
naallene is separated by fractional crystallization as blue crystals (Scheme 31).
Care is taken not to warm 126, because it rearranges to form cyclotristannene 127
(ti/2 = 9.8 h), which can be independently synthesized by stirring tri-r-butylsilyl
sodium and Sn(OrBu) in pentane at —78C for 3 days and then at 25 C for another
2 days. Like the stannaketenimine mentioned earlier. the tendency of tin to form
stannylene complexes manifests itself in the bent structure of 126 (Fig. 4), which
can be considered as a mixture of the resonance structures 126a—d and, accord-
ing to the authors, is best described as structures 126b and 126¢. The synthesis
and isolation of this 1,2,3-tristannaallene ilfustrates that it is feasible to synthesize
other heteroallenes consisting of more than one heavy group 14 atom.

6. A Transition Metal Complex of a 1-Silaallene

One other study of group 14 heteroallenes involving transition metals was re-
ported in 1995. Jones er al.** described the isolation of a ruthenium complex of
a I-silaallene (132—Scheme 32). The I-silaallene also interacts with a hydro-
gen atom as well as the ruthenium metal center. Jones et al. describe this view
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as “a I-silaallene that is stabilized by both metal ligation and interaction with a
metal-hydrogen bond.” Compound 128 was lithiated at low temperature to give
intermediate 129, to which Cp*(PCy1)RuCl1(130) was added, yielding intermediate
131 which produced 132a (42%) after the hydrogen atom from the silicon atom was
arrested by the ruthenium atom. An X-ray crystal structure of 132a was obtained
and will be discussed later. Compound 132a was stable (more so than similar
silene complexes) upon warming to 45°C in CoDy, for | day, and did not react with
CO. Ligand (PL;) exchange could be performed by replacing PCy; with PMe,Ph
(with warming. 81% ) to form 132b without harming the silaallene moiety. Heating
above 45 C led to multiple decomposition products unreported by the authors.

v
PHYSICAL PROPERTIES

A. X-ray Structure Determination

The crystal structures™ of a variety of heteroallenes have been solved and pro-
vide valuable information toward the understanding of the bonding in this series
of molecules.

If one were to ask a first-year organic chemistry student what the bond angle
for an allene (C=C=C) should be, they would most likely answer “180 degrees.”
All things considered. they would most likely be correct, and an example of an
all-carbon allene™ (133) with a bond angle of 179.0 is listed in Table IIL. 1t must
be noted that due to crystal packing forces and steric restraints, the bond angles and
bond lengths of these molecules may deviate slightly from the ideal. As mentioned
before, on descending the group (C < Si < Ge < Sn < Pb). the singlet state is
more favored over the triplet state for the atom in the one position of the allenc.
This means that the M=C=E (M=Si. Ge, Sn; E=C, N) hetcroallene angle will be
bent more upon substitution with a heavier atom. Experiment agrees with theory in
this case as bending angles systematically shrink from carbon (1797) to tin (154" )
(Table III).

In three studies from the early 1980s, it was suggested that I-silaallencs
would have a linear Si=C=C framework. Later calculations by Trinquier and
Malrieu® predicted qualitatively that the [-silaallene framework would be non-
linear. but how much the moiety would deviate from 180" was unclear. The first
quantitative values were seen with the isolation and structural determination of the
two I-silaallenes 56 and 59a, which have very similar Si=C=C angles of 173.5
and 172.0", respectively (Table III). This is an average deviation of 7.3 from
linearity—significant, but relatively small compared to the deviations shown by
the germanium and tin substituted allenes.

S04
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TABLE 111
SUMMARY OF CRYSTAL STRUCTURE DATA FOR GROUP 14 [-HETEROALLENES

M=C=LE Sum of M=C
Bond Angle  Angles Around Bond Length  C=E Bond
(deg.) M (deg.) (A) Length(A) - Ref.
Me
R///“ /
(C=(C—=C
N AN 179.0 360.0 1.3133) L3I8) 3
133 Ph
R= (Me)C=C=C(Ph)M¢
OMe
1-Pr 1-Pr
Mes*y,, O
NS 173.5 360.0 1.704(4) 1.324(5) 20
IA,,\(I(
e
1-Pr” i-Pr
OMe
- -Bu
l'P//,,y
Si»ﬁ(‘:(‘\ 172.0 3572 1.693(3) 1325 23
Tip
' 59a Ph
. t-Bu
Ilp///‘
(io—(C=—=C(C 159.2 348.4 1.783(2) 1.314(2) 24
Tip 7 Ph
R, Mes
Sh=——=(C=—=N
R 153.9 290.9 2.397(3) 1.138(3) 2bh
99
R=2.4.6-(CF3);CHz
(-Bu)Siy, Sitt-Bu);
Sn=—Sn=Sn 1559 344.0 2.68tavg. Sn=Sn) RI

(I_BU)]Sl 126 Si([-Bll);

The |-silaallene calculations preceded the isolation of the first stable silaallene
by 12 years, but despite the isolation of a stannaketenimine in 19922 and a ger-
maallene in 1998.%* no calculations of bond angles or lengths have been performed
yet for analogs larger than silicon. Given some guidelines and values provided by
Trinquier and Malrieu.” a simple calculation can be performed (Scheme 33) to
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0.5(Eg . n) » ZAEg.7 === tincar (condition 1)
0.5(Eg - ) = ZAEs == bent (condition 2)
HhGed = $C—CH>» ———= HrGe=C=CH,
ZAEg 1~ 22.5 keal/mol 46 keal/mol 68.5 keal/mol

Eq. 7 (Ge=C) =90 - 105 keal/mol

0.5( g, ) ~ 45 - 53 keal/mol

45 - 533 kcal/mol = 68.5 keal/mol — bent!

SCHEME 33,

predict whether or not a parent group 14 [-heteroallene will be linear or bent.
Consider the example of a [-germaallene. According to the above authors, if
0.5(E, 1) > X AEg_¢ (condition 1), the structure will be linear, and if 0.5(E, )
¥ AEg_v (condition 2), the structure will be bent. E,, | is the strength of a typical
o 47 planar double bond that is to be formed and ¥ AEg_1s the sum of the singlet-
triplet energy separations for the two fragments being brought together. Using
values from the Malriew/Trinquier paper, ¥ AEg_ (68.5 kcal/mol) is larger than
0.5(E,; s ») (45-53 kcal/mol) for the parent I-germallene, satisfying condition 2.
Therefore, germallenes should be bent. This is the case for germallene 76, which
has an M=C=C angle of 159.2". This deviates from linearity by 20.8", more than
twice that for the silaallenes. Stannaketenimine 99 deviates by 26.1°, although the
nitrogen atom in the 3-position may affect this angle. Tristannaallene 126 is bent to
asimilar degree, 155.8", although the emormous supersilyl [Si(t-Bu);] groups may
prevent more severe deviation from a linear geometry, and Wiberg3l has proposed
that there may be a contribution to bending from the lone pair on the central tin
atom.

In order to achieve maximum orbital overlap between atoms M and C in bonding
model B (Fig. 2), the plane made by R:M bends away from the vector made by the
M=C bond (Fig. 5), resulting in pyramidalization of atom M. A simple test of the
extent of pyramidalization at a particular atom can be performed by summing all
of the bond angles around M and comparing the result to the ideal of 360° (for sp2
atoms). The sum of the bond angles in allene 133 around the 1-position carbon total
up to be exactly 360.07, as expected. An unexpected result is that silaatlene 56 also
totals 360.0° around silicon, whereas silaallene 59a bond angles add up to 357.2".
Germaallene 76 deviates somewhat more from planarity with a total of 348.4 .
The sum of the bond angles around tin in stannaketenimine 99 comes to a meager
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FiG. 5. Pyramidalization of M.

290.9", indicating a severe distortion from planarity, even surpassing the pyrami-
dalization of an idealized sp3-hybridized atom (3 x 109.5 = 328.5"). Tristan-
naallene 126 averages 344.0° for the angles around the |- and 3-tins. These angles
are much smaller than for the stannaketenimine, but pyramidalization around tin
may be prevented due to the severe steric constraints caused by the large tri-t-
butylsilyl ligands.

Trans bending of the substituents and bending at the central carbon for silaketene
(HSiCO) become dominant for its calculated structure.® The Si—C—O angle is
calculated to be 167.4" and the angle created between the Si—C bond and the
vector bisecting the two Si—H bonds becomes a very sharp 89.0 . The calculated
bond lengths for this yet unseen moicty are 1.891 A (Si—C) and 1.148 A (C—0).

The reason group 14 heteroallenes were not isolated until 1992 is undoubtedly
because of the reactivity of the M=C (or M=M in the case of the tristannal-
lene) double bond. Four Si=C double bond lengths were calculated in the carly
1980s for 1-silaallenes; 1.696 A by Lien and Hopkinson.” 1.703 A by Gordon and
Koob.” 1.702 A by Krogh-]espersen,m and 1.62 A by Ishikawa et al. M n excellent
agreement with the majority of the theoretical results, silaallene 59a has a Si=C
bond length of 1.693(3) A and silaallene 56 has a bond length of 1.704(4) A.
Although no calculations have been performed for germa- or stannaallenes, com-
parisons can be made to germenes and stannenes. Germaallene 76 was found to
have a Ge=C double bond length of 1.783(2) A, which falls right in the middle
of values observed for germenes 134 [1.827(4)].%* 135 [1.803(4) A1, and 136
[1.771¢16) A]Y (Table IV). Amazingly. the Sn=C double bond length [2.397(3) A]
in stannaketenimine 99 is longer than both of the Sn—C single bonds [2.306(2),
2.314(3) A] to the ipso carbons of the R groups and is considerably longer
than most other reported stannene Sn=C bond lengths [137-140; 2.03-2.38 A,
Table V]. The long Sn—C bond length in 99 reaffirms that the bonding interac-
tion between tin and carbon is weak and is best described as a stannylene-carbene
adduct. Tristannaallene 126 has an average Sn=Sn distance (two Sn==Sn bonds
per molecule and two diastercomers) of 2.68 A, which is the shortest Sn—Sn bond
length next to its rearrangement product cyclotristannene 127 (2.59 A) (Table V1).

The synthesis of three silaketenimines 105a—c¢ prompted Tokitoh and Okazaki®®
to calculate the optimized geometry of a model compound, Ph,SiCNPh. This
model reinforced that 105a—c are truly Lewis acid-base pairs, with the isocyanide
donating its carbon lone pair to an empty p-orbital perpendicular to the lone pair
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TABLIE 1V
GERMENE BOND LENGTHS

M=C Lengths (A) Reference
}«Bu
(Me;Si)aN B
: N
Ge=—=("_ /('(SlMc;,)_u 1.827(4) 35a
(Me;Si)N 1‘3
134 -Bu
Mes Q
\(‘ C 1.803(4 23¢
e ISRIES] 250
S
Mes
135
Tbl"\ S\ Tht
~ P2 -
. (w#(\ 'f’“‘ 1.771416) 37
Tip S Tip

136

“Tht = 2.4.6-tris[ bis(trimethylsilylymethyl Jphenyl.

and two phenyl substituents on silicon. A long {longer than even an average Si—Cp;
distance (1.863 A)** bond length 1.882 A is predicted for the Si—C(isocyanide)
bond. and the Si—C=N bond angle is bent (163.4"). The average C(Ph;,,,)—Si—
C(socyanide) angle is 99.4°. These bonds and angles. along with a weak
Si—C(isocyanide) binding energy (25.1 kcal/mol), reaffirm that this is a silylene-
isocyanide adduct.

The C=C double bond of the heteroallene moiety is often ignored in discussions
because of its lack of reactivity, but should not be overlooked in a thorough inves-
tigation of these compounds. In calculating Si=C double bonds for 1-silaallenes.
the three atorementioned groups also calculated the C=C bond lengths; 1.312
A by Lien and Hopkinson,” 1.296 A by Gordon and Koob.® 1.295 A by Krogh-
Jespersen,'” and 1.29 A by Ishikawa et al. R Although isolated 1-silaallene C=C
double bond lengths are slightly longer than the calculated lengths, they are at least
consistent with lengths of 1.324(5) A for 56 and 1.325(4) A for 59a. Germaallene
76 has a C=C double bond length [1.314(2) A] only 0.01 A shorter than its silicon
analog (59a). As noted by Griitzmacher and co-workers. the C=N bond length
[1.158(3) /O\] for stannaketenimine 99 is “typical for isocyanides.":h

The structures of two group 14 heteroallenes that are complexed to other atoms
have been determined—a ruthenium complex ot a I-silaallene (132a) and a
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TABLE V
STANNENE BOND LENGTHS

M=C Length (A) Reference
tI«Bu
(Me;Si),HC B
\gn—(‘/ \C(SiM ) 2.025(4) 35(h)
IMN— €3)2 BV ERIE
) ANV o
(Me;3SinpHC I|3
137 t-Bu
}—Bu
R B
AN 7N
Sn=—=C C(SiMe; )
/ NS 2.032(5) 47b
R E|3
t-Bu
138 (R = 2-tBu-4,5.6-Me3CgH)
(iPr)
N
‘ \C_—.Sn(']2 2.290(5) 47¢
N
(1Pr) 139
(iPr)
N
’ \(':SnTip: 23795 +7a
N
(iPr) 140

tellurium complex of a |-germaallene (86a). Compound 132a has a silicon—carbon
bond length of 1.805(6) A, which is considerably longer than the bond lengths
for silaallenes 56 (1.704 /O\) and 59a (1.693 A). but 1s still shorter than normal
Si—C(spz) single bonds (1.85-1.90 A).* The Si=C—=C bond angle 128.6(4)" sug-
gests an spz-hybridized central carbon, not an sp-hybridized allenic carbon. The
authors propose a 3-center 2-electron bond between ruthenium, silicon, and hy-
drogen atoms, indicating that this molecule is not only stabilized by a ruthenium
atom but also by a hydrogen atom.

Compound 86a has a germanium—carbon bond length of 1.88(2) A, which
is shorter than Ge—C single bonds of germirane derivatives (1.92-2.07 A).* but
is longer than the Ge=C double bond lengths listed in Table IV (1.77-1.83 A).
The relatively short Ge=C bond and the fact that the three C—Ge—C bond
angles sumto 354.4" (which suggests considerable sp” character at germanium) led
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TABLE VI

Diseannkne Bonp Lenaris

M=M Lengths (A} Reference

2.59avg.) 31
(MesSi)HC . 127 /(‘H(SiMc_z)z
511:511\ _ 2.768(1) 48
(MesSiaHC CH(SiMe;),
(Me3SinSi 141 Si(SiMe; )3
Sh=—S§
Sn oo 2.8247(6) 48b
(Me3Si);Si Si(SiMe;)s
(Mc;Si)sSi 142 R
351); N Y
gn:Sn\
e < >
R Si(SiMey)s 2833 .
143 [R = 2.4,6-(CF31Col 1]
R R
- \/
Sn==S8n
N I ‘
) . 2.910(1) 48d
144 (R = 2-tBu-4,5,6-Me;CoH)
R>Sn==5Sn('l,
2961(1) 48¢

145 {R = [C(H)SiMey(CyHsN) |2

the authors to propose that this molecule is in fact a w-complex of a tellurium
atom with the Ge=C double bond of a |-germaallene. The Ge=C=C bond angle
is 149(1)", almost directly in between the bonding angles for sp- (180") and
sp2-hybridized (120%) carbons, and is only 10" larger than the Ge=C=C bond
angle of 1-germaallene 76.

B. NMR Spectroscopy

Possibly the most characteristic piece of information one can obtain to prove the
existence of a I-heteroaallene is the central carbon '*C NMR chemical shift. This
carbon chemical shift is very deshielded. typically being greater than 200 ppm.*’
which stands out from most other carbon resonances in a normal organic molecule.
Most of the group 14 1-heteroallenes listed in Table VII have shifts greater than
200 ppm. Also, as the heteroatom becomes larger, the resonance moves farther
downfield.



Chemistry of Group 14 Heteroallenes 41

TABLE VII

13C CHEMICAL SHIFTS OF CENTRAL CARBON OR GROUP [4
I-HETEROALLENES

[-Heteroullene  '*C shift of Central Carbon (ppm)  Reference

56 225.7 20
59a 225.7 23
59b 2163 23
59¢ 227.9 23
70 228.2 22
73 237.1 22
76 2351 24
85 243.6 26b
105a 209.2 28
105b 196.6 28
105¢ 178.5 28
114 280.9 29
122 269.1 30

The 1-silaallenes in Table VII have chemical shifts in the range of 216 to
237 ppm. It is interesting to note how changing a tert-butyl group to a phenyl
group on the carbon end of silaallenes 59b and 59¢ can change the chemical shift
by greater than 10 ppm, but when the two phenyls of 89¢ are changed to a fluorenyl
group (70), the chemical shift moves by only 0.3 ppm. Germaallene 76 is the exact
germanium analog of silaallene 59a, and this substitution of germanium for silicon
relocates the central carbon shift almost 10 ppm downfield to 235.1 ppm. Adding a
phosphorous to the 3-position of a germaallene (giving germaphosphaallene 114)
moves the central carbon chemical shift a substantial 45 ppm to 280.9 ppm.*
Changing the germanium atom to a silicon (112) moves the silicon back upfield to
269.1 ppm. The central '*C shift for model silaketenimine Ph,SiCNR was calcu-
lated to be 178 ppm, which agreed especially well with the shift for 105¢ (178.5,
105a = 209.2 ppm, 105b = 196.6 ppm).

Reiterating the idea that the 7-complexes 132a and 86a are not truly heteroal-
lenes, one must consider the central carbon '*C NMR chemical shifts. Silaallene
complex 132a starts to approach allene status with a chemical shift of 175.5 ppm,
but the most deshielded carbon for alkylidenetelluragermirane 86a is only
153.04 ppm.

Another useful tool for analyzing the structure of heteroallenes containing sil-
icon is *Si NMR. Typically, sp>-hybridized silicon atoms have a chemical shift

*Although it is not a group 14 heteroallene, arsaphosphaallenc42 Mes* As=C=PMes* (+299.5
ppm) over-emphasizes the point that the central carbons of heteroallenes are greatly deshielded. For
reference, I—phosphaal]eneJJ Mes*P=C=CPh, has a central carbon shift of +237.6 ppm and 1.3-
diphosphaallene™ Mes*P=C=PMes* has a shift of +276.2 ppm.
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W .
St CueMICAL SHIETS OF SIHENES. DISILENES. AND SHIAALLENES

TABLE VHI

xpz~Hybridi/cd
S Shift (ppm)

Reference

Me;Si N /OSiMc;
Si—C 146 41.2
e
Me;Si -Bu
Me\ /SiMC}
Si=C 147 144.2
Me” SiMe(1-Bu),
t-Bu Mes
N e .
SiI=Si cis,trans-148 94.7 (cis), 90.3 (trans)
Mes/ -Bu
Mes Mes
N s
SiI=Si N 149 63.7
Mes” Mes
59a 13.1
73 16.2
56 48.4
59b 55.1
39¢ 58.7
70 48.0
122 57.7

44a

44b

454

downfield of +10 ppm (with respect to tetramethylsilane) and are deshielded
with respect to sp’%—hybridized silicons, which usually have resonances upfield
of +10 ppm. This is evidenced by two examples each of silenes* and disilenes™
(Table VIII). and silaallenes are no exception. 1-Silaallenes have been compared to
Brooks silene (146)** through the resonance structure in Fig. 6, which puts more
electron density at the silicon atom than does Wiberg’s silene (147),4*1h thereby
shifting the resonance farther upfield than the analogous silene. The silaallenc

chemical shifts are definitely closer to Brook’s silene than Wiberg’s.

. [T ®
R3S OSiR; R:S OSiR;
N A ‘// ..
S|~—(,‘\ - Si (‘\
e ©
R5Si R R}Si/ R
Fi. 6. Resonance structure of Brook's silence.
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Replacing a carbon with a nitrogen in the 3-position of a 1-silaallene causes a
dramatic change upfield of the 2Si chemical shift. The calculated *Si shift in model
silaketenimine Ph,SiCNR (6 = —38.9 ppm) was close to the observed values
measured in different solvents and at various temperatures for silaketenimines
105a—c (—47.9 to —57.9 ppm).

The type of substituent—alkyl vs aryl—seems to have a significant effect on the
chemical shifts of spj-hybridizcd silicon atoms such as disilenes, and silaallenes
also follow this trend. The disilenc® (148) with one tert-butyl (alkyl) group and
one mesityl (aryl) group has a USi chemical shift near 90 ppm, but when there
are two aryl groups (149). " in this case mesityl. the chemical shift moves upfield
by approximately 30 to 63.7 ppm. This large shift is also observed in silaallencs
by changing alkyl/aryl substituents to diaryl substituents. Silaallenc §9b, with one
alkyl and one aryl group on silicon, has a **Si chemical shift of 55.1. whereas
stlaallene 59a, with two aryl groups, shifts 40 ppm upfield (13.1 ppm), similar to
that of the disilenes.™Si resonances for all of the alkyl/aryl substituted silaallenes
(56, 59b, 59¢, 70) lie in the narrow range of 48 1o 59 ppm; those for the two diaryl
substituted silaallenes are considerably upfield at 13.1 (89a) and 16.2 (73) ppm.

Like the "*C NMR chemical shifts for the central carbon of heteroallencs. chang-
ing the composition of the allene fragment can have as much of an effect (if not
more) on the *’Si chemical shift as does changing a substituent. Switching the car-
bon at position 3 to a phosphorus (silaphosphaallene 122) moves the *’Si chemical
shift downfield to 75.7 ppm. which is the most deshiclded =Si shift for a silaallene
to date, even though it has two aryl groups on silicon, which should keep the shift
upflield.

The central tin '"”Sn shift in tristannaallene 126 supports that this tin has
considerable stannylene character, as its value is 42233 ppm. which is in the
range of monomeric stannylenes SnR, [Ra = (Me;Si),CCH-CH-C(SiMes)- (§ =
+2323)," R = [CH(SiMe3),] (8§ = 4+2328)* " R/R = Trip/Tbt (§ = +2208)].**
The terminal tin atoms have a chemical shift (4503 ppm) near other spz—hybridizcd.
three-coordinate tins [140 (8§ = +710ppm).*™ 137 (5 = +835ppm). ™" 138
(8 = +374 ppm).* ™ RySn=SnR, (R = Tip. § = +427 ppm)*""|.

v
FUTURE PROSPECTS

How might this field develop in the future? At this time, the chemistry of
I-silaallenes is fairly well understood, and that of 1-germaallenes is at least par-
tially explored. Perhaps the series can be extended to | -stannaallenes, but these are
predicted to have quite limited stability. The isolation of the 1,2 3-tristannaallcne
shows that any combination of heteroatoms may be combined to form allenes
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and the series may be extended to silicon or germanium. 2-Heteroallenes are pre-
dicted to be less stable than their I-isomers. but nevertheless may be isolable.
I.3-Diheteroallenes, on the other hand, should have stability comparable to the
known |-heteroallenes, and are therefore attractive targets for synthesis. Examples
already known are the 1,3-phosphasilaallene and phosphagermaallene described
in Sect. [1IC4. Since stable silaketenimines and a stannaketenimine have been syn-
thesized, it seems that germaketenimines should also be available. The synthesis
of tin heteroallenes indicates that lead analogues may soon be included in this class
of interesting molecules.

As yet there is no firm evidence for heteroallenes of the group 13 elements;
these are likely to be investigated in the future. Finally, the flash photolytic studies
of silaallenes which have provided much insight into their formation (see Sect.
ITIA2) will probably be continued and expanded to include other members of the
heteroallene family.
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|
INTRODUCTION

Transition metal carbonyl clusters have attracted interest for a number of
reasons.! The oil crisis of the mid-1970s encouraged interest in clusters as pre-
catalysts or models for catalysis, and this has been an enduring theme in cluster
research since that time. The multimetallic coordination of organic molecules at
clusters facilitates substrate transformations not readily achievable at mononuclear
complexes. The aggregation of metal atoms within a metal cluster core can afford
molecules with a large number of accessible oxidation states which may have the
potential to function as “clectron reservoirs.” Fluxionality at metal clusters may
provide an effective model of substrate mobility at surfaces active as heterogeneous
catalysts. As clusters become progressively larger in size, they may be expected
to adopt metallic character, and the intermediacy of a “metametallic™ state with
potentially interesting physical properties has been proposed.”

The pre-eminent factor controlling the development of areas of cluster chemistry
has been the existence or otherwise of efficient routes into the clusters themselves.
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Most early syntheses were of the “heat it and hope”™ type which, not surprisingly,
has been effective for a range of homometallic clusters but is less useful for mixed-
metal clusters. In the ast 20 years, general procedures to synthesize mixed-metal
clusters have become available, due largely to the pioneering theoretical analyses
by Hoffmann and Mingos and others, and the experimental advances of Stone
and Vahrenkamp, and their research groups.”™’ Access to a range of mixed-metal
clusters affords the possibility to assess the significance of the heterometallic
environment for a number of properties (substrate activation, site selectivity, ligand
mobility, electrochemical responses, etc.), but thus far most reports have focused
on synthetic and structural studies; systematic reactivity studies and investigations
of physical properties arc comparatively rare.

A significant number of mixed-metal clusters contain metals from the same
group or adjacent groups, but far fewer mixed-metal clusters incorporating dis-
parate metals have been reported. This is surprising, as synthetic procedures to
afford such clusters are now well established. and a number of the properties listed
above would be expected to show sharp differences from homometallic clusters if
the heterometal is very different. For example, coupling an electropositive metal
and electronegative metal to give a polar metal-metal bond may enhance substrate
activation, and metalloselectivity for a range of reagents. and should affect acti-
vation energies for fluxional processes (which may facilitate their discrimination
when more than one process is possible). Many heterogeneously catalyzed trans-
formations couple early to mid-transition metals with late transition metals, and
clusters comprised of these metals may be cffective precatalysts.

A number of reviews of heterometallic clusters have appeared.®'? However,
the focus has largely been on mixed-metal clusters containing similar metals,
or on synthetic and structural aspects, although a review summarizing synthetic
and reactivity aspects of group 6-group 9 heterometallic clusters has recently
appeared.* This review. containing published examples to 1998 inclusive. focuses
on the reactivity and physical properties of “very mixed”-metal carbonyl clusters.
defined as those containing transition metals separated by three or more d-block
groups. for groups 4—10. While this definition is somewhat arbitrary, it ensures
that platinum group metals (PGM) are coupled to non-PGM.

]
REACTIVITY STUDIES

A. General Comments

Ligand activation and transformation at heterometallic clusters have been re-
viewed, but few examples of “very mixed’-metal clusters effecting these
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transformations were identified at the time;'* almost all reports of ligand transfor-
mations at “very mixed”-metal clusters summarized in this Chapter were published
subsequent to the carlier review. As mentioned above, major interests in the re-
activity of “very mixed”-metal clusters are the possibility of directing reagents to
particular sites (metallo-, bond-, or face-specificity), enhanced substrate activa-
tion, and substrate transformation utilizing the polar metal-metal bonds or unique
heterometallic environment. While the reactivity classifications in the sections
below are self-explanatory, some overlap is unavoidable: substitution reactions
frequently proceed by associative mechanisms, with intermediates corresponding
to ligand addition, and certain types of metal exchange reactions can occur by
way of core-expanded intermediates. A number of studies modeling catalysis in-
volve ligand transformations, and so have been mentioned briefly in both relevant
sections.

B. Ligand Substitution

The presence of differing metals introduces the possibility of metallosclectivity
into ligand substitution; this selectivity should be enhanced upon accentuating the
disparity between the metals. The introduction of differing metals into a cluster
core also reduces the effective symmetry over that of related homometallic clusters,
rendering coordination sites for incoming ligands inequivalent, and affording the
prospect of site- as well as metallo-selectivity. Attempts by Vahrenkamp and others
to define a “hierarchy of site reactivitics” in mixed-metal clusters have met with
some success. but although a sequence of substitution labilities by core metal
can be defined, isolated products often differ from those predicted due to donor
ligand mobi]ily.|5 The majority of ligand substitution studies of “very mixed”-
metal clusters have involved phosphines or phosphites, and these are summarized
in Section 11.B.1. All other ligands are considered in Section 11.B.2.

1. P-Donor Ligands

Phosphines and phosphites are among the most fundamental of organometallic
rcagents. Their availability with a broad range of steric and electronic proper-
ties provides the possibility of carrying out systematic investigations of site- and
metaltlo-selectivity, but there are few studies which have defined the substitution
sites of a range of phosphines at a “very mixed -metal cluster; instead, phos-
phines have frequently been employed solely to enhance the prospects of obtain-
ing samples suitable for single crystal X-ray studies. The results of phosphine and
phosphite substitution at “‘very mixed”-metal clusters are summarized in Table 1.

Studics of phosphine substitution have thus far focused almost exclusively on
tri- or tetranuclear clusters, with almost all trimetallic examples pseudotetrahedral
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by virtue of a p3-capping ligand. The group 6-group 9 clusters [MCoa(3-CR)
(CO)g(l}S—L)] (M = Mo, W;R =Me, C¢HyMe-4, CO, menthyl; L = CsHs, C5H4Pri,
CsH,SiMes, CyHy) have been reacted with phosphites and monodentate and biden-
tate phosphines to afford cobalt-ligated products,'® '™ although for most of the
derivatives the specific substitution sites were not defined. NMR studies have clar-
ified the structures of the (4)-menthylester-containing derivatives (Fig. 1), with
the bidentate arphos and monodentate P(OMe); ligating at equatorial sites (with
respect to the MoCo, plane) and the bulky PCy; proposed to ligate at an axial site;
significantly, the cobalt atoms are diastereotopic, and metalloselectivity between
the cobalt atoms increases on increasing the ligand cone angle {rom the phosphite
(no discrimination) to the phosphine (3:1 mixture of diastereomers obtained).
Similarly, [MCos(pt3-CCO-Pr')(CO)x(17°-CsMes)]| reacted with the bidentate lig-
ands dppe and arphos to aftord di-cquatorially cobalt-ligated [MCo(j43-CCO-Pr)
(-LYCO¥ (77 -CsMes)].'" Therelated [WCos( 14 3-CMeXCO)5(PHPh,) (°-CsHs) |
was not isolated from the reaction between |WCo(13-CMe)(CO)x(1°-CsHs)]

0 0 0 0
C .
[¢ C
Mo i Co  P(OMe), i| Mos i Co
" - | 7 ey,
Co Co
o 9 o 0
C C
C C
|
|
Mo Co S Mo=———
S| AsPh, \ \ / L'Ph:
Co Co
Tphp S PhE
E=As.E' =P
E=P E' = As

F1G. 1. P-donor ligand derivatives of (+)-menthylester methylidyne-capped clusters.
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S $ ph, P S

: P Me . ‘
] Mo~—— Fe ] Mo=——- —— (o .j‘ Mo—— ——Fe¢ PPh
|

Co Fe Co

P PPh,

FiG. 2. P-donor ligand derivatives of [MoFeCo( it ;»S)(C())g(qs-(‘sHs)].

and PHPh,. but is a presumed reaction intermediate en route to P—H activa-
tion (Section I.D.2.). The product of P—H cleavage in this case, namely
[WC0s(1-H)(p13-CCeH Me-4)(12-PPh:)(CO)o(177-CsHs)]. reacted with PMesPh
to afford a Co-ligated product.”’
[WC()Z(,u—774—CEtCEtCEtCEt)(,u-nz—CEtCEt)(CO)g] reacted with P(OMe); by
displacement of carbonyl at the later transition metal.?' Similarly, [WIr(us-
CCH Me-4)(u-CCeHyMe-4)(CH(CO)(17°-CsHs)-] reacted with PPhy to afford
an iridium-ligated product, but the site of substitution was not determined.”” The
other trimetallic clusters to have been investigated are all chiral by virtue of four
differing core constituents. The group 6—group 8—group 9 clusters [MFeCo(gt3-
SHCO)(1°-CsH4R)] (M =Mo. W: R=H, Me) have been reacted with mon-
odentate and bidentate phosphines (Fig. 2).>*2% The initial studies with these
phosphines were undertaken with the goal of resolving the cluster enantiomers.
A racemic mixture of clusters and the optically active phosphine (R)-PMePhPr
afforded diastereomeric products which could be separated by crystallization.
The phosphine was then removed by carbonylation to give the cluster enan-
tiomers with an optical purity of 98-100%.>* Reaction of the ruthenium-containing
analogue [MoRuCo(u3-S)CO)(1°-CsHs)] with optically active PMePhPr and
P(Omenthyl)Ph, gave mixtures of diastereoisomers [MoRuCo(1z-S)(CO)7(L)(1 -
CsHs)] |L = (5)-PMePhPr, P{O-(-)-menthyl}Ph>]: in this case. the diastereoiso-
mers could be separated chromatographically, but the pure enantiomers could not
be recovered. More recently, reaction of the (methylcyclopentadienyltungsten-
iron-cobalt example with dppe has been studied. In contrast to the monodentate
phosphine derivative above, in which the phosphine ligates at the cobalt atom
trans to the Co—Fe vector, the bidentate ligand bridges the Co—Fe linkage and
coordinates trans to the Fe—Mo and Co—S bonds. The related phosphinidene clus-
ters [MFeCo(13-PMe)(CO)(L)(1°-CsHs)] (M = Mo. W; L = PMe,Ph, PPhs) re-
sulted from degradation of [MFeCo,(jt3-PMe)(11-AsMe>)(CO)g(17°-CsHs)| with
the appropriate ligand; cobalt ligation was proposed on the basis of spectral
data. but the substitution site was not ascertained.2® The analogous [WFeCo(tx-
PMe)X(CO)7(L)(n*-L')] (L =PMes, PMe,Ph: L' = CsHs, CsMes) was formed by
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O Ph Ph O

] Ni*\—M‘O7(‘nL . (f‘u\ 7Ni [

Mao
~_ -
FiG. 3. P-donor ligand derivatives of IM()(‘()Ni[/1;—(‘(,’(())Ph}((‘())5()15-(‘5H5)3]: L=1(8)-

PMePhPr, PMesPh.

reaction of [WFeCo(u3-PMe)(CO)y(17°-L")] with L. The reaction proceeded by
way of an isolable adduct in which two equivalents of ligand have been added and
two metal-metal bonds have been cleaved; heating the adduct in vacuum formed a
closo cluster product by elimination of CO and L..>” Substitution at chiral alkylidyne
clusters has also been demonstrated. The clusters [MoCoNi(j;-CRYCO)s(n’-
CsHs)s] [R = Me. C(O)Ph| reacted with both PMe>Ph?® and (R)-PMePhPr?’ to
afford cobalt-substituted derivatives, not unexpected as the other metal atoms are
ligated by cyclopentadienyl groups; the incoming ligand was shown to be truns to
the Co—C vector for the benzoyl-containing cluster (Fig. 3). Phosphine substitu-
tion at [MRuCo(H)(1-CMe)(CO)g(n*-CsHs)| (M = Mo, W) surprisingly occurred
at the group 8 metal rather than the group 9 metal to afford [MRuCo(H)(zt5-
CMe)(CO)(L)(1°-CsHs)| (L =PMes, PMe.Ph. PMePh,, PPhy); the iron- and
osmium-containing analogues were resistant to thermal CO substitution.* The
alkyl-coordinated clusters [MRuCo(3-CR)CO);{1’-CMe(CO-Me)NHC(O)Me}
(7°-CsHs)] (M = Mo, W: R = Me, Ph) reacted with both PPh; and CO by way of
deinsertion of acetamido acrylic acid methyl ester to form. in the case of phosphine.
a ruthenium-ligated product.”’

The  dimolybdenum-dicobalt  cluster  [M02C0x(/14-S)(1£3-5)2(CO)4( n-
CsHyMe), |, which desulfurized organic thiols (Section 11.D.2.), reacted with phos-
phines by ligand substitution at cobalt.*>*#" Kinetic studies showed that reaction
proceeded by two elementary steps: initial formation of an adduct followed by loss
of CO (Fig. 4). The extent of substitution is dominated by electronic considerations:
while phosphine substitution proceeded to give bis-substituted derivatives, reaction
with isocyanides afforded tris-substituted products (see Section I1.B.2.). These sub-
stitution reactions proceeded at room temperature: heating the PH,Ph-substituted
product led to double P—H bond cleavage and coordination of 1¢3-phosphinidene
(Section 11.D.2.). The same cluster reacted with bidentate phosphines to afford
cobalt-chelated products (Fig. 5), with excess dmpe atfording a bis-substituted
derivative.*® In contrast, the related cluster [Mo,Cox(143-S)(CO (1> -CsHaMe)o|
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FIG. 4. Monodentate P-donor ligand substitution at |M()zCOj(/LrS)(/l}-S)Z(COM(I]S-CﬁH.;MC)j]I
(i) L = P(OMc)3, PH2Ph, PHPh-, PBuj, PPhy, PMe;. (ii) L = P(OMe)s, PHPh,.

reacted with dppe to form a product in which the bidentate ligand is believed to
span the Co—Co vector, and in the presence of excess dppe afforded a polymeric
product, but the products were incompletely characterized.*

The tungsten-triiridium cluster [Wlr;(CO), ((1-CsHs)] and its molyb-
denum analogue have also been extensively investigated (Fig. 6). Reaction of

('u .
Co (i C . Cao ¢
\ M”/ R %Mn/ o <o _ % M”/ o
S S
Mo My S ME S
J
Me, Me P
P . PMe
S ¢,
Co . N T
PRt iy 1. ! '
Me, S .!/VI“ b ‘ (‘“\S C o / Co, S
h S (! - ~ : Co
M 1 e u
S S M= I T w/
~— Hn’ ) Mo S
~ \__,
co
i}
Me, Me. P Me, M.
r - PMc P P
. : S .
I Co ¢ .
'\h } NV ' - K1 \\4«\/ ? P
s S o / g M,
Mo MG
P e
~— T~

FiG. 5. Bidentate P-donor ligand substitution at IM()gC()z(/l,rS)(/l}—S)3(C0)4(I)5~C.5H4MC)1|I
(i) LN L =dppm. dppe, dmpe. (ii) LN L =dmpe.
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FiG. 6. P-donor ligand derivatives of mixed molybdenum/tungsten—iridium clusters.

IWIry(CO) 1 (1°-CsHs) | with monodentate phosphines proceeded at room temper-
ature in a stepwise manner to afford the mono-. bis-, and tris-substituted iridium-
ligated derivatives as mixtures of interconverting isomers in solution, the identities
of which were ascertained by crystallographic and spectroscopic studies. ™ Phos-
phites reacted similarly to afford mixtures of analogous products.*® The 4d metal-
containing homologue [Molrs(1-CO)3(CO)x(5°-CsHs)| reacted with less control.,
atfording mixtures of clusters with varying extent of substitution, and reacted with
greater steric constraints; only mono- and bis-substitution were obscrved.™ The
isostructural |MoslIrs(j13-CO)(j-CO)s(CO)4(1°-CsHs)a | reacted with monoden-
tate phosphines at iridium to afford mono- and bis-substituted products.* Biden-
tate phosphines reacted with [Wlry(CO), 1(°-CsH3)| at iridium to afford diaxially
ligated cdge-bridged products, an unexpected result with the lincar diphosphine
dppa.

[WPL(1£3-CCoHyMe-4)(11-CC HiMe-4 ) COY(y*-cod) (1P -CsHs)a | reacted
with PMePh- at platinum by displacement of the “liéhtly stabilizing™ cod ligand
to afford [W>Pts (14 3-CCeHsMe-4)( -CCoHsMe-4)(CO)4(PMePh,)»(1°-CsHs )5 1LY
and the ruthenium-ligated product (Fig. 7) was ()btalnui on reaction of
{WHRuPt( }—CC()H4MC—4)(/i—CC(,H4MC-4)(C())7(I]S—CsHs)zl with PMegph.4()Tl1C
clusters [MFeCos(j43-E)(pt-AsMea X CO)g(1°-CsHs)] (M = Mo, W: E=S. PMe)
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FIG. 7. |WaRuPt(p3-CCHyMe-4)(11-CCHiMe-4 ) CO)o( PMerPh) 1]s~(‘5|15 )21

reacted with donor ligands RNC, P(OR); and PR; to afford degradation prod-
ucts; the only products to retain the cluster core nuclearity were the cobalt-
ligated |MFeCon(13-PMe)(u-AsMe>)(CO)7(PPhy)(°-CsHs)] (Fig. 8). although
even these clusters were accompanied by other lower nuclearity products,”® and
the incoming phosphine could be readily replaced by CO. The chain complexes
[M,PHCO)o(NCPh)-(1>-CsHs),| (M =Cr, Mo, W) contain “lightly stabilizing”
benzonitrile ligands and might be expected to undergo facile ligand substitution,
but reaction with phosphines was somewhat complex. with core-expanded prod-
ucts being obtained (Section ILE.2.).# 3!

The vast majority of phosphine/phosphite-substituted products involve P-ligand
ligation at late transition metals. In contrast, phosphite ligands displaced rhenium-
coordinated CO or acetylene in [RePl;,(/L—dppm),z((‘,O);(L)]‘,42 which are the

C

R Co.
/ “AsMe, / \AsMe:
PPh,
: | - \
Cog —Fe - 0 Fe
\ CO Ph;P \ /
" I
|
Me Me

Fii;. 8. Interconversion of [MFeCoz(/L;—PMC)(/L—AsMeg)(CO)x(7)5—('5H5)| and |MFeCos(jts-
PMe)(j1-AsMe2)(COY(PPh3)(n°-CsHs)): M= Mo, W.
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FIG. 9. P-donor ligand  substitution  at IMngW;Pu,(/A;-(‘(‘(,H4Me-4)3(/1;-CMC)3(C())H,(Ulf
C()d)g(l)S—C5H5)5I4

addition products from reaction of L with |RePty(p-dppm):(CO); ™. The CO/acet-
ylene adducts were formed as the starting cluster is comparatively electron poor;
the more electron-rich [RePt;(143-O)s(p-dppm)y(COY 1t underwent substitution
at thenium, rather than addition, on reaction with phosphite.*** Ligand substitu-
tion studies on larger “very mixed”-metal clusters are very rare. one example being
the formation of [M0oaW3Pty(113-CCHiMe-4),(143-CMe)3(CO) o(PMesPh)y(1°-
CsHs)s] from displacement of the weakly-bound cod ligands in [Mo,W3Pte(1+-
CCeHyMe-4)x( 113-CMe)3(CO) (7 -cod)a(1>-CsHs)s] by PMe,Ph (Fig. 9).%¢
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Mu- Py Mn

FiG. 10, [MmPUCO), 5],

2. Other Ligands

Almost all other examples of ligand replacement have occurred at the late tran-
sition metal and involved the introduction or replacement of CO (Table II). Car-
bonylation of clusters occurs easily with readily displaced ligands, but CO can
also replace phosphines under some circumstances: for example. carbonylation
of [M0C05(j43-PPh)(123-S)3(CO)PH,Ph)(5*-CsHyMe)>| afforded [Mo>Con(pi3-
PPh)(143-8)3(CO)~(17°-CsHyMe)» .2 and carbonylation of [WFeCoa(u3-PMe) (-
AsMe» ) (CO)(PPh3)(n’-CsHs)] proceeded to afford the substitution product
[WFeCos(13-PMe)(1-AsMea)(CO)g(17°-CsHs)| under mild conditions (2 slow
stream of CO passed through a solution of the cluster for a few minutcs); however,
after 2 h the latter cluster had degraded affording trinuclear cluster products.®
Nitriles and dienes are “lightly stabilizing™ ligands at transition metal carbonyl
clusters; not surprisingly. reaction of [Mn,Pt(CO),((NCPh)-] with CO proceeded
in a facile fashion to afford [Mn.P(CO)»] (Fig. 10).>* and the n*-cod ligand
in [CroRh(1e3-S)o(-SBu')(n*-cod)(*-CsHs)z] was displaced by carbonyls to af-
ford [CraRh(43-S)2(14-SBu')(CO)1(1°-CsHs)s]. ™ In contrast. replacement of the
chloro ligand at [MPda(1¢3-CO)»(z4-dppm)-Cl(3°-CsHs)| (M = Mo. W) required
the assistance of a halide acceptor (TI[PFg]). proceeding to give [MPds(y;-
CO)g(/l—dppm)g(CO)(175—C5H5)|" (Fig. 11).% In the tungsten-containing ¢xam-
ples, both the chloro ligand in the precursor and the terminal carbonyl ligand in

"l+

Ph,P Ph.P M
H.C H,C 3
Ph, b Ph.P
: Cl co \
Pd=—————=pd - Pd~———————=py
« TI[PF,
P P P p
Ph, C Ph, Ph, ¢ Ph,
H, H,

Fi1G. 1. Synthesis of [MPd:(/l}-CO):(/l—dppfn)Z(CO)()]S-C5H5)]+Z M = Mo, W.
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Co 5 Co CNR
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Fic;. 12, Isonitrile substitution at [Mo>Coa(yey-S)pt ;~S)3(CO)4(z;5~(,‘5H4Mc)3|: (i) RNC. R =Me,
Bu. (ii) 2RNC. R = Bu'. (iii) 3RNC. R = Me. Bu'.

the product can be displaced by bromide. Metal exchange procedures to form
“very mixed”-metal clusters (Section IL.E.1.) have utilized [Ni()]S-CSHs)z] and
[Ni(CO)(5*-CsHs)]» as sources of “Ni(n>-CsHs),” but the former also delivers
the cyclopentadienyl group which can displace carbonyl ligands: reaction of
[MoCo-(t3-CCO-PrHY(CO)y(17°-CsHs)] with either [N1(77 -CsHs)>] or the more log-
ical cyclopentadiene afforded [MoCoa(p3-CCO,Pr)(1-CO NCO)(n>-CsHs)x ).

The carbonyl ligands in [MozCog(M—S)(/,u—S)g(CO)4(1;5-C5H4Me):] and
[M0,C0a(t -S)4(CO)(i°-CsHyMe),] can be displaced by isocyanides,*’-7-3%
though reaction of the former only proceeded to form the tris-substituted prod-
uct (Figs. 12, 13). Both clusters desulfurized isothiocyanates, with the resultant
isocyanides forming substitution products.®®

Carbonyl sulfide can be used as a source of sulfido ligands. Thus, reaction of
[M0-Coa( e 4-S)(103-S)2(CO)4( 7 -CsHyMe), | with COS afforded [Mo,Coa(1e3-S)y
(CO).(n°-CsHsMe),], a process which can be reversed upon carbonylation
(Fig. 14).5% The same cluster added one equivalent of phenylacetylene in a j3-n°-
fashion across a MoCo, face with loss of two CO ligands and rearrangement
of the juy-sulfido ligand into a ps-coordination mode.® The tetrahedral cluster
[WIr;(CO);(n°-CsHs)]. in contrast, added two equivalents of diphenylacetylene,
one at a heterometallic Wlr, face, and the other at the unique homometallic Ir;
face.®” Studies of phosphine and phosphite substitution at [WCox(t3-CCeHsMe-
4)(CO)s(n>-L)] (L = CsHs, CsH4SiMes) summarized in Section I1.B.1. have been
extended to embrace diars and (for L = CsHs) Me;SiC=CSiMe;.!? For diars, a
cobalt-ligated product was obtained, but the specific @ubstitution sites were not
ascertained, whereas the alkyne was shown to coordinate in a j-n°-fashion across
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Fia. 13, Isonitrile substitution at {MosCoa(e3-S)CO)Ao( 7}5—(‘5H4Mc)3|.

a W—Co linkage. But-2-yne replacement of two CO ligands at [WFeRh(u -
CR)(/l-CO)(Co)s{HB(pZ)g}(I]S-C()H7)] (R =Me. CHyMe-4) occurred to aftord a
p-n*- L-ligating internal acetylene bridging the W—Rh bond.®' The 5°*-coordinated
edge-bridging cyclopentadienyl ligand in  [MoPdy(p3-CO)pe-1*-CsHs)( e
CO)»(PR)-(17°-CsHs)] (R=Pr'. Et) was replaced on reaction with CH:CO,H
or SlClMex aHordmg [MOPdg(/lz—CO)(/t-CO)g(M-L)(PR{)Z(I];—CiHQ)] (L=
CH;CO-, C1).Y

Other reports of ligand replacement at “very mixed”-metal clustels involve a
formal oxidation state change. Reaction of [M0,C0s(143-S)4(CO)-(i C sH4E()-]
with halogens or diphenyl disulfide afforded [Mo,Coa(143-S)4(X)a(n C‘ H.Et),|
(X =CL Br, I, SPh),**** with a formal oxidation at the cobalt atoms. and cleay-
age of the Co—Co linkage (Fig. 15). All product clusters are paramagnetic in
the solid state (but less so in solution), with higher spin states distavored as the

S
Co —=Co Cco Co 5
V/ , . - \\ /( 0
S o 0 . Cos S | /Mg
Mo R Mé S
/ / o -
\—-—- \ \—'

FIG. 14, Interconversion ol |M()g(‘ng(/l;*S)J(C())g(115—('5114Mc)3] and  [Mo>Coa( =Stz
$)UCONG-CsHyMe)a .
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Fi1G. 15, Oxidative addition reactions at [MngC()g(/u—S)4((‘())3();S-C'5H4El)1]A

s -donor ability of X increases. Oxidation at the late transition metal was also seen
upon healing [MORh3{/l}-ASRh(CO)()}S"C5H5)}(Mg-CO)Q(I}S—C5H5)3] in CHClz.
with the “action” occurring at the non-cluster rhodium atom (Fig. 16).° In con-
trast, the earlier transition metal was oxidized in a stepwise fashion upon reacting
[RCPI}(/L—dppm)3(CO)3]+ with molecular oxygen, with (overall) a formal increase
of +6 in oxidation state (Fig. 17).9° The oxidation product isolated was sensitive to
the reaction conditions, with hydrogen peroxide or molecular oxygen/photolysis
affording products lacking metal-metal bonds.®’

RE

Fic. 16, Chlorination of [MoRh3{z23-AsRh(CO)(5>-CsHs)}e3-COY (1 >-CsHs sl
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FiG. 17. Oxidation of [RePGG-dppm)s(CO);| "

C. Ligand Addition

A range of electrophiles have been added to “very mixed”-metal clusters without
ligand displacement, and these are summarized in this section. The classification of
the reactions of clusters with nucleophiles as ligand substitution or ligand addition
is frequently arbitrary, though, with the former often proceeding by way of the
latter. The examples of the latter collected in this section are restricted to those in
which the formal electron count on the cluster increases, sometimes accompanied
by compensating cluster bond cleavage(s). Table Il collects examples of ligand
addition reactions at “very mixed”-mctal clusters.

The reactions of [ngt(/i-Ppllg)g(CO)i(I]S-C5H5)1] with two sources of HY,
and the isolobal |Au(PPh3)|t, have been contrasted: HBE, and [ Au(PPh3)|PF,
afforded adducts with the electrophile bridging & W—Pt linkage, but with differ-
ing stereochemistry with respect to the bridging groups across the other W—Pt
bond, whercas HCI afforded a product with a terminal Pt-bound hydrido ligand
(Fig. 18).9° The cluster anion [MoCon( ¢ 3-CCoHsMe-4)(1-PPhy ) (CO)o(1p-CsHs) |
reacted with HBF, by addition of H' across the heterometallic Mo—Co
linkage.” Protonation at the related [WCox(p-H)(j13-CMe)(1t-PPha)(CO)(n°-

}
- H
HBE, ‘

I’h I’h. Ph. Ph,
P P P P
\w/m\\\ HC —\w/l);l\w
JAUPPR ]I PE, | ’
I‘h PPh, i
Pt Au
- L

N

FiG. 18, Reactions of [Wzl’l(u—PPhg)z((‘,O)5(175-(‘5H5)1| with ¢lectrophiles.
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CsHs)] was shown by 'H NMR to also occur at a heterometallic (W—Co) link-
age, but the product [WC()Q(,u—H)3(/L3—CMe)(/1-PPh3)(CO)ﬁ(775—C5H5)]+ s un-
stable in the absence of HBF,.'"® The pentanuclear “bow-tie” cluster {Re4Pt(y-
H)s(CO) 6] can also be protonated reversibly, with the incoming electrophile
adding at the only non-hydrido-bridged Re—Pt linkage.” The spiked triangu-
lar cluster anion [ResPt(u-H)(CO) 4] can be protonated with stoichiometric
CF;SO;H to afford [Re:Pt{p-H);(CO)4l: the reverse reaction proceeded with
a variety of bases, the reaction w1th methoxide proceeding via the intermedi-
acy of a carbomethoxy derivative.”> Most of the electrophile addition chem-
istry has therefore occurred at the heterometallic linkage. Consistent with this.
protonation of [MnResPt(1-H)-(CO) 4]~ occurred to give two isomers, proba-
bly corresponding to the incoming hydrido ligand bridging either the Mn—Pt
or the unbridged Re—Pt linkage.” Addition of NOBF; (o the tetrahedral cluster
[M()QCO:(/L]-))2—PBU1C(,H4-2-PBU[)(/l—CO)(C())(,( ;]5—C5H5)3] proceeded by cleav-
age of the Mo—Mo bond to afford the butterfly cluster [M()gC()](/l4‘I]2—NO)(/1 }—)):—
PBu'C(H,-2 PBu()(CO)(, 1)5 CsHs)»|: under the same conditions. the isostructural
[MoCo(j13-n7-PBu'CeH4-2-PBu")(1t-CONCO)5( 1y -C;Hs)l tailed to react.”

As mentloncd in Section 1L.B.1., ligand substitution at [M0>Coa(14-S)(pi5-

$)2(CO),(17°-CsHyMe), | occurred by way of an adduct at cobalt, with a compensat-
ing Co—S bond cleavage (Fig. 4).**%7 although for PMe; reaction did not proceed
past the adduct.*’ The unsaturated cluster [WaRha(z3-CMe){p-CMeC(O)} (-
PPhg)g(,u—CO)(CO)g(})S—CsH;)gl. with formal W=Rh double bonds, added onc
molecule of CO at the terminal rhodium atom to afford |WaRha(p;-CMe){ i-
CMcC(O)}(u—PPhg)3(;1—CO)(CO);(115—C5H5)3I (Fig. 19). The product subscquently
isomerized by P—C bond formation, and then climinated CO to regenerate the
formal unsaturation.”% The acetylene chemistry of tetrahedral mixed group 6-
group 9 clusters has been the subject of several studies. For example, |[Moalra{ji-
CO)(CO)(n°-CsHs)a| reacted with acetylenes to  afford  |Moslra(pey-1>-
RC-R')(1-CO)4(CO)4(7°-CsHs)a| (R=R’ = Ph. H; R=H, R’ = Ph, 4-C,H;NO-.
44 -CyH,C=CC¢H4NO», CH-Br), with a butterfly metal core geometry formed

[
s(

PIhF/ \ th}’/ \
(“\ €O R C “f{h
Me ‘ \\Pth Me \gphz
Mc(;" ) ‘W MceC W
o 5

FiGi. 19, Carbonylation ()1.IW]Rh](/l3‘(‘M€){/l*(‘MCC(())}(/l*PPhj)j(/l—(‘())((‘())j()]SA(';H_;)IIA
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by Mo—Mo cleavage, and the acetylene lying parallel to the Ir—Ir vector com-
pleting a Mo,IrCs octahedron; qualitative analysis of reaction rates revealed the
trends acetylene > terminal alkyne > internal alkyne and 4-nitrophenylacetylene
phenylacetylene. ascribed to a combination ot steric and electronic effects.
The related clusters [Walrs(CO)i(17°-CsHs)a® and [W-Coa(14-CO)5(CO¥ (1 -
CsH Me)- )¢ reacted with acetylenes to afford analogous products, and a sim-
ilarly ligated jig-n*-alkyne occupying a butterfly cleft was obtained from the
reaction between [MOCO;(/[—CO)}(CO)X(I]S-C5H4M€)] and phenylacetylene.’® In
contrast, [WII'}(CO)]](I]S-CSHi)] reacted with diphenylacetylene to aftford inter
alia [er;(/43-)12—PhC3Ph)3(CO)7(1]5—C5H5)] with the acetylenes face-capping the
Iry and one of the WIr, faces (Section 11.B.2.).°

A number of reactivity studies of the coordinatively unsaturated (54 ¢) clusters
[RePt:(pe-dppm);(CO)s 1™ and [RePts( —(1pp|11)3(0)3]+, in which the apical rheni-
ums differ by 6 in formal oxidation state. have been reported. The cluster [RePta( -
dppm);(0)s]* (itself formed by reaction of [RePts(z¢-dppm)z(CO)3]" with O-.
via the addition product [RePt3(3-O)a(70-dppm);(CO)s] P83 Qection 11.B.2.) was
more reactive to ligand addition than its carbonyl-ligated analogue [RePts(yu-
dppm);(CO):| 7. [RePts(re-dppm)s(CO)s] " reacted with neutral donor ligands at
the rhenium atom. and with halide ions by capping the triplatinum face
(Fig. 20).%27%0 Cluster [RePts(ze-dppm)s(0)3]" similarly reacted with halides.
and with Hg, Tl(acac), and SnX5 . by capping the triplatinum tace, but carbony-
lation also occurred at the triplatinum face. and reaction with phosphite occurred
at platinum. the latter two both contrasting with the chemistry at the “low oxi-
dation state™ analogue (Fig. 20).7 ! The related cluster cation |RePty(j11-O)a(j1-
dppm);(CO)3|™, the intermediate in the transformation of tricarbonyl cluster to
trioxo cluster (see above), reacted with phosphites to afford [RePta(pe:-O)s( -
dppm);(CO){P(OR)3}]" (R = Me, Ph):*** unlike the tricarbonyl or trioxo ana-
logues. the more electron rich dicarbonyl-dioxo cluster afforded the substitution
rather than the addition products (Section 11.B.1.).

zV

el

D. Ligand Transformations

Metal clusters have been shown to transform organic substrates in a large number
of ways, many of which are not possible at monometallic complexes:™'* two or
more metal atoms in specific geometric relationships are frequently required to
effect bond cleavage and formation and stabilize the resulting ligand fragments.
The bond polarity in mixed-metal clusters which may enhance substrate activation
should be maximized in progressing to “very mixed”-metal systems. For example,
coupling oxophilic and carbophilic metals together in a “very mixed”-metal cluster
should facilitate C-heteroatom cleavage by formation of strong M—C and M-
heteroatom linkages, but this is onc area that has been little exploited. Ligand



Udd

“eld

1d

dud

dud

dud

[ g 1D e SH 0D =1
INAX CONAD ONBE ONSIN HUdO M

QWO =T0

WO QI =T ) 1 [Y(Qrauddp-1)nday] pue | [f(OyEwuddp-11Eday ] jo saps Sannoeay

111D = T U0 YA DH THEOH €-OWIHODSH THS g "HS

0¢ O
1
o Ud N yd
d id - ) fuy
1 N - d°ud uzmn_ \\ / BRI
L N
Ydd " \ /__\_ ;»7_ wr_h_ " \ /:_ . . . _E - 1d i
VAT d'ud “Udd d'Yd Gy ddd]
-
N R
»h ¢} o O ~|
iy W
b “Ue “Ud
d d —-
- d
“Udd




“Very Mixed”-Metal Carbonyl Clusters 69

Me

] +
Me

T E ¢
IS PMe, HBEF, GO

W p Ve My
f— P W Py
""" PMe, " Y

PMe,

FiG. 21, Protonation of [WRePt(;(-CCH iMe-4)(CO)y(PMe3)a].

transformations at C-donor ligands are summarized in Section [1.D. 1., while mod-
ifications of other ligands are reviewed in Section IL.D.2.

I. C-Donor Ligands

Transformations at C-donor ligands are collected in Table 1V. Several examples
of C—H bond activation or C—H bond formation at “very mixed”-metal clus-
ters have appeared. Protonation at most clusters occurs at a M—M bond, but
in [WRePt(;1-CCyH4Me-4)(CO)y(PMejs),| protonation ultimately occurred at the
alkylidyne carbon, with the consequent electron deficiency at tungsten relieved by
formation of an n*-aryl linkage (Fig. 21).% Other examples of C—H formation have
utilized H> as the hydrogen source.®* Coordinated vinylidene can be converted
into alkylidyne at a trimetallic face, but the reverse reaction appears the easier,
occurring at a much wider range of heterotrimetallic faces (Fig. 22).% The coordi-
nated vinylidene can be formed by thermolyzing p3-n°-ligated alkyne, the reaction
proceeding by a formal 1.2-H shift (Fig. 23).'>* The remaining example of C—H
formation occurred by formal insertion of an alkene into an Ru—H bond to form
a o-alkyl linkage (Fig. 24); unlike other examples in this section, the “action”
occurred at a single metal. !

Thus far, all examples of C—C activation and/or C—C formation have em-
ployed alkynes, either alone or in concert with cluster-bound alkylidyne or CO.

R
o H CH,R
C .
1 | 3 (1) | .

M ‘\ M . - M— M’
“ (i) /
|
M~ M2

FiG. 22, Interconversion of vinylidene and alkylidyne at trinuclear clusters: (i) Ho, R=H; M3 =
FeCoMo. RuCoMo, RuCoW. (ii) A -Ha, R =H, Me; M3 =FeCoMo, RuCoMo. RuCoW, OsCoMo.
OsCoW; co-ligands omitted for clarity.
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Ru

Ru Co,

Y S N
N . U

FiG. 23, Transformation of alkyne through vinytidene to alkylidyne: R = H, Bu'.

Phenylvinylidene was dimerized in a head-to-head manner on thermolyzing
[RC:Nig(/t4-7]2—C:CHPh)(/1-CO)(CO)(,(I]5~C5H5)2]. a butterfly cluster with nickel
atoms in the wing-tip positions:®” the product [ResNis(4-17>-PhC=CCH=
CHPh)(CO)e(°-CsHs)a] is a butterfly cluster with rhenium atoms in the wing-
tip positions. Phenylacetylene was dimerized across a Co,Mo face of a sulfur-rich
dicobalt-dimolybdenum cluster, also in a head-to-head fashion. the reaction pro-
ceeding by stepwise addition of the acetylene molecules (Fig. 25).%" In contrast, re-
action of excess internal acetylenc PhC=CPh at a tetrahedral ditungsten-diiridium
cluster proceeded by C—C cleavage as well as C—C formation. to afford a butter-
fly cluster (resulting from W—Ir cleavage) with cluster-bound allyl and alkylidyne
units. The major product of the same reaction was a mono-acetylene adduct result-
ing from insertion into a W—W bond (Section IL.C.), which could not be converted
to the allyl(alkylidyne)-containing cluster (Fig. 26).”7-™ Modification in core com-
position has the potential to dramatically affect product selection. Thus. replacing
one CpW(CO), unit with an isolobal Ir(CO); fragment afforded an isostructural
cluster which reacted with excess of the same acetylene to afford a product with
two cluster-bound acetylenes, and a butterfly cluster resulting from Ir—Ir cleav-
age with two alkylidyne ligands and a dimer ot diphenylacetylene: again. these
products could not be interconverted (Fig. 27).%2

Reactions of alkynes with trinuclear group 6-group 9 clusters incorporating
bridging alkylidyne ligands proceeded by coupling the C-donor ligands.

C C
: & H,C=C(CO,MeINHCOMe . “ \'
Co \ M - o - - Co . M
) . . O 8

=~
sl

Me  co,Me

FiG. 24, Reversible insertion of alkyne into an Ru—H bond: M = Meo. W: R =Me. Ph.
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Co, oo C
e
Co Co 3 A7\
\ / ‘\\ ¢ . / ‘ S /// e
w» HC PO toluene, A PRy N HC,PhA Co C Ph
S \ Mo T / ‘ \ I’h
Mu . | / S \ Mo——— ;S‘ W
¥ —Na
e

FiG. 25, Dimerization of phenylacetylene at [MorCox(zt4-S)( ;—S)3((‘())4()154C;H4Mc)glA

Diphenylacetylene and 3-hexyne reacted with [MozCo(,u;—CH)(CO)7(175—C5H5)3]
to afford chain-lengthened organic ligands with allylic ligation, but whereas the
former also gave a product resulting from PhC=CPh cleavage and C—C bond for-
mation, the latter gave a product from coupling the allyl unit with CO (Fig. 28).88
2-Butyne and 3-hexyne reacted in a similar fashion at tungsten-dicobalt alkyli-
dyne clusters as at the dimolybdenum-cobalt cluster above: coupling of acety-
lene, CC¢HsMe-4, and CO gave a WCo,-supported Cy fragment, although the
presence of bridging phosphido led to a side reaction involving P—C formation
(Fig. 29).%" Alkylidyne groups have been cleaved, as well as coupled, when a sutﬁ-
ciently reactive substituent is present; reactlon of [MCoa(113-CCOzEt) CO Y(p-
CsHiMe)] (M =Mo, W) with [Fe( COM “/HT afforded [MCoa(ps-1) CCO)
(jL- CO)(CO)7(1] -CsHsMe)} by cleavage of the ethoxy group, in addition to

Ph Ph

Ix‘< 7\&’/

Ph
* Ph Ph ¢

¢ : ‘(“ Ph,
; Wa— _—a—lr\\(\\]\

—

W
/TN

FI1G. 26.  Reaction of [Wzlrg(CO)|()(z]5—C5H5)gl with diphenylacetylene.
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Ph
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F1G. 27.  Reaction of [WlIr(COy, 1(7154(‘5H5)] with diphenylacetylene.

Ph

Ph

the expected metal-exchange product.* The chloromethylidyne ligand in
[Co3(143-CCINCO)y} underwent C—Cl cleavage as well as metal exchange to afford
[MoCox(13-CH)(CO)y(y-CsHs)L.*

Alkyldiazocarboxylates reacted with [W>Ir-(CO)y( I]ﬁ-CsHs)zl by C—N cleav-
age and coordination of the resultant carbene units in two distinct environments;
one CHCO,R ligand bridges an Ir—Ir bond, while the other caps a WalIr face by
bridging a W—Ir bond and the ester carbonyl coordinating to the oxophilic tungsten
atom (Fig. 30).%! This product could not be obtained by C—C cleavage: both

\/ H
Mo, C

T~
T

Mo

/\

Fic. 28.

Co

/

2PRC P

H
. Ph Ph
./ G e
e  Ph

ph € M.»\ C Ma

“ S i \(\”

+ P ¢ (” Ph
e
Mo

~ ~

Mo (0

Activation of internal acetylenes at {Mo>Co(jt z—(‘H)(COh(uﬁ—(kH;)g],
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C Q

. RC=CR. R = M. Kt.

. . ey y—

CHCT 070 12 Col mm—————C0  PPhcis-CR=CHR
. |
¢ H R |

;\ | !

\r
Me
Fi. 29, C—C and P—C bond formation at IWC()ji/lfH)(/lr(,‘(‘(,H_;MC--l)(/l—PPh:)(C())i(i]ﬁ—
CsHs)l.

reaction of [ngrg(CO)m(;75-C5H5)2] with RO]CCHZCHC()gR. and attempted
hydrogenation of [Walra{uy- 273 EtO,CC-CO-Et}(CO)g]. were unsuccesstul. Sol-
\entdlchlolomethane has been activated; reaction with [MOvCOa(/u Y-S a3
CO)(:} dmp(,)_(l] -CsH4Me),] proceeded by C—H and double C—Cl activation to
atford the methylidyne-containing cluster {Mo>Cos( 4 3-CH)(/1}-S)3(I]z—dlﬂpe)z()]s—
CsH Me)| .

The examples above involve the cluster mediating the transformation of organic
substrates and stabilizing the resultant residues by coordination. Several cluster-
coordinated functionalized cyclopentadienyl groups have also been modified while
maintaining their I)S—Iigation. For example, the cyclopentadienyl substituents in
lM()FCC()(/L;-S)(CO)X(7]S—C5H4R)] [R=CHO, C(O)Me], [{MFeCo(u3-S)(CO)y
(77-CsH)}o{ 1t-C(0)-4-CoH4CO)}] (M = MO W), [MoRuCof ;- -Se)COY{iy'-
CsH,;C(O)Me}]. and [MFeNi(j13-SHCO)s(i°-CsHs)n*-CsH,C(ORY] (M = Mo
W; R=H, Me) were reduced by NaBH, to afford [MoFeCo(/u- (CO (-
CsH,R)|  [R'=CH,OH. CH(OH)Me]. [{MFeCo(u3-SHCO)s(1°-CsHy)}s

~ -
o 0w
¢
HC
. | W,
N-CHCO,R VN,
o~ - T
R = EL Me 70N
CH
oY or

F1G. 30, Reaction of [Wzlrg((‘O)“,(nstsHs)zI with alkyldiazocarboxylates.
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M
Ph,
PHPI P
‘\ Mo—e———Co h X Mo Co X Mo— (o
o/ B | -/
(S - C . (
: i PPh, RT H !
/ Me /
Co Co Co
4

Fi1G. 31, P—H activation at |MoCos(e ;—(‘C(,H_;Mc—'-l)(C())7(1/5—(‘5l I5)].

{n-CH(OH)-4-CHsCHOH}]. [MoRuCo (113-Se X CO)(n°-CsH;CHMeOH} |, and
[MFeNi(143-S)CO)s(1°-Cs Hg)(n -CsH4,CHROH)], 1espect1vely 92795 the second-
ary alcohol derivatives [MFeNi(3-S)(CO)s(n-CsHs)(n°-CsHsCHMeOH)| werp
then alkylated by Et;OBF, to afford ether derivatives |[MFeNi(i3-SXCO)s(1)>-
CsHs){n’-CsH,CH(OE)Me} ). The ketone functional group in [MFeNi(js-
SHCO)s(°-CsHs){n -CsH,C(O)Me)| (M =Mo, W) reacted with 2.4-dinitro-
phenylhydrazme to attord the expected phenylhydrazone derivatives [MFcNi
(143-S)(CO)s(11”-CsHs) (1 -CsH4C(Me)=NNH-2.4-CH3(NO, )} .

2. Other Ligands

Very few reports concerning transformations of ligands with other donor atoms
exist (Table V). P—H activation at secondary phosphines is the most common
motif, with the metal-metal bonds at the heterometallic faces stabilizing the re-
sulting fragments in each case (Figs. 31, 32, 33).2*7"%7 In the formation of both

) Ph
s C

Mo P Mo )
¢
Ph
PHPh,
v .
Ph, . .
bh, by + Ph, P M(,&
P P p——p
M()/ \M() : M()/“‘

FIG. 32, P—H activation at a dimolybdenum-—platinum cluster.
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R, )
| b K
Co Co Co Co Co Co
¢ CHLCL ¢ PHR'
H C - , ,
H0°C 12 UL e R PR,
W W W

FiG. 33 P=H activation at a wngsten—dicobalt cluster: R =Me. CoHyMe-4; R ==Ph. E(
[. = PHPh,. PHE®.

[MoCos(jt-H) p13-CCoHyMe-4) 11-PPho ) COYo(7-CsH) Y and  [WCoa(yu-
PR:)3(CO)s( 715—C5H5)I (R = Et. Ph).” coordination of phosphine at the later transi-
tion metal was observed to precede P—H activation and cleavage. Not surprisingly.
double P—H activation at primary phosphines is also possible (Fig. 34).3+%%

More interesting are examples of C-heteroatom cleavage. Orthometallation of
coordinated PPhy and climination of benzene was observed on  heating
[WIr3(CO) 1 (PPhy)(177-CsHs)| (x = 1=3):" unlike other examples in this sec-
tion, the ligated residue is coordinated at the homometallic face. The product
distribution suggests that the M-P bond was cleaved under the reaction conditions
(Fig. 35). C—S cleavage has been reported at mixed molybdenum-cobalt clus-
ters, 32380368 100101103104 “ywhich contain a metal combination active for the
industrially important hydrodesulfurization of liquid fuels. At low temperatures.
coordination of thiophenoxide occurred at a cobalt, but on warming the thiophe-
noxide bridged a heterometallic linkage and the C—S bond cventually cleaved
(Fig. 36). At higher temperatures, the same molybdenum-cobalt cluster desulfu-
rized a range of sulfur-containing organic compounds (Fig. 37). The C—S bonds
in propylenc sulfide were cleaved by [RePty(;e-dppm)s(CO);1" with evolution
of propene: the product clusters [RePl;(uyS)3(/1—dppm)_~,(CO);]‘ and |RePt;(¢-
dppm)z(CO)x(S)]* contained the sulfido residues. '

Examples of “very mixed”-metal cluster-assisted C-heteroatom bond formation
are still rare. with both literature extant examples involving coupling of bridging
phosphido ligand with a C-ligand. Phosphido, hydrido, and alkyne were assem-
bled stereospecifically to atford PPha(cis-CR=CHR) (Fig. 29).* while an unusual

Ph
B
PIHLPh,8OTC .
h - {1.phP - Co, S
: TTTT—————=(v

S
Mo
-

~

FiG. 34.  Double P—H activation at [Mo>Coa{yi4-S)(11 :—S)g((‘())wf—(‘;l I;Me)-t.
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‘——'—ll
W
\ A, toluene.
15 min \/

fre— | ——1Ir

~ W
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; |
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» /\
‘ 4. oluenc, ‘ A. toluene. ;
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FIG. 35.  P—C activation at tungsten—triiridium clusters.

isomerization replaced the bridging phosphido at a W—Rh linkage with a bridging
carbonyl, affording the Pho,P=CMe ligand (Fig. 38).!""

E. Core Transformations

The premise of this review is that synthetic procedures for “very mixed”-metal
clusters are comparatively well understood, but that reactivity and physical prop-
erties are less well studied. Metal core transformations (modifications of a pre-
existing cluster) fall into both the synthesis and reactivity categories. A summary is
presented here, but as they have been reviewed elsewhere (see Refs. 4, 107-109),
the account below is necessarily brief. Section ILE.1. considers core transfor-
mations where the cluster core nuclearity is preserved, whereas Section 1LE.2.
summarizes reactions involving a change in core size.

1. Metal Exchange

Efficient routes into “very mixed”-metal clusters by metal exchange reactions
have been developed, principally by Vahrenkamp and co-workers. Metal exchange
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Mo ATS L 213K
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FiG. 36, Ar—S activation at lM()zC()j(/lJ'-S)(/l}*S)2((‘,())4(1]5—(‘5H4N[C)j|.

Co Co
: RSH. 110°C

Fii. 37, C=8 activation at IM()jC()j(,uyS)(/l}-S)3((‘())4(I]S—C5H4]\/1€)1L

. S ~ S

, Me ;
W . ¢ W : Me W
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—

F1G. 38, P—C formation at [W1Rh3(}l-CMC)(/L‘CMCC())(/l-(‘o)g(/i-PPhg)g(C())g(?)s—(‘d'ls)ﬂ‘
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reactions are those in which one or more metal-ligand groups of a cluster are
replaced by a different metal-ligand group to afford a new cluster containing the
same (otal number of metal atoms.' Although metal exchange reactions could
be expected to be quite complex, many reactions proceed by one-step processes,
with others occurring by multistep addition and substitution reactions involving
systematic addition and incorporation of organometallic units.* Specific classes of
reagents have been utilized to introduce the heterometal vertices by metal exchange
reactions:

A. Metal carbonyl anions/cyclopentadienylmetal carbonyl anions

B. Metal carbonyls/cyclopentadienylmetal carbonyls/nickelocene/
|Pty*-CoHy)(PPhy)|

C. Cyclopentadienylmetal carbonyl arsenides

D. Cyclopentadienylmetal carbonyl hydrides/chlorides

and Table VI contains a classification by each reaction type. The first two classes
of reagents have been by far the most popular; the arsenide and hydride/chloride
routes are considerably more limited in scope, with examples thus far confined to
the group 6 metals. The arsenide route has been defined mechanistically (Fig. 39).

The trinuclear clusters [Cos(u3-CRYCO)y| are the most common precursors
utilized in the “very mixed”-metal exchange reactions reported thus far (Fig. 40),

s /(‘0\ AsMe,
- N Py <— R <
N [M(AsMe)(COY(M -CsHs)| M _,;\O)
le—— ——=Co - '
~_. . M = Mo, W A
Co \ . e
) ITC ;
N
i
€O €O

("0' Fe

— M - \ : AsMe,
A .4 / S k
Co .
! ‘

Fi. 39.  Mixed-metal cluster formation employing [M{AsMe>XCO (7" -CsHs)l.
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86 WATERMAN et al.

as the Co(CO); unit is the most readily displaced group in metal exchange
reactions, 1728303602 T16T17.134 Early studies in this area have been reviewed:”
more recently, extensions to the metal exchange procedure have been explored us-
ing different 143-CR groups, and varying coligands on the metal exchange reagents.
For example, the reactions between |Coz(713-CR)(CO)y| (R = SiEt;, H, CI. Br) and
[M(COY("-CsHs)]™ (M = Mo, W) afforded [MC():(/L;—CR)(CO)x(1]5—C5H5)]. the
reactivity of the 1:-CR apical substituent resulting in low yields of the products.' s
The reactions of [Cos(;13-CPh)(CO)] and [M(CO)3(1 -CsH4R)|™ [M = Mo. W:
R = C(O)H, C(O)Me, CO,Et] afforded [MC()J(/z;—CR)(CO)X(175—C5H4R)]; incor-
poration of an electron-withdrawing group on the cyclopentadieny! ligand reduced
the activity of the exchange rcugem.] S

An alternative route to lMC():(/U-CR)(CO)g(zf—Cng)] (M =Cr.Mo, W:R=H.
Me. Ph) involving electron transfer catalysis has been demonstrated.''” Reaction of
[Cos(13-CR)(CO)y], the metal exchange reagent. and a catalytic amount of sodium
diphenylketyl under varying conditions afforded the desired clusters in good yield.
This reaction proceeded rapidly at room temperature, in contrast to the classical
metal exchange reaction which required heating in benzene for 3 days. ™

Many examples of sequential metal exchange at face-capped trinuclear clus-
ters have been reported. Two successive metal exchange reactions can afford
tetrahedral clusters which are chiral by virtue of having four different core con-
stituents (Fig. 40). Metal exchange can proceed by a further step; the cluster
[M()Ni:([l}-cpl'i)(CO)z(]]5-C5H5)3I5() is an example of metal exchange in which all
three Co(CO); units of the precursor cluster have been replaced with other moieties.

While the apical substituent in these clusters has usually been an alkylidyne
group. other face capping ligands have also been successfully employed. For
example, the clusters [MFeCo(;¢5-X)(CO)s(°-CsHs)| (M=Mo. W: X =S. Se.
PNEG). " ' MoFeCo(113-S)(CO)g( 5 >-CsHaR)| [R = C(O)H. C(O)Me, CO- Er).”*
IMoRuCo(;¢3-S)NCO)(1-CsHs) .7 and  [{MFeCo(13-S)NCO)(y -CsHy) |
(14-R)] M =Mo, W; R =2-CH>CH,CH-. 4—C(O)C(\H4C(O)Ig’§ were formed by
metal exchange reactions with [M'Cox(;03-XXCO)y| (M’ =Fe, Ru). itsell pre-
pared by metal exchange from the precursor cluster [Cos(j3-X)(CO)y] (Fig. 41).
The metal exchange products [MFeCo( 3-S)((‘,O)x(l)5—C5H4R)I (M=Mo,.W.R=
CHO, OMe., CO»Me) reacted with nickelocene in refluxing THF to afford
[MFeNi(13-S)CO)s(1*-CsHs)(5 -CsHyR) " [FeaCo(ue-H)(112-S)CO)).  pre-
pared from [FeCo,(143-S)CO)s]. reacted with IM()C](CO);()}S—C5H4MG)] to afford
[MoFeCo(i3-S)CO)(n°-CsHyMe)] and [MosFe(j3-SHCOY;(7™-CsHyMe), |
Similarly. reaction between [RuCoa(p3-SHCO)o] and Naz[(CO);M{ 1;5—C5H4C(O)—
4—C(,H4C(O)—1]S—C5H4}M(CO);] (M = Mo, W) has afforded the clusters [MRuCo
(13-SHCO)s{ 1 *-CsH4C(0)-4-CoH4C(0)-1-CsHy IMRUCO(143-S)(CO)g] in which
the exchange reagent links two cluster cores (Fig. 42).]22"3“’ and [MRuCo{ -
SHCORG-CsHIR)] M = Mo. W; R = C(O)H. C(O)Me, C(O)Ph, 4-C(O)CH,
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88 WATERMAN et al.

3 S0 0 P

Co
M= Mo, W

FiG. 42, Synthescs of linked clusters by metal exchange.

CO;Me] were obtained by metal exchange from the same ruthenium-dicobalt pre-
cursor and analogous functionalized (cyclopentadienylymetal  carbonyl
anions.'>*!** Related reactions of the selenido-containing cluster |[RuCon(p3-Se)
(CO)y} with the functionalized (cyclopentadienyl)ymolybdenum carbonyl anion
reagents afforded the analogous [MoRuCo(/u—Se)(CO)g(1)5—C5H4R)|. and with
the linked dianionic dimolybdenum reagent afforded [MoRuCo(43-Se)(CO)y(n-
CsH4C(0)-4-CHyC(O)-1- CsHy}MoRuCo(ya3- Se (COxX).™ A capping arsenic
atom has been employed; onc or twoMo(CO) (1°-CsHs) vertices in the trimolybde-
num precursor [Mos(p3-As)(CO)e( n -CsHs);] were replaced (Fig. 43). 127028 e
flexibility of this procedure has been further demonstrated utilizing clusters with
capping germylidyne groups (Fig. 44).'*

Metal exchange methods have also been utilized with alkyne-bridged (.]US[CI\
For example, [RUCOw(/t} 77 -RC-R'}CO)o} was the preLursOI to |[MoRuCo( 4 3- )) -
RC,RHYCO)( 11 -CsHs)] (R, R = Ph, Me), [MoRuNl(/u 177-MeC>Me)}(CO)s(n”-
CsHs)], and |MoRURh(t3-17°-MeCaMe )(CO)g(i°-CsHs)| (Fig. 45).'%

Although metal exchange procedures to afford “very mixed”-metal clusters have
been utilized most frequently with trinuclear clusters, reactions involving tetranu-
clear clusters have also been successful. The reaction of [Coy(p-CO)3(CO)y] with
[MH(CO);();' CsHs)| (M Mo, W) afforded the tetrahedral cluster [MCox(ui-
COR(CO)(1-Cs sHo " Aslmllarredctlon between [Coy(j-CO)3(CO)o(n 5135
CgHsMes)| and [Mo(CO);(n -CsHs)]» likewise afforded [MCo;(p-CO)3(CO)g
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[Co(CORM-CsHs)| \

[NI(COXN-C5Hi) ] ‘ i >

\ [Ptn3-C,H,)(PPh ), \\

3
PPh,

Fi1G. 43, Syntheses of arsenido-capped clusters by metal exchange.

()) -CsHs)|, together with [Mo2Coa(1-CO)3(CO) 7(7 -CsHs),] (Fig. 46). 132 The but-
luﬂydusterICl SPds (14 3-CO)H(14-CO)4(PPh3), (7; -CsHs)» ]redcted with [WH(CO),
(17°-CsHs)] to afford [CrWPda(j13-CO)(p-CO)4(PPh3)»(1°-CsHs)o] (Fig. 47)."%
The “spiked” triangular cluster {Re;Pt(u-H)3(CO),4] reacted with a range of metal
carbonyl anions ([HRex(CO)y] ™, [IMn(CO)s] ", [W(CO);(}]S—CsHS)]f. [Ca(CON] )
and metal carbonyl hydrides (|[ReH(CO)4(PPhs)|. [ReH(CO);(PPh;),]) to afford

R . R
Ge /‘ Ge
“ ) [M{AsMe 5)(CO) 1(1]5—(}115)] / ‘
Co— —— Co - M— ——
i \ /
\ (‘0/ Co

o ‘
FiG. 44, Syntheses of germylidyne-capped clusters by metal exchange: M = Mo, R = Me, Ph, Bu'";
M=W.R =Bu"
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in R G
Rl|<7( o - Ru<—'—7( o Ru—\*—7 Nj >

N T
Ca Mo Mo
(i)

Me Me

i Me Mo
C 4 ( f
i (IR )
Ru<———— \10“\ - ) u :
! U Mo
" {&/ N

Rh

FiG. 45. Syntheses of alkync-capped clusters by metal exchange: (i) [Mot(‘())}(z)i:(‘gH;)l .
R’. R = Me. Ph: [MoCICOY(n>-CsHs)l. R=Me. Ph. R’ =H; NE(. Cull. (i) [Ni(CO)y -CsHs) .
R =R’ = Me. (iii) [Fea(CO)* ™. R =R’ = Mc. (iv) DBU. [RR(CORCL]>.

“spiked” triangular cluster products. Mctal exchange at higher nuclearity “very
mixed -metal clusters may also be possible. but has yet to be exploited.

2. Core Expansion or Core Contraction

Reactions of clusters with mononuclear or dinuclear metal complexes {requently
provide a method of expanding the metal core nuclearity under controlled con-
ditions. The majority of medium- and high-nuclearity homometallic clusters has
been prepared from lower-nuclearity cluster precursors by thermolyses (“heat-
it-and-hope™) reactions. This is less true of the heterometallic clusters in this

N/
1

AN
\<

e
g

Co Cu

/ \ IMHECO N -Csbigh | IMotCOR-CaHs / \

g Y Meaw ~ (“\ |

Cu
/ Mo

T

FiG. 46, Syntheses of group 6-group 9 tetranuclear clusters by metal exchange.
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N— s \_——/‘
Cr \
/ \ [WH(CO),(*-CsHs) ] /
|7h3P Pd ——'—‘ Pd PPh, - Ph,p Pd————— PPh,
Cr

Fi1G. 47, Syntheses of group 6—group 10 tetranuclear clusters by metal exchange.

section, with three synthetic procedures employed extensively to afford a con-
trotled means of obtaining clusters of different nuclearity. Nucleophilic substitu-
tion by a metal complex nucleophile on a cluster, or a cluster nucleophile on a metal
complex (“redox condensation™), bridge-assisted procedures employing a variety
of flexible ligands. and Stone’s systematic stepwise assembly of medium- and
high-nuclearity cluster chains and stars have all proved highly successful. Table
VII collects “very mixed -metal clusters synthesized by expansion or contraction
of pre-existing cluster complexes.

The reaction of [M4(1-CO)3(CO)y] (M = Co, Rh) with [Cr(CO);(n°-PhC>Ph)]
{which has a pendant acetylene linkage) afforded products dependent on the pre-
cursor cluster, whereas the lighter cluster fragmented to afford |Cos(jt3, z;z:;]"—
PhC,Ph)(CO)Cr(CO);), the heavier cluster [Rhy(u-CO)3(CO)y| reacted by
expansion of the cluster core, yielding the crystallographically characterized
[CrRhy( 5. ;72:);(’—Phcgph)(/i—CO)g(CO)m]. with a spiked butterfly coordination
geometry (Fig. 48).1%

Sulfido bridging ligands can facilitate cluster expansion. Photolysis of the tri-
dnouldrclustels[Cvao(/u S)a(1£-SBuYCO)( 7} -CsHyMe)s] or [CraRh(p43-S)>( 4 -
SBu') z) cod)(n -CsHs);] inthe presence of [Fea(u-S)-(CO)q] afforded the clusters
|CryFesM(103-8)4(11-SBu'YCO)e(n°-CsH4R)» | (M = Co. R = Me:; M = Rh, R = H)
(Fig. 49). 157 Heating [CrgCo(,ug-S)g(u—SBul)(CO)g(775-C sHs)2] in the presence of
diphenylacetylene afforded the tetrahedral cluster [CryCo(t3-S)4(CO)( ;75—C5H5);].
rather than the expected substitution product.”’4 Sulfido bridging ligands can also
maintain some metal—metal connectivity upon Llusler fragmentation. Reaction of
the “bow-tie” cluster [CryNi(13-S)4(14-SBu'), (77 CqHs)_d and[COa(CO),,laﬁordcd
alower nuclearity cluster [CroCo(14-S)(13-S),(CO) 4(17 -CsHs)( -CsH4Bu')] with
a butterfly coordination geometry: this complex reaction also involves an un-
usual transfer of a tertiary butyl group from the p-SBu' ligand to one of the
))5—cycl()pentadienyl ligands (Fig. 50).'%
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“Very Mixed"-Metal Carbonyl Clusters

o

v
[Co,(1-CO) {(CO |
<. , C cph
|
c
th_‘(H*CO);(COh)I
N Ph

Rh;

97

Rh

FiG. 48.  Core expansion using a pendant acetylene group.

Expansion of the capped octahedral [Re7(/1(,—C)(CO)3[]3’ with platinum group
electrophiles has afforded the clusters [ResM(146-CHCO) (L) (M =Pd.
L=C:Hs:'®" M=Pd, L=y’-1-phenylallyl;'” M=Pt, L= 5"~ I-methylallyl:""’
M=Pt, L=Me;'"""). with 1.4-bicapped octahedral coordination geometries

(Fig. 51).

[Fesip-81,1C 0y,

A R ) N »

7o)

Cr—

\ T M —
Bu's / s

R

FiG. 49.

[Fe y-S1,0C0), |

Core expansion using |Fex(1-S):(CO)e|: M =Co. R =Me; M =Rh. R =H.
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N N/ S
(‘!; S S Cr Co
\ / ‘ l [CoCOy |
Bu' S e N'\ 5 Bu .
~ ™~ S
Cr S S '
P ——

Fiai. 50, Reaction of [(‘1‘4Ni(/1_;fS),L(/z-SBu‘)311)57(‘;H5)4] with {Cox(CO|.

A number of mononuclear and binuclear rhenium complexes have been utilized
in the formation and expansion of mixed platinum-rhenium clusters. Reaction of
the coordinatively unsaturated cluster [Pty(u 3—CO)(/L—d[)[)lH)3]2+ with [IM(CO)s]
(M =Re, Mn) afforded the tetrahedral clusters [MPts(z-dppm)z(CO)3| T, unusu-
ally short metal-metal bond distances being noted for the rhenium example
(Fig. 52).""" The Re~Pt clusters formed from the columnar clusters [{Pt(j-
CO);(CO);}nlz” (n = 10) are dependent on the nature of the rhenium complexes
utilized. For example, reaction of I{Pt;(/t—CO);(CO)}}n]} with {Re(CO)s] af-
forded [Re4P1(CO)]7]37. with an edge-bridged butterfly (“swallow™) core geo-
metry.m whereas reaction with [Res(p-HYH)-(CO)gj  afforded [Re;Pt(;i-H)
(CO)I;]2 “with a butterfly core geometry (Fig. 53).'52 [Re-Pt(1i-H)>(CO)g(n4-cod)|
was prepared by reaction of [Pt( 174—c0d)3] and [Rex(p-HW(CO)]: it reacted with
[Rea(1-H)»(CO)g] in the presence of Hs to afford the structurally characterized
[ReyPt(1t-H)o(CO) o], with a bow-tie core geometry (Fig. 54)."" In a related se-
ries of reactions, reaction of [RegPl(u—H)z(CO)3(174—c0d)] with metal hydrides
or metal carbonyl anions caused displacement of the i*-cod ligand and expan-
sion of the metal core nuclearity, affording the spiked triangular clusters
[ResPt(i-H)»(CO){M’}] |{M'} =Mn(CO)s, Re(CO)(PPhy), Re(CO)5(PPhz),.
W(CO);(I}S—CSHS), Co(CO),] (Fig. 55).72‘77’ High oxidation state rhenium pre-
cursors can also be successfully employed; reaction of [Pts(11-CO);(PCy3)3] with

1 I

Rc'\i Rc\ /cy L\
: Re///Rf[ c%?‘“‘ IM(LIC or [PMe,l S R%'/cxl:}/'“
\/ A

FIG. 51. Core expansion of [Rez(pa-CHCO)2; I“‘" using platinum group electrophiles: M = Pd,
L=0y*1 -phenylallyh. M =Pt [.= (173-2-111cthylullyl). M =Pt, L = Mes.

Re M
‘ L
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1 I}

Ph,P ‘CHZ PPh, IM(CO)s| Ph,P o - \P PPh-
TP Pt o= t —=PM
h.pP :Pl; PPh, M = Mn. Re Ph,P \P[/ PR,
C P P C B C P P C
Hy Ph,  pp, 2 Hooophy oy, Ho

FI1G. 52. Core expansion of [Pt;(/z3—CO)(/L—dppm)3]3* A

39}

‘l:
3y " P1
“‘\ / [Re(COy51 - : \\ / \

R Pl———p,

N —n
\ e [Rea(u-IH{HIHCOY]

Re—— R
p[\ —/“"I’l N /
Pt /l
R¢ —————— Pt

FiGi. 53, Mixed rhenium-platinum cluster syntheses utilizing [{P(ji-CO(CO)s, ) ]2".

R LI K
P ‘ H
‘\ / [Res{i-H)CO)| \ ///
i - _Z
Ré / ke

FiG. 54, Core expansion of [Re;Pl(/l—H)g(CO)x(1]4—cod)].

M

I H MY H /
Re oo o Rc‘ Pt

Fig. 55, Core expansion  utilizing IRcth(/t—H)g(C())x()]4~C()(1)]: M =|Mn(CO)s] .
ReH(CO)4(PPh3)], [ReH(CO):(PPhy)a ], [W(CO )%(7]S-CSH5)]7.IC()(C()D4]7.
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—I +
(‘.\';P |)('), H .

Re O
\ / [ResO, _ ¥3 0 O b ¥,
b vl p \ / W POy,
1 - l\ /H 3
Pt

PCYy,

FiG. 56, Reaction of [Pt(;-CO)3(PCy3)3] with |[Re2(CO)5 .

[Re-04] gave [RePtg(/t—O)g(u—OH)(CO);(PCy;)ﬁt]*, structurally characterized
with the unusual bi-butterfly core geometry shown in Fig. 56.17°

The rectangular cluster [Pd4(/x—OAC)4(/1—CO)4]2* has acetate groups which
are rcadily displaced; reaction with [Mo(CO);(;)S-CsHS)]" afforded |MoyPd4( 4 5-
CO)4(/1—CO)g(115—C5H5)4]2’ with a tetra-edge-bridged square core geometry, and
the palladium atoms in the unusual +1/2 oxidation state,'®*'*® whereas reac-
tion with [MH(CN)(CO)Q(I]S‘CsH;;MG)]» gave [Mn4Pd4(;4»NC)4(CO)|3(7)5'C5H4
Me),]."*" which consists of two MnsPds chains linked together by bridging CN-
moieties (Fig. 57). The V-shaped cluster [WPda(143-COXp-COY(p0-OH)(Ph):
(PPh3)2(1°-CsHs) ] reacted with [WH(CO)3(1°-CsHs) | to afford the butterfly cluster
[W5Pds(113-CO)o(u-CO)4(PPh3) (1 -CsHs)a 1. The closely related clusters
[MaPds(;¢3-CO)(1-COY(PR3)(1 -CsHs)a| (M =Cr, Mo, W: R=Pr', Et) were

0 0
Pl——
O O
O O
Pd———p4
O O
IMatCOr ™ -Csl] [MBCCNICO )07 -CH M|
| —|1—; . \
N/ .
M
Mo
/ \ / (
e ] NOoPdN
¢
/ ™ Mn
I M © Mo \m —pd
Mao
N e
x| N

Pd Pl ‘
\ / . S
Mo
\ Mn

FiG. 57, Core expansion utilizing |Pd4,(/1—(‘())4(/4~O/\c)4|3 i

\
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formed by nucleophilic displacement of chloride by [M(CO)(1°-CsHs)| ™ at
[MPda(23-CO)(j1-CH(p-CO)(PR3)2(1y-C5Hs)1.

As was mentioned in the introduction to this section, purely thermolytic pro-
cedures have been seldom employed to afford higher nuclearity “very mixed -
metal clusters. Heating [W:Ir2(CO), 175—C5H5)3] in refluxing tetrahydrofuran af-
forded the heptanuclear cluster [W;Iu(u—H)(CO)|3(7;5-C5H5)3] in a very poor
(19%) vyield."™ On thermolysis, the clusters [Mos(13-AsNCO)e(n -CsHyR)s|
(R =H., Me) provide a source of MoAs(i’-CsH4R) fragments which can combine
with suitable organometallic reagents; thus, reaction with [C()(CO)](I}S—CSHS)]
afforded [MoCo3(1t3-As)(13-CO)(1>-CsHs)3(7°-CsHaR)1.'Y7 whereas reaction
with [Rh(CO)g()]S-C5H5)] (R=H)gave IM()Rh4(/43—As)(/t3—C())3(CO)(1]5—C5H5)5]
(Fig. 58).°° In contrast, photolysis of [Mo;(/u«As)(CO)(,(I]S—C5H5)3| in the

: Ce
~.
o
- —
R ()
. , /
Mo Rh

i As i
(i) / i &
. ,\\ R“h\ § /;Rh
v
R < © Mo NMo [ R ‘ /_)j/

Rh
o 7 N

L

Ni N~/

7
Mo \

A
Ni Mo —— Mo [
F1G. 58, Core expansion utilizing [I\’l();(/t;—AS)(CO)h(I]S—CV;H_;R)j]Z (i} A. [CO(C())Q(;]S—CgHs)].
R =H. Me. (ii) A, [RR(CO)~(y°-CsHs). R = H. (iii) hr. INICOV -C5Hs)]o. R = H.
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~ -/

Mo

IM0(CO) 0 CH )] ‘ /\
< ; Ni/\ /.\'i
‘ Ni
I~

FIG. 59, Core expansion of [Ni;(/13{‘0)3(1157(‘5H5)3I.

'

presence of I_Ni(C())(uS-Cng)]g afforded the metal exchange product [MoNis (4 5-
AS)CO)(-CsHs)s] together with [MogNia(ria-As)(3-As)HCO)7(17-CsHs)e .
shown crystallographically to consist of Moz and MoNi triangles linked by a
J-As bridgg.'28 The triangular cluster [Ni;(u;—CO)g(175—C5H5)3] reacted with
[Mo(CO)3(57°-CsHs) > by core expansion rather than metal exchange, affording the
paramagnetic [ MoNis(3-CO)sf );5—C5H5)4] (Fig. 59): structural characterization of
the analogue [MoNi;(u;—C());(z;s—CsHs);(;/5—C5H4Mc)] (prepared by an alterna-
tive route from dinuclear precursors) confirmed the tetrahedral core geometry. ™

Braunstein and co-workers have demonstrated the utility of carbonylmetalate
anions and dppm-stabilized triangular mixed-metal clusters as precursors to clus-
ters with spiked triangular core gcometries, with the products retaining the face-
capping and bridging ligands of the mixed-metal precursor (Fig. 60).7714314 The
exocyclic metal-metal bonds can be cleaved in some instances, carbon monox-
ide and halide reacting with the “spiked™ triangular clusters by loss of the ligated
metal spike."“lz Reaction ()f[M();Pl(CO)(,(NCPh)g(1]5—C5H5)3]. with one equivalent
of dppe proceeded with cluster core expansion to afford the spiked triangular cluster
[M()gPlg(CO)(,(dppc)(7}’-C5H5)3], with the bidentate ligand chelating at a platinum

Ph,P  [M] Ph,P M
H.C y H,C / | \
Ph,P Ph,p M|
: X IM"} yd
M————pd - M————p(
p p p p
Ph, ¢ Ph, Ph, ¢ Ph,
H, Ha

FI1G. 60. Mixed-metal clusters from carbonylmetalate anions and dppm-stabilized triangular clus-
ters: M = Pd, Pt. [M'] = Mo(>-CsHs). W(57-CsHs). Mn(CO). Co(CO). (M ] = [Mo(CO(7-CsHs) .
[W(CO)301*-CsHs)1. IM(CO)s]. [Co(COY] X =CLL L
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atom.'** Similarly. the palladium-containing analogues [MaPd(CO)(NCPh)y(17°-
CsHq)y] (M=Cr, Mo, W) reacted with phosphines to give the isostructural
[szdg(co)()(PRg)z(I']S-C5H5)31.4‘) In contrast, the platinum-containing chain com-
plexes [MgPt(CO)f,(NCPh)g(n5—C5H4R)2] (M =Mo, W; R=H, Me) reacted with
phosphines to afford the butterfly clusters |sztg(ﬂg—CO)(H-CO),;(L)g()}s—
C5H4R)2J [L: phOSphiHCS. PthCHgPPthn(CO)z(7)5—C5H4Mc)].4“'

As can be seen in Fig. 40, a significant number of mixed-metal clusters have
been derived from the triangular cluster [Coz(143-CR}CO)qy]. Whereas further treat-
ment with molybdenum, tungsten. or nickel complexes usually induces additional
metal exchange, trealment of [MoCoa(j43-CCO-Pr' XCO) g(l} -CsHs)l, [M()le(/u-
CCO-PFHCO)(1°-CsHs)3l. or [MoCos(i3-CCOPr)(1.-COYCO)(1°-CsHs)s)
with [Fea(u- CO)z(CO)()] resulted in cluster expansion k)lmlm_ [MoFeCos(fe4-
CCO-Pr' )(CO)”(;; -CsHs), [MOFeva(/Lz CCO-PYCO)5(7-CsHs)z],  and
[MoFeCos(3- CCOgPr)(CO)S(n -CsHs)s], respectively, w1th butterfly coordina-
tion geometries (Fig. 61).°° Similarly, photolysis of [MRuCo(st3-7°-MeC>Me)
(O)x(n— CsHs)| (M Mo) in the plescnu of [Fex(;1-CO)3(CO)q] afforded
|MoFeRuCo( fts- 17 -MeC>Me)(CO) m(? -CsHs)]. and both the molybdenum and
tungsten-containing clusters  reacted with [Rh(CO) 1(n°-CsHs)| to form

CO,Pr
¢
‘/ [Fes(COY|
: ‘Mo\ — M /
: M
[Ml/ (M] Mo
[M} = Co(CO);. NiCp
. S
CO,Pr
‘ Co
¢

‘/ ‘ [FCz(CO)t)I
~ Mo
\ / Pr |() ( \ /
/——\

FiG. 61.  Core expansion of alkylidyne-capped clusters.
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FI1G. 62, Core expansion of alkyne-capped clusters.

MRuCoRh(s¢3-77-MeC,Me)(CO)7(5>-CsHs):] (M =Mo, W) (Fig. 62).'* In a
similar fashion, metal exchange with [Ru(CO) 1>~ and [OS(CO)4I*~ at IMCo(pu 3-
CMG)(CO)x(I}S—C5H5)] (M = Mo, W) afforded as by-products the core-expanded
products [MgCOz(/LrI]Z—MCCQMC)(CO)x(l}S-C5H5)3].3() The tetranuclear clusters
[MM'Cos(p1-E)(j1-AsMea )X CO)s(1°-CsHs)| (M = Mo, W; M’ = Fe, Ru, Co; E=
S. PR, CR: R=Me, Ph, Bu"; not all combinations) and [MM'M"Co(t3-S)(1-
AsMeg)(CO)7(nS—C5H5)3] (M. M"=Mo. W; M" =Fe, Ru: not all combinations)
reacted with CO under slightly elevated pressures with core fragmentation and
elimination of a Co—As unit to afford trinuclear products; at normal pressure.
tetranuclear intermediates corresponding to addition of CO and rupture of two
metal-metal bonds are observed.'*!

Stone and co-workers have reported the systematic expansion of group 6—group
10 clusters using lM(?]Z-COd)j] (M = Ni, Pt) and [LM'(CO)»(=CR)} (M’ = Mo.
W: LZI]S—CSHS. 7)5—(75Mc5; R =Me, Ph, C,Hs;Me-4). This work has been re-
viewed elsewherc” and will be summarized only briefly here. Figure 63 reveals
the logical formation of chain complexes of three, four, five. six. seven, ninc,
and eleven metal atoms under mild conditions,*!'#3:40- 199130133, 136. 160165 4 hjg
methodology has been extended to embrace other metal-ligand systems (c.g.
[Ru(CO)4(1*-C>Hy)]. a source of the Ru(CO), fragment).* More recently. this
work has been cxpanded to include metallacarborane cluster compounds with
the preparation of [MoW Pt (1t ;;—1)7—7.9-1\/[63—7,9—(‘,38 10Hg-12-0C)(j4:-CCH Me-
4)([L-CC(,H4MC~4)(/L-C())Q(C())s(I]S—CsHsigl (Fig. 64).">% and tungsten-rhodium
examples, with the preparation of [W:Rha(7¢5-CMe)(£-CMe){ 11-C(Me)YC(O) § (-
CO)»(11-PPh1),(CO) 7]S-C5H5}3] trom | WsRha(j0:-CMe) { 11-C(Me)C(O)  (pe-CO)
((-PPha)»(CO)a( 5 -CsHe o |52 197 Attempts to extend the lengths of chains beyond
seven metal atoms resulted in chain cyclization to form macrocyclic “star™ clus-
ters in instances where the heptametallic precursor has terminal tungsten carbyne
groups (Fig, 65),130 160164165 15, the chains can be successfully extended if the
heptametallic intermediate has terminal [Pt(n*-cod)] groups (Fig. 63). a result
attributed to differing chain conformations.
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Me, [~u -CsMes. (vii) [W(ECR (COR(L)], 3 atm CaHy: M =Pt: M= W: R =Me: L_; -CsHs,
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(ix) 2] WECMe N(CO)(7°-CsHs) |- M/ = Mo, M” = W: L = »°-CsHs. ( x) 2.4 Pty -cod ). 3 atm C-Hay,
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FiG. 64, Metallocarboranc-containing mixed-metal cluster core contraction: B-bound H's omitted

for clarity.
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W K
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FiG. 65, ~“Star” clusters: (a) M =Mo, R =CoHyMe-4: M =W, R =Ph. (b)) M=PL. M =Ni. M" =
W. R =C¢H;Me-4. Ph: M=Ni, M'=Pt. M =W, R =C¢H;Me-4, Ph; M= Ni, M’ =Pt. M = Mo,
R = CoHyMe.

F. Catalytic Studies

Research into cluster catalysis has been driven by both intrinsic interest and
utilitarian potential. Catalysis involving “very mixed”-metal clusters is of partic-
ular interest as many established heterogeneously catalyzed processes couple mid
and late transition metals (e.g., hydrodesulfurization and petroleum reforming}.
Attempts to model catalytic transformations arc summarized in Section ILF.1.,
while the use of “very mixed-metal clusters as homogeneous and heterogencous
catalysis precursors are discussed in Sections I1.LF.2. and I1.LF.3., respectively. The
general area of mixed-metal cluster catalysis has been summarized in excellent
reviews by Braunstein and Rosé:;'"'% while the tabulated results are intended
to be comprehensive in scope, the discussion below focuses on the more recent
results.

I. Modelling Catalysis

Reactivity studies of organic ligands with mixed-metal clusters have been
utilized in an attempt to shed light on the fundamental steps that occur in het-
erogeneous catalysis (Table VIII), although the correspondence between cluster
chemistry and surface-adsorbate interactions is often poor.'® While some of these
studies have been mentioned in Section 11.D., it is useful to revisit them in the con-
text of the catalytic process for which they are models. Shapley and co-workers
have examined the solution chemistry of tungsten-iridium clusters in an effort to un-
derstand hydrogenolysis of butane. The reaction of excess diphenylacetylene with
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Mn ;o . S \10 ‘

FIG. 66.  Desulfurization of thiols by [Mo>Cos(714-8)(713-S) ((());1: -CsHyMe)s ).

[WIry(CO); (1°-CsHs) | afforded two products, one of which, [WIr;(y13-CPh)(p-
CPh)(u—r;“l—CPhCPhCPhCPh)(CO);(115—C5H5)]. has an open (butterfly) core with
the tungsten atom at the “hinge™ position; the alkyne ligands have undergone cither
C=C scission to give (- and p-coordinated alkylidyne moieties or dimerization
via C—C coupling to give an mdacyclopcmadlenyl system (sce Fig. 27).9% The
related Lluster[leh(CO)l(,(l -CsHs)»] has also been reacted with diphenylacety-
lene and yiclded two products, one of which has allylic and phenylmethylidyne
fragments resulting from C=C scission and C—C bond formation.” These trans-
formations are believed to illustrate processes involved in butane hydrogenolysis
over the cluster-derived catalysts, as experimental studies suggest C— C cleavage
of an adsorbed dehydrogenated intermediate in ethane hydrogenolysis.®

Curtis and co- workers have studicd the reaction of organosulfur wmpound\
with [M0sCos(j14-5)(143-$)2(CO)4(i1°-CsHaMe)a | and [Mo2Cos(j3-S)(CO (1 -
CsH4Et)] to understand the desulfurization process. The reaction pathways that
lead to C—S scission have been compared to the commercial hydrodesulfuriza-
tion reactions with alumina—suppmted “MoCoS™ catalysts. The bimetallic cluster
[M0,Conl pt 4-S)(j43-S CO)4(1 -CsHyMe),] desulfurized thiols to parent hydro-
carbons and the Lubane cluster {Mo2Coa(£3-S)(CO)(" e sHyMe)s]| (Fig. 66):
thiophene desulfurization products were saturated and unsaturated C—C, hydro-
carbons, and isothiocyanates were desulfurized to RNC, which replaced a carbony]
ligand aﬂordm;: isocyanide-coordinated clusters {MOwCow(/u SH3-S):(CO)s
(CNR)(n°-CsHyMe)o] and [M02Coa( 1 3-S) s CNR)(CO) (5 -CsHyMe), .1 Kine-
tic and mechanistic details of the thiol desulfurization reactions have also been
investigalcd.“)4

Reaction of thiophenol with [M()gCOg(/l}-SM(CO);’())S—C5H4El)3| formed the
electron-deficient, paramagnetic cluster [M()gC()g(/l}-S)4(SPh)j(I]S-C5H4E[)3].
which, in the presence of CO, regencrated the original carbonyl cluster and af-
forded PhSSPh. The combination of these two reactions constitutes the basis of a
catalytic cycle (Fig. 67).0%%

Supported bimetallic Re—Pt catalysts are important in selective reforming of
petroleum. It is believed that sulfiding the catalyst before use gives ReS units
which act as inert diluents to reduce the size of a local ensemble of platinum
atoms. Selectivity for desirable dehydrocyclization and isomerization reactions
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2 PhSH
PhSSPh -

2C0

5

FIG. 67.  Conversion of thiophenol to diphenyl disulfide by [Mo>Cos(743-S1(CO)(7-CsH4ED- .

is thereby increased, and hydrogenolysis of alkanes, which requires several ad-
Jacent platinum atoms, is diminished. Metalloselective sulfidation of rhenium in
Re—Pt clusters has been studied as evidence for these hypotheses. On reaction
with propylene sulfide, one or two sulfur atoms were added to the tetrahedral clus-
ter cation [RePtg(/z—dppm);(CO)gﬁ, to give [RePt3(1-dppm)a(S),(CON»] " (n=1
or 2). Reaction under mild conditions of one equivalent of propylene sulfide gave
a cluster with a rhenium-coordinated sulfur atom and propene: a second propy-
lene sulfide was then desulfurized to give a cluster with two face-capping suifur
atoms bridging RePt faces, and another propene molecule.™'"® A similar sulfi-
dation of the oxo clusters [RePts(443-O)(p-dppm)3(CO);] " and [RePt3(745-0)a(ji-
dppm)3(CO)3]" with propylene sulfide has recently been studied; an equivalent of
propene was generated and the sulfur coordinated in a ps-fashion with a decrease
in metal-metal bonding in the cluster complexes (Fig. 68).'"

2. Homogeneous Catalvsis

Homogeneous catalysis by transition metal clusters has been reviewed from the
perspective of the specific transformations.'”" Examples of very mixed-metal clus-
ters catalyzing processes homogeneously are collected in Table IX. As is generally
the case with homogeneous catalysis, the catalytic precursor is well defined, but
the nature of the active catalyst is unclear.

Sulfided bimetallic clusters which mimic the metal composition of commer-
cial hydrodesulfurization (HDS) catalysts have been prepared and their homo-
geneous catalytic behavior studied. Reaction of thiophenol with [M02Co,(/¢4-S)
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FiG. 68.  Desulturization of propylene sulfide by [RePts(ji-dppm)s(yi-CO)3) .

(H.}-S)2(CO)4(7]5-C5H4MC)2] under catalytic conditions (1000 psi CO, 150°C) af-
forded only a stoichiometric amount of HDS products; PhSSPh is formed catalyti-
cally. The cluster regeneration step involved desulfidation by CO to give COS
(Fig. 14).7® Under the same conditions, [Mo:Co;(u;-Sh(CO)g(175—C5H4Et)3,] was
reacted with thiophenol to yield PhSSPh (171 %. based on cluster) and PhS(CO)Ph
(161%). The residual organometallic product was recrystallized to give [Mo,Cox
(13-$)a(SPh)a( ™ -CsH4ED, | (57%).

The octanuclear cluster NagiMO4Pd4(/L}—CO)4(/L—CO)K(I}5-C5H5)4I was found
to catalyze dehydration of aliphatic (MeOH, EtOH, Pr"OH, Bu'CH,OH) and ary-
laliphatic (PhCH>OH, PhoCHOH) alcohols. Dehydration proceeded slowly under
mild conditions (60-80" C) in alcohol solutions containing the catalyst under an
argon atmosphere: an acidic medium was not required. Alcohols having no hy-
drogen atom in the w-position were unable to undergo climination. All the data
available suggest that the reaction proceeded via oxidative addition of the alcohol
across the Mo—Pd bond and proton transfer to give an intermediate carbene species
(Fig. 69). The same cluster was inefficient in the hydrogenolysis of alcohols.'®

3. Heterogeneous Caralvsis

. . . . 187189
Heterogeneous catalysis by metals has been of long-standing interest,

with bimetallic catalysts a particular focus.'™ Transition metal carbonyls have
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FiG. 69.  Dehydration of alcohols by lM(uPdu/u—CO)J,(CO)g(lzﬁ—CsHs)Hz .

altracted attention as precursors to active catalysts,]q] with heterometallic clusters
being examined as precursors to bimetallic particles of controlled stoichiometry.
Examples of heterogeneous catalysis by cluster-derived species are collected in
Table X.

A MgO-supported W—Pt catalyst has been prepared from |W,Pt{CO)o(NCPh),
(I}S—C5H5)3] (Fig. 70), reduced under a Ha stream at 400" C, and characterized
by IR, EXAFS, TEM and chemisorption of H,, CO, and O,. Activity in toluene
hydrogenation at 1 atm and 60°C was more than an order of magnitude less for
the bimetallic cluster-derived catalyst, than for a catalyst prepared from the two
monometallic precursors. 1o

A silica-supported catalyst was prepared by anaerobic impregnation of
|Moth(/L—CO)(COM(:]S—CSHS)3] (Fig. 70) from CH-CI5 solution, followed by
evacuation at room temperature. Decomposition processes were observed at the

l‘)!‘w > Mo————M ( : 0
/ W i\"‘x W J \ x}\y

% , g
N / Rh/ M 2

Ph M=Mo W ~——

/

h Mo . } RN /
/’\ /\\ Rie pe Re \"1"\f/"!\> m&
e |——Mo Ii—{-—Mo e
S~ / \h/ ‘ / Ph,p

FiG. 70, Cluster precursors to heterogencous catalysts.
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beginning of the CO hydrogenation at 1 MPa in the flow reactor. At 523 K the
decomposition was complete and the catalyst exhibited slightly smaller activ-
ity (ca. 50% conversion) compared with conventionally prepared samples, but
higher selectivity toward oxygenated products.]()3 This has been extended to in-
clude the tungsten-containing homologue. Hydrogenation of carbon monoxide
on both molybdenum- and tungsten-promoted silica-supported rhodium catalysts
has also been compared employing both monometallic and cluster catalyst pre-
cursors. The silica-adsorbed clusters [Mth(,u—CO)(CO)4(1]5—C5H5)3} (M = Mo,
W) were activated at 473 K in H, and the catalyst characterized by FTIR, CO
chemisorption, temperature-programmed reduction (TPR), and EPR. A signifi-
cant increase in activity was observed with the presence of a group 6 metal as a
promoter, relative to that observed for a monometallic-derived rhodium catalyst.
The use of these heterometallic clusters as catalyst precursors prevented the for-
mation of active sites responsible for CH,4 production, increasing the proportion of
oxygen-containing products.'” Curtis et al. have supported [MosCos(pt4-S)(ji3-
$)(COY(*-CsHyMe)s] (Fig. 70) on the refractory oxides Al,Os, SiOa2. TiO»,
and MgO. and subjected them to temperature-programmed decomposition (TPD)
under H,. Evolution of CO commenced near 100°C, followed by evolution of cy-
clopentadienyl ligands from 180 to 400 C, together with small amounts of CO»,
CH,. and Me,S. The alumina-supported catalyst was used in the hydrodesulfuriza-
tion of thiophene. and its activity compared with the commercial Catalco catalyst.
Product distributions and activities of both catalysts were nearly identical; the
cluster-derived catalyst showed a greater increase in activity upon presulfiding.
while cracking activity was enhanced in the reduced form.'”®

The tetrahedral heterometallic clusters [M()ll‘}(/l-CO)](CO)x(l}S-CSHg)] and
[Mozlrg(/l,—CO)g(CO)ﬂ775—C5H5)3| (Fig. 70) have been deposited on alumina, and
methane evolution profiles observed during activation in H,. Materials with compa-
rable metal compositions were prepared from stoichiometric mixtures of
[Iry(CO)y5] and [MO:(CO)(,(]}S—CSHS)Q]. All the Molr catalysts were active for
the hydrogenolysis of n-butane at 215°C; the [Molrs] catalyst exhibited enhanced
activity (5-10 times) over the [Iry + 2Mos] sample, but selectivity toward ethane
production (70-75%) was the same for both. In contrast, the |Moalr] catalyst
showed greater selectivity for C; and C; production (ca. 50%) but activity com-
parable to [Iry + 2Mos|. Metal-metal interactions in the activated materials were
characterized with the use of Mo K edge X-ray absorption spectra.™"

A catalyst supported on y-AlL,O; was prepared from [Re-Pt(CO)»] (Fig. 70)
and characterized by IR, X-ray photoelectron spectroscopy (XPS), and TPR. The
chemisorbed cluster was treated with H, at about 150 C resulting in fragmentation
and tformation of rhenium subcarbonyls; at 400°C the sample was completely
decarbonylated. A catalyst prepared from a mixture of |Rez(p-H)3(CO)»| and
[PtMcﬂ:f—cod)] and treated under equivalent conditions showed the rhenium to
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be present in a high valent cationic form and the platinum in a metallic form. The
platinum is believed to facilitate the reduction of rhenium and is likely to be near
the rhenium in the sample prepared from [Re-PH(COY,5 .2

Dehydration of methylcyclohexane in the presence of a {Re;Pt(CO) 5 ]-derived
catalyst and catalysts derived from |Pt(NHz)-](NO;z)> and [PUNH:)-|(NO3)-> +
NH.[ReO4] has also been examined. The alumina-supported cluster was decom-
posed under flowing H> at 400°C for 4 h. The catalysts were similar to each other
in their selectivities for the dehydrogenation of methyleyclohexane and were char-
acterized by high initial conversion (>90%) to toluene. The catalyst made from
[Re:Pt(CO),»] was found to be more resistant 1o deactivation than catalysts pre-
pared conventionally from rhenium and platinum salt precursors. Characterization
by EXAFS revealed the cluster-derived catalyst to be more highly dispersed than
the others: its resistance 1o deactivation was attributed to the role of rhenium in
stabilizing the dispersion of the platinum.m4

MgO-supported model Mo—Pd catalysts have been prepared from the bimetallic
cluster [Mo,Pds(743-CO)(14-CO)4(PPh3)+(177-CsHs)s | (Fig. 70) and monometallic
precursors. Each supported sample was treated in H» at various temperatures o
form metallic palladium, and characterized by chemisorption of H., CO, and O-.
transmission clectron microscopy. TPD of adsorbed CO. and EXAFS. The data
showed that the presence of molybdenum in the bimetallic precursor helped to
maintain the palladium in a highly dispersed form. In contrast, the sample prepared
from the monometallic precursors was characterized by larger palladium particles
and by weaker Mo—Pd interactions.™"

i
PHYSICAL MEASUREMENTS

A. General Comments

The focus of research on “very mixed’-metal clusters has been on their synthesis
and structure, and the limited physical measurements of these clusters have thus far
been largely restricted to fluxionality and electrochemical investigations. Studies
of ligand fluxionality are summarized in Section IIL.A. and reports of electrochem-
ical investigations are reviewed in Section IIL.B. The few reports of the magnetic
behavior of these clusters are discussed in Section I11.C. 1., and theoretical studies
are summarized in Section I11.C.2.

B. Fluxionality

Ligand fluxionality on metal clusters has been the subject of many studies,
the majority of reports focusing on carbonyl migration on homometallic tri- and
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tetranuclear clusters."=™ *'* Extending fluxionality studies to mixed-metal clus-
ters affords a significant advantage; mechanistic details may be more accessible
due to the decreased symmetry and effective labeling provided by introduction of
the heterometal. Additionally, though, activation energies for ligand scrambling
in mixed-metal clusters may differ markedly from those of their homometallic
analogues, and it would be expected that this difference will be accentuated utiliz-
ing “very mixed”-metal clusters. A combination of decreased symmetry, labeled
core nuclei, and differing energetics for processes involving metals with disparate
electronegativities may permit discrimination of fluxional pathways not possible
in homometallic clusters. Despite these significant advantages, comparatively few
reports of fluxionality at “very mixed”-metal clusters have appeared.

Three major classes of fluxional behavior are commonly observed in clusters:
(A) Metal localized scrambling. usually seen in M(CO); or M(CO)-L groups.
(B) Intermetallic ligand migrations. usually involving CO or hydrides (although
examples with phosphines and alkynes are extant) and proceeding via edge-bridged
or tface-capped intermediates. (C) Metal framework rearrangements. Examples of
all three classes of fluxional behavior have been observed at “very mixed”-metal
clusters. It should be emphasized that absolute atomic motions are not accessible;
considering ligands rotating around a fixed metal core or a metal core rotating
within a fixed ligand polytope are equally valid viewpoints (the latter has been
documented in the solid state: see, for example, Ref. 205 ). The former description
has been utilized far more often in literature reports and, following this convention,
this review summarizes specific cases in terms of ligands exchanging by rotating
around a metal core where possible.

Table XI summarizes reports of ligand fluxionality at “very mixed”-metal clus-
ters. A number of studies (c.g., Refs. 28, 81, 116, 213, 214) have reported that
both metal-localized and global carbonyl fluxionality occur but give little mecha-
nistic detail. The following discussion focuses on the examples for which detailed
studies have been undertaken and/or those for which mechanistic speculation is
available.

A number of examples of metal-localized ligand scrambling have been docu-
mented. Rotation of the Ru(CO)3(775—C5H5) units about the Zr—Ru bonds in the
V-shaped [ZrRuz(CO)4();5—C5H5)4] resulted in equivalence of the carbonyl ligands
(Fig. 71 )21 replacing the cyclopentadienyl ligands by CH,(CH>NSiMe;), reduced
significantly the barrier to rotation in the ruthenium-containing analogue and its
iron-containing homologue.m A similar rotation of the W(CO)Q(I]S-C5M€5) group
in [WCOQ(,u;-CC()H4Me—4)(CO)g(175—C5Mes)] has also been noted.”'® A detailed
study of the rotation of the M(CO)Q(?’]S-C5R4R') vertices (M =Mo, W; R, R"=H,
Me) in [MCox(13-CCO-Pr'YCO)6(L)(7™-CsR4R")] (L = 2CO, PhoPCH,CH,PPh,,
Ph>-AsCH,CH,PPh-) 17-116 revealed that the barriers to rotation of the group 6 metal-
containing vertices in these clusters (37—42 kJ mol ™'y are similar to those of the
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L.Zr

FiG. 71. Rotation of the M(C()_)z())i—(,‘,gH;) units about the Zr—M bonds: M = Fe, Lg:uzA
(NSiMe;CH»)»>CHa: M =Ru, Ly = (I]Df(‘sHﬁ)z. l}z‘(NS”\/[C'}(‘H:)j(‘H:.

M(CO)»(n°-CsHs,Me,)  vertices in  tetrahedral  [Ms(p3-1°-RCoR)(CO),
(;75—C5H5,[,Mven)3].l7 Tripodal Co(CO); rotation was sufficiently rapid in [MoCos
(/13~CCOgPr‘)(CO)()(L)();5—C5R4R’)] that it could not be frozen out in solution
NMR studies. A similarly rapid turnstile motion was observed at one cobalt atom
in IWCOZ(M—EngEt)(/,1—774—CEtCEtCEtCEt)(CO)x], but Co(CO); rotation at the
other cobalt was retarded by adjacent ethyl groups.”

Two localized exchange processes were observed at the triangular [Re-Pt{(u-
H)>(CO)4(PPh3)-]; the lower energy process was a scrambling of the three car-
bonyl ligands in the Re(CO);(PPh;) unit. while the higher energy process corre-
sponded to a trigonal twist at the same metal, but involving phosphine as well as
carbonyls.”"™ Three-fold exchange of this type at M(CO)4 groups has been docu-
mented previously in homometallic clusters. e.g. [Os3(j-H)(143-CRYCO) g (R =
H, OMe, Ph).m’ Tripodal Re(CO); rotation in the bicapped octahedral |[Re;Pt( -
C)(Me)z(CO); ]17 1s facile at room lcmperuture.'(’I Upon cooling a sample of the
cluster, rotation at the three rheniums at the base ot the PtMe; cap was frozen first,
followed by cessation at the three rheniums at the base of the Re(CO); cap. Investi-
gation of the isostructural [Re;Pt(1¢,-C)(CO)s ,(17“~2—methylallyl ) IZ" revealed anal-
ogous tripodal rotation; decoalescence of resonances was observed in the reverse
order to that in the PtMe;-containing cluster, but it was not clear if this results from
a reversal of relative activation energics or from chemical shift order. Tetrapodal
rotation of the [Re(CO);(L)] vertex was observed in [RePts(pe-dppm)s(CO)s(L)] ™
[L =P(OMe)s, P(OPh);}; the trimethylphosphite-containing cluster had a lower
barrier to rotation, a result ascribed to steric considerations.*

Several examples of intermetallic hydride migration in rhenium-platinum clus-
ters have been investigated. Hydride hopping between the two Re—Ptedges in trian-
gular [Re,Pt(p-H)(CO) (L)} L = 774—00(1, (PPhs),] occurred at alower energy than
rotation of the Pt(H)(L) moiety.lw A similar hydride migration between the (wo
Re—Pt edges was observed in the spiked-triangular [ResPt(y-H)3(CO) 17" and
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Fici. 72, Hydride migration at |ReaPt(p-H)z(CO) 4.

{RC}P[(H-H)}(CO:Mﬁ)(CO)[3]7,72 and the “scorpion” [Rc4Pt(/1,—H)3('CO)1317:72 an
intermediate in which both exchanging hydrides are bridging Re—Pt linkages in
the triangular fragment of the cluster was proposed (Fig. 72). Similarly, the hy-
drides bridging the Re—Pt bonds in the “bow-tie” cluster [ResPt(p-H)s(CO) o]
exchange rapidly, with only one "H NMR signal for these hydrides observed down
0 193 K.

Alkyne migration at [MoFeNi(u;—;lz-PthC()gPri)(CO)(,(r)j—CsHs)z] has been
examined; ™" a formal rotation of the alkyne relative to the metal triangle proceed-
ing by a “modified windscreen wiper” mechanism was proposed (Fig. 73).

Carbonyl exchange between metals has been the most frequently studied inter-
metallic ligand migration in homometallic clusters, but the few examples which
have been examined in the “very mixed”-metal domain have afforded inconclu-
sive results. At the triangular cluster [MoCos(u:-CCO; Pri)(u Ph,ECH,CH,PPh-)

(CO)(17°-CsMes)]. the mechanism interconverting molybdenum- and cobalt- bound
carbonyls was not conclusively established. but rotation of the [Mo(CO)xf

i
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FiG. 73.  Alkyne migration at [MoFeNi(z¢3-PhCaCO2PHICO (i -CsHs)al: other ligands omitted
for clarity.
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CsMes)] unit was a critical requirement.’” Global MW7 localized CO exchange
was noted at the tetrahedral cluster [MW,Co(CO)y(y Oy sHiMe)s ], 22! although
again the fluxional process or processes were not umduswely established.

Platinum-bound phosphine and rhenium-ligated carbonyl irreversibly exchange
on warming a solution of [ReaPt(z-H)>(CO)(PPh;)-| above 273 K271 0 mix-
ture of two isomers is formed which interconvert by a restricted trigonal twist at a
[Re(CO)3(PPh3)| unit (see above). Intermetallic phosphite migration has been ob-
served at [RePG(70-dppm):(0)3{P(OMe)s} ] 8 a fAuxional process similar to that
observed earlier in the homometallic cluster [Pt(-COMe-dppn){ P(OMe ) s} ]z '
was proposed, involving the intermediacy ol a phosphite ligand triply bridging the
Pt; face. Thiolate migration between Co—Mo bonds in the butterfly cluster anion
[M0-Coa(j13-S)2(14-S)(11-SCH Me-4 ) COY (1 -CsHyMe)s| ™ occurs with the thi-
olate crossing the Co—Co axis and a bagrier to this motion of 424+ 4 kJ mol """
The o-phenylencbis(ji-tert-butylphosphido) ligand in [Mo:Cos(je3-n~-PBu'CyHy-
2-PBu')(1-CO)(CO)y! 1]5—C5H5)3] bridges the Mo—Co bonds: when heated at 75~
80 C. it undergoes an irreversible transformation to aﬂ‘md an isomer with the
bis-phosphido ligand spanning Mo—Co and Co—Co vectors.”

Few cxamplu of metal framework rearrangements have been observed by
NMR methods at “very leLd -metal Llll\lLl\ A study of the V-shaped clus-
ter [WCox(1-EtC-EO(e-1y L CEICEICEICEN(CO)y| revealed that the fluxional-
ity on the NMR timescale was not alkyne ligand rotation: rather. a twisting of
one ligated cobalt with respect to the other introduced a molecular mirror plane
(Fig. 74). The triangular clusters lMNq/Rh(/l-CO)Z(CO);}(}]S'C_QMQQ)II (M =Cr,
Mo. W: M’ = Co.Rh) underwent a formal rotation of the M(CO)s unit about an axis
through M and the mldpomt of the M'-Rh vector (Fig. 75). 22323 The cluster is an
isolobal analogue of a d°-MLs alkene complex. In this context. it is interesting that
the barrier to rotation in [MoCoRh(j2-CO)>(CO)s( )]Q—C;Mci)gl (AG%SH =323+
1.3 k) mol "y is in the range observed for hindered rotation at d®-MLs organic

We——— (0

We——Co ‘ ¢

FiG. 74, Ligated cobalt twisting at [W('o:(/z»(‘F_l('El)(/z71/4—CE1(‘E1CEI(‘EI)(C())x].
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FIG. 75, M(CO)s rotation at ]M()C()Rh(/z~(‘O)3(C())5(1;5—C5N1C5)3].

alkene complexes (AG*=35-80 kJ mol ). A similar rotation, about an axis
through the tungsten and midpoint of the ¢-C-Pt vector, was proposed to explain the
equivalence of the radial carbonyls in [WgRC:Pl(/l-CC(,H4M€-4)2(CO)18|.84 The
clusters [MFCCOQ(H3—E)(/1-ASM83)(CO)3(I]S—C_;Hs)J (M=Mo, W, E=S.
PMe) exist as isomers corresponding to differing positions of the iron and cobalt
atoms; detailed equilibration and isomerization studies showed that isomer inter-
conversion does not occur under rigorously clean conditions, but instead requires
the presence of impurities, suggestmg that radical type metal-metal bond cleavages
initiated the isomerization process. 20

Examples of intermolecular ligated metal exchange are also extant. The V-
shaped clusters [Msz(/l-Cl)(CO);(L)}(?}S-CsHj)J (M =Cr, Mo, W; L =dmba.
dmat) underwent exchange by dissociation and reassociation of the carbonyl-
metallate anion [M(CO);(US—C_;HS)']’ (Fig. 76)‘225 The spiked triangular cluster
[Re:Pt(u-H)2(CO), 4] exchanged the “spike” tragment [ReH(CO)s] in solution
(Fig. 77), in a process which is a formal substitution at a square planar platinum.2|4
Such reactions are usually associative; accordingly, a strong dependence on the
concentration of added [ReH(CO)s] was noted.

“Very mixed”-metal clusters offer significant advantages in fluxionality studies.
but these advantages remain to be fully exploited. Studies of tetrahedral rhodium
and mixed rhodium-iridium clusters have revealed intermetallic carbonyl ligand
site exchange proceeding by way of merry-go-round and change-of-basal-face
processes.m’ Substitution of Rh by Ir in the apical site slowed down the former
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FiG. 76, Isomerization at IMPdg(/b(‘l)((‘())‘z(L)g(ui(‘;Hs)I: M = Cr. Mo. W: L =dmbua., dmat.

process. rationalized as resulting from the more electronegative Rh inducing a shift
of electron density to the basal face and stabilizing the bridging CO-containing
ground state. Tetrahedral iridium and mixed rhodium-iridium clusters underwent
tripodal rotation at the apical metal. Substitution of Ir by Rh in the basal plane
accelerated this process. rationalized as the more clectronegative Rh removing
electron density from the apical 5d orbitals between the apical Ir—CO bonds. Both
of these examples involved an electronic effect from a remote metal affecting rela-
tive energies of activation, Replacing the vertices in homometallic clusters to afford
“very mixed’-metal clusters should accentuate these effects, but this remains to
be demonstrated. One problem tor fluxional processes involving the heterometal
1s that isolobal equivalence of ligated metal fragments involves introducing a (for-
mally) higher coordination number metal, and possibly increased steric effects
[e.g.. replacing IH(CO); by W(CO)]()}S—CsHs) in proceeding from [Iry(CO)2| to
isostructural [ WIr;(COY, |(z)5—C5H5)] introduces a (formally) eight coordinate tung-
sten, with a sterically demanding cyclopentadienyl ligand]. However, for fluxional
processes remote from the heterometal (such as with the rhodium-iridium exam-
ples above), this problem may not be important.

FiG. 77, Intermolecular ReH(CO)s exchange at {Re3Pt{-H):(COy 4.
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C. Electrochemistry

The electrochemical behavior of heterometallic clusters has been reviewed
clsewhere. ™’ The interest in examining clusters stems from their potential to act
as “electron sinks:™ in principle, an aggregate of several metal atoms may be ca-
pable of multiple redox state changes. The incorporation of heterometals provides
the opportunity to tune the electrochemical response, effects which should be
maximized in “very mixed”-metal clusters. Few “very mixed-metal clusters have
been subjected to detailed electrochemical studies: the majority of reports deal
with cyclic voltammetry only. Table XII contains a summary of electrochemical
investigations of “very mixed -metal clusters.

Not surprisingly, given the success of metal exchange procedures in generating a
wide range of systematically varied “very mixed”-metal clusters (Section ILE. 1),
derivatives of [Coa(/43-E)(CO)y} have been studied intensively, especially capped
triangular clusters of general formulas [MCO;(/L;—E)(CO)X(115—C5H5)I (M=Cr.
Mo. W: E =CH. CMe. CPh, PTol, GeMe, GePh) and [MM'Co(;¢-EXCO)s(1)° -
CsHs)] (M =Mo., W: M’ =Fe. Ru; E=CMe, CBu', CPh, PMe. S. Se) where the
capping group may either be electrochemically active or provide structural rigidity
important in subsequent oxidation state changes. Jensen ef afl.''"” have described
an electrosynthesis of some alkylidyne examples (CrCos, MoCo., WCos), with
higher yields than the classical thermally activated route (Fig. 78). The direct
reaction between [Cos(7¢3-CPh)(CO)y| and K[MO(CO)}(Ui-CsHs)] can be initiated
by electrolysis at the potential for the couple [Coa(j13-CPhYCO)y|" .

Two reduction processes were observed for the [MCo,(4:-CR)(CO )q( a)S—Cng)]
(M =Cr. Mo, W: R =Me, Ph) clusters. The first, an clectrochemically and chem-
ically irreversible process, was followed by an electrochemically and chemically
reversible step: both steps involved cleavage of a M—Co bond accompanied by a
carbonyl moving from a terminal position to bridge these metals. The peak separa-
tion decreased in the order Cr > Mo~ W. with a dependence on apical substituent.
EPR data has been used in the characterization of the electrogenerated species,
with experiments carried out at several temperatures and under argon and CO at-
mospheres. These clusters are chemically more reactive than their homonuclear
tricobalt counterparts, with the [MoCoa( ;-CR)(CO)g(nS—CsHs)I clusters the most

—0.40 V. 'THF 5
[Coz(j3-CPh(CO)y] + [Mo(COz(Ms-CSHS)| } = IMoCo,(U3-CPhCO)Oy -CsH) | + [(‘u(('(h‘]
faast vood yield

. . . | 5 heat, benzene . . . s I
Cox(p3-CPCO) | + o MoCO (M -CsHs) s = [MoCosU5-CPINCONM -CsHS] + [CoCOy
‘ ‘ ST 3days '

e low yield

Fiii. 78, Electrochemical and thermal routes o [M()CO](,H.}-CPh)((‘())S(I}S*C5H;§)l.
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chemically reversible. The d.c. polarograms and cyclic voltammograms of
the related germanium-capped [MoCox(p3-GeR)(CO)y(17-CsHs)| (R = Me. Ph)
also showed two reduction waves. The first process (reversible) corresponded to
formation of the radical anion [MoCo-(jt ,;-GCR)(CO)N())”—Cng)] ., an assignment
supported by EPR data; the second process was chemically irreversible and had
the characteristics of an ECE mechanism, > )

The anion [MoCo5(jt3-CCeH Me-4)(;1-PPh-)(CO)(1°-CsHs)] " underwent two
reversible one-electron oxidations to give radical and cationic species sequen-
tially (Fig. 79). The structure of the radical was established by a single-crystal
X-ray diffraction study, which confirmed that the j¢-PPha ligand bridges « Mo—Co
bond. Low-temperature protonation, thermally induced migration of the phos-
phido ligand to the Co—Co bond. and subscquent deprotonation gave an isomer
of [MoCos( ;-CC6H4MC—4)(/1—PPhg)(CO)G(iis—Cng)]T The CV of the deproto-
nated form of this isomer showed two oxidation waves: the first wave was fully
reversible and corresponded to the formation of the neutral radical species. Multi-
ple scanning through the second wave. however, showed that rapid isomerization
occurred via j£-PPhs bridge migration to give the Mo—Co bridging form.™

Reduction of the trimetallic clusters IM()FCC()(/L;—PR)(C,())X('US—C;H;)] (R=
Me, Ph. Bu') was chemically and electrochemically irreversible. even at low
temperatures, and is believed to arise from a fast fragmentation reaction fol-
lowing radical anion formation. Introduction of the third heterometal made re-
duction more difficult than reduction of its phosphinidene-capped iron-dicobalt
cluster precursor.z2 22 The analogous tungsten-containing clusters |[WFEeCo(ys-
PR)(CO)(1>-CsHs)] (R =Me. Ph) were irreversibly reduced at more negative
polenliuls.zw

The chalcogen-capped clusters [M|MgCo(/u-S)(C())x()];-CsHs)| (MM, =
MokFe, MoRu, WFe) and [MOFCC()(/(_‘,—SC)(C())S(I)S—CsHs)] underwent a one-
electron, quasi-reversible reduction. Addition of an electron proceeded more read-
ily for the clusters with the lighter metals and for the selenium capped cluster
relative to its sulfur anulogue.zw

While trimetallic clusters have been the most intensively studied. clusters of
higher nuclearity have also been investigated. Cyclic voltammetry of the tetra-
capped cluster [CriCo( 3-5)4(CO)(115—C5H4M€:)3] in DMF revealed four oxidation
waves. three (—1.07, —0.23, +0.23 V) reversible one-electron transter steps, and
anirreversible two-electron process (4-0.80 V). Another tetra-capped cluster which
has been electrochemically studied is [M()gC()j(/t}-S)4(C())j(iji—CiH_;El)]]. Recent
work of Mansour et al. showed that this compound undergoes a single. reversible,
one-electronreduction at —1.04 V, a significantly more positive reduction potential
than that of its electron-rich 62 CVE nitrosyl analogue [I\1()3C()3(/L}—S)4(NO)3(I]S-
CsHLED)-] (—1.53 V).BI The clectrochemistry of the butterfly cluster IMo>Coa( 144~
S)(/1;;—8)3((’0)4(1]5~C5H4Me)3] was complicated by an electrode-surface reaction
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Fi1G. 80.  Electrochemical behavior of a sulfido dimolybdenum-dicobalt cluster: X = [Mo2Coa(ey-
SH3-$)2(CON( -CsHMe)2]

that led to small spurious peaks: starting the reduction sweep at —0.70 V eliminated
this problem and produced a well-defined two-electron reduction at —1.40 V. This
is followed by a further cathodic wave at —1.85 V that is coupled to a reverse
anodic wave at —1.63 V, behavior that can be explained by an EEC-type mechanism
(Fig. 80)."

The clusters [MOCO}(/i}—l}z-PBUIC()H4—2-PBU1)(/l—CO)(CO)7(l]S—Csz)I and
[M()gC()g(,u;-nz—PBu‘C6H4-2—PBul)(u—CO)(CO)(,()75—C5H5)3]. with  tetrahedral
cores. have contrasting electrochemical behavior; the latter exhibited a quasi-
reversible oxidation wave at 0.65 V (E;= 180 mV), while no oxidation wave
was observed for the former (up to 0.75 Vv)."

The sulfur-capped tetrahedral cluster [M()QNiz(/l,}-S)4(CO)z()]5—C5H4Me)3] dis-
played fairly simple electrochemical behavior. Reversible, one-electron reduction
waves were observed at —1.58 and —2.11 V, while oxidation processes at —0.11
and 0.09 V were irreversible.'”” An uncomplicated reduction cyclic voltammo-
gram of [WgCOj(/,l}‘S)}(CO)s(7]5-C5H4Et)2J showed three facile electron-transfer
processes. The first two reversible reductions (—1.11, —1.71 V) were followed by
a third, “quasi-reversible”™ reduction at —2.23 V (reverse reoxidation at —2,04 V).
The oxidation behavior for this cluster is more complex, though. An initial irre-
versible oxidation at 0.16 V was followed by four successive oxidations thought
to be due to ECE processes.”” The lower oxidation potential of the tungsten-
containing clusters relative to their molybdenum analogues is consistent with
tungsten-containing clusters being more electron rich. This trend was confirmed
by the electrochemical studies on the systematically varied tetrametallic clus-
ters IMzM/g(/L3—CO)g([l-CO)4(PR})z(I]S—CgHg)zl (M=Cr, Mo, W; M"=Pd, Pt.
R =Ph, Me. Et. Bu"). All combinations underwent an irreversible two-electron
reduction corresponding to degradation of the cluster into identified fragments:
the M'(I) centers were formally electroreduced to M'((}) in one step. accom-
panied by formation of [M(CO);(;]S-CSHS)F (confirmed by IR). Oxidation oc-
curred in two distinct one-electron transfers, with the second accompanied by
some chemical decomposition. The radical cation generated by the first oxidation
was reasonably stable and has been studied by EPR as a 106 K frozen solu-
tion: results suggested that the HOMO is located on the metals in the cluster.
The stability of the dications was dependent on the solvent, with the most sta-
ble clusters being [MgPtg(/u—CO)g(,u-CO)4(PPh3)z(775—C5H5)3] (M =Mo or W),
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FIG. 81, [WiaPL(1-CO)(10-COY PhaPCHLPPhaMn(C O z)i—("sthc ) )]5’(‘5H_1MC)1 |

While the reduction potentials were sensitive to R substituent eftects. the oxida-
tion potentials were reasonably insensitive. This could indicate that the phosphine
only plays a limited role in the HOMO, consistent with the EPR resulgs.
The related | WaPta(13-CO)a(1¢-CO) 4 PPhaCHAPPha {Mn(CO (1) -CsHyMe} (1 -
CsHyMe)s| (Fig. 81), with pendant manganese metal centers, displayed some sim-
ilarities to its bis(triphenylphosphine) analogue. In particular, a single irreversible
reduction wave was seen at —1.45 V (c.f. —1.44 V)2 an associated reverse oxi-
dation appeared at —0.18 V. Oxidation of the cluster occurred at .86 V and was
followed by a reduction peak at —0.67 V in the reverse scan, thought to originate
from an ECE process%x

The anodic scans of the three related octanuclear anionic clusters {Re;Pd(j1¢-
CHCO)(7-C3H) P . [ResPt(14-CHC O (Me)s|* ™~ and [ResPi(j06-CHCO) (-
Z—mclhylullyl)]z' showed two oxidation waves, the first quasi-reversible and the
second almost completely irreversible. Oxidation potentials for the first process
increased inthe order {ResPt(j1,-CHCO) (( 7]3—2—methylullyl)]2 “(0.42V) < [ReqPd
(116-C)CO)2 (7 -C3H3) |7~ (0.48 V) < [ResPU(116-C)CO), (Me )3 | (0.64 V). The
large difference between the latter two can perhaps be explained by the oxidation
state of platinum in thesc compounds: in the cluster with the highest oxidation
potenliul], the capping metal is Pt(IV). while in the other clusters the capping metal
is M(ID. "'

D. Other Physical Methods

The electronic. optical, and magnetic properties of metal clusters are of great
current interest.” but these properties have been little studied with “very mixed™-
metal clusters. This is to some extent a reflection of the difficulty of prepar-
ing high-nuclearity examples: many of these interesting propertics become im-
portant upon increasing cluster size. The limited magnetic studies to date are
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TABLE XIIl
MAGNETISM STUDIES OF VERY MIXED-METAL CLUSTERS

Cluster Measurements Ref.
|CrCo5-8)2(-SBu YCO (7 -CsHR )5 | (R = H. Me} jrvs T 234,235
[CraMi 3-8 12 -SBU' N CONPPh3)0-CsHisha ] (M = R, ) jrvs T 236
[Cr3Co-S)CON -CsRs ] (R = H. Me) X 144, 230
[MNia(3-COR0-CsHs )07 -CsHyMe) | (M = Mo, W) jerys T 146

summarized in Section [IL.D. 1., with complementary MO studies in Section l11.D.2.
Few other studies have been reported, one example being the XPS binding ener-
gies of [RePt;(e-dppm);(CO)3 )T, [ReP(143-S)a( pe-dppm)3(CO)s | and [RePuaf i
dppm)g(CO);(S)P which reveal an increase along the series in Re 4(‘(7/3) binding
energies. Sulfidation of [RePta(-dppm);(CO)3]* affords successively |RePty(i-
dppm)z(CO)(S)]™ and [RePty(143-S)(;¢-dppm)y(CO);] T, and the XPS data are
consistent with oxidation at Re as the Re=S group is formed. but oxidation at
platinum on subsequent sulfidation when the ¢3-S groups are formed.'”

. Magnetic Measurements of “Very Mived "-Metal Clusiers

The limited magnetic measurements of “very mixed™-metal clusters arc sum-
marized in Table XIII. The magnetic behavior of some anti-ferromagnetic “very
mixed -metal carbonyl clusters (Fig. 82) has been studied by Pasynskii and co-
workers. Temperature dependences of the magnetic susceptibilities x,,, of
ICrgCo{/z,;—S)g(/z—SBu[)(CO)g(1]5—C5H4R)3] (R = H. Me) have been determined us-
ing the Faraday method.”™*** From X m- the effective magnetic moments j¢.;p were
caleulated using the formula zir = /8xm T . and plots of i vs T prepared. The
plots fitted the Heisenberg-Dirac-Van Vieck (HDVV) model for two exchange-
coupled ions [Cr(ID), spin 3/2: Co(l) is diamagnetic| in the absence of orbital de-
generacy of the complexes in the ground state. The related phosphine-substituted
clusters ICl‘zM(/l}-S)2(/,{'SBU‘)(CO)(PPh})(1]5-C5H5)3] (M =Rh. Ir) also exhib-
ited a decrease in effective magnetic moment with temperature. which agreed

‘ Co ‘ ‘ \ G
PPhy
R N R S
S

R =1i. M¢ M=Rh.Ir R =1L Me

Fii. 82 Clusters examined tor their magnetic behavior.
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with the HDVV model. In contrast to the clusters above, the tetrametallic clusters
[Cr;Co(/z;—S)4(CO)())5—C5H4R)1] (R =H. Me) were found to be diamagnetic (i.e.,
X < 0), consistent with the 18-clectron saturation of each metal atom."*7% The
magnetic susceptibilities of [MNiy(1¢3-CO)3(p -CsHs)3("-CsHyMe)| (M = Mo,
W) in solution have been measured over a range of temperatures.'* At 40 °C. the
magnetic moment of the molybdenum-nickel cluster corresponds to an average
value of less than two unpaired electrons per molecule (1.72 py3), monotonically
decreasing to 1.39 py at —60 C. The tungsten-nickel cluster has magnetic mo-
ments of 1.19 pp at 20 C and 0.93 3 at —40 C. These data, in combination
with the fact that these clusters are EPR-silent, suggest temperature-dependent
singlet-triplet equilibria.

2. Maolecular Orbital Studies of *Very Mixed "-Metal Clusters

The need to rationalize bonding. structural data. and magnetic and electro-
chemical behavior has encouraged MO calculations: a list of “very mixed”-metal
clusters studied by MO methods is presented in Table X1V. In order to determine
which chromium-based orbitals participated in the metal-metal and metal-ligand
mteractions of [Cl‘zC()(/L},-S)z(ﬂ‘SBlll)(CO)z(I]S-CsH_tR)j] and [CraCoa(pg-S)(jt 5-
S);(CO)4(715—(“5H4R)3] (R =H. Me) (Fig. 83). the electronic structure of the {rag-
ment ICI’](/L;-S)g(/t-SBUl)(I}S-C5H5)]7 was calculated by the Extended Hiickel
(EH) method.™” Interaction of the lower lying p-orbitals of the bridging sulfur
atoms with the chromium d-orbitals resulted in the destabilization of the d-orbitals;

TABLE XIV
MOLECULAR ORBITAL STUDIES OF VERY MIXED-MUTAL CLUSTERS

Cluster Method Ret.
I(‘l‘g(‘og(;u-S)(/ufS)3((‘())4(1/5—(‘51 11R)>] (R =H. Me) Extended-Hiickel 237
[CraNis(pug-SHp ;—S)g(nsv(‘sHs),gl Extended-Hiickel 237
[CI']CO(/(}-S)j(/l—SBlll)(CO)z(l]i*(‘sHlk)ll (R=H. Mco) Extended-Hickel 237
1CraColye :—u(‘—lhlh)(/1—(‘0)((‘())3()]S-C;Hs)gl Fenske-Hall 238
|Mo(‘o;(/l;—:/z—(‘(‘lI:)((‘();x(nﬁf(KHs)l* Extended-Hiickel 239
[Mth(('())s(z/i—(‘;Hﬁ);I (M = Mo. W) Extended-Hiickel 240

[CraCoal104-S) 1 3-S(COY 4 )}5-(‘5114R)3I (M=Cr, R=H. Extended-Hiickel 173,237
Mce:M=Mo.R=H)

|NI()]CO](/(}‘S)4(C())3(I];—(‘5H4MC)1] Extended-Huckel 231
[IVI();Nig(/A_r(‘())(/lj,—Sig(ni-(‘gHsu] Extended-Hiickel 241
IReP43-D-dppm)(COz| Extended-Hiickel 79
[RePt pe-dppm)a(COys ! Bxtended-Hiickel 42,83, 151
[ReP(pe-dppm)at CO)y) ! Extended-Hiickel 42

[RePts(;-O)a(p-OHNCO)5(OReO3)(PCy 34" Extended-Hiickel 158
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FiG. 83, Clusters examined by molecular orbital methods.

the unusual ordering of energy levels [§ (d—d) < §(d—d)] resulted from the im-
portance of the Cr—S interactions. The use of four half-occupied orbitals of the
dichromium fragment for forming Cr—Co bonds with two Co(CO), fragments was
thought to explain the diamagnetic behavior of [Cer()w (14-S)3-S)(CO) (17 -
CsH4R)5]. in contrast to JCraCo(145-S)>(1t-SBu W CO)a (1 C sH4R)-| which possess
antiferromagnetic properties because of half-occupied orbitals. Bonding of all four
(S, Px. Py~ and p,) orbitals of the sulfide bridges with the chromium atoms corre-
sp()nds to participation of formally unshared electron pairs of the sulfur atoms

"d()uble -bonding:™ this is consistent with the decrease in Cr—S distances to
2. 2.30 A. significantly less than the sum of covalent radii of Cr (1.46 A) and S
{1.04 A) atoms.

Fenske-Hall MO calculations were carried out on [CrCo(us-1°-B4Hy7)
(/L-C())(CO):(7;5—C5H5)2] (Fig. 83) in order to determine the nature of the inter-
actions between the odd clectron Co(CO); and Cl'z(B4H7)()]S-C5H5)2 fragments,
as the latter is effectively acting as a cluster “ligand” to the former. The princi-
pal changes between the ground state molecule [CI’Q(B_;H},’)(']S—C5H5)2] and the
Crg(B4H7)(;;5-C5H5)3 fragment in the cluster resulted in a shorter Cr—Cr distance
and longer Cr—B distances and involved increases in energy for those fragment or-
bitals which are Cr—Cr antibonding and Cr—B bonding. Interaction of an empty o
orbital of the Cr(CO); fragment with a filled B—H—Cr orbital caused the hydrogen
atom to become Cr—B—Co tace-bridging, rather than edge—bridging.m

In order to explain why the bridging vinylidene group of [MoCo,(j43-77-CCH>)
(CO)N()}‘;-CsHs)]" {Fig. 83) leans toward the molybdenum atom rather than a
cobalt atom, EHMO calculations have been employed. Results showed that the
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vinylidene capping unit was particularly well stabilized by direct interaction with
the molybdenum atom, where the positive charge is better tolerated. Antarafa-
cial migration of the C=CH, group, possessing a large transition energy barrier,
was shown to be severely disfavored. This is in accord with NMR cexperimental
data, where the dimethylvinylidene analoguce exhibited a sharp methyl singlet over
the range 183-273 K resulting from the higher symmetry molybdenum-bonded
vinylidene complex.™

The electronic structure of [M>Rh(-COXCO)4( )]5—(‘5115);] (M=Mo. W) (Fig.
83) has been studied utilizing EHMO calculations. The nature of the metal-metal
bonds in the clusters have been analyzed in terms of the bonding between the
[M~(CO) (;]i (‘ sHs) |¢md[Rh(CO)(175—(‘5Hg)I fragments. Multiple M=M bonding
in |Ms(CO);077-CsHs)s | was realized by o interactions between the orbitals 5d,:
and 6p,. and 7 interactions via 5d,, and 5d,, orbitals. The energetic consequences
of the step by step transformation of a terminal CO group. coordinated to M, into
a carbonyl ligand bridging one of the M—Rh bonds has been considered; terminal
umldmalmn of all carbonyl groups led 10 an cnergetic destabilization of about
11 eV. while the experimentally determined geometry was calculated 1o have the
greatest binding energy. ™"

The calculated EHMO energy levels [‘01‘ M>M’, S type cubane clusters have been
applied to [ MorCon( 4 4-S)( 4 3-S)a( COM() -CsH Me)s | (Fig. 83) inorder to explain
bonding behavior.™ It was suggested that the HOMO would have o(Mo—Mo)
character and that the LUMO was most likely o *(Mo—Mo); addition of electrons
to the cluster is believed to result in cleavage of the Mo—Mo. a proposal supported
by electrochemical studie% (sce Scclion HLC.). Bonding of the sulfido ligands
in {Mm(m 14-S)(e3-S)(CO)Y4(77-CsHs)o | has also been studied using EHMO
methods.'™ The l()Idl M =S ()\/uhlp population to the 7¢4-S atom is 1.55 compared
o 1.57 for the M—y¢5-S bonds (suggesting that they donate the same number
of electrons). The same overlap population spread over four M—S bonds in the
Jg-ligand rather than concentrated in three bonds in the jos-ligand provides the
rationale for the tonger p24-S to metal bonds. It is primarily the p-orbitals of the ;-
sulfur that overlap with the metal d-orbitals [overlap distributions Mo—S (40%).
Co—S (60%)].

The butterfly metal core of [MOZNig(/u—C())(/u-S)g(1)5-C5H;)4] is bridged by
a erystallographically confirmed carbonyl with j04-1'-coordination (Fig. 83). MO
calculations have been used to support this ussignmenl.l“lI Orbital interactions of
the 1¢,-CO with the Mo atoms were both o-bonding and multicenter bonding with
the CO m-system. The Ni—CO bonding was best described as a dative bond from
Ni to the 77 orbitals of the carbonyl. Low C—0O overlap population reflected the
additionul electron donation into the C—O antibonding orbitals and was consistent
with a low v,

The bonding in [RePty(p-dppm)z(CO) 1Y can be understood in terms of the
donation of electron density from three filled Pt—Pt bonding orbitals of o Pts
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(jt-dppm)s fragment to the three vacant acceptor orbitals of a [Re(CO)|" frag-
ment (or [ReO3]"). In the MO treatment, the fragment orbitals combine to form
bonding and antibonding MOs each with a; + e symmetry. and there are six
cluster electrons which just fill the bonding MOs. 2008415 Reaction of this coor-
dinatively unsaturated cluster (54 CVE) with CO gives [RePts(p-dppm);(COY T
by selective addition to rhenium.* The bonding may still be considered in terms
ol a Pta(j1-dppm); fragment donating to [Re(CO)ﬂl]*, but the latter has only two
acceptor orbitals. limiting the interaction to two donor-acceptor bonds. When com-
pared to |RePts(z¢-dppm);(CO);] ™. weaker rhenium-platinum bonding is expected.
Halidc ions add at the Pt; face 0’[‘[RePt;(/t—dppm);(CO);,]+ to yield [RePts( e s-1)( -
dppm)sx(CO);]. Analysis of the interaction of I with the model cluster [RePts(ye-
H>PCH-PH.)3(CO):|T to give the simplified analogue |RePt;(3-1)(e-H,PCH»
PH,):(CO);]" has been made using the EHMO method.”’ The filled p-orbitals of
[" overlap with unoccupied platinum p, orbitals. The calculations suggest that.
although the net bonding is weak, the Pty(z;-1) interaction is covalent in nature
and that iodide can act as a weak six-electron donor by using all its filled p-orbitals
in bonding.

In order to study bonding in |RePtg(/l-O)g(u—OH)(CO)5(ORcOg)(PCy3)4Ii.
EH calculations have been carried out on the model cluster [RePts(7-O)s(;4-
OH)CO)<(O)PH;),] ™. Calculations indicate at least a partial triple-bond char-
acter in the central Re—Pt bond, with complications due to the presence of pe-
ripheral metal-metal bonds. Structural data show a very short Re—Pt distance
and the very unusual structure suggests a degree of multiple metal-metal bonding
in [RePts(14-0)3(4-OH)(CO)s(OReO3)(PCy3),] ", consistent with the theoretical

results.

v
CONCLUSION AND OUTLOOK

With flexible routes into “very mixed”-metal clusters in hand. the time is ripe for
systematic investigations of their reactivity and physical properties. Ligand substi-
tution generally proceeds with metalloselectivity, but the reactions are frequently
not site-selective; many of these complexes are highly fluxional. and more than
one configuration is often sufficiently stable so that mixtures of isomers are ob-
tained. Characterization of these configurations has largely been crystatlographic.,
which generally results in one configuration only being identified: comprehensive
spectroscopic studies are needed to identify all configurations. A number of ex-
amples of C-ligand transformation have been reported and, in almost all instances.
this involves a heterometallic bond or tace. This likely indicates the importance
of heterometallic centers in effecting the transformations. but mechanistic studies
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to confirm this remain to be carried out; it is always possible, though unlikely in
all instances, that the transformation occurs elsewhere on the cluster, and that the
heterometallic unit is the favorable center to stabilize the resulting fragments. In-
vestigations of “very mixed”-metal cluster catalysis have been dominated by clus-
ters with metal combinations effective in heterogencous catalysis (e.g., Mo—Co in
HDS: Re—Pt in petroleum reforming); clearly, there is great scope for exploring
the potential of clusters with other metal combinations. The physical properties of
“very mixed -metal clusters have been intensively studied only recently. The sig-
nificance of heterometals in controlling ligand mobility and tuning electrochemical
response has yet to be fully exploited, and other physical properties (c.g., mag-
netism. nonlinear optical properties) are almost untouched. These are likely to be
of increasing importance in the future.

v
APPENDIX: ABBREVIATIONS

arphos 1-(diphenylarsino)-2-(diphenylphosphino)ethane

C coulometry

cod 1.5-cyclooctadiene

CvV cyclic voltammetry

CVE cluster valence electrons

DCP d.c. polarography

dmat 2-(dimethylethylamino)toluene-C,N

dmba dimethyl benzylamine-C>-N

dmpe 1.2-bis(dimethylphosphino)ethanc

DPP differential pulse polarography

dppa bis(diphenylphosphino)acetylenc

dppe 1.2-bis(diphenylphosphino)ethanc

dppm bis(diphenylphosphino)methane

ECE clectrochemical-chemical-electrochemical
EEC electrochemical-electrochemical-chemical
ETCS clectron transfer-catalyzed synthesis
EXAFS  extended x-ray absorption fine structure
HDS hydrodesulfurization

pz pyrazolyl

TEM transmission eclectron microscopy

THF tetrahydrofuran

TPD temperature-programmed desorption/decomposition
TPR temperature-programmed reduction

XANES  x-ray absorption near-edge spectroscopy
Xy xylyl
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INTRODUCTION

Friedel-Crafts alkylations catalyzed by Lewis acids'~® have been studied for
quite some time and much work has been done in this field since the reac-
tion of benzene with amyl chloride to produce amylbenzene was first reported
by Friedel and Crafts in 1877.>* Friedel-Crafts alkylations with organic com-
pounds such as organic halides, alkenes, and alkynes are now widely used in the
laboratory and the petrochemical industry as valuable and established routes to
introduce alkyl substituents onto aromatic rings.! Alkylation with silicon com-
pounds was first described by Wagner et al. in 1953, for the preparation of
(phenylethyDtrichlorosilane, a monomer that was hydrolyzed to polysiloxanes.”
In the following year, Petrov reported the Friedel-Crafts alkylation of benzene
derivatives with (chloroalkyl)silanes.® At that time, the silicon industry was grow-
ing rapidly and supplying monomers on a large scale by the direct synthesis of
organochlorosilanes, a process discovered by Rochow.” Alkylations with silicon
compounds such as alkenylchlorosilanes'"'? and (chloroalkyl)silanes'* " were
expected to be a way of preparing useful monomers for polysiloxane products,
and a few articles on this topic were published by 1968.'-2" Soon after, interest in
Fricdel-Crafts alkylations with silicon compounds faded due to the difficulties of
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the syntheses and separations of alkenylchlorosilanes*'->* and (chloroalkyl)chloro-
silanes. ™24

In 1993, a successful direct synthesis™ of allyldichlorosilane from silicon metal
and allyl chloride gave us a motive for exploring the alkylation of benzene deriva-
tives using allylchlorosilanes.”® We have reinvestigated the Friedel-Crafts alky-
lation of various aromatic compounds such as substituted benzenes. biphenyls,
and naphthalenes with allylchlorosilanes®® in the presence of Lewis acid cata-
lysts. This work has also been extended to alkylation with vinylchlorosilanes®”->
and (chloroalkyl)chlorosilanes.?” Substantial progress has been made in the de-
velopment of the chemistry of this interesting class of organosilicon compounds.
This review will describe the chemistry of the Friedel-Crafis alkylation of aro-
matic compounds with silicon compounds. in particular the aluminum chloride
catalyzed alkylation reactions.

CHARACTERISTICS OF FRIEDEL-CRAFTS ALKYLATIONS
WITH SILICON COMPOUNDS

In this section. the reactivities of organosilicon compounds for the Friedel-Crafts
alkylation of aromatic compounds in the presence of aluminum chloride catalyst
and the mechanism of the alkylation reactions will be discussed, along with the
orientation and isomer distribution in the products and associated problems such
as the decomposition of chloroalkylsilanes to chlorosilanes. Side reactions such
as transalkylation and reorientation of alkylated products will also be mentioned.
and the insertion reaction of allylsilylation and other related reactions will be
explained.

A. Reactivities and Mechanism

The reactivities of alkenylsilanes in the presence of a Lewis acid vary depending
upon the nature of substituents on silicon as shown in Table L.

In the casce of alkylation using allylsilanes in the presence of aluminum chlo-
ride as a catalyst, allylsilanes containing one or more chlorine substituents on
the silicon react with aromatic compounds at room temperature or below 0 C
to give alkylated products, 2-aryl- [ -silylpropanes.®® while allyltrimethylsilane did
not give the alkylated product but instead dimerized to give the allylsilylation prod-
uct, 5-(trimethylsilyl)-4-(trimethylsilylmethyh)- 1-pentene (Eq. (1)).% In the alkyl-
ation reaction, the reactivity of allylsilanes increased as the number of chlorine
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TABLE 1!
REACTIVITY OF ALKENYLSILANES CH>=CH(CH>),,SiRz FOR THE
AlCH-CATALYZED ALKYLATION

Alkenylsilanes
|[CH>a=CH(CH,),SiR3|
—————— Reactivity for Alkylation

n R; to Benzene (Ferrocene) Other Reaction
0 Cly High (No)

0 MeCl» High (No)

0 Me-Cl Low (No)

0 Me:a No (No)

| Cly High (No)

I HCla High (No)

| MeCls Middle (Middle)

| Me>Cl No (High) Decomposition”
I Me; No (No) Allylsilylation”

“Propenc and dimethyldichlorosilane were produced by the decom-
position of allyl(dimethyl)chlorosilane.
”Allylsilylulinn of allylsilanc to carbon—carbon multiple honds.

atoms on the silicon increased, but decreased as the number of methyl groups in-
creased.

SiMe5..Cl,
n=23
© (Friedel-Crafts alkylation)
—_— Me
AlCI, Me \S( (1)
Cl,Me,Si '~ Me
n=0 -
S _Me
Me ™
Me

(allylsilylation)

Alkylation with vinylchlorosilanes requires a relatively higher reaction tempera-
ture and prolonged reaction time. likely due to the lower stability of the carbocation
intermediates.

It is well known in the literature that aluminum chloride, a strong Lewis
acid, is a very effective catalyst in Friedel-Crafts alkylations with silicon
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compounds.” """ [ the Friedel-Crafts alkylations of arenes with aluminum
chloride as catalyst. a small amount of hydrogen chloride resulting from the re-
action of anhydrous aluminum chloride with moisture inevitably present in the
reactants initiates the reaction.”’ The proton from hydrogen chloride interacts
with the 7-bond of alkenylsilanes to give the carbenium ion intermediate on the
carbon f to silicon. This occurs because the intermediate silyltethyl cation is sta-
bilized by the electron-donating silyl group through o—7 conjugation known as
,(%—stabilization‘;z’z4 and the more stable secondary carbenium ion is generated
through protonation of the terminal carbon of the allyl gmup.‘j’S Electrophilic at-
tack of this carbenium ion on the rr-bond of the aromatic ring generates a cation
on the aromatic ring.I which is followed by deprotonation to give silylalkylated
aromatic compounds along with the regeneration of a proton. This proton initiates
the catalytic cycle of the Friedel-Crafts alkylation with alkenylsilanes.

In the case of allylsilanes, the protonated intermediate 1-silylpropyl cation can
be stabilized by the electron-donating silyl group through S-stabilization as de-
scribed above. This can be more effective tor allyltrimethylsilane than for al-
lylchlorosilanes because of the electron-donating methyl groups on silicon.™ This
fucilitates the prot()desil)/l'cxli()n‘m""("37 of allyltrimethylsilane by hydrogen chloride
in the presence of aluminum chloride which gives propene and a Me;SiCI-AICI;
complex. which catalyzes the allylsilylation of alkenes.” * In contrast. the col-
lapse of the 8-silyl cation intermediates for allylchlorosilanes is largely retarded
duc to less effective o—m conjugation due to the presence of the electronegative
chlorine atom(s) on silicon. The cation intermediates undergo alkylation faster
than protodesilylation. which is why allylchlorosilanes show higher reactivity and
give higher yiclds in the alkylation compared to ullyltrimelhylsilzmc.:('

The substituent effect of vinylsilanes is similar to that of allylsilanes. The re-
activity of vinylsilanes increased as the number of chlorine atoms on the silicon
increascd. but decreased as the number ol methyl groups increased. However,
vinyltrimethylsilane does not react with benzene to give alkylated producls.J'l In
the aluminum chloride-catalyzed alkylation of arenes with allylsilanes or vinyl-
silanes, onc or more chlorine substituents on the silicon atom of silanes are
required.

The reactivity of (w-chloroalkyl)chiorosilanes for the alkylation of arenes varies
depending upon the length of the w-chloroalkyl group and the substituents on the
silicon. Generally, the reactivity increases as the length of the alkyl group on the sil-
icon of (w-chloroalkyl)chlorosilanes increases from methylene to propylenc.ll"Jz
That may be mainly attributed to the steric hindrance between the incoming
silanes and the aromatic ring, and partly to the electronic nature of the silyl group.
The rearrangement of alkylating agent under Friedel-Crafts reaction conditions
and chloride exchange between aluminum chloride and alkyl chiloride are well
known.' These indicate that the alkylation proceeds via the transitory existence of
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carbocations resulting from complexation between the alkylating agent and Lewis
acid catalyst.

AICl; + RCl — R AICI,

Brown and Grayson reported that the rate of alkylation reactions with benzyl
chloride was third order overall: first order in aromatic component, first order
in AICls, and first order in benzyl chloride. This indicates that a rate determining
nucleophilic attack by the aromatic component on a polar alkyl chloride-aluminum
chloride adduct is involved in the alkylalionfﬁ If the reaction proceeded by an
ionization mechanism, the rate of alkylation should be determined solely by the rate
of ionization of the alkyl chloride and should be independent of the concentration
or nucleophilic properties of the aromatic compound undergoing the alkylation.

B. Orientation and Isomer Distributions

The alkylation of monosubstituted benzenes gives an isomeric mixture of
ortho, meta, and para—producls.] The ratio of isomeric products varies depend-
ing upon the electronic nature and steric bulk of the substituents on the benzene
ring. Different isomeric distributions of the alkylation products are obtained at
different reaction temperatures. probably due to the temperature dependence of
isomer formation and/or isomerization reactions of the products with the Lewis
acid catalysts. The ratio of ortho to the meta and para products derived from the
alkylation of monosubstituted benzenes with allylsilanes decreases as the size of
the substituents on the benzene ring increases.™* No ortho-alkylation products
are obtained in the case of isopropylbenzene due to the steric interaction between
the isopropyl group and the incoming allyl groups. Steric hindrance arising from
the size of the alkyl groups at the orrho position may be the principal reason for the
differences in the alkylation rates of the substituted benzenes. The yield of the ortho
isomer decreases and that of the era isomer increases as the reaction proceeds for
long periods or at higher temperatures in the presence of aluminum chloride. This
indicates that the ortho and para adducts are the kinetically controlled products
and isomerization or alkylattion-dealkylation of the resulting alkylated benzenes
favors the thermodynamically more stable mera product.

The alkylation of halogen-substituted benzenes with allylsilanes gives orrho and
para adducts predominantly. Considering the high electronegativities of halogen
atoms, the meta isomer was expected to be the major product. The predominance of
ortho and para isomers in the products indicates that the resonance effect of halogen
substituents to the benzene ring should be considered in addition to their electronic
effects.™ The isomerization of the products from the alkylation of alkylbenzenes
is faster than that of the products obtained from the reaction of halobenzenes.
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C. Transalkylations and Reorientations

Alkylation of benzenc does not stop with the introduction of one alkyl group
onto the ring. Di, tri. and higher alkylation products are also produced. The
production of higher alkylation compounds can be controlled to some extent by us-
ing a molar excess of benzene and by variations in other experimental parameters.
The alkylation of benzene with cxcess vinylmethyldichlorosilane in the presence
of aluminum chloride at room temperature for 4 h gave peralkylated product.
hexakis|2-(methyldichlorosilylethyllbenzene.”” along with less alkylated prod-
ucts. However, the alkylation with allylsilanes gave no higher alkylation products
than the 1.3.5-trialkylated compound due to higher steric interactions among the
silylalkyl groups.

It is also well known that alkyl groups can be transferred intramolecularly
from onc position to another on the same ring and intermolccularly from one
aromaltic ring to another through dealkylation reactions catalyzed by Lewis acid.
The intramolecular alkyl-transfer is called reorientation or isomerization and the
intermolecular alkyl transfer is referred to as disproportionation. Reorientation
processes arc normally faster than disproportionation.

FRIEDEL-CRAFTS ALKYLATION OF ARENES
WITH ALKENYLCHLOROSILANES

This section will describe the Friedel-Crafts alkylation reactions of aromatic
hydrocarbons with alkenylchlorosilanes containing short chain alkenyl groups such
as allyl and vinyl. The reaction will be discussed in terms of the substituent eftect
on silicon and the arene rings.

A. Alkylation with Allyichlorosilanes

1. Aromatic Hvdrocarbons

Nametkin and co-workers first reported the alkylation of benzene derivatives
with allylchlorosilanes in the presence of aluminum chloride as catalyst.'”
2-(Arylpropylsilanes were obtained from the alkylation of substituted benzenes
(Ph—X; X = H, Cl, Br) with allylsilanes such as allyldichlorosilane and allyltrichlo-
rosilane.'*** The yields ranged from 34 to 66% depending upon the substituents
on the benzene ring, but information concerning reaction rates and product isomer
distribution was not reported.
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After succeeding in the direct synthesis of allyldichlorosilane by reacting ele-
mental silicon with a mixture of allyl chloride and hydrogen chloride in 19937
Jung et al. reinvestigated the Friedel-Crafts reactions of benzene derivatives with
allyldichlorosilanes in detail (Eq. (2)).

R' Cl X
\S'/
f— 1
\\_Crl x AICI, = s
Si-x + —R? ] cl
! = V2N
Cl q' R2
(2)
X = H, Me, CI
R' =H, Me
R? = halides, alkyl,
Ph, OPh, etc

The results of these alkylation reactions with allyldichlorosilane (1) in the presence
ot aluminum chloride catalyst are summarized in Table II.

As shown in Table 1, the alkylation of halobenzenes with 1 at room temperature
for 50 min afforded the monoadducts in relatively good yields ranging from 60
to 66%. The reaction with alkylbenzenes took shorter times at lower temperatures
and the yields obtained within 20 min at 0°C ranged from 70 to 78%. The results
indicated that electron-withdrawing groups such as halogens deactivated the alky-
lation, while electron donating groups such as alkyl groups on benzene generally
facilitated the reaction.™*" This is consistent with the clectrophilic nature of the
alkylation reaction.

The reactivities of allylsilanes for the alkylation of benzene derivatives varied de-
pending on the substituents on silicon."? Allylchlorosilanes having more than two
chlorine atoms on silicon. such as allyldichloromethylsilane and allyltrichlorosi-
lane, readily reacted with substituted benzenes to give 2-(aryl)propylchlorosilanes
in the presence of aluminum chioride, but allyltrimethylsilane did not react.’”
Among the allylchlorosilanes, allyltrichlorosilanes gave the highest yield while
allylchlorodimethylsilane gave the lowest,*” thus indicating higher reactivity for
the polychlorine substituted allylchlorosilanes.

Monoalkylation products. 3-aryl- 1, | -dichloro- I -silabutanes, were obtained from
the alkylation of aromatic compounds with 1 in the prescnce of aluminum chlo-
ride catalyst in good isolated yields (60-80%) along with small amounts of higher
alkylation products. Dialkylation products were obtained in yields ranging from
2 to 8% when a 5-fold excess of the aromatic compounds with respect to 1 was
used. The amount of dialkylated products can be further reduced by using a greater
excess of the aromatic compounds.

In the alkylation of toluene at various temperatures ranging from —45 C to room
temperature, different product distributions (o-: m-: p-) were observed ranging from
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TABLE I}

ALKYLATION CONDITIONS AND [SOMER DISTRIBUTION OF
PRODUCTS

Monoaltkylated Products

Substituents
Reaction Temp.,  Yield  Isomer Distribn.
R R’ (O (%) (0 m: p)/’
H H I 72
H F It [{0] 31:2:67
H Cl it 68 27:6:67
H Br Il 060 29:9:62
H Me 0 70 3:66:31
H El 0 78 2:64:34
H i-Pr 0 71 -33:67
H Ph' it 83 -:37:63
H PhO' rl 74 47:3:50
Me o-Me 0 81
Me m-Me 0 73 ac:bb = 62:38
Me p-Me 0] 85 abibe =2:98
Me p-Cl 0 00 ab:ba = 80:20

“The reactions were carried out at 0 C or rt for 20 min
ncat except for 50 min for halobenzenes (Ph—X: X =F, CI. Br)
and using the 1:5:0.1 mol ratio of I to aromatic compound to
aluminum chloride.

Pa—c represent ortho-, meta-, and para-substituted products,
respectively.

“The reaction was carried out in hexane solution tfor biphenyl
and dipheny! ether.

53:9:38 at —45 C to 17:20:63 at °C and to 3:65:32 at room temperature. Thesc
results indicate that the alkylation of the benzene ring with 1 produces kinetically
controiled ortho- and para-products, due to the ortho- and para-directing nature
of the methyl group,48 at an early stage of the reaction. Then at a later stage,
the isomerization or alkylation—dealkylation of the alkylated benzenes favors the
thermodynamically more stable meta-product, as had been observed in the reaction
of toluene with n-butene.* Aluminum chloride in Friedel-Crafts reactions was
reported to be an eftective catalyst for intra- and intermolecular isomerizations™™"
of the alkylated products.

The ratio of ortho- to the meta- and para-products of monoalkylbenzenes with
1 decreased as the size of the substituents on benzene ring increased. No ortho-
alkylation product was found in the case of i-propylbenzene due to the steric
interaction between i-propyl and the incoming allyl groups. Steric hindrance aris-
ing from the size of the alkyl groups at orthe positions of the substituted benzenes
appeared to be the principal cause of the ditferences in isomer product ratio. %
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The yield of ortho-isomer decreased and meta-isomer increased as the reaction pro-
ceeded for longer periods or at higher temperatures in the presence of aluminum
chloride.

The alkylation of halogen (R =F, Cl, Br) substituted benzenes with 1 results
in predominantly ortho- and para-adducts (91-98%). indicating that the halogen
atoms are ortho- and para-directing groups. Considering the high electronegativ-
ities of halogen atoms, the meta isomer was expected to be the major product.
Higher resonance effects compared to electronic effects might be responsible for
the ortho- and para-directing properties of the halogen atoms. The results indicate
that the alkylation of electron donating group-substituted benzenes with 1 was
faster than the reaction of electron withdrawing group-substituted benzenes. >
Isomerization of the products obtained from alkylbenzenes was also faster than
those of the products obtained from halobenzenes.

Substituent effects of the benzene ring in the alkylation of benzene derivatives
with 1 were studied by comparison with benzene itself. These results are summa-
rized in Table I11.

TABLE Il
RELATIVE ALKYLATION RATES (R '—C(, H,rR:/C(‘ He )
AND SUBSTITUENT CONSTANTS ()7 FOR SUBSTITUTED
BENZENES (R'—CoH, —R")

Substituents Relative Rates Substituent Constants’
R] R3 kR/kH |()g kR/kH TR a| T
H H 1.00 0.00 0.00 0.00 0.00
H F 0.081 —1.04 0.74  —0.60 0.14
H Cl 0.016 — .44 0.72 -0.24 0.48
H Br 0.011 —1.96 072 -2.52 0.54
H Me 3.89 0.59 —0.01 041 —042
H Et 4.10 0.61 -0.02 =044 046
i-Pr 5.65 0.72 — — —
H Ph 10.27 1.01 0.25  —-0.37 -0.12
H PhO 942 0.97 076 —1.29 —0.53
Me p-Cl — -—1.22 —— — —
Me o-Me — 0.13 — — —
Me m-Me — (.46 — - —
Me p-Me -— 0.05 — — —

“Reaction mole ratio of 1:benzene:substituted  benzene:
aluminum chloride = 1:20:20:0.1.

" See Ref. 46.

“Definitions: og. resonance constant; o). field constant:
o= or+ o)
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The reactivity of substituted benzenes (Ph—R) decreased in the following order:
R = Ph > PhO > i-Pr > Et > Me > H > F > Cl > Br.”® The alkylation of
alkyl benzenes was faster than that of halogen substituted benzenes. Among the
halogen substituted benzenes, the fastest rate was observed for fluorobenzene and
the slowest for bromobenzenes, which was not consistent with the electronega-
tivities of the substituents.™ ' The results indicate that the resonance effect of
halogen substituents to the benzene ring should be considered in addition to the
clectronic effect in order to explain the reaction rates.*® The relative reaction rates
for the alkylation of substituted benzenes with respect to benzene (log kr/kyy) were
plotted against substituent coefficients (o)* for alkyl, aryl. and halogen groups.
According to the Hammet equalion:s'z log kp/ky=po. where p is a Hammet
constant, p was found 1o be —3.1 from the relationship between the substituent
coefficients (o) and the relative reaction rates for the alkylation of substituted ben-
zenes with respect to benzene (log kr/kp). In the case of disubstituted benzenes,
the reactivity for alkylation decreased as follows: meta-xylene > ortho-xylene =
para-xylene > para-chlorotoluene.

In order to study the polyalkylation reaction of benzene derivatives with al-
lylchlorosilanes, allyldichlorosilane was reacted with benzene derivatives. The
reactions were carried out under various reaction conditions. The polyalkylated
products increased as the mole ratio of allyldichlorosilane to benzene derivatives
increased, but the polyalkylated products obtained from the one step reaction were
difficult to purify by distillation due to their high boiling points. Thus. the reaction
was carried out by adding allyldichlorosilane to benzene derivatives in the presence
of aluminum chloride catalyst to obtain dialkylated products as the major prod-
uct. The reaction using a 2:1 mixture of allyldichlorosilane and benzenc deriva-
tives afforded dialkylated products (32—41%) along with trialkylated products
(23-28%) (Eqg. (3)). In the reaction using a 3:1 mixture of allyldichlorosilane and
benzene derivatives, trialkylated compounds were obtained as the major product.

ﬂ(f' AICl;, BT
Si-H +
cl
1 R = H, Me, Et. iPr

o
BN Si
1/AClg, RT cl i cl (3)
| ll\//
H-Si 2X
| n R
ct
n=1or2
R=H;n=1(41%),n =2 (26%)
R =Me;n=1(32%), n =2 (28%)
R = Et:n=1(34%), n = 2 (26%)

R=iPr;n=1(38%), n=2(23%)
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In the reaction using a 1:4 mixture of allyldichlorosilane and benzene derivatives,
higher alkylated compounds than trialkylation products were not obtained. This
is apparently due to the steric hindrance between substituents on the benzene ring
and the incoming allyldichlorosilane. Alternatively, step by step alkylation gives
the corresponding products in higher yield than that of the one step reaction. In
the case of benzene with atlyldichlorosilane, a mixture of dialkylated products,
m- and p-bis[(1-dichlorosilylmethyl)ethyl|benzenes. were obtained in 59% yield
from the reaction of monoalkylated product of benzene with another mole of
allyldichlorosilane. Purification was also easier.

Allylchlorosilanes reacted with naphthalene to give isomeric mixtures of poly-
alkylated products. However, it was difficult to distill and purify the products
for characterization from the rcaction mixture due to the high boiling points of
the products and the presence of many isomeric compounds. The alkylation of
anthracene with allylchlorosilanes failed due to deactivation by complex formation
with anthracene and the self-polymerization of anthracene to solid char.

2. Ferrocene

Ferrocene behaves in many respects like an aromatic electron-rich organic com-
pound which is activated toward electrophilic reactions.™ In Friedel-Crafts type
acylation of aromatic compounds with acyl halides, ferrocene is 10° times more
reactive than benzene and gives yields over 80%.™ However, ferrocene is different
from benzene in respect to reactivity and yields in the Friedel-Crafts alkylation
with alkyl halides or olefins. The yields of ferrocene alkylation are often very low,
and the separations of the polysubstituted byproducts are tedious.*’

Jung et al. reported the Friedel-Crafts type alkylation of ferrocene with allylchlo-
rosilanes.™ The reaction of ferrocene with allylchlorosilanes in the presence of
Lewis acid afforded regiospecific alkylated ferrocenes bearing chlorosilyl groups
at the B-carbon to the ferrocene ring (Eq. (4)).

To optimize the alkylation conditions. ferrocene was reacted with allyldimethyl-
chlorosilane (2) in the presence of various Lewis acids such as aluminum halides
and Group 10 metal chlorides. Saturated hydrocarbons and polychloromethanes
such as hexane and methylene chloride or chloroform were used as solvents be-
cause of the stability of the compounds in the Lewis acid catalyzed Friedel-Crafts
reactions. The results obtained from various reaction conditions are summarized
in Table IV.

As shown in Table 1V, the highest catalytic activity of metal halides used as
Lewis acid for the alkylation reaction of ferrocene with 2 was observed in methy-
lene chloride solvent. Among Lewis acids such as aluminum chloride, aluminum
bromide, and Group 4 transition metal chlorides (TiCl,, ZrCl,, HfCl,), catalytic
efficiency for the alkylation decreases in the following order: hafnium chloride >
zirconium chloride > aluminum chloride > aluminum bromide. Titanium chloride
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R2

<> Rl L
! Lewis acid @{?_Cl
Si—C!
Fe + i Fe R?
R

R'=H, Me, CI

R? = alkyl groups (Me, 'Bu, "CgH13)
n=0.1,2

m=0,12

n+m=1o0r2

showed no catalytic activity for the alkylation. It is interesting to note that mild
Lewis acids such as HfCly are more effective than aluminum chloride, a strong
Lewis acid.

When a catalytic amount of aluminum chloride was used, the catalytic activity
decreased and the color changed to green—blue as the reaction proceeded. In the
case of higher reaction temperatures, the alkylation reaction eventually stopped
with the mixture turning a deep blue color. It seems likely that aluminum chloride
becomes deactivated by forming a charge transfer complex with ferrocene. Gen-
zrally, both the reactivity of ferrocene toward alkylation and the Lewis acidity of
aluminum chloride decrease as a ferrocenc/aluminum chloride complex is formed.
[t is well documented that ferrocene can be oxidatively converted to ferrocenium
cation species by most common electrophiles, and as a result is more reluctant to
undergo electrophilic substitutions.”” The yields of alkylated ferrocenes are not
related to the acidity order of Lewis acids used as catalysts. This suggests that
ferrocene undergoes two competing reactions: Friedel-Crafts alkylation with al-
lylchlorosilanes and the complexation with Lewis acid catalyst, which deactivates
the catalyst.™” To find the optimum amount of catalyst for the alkylation, hafnium
chloride-catalyzed alkylation was carried out using various mol% of the catalyst
with respect to allylsilane used. The alkylation rate increased as the concentration
of catalyst increased from 5 to 80 mol%, but the reaction was too slow with 5
mol% catalyst. In these experiments, it was found that hafnium chloride was the
best catalyst for the alkylation of terrocene with allylchlorosilane.

Among methylene chloride, chloroform, carbon tetrachloride, and hexane, fast
reaction rate was observed in methylene chloride or chloroform solvents, but slow
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TABLE IV

ALKYLATION CONDITIONS OF FERROCENE WITH 2
AND PRODUCT YIELDS

Reaction Conditions” Products (%)

Lewis Acid Temp.  Time Mono- Di-
(mol%)"  Solvent () (hy  Alkylated  Alkylated

AICIz (10) CH-CI» 0 1.5 77 &
AlBr3 (10) CH-Cl» ¥} 1.5 74 7
TiCly (1) CH>CI> ( 1.5 0 (}
ZrCly (10) CH-Cl» 0 1.5 81 J
HICly (1) CH-Cl» 0 1.5 89 8
HfCI; (5)  CHXCl, 0 2 30¢ —
HICly (20) CH-Cl» 0 1 81 9
HICly (4) CH-Cl- () | 78 13
HICl4 (80) CH-CI» 0 0.75 67 6
HICly (1) Hexane  Rellex 6 40" —
HICly (10) CCly I 6 44[ —
HICL (10) CHCl, 8] 3.0 86 i)

¢ 1:4 Mixture of 2 and ferrocene was used.

" Yields were determined based on allylsilane used.
“Mol% of Lewis acid was based on allylsilane used.
470% of unrcacted 2.

“60% of unrcacted 2.

56% of unreacted 2.

rates were observed in non-polar solvents such as hexane and carbon tetrachloride.
Methylene chloride was found to be the best solvent. The substituent effects on the
silicon of allylsilanes were studied in the presence of hafnium chloride as catalyst.
The results obtained from the alkylation with several different allylsilanes arc
summarized in Table V.

The reactivity of allylchlorosilanes for the alkylation of ferrocene depends on
the substituents on the silicon atom. The reactivity increases as the number of
alkyl groups on the silicon of allylsilanes increases. Allyl(dialkyl)chlorosilanes
having two alkyl groups and one chlorine reacted with ferrocene in the pres-
ence of 10 mol% HIfCl, under mild reaction conditions (0°C, 1.5 h) to give alky-
lated products, (2-silyl-I-methylethyl)ferrocenes, in good yields (89-96%), but
allyl(alkyl)dichlorosilanes required 50 mol% HfCl, as a catalyst and reflux tem-
peratures to give alkylation products. Allyltrialkylsilanes undergo decomposi-
tion in the presence of hafnium chloride catalyst and allyltrichlorosilane and
allyldichlorosilane showed little reactivity. The reactivity of allylsilanes for the
alkylation of ferrocene decreased in the following order: allyldialkylchlorosilane >



158 JUNG AND YOO

TABLE V
HICLi-CATALYZED ALKYLATION OF FERROCENE
WITH ALLYLSILANE (X3SiCH>CH=CH>) AND
PRODUCT YIELDS

Reaction Conditions” Products (% )"
Substits, ——m—m—————————

on Si H{Cly Temp.  Time Mono- Di-

(X3) tmol%y O (hy  Alkylated  Alkylated
Me; 0.4 Reflux 2 l)cmmpositi(m‘/
Me-Cl 0.1 0 1.5 89 8
McCls 0.4 Reflux 7 90 0
PrCls 0.4 Reflux 7 91 5
"CHECL 04 Reflux 6 96 0
HCI-¢ 0.8 Reflux 16 ] 0
cry 0.8 Reflux 16 4 0

“1:4 Reaction of allylsitane and ferrocene was carried out in the
presence of HECL.

" Yields were determined based on allylsilune used.

" Mol% of HICly was based on allylsilane used.

“Me:SiCl and propene were obtained as major products.

“Polymeric materials were obtained as major products.

"47% of unreacted 2.

allyl(alkyDdichlorosilane >> allyldichlorosilane & allyltrichlorosilane. This reac-
tivity order of allylchlorosilanes for the alkylation of ferrocene is opposite to that
of allylchlorosilanes for the alkylation of substituted benzenes. Considering that
the alkylations of both substituted benzenes and ferrocene are electrophilic substi-
tution reactions, these results are unexpected and surprising. Although the cause
of the reactivity differences in the alkylations of benzene derivatives and ferrocene
with allylchlorosilanes is not clear, it is probably related to the complexation of
ferrocene with the Lewis acid catalysts.™

B. Alkylation with Vinylchlorosilanes

Vinylchlorosilanes react with aromatic compounds in the presence ot Lewis acid
to give the alkylation products fl—(chlorosilyl)ethylarenes.7‘“)’12 In the Friedel-
Crafts alkylation of aromatic compounds, the reactivity of vinylchlorosilanes is
slightly lower than that of allylchlorosilanes.'™"'® Friedel-Crafts alkylation of
benzene derivatives with vinylsilanes to give 2-(chiorosilyl)ethylarenes was first
reported by the Andrianov group (Eq. (5)."" The reactivity of vinylsilanes in the
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alkylation to aromatic compounds varies depending upon the substituents on the
silicon of vinylsilanes.

X' oxe

N7

Si
\_ AICIs \X3
reflux 4h (

X'= X2= X3 = Cl (67%)
X' = Me, X? = X2 = Cl (59%)
X' = X2 = Me, X3 = Cl (25%)

N
—

Vinyldialkylsilanes and vinyltrimethylsilane having no chlorine atoms do not
undergo alkylation with benzene derivatives in the presence of aluminum chloride™!
but vinylchlorosilanes react with benzene to give the alkylation products. The
reactivities of vinylchlorosilanes decrease in the following order: vinyl(methyl)di-
chlorosilane > vinyltrichlorosilane > vinyl(dimethyl)chlorosilanc.

The alkylation of benzene derivatives with methyl(vinyl)dichlorosilane (3) will
be described in detail. Alkylation of monosubstituted benzenes such as toluene,
chlorobenzene, and biphenyl at 75-80"C for 2 h afforded the corresponding alky-
lated products in 50-63% yields."

Polvalkylation of Benzene with Excess 3

Benzene reacted with excess 3 in the presence of aluminum chloride at room
temperature for 4 h to give peralkylated ploduu,“ hexakis[2-(methyldichloro-
silyhethyl]benzene (4a) and other alkylated products: pentakis|2-(methyldichloro-
silyl)ethyl]benzene (4b). tetrakis|2-(methyldichlorosilyl)ethyl|benzene (4e). tris
[2-(methyldichlorosilyl)ethyl|benzene (4d), and bis|2-(methyldichlorosilyl)ethyl]-
benzene (4e) (Eq. (6)). The product distributions were plotted against mole ratios
of 3/benzene in Fig. 1.

Asshown in Fig. 1, product distributions varied depending upon the mole ratio of
310 benzene. When one equivalent or a two-fold excess of benzene was used with
respect 1o 3, the yields of monoalkylated and dialkylated benzenes remained aboul
the same, around 50 and 30%, respectively. As the proportion of 3 to benzene
increased. the mono- and dialkylation products decreased and were formed in
less than 5% yield. while 4a increased rapidly, becoming the major product (56—
58%) at a 6-fold excess or more of 3 to benzene. The yield of 4b increased to
26% at the maximum and then decreased smoothly to 18%. Products 4¢ and 4d,
however, were produced in yields near 10% regardless of the mole ratios used of
3/benzene.

To optimize the reaction time for the synthesis of 4a, the alkylation was carried
outusing a I:6 mole ratio of benzene to 3 at room temperature. Product distributions
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Cl

\ _/Me
@ L _ACK @A/S‘Im

3 mono-alylated product

3/A|Cl
<<CH2CHQS|M8CIZ>

n=5 n =3 (4d)
n:4(4c) n =2 (4e)

Me (6)
/o| C|~éi~Cl

3/AICH,

CI—?i~CI

Me
4a

were determined at various time intervals. Product distributions are plotted against
reaction time in Fig. 2

As shown in Fig. 2, monoalkylated compound was the major product at the ini-
tial stage of alkylation, but decreased drastically and almost disappeared after 4 h.
However, 4a increased gradually and became the major product in a 2-h reaction

Product distribution (%)

10

Mol ratio (3/benzene)

Fig. 1. Alkylation product distribution vs mole ratio of 3/benzene.
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Fii. 2. Alkylation product distribution vs reaction time.

time. As similarly observed in Fig. 1, compounds 4¢ and 4d were obtained in ap-
proximately 10% yield throughout the rest of the reaction time. This indicates that
they were being produced from monoalkylated and dialkylated products at almost
the same rate at which they were consumed to give higher alkylation products.
Therefore 4a can be produced efficiently by using a 6-fold excess of 3 to benzene
with a 2-h reaction time.

2. Polyalkylation of Monoalkyvlbenzenes with Excess 3

In the peralkylation of alkylbenzenes in the presence of aluminum chloride
calalyst.28 both polyalkylation and transalkylation reactions have been reported
as competing reactions. The yields of peralkylation products decrease as the
chain length of the alkyl substituents on the benzene ring increases. probably
due to easter dealkylation under the reaction conditions. Toluene reacted with
5 mol of' 3 in the presence of aluminum chloride at room temperature for 2 h to
give pentakis|2-(methyldichlorosilyl)ethyl]toluene in 61% yield and less alkylated
products: tetrakis[2-(methyldichlorosilyl)ethyl]toluene (12%). tris[2-(methyldi-
chlorosilyhethylJtoluene (6%}), bis[2-(methyldichlorosilylethyl]toluene (2%), and
[2-(methyldichlorosilyl)ethyl]toluenc (2%) based on toluenc used. The peralkyla-
tion reactions of alkylbenzenes having longer alkyl groups such as ethyl, n-propyl.
and n-butyl with 3 gave the corresponding peralkylated products in low yields
(about 25%) along with the transalkylation products (Eq. (7)). The results from
the reaction of alkylbenzenes with 3 are summarized in Table VI.

The reaction of ethylbenzene with 5 mol of 3 under the same reaction conditions
for the alkylation of toluene with 3, gave pentakis|2-(methyldichlorosilyl)ethyl]-
(25%). tetrakis|2-(methyldichlorosilyhethyl]-(9%), tris|2-(methyldichlorosilyl)-
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Cl L
7 RT,2h XY Si-Me
+ \L‘SifMe e (R%C%fél > +
cl 3 MmN __# n
3 m=1-6,n=0-3 m+n<6
m+n=6; R =Et nPr, n-Bu
{(8~ 22%)
Cl R Cl. Me
Me\Si \S‘\ (7)
c Cl
jo
cl S
‘@ Cl Me
_Si
MeT e ci-sical
Me

R = Me (61%)
R = Et, n-Pr, n-Bu (25-27%)

cthyl[-(4%), and bis|2-(methyldichlorosilyhethyl|ethylbenzene (1%) as well as
many transalkylated products as shown in Table VI. It is of interest that longer
alkyl substituted benzenes exhibited different behavior in the peralkylation with
3 in comparison with toluenc. Transalkylated products were expected because
Anschutz first reported the disproportionation of alkylbenzenes in the presence

TABLE VI

POLYALKYLATION PRODUCTS OF ALKYLBENZENES WITH 3

Products (%)

Peralkylated
R n=1l.m=5

Less Alkylated (n = 1)

Transalkylated”

m=1l m=2 m=3 m=4 m=0o0r2)

Me 6l
Et 25

n-Pr 26

n-Bu 27

Tetrakis(sihdiethylbenzene (11)
Tris(sibhdicthylbenzene (11)
Bis(sil)dicthylbenzene (2)
Hexakis(sil)benzene (trace)
Pentakis(silybenzene (8)
Tetrakis(sil)benzene (7)
Tris(sil)benzene (5)
Bis(sil)benzene (trace)
Tetrakis(silhdi-n-propylbenzene (9)
Bis(sih)benzene (2)

(Sil)benzene (2)
Tetrakis(silydi-n-butylbenzene (8)
Bis(sil)benzene (2)

(Sihbenzene (1)

Y (sil) represents 2-(methyldichlorosilyhethyl group.
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of Lewis acid as early as in 1886.% When toluene was heated with aluminum
chloride at reflux, it was found that toluene was converted into a mixture of ben-
zene and xylenes, said to be mainly the m- and p-isomers. Similarly, ethylbenzene
gave benzene and a mixture of m- and p-diethylbenzene. In 1935, Baddeley and
Kenner presented convincing evidence that the products obtained from the dispro-
portionation of p-di(n-propyl)benzene in the presence of aluminum chloride were
n-propylbenzene, m-bis(n-propyl}benzene, and l,3.5»tris(n—pmpyl)bcnzene.“M
Thus, it may be concluded that the inter- and intra-transalkylation of ethylben-
zene and alkylated products to the mixture of ethylbenzene, benzene, and diethyl-
benzene, followed by the polyalkylation with 3, leads to the many byproducts.
This also indicates that the transalkylation of ethylbenzene was responsible for
the significantly lower yield (25%) of pentakis|[2-(methyldichlorosilyDethyl]-
benzene in comparison with those obtained from the alkylation of benzene™ or
tolucne.

Peralkylation of n-propylbenzene and r-butylbenzene showed similar results to
those of ethylbenzene.

3. Peralkviation of Dimethvi- and Trimethvibenzenes with Excess 3

o-. m-, or p-Xylene reacts with 4 mol of 3 to afford isomeric mixtures of per-
alkylated xylenes consisting of tetrakis[(methyldichlorosilyl)ethyl]-o-xylene or
tetrakis|(methyldichlorosilyl)ethyl]-m-xylene and tetrakis|(methyldichlorosilyl)-
ethyl]-p-xylene, and isomeric transalkylation products (Eq. (8)). These results
indicate that reorientation occurred during the alkylation of xylenes. With longer
reaction times and higher temperatures, tetrakis|(methyldichlorosilylethyl}-p-
xylene was favored due to less steric hindrance between the substituents on
benzene.

Cl
ol Si-M
7 RT,2h X I=Me
| N o 4\—$i—Me TACH @4/76!
Cl
3

/\ - m
m=1-4
o-, m-, or p-Xylene
Me. /,C' Cl\ _Me
Si Si
/ \ (8)
Cl Cl
+
Cl Cl
si si
Me™ b c’ “Me
(25 - 64%)

It has been demonstrated by several investigators that methylarenes undergo
reorientation without any observable transalkylation. Baddeley et al. reported that
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TABLE VIl

POLYALKYLATION OF XYLENE WETH 3 AND
PRODUCT DISTRIBUTIONS

Product Yields (%)

Less Alkylated (Isomers)

Peralkylated”

Xylene (m=4) m=1 m=2 m=3
o-Xylene 75(29) Feh 5h 94
m-Xylene 29(25) 4 ey 39
p-Xylene 76(64) 11y 44(5) 8 ()

“Tetrakis|2-cmethyldichlorosilyhethyl|-p-xylene  is
presented in parentheses among the isomeric mixture of
peralkylated products.

a mixture of p-xylene and aluminum bromide kept at room temperature for 1 h
gave no change in the hydrocarbon, but in the presence of hydrogen bromide.
reorientation occurred to produce a mixture of the three xylene isomers (in a
ratio of ca. 26:7:27 = o/m/p) with no appreciable formation of transalkylation
pmducts.(’"h2 These reports correspond well to the above results.

Because of its high structural symmetry. tetrakis[(methyldichlorosilyl)ethyl]-
p-xylene was easily purified by recrystallization from THF. The less alkylated
products, monoalkylated to trialkylated compounds, were also formed along with
many isomers due to reorientation of the methyl group. The yiclds of peralkylated
and less alkylated products including isomers are summarized in Table VII.

Peralkylation of mesitylene with 3 gave only reoriented products but no trans-
alkylated products. It was found that the undesirable isomerization of 2.4.6-tris-
(methyldichlorosilylethyl)mesitylene to the 3.5.6- or 4.5,6-isomers could be
avoided by carrying out the reaction in hexane solution at room temperature
tor 12 h. In this reaction, peralkylated product. 2.4,6-tris|2-(methyldichlorosilyl)-
ethyl]mesitylene, was obtained in 38% yield along with mono- and dialkylated
mesitylene without any reoriented products in 7 and 37% yields, respectively.

The Friedel-Crafts type polyalkylation ot alkyl-substituted benzenes with 3 be-
comes casier and faster as the number of clectron-donating methyl groups on the
phenyl group increases. This is consistent with the tact that the alkylation occurs
in the fashion of electrophilic substitution. The tendency of starting methylben-
zenes to form reoriented products also increases in the same order from toluene to
mesitylenc.

The alkylation of benzenes having electron withdrawing groups. such as chloro-
benzene and anisole, with 3 gave onty monoalkylated. dialkylated. and trialkylated
compounds.““ but no peralkylated products were obtained even upon heating of
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the reaction mixtures for long periods. This might be due to the deactivation effect
of the electron-withdrawing substituents and the complexation between AICI;
catalyst and the lone pair electrons on the substituents.

v

FRIEDEL-CRAFTS ALKYLATIONS OF ARENES
WITH (CHLOROALKYL)SILANES

The Friedel-Crafts alkylation of aromatic compounds with alkyl halides in the
presence of Lewis acid is well defined in organic Chemistry.' However, alky-
lations with chlorosilanes™'*'¢-18-2 containing chlorinated alkyl groups have
been relatively unexplored due to the lack of readily available starting mate-
rials. (Polychlorinated methyl)chlorosilanes have been produced as byproducts
in the photochlorination process(“‘65 ot dimethyldichlorosilane for the prepara-
tion of (chloromethyl)methyldichlorosilane (5). Bis(4-fluorophenylymethyl[(1H-
1.2.4-triazol-1-yl)ymethyl]silane, known as a good fungicide, was prepared starting
from 5 by Moberg in 1985.°° and was commercialized by Du Pont. Jung ef al.
also studied the synthesis of new bioactive organosilicon Compoundsm‘ﬁx starting
from (chloromethyDtrichlorosilane which can be prepared by the chlorination® of
methyltrichlorosilane. To find useful applications of (polychlorinated methylchlo-
rosilanes [(Cl,H3.,C)SiX3.n = 2, 3] formed as byproducts in the photochlorination
of methylchlorosilanes. they studied the dechlorination of byproducts to re-form
starting materials’” and the Friedel—Crafts alkylation of benzene with the (poly-
chlorinated methyl)chlorosilanes. In a series of thesc works, a variety of (chlori-
nated alkyl)chlorosilanes was synthesized™ "7 and their alkylation reactions
with benzene derivatives were studied. This section will describe the Friedel-Crafts
reactions of aromatic hydrocarbons with (chlorinated alkyl)chlorosilanes contain-
ing short chain alkyl groups such as methyl, ethyl, propyl groups. These reactions
will be described in terms of substituent effect on the silicon and alkyl-chain length
effect of the (chlorinated alkyl)silanes.

A. Alkylation with (w-Chloroalkyl)silanes

(Chloroalkyl)silanes have been reported to react with aromatic compounds in
the presence of aluminum chloride catalyst to give the corresponding alkylation
products (Eq. (9)).1+101520 However, the details of the alkylation were not re-
ported. Thus, Jung et a/. undertook a systematic investigation of the alkylation of
silanes containing a terminal chlorinated alky!l group |Cl—(CH,),,SiX5, n = I,
2, 3] to benzene in the presence of aluminum chloride catalyst. In this work, the



166 JUNG AND YOO

X1
T 20 mol %o AICT,
X2=Si~(CHy)mCl
)‘(3 vt - 2000°C
X! (9)
|
X2=Si-(CH)mCHo
X3 f
m

1-3
1-6

alkylation reactivity of (w-chloroalkyl)silancs was found to depend on the sub-
stituents on the silicon atom and the spacer fength between the silicon and C—Cl
bond. The results obtained for the alkylation with (w-chloroalkyDsilanes at various
reaction temperatures are summarized in Table VIIL.

As shown in Table VIII, the spacer length between C—Cl and the silicon and sub-
stituents on the silicon atom of (w-chloroalkyl)silanes affects the reactivity of (w-
chloroalkyl)silanes in the alkylation of benzenc. The alkylation reactions occurred
atl lower temperature as the spacer length between C—Cl and the silicon increased
from (chloromethyl)silane to (8-chloroethyl)silane and to (y-chloropropyl)siiane.
These results show that the alkylation rate of (w-chloroalkyl)silanes increases dras-
tically as the alkyl-chain length of (w-chloroalkyl)silanes increases from methylene
to ethyl and to propylene, reflecting that the activation of C—CI bond of (w-
chloroatkyl)silanes depends on both the clectron-withdrawing and steric
effects of the neighboring trichlorosilyl-group. In the case ot substituent etfects
on the silicon of (chloromethyl)silancs, the reactions occurred at higher reaction
temperatures as the number of chlorine groups on the silicon increased from

TABLE VIII

REACTION CONDITIONS OF im-CHLOROALKYLSILANES
(CHCH)LSIX X XY) WITH BENZENE AND ALKYLATION PRODUCTS

Alkylation
Silane Reaction Conditions Products (%)

Unreacted
m x'x7x? Temp. ¢ €y Time (hy - Mono- Di- Silane

1 Cl; 200 20 3t — 55
2 Ch It 2 82 - —
3 Ch ] | 70 — e
1 ClhMe 80) 1o 71 13 10
1 Mey It 4 Decomposition pmduclxh

“The reaction was carricd out in the presence of 20 mol% aluminum
chioride catalyst.

" Toluene, xylene. and (rimethylchlorosilane were observed as
major products.
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(chloromethyDtrimethylsilane to (chloromethylymethyldichlorosilane and to (chlo-
romethyDtrichlorosilane. In particular, (chloromethyhtrichlorosilane reacted with
benzene under drastic conditions to afford the alkylated product: a reaction tem-
perature of 200°C in a sealed stainless tube. After a 20-h reaction period, only
49% of the (chloromethyltrichlorosilane was consumed to give (trichlorosilyl-
methylhbenzene in 31% yield. No alkylated products of ((trimethylsilylymethyl)-
benzene were observed in the alkylation with (chloromethylitrimethylsilane. but
lower boiling products such as toluene. xylene, and trimethylchlorosilane werc
obtained instead. The reaction with (chloromethyl)silanes containing one chlo-
rine on silicon also gave alkylation products, along with lower boiling compounds
as observed in the alkylation with trimethylchlorosilane. The alkylation rate of
benzene was faster with (w-chloroalkyDtrichlorosilanes having longer spacers be-
tween C—ClI and the silicon and fewer chlorine substituents on the silicon. This
indicates that the C—Cl bond is deactivated by inductive cffects since the electron-
withdrawing ability of silyl group increases with increasing number of chloro-
groups on the silicon." Other alkylation products obtained from the reaction of
(w-chloroalkyl)silanes with aromatic compounds such as benzene derivatives and
naphthalene in the presence of aluminum compounds as catalyst are summarized
i Table X 54160820

To prepare multifunctionalized symmetric organosilicon compounds by the
polyalkylation of benzene. (2-chlorocthyljtrichlorosilane and (3-chloropropyltri-
chlorosilane were reacted with benzene. Polyalkylations of benzene with
(2-chloroethyl)silane and (3-chloropropyl)silane were carried out in the presence
of aluminum chloride catalyst at a reaction temperature of 8¢ C. The reaction of
benzene with excess (2-chloroethyDtrichlorosilanes afforded peralkylated product.
hexakis(2-(trichlorosilyl)ethyl)benzene in good yield (70%).™

C'\S,c;
1
cl % AT cl others
@ ¥ xg—Ci AICI, .
¢l
C|)|
ol oi=sieCl
10
80°C/AICI5 a0

Ci=Si—ClI
ci

70%
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TABLE 1X

(CHLOROALKY1L)SILANES (X}XZXlSi(CH:)",CHX(‘l) AND PRODUCT YIELDS

Reactants
Alkylation
Silane Reaction Conditions Products (%)

XXX om X R" Cat. Temp. ¢ C) - Time (hy - Mono- Di- Ref.
Cl: 0 H H AlCI: Reflux o0 100 42-¥5 8, 12.20
Cls 0 H (@] AlCH Reffux ®¥0- 100 63 8
Cl, 0 H Me AlCTy Reflux 100 13 12
Cly 0 Me H AICT; Reflux 80100 03 8
Cly 0 Ht H Al Reflux 20 8 13
Cly 0 SiCh H AlCH, no 12
Cl, 1 H Al 200 20 -
Cly I H H AlCH Reflux 33 100 33-83 812015
Cly 1 H H Al 70 72 [
Ch 1 H Cl AlCTy Reflux S0 7 12
Cls 1 " Me AlC Reflux 3 72 12

55 8,
Cl; 1 H Ph Al 90 3 s
Cly | H naph  AICK, 1305 34 21-28 15,18
Cly | H OPL AICH 130 25 23 15
Cl: 1 Me H AlCT: Reflux 20 53 18
Cly | Me Me AICH Reflux 20 S8 13
Clz ! Me Ph Al Reflux 20 23 18
Cla | Me Ph AlCH Reflus 20 58 1%
Cls t Me OPh AICT Reftux 20 42 [
Cly > H H AlCT 47(16) 1%
Cly 2 H Cl ACT 73 1y
Cly 2 H Me Al 34 19
Cl 2 H Ph AlCT 45 I8
Cly 2 N OPh A 45 18
Ch 2 H naph  AICH 6 I8
Me.Cl- 0 H H AICH Refluy 60 26-65 8 8. 16,20
Me.Cl» 0 H ! AICL Reflux 00 26 16
Me.Cls 0 H Mc AlCT Reflux 60 16 16
Me. (1, | Me H Al 44 — 8
Me.Cly | Me Cl ALCL 50 18
Me.Cls 1 Me Me 40 - 8
Me.Cla I Me Ph 40 [
Me.Cl- 1 Me OPh 27 - 8
Me. (- | Me naph 26 1%
Me.Cls 2 Me H AlCH 34 8
Me.Cls 2 Me Cl Al 44 18
MeCla 2 Me Me MNCly al 18
Me.CL 2 Me nuph  AICI, 39 18
EnCls 0 Mc It AlCT: Reflux 60 S0 16
ELCL 0 H Cl AICL; Reflux 60 25 10
ELCl, 0 H Me AlCTH Reflux a0 25 - 6
ELClL | H H AICT: Reflux 8 60 25-34 12,16
Et.Cls i H 1 AlCH Reflux o0 42 - 16
ELCL 1 H Me AICH Reflux o0 41 16

" naph = naphthalene.
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The reaction of benzene with excess (3-chloropropyDtrichlorosilane afforded
peratkylated product, hexakis(3-(trichlorosilyl)propyD)benzene. in moderate yield
(53%).™

Cl al Ci
© OO AT \/SLCl + others
Cl ACl c

(1
80°C/AICI;

el

53%

B. Alkylation with (Dichloroalkyl)silanes

The alkylation of benzene with (w,w-dichloroalkyl)silanes was also studied in
the presence of aluminum chloride catalyst. The alkylation gave diphenylated
products, (w.w-diphenylalkyl)chlorosilanes in fair to good yields (Eq. (12)).

q C|;| 20 mol % ALCT,
X-Si=(CHz)y=C=11 1 2 - .,

Cl Cl

¢ (12)

X=Si=(CHz)m—C—H
Cl N Ill QI
- (CHanSIx ),
X ci
n=01

The results obtained from the alkylation reaction of (w,w-dichloroalkyl)silanes
with excess benzene are summarized in Table X,

As observed in the alkylation with (cu—chloroalkyl)silanes,]4 both the spacer
length between the C—Cl and silicon and the substituents on the silicon atom of
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TABLE X
ALKYLATION CONDITIONS OF BENZENE WITH
(.co-DICHLOROALKY1L)SILANES (C1LXSHCH»), CHCl)
AND PRODUCT Y1ELDS

Silune Reaction Conditions” Products (%’
Unreacted
m X Temp. (°C)y  Time(hy n=0 n=]1 Silane
(} Cl 80 | 3 — 95
| Cl e 2 82 — -
0 Me 30 0.5 74 12 —

“Reaction was carried out in the presence of 20 mol% AICI;
based on silane used.

"Refer to Eq. (12) for the product structures (n=(% ).

10 mol% AICI; was used based on silane.

(w.w-dichloroalkylychlorosilanes affect the reactivity of (w,w-dichloroalkyl)silanes
for the alkylation of benzene in the presence of aluminum chloride catalyst. The
alkylation of benzene with (w.w-dichloroalkyltrichlorosilanes occurred at lower
temperature as the spacer length between the C—C1 and silicon increased from
(dichloromethyl)silane to (2,2-dichloroethyl)silane. The alkylation proceeded at
room temperature with (2.2-dichlorocthyl)silane, while the alkylation with (dichlo-
romethyl)silane occurred at 80 C. As the number of chlorine substituents on the sil-
icon decreased from (dichloromethylitrichlorosilanes to (dichloromethyl)methyl-
dichlorosilanes, the products were obtained in good yield after a shorter reaction
period.

In the alkylation of benzene with (dichloroalkyl)chlorosilanes in the presence of
aluminum chloride catalyst. the reactivity of (dichloroalkylsilanes increases as the
spacer length between the C—Cl and silicon and as the number of chloro-groups
on the silicon of (dichloroalkyl)chlorosilanes decreases as similarly observed in
the alkylation with (w-chloroalkyl)silanes. The alkylation of benzene derivatives
with other (dichloroalkyl)chlorosilanes in the presence of aluminum chloride gave
the corresponding diphenylated products in moderate yields."*" Those synthetic
data are summarized in Table XI.

The alkylation of halogen-substituted benzenes such as fluorobenzene and di-
chlorobenzenes with other (dichloroalkyDsilancs in the presence of aluminum
chloride catalyst afforded isomeric mixtures of the corresponding (dihalogen-
substituted phenyl)alkylsilanes in moderate yields (Eq. (13)). These results are
summarized in Table XII.

XT
¢ ac, ¢
+ CloHpn4Co=Si-R ———— (X‘X206H4)2H2n,1cn—§|-R (13)
Cl cl
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TABLE XI
ALKYLATION CONDITIONS OF BENZENE DERIVATIVEES (R—Ph) wWITII
(DICHLOROALKYL)SILANES (CIZX'Si(CHg)mCX‘Clz) AND PRODUCT YIELDS

Reactants
Alkylation
Silane Reaction Conditions Products” (%)

X' m X R Cat.  Temp( C) Time¢h) Di-  Mono  Ref.

0 H H AICI reflux 60 10 - 12
0 H Cl AICH reflux 64 S0 — 17
Cl 1 H H  AICI reflux — 15 — 17
Cl 1 H Cl  AICKL reflux — 20 — 17
Cl | H  Mc AICI reflux - 3 Il 17
Me 0 Me H  AICkK reflux — 38 — 17
Me 0 Me ClI o AICK reflux — 40 9 17
Mc 0 Me Me AICK reflux — 5 41 17
Me O Me H AICIy reflux — 6 — 17
Me O Me ClI AICK reflux — 42 — 17
Me 0O Me Mce AICK reflux — 4 — 17

“Di and mono stand for (diphenylalkyl)- and (monophenylalkyl)chlorosilanes.

In extension of the alkylation reactions to polychlorobenzenes, polychlori-
nated benzenes such as 1,2, 4-trichlorobenzene and 1.2,3.4-tetrachlorobenzene
were alkylated with (1,2-dichloroethyl)trichlorosilanes in the presence of alu-
minum chloride catalyst. Although the electron-withdrawing chlorine substituents
on the ring deactivated the electrophilic substitution reaction, the alkylation

TABLE XII
ALKYLATION CONDITIONS OF BENZENE DERIVATIVES (X'XI-C()H“
WITH (DICHLOROALKYL)SILANES (CIhRS1(CyHa, . Cl2) AND YIELDS
OF PRODUCTS (X' X CoH1)oHon_ 1 CoSiRCl)

Reactants
Silane
XIXZ—ChHJ, Reactants Conditions
Position ol Alkylation
R n Cl» x! X Temp. ("Cy  Time (h)  Products (%)
Me 1 1.1- H F Reflux 2.0 05
Me | I.1- Cl 4-Cl 150 7.0 47
croo2 1.2- Cl 3-Cl 120 0.5 39
croo2 1.2- Cl 4-Cl 120 0.5 43
o2 2.2- Cl 4-Cl 80 1.0 59
clo3 2.3- H H 70 0.1 76
o3 2.3- H F 70 0.2 41
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proceeded for 0.3 h at 120°C to give unusual 5-membered ring products.”’ In the
case of alkylation of 1.2.4-trichlorobenzene, diatkylation products, [2.2-bis(tri-
chloro phenylethyljtrichlorosilanes. and cyclic products. 1-silylmethyl-2-silyl-3-
trichlorophenyl-4.5(6).7-trichloroindanes. were obtained in 57 and 6% yields (Eq.
(14)), respectively.(‘} The alkylation of 1,2.3.4-tetrachlorobenzenc gave cyclic pro-
ducts, I-silylmethyl-3-(2,3.4.5-tetrachlorophenyl)-4.5.6,7-tctrachloroindane and
I-silylmethyl-3-(2.3.4.5-tetrachlorophenyl)-4.5.6.7-tetrachloroindane, in 58 and
5% vyields, respectively (Eq. (15)).%

o]
c . cl Jel
cl S‘\C\ C‘\Si~C|
5 p o o Cl cl
r—-' CI——\ 1 $i’CI + ! \\—Cl (14)
Cl gz
& C
\ cl Ci
=X
cl (lzt A ¢]] Cl 57%
}Te'i_m 120°c3 o
o & cl
cl
cl Cl
cl (15)

(Dichloroalkyl)chlorosilanes undergo the Friedel-Crafts alkylation type reac-
tion with biphenyl in the presence of aluminum chloride catalyst to afford
9-((chlorosilyDalkyDfluorenes through two step reactions (Eq. (16)). The results
obtained from the alkylation of biphenyl and the cyclization reaction to 5-
membered-ring product are summarized in Table XII1.

(l:, AICI3
Ci
Ci

R (CHg)n,r$i—X (16)

m
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TABLE XIII
ALKYLATION CONDITIONS OF BIPHENYL WITH (DICHLOROALKYL)SILANES
(CILXSHC yHom - (Cla)) AND YIELDS OF PRODUCTS
((C]]HSR)—(CH:)"SiXCb)

Silane
Reaction Conditions Alkylation Products®

Position of

X m Cly Temp. ('Cy  Time (h) R n (%)
Cl 2 1.2- 130 3 H | 34
Me | 1.1- 120 23 H 0 59
Me 2 1.2- 120 0.2 H 1 18
Me 3 2.3 140 2.0 H 2 32
Me 4 2.3 100 1.0 Me 2 34

“ Alkylation products stands for (9-fluorenylatkylsilanes.

C. Alkylation with (Trichloromethyl)silanes

When (trichloromethyl)silanes reacted with excess benzene in the presence
of aluminum chloride at reflux temperature, (triphenylmethyl)silanes werc ob-
tained as the major products along with (diphenylmethyl)silanes as minor prod-
ucts (Eq. (17)). Excess benzene was used to avoid the production of polymeric
materials due to polyalkylation of one phenyl group.

¢ao 20 mol % AIC] ¢
X-Si-C-Cl - © mete At x~§i-CH3,n@>" a7
cl Cl 0o Ci

n-—-2.3

The results obtained from the alkylation of benzene with (trichloromethyl)silanes
are summarized in Table XIV.

As shown in Table X1V, the reactivity of (trichloromethyl)silanes varied depend-
ing upon the substituent on silicon. The reactivity and yields of (trichloromethyl)-
methyldichiorosilanes were slightly higher than those of (trichloromethyl)tri-
chlorosilanes in the aluminum chloride-catalyzed alkylation as similarly observed
in the alkylations with (w-chloroalkyl)silanes and (dichloroalkyl)silanes. The
clectron-donating methy! group on the silicon facilitates the alkylation more than
the electron-withdrawing chlorine. The minor products, (diphenylmethyl)chloro-
stlanes, were presumably derived from the decomposition of (triphenylmethyl)-
chlorosilanes.

To examine the decomposition of (triphenylmethyl)chlorosilanes to (diphenyl-
methyl)chlorosilanes during the alkylations of benzene with (trichloromethyl)-
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TABLE X1V
ALKYLATION CONDITIONS FOR BENZENE WITH
(TRICHLOROMETHY1)SILANES (CLXSICCl3)
AND YIELDS OF PRODUCTS (CHXSICH;. o (Ph),)

Products (%)
Silane  Reaction  ———————  Unreacted
(X) Time(h) n=3 n=2 Silane

Cl | 60) 2 7
Cl 2 o+ 3 —
Me 0.5 72 18 18
Me 1 o8 25

“Reaction was carricd out at 80 C in the pres-
ence of 20 mol% AlCIz based on silane used.

chlorosilanes in detail, methyl(triphenylmethyhdichlorosilane was stirred under
the same alkylation conditions but without starting material. As expected, methyl-
(diphenylmethyhdichlorosilane was obtained (Eq. (18)).

% AlCT ol :
Me—§i~0—® in benzene Me‘?'—C‘H (18) (1 8)

Cl Ci

The results obtained from the decomposition reaction of (triphenylmethyl)-
methyldichlorosilane to (diphenylmethyl)methyldichlorosilane in benzene solvent
in the presence of aluminum chioride are summarized in Table XV.

TABLE XV
DECOMPOSITION OF (TRIPHENYI -
METHYL)METHY LDICHLOROSIEANE (1) TO
(DIPHENYLMETHYL)METHYLDICHLOROSILANI:
(IT) IN THEE PRESENCE OF AlCly

Reaction Conditions" Compounds (%)

Temp. ('C)  Time (h) 1 11 /1

1l 2 100 — 0
80 | 85 10 0.12
80 2 72020 0.28

“The reaction was carried out in the presence
ot 20 mol% aluminum chloride catalyst.
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PO GO L
| [e]

Me-Si—C-H Me- S| C-H Me— S|—C—H
Cl CI pZ ‘
RN
AN

n Nl Vi
45% 29% 12%

In 2 h reaction at 80°C

SCHEME . Exchange reaction between (phenylalkylsilane and toluene.

As shown in Table XV, the decomposition of (triphenylmethyl)methyldichloro-
silane did not occur at room temperature, but occurred at the reflux temperature of
benzene to give (diphenylmethylymethyldichlorosilane in 10 and 20% vields after
1 and 2 h reaction periods. The results indicate that the decomposition occurs in
the alkylation reaction conditions of benzene with (trichloromethyl)chlorosilanes
as observed in the decomposition of tetraphenylmethane to triphenylmelhane.%%

To confirm the production of benzene from the decomposition reaction of
methyl(triphenylmethyl)dichlorosilane, the decomposition reaction of methyl(di-
phenylmethyl)dichlorosilane in the presence of aluminum chloride was carried
out in toluene solvent at 80 C. In this reaction, the exchange reaction between
phenyl groups on the methyl group of (diphenylmethyl)(methyl)dichlorosilane
and toluene occurred to give [phenyl(tolylymethyl|(methyl)dichlorosilane and (di-

tolylmethyl)}(methyl)dichlorosilane (Scheme 1 ). 7576

a. Mechanism for alkyvlation and exchange reactions  The mechanism for the
alkylation of benzene, as an example, with chloroalkylsilanes in the presence of alu-
minum chloride as catalyst is outlined in Scheme 2. The C—Cl bond of chloroalkyl-
silanes interacts with aluminum chloride catalyst to give a polar *C—CI*"

o x
R - X—§i~(CH2)n‘?
Cl X2
l](-]Y AlCI; \( R-X
H AI(‘I( 5 &
R--Cl AICI3

SR eIae

SCHEME 2. Mechanism for the Friedel-Crafts alkylation of benzene with (chloroalkyl)silane.
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o
R - X-Si-(CHp)7C
Cl X2
R
R
AN
\ HIAICH
Y

H R

O, o
KAy

SCHEME 3. Mechanism for the transalkylation reaction betweenthe phenyl group of phenylalkyl-
silane and toluene.

(HCACI—uAld*Cl}) intermediate or a carbocation C' ,1\1Cl,4".77'78 This interme-
diate electrophilically attacks the benzene ring to generate a benzenonium ion
intermediate which gives alkylated benzene through deprotonation by aluminum
tetrachloride anion. Finally the hydrogen aluminum tetrachloride complex affords
aluminum chloride and hydrogen chloride gas. This aluminum chloride is recycled
in the catalytic cycle of alkylation.

The mechanism for the transalkylation of (diphenylmethyl)silane with toluene
in the presence of aluminum chloride as catalyst is outlined in Scheme 3. In the
aluminum chlonde-catalyzed reactions, a small amount of hydrogen chloride, re-
sulting from the reaction of anhydrous aluminum chloride with moisture inevitably
present in the reactants, initiates the reaction.” The proton resulting from hydrogen
chloride and aluminum chloride interacts with the benzene ring to generate a ben-
zenonium ion intermediate through protonation to the ipso-carbon of benzene.” ™
This intermediate is dealkylated to give a alkyl cation intermediate (R* AICI, )
and benzene. The alkyl cation intermediate interacts with toluene to give an alky-
lated toluenonium ion which is deprotonated to generate a proton (H"AICI, )
and give (tolylated methyl)silane. This proton is recycled in the catalytic cycle of
alkylation.

The mechanism for the production of 9-((chlorosilylalkyh)fluorenes from the
Friedel-Crafts alkylation reaction of biphenyl with (1,2-dichloroethyl)silane in
the presence of aluminum chloride as catalyst is outlined in Scheme 4. At the
beginning stage of the reaction, one of two C—Clbonds of (1.2-dichloroethyl)silane
(CICH,—CICH—SiX3) interacts with aluminum chloride catalyst to give interme-
diate 1 (a polar *TC—CI’~ (*"C—Cl—AI""Cl3) or a carbocation CTAICI ).
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e
cl
x\S.?( ( O X O cl X
1 .- f A
. "X AlCIy Si Si
HCI AICR 6(;'*(0‘ XX X X

5-AICI; O ‘

! n HCI
5AICI;
e
Si, e—— g
¥ X 1,2-Hydride ¥ X
Shift
v n

SCHEME 4. Mechanism for the production of 9-(silylmethyl)fiuorenes trom the reaction of biphenyl
with (dichlorocthyl)silane.

This intermediate I electrophilically attacks the 2-carbon of biphenyl to generate
a 2-phenylbenzenonium ion intermediate II. This intermediate gives 2-(2-silyl-1-
chloroethyl)biphenyl and hydrogen chloride through deprotonation by aluminum
tetrachloride anion and dehydrochlorination of hydrogen aluminum tetrachloride
complex to generate aluminum chloride catalyst. Then. the C—CI bond of 2-(2-
silyl-1-chloroethyl)biphenyl interacts again with aluminum chloride to generate
intermediate III which rearranges to give the more stable benzylic carbocation
intermediate IV through a 1.2-hydrogen-shift. Intermediate IV undergoes an in-
tramolecular Friedel-Crafts cycloalkylation with the other phenyl ring to give
intermediate V which deprotonates to afford 9-(silylmethyl)fluorene and a hydro-
gen aluminum tetrachloride complex. In the final step, the hydrogen aluminum
tetrachloride complex decomposes to aluminum chloride and hydrogen chloride
gas. This aluminum chloride is recycled in the catalytic cycle of alkylation.

Among the Friedel-Crafts alkylations of aromatic compounds with (chlorinated
alkyDsilanes, the alkylation of benzene with (w-chloroalkyl)silanes in the presence
of aluminum chloride catalyst was generally affected by two factors: the spacer
length between the C—CI and silicon and the electronic nature of substituents
on the silicon atom of (w-chloroalkyl)silanes. As the spacer length between the
C—CI and silicon increases from (chloromethyl)silane to (B-chloroethyl)silane
to (y-chloropropyl)silane, the reactivity of the silanes increases. As the num-
ber of chloro-groups on the silicon decreases from (chloromethyltrichlorosilanes
to (chloromethyl)methyldichlorosilanes to (chloromethylitrimethylsilanes, the
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reactivity also increases. But no ((trimethylsilyl)ymethyl)benzene as an alkylated
product was observed in the alkylation with (chloromethyl)trimethylsilanes. The
reactivities of (chlorinated alkyl)silanes increase as the number of chloro-groups on
the carbon of (chlorinated alkyl)silanes increase from (chloromethyl)chlorosilane
1o (dichloromethyl)chlorosilane to (trichloromethyl)chlorosilane.

\Y
CONCLUSION AND PROSPECTS

Studies on the alkylation reaction of aromatic compounds with organosilicon
compounds are summarized in this review. A variety of chlorosilanes containing
alkenyl and chloroalkyl groups can be applicd in the Friedel-Crafts alkylations of
aromatic hydrocarbons to give the corresponding aromatic compounds containing
Si—ClI bonds as functionality. Such organosilicon compounds with Si—CI bonds
are expected to be useful starting materials for the silicone industry.

ACKNOWLEDGMENTS

We thank the Ministry of Science and Technology ol Korea and Dow Corning Corporation for sup-
port of our rescarch reported hercin. We also thank Professor 1. Son of Southern Methodist University.
Dallas, Texas for his help and discussions in the preparation of this review.

REFERENCES

() Roberts. R. M. Khalaf, A. AL In Friedel-Crafts Alkylation Chemistry: Marcel Dekker, Inc.:
New York and Basel, 1984 (b) Olah. G. A. In Friedel-Crafts and Related Reactions, Interscience
Publishers: John Wiley & Sons: New York—-London-Sydney. 1963: Volumes 1-1V.
Fricdel. C.: Crafts, J. M. Compt. Rend. 1877, 84, 1392,
Friedel. C.: Crafts, J. M. Bull. Soc. Chin. Fr. 1877, 27, 530
Yoneda. N. Sckivie, Gakkaishi 1972, 15, 8942 Chem. Abstr 1972, 78, 743.09).
Tiltscher, H.: Faustmann. J. Chem.-Ing.-Tech. 1981, 53, 393,
Huellmann, M.; Mayr, H.: Becker, R. Ger Offen. DE 4.008.6094, 19912 Clhem. Abstr: 1991, 116,
6262x.
(7) Wager. G. H.: Bailey. D. [..: Pines. AL Noz Dunham. Mcintire. M. L. Ind. Eng. Chem. 1953, 45,
367.
(8) Petrov. A. D.; Mironov. V. E; Ponomarenko. V. A.: Chernyshev, E. A. Dokl. Akad. Nauk SSSR
1954, 97, 687: Chem. Abstr 1955, 51, 10.166¢.
(9) Rochow. E. G. J. Am. Chem. Soc. 1945, 67, 963.
(10) Andrianov, K. A.; Zhdanov, A. A.: Odinnets, V. A, Zh. Obshch. Khim. 1961, 31, 4033: Chem.
Abstr: 1962, 57, 9874a.
(11) Andrianov. K. A.; Zhdanov, A. A.: Odinnets. V. A, Zh. Obshch. Khim. 1962, 32, 11262 Chen.
Abstr: 1963, 58, 1484a.
(12) Nametkin. N. 8.2 Vdovin, V. M.; Findel-Shtein, E. S.: Oppengeim. V. Do Chekalina, NUAL fse
Akad. Nawk. SSSR., Ser. Khim. 1966, 11, 1998,

fo RV, I ESR IV (%1



(13)

(14

(15

(16)

(17)

(18)

(19)

—~ - I:{

12 9 1w 1J 1o

12
=

T B e

"

(27

(28
(29)
(30
(31

Friedal-Crafts Alkylations with Silicon Compounds 179

Voronkov. M. G.; Kovrigin. V. M.: Lavrent’ev, V. [.: Moralev. V. M. Dokl. Akad. Nauk. SSSK.
1985, 281(6), 1374.

Petrov. A. D.; Chernyshev. E. A.: Dolgaya. M. E. Zh. Obshch. Kiim. 1955, 25, 2469: Chem.
Abstr 1956, 50, 9319a.

Chernyshev. E. A Dolgaya. M. E. Zh. Obsheh. Khim. 1957, 27, 48: Chem. Abstr: 1957,
571.12,045¢.

Chernyshev, E. A.: Dolgaya, M. E.; Egorov. Yu. P. Zh. Obshch. Khim. 1957, 27, 267: Chen.
Abstr. 1958, 52, 7187b.

Chernyshev. E. A.: Dolgaya, M. E.: Egorov, Yu. P. Zf Obsheh. Khim. 1958, 28, 613: Chen.
Abstr: 1958, 52, 17.150b.

Chernyshev. E. A.: Dolgaya, M. E.: Egorov. Yu. P. Zh. Obsheh. Khim. 1958, 28, 2829 Chen,
Abstr. 19589, 53, 9110c¢.

Chernyshev. E. AL Dolgaya. M. E. Zh. Obsheh. Khim. 1959, 29, 1850: Cliem. Abstr: 1960, 54,
8OO,

Cer. L.; Vaisarova. V.; Chvatovsky. V. Collect. Czech. Chem. Commun. 1967, 32, 3784 Chem.
Abstr: 1968, 68, 21,992u.

Hurd, D. T. J. Am. Chem. Soc. 1945, 67, 1813.

Mironkov, V. E; Zelinskii. D. N. fovs Akad. Nauk SSSR. Ser: Khim. 19587, 383.

Krieble, R. H.: Elliott, J. R. /. Am. Chem. Soc. 1947, 67, 1810,

Runge, F.: Zimmermann. W. Chem. Ber: 1954, 87, 282; Chem. Abstr: 1955, 49, 6088a.

Yeon. S. H.: Lee. B. W Kim. S. -L.; Jung. . N. Organomerallics 1993, 12, 4887.

Lee. B. W2 Yoo, B. R.: Kim, S, -1.: Jung, I. N. Organomeraliics 1994, /3, 1312.

Cho, E. J.: Yoo, B. R.; Jung. L. N.: Sohn, H.: Powell, D. R.: West, R. Organometatlics 1997, 16.
4200.

Cho. E. J.: Lee, V.o Yoo, B. R Jung. I N. /. Organomet. Chen. 1997, 548, 237.

Jung, 1. N.: Yoo, B. R Han. J. S.: Cho. Y. S, US Patent 5847182, 1998.

Yeon, S. H.: Lee. B. W.: Yoo, B. R.; Suk. M. Y. Jung. L. N. Organometallics 1995, 14, 2361.
Thomas. C. A. In Anhvdrous Aluminum Chloride in Organic Chemistry: Reinhold: New York,
1941.

Wicrschke. S. G.; Chandrasekhar, 1. Jorgensen. W. L. J. Am. Chem. Soc. 1985, 107, 1496.
Kresge, A. J.: Tobin. 1. B. Angew. Chem., Int. Ed. Engl. 1993, 32, 721.

) Eabon. C.; Bott, R. W. In Organometallic Compounds of the Group 1V Elements: MacDiarmid.

A. G.. Ed.: Dekker: New York. 1968: Vol 1. Part 1, pp. 359-437.

Hassner, A, J. Org. Chem. 1968, 33, 2684,

Jenkins, P. R Gut, R Wetter, H.: Eschenmoser, A. Helv. Chim. Acta 1979, 62, 1922,

For a review, see: Jung, 1. N.; Yoo, B. R. Synletr 1999, 519.

Cho, B. G.: Choi. G. M.: Jin. J. L.: Yoo. B.R.; Suk. M. Y. Jung. I N. Organometallics 1997, 16,
3576.

Choi. G. M. Yeon. S. H.; Jin ). L: Yoo. B. R.; Jung, 1. N. Organometallics 1997, 16, 5158.
Choi. G. M.; Yoo. B. R.: Lee. H. -J.; Lee, K. B.tJung, I N. Organometallics 1998, 17, 2407.
Kim, K. M.: Yoo. B. R.;: Jung, I. N., unpublished result.

Jung, I N. In Chemistry of the Third Generation Silicones (Korean): Freedom Academic: Seoul,
1997.

Brown., H. C.: Grayson, M. J. Am. Chem. Soc. 1953, 75, 6285.

Allen. R. H.: Yats. L. D. J. Aum. Chem. Soc. 1961, 83, 2799.

Olah, G. A.: Flood. S. H.: Moffatt, M. E. J. Am. Chem. Soc. 1964, 86. 1060,

Swain, C. G.; Unger. S. H.: Rosenquist. N. R.: Swain, M. 5. J. Am. Chem. Soc. 1983, 105,
492,

Lee. B. Wt Yoo, B. R.; Jung. I. N.. unpublished results.

Cunane. N. M.: Leyshon, D. M. J. Chem. Soc. 1954, 2942,



180

49

(50
(51
(52
(53)
(54

(35
(56)

JUNG AND YOO

Kuwestha, G. N.; Shanker. U.: Pathania. B. S.: Negi. J.: Bhattacharyva, K. K. Indian J. Chem.,
Sect. B 1981, 20B(4), 298.

Tsuge. O.: Tashivo, M. Bull. Chem. Soc. Jpn. 1967, 40, 119,

Hansch. C.: Leo, A Taft. RCW. Clien. Rev. 1991, 9/, 165.

Brown, H.: Okamoto. Y. J. A Chen, Soc. 1958, 80, 4979,

Hammet. L. P In Physical Organic Chemistry: MeGraw-Hill: New York, 1940z p. 40.
Deeming. A, J. In Comprehensive Organometallic Chemistry, Wilkinson, G.: Stone, F. G, AL
Eds.: Pergamon Press: New York, 1982: Vol. 4. p. 475.

Rosenblum. M.: Saater, J. O.: Howells, W. G. J. Am. Chen. Soc. 1963, 85, 1450,

Olah. G. A, In Friedel-Crafts and Related Reactions, Interscience Publishers: 1965, Vol. 1V,
p. 128, and references therein.

Tverdokhleboyv, Vo P Polyakov, B. V.. Tselinskiic 1. V. Golubena L. L Zh. Obshelr. Khim. 1982,
52,2032,

Jung . LLN.UYoo, B. R Ahn, S, Yo Han, ). SO US Parent 5.760.263. 1998; Chent. Absn: 1998, 129,
67878.

Herberhold, M. In Ferrocenes, Togni, A Hayashi, T, Eds.: VCH: New York. 1995:p. 219.
Anschutz. R Justus Lichigs Ann. Chem. 1886, 235, 177.

Baddeley. G.: Kenner. ). J. Chem. Soc. 1935, 303.

Baddeley. G.; Holt. G.: Voss, D.J. Chem. Soc. 1952, 100.

Jung. [ N. ¢ al., unpublished results.

Krieble, R. H.: Elliott. J. R. J Am. Chem. Soc. 1947, 67, 1810.

Runge. F: Zimmermann. W. Chem. Ber: 1954, 87, 2882 Chem. Abstr. 1958, 49, 6088
Moberg. W. K. US Patent 4510136, 1985: Chen. Abstr 1986, 104, 207438k,

Yoo, B. R.: Suk. MUY Han, 1. S Yu! Y.-Mu: Hong, S-Gaz Jung. [N Pestic. Sei. 1998, 52, 138.

) Yoo. B. R Suk. M. Y Yu, Y-Mo Hong, S.-G. Jung. I N. Buldl. Korean Chem. Soc. 1998, 19,

358.

) Nozakura. S. /. Chem. Soc. Ipn.. Pure Chem. Sec. 1954, 75, 427 Chem. Abstr: 1955, 49, 10167,

Cho. Y. S Han, 1. S.: Yoo, B. R.: Kang, S. O.: Jung. I. N. Organometallics 1998, /7. 570.
Sommer. L. H.; Bailey. D. C.: Goldberg, G. H.: Buck. C. E.: Bye, T. C.: Evans, F. J.; Whitmore,
F.C.J. Am. Chem. Soc. 1954, 76, 1613,

Sommer. L. H.: Bailey. D. C.: Whitmore, F. C. . Am. Chem. Soc. 1948, 70, 2532,

Sommer. L. H.: Dortman, E.: Goldberg. G. H.: Whitmore. E.C.J. Am. Chenm. Soc. 1946, 68, 488.
Kim. K. M.: Yoo, B. R.: Jung. 1. N. manuscript in preparation.

Fonken. G. ). L Org. Chem. 1963, 28, 1909,

Hine. §. In Phvsical Organic Chemistryv: McGraw-Hill: New York, 1962.

Brown. H. C.: Grayson. M. J. Am. Cheni. Soc. 1953, 75, 6285,

Brown, H. C.; Junk. H. /. Am. Chem. Soc. 1955, 77, 5584,



ADVANCES IN ORGANOMETALLIC CHEMISTRY, VOL. 46

Transition-Metal Systems Bearing a
Nucleophilic Carbene Ancillary
Ligand: from Thermochemistry

to Catalysis
LALEH JAFARPOUR and STEVEN P. NOLAN"

Department of Chemistry
University of New Orleans
New Orleans, Louisiana 70148

I.  Introduction . . . e 181
1. Thermochemical and Sllllttuldl Sludlu e 183
[, Calorimetric Studies . . . . . . . . . 0oL 184
IV, Structural Studies . . . . . L 185
V. Applications of Nllclwphllm Cdrhulu as Cdmlysl PFL,LllI\()F\

in Homogencous Catalysis . . . . . . . . . . . 0. o000 191
A.  Olefin Mctathesis . . . . L 191
B. Carbon—Carbon and C alhon Nm(wcn Bond medll()n e 208
V1. Suzuki Cross-Coupling of Arylchlorides
with Arylboronic Acids. . . . . o 208
VIL. Cross-Coupling of Arylchlorides wnh Al\’] (Jn"mud Ruwunts
(Kumada Reaction) . . . . . . . . . .0 000 211
VI Amination of Arylchlorides . . . . . . . . . . . . o0 215
IX. Conclusion. . . . . . .o 218
References . . . . . . . o 0L 0L 219
1
INTRODUCTION

Although tertiary phosphine ligands are useful in controlling reactivity and se-
lectivity in organometallic chemistry and homogeneous catalysis,'” they often
are sensitive to air oxidation and therefore require air-free handling in order to
minimize ligand oxidation. More importantly, significant P—C bond degradation
occurs when these ligands are subjected to higher temperatures which in certain
catalytic processes results in the deactivation of the catalyst, and as a consequence
requires the use of higher phosphine concentration.” Furthermore, specific appli-
cations benefit from or require the use of sterically demanding phosphine ligation
to stabilize reactive intermediates.”™ Therefore, there is a need for strongly nu-
cleophilic (electron-rich), bulky ligands that are resistant to oxidizing agents and
form stable bonds with metals.

“Email: snolan@uno.edu
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2N

RN N—R
|
R R

R = alkyl, aryl, amine, ether

FIG. 1. Nucleophilic carbene.

Nucleophilic carbene ligands imidazol-2-ylidenes are two-coordinate carbon
compounds that have two nonbonding electrons and no formal charge on the
carbon.® In other words they are considered as neutral, two-electron donor ligands
with negligible -back-bonding tendency. As such they can be viewed as alterna-
tives to phosphincs.t”II Wanzlick was the first to recognize that the clectron-rich
imidazole framework should be able to stabilize a carbene center at the carbon cen-
ter situated between the two nitrogens (Fig. 1).” Although much of his work was on
the saturated imidazoline ring (no double bond between C4 and C5), there are some
reports involving unsaturated zmalogues.'z'z’z He succeeded in desulfurizing 1,3-
disubstituted imidazole-2-thiones to produce 1.3-disubstituted imidazolium salts
but no carbenes were ever isolated in any of these early syste|11s.34'25 Herrmann
and co-workers have synthesized rhodium and palladium complexes bearing 1.3-
disubstituted imidazol-2-ylidenes ligands as catalyst precursors tn Heck coupling
reactions.”*’ These nucleophilic carbenes are generally generated in situ from
their imidazohium salts (Eq. (1)): thus their general use in catalysis becomes diffi-
cult compared to that of an isolable ligand.

+

/'/::\

= N_ N +HXB (h

) R/N/CDV\‘\R R

ML,B

ML

M = Rh, Pd
B = weak base
Arduengo and co-workers have solved the isolation problem by flanking the
carbene functionality with sterically demanding groups which provide steric pro-
tection from carbene degradation pathways.28 They developed a new one-step
synthesis of imidazolium salts that allows the production of substituted imida-
zolium salts that were not previously accessible by conventional routes (Eq. 2N
1.3-Bis( [ -adamantyl)imidazole-2-ylidene was the first stable carbene isolated by
reacting the corresponding imidazolium chloride with sodium hydride in the
presence of a catalytic amount of dimethyl sulfoxide (Eq. (3)).* Arduengo’s car-
benes have been used to isolate homoleptic 14-electron bis(carbene)nickel and -
platinum complexes analogous to M(PCy3)>, where M = group 10 metal centers.™
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R R -H,0
2RNH, + HCOH + HX + )—(\
O O

sl
) THF /j\
N + NaH - + H? + NaCIi
R/N\/ A ’ DMSO F/N\__/N\R ’ )

R = 1-adamantyl

Adducts of a related carbene ligand with Group 2 and 12 metallocenes have also
been rcported;"'

The stability of these bulky nucleophilic carbenes has been the subject of many
theoretical studies and several factors such as the -interaction in the imidazole
ring, electronegativity effects from the nitrogens, steric effects, kinetic factors, and
the Targe singlet-triplet gap in imidazole-2-ylidenes (80 kcal/mol) have been put
forward to explain the stability of these ligands.**™” Further investigations show
that the resonance stabilization is not an important factor in the stability of these car-
benes because stable saturated imidazol-2-ylidenes can also be isolated.*! These
studies also indicated that the unusual stability of these carbenes is due to elec-
tron donation from the nitrogen pairs into the formally vacant p(m) orbital of
the carbene carbon which makes the carbene more nucleophilic.* X-ray crystal-
lographic data of the metal complexes bearing these carbene ligands show that
M-C(carbene) bond lengths are in the range of single bonds and ab initio studies
also indicate that -back bonding is not significant in these ligand&43 These higands
are similar to the tertiary phosphines but appear to be more strongly coordinating
Iigands.M

The present account follows a journey in this arena from solution calorimetric
studies dealing with nucleophilic carbene ligands in an organometallic system
to the use of these thermodynamic data in predicting the feasibility of exchange
reactions to applications in homogeneous catalysis.

Il
THERMOCHEMICAL AND STRUCTURAL STUDIES
Tilley and co-workers reported the isolation of coordinatively unsaturated com-

plexes Cp*Ru(L)CI (Cp* = n°-CsMes. L =PCy; and P'Prs) by a simple reaction
with the tetrameric species [Cp*RuCl],.* This synthetic pathway has allowed us
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to measure the binding affinity of these two bulky phosphine ligands.*® With the
goal of describing the stercoelectronic properties of a series of nucleophilic car-
bene ligands, we conducted a thermochemical and structural study dealing with
the binding of these imidazole-based ligands to the Cp*RuCl moiety.”’

The versatile starting material [Cp*RuCl]y (1) reacts rapidly with sterically
demanding phosphines (PCy; and P'Prz) as well as with the nucleophilic carbene
ligands (L) to give deep blue, coordinatively unsaturated Cp*Ru(L)CI complexes
2-8 (L = 1.3-bis(2,4,6-trimethylphenyl) (IMes. 2); 1.3-Rs-imidazol-2-ylidene =
cyclohexyl (ICy, 3): 4-methylphenyl (ITol, 4): 4-chlorophenyl (IPCI, 5); adamantyl
(IAd, 6); 4,5-dichloro-1,3-bis(2.4.6-trimethylphenyl) (IMesCl, 7); and 1.3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene (IPr. 8) in high yields according to Eq. (4).

R R
. N THF .
X X

R X L

mesity! H IMes 2
cyclohexyl H ICy 3
4-methylpheny! H ITol 4
4-chlorophenyl H IPCI 5
adamantyl H iAd 6
2.4,6-trimethylphenyl G IMesCl 7
2 6-diisopropylphenyl  H Py 8

i
CALORIMETRIC STUDIES

The reactions depicted in Eq. (1) are suitable for calorimetric investigations
since they proceed rapidly and quantitatively as monitored by NMR spectroscopy.
The solution calorimetric protocol has been described elsewhere. ™ The enthalpy
values were determined by anaerobic solution calorimetry in THF at 30°C by
reacting 4 equivalents of each carbene with one equivalent of tetramer. The results
of this study are presented in Table 1.

The enthalpies of reaction can be converted to relative enthalpies of reaction on a
mole of product basis by dividing the enthalpies by 4 which represents the number
ot bonds made in the course of reaction. The difference between two relative
enthalpy values in Table [ represents the enthalpic driving force for a substitution of
one for another ligand listed. With the exception of 1Ad (6), all reactions involving
carbene ligands show more exothermic reaction enthalpy values than do PCy; and
P'Prs. From the relative enthalpy data it is apparent that Cp*Ru(PCy3)CI should
undergo a substitution of phosphine ligand by nucleophilic carbenes with more
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TABLE |
ENTHALPIES OF LIGAND SUBSTITUTION, RELATIVEE REACTION ENTHALPY
(keal/mol), AND NMR DATA FOR THE REACTION:

THE
[Cp*RuCl|; + 4. —— 4Cp*"Ru(L)Cl
1 30 ¢

—AH ., Relative BDE ~ 8'H (Cp*) (400 MHz.

Complex L (keal/mol)”  (keal/mol) 25 C. dy-THF)
2 [Mes 62.6(0.2) 15.6 1.07
3 ICy 85.000.2) 21.2 1.67
4 ITol 75.3(0.4) 18.8 (.99
5 IpCl 74.3(0.3) 18.6 1.03
6 1Ad 27.400.4) 6.8 1.49
7 IMesCl 48.5(0.4) 12.1 1.06
8 1pr 44.5(0.4) 11 1.20"
9 PCy; 41.9(0.2) 10.5 148"
10 P'Pry 37.40.3) 9.4 143"

“Enthalpy values are reported with 93%: confidence limits.
by
"In CoDq,.

exothermic reaction enthalpy and it is indeed the case (Eq. (5)).

. R\N/\N/R e
Cp Ru(PCy;)Cl + . CPRuL)CI + PCy,
R L (5)

mesityl IMes

cyclohexyl ICy
4-methylphenyt 1Tol

4-chlorophenyl IPCI

2.4 6-trimethylphenyl IMesCl!
2.6-diisopropylpheny! 1Pr

v
STRUCTURAL STUDIES

The enthalpies of reaction for nucleophilic carbenes depend on the stereoelec-
tronic properties of the ligands affecting the availability of the carbene lone pair."'
An example of electronic influence is the 3.5 kcal/mol enthalpy difference between
the isosteric pair IMes and IMesCl that shows the electron-withdrawing nature of
Cl compared to H. This trend again is in line with electron donor/withdrawing
ability of arene substituents. The effect in this last case is a long range electronic
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FIG. 2. Molecular structure of Cp*Ru(IMes)CI (2). Hydrogen atoms are omitted for clarity.

effect and is relatively small in view of the distance separating the aryl and the
carbene lone pair. Substituting an alkyl group in lieu of an aryl increases the donor
ability of the carbene ligand. The case in point is the ICy which is some 5.6 kcal/mol
more exothermic than IMes. The other alkyl-substituted carbene investigated is the
adamantyl derivative IAd which is the least exothermic ligand examined. Steric
effects are at the origin of this low enthalpy of ligand substitution. Increase in the
steric congestion around the carbene carbon atom hinders a closer approach of
the ligand, therefore affording smaller metal-lone pair overlap. The calorimetric
results offer a clear picture of the electronic properties of the nucleophilic carbene
moieties as ancillary ligands. To gauge the steric factors at play in the Cp*Ru(L)CI
system, structural studies were carried out on samples of complexes 249, 347, 447,
647, 749, 850, and 9% (Figs. 2-8) and were compared with the structural data

s r'//v \' £ 5N
\ | y

FIG. 3. Molecular structure of Cp*Ru(ICy)CI (3). Hydrogen atoms are omitted for clarity.
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FIG. 4. Molecular structure of Cp*Ru(ITol)Cl (4). Hydrogen atoms are omitted for clarity.

already available for Cp*Ru(P'Pr;)CI°'. Selected bond angles and bond lengths
are presented in Table II.

Ru—C(carbene) bond distances are shorter than Ru—P bond lengths, but this can
simply be explained by the difference in covalent radii between P and C.>? The
variation of Ru—C(carbene) bond distances among ruthenium carbene complexes
illustrates that nucleophilic carbene ligands are better donors when alkyl, instead of
aryl, groups are present, with the exception of 6. This anomaly can be explained on
the basis of large steric demands of the adamantyl groups on the imidazole frame-
work which hinder the carbene lone pair overlap with metal orbitals. Comparison
of the Ru—C(carbene) bond distances among the aryl-substituted carbenes show

FIG. 5. Molecular structure of Cp*Ru(IAd)Cl (6). Hydrogen atoms are omitted for clarity.
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cl

FIG. 6. Molecular structure of Cp*Ru(IMesCI)Cl (7). Hydrogen atoms are omitted for clarity.

that the least sterically encumbered carbene, ITol, has the shortest bond length.
The difference in the aforementioned bond length between IMes and IMesCl re-
sults from the electronic effect of Cl imidazol-2-ylidene substituents. It should be
kept in mind here that the enthalpy of reaction cannot be directly converted into
an absolute gauge of the bond disruption energy of the Ru—Carbene in view of
the existence of significant reorganization energies as depicted by variation in the

FIG. 7. Molecular structure of Cp*Ru(IPr)Cl (8). Hydrogen atoms are omitted for clarity.
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FiG. 8. Molecular structure of Cp*Ru(PCy3)Cl (9). Hydrogen atoms are omitted for clarity.

Ru—Cp* and Ru—Cl bond distances. A very clear example of the presence of this
reorganization energy is evident when comparing the ICy and the ITol containing
complexes 3 and 4. Here. complex 3 is more stable than 4 by some 10 kcal/mol,
yet the Ru—C(carbene) distances are statistically identical. The largest difference
between the two complexes resides in the differences in Ru—Cp* centroid bond

TABLE 11

CARBENE STERIC PARAMETERS (deg) AND SELECTED BOND LENGTHS (A ) AND ANGLES (deg)
FOR COMPLEXES 2—4 AND 6-10

Carbene Sterics
Complex  (Ar and Ay)

Ru—C Ru—~Cl Ru—Cp* C—Ru—Cl! C—Ru—Cp* Cp*-Ru—Cl

150.7. 70.4
126.7. 31.8
155.2.30.8
149.0, 41.4
152.0,69.9
134.0. 137.6
1158

10 100.8

(Y3 S

N=R-CHEN = N N

2105 2376
2,070 2.524
2068 2.340
2,153 2438
2074 2375
2086 2371
2.383" 2.378
2.395"  2.365

1.766
1.658
1.755
1.778
1.765
1.754
1.771

L.810

90.6 140.7
93.7 1293
96.0 130.8
87.9 138.7
90.0 142.0
89.32 141.5
91.2¢ 138.9¢
91.4“ 139.2¢

128.6

15.5
132.8
130.4
128.0
129.2
129.9
129.3

“Replace C with P.
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distance [a differences of 0.1 A with 4 being longer than 3] and the Ru—Cl bond
distance (a difference of .18 A with 3 being longer than 4). It appears that the elec-
tron density has been pushed back into the Cp* ligand. When the aryl-substituted
carbene ruthenium complexes are examined, the Ru—C(carbene) vs enthalpy trend
is evident and makes sense in terms of the electronic explanations discussed above.
Here. there appears to be a small variation in the Ru—Cl and Ru—Cp™ bond dis-
tances from one complex to the other. Aryl- and alkyl substituted carbenes behave
differently. We propose that this difference in bonding behavior can be attributed
to the presence of a  system in the aryl case which localizes (or contributes as
an acceptor) the effect on the carbene ligand, which in turn diminishes the large
reorgamzation etfects present in the alkyl cases where a  system on the carbene
substituent is absent. An additional piece of evidence supporting this explanation is
the position of the Cp* protons in the 'H NMR spectra of these complexes which
are reported in Table 1. The aryl-substituted carbene complexes center around
I ppm while the alkyl derivatives (including phosphines which are known as good
donor ligands) are at ca. 1.5 to 1.7 ppm. The increased electron density on the
Cp* ring leading to greater shielding affords shifts of the Cp* resonance of higher
frequency.” No straightforward bond strength/bond length correlation can be made
in this system in view of the presence of the reorganization energy. The steric fac-
tors have been qualitatively addressed. It would be of use to quantify the steric
factors characterizing this class of ligands. They cannot be viewed in the same
light as phosphine ligands since a cone angle (as defined by Tolman™) cannot be
defined in the present system. In terms of steric effects, the nucleophilic carbenes
can be considered as “fences,” with “length™ and “height.” As a first model to
describe the steric profile, we propose that two parameters be used to quantify
the steric effects afforded by this ligand class. These two quantitics can be taken
directly from the crystallographic data. The two views presented in Fig. 9 depict
the method used to extract the two parameters.

Numerical values defining length and height of the carbene “fences™ are listed
in Table 11. Not surprisingly, all aryl-substituted carbenes possess nearly the same

FiG. 9. Determination of two steric parameters (A and Ap) associated with carbene ligands in
Cp*Ru(L)CI complexes.
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large Ay value since the “length” of the ligand is measured using the aryl para
methyl group. The magnitude of the “height™ parameter (Ay) depends on the
presence or absence of ortho substituents. The most demanding aryl-substituted
carbene ligand is the IMes ligand with 150.7 (A;) and 70.4 (Ap) as steric para-
meters. The alkyl-substituted carbene ICy is the least sterically demanding ligand
investigated in the present series. The IAd ligand, although bearing sterically de-
manding adamantyl groups, has an A parameter comparable to the aryl ligands
examined and a smaller Ay parameter. The ICy ligand appears to be unique in
the serics investigated. In complex 3, the AL angle is 126.3 . In the phosphine
complexes 9 and 10 these angles were measured as 115.8 ° (8) and 100.87 (9). The
ICy is sterically more closely related to these two phosphine complexes.

\Y

APPLICATIONS OF NUCLEOPHILIC CARBENES AS CATALYST
PRECURSORS IN HOMOGENEOUS CATALYSIS

A. Olefin Metathesis

The last decade has witnessed the growing use of olefin metathesis in organic
synthesis.sj'“” Ring closing metathesis {RCM, Eq. (6)] and ring opening metathe-
sis [ROM, Eq. (7)] as well as a combination of these transformations have re-
sulted in providing opportunities to build molecules of interest and importance.

M= =
- U~ ©

R ' (7)

Catalysts of the Grubbs type (benzylidene and vinylalkylidene) are of special
interest, since they are only moderately sensitive to air and moisture and show
significant tolerance of functional gl‘oups.(’()'(’2 The ruthenium carbene complex,
RuCly(=CHPh)PCys), (11), developed by Grubbs et al. is a highly efficient cat-
alyst precursor and its use is widespread in organic and polymer chemislry.("(’“’(")
We have shown that most of the substituted imidazol-2-ylidene ligands studied
form stronger covalent bonds to the ruthenium center than PCys (vide supra).
Therefore, it is possible to replace one or both of the phosphine ligands in 11
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with nucleophilic carbene ligands.“m I has been noted that an increase in the

ancillary phosphine electron donor ability leads to increased catalytic activity.*
Since we have determined that inidazol-2-ylidene carbenes such as IMes and
IPr are better donors than PCyy™, the catalytic behavior should reflect this in-
creased electron donor ability. When both of the phosphines were replaced by
imidazol-2-ylidene ligands they showed only little if any improvements in appli-
cations to ROM and RCM." Upon using sufficiently bulky imidazol-2-ylidene
carbenes only one PCyj; is replaced (see Eq. (8). 174920

PCys L
& I H H
lu=C + L Rf:d + PCys
Cl Ph Pl v
PCy, cl F',CYS Ph (8)
"
L =1Mes, 12
L=1Pr, 13

The identities of 12 and 13 were confirmed by single crystal X-ray diffraction
studies. Structural models of 12 and 13 along with selected metrical parameters
are presented in Figs. 10 and 11 and Table 111, respectively.

The structural analyses reveal distorted square pyramidal coordination with
a nearly linear CI(1)—Ru—CI(2) angle (168.62 and 170.42" for 12 and 13,

Ny

FiG. 10, Molecular structure of RuCh(=C(H)Ph)(IMes) (12). Hydrogen atoms are omitted for
clarity.
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Fic. 11
for clarity.

Molecular structure of (PCy)(IPHCILRu(=C(H)Ph) (13). Hydrogen atoms are omitted

respectively). The carbenc unitin each structure is perpendicular to the C(1)—Ru—P
plane. and the carbene aryl moiety is only slightly twisted out of the CI(1)—Ru—
Cl(2)—C(carbene) plane. The Ru—C{(carbene) bond distances (1.841(11) A and
1.817 A for 12 and 13, respectively) are the same as in RuCly(=CH-p-CoH,Cl)
(PCy1), (1.838 (3) A)®' and marginally shorter than in RuCly(=CHCH=CPh,)

TABLE 111

SELECTED BOND LENGTHS (A ) AND ANGLES (deg) FOR (PCy3) RuCla(=C(H)Ph)(IMes)
(12). (PCy3)RuCl(=C(H)Ph)(IPr) (13) AND (PCyp:)RuCly(=CHCH=CMe.)(IMes) (14)

12 13 14
Ru—C(L) 2.069(11) 2.088(2) 2.081(3)
Ru=Cl(1.2) 2.393(3). 2.383(3)  2.3822(7). 2.4012010). 2.3950(8)

2.4008(7)

Ru—C{carbene) 1.841(11) 1.817(3) 1.764(4)
Ru—P 2.419(3) 2.4554(7) 2.4487(10)
Cicarbene)—Ru—C(L) 99.2(5) 97.56(1() 102.46(15)
C(carbene)—Ru—P 97.1(4) 96.64(8) 95.55(13)

Ctcarbene)—Ru—CI(1,2)

P—Ru—Cl(1,2)
C(Ly—Ru—CK 1.2y

104.3(5). 87.1(5)
89.51(10).89.86(9)
90.4(3). 86.9(3)

99.49(9). 88.87(9)
93.06(2), 90.59(2)
90.46(6), 83.77(6)

9116(17).97.37(17)
93.33(4). 87.28(4)
89.98(7). 86.75(7)
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Fici. 12. Molecular structure of (PCypa) CLIMes)IRu(=CHHy—CiH=CMe~) (14). Hydrogen
aloms are omitted for clarity.

(PCy3)> (1.851 (21) A).% While two (formally) carbene fragments arc present in
12 and 13. they display different Ru—C distances (e.g.. in 12 Ru—C(carbene).
1.841(11), and Ru—C(L). 2.069(11) A). These important metrical parameters
clearly distinguish two metal-carbene interactions: a covalently bound benzyli-
dene and a datively bound imidazol-2-ylidene-carbene, the latter acting as a simple
two-clectron donor. From Figs. 10 and 11, it is also clear that the IMes and IPr
ligands are sterically more demanding than PCy;.

The exchange reaction of one phosphine ligand (PCyps, Cyp=cyclopentyl) in
{PCyp3)2RuCl,(=CHCH=CMe,) with [Mes results in the formation of (PCyp;)
Ru(IMes)Clyi=CHCH=CMe-) (14).* This compound was structurally character-
ized by X-ray crystallography. A structural model of 14 along with some selected
bond lengths and bond angles are presented in Fig. 12 and Table I The metrical
data for compounds 12 and 14 show similar bond distances and angles (Table I11).
The coordination sphere around the metal center forms a distorted square pyramid
with the benzylidene and vinylmethylene moicty at the apex. However. the dis-
tance of the apical carbene carbon to the metal center in 14 is shorter than that in
12. Therefore. it can be inferred that the vinylmethylene moiety is more strongly
bound to ruthenium than the benzylidene. All other bond distances around the
metal center are slightly longer in 14 than in complex 12. The bulk of the fence
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TABLE tV

RING CLOSING METATHESIS OF DIETHYLDIALLYLMALONATE
USING CATALYST PRECURSORS 11,12, 13, AND 14

Catalyst Precursor”  Temp. ( C)  Time (min)  Yield (%)

11 RT 15 85
12 RT 15 92
13 RT 15 100
14 RT 15 10

“Catalyst precursor loading = 5 mol%.
PCulculated from 'H NMR spectra.

created by the IMes ligand sterically interferes with the carbene moiety and causes
the bond angles to undergo large deviations (Table II1).

The catalytic activity of these new complexes (12, 13, and 14) was tested by using
the standard RCM substrate, diethyldiallylmalonate (Eq. (9))." Results are shown in
Table TV} Moreover, the thermal stability of the imidazol-2-ylidene bearing
complexes 12 and 13 and 14 were compared to that of 11 and (PCyps)>RuCls
(=CHCH=CMe»). Results show that where the original phosphine bearing catalyst
precursors 11 and (PCyp3)-RuCl, (=CHCH=CMe,) decompose within | and 2 h,
respectively, at 60 C, 12, 13, and 14 are more robust. In fact their decomposition
starts after 2 weeks at this temperature.””" This preliminary study shows that the
imidazol-2-ylidene analogues of the Grubbs system can act as olefin metathesis
catalyst precursors, displaying significant activity and improved thermal stability
compared to those of existing catalysts.

Grubbs et al. have prepared the saturated version of imidazol-2-ylidenes, 4.5-
dihydroimiazol-2-ylidenes (Fig. 13).”* They proposed that the higher basicity of
the saturated imidazole ligand compared to its unsaturated analogues would trans-
late into an increased reactivity of the desired catalysts. The ruthenium complexes
formed (RuClL{(=C(H)Ph)(PCy3)(1.,3-R,-4,5-dihydroimidazol-2-ylidene)) showed
increased ring closing metathesis activity compared to their bis(phosphine)
analogues.”

Recently, the possibility that complexes of unsaturated “C,” ligands other
than alkylidencs might also serve as catalyst precursors in olefin metathesis has

SN R
R\N N~
R’ R’
FiG. 13, 1.3-R>-4.5-dihydroimidazol-2-ylidene.
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reccived more attention.” ™ For example, it has been shown that (p-
cymene)RuCly (PCy;) (15), and its cationic, 18-electron allenylidene derivative,
[( p-cymene)RuCl(PCy;) (=C=C=CPh.)|PF, (16}, are active catalyst precursors
for various RCM reactions. ™" In every example mentioned above the use of
sterically demanding and electron donating phosphines is required to stabilize re-
active intermediates. Hence, it is of interest to synthesize the imidazol-2-ylidene
analogues of these complexes and test their catalytic activity in olefin metathesis.
Reaction of commercially available [( p-cymenc)RuCl,], (17) with IMes or [Pr
in THF at room temperature results in the formation of ( p-cymene)RuCl>(IMes)
(18) and (p-cymene)RuCl(IPr) (19) in good yields. Treating 18 with [,1-
diphenylprop-2-ynyl alcohol in the presence of NaPF, results in the formation
of {( p-cymenc)RuCl(IMes )(=C=C=CPh.)|PF, (20) (Scheme | ).’

The X-ray crystal structure of 20 has been determined and a structural model of
20 is shown in Fig. 14. The coordination geometry around the Ru center can be

QAQ
Cl \:/

IMes

§ \__/ QNC}V?

R
Cl /LKQ cr /U\C)
IPr IMes
19 18
+
. Ph
C ~ HCZC—<—Pn
| Ph OH
RuU—C=C=C__ PFg
cr/ Ph NaPFg
iMes CH30H

SCHEML |
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FiG. 14, Molecular structure of [( p-cymene)RuCl(IMes)(=C=C=CPh»)|PF, (20). Hydrogen
atoms and PFg, anion have been omitted for clarity.

considered as a three-legged piano stool. p-Cymene is bound to ruthenium in a
n° fashion, the isopropyl groups on the arene are distorted away from the metal
center, presumably due to unfavorable steric factors. The two mesityl groups on
the IMes ligand are bent toward the ruthenium center with the dihedral angles
of 78.2°(2) and 89.9(2) providing steric crowding which appears beneficial in
RCM reactions. The allenylidene group is not lincar but rather bent at the middle
carbon (C22—C23—C24 = 171.8 ). The Ru—C22 (1.890(4) A) bond distance is
considerably shorter than the Ru—C10 single bond (2.077(4) ,&). Selected bond
lengths and bond angles are reported in Table V.

The catalytic activities of 7, 8, and 9 have been tested by using the RCM sub-
strate, diethyldiallylmalonate (Scheme III) and compared to those of ( p-cymene)
RuCls (PR3) (R=Cy (21) and i-Pr (22)). Results are presented in Table VI. When

TABLE V

SELECTED BOND DISTANCES (A ) AND BOND ANGLES (deg) FOR
( p-cymene)RuClIMes)(=C=C=CPh2)PF, (20)

Ru(1)-C(22) 1.890(4) C22)y=Ru(H)—Cl(1) 84.95(12)

Ru(l)— (( 10y 2.077(4) CQ22y—Ru(H=C(10) 92.62(15)

Ru(1)—C(39)  2.224(5) Ct10)—Ru(H—=CI1) 85.38(11)

Ru{1)— Cl-ﬂ)) 2.249(4) CQRLH—CAH-C2H T8
c

Ru(1)—-C(38)  2.356(4) Ru—C(34) 131.8
Ru(1)—C(37) 2.383(4) Co—=Ru—C(59) 1229
Ru (1)—Ct* 1.8044h) Cr*—Ru—Cl(l) 1254

Ru()—CI(1)y  2.3903(11)
Ru(1)—C42) 2.246(4)
Ru(—C41)  2.258(4)

#Cis the center of the arene ring.
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TABLLE VI
RING CLOSING METATHESIS OF DIETHYLDIALLYEMALONATE USING CATALYST
PRECURSORS 18, 19, 20, 21, AND 22

Entry  Catalyst Precursor Solvent Temp. ¢ 'Cy Time (h)y  Conversion (%)
| 20 CD.Clh 40 27 85
2 18 CD-Cly 40 27 78
3 19 CDACl> 40 27 40
4 19” CDACly 40 27 40
5 21 CDLCla 0 27 47
6 22 CD-Cly 40 27 48
7 18 dy-toluene 80 2 100
8 18" dy-toluene 80 2 100
9 19 dy-toluene 80 2 100

“Calculated trom NMR spectra.
/ . N . -
"The experiment was performed in absence of light.

the reactions were carried out in CD>Cls and heated to 40 C. 20 catalyzed reaction
9 with a conversion of 85%. whereas 18 showed a conversion of 78%. The use of
21 and 22 as catalyst precursors led to the yields of 48 and 47%. respectively, after
27 hours (Table VI entries 1, 2, 5, and 6). The catalytic activity of 19 at this tem-
perature (40% yield, Table V1 entry 3) was in the range of those of the phosphine
containing complexes 21 and 22. To investigate the role of solvent, temperature, and
light, RCM was pertformed with 18 and 19 as the catalyst precursors and dg-toluene
as the solvent. Upon heating the reaction mixtures to 80°C, a 100% conversion
to product was observed after only 2 h in both cases (Table VI entries 7 and 9).
Performing the reactions in the dark did not change the outcome and yields of the re-
actions (Table VIentries 4 and &). which would indicate that the catalytic reactions
arc not photo-induced. This is in contrast with the complexes of the type M(p-
cymene)Cl(PR3) (M = Ru, Os; R = Cy, i-Pr) which have been reported to become
active ROM catalysts only when activated by UV irradiation.®™ It has also been
reported that RCM in the presence of [( p-cymene)(PCy;)CIRu=C=C=CPh.,|PF,
and Ru( p-cymene)Cl(PCy3) 1s accelerated by exposure to UV or neon lighl.75‘7°
No such effect is observed for our system. Examination of data gathered in Table V1
shows that the IMes containing complexes 18 and 20 are the best catalyst precursors
found in this study whereas the ruthenium complex incorporating the IPr ligand,
19. showed reactivity similar to those of 21 and 22. From the solution calorimetric
data the IMes ligand proved (o be a stronger binder than 1Pr ligand whose relative
enthalpy is comparable to that of PCy; ligand.” The initial step in the ring closing
metathesis mechanism using the ( p-cymene)RuLCly complexes must involve the
formation of a ruthenium-carbene complcx;m‘(’2 and in the case of ruthenium-arene
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complexes the carbene moiety can presumably be formed by the change in the hap-
ticity of the arene ring, leading to vacant sites on Ru. The more electron donating
ligand (IMes) can facilitate this process more easily than either IPr or the phos-
phines, and this is proposed to explain the origin of the higher catalytic activity of
18 compared to those of 19, 21, and 22 at 40" C. When the temperature is raised
to 80°C both 18 and 19 show the same activity. It could be argued that at higher
temperatures the activation barrier for the change in arene hapticity has already
been overcome and under these conditions the electronic differences between the
ligands are not very important.

We were also interested in developing the synthesis of imidazol-2-ylidene ana-
logues of the previously synthesized neutral Ru—allenylidene complexes, RuCl,
(=C=C=CPh,)(PR3)>, R=Ph, Cy7(’ via substitution reactions and in comparing
their RCM activity to those of the cationic 18-electron ruthenium allenylidene
complexes. Analysis of the product of simple substitution reactions showed that
the *C,” unsaturated moiety in this complex is not an allenylidene but rather a
cyclized vinyl carbene “an indenylidene” (Scheme 2).*'* The X-ray crystal struc-
tures of the IPr bearing complexes 26 and 28 have been determined (Figs. 15
and 16) and clearly show the coordination of Ru (o an indenylidene moiety. In
cach compound, the coordination geometry around the ruthenium center is dis-
torted square pyrami.  with the strongest 7 -acidic ligand (indenylidene) assum-
ing the unique apical site. The square base is defined by the two chlorides and
the donor atoms of the phosphine and the imidazol-2-ylidene ligands with the
ruthenium center lying 0.293(8) A in 26 and 0.3443(12) A in 28 above (his plane.

SCHEME 2.



200 JAFARPOUR AND NOLAN

FIG. 15. Molecular structure of (IPr)(PPh3)CI;Ru(3-phenylindenylid-1-ene) (26). Hydrogen atoms
are omitted for clarity.

c3y conl

FiG. 16, Molecular structure of (1Pr)(PCy 3)ClRu(3-phenylindenylid-T-ene) (28). Hydrogen atom
are omitted for clarity.
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TABLE VII

SELECTED BOND DISTANCES (A ) AND BOND ANGLES (deg) FOR
(IPr)(PPh3)CLRu(3-phenylindenylid- 1-ene) 26

Ru(hH—C(28) 1.852(3) C34H—C(35) 1.397(5)
Ru( H—C(13)  2.102(3) C(35—C(36) 1.385(5)
Ru(h=Cl(ly  2.3895(9)  C(28)—C(36) 1.517(5)
Ru(hH—Cl(2)  2.3688(8) C3M—C(37) 1.478(5)
Ru{1y—P(1) 23977010y C31)—C(36) 1.397(4)
C28)y—C(29)  1.456(4) C(28)—Ru(H—C(13)  104.47(13)
C29)—C30)  1.337(5) C(28)—Ru(h)—ClI(1) 98.10(1))
C30)y=C(31) 1.483(5) C(13)~Ru(1)—Cl(2) 84.48(8)
C(3H—C(32)y 1.377(5) C(28)—-Ru(1)—P(1) 92.55(1)
C(32)=C(33)  1.406(7) C(13)=Ru(H—P(1) 162.98(8)
)

C33)=C34 13797 Clth—Ru(—CI(2) 167.15(3)

The Ru—C,(indenylidene) bond distances are significantly shorter than the bond
length between the ruthenium and the weaker 77 -acid imidazol-2-ylidene (1.852(3)
Avs2.102(3) Ain 26 and 1.861(4) A vs 2.113(4) A in 28). Selected bond lengths
and bond angles for 25 and 27 are presented in Tables VII and VIII, respectively.

Investigating thermal stabilities of compounds 23-28 revealed that when heated
to 80°C the compounds containing PPhj i.e., 23, 25, and 27, were less stable than
their PCy; bearing analogues (24, 26, and 28, respectively). The least stable was
(PPh;3),ClRu(3-phenylindenylid-1-ene) (23) which decomposed after 2 h at 80°C
(Table IX, entry 1) and the most stable was (IPr)(PPh;)CI;Ru(3-phenylindenylid-
1-ene) (27) (Table IX, entry 4) which showed decomposition after 42 h at the same
temperature. It can be concluded that the presence of the nucleophilic carbene

TABLE VIII
SELECTED BOND DISTANCES (A ) AND BOND ANGLES (deg) FOR
(IPr)(PCy3)ClhRu(3-phenylindenylid- 1 -ene) 28

Ru(H—C(28) 1.861(4) C(34)—C(35) 1.387(7)
Ru(hHh—=C(13) 2.1134) C(35)—C(36) 1.378(6)
Ru(h=CI(1) 238331 C28)—C(36) 1.494(6)
Ru(1)—=Cl(2)  2.3903(11)  C30)—C(37) 1.473(6)

Ru(l)—P(1) 2.4264(12)  C31H—C(36) 1.423(6)
C28)—=C29)  1.4746) C28)—Ru(1)=C(13)  102.12(17)
C(29)—C(30)  1.3506) C28)=Ru(1)—-Ci(l)  100.13(14)
C3M—C31)  1.484(6) C13y=-Ru(1)—Ck2) 90.16(11)
C(ANH—C32y  1.381(6) C28)—=Ru(1)—P(1) 96.59(13)
(%7) C(33)  1.406(7) C(13)-Ru(1)—P(1) 161.29(12)
C(33)y-C(34)  1.37%7) Cl(1)—Ru(1)—Cl2)y 164.50(4)
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TABLE IX
THERMAL STABILITY OF CATALYST PRECURSORS
23-28 AT 80 C

Entry  Compound  Start of Decomposition (h)

| 23 4
2 24 —
3 25 2
4 26 42
5 27 —
6 28 —-

ligand IPr in the coordination sphere of ruthenium stabilizes the complex signifi-
cantly. The complexcs incorporating PCyz were more robust and did not decom-
pose at elevated temperatures even after about 10 days (256 h) (Table IX, entries
2.5, and 6). This result is hardly surprising because if the decomposition pathway
involves the dissociation of phosphines (other ligands are less likely to dissociate)
the less electron-releasing and hence the less tightly bound PPhj; ligand should
undergo dissociation faster than the more tightly bound PCy; moiety.

The role of complexes 23-28 as catalyst precursors in the ring closing metathe-
sis reactions was investigated. Three different diene substrates diethyldiallyl-
malonate (29), diallyltosylamine (30). and diethyldi(2-methylallyhmalonate (31)
were added to the NMR tubes containing a solution of 5 mol% of catalyst precursor
in an appropriate deuterated solvent. The NMR tubes werc then kept at the tem-
peratures reported in Table X. Product formation and diene disappearance were
monitored by integrating the allylic methylene peaks in the 'H NMR spectra and
the results are presented in Table X and the catalytic transformations are depicted
in Scheme 3.

(PPh3)>ClLRu(3-phenylindenylid-1-cne) (23) did not show any catalytic activity
with 28 (Table X, entry 1) and therefore was eliminated from the list of catalyst
precursors in this study. The ruthenium-indenylidene-imidazol-2-ylidene com-
plexes that contained PPhs, (IMes)(PPh3)CloRu(3-phenylindenylid-1-ene) (25)
and (IPr)(PPh3)Cl-Ru(3-phenylindenylid-1-ene) (26) showed good catalytic ac-
tivity with diethyldiallymalonate (29) and diallyltosylamine (30) as substrates
(Table X, entries 3, 4, 8, and 9). It should be noted that 25 catalyzes this reaction
only when heated to 40" C, whereas 26 does so at room temperature. Sterically hin-
dered diethyldi(2-methylallyl)malonate (31) does not easily undergo ring closing
metathesis reaction: catalyst precursor 25 can convert 60% of this substrate into the
product after 2 h and this is only achieved when the reaction is heated to 80 C. The
rate of conversion with 26 is only 17% at this temperature. Heating the reaction
mixtures for longer periods of time does not increase the yields of the reactions. it
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TABLE X

203

RING CLOSING METATHESIS RESULTS USING CATALYST PRECURSORS 23-28

Entry  Substrate  Catalyst Precursor Solvent Temp. ¢ C)  Time (min)  Yield (%)"
! 29 23 CD-Cly 40 25 0
2 29 24 CDACts RT 25 84
3 29 25 CD-Cly 40 25 65
4 29 26 CDxCl» 40 25 56
3 29 27 CD-Cl> RT 25 88
6 29 28 CD>Cl> RT 25 75
7 30 24 CDLCls RT 25 96
8 30 25 CD-Cl> 40 25 94
9 30 26 CD-Cl» RT 25 94

10 30 27 CDACly RT 25 30
11 30 28 CD-Cl> RT 25 89
12 31 24 dg-toluene 80 120 0
13 31 25 dy-toluene 80) 120 66
4 31 26 dy-toluene 80) 120 17
15 31 27 dg-toluene 30 120 20
16 31 28 dg-toluene 80 120 19

“Calculated from 'H NMR spectra.

can be inferred, therefore, that the catalyst is disabled after a certain period of time
at higher temperatures (Table X, entries 12-16). (PCy3)>Cl-Ru(3-phenylindenylid-
1-ene) (24) exhibited high reactivity when used with substrates 29 and 30 but was
not effective with substrate 31 (Table X, entries 2, 7, and 12). The indenylidene
derivatives of (PCyz)Ru(imidazol-2-ylidene) compounds (IMes}PCy3)CILRu(3-
phenylindenylid-1-ene) (27) and (IPr)}(PCy;)ClhRu(3-phenylindenylid- 1 -ene) (28)

E_E
PN cat.
29 -CoHy
TS
/\/N\/\ cat.
-CoHy
30
SR
cat.
——
CoH,
31
E - CO,Et

TS = toluenesulfonyl

SCHEME 3.
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were comparable to 24 in their reactivity toward 29 (Table X, entries 5 and 6). The
[Pr analogue (28) converted 30 with a very high yield, whereas the IMes compound
(27) was much less reactive toward the same substrate (Table X. entrics 10 and
11). The yields of the reactions with 31 werc low for both compounds (Table
X, entries 15 and 16). The indenylidene complexes 24-28 are shown to be good
catalyst precursors in the RCM of stericully unhindered substrates (29 and 30),
comparable to the alkylidene complexes developed by Grubbs’* and Herrmann.”"

To develop a method for the synthesis of true neutral ruthenium allenylidene
complexes, (PPh3)>RuCl, (32) was allowed to react with 3,3-diphenylpropyn-3-ol
in the presence ol a better donating ligand such as PCy;.m This reaction led ex-
clusively to the formation of (PCy;),Ru(=C=C=CPh,)Cl> (33). It is interesting
to note that in the absence of PCys, the sole product is the indenylidene com-
plex 23 which undergoes substitution with PCy; to yicld 24. Complex 32 is also
accessible from the rcaction of [( p-cymene)RuCls ]~ 17 with 3 3-diphenylpropyn-
3-0l and two equivalents of PCyx via loss of p-cymene. However, the product
(85% 33 based on *'P NMR data) contains two side products, one identificd as
the 3-phenyl-1-indenylidene complex 24 (8% by NMR data) and one unknown
(7% by NMR data). When two equivalents of PPh; instead of PCy; were used
no carbene moiety was formed. All attempts to convert the allenylidene into the
indenylidene by addition of protic acids or by subjecting the allenylidene to ele-
vated temperatures were unsuccessful. The exchange of one PCys; ligand for IMes
affords the allenylidene complex 34 in high yields. The rcactions are summarized
in Scheme 4. X-ray crystal structures of 33 and 34 were determined and their
structural models are shown in Figs. 17 and 18, respectively. In both structures the
five coordinated ruthenium center is located at the bottom of a square pyramid. The
allenylidene moicty is located at the apex and the trans chlorides and PCy; ligands
(33), PCy; and IMes ligands (33), form the base. In both complexes the Ru—C,
bond distances are nearly identical (1.794(11) A). This is in the usual range (1.76
to 1.84 A) for carbene moieties in this kind of 16-clectron ruthenium complex‘ﬂ’w
However, these bond distances are much shorter than the bond lengths deter-
mined for cationmic [8-clectron ruthenium allenylidene complexes (1.87 to 1.92
A% This indicates a better overlap and a significantly higher bond strength of
the carbene moiety to the metal center in complexes 33 and 34. The comparable
metal-ligand bond distances at the base also give very similar values indicating no
significant change for the electronic environment of the metal center. These struc-
tural features may explain the similar catalytic propertics of complexes 33 and 34
(vide infra). The bond angles in both complexes at the base do not deviale more
than 4" from ideal 90 . However, steric interference with the allenylidene moiety
causes widening of one of each C,—Ru—Cl angles (96.2(5) (33). 95.89(4)" (34)).
one C,—Ru—P angle (101.4(5) ) in complex 33 and the C,—Ru—C(IMes) angle
(98.89(5)") in complex 34. The allenylidene chain is only slightly bent in complex
33 (Ru—C,—Cy = 17536(11)", C,—Cp—C,, = 175.29(13)). This indicates a



5. 17. Molecular structure of (PCy3)2Ru(=C=C=CPh»)Cl> (33). Hydrogen atoms a
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FiG. 18, Molecular structure of (PCy3)Ru(IMes)=C=C=CPh»)Cl> (34). Hydrogen atoms have
been omitted for clarity.

strong conjugation along the spine excluding C—H s-interaction to neighbor-
ing hydrogen atoms as observed in other complexes.®™ Complex 33, however.
shows significantly stronger bending along the spine (Ru—C,—Cz = 169.20(1 1) .
C,—Cp—C, =167.20(18)"). C—H m-interaction to hydrogen atoms of the PCy;
ligands may be present. This interaction might also have a weak influence on the
bond distances along the spine causing a slight extension |C,—Cy=1.27 A (33).
1.26 A (33) and Cy—C., =135 A (32), 1.34 A (34)]. but these values are in the
usual range for ruthenium allenylidene complexes.™ ™" Selected bond distances
and angles for complexes 33 and 34 are reported in Table X1.

TABLE XI
SELECTED BOND DISTANCES [A ] AND ANGLES | | FOR THE COMPLEXES 33 AND 34

33 34
Ru—C, 1.79 1.79
Ru—C{IMcs) — 2.09
Ru—P 2.35,2.41 2.41
Ru—Cl 2.37.2.38 2.37.2.39
C,—Cy 1.27 1.26
Cyp=Cy 1.35 1.34
C,—Ru—C(IMes) — 9%.9
C,—Ru—P 914, 1014 92.2
C,—Ru—Cl 91.6.96.2 93.1,959
C{IMes)y—Ru—Cl — 88.9, 89.6
P—Ru—Cl 86.4. 87.6,91.6,92.6 88.1,91.7
Ru~C,—Cy 169.2 175.4

Co—Cpu—C,. 167.2 1753
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TABLE XH
RING CLOSING METATHESIS MEDIATED BY 33 AND 34

Catalyst
Entry  Substrate  Precursor Solvent Temp. ( C)  Time  Yield (%)"

1 29 33 CD-Cla 40 25 min 12
2 29 34 CD-Clh 40 25 min 8
3 30 33 CD-Clhy 40 25 min 4
4 30 34 CDAClh 40 25 min 0
5 31 33 dy-toluene 80) 2h 0
6 31 34 dg-toluene 80 2h 0

“Monitored by 'H NMR Spectroscopy.

Compounds 33 and 34 were subjected to clevated temperatures. Both com-
pounds turned out to be relatively robust at 80° C ¥ Even after 32 h of constant heat-
ing no signs of decomposition products were found. Initial signs of decomposition
were noticed for complex 33 after 64 h and for complex 34 after 128 h. A similar in-
creased thermal stability has been observed for the Clo(PCy3)(IMes)Ru(=C(H)Ph
complex compared to Cl»(PCyz)>Ru (:C(H)Ph.”‘w

The role of complexes 33 and 34 as catalyst precursors in the RCM reactions
was investigated.* Three different diene substrates, diethyl diallylmalonate (29).
diallyltosylamine (30), and diethyl di(2-methylallyl)malonate (31), were added
to the NMR tubes containing a solution of 5 mol% of catalyst precursor in an
appropriate deuterated solvent. The catalytic reactions are depicted in Scheme
3 and results of the RCM reactions are presented in Table XII. Product forma-
tion and diene disappearance were monitored by integrating the allylic methylene
peaks in the 'H NMR. Both complexes perform very poorly in these reactions
compared to cationic 18-¢lectron arene-ruthenium allenylidene complcxcs.74 The
significantly higher bonding energy of the allenylidene moiety at the metal center
as inferred from the single crystal X-ray data may be at the origin of the lower
catalytic activity displayed by 33 and 34. The sterically hindered substrate diethyl
di(2-methylallyl)malonate shows no sign of ring closing, using cither complexes
even atter 2 h at 80'C. In order to get detectable conversion of the other sub-
strates, reaction mixtures were heated to 40°C in CD-Cl-. The turnover rates after
25 min indicated slightly lower catalytic activity for the IMes substituted com-
plex 34 (diethyl diallylmalonate 8%, diallyltosylamine 0%) compared to com-
plex 33 (diethyl diallylmalonate 12%, diallyltosylamine 4%). The disappointingly
low catalytic activities for ring closing metathesis reactions obtained for 33 and
34 could be attributed to the very similar metal-ligand bond distances in the
solid state indicating a similar electronic environment at the metal center for both
complexes.
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B. Carbon—Carbon and Carbon—Nitrogen Bond Formation

Palladium catalyzed cross-coupling reactions of arylhalides or halide equiva-
lents with various nucleophiles have been shown to be highly effective and practical
methods for the formation of C—C bonds.™ " In this review we focus our attention
on two of these methods, namely. Suzuki and Kumada reactions. The Suzuki reac-
tion developed in the early 1980s is very versatile and is extensively used in natural
product synthesis. The substrates in this reaction are boronic acids (ArB(OH)»)
and arylhalides or pseudo-halides such as triflates (Ar'X).”*° In Kumada reactions
(C—C bond formation is accomplished by reacting Grignard reagents with alkenyl
or arylhalides in the presence of catalytic amounts of either palladium or nickel
complexes.‘n”‘)‘) In a closely related arca, palladium or nickel mediated coupling
of arylhalides with amines has attracted significant interest because of the im-
portant use of this methodology in organic synthesis and materials science.'™ 1"
It has been shown that the supporting ligands on the metal center play a crucial
role in dictating the efficiency of the catalytic system.'" """ Bulky monodentate
phosphines or bidentate PX (X =P. N, O for amination) have been the ligand of
choice in all the above-mentioned methods,™ *!0-119 Although arylchlorides
undergo coupling reactions more slowly than do arylbromides or aryliodides
(C—Cl > C—Br > C—1). their use as chemical feedstock would economically
benefit a number of industrial processes.”(’ i

Nucleophilic N-heterocyclic carbenes as ligands have the primary advantage
that they do not easily dissociate from the metal center, and as a result an ex-
cess of the ligand is not required in order to prevent aggregation of the catalyst
usually affording the bulk metal,' 742474919120 1idazo1-2-ylidenes exhibit a
considerable stabilizing cffect in organometallic systems (vide supray. 0
Herrmann and co-workers have reported Suzuki cross-coupling activity of carbene
ancillary ligands involving arylbromides and activated ury]chloridcs.IEI In view of
the stereoelectronic factors required in the metal-mediated C—C and C—N bond
formation'" and the results from the thermochemical studies®’. the activity of a
bulky nucleophilic carbene as supporting ligation in these catalytic processes was
investigated.

Vi

SUZUKI CROSS-COUPLING OF ARYLCHLORIDES
WITH ARYLBORONIC ACIDS

The Suzuki reaction has proved extremely versatile and has found extensive

. . o . .
usc in natural product synthcsm.D“ Arylboronic acids [ArB(OH),| are the usual
substrates in this reaction together with arylhalides or triflates (Ar'X, X = halogen
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or triflate). In our initial experiments in the coupling of phenylboronic acid and
4-chlorotoluene in the presence of catalytic amount of Pd»(dba)s, the carbene IMes
and Cs>COj5 as a base was observed in a modest yield (59% isolated yield). Since
carbenes are considerably less stable to air and moisture than the corresponding
imidazolium salts, to avoid preparation and isolation of the carbene we sought to
develop a protocol in which the carbene ligand would be generated in situ from the
salt. Under the same general conditions, using IMes.HCl resulted in the isolated
yield of 96%, which represents a significant improvement over the procedure em-
ploying the nucleophilic IMes in terms of both isolated yields and ease of execution
(see Eq. (9y).%

Me
ve B(OH), O
(9)
+

Pds(dba)s (1.5 mol%)

IMes.HCI (3.0 mol%)
Cl base (2 equivalents)

dioxane. 80°C

15h

An investigation of the base for the in sitie generation of the carbene ligand IMes
from the salt IMes. HCl revealed that Cs>CO5 was the reagent of choice (Table XI11).
Other inorganic bases such as Na,COj;, KOAc, K>CO3, and CsF resulted in longer
reaction times for complete consumption of the arylchloride and afforded moderate
to low yields of coupling products. When the organic base tricthylamine was em-
ployed, the reaction ceased within minutes and precipitation of palladium black
was observed.”® As illustrated in Table X1V, the palladium catalyzed Suzuki reac-
tion with the ancillary ligand IMes.HCI was exceptionally tolerant of a varicty of
functional groups substituted on the arylchlorides and arylboronic acids. Electron-
donating and electron-withdrawing substituents were both tolerated by the catalytic
system and provided the corresponding coupling products in excellent yields.”

It is a significant challenge to avoid the use of a glovebox altogether in organic
synthesis and especially in process chemistry.'" Therefore, we set out to examine
the reactivity of the air stable palladium(Il) complex (Pd(OAc)) in the Suzuki
cross-coupling reactions. As illustrated in Table XV, the palladium (II) catalyzed
Suzuki reaction with the ancillary ligand [Mes.HCI exhibited tolerance toward a
variety of functional groups (electron-donating or -withdrawing) substituted on
the arylchlorides and arylboronic acids and the corresponding coupling products
were formed in very good yields.%

An investigation of the ligands for in situ generation of the carbene ligands
from their salts revealed that IMes.HCl is our best choice (Table XVI1, entry 1); all
other imidazolium salts investigated resulted in longer reaction times for complete
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TABLE XIII
EFFECT OF BASE ON THE RATE OF Pds(dba);/IMes HCl
CATALYZED BY SUZUKI CROSS-COUPLING REACTIONS
OF 3-CHLOROTOLUENE WITH PHENYLBORONIC ACID
l\fe
Me B(OH), [
"
T
[ |
N S Pdy(dba)s (1.5 mol%) P
IMes.HCI (3.0 mol%) |
Loz

B
)

Ci base (2 equivalents)
dioxane, 80 C
15h
Entry Base Time (h) Yield (%)
| Et:N 24 =5
2 NarCoy 43 6
3 KOAc¢ 43 42
4 K-C 0O, 24 53
5 Cs3C0; 1.5 96
6 CsF 2 63

“Isolated yields.

b Al reactions were monitored by TLC.

“4-Chlorotoluene was not completely consumed within
the indicated reaction time.

consumption of the arylchloride and afforded moderate to low yields of coupling
products. An interesting example is, however. when the commercially available
1-ethyl-3-methyl imidazolium hydrochloride was employed under longer reaction
time (39 h), 75% of isolated yield was obtained (Table XVI. entry 4). This means
the catalyst bearing carbene ligand is thermally stable as we have observed in other
systems.”

Use of the imidazolium salt IMes.HCI allowing for the in situ generation of
IMes is a significant improvement upon existing Suzuki cross-coupling reaction
methods. Furthermore, Pd(OAc), can similarly affect the Suzuki cross-coupling
reaction of arylchlorides with arylboronic acids. However, reactions performed
with other imidazolium salts required longer times and afforded lower yields.
while Pd(OAc)» was found to be equally as effective as Pd,(dba); under the reaction
conditions described above. So the current catalytic system represents the simplest
Suzuki coupling so far by employing arylchlorides as feedstock and handling
catalyst precursors without the use of a glovebox.
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TABLE XIV

FUNCTIONAL GROUP TOLERANCE OF Pd>(dba)s/IMes HCI
CATALYZED SUZUKI CROSS-COUPLING REACTIONS OF ARYL
CHILORIDES WITH PHENYLBORONIC ACID DERIVATIVES

S
Pz ‘x‘\// Pdp(dba)s (1.5 mol%)

IMes.HCI (3.0 mol%)

Cl Y C8,C04 (2 equiv.)
dioxane, 80 C
Entry X Y Time (h)  Isolated Yield (%)
1 4-Me H 1.5 99
2 4-Me H 1.5 97¢
3 4-Me 4-OMe 1.5 99
4 4-Me 2-Me 1.5 88
5 4-Me 3-OMe 1.5 91
6 H 4-OMe 1.5 99
7 2.5-(Me)» H .5 89
8 4-OMe H 1.5 93
9 4-CO-Me H 1.5 99

“6.0 mol% of 2.HCI.

Vil

CROSS-COUPLING OF ARYLCHLORIDES WITH ARYL GRIGNARD
REAGENTS (KUMADA REACTION)

In the previous section the result of employing Pd(0) or Pd(I1) compounds and
imidazolium salts as the catalyst system in the Suzuki cross-coupling reactions of
arylchlorides and arylboronic acids was discussed.” Considering that arylboronic
acids and other organometallic reagents used in this type of C—C coupling are
generally made from the corresponding Grignard or lithium reagents.” it would
prove valuable to find a general method for Kumada coupling.

Based on the success with IMes.HCI in Suzuki coupling of arylchlorides with
arylboronic acids,” we employed a similar protocol for Kumada coupling. In
order to form free carbene IMes from its salt instead of using an external base
(Cs>COg3 in Suzuki reactions), a slight excess of Grignard reagent was employed.
Unfortunately, using IMes.HCl and Pd,(dba); as the catalyst system in the re-
action of 4-chlorotoluene with phenylmagnesiumbromide afforded a moderate
yield (Table XVII, entry 1).'* Since the use of bulky ligands may improve cat-
alytic performance in this C—C coupling procedureﬁ}‘%‘%"05"24"25 the carbene salt
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TABLE XV
Pd(OAC)/IMes. HCl CATALYZED SUZUKE CROSS-COUPLING REACTIONS
OF ARYLCHLORIDES With PHENYLBORONIC ACH DERIVATIVES

%
/4

B(OH) X
X \~
. 2 :‘\

7N
-

X PN
[lr/j * “/// Pd(OAc); (2.5 mol%)
Y

cl Lot ooy 7 B
dioxane, 80°C ///
Y
Entry X Y Time (h) Isolated Yietd (%)
1 4-Me H 2 99
2 4-Me 4-OMe 2 80
3 4-Me 2-Me 2 50)
4 4-Me 3-OMe 19 93
Nl 4-COMe H 2 99
6 4-Mc H 8 85
7 3-NMe; H 2 CL.
8 2.5-(Me)a H 2 94
9 2.5-(Me)a 8 2 98"
1) 2.6-(Me)» H 2 69"

“5.0 mol% of 2.HCL
»5.0 mol% of Pd(OAc)> and 5.0 mol% ol 2.HCI.

[Pr.HCl was employed in this reaction and afforded a 99% yield of isolated product
(Table X VI, entry 2). The result is consistent with the stereoelectronic properties of
this family ot‘ligands.x‘w‘w The ligands are excellent donors and therefore facilitate
the oxidative addition of arylhalides. The steric bulk provided by the ortho position
substituents on the imidazolyl aryl groups may serve to stabilize the active catalyst
which we feel is a “LPd(Ar), ” intermediate. This intermediate may very well
be stabilized by solvent or substrate binding to complete the square planar metal
coordination. The role of the solvent was also investigated and the result showed
that optimum yield is achieved by using dioxane as the co-solvent and heating the
reaction mixture to 80°C. The reaction in THF/toluene and THF required a longer
reaction time and lead to lower yields (Table XVII, entries 3 and 4).'23

A survey of catalytic cross-coupling of arylhalides with arylmagnesiumbro-
mides using IPr.HC! is presented in Table XVIII. Reactions were faster for
arylbromides and aryliodides than for arylchlorides (Table XVIIIL, entries 3, §,
and 10). As in similar coupling reactions, the significant challenge in practical
Kumada reactions is the functional group tolerance.'?*'*® The halides bearing
methoxy (Table XVIII, entries 4, 10—14) or hydroxy (Table XVIII, entries 8 and
9) groups react with Grignard reagents to form biaryl in excellent yields. When
methyl 4-bromobenzoate was used, methyl 4-phenylbenzoate was isolated in 69%
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TABLE XVI

LIGAND EFFECTS ON PA(OAC)/IMes HCI CATALYZED
SuU7UKI CROSS-COUPLING REACTIONS

CH,
CHj B(OH),

SIS
i .
Lz L‘\ _ PA(OAC); (2.5 mol%)

L-HCI ( 2.5 mol®)

Cl Cs,C03 (2 equiv.}
dioxane, 80°C
Entry L Time (h) [solated Yield (%)
1 IMes 2 99
2 TAd 2 44
3 IEtMe 2 16
4 [EtMc¢ 39 75
5 ICy 2 14
6 IBenMes” 2 12
7 ITol 2 5

“1EtMc = 1.3-bis(2-ethyl-6-methylphenyhimidazol-2-
ylidene.

"IBenMes = 1.3-bis(2.6-dibenzylphenylimidazol-2-
ylidene.

TABLE XVIi

CROSS-COUPLING OF CHLOROTOLUENE WITH PHENYLMAGNESIUMBROMIDE
UNDER VARIOUS CONDITIONS

Me

1
MgBr ©

Pda(dba)z (1.0 mol%)
L.HCI {4.0 mol%)

9{}5

Entry L Solvent Temp. ('C)  Time (h) [solated Yield (%)
I IMes  Et,O/THF 45 20) 35
2 IPr Et,O/THF 45 20 97
3 IPr Toluene/THF 50 20 10
4 IPr THF 80 5 86
5 None  Dioxane/THF 80 3 0
6 IMes  Dioxane/THF 80 3 41
7 1Pr Dioxane/THF 80 3 99
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TABLE XVIII

PALLADIUM/IMIDAZOLIUM SALT-CATALYZED CROSS-COUPLING OF
ARYLHALIDES WITH ARY1. GRIGNARD REAGENTS.

Ar-X + Ar'MgBr Ar-Ar' + MgBrX
Pdy(dba)s (1 mol%%)
IPr.HCI (4 mol%)
dioxane/THF. 80°C

Entry Ar—X Ar' Time () Yield (%)
| 4-MeCqH4—Cl CoHs 3 99
2 4-MeCHy—Cl CeHs 3 96
3 3-MeCeHy-Br CeHs I 99
4 4-MeOCH—C1 CeHs 3 97
5 2.5-(Me)CeH3—Cl CeHs 3 85
6 2.6-(Me)CeHy—Cl CoHls 5 877
7 4-MeO-CCoH~Br CoHs 5 69
8 4-HOCH,-1 CoHs 3 96¢
9 4-HOCH,—CI CoHs 5 95¢

10 6-MeO-Np-2—Br CoHs | 98
11 4-MeOCH,—Cl 4-MeCHy 3 99
12 4-MeCH,—Cl 3-MeCiH, 3 83
13 4-McCoH,—Cl 2-FCHy 3 99
14 4-MeCHy—ClI 2.4.6-(Me)CeHn 3 95
15 2.6-(Me)CeH1—Cl 2.4.6-(Me);CeHa 24 0
16 2.46-MehCoH—Br  2.4.6-(MenCoHa 24 0

“The reactions were carried out according o the conditions indicated by
the above equation; 1.2 equivalent of PAMgBr (1.0 M solution in THF) unless
otherwise stated.

"ksolated yields after flash chromatography.

“2.0 mol% of Pd(OAC)> used instead of 1.0mol% of Pda(dba)s.

8 equivalent of PAMgBr was used.

2.5 equivalent of PhMgBr was used.

yield (Table XVII, entry 7), even though more complicated byproducts were
formed when the less reactive chloro analog was used. Although sterically hindered
substrates are often problematic,‘)("]07"09 the ortho-substituted 2-fluoro- or 2.4.6-
trimethylphenylmagnesiumbromides coupled with 4-chloroanisole without any
difficulty. When ortho-substituents were present in arylchlorides. good yields were
obtained by using a slight excess of Grignard reagent (1.8 equivalent instead of 1.2
equivalent). However, the coupling of 2-chloro-m-xylene or 2-bromomesitylenc
with mesitylmagnesiumbromide failed because of steric congestion around both
reactive centers. Homocoupling products of Grignard reagent were observed in all
other reactions as minor products with the exception of mesitylmagnesiumbromide
where no homocoupling was detected.'™

While the mechanism remains to be elucidated, it seems apparent that at least
diarylpalladium intermediates are involved in this reaction.'?” At some point the
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steric bulk of the ligand becomes more important than its electron donor contribu-
tion, as IPr is a poorer donor™ than IMes but results in more effective couplings.
We have recently observed that using a Pd/L ratio of 1/1 affords the products in
similar high yields in a shorter time. This observation makes sense in terms of
an understanding of the “active catalytic species” bearing only one nucleophilic
carbene ligand. The methodology presented above proves effective for unactivated
arylchlorides, arylbromides, and aryliodides by simply employing Pd(0) or Pd(II)
and an imidazolium chloride as the catalyst precursor.

ViH
AMINATION OF ARYLCHLORIDES

In the previous sections it was shown that employing bulky carbene ligands
as part of a catalytic system has a major positive effect on the ease of C—C
bond formation.”'** Therefore, we were interested in examining what effect the
usc of judiciously selected bulky imidazolium ligands might have on catalytic
arylamination reactions. Based on the success with IMes.HCI and IPr.HCI as an-
cillary ligand precursors in Suzuki’® and Kumada'*? coupling involving arylchlo-
rides. a similar protocol was used to perform the amination of arylchlorides. In
an effort to select the most effective imidazolium salt, a number of 1,3-diaryl-
substituted imidazolium chlorides were used in a model reaction and the results
are shown in Table XIX. The bulky IPr.HCl was found to be the most effective

TABLE XIX

AMINATION OF 4-CHLOROTOLUENE USING DIFFERENT IMIDAZOLIUM
CHLORIDES

I\N/Ie
Me g P
v =0 * ¥ i ) 1)
H/ Pdy(dba)z (1 mol%) = "

L.HCI {4 mol%)
KOBu, dioxane

100°C
Entry Ligand L. Time (h) Yield (%)
I None 3 V]
2 [Tol 3 <5
3 IXy" 3 I
4 IMes 3 22
5 IPr 3 98

“Isolated yield represents the average of two runs.
/’IX_\, = 1,3-bis(2,6-dimethylphenyl)imidazol-2-ylidene.
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imidazolium salt examined, leading to the isolation of the coupled product in a
98% yield (Table XIX, entry 5).

A survey of catalytic cross-coupling of arylhalides with primary and secondary
cyclic or acyclic amines using [Pr.HCI as the supporting ligand is provided in
Table XVIIIL The role of the added base KO'Bu is two-fold: it initially deproto-
nates the imidazolium chloride to form the free carbene ligand in sifu which then
coordinates to Pd(0) and also serves as a strong base to neutralize the HX formed
in the course of the coupling reaction. This catalytic system proves general and
efficient as shown by results presented in Table XX.

The less reactive unactivated arylchlorides reacted with various amines includ-
ing primary (Table XX, entries 6, 7. and 9) and secondary cyclic (Table XX, entries
4,5, and 11) amines in high yields. Ortho-substituted arylchlorides reacted with
amine without difficulty. The reaction of 4-chlorotolucne with highly hindered
amines (Table XX, entry 7) leads to lower yields. The generality of the method is
illustrated by the efficient coupling of unhindered arylchlorides with both acyclic
primary and secondary alkylamines. To the best of our knowledge no reported
catalyst allows this transformation.

Generally, aminations involving arylbromides and aryliodides proceed under
milder conditions than those involving arylchlorides. In order to examine the halide
substituent eftect, the efficiency and selectivity of the present catalytic system
for amination of arylbromides and aryliodides was examined. Both arylbromides
and aryliodides (Table XXI1) reacted with amines smoothly at room temperature.
Most interesting in these studies involving aryls bearing both chloro and iodo (or
bromo) substituents is the observation that bromo and iodo functionalities can be
converted at room temperature (Table XXI, entries 3 and 4) and the remaining
chloro functionality can subsequently be converted at more elevated temperatures.
This could prove a significant advantage in process chemistry.

While the detailed mechanism remains to be clucidated, it seems apparent that
at least arylamidopalladium intermediates are involved in this reaction as pre-
viously observed. 300 1OLT03T04TO0TTOTIS 28 4 appears to us that both steric and
electronic effects combine to mediate the coupling process. Initially, the elec-
tron donor properties of the carbene facilitate the activation of arylchlorides and
a secondary effect may be provided by the bulk located at the ortho positions of
the carbene aryl group. Results of structural studies in related platinum complexes
of general formulation L,PtMe, (L = nucleophilic carbene) indicate that these
ortho positions are oriented directly toward the groups involved in the reductive
elimination step. Steric hindrance imparted by the ligands would therefore tavor
this reductive elimination step. At this time we teel the LoPdCl, may very well
represent the resting state of the catalyst. We believe a combination of effects are at
play: once the electron donor carbene imparts enough electron density (o the metal
to enable it to perform the oxidative addition, the ligand sterics subsequently stabi-
lize the reactive intermediates. The steric effects provided by ortho-substituents on
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TABLE XX
AMINATION OF ARYLCHLORIDES WITH VARIOUS AMINES?

Pdy(dba)g. IPr.HCI

KQ'Bu, dioxane N
ACl + HNRR® ———%%. = Ar-NRR

Entry Ar=Cl HNR'R"” Ar-NR'R” Yield (%)
- N [§18
1 Me-@—m Ha;@ Me-@—Me—Q H9
2 H=-N ) Me—@—N ) 96
3 H-N o] Me—@-—N o] 82
v f—y
H-N
4 W)z MQ_O_N(n.Bu)z 95
PN
5 AN Me—@—g—Hexy' 86
! Wl OO
Me Me
7 HzN Me Me_@'g‘@'m 59
Me
Me
- N C
e S O N oSt @ S
: Wl OO
™\ N\
10 H-N O MeO—@—N o} R0
— —/
ML),
11 MeO—@—N(n-Bu)z 98
1”2 H-N ===
Y Me

NA

¢ Reaction conditions: 1.0 mmol of aryl chloride, 1.2 mmol of amine. 1.5 mmol of
KO'Bu. 1.0 mmol% Pda(dba)z. 4.0% IPrHCI (2 L/Pd). 3 mL of dioxane, 100° C. Re-
actions were complete in 3-30 h and reaction times were not minimized.

b Average isolated yields of two runs.

 Dialkyl aniline was isolated as a byproduct in 5%

the carbene aryl groups influence the efficiency of the catalytic transformation in
a dramatic fashion. Our thermochemistry studies on ruthenium systems involving
these carbenes®’” show that ITol is the best electron donor (ITol > IMes & IXy >
IPr) while 1Pr is the most bulky ligand (IPr > IMes & [Xy > 1Tol). The catalytic
activity of systems involving these various imidazolium salts follows the steric

trend. When a Pd/L ratio of 1/1 is used the products are formed in similar high
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TABLE XXI
AMINATION OFF ARYLBROMIDES AND [0DIDES”

Pdy(dba)s. IPr.HCI

KO 'Bu, dioxane .
ArCl + HNRR® ——— >  Ar-NRR

Entry Ar-X HNR'R” Ar-NR'R” Yield (%)

ol OO W
SN g S S
G S S S O T
WY a0

“ Reaction conditions: 1.0 mmol of aryl halides. 1.2 mmol of amine. 1.5 mmol
ot KO'Bu. 1.0 mmol% Pdstdba)s, 4.0% IPFHCH2 1L/Pd), 3 mL of dioxane, room
temperature. Reactions were complete in 3=30 h and reaction times were not

[
Z
o
o

minimized.
i . - .
" Average isolated yields of two runs.

yields but in a shorter time. As previously discussed, this ratio appears optimum
tor generating the active catalyst intermediates. Without excess ligand, the resting
state composition “Ly Pd(Ar)(X)"” can not be reached.

In summary, a general and efficient methodology for the amination of arylchlo-
rides (and bromides and iodides) has been developed. The simple methodology
makes use of a combination of a palladium(0) complex and an imidazolium
chloride forming the catalytic precursor which proves effective for unactivated
arylchlorides as well as arylbromides and aryliodides in high isolated yields. This
methodology provides the first report of’ arylamination involving arylchlorides
with both acyclic primary and secondary alkylamines.

1X
CONCLUSION
This journey started where most of our studies are initiated: from our interest in

fundamental thermodynamic properties quantified by solution calorimetry. From
these data it became clear that nucleophilic carbenes (most of them anyway) are
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better donors than the best donor phosphines. This stability scale provided by the
calorimetry allowed us to put on paper “feasible” reactions. Developments in both
olefin metathesis and palladium-mediated coupling reactions can be attributed to
the thermochemistry guiding us in the right direction. Both these catalytic processes
benefit from the steric protection provided by the nucleophilic carbene fences. yet
they differ in the electronic requirements: olefin metathesis benefit from as much
electron donation as possible. We feel the electron donation provided by [Mes or
[Pr are more than enough to allow C—CI bond activation in coupling catalysis.
The fact that 1Ad can effectively mediate these processes is a clue as to how much
electron donation is really needed to mediate this conversion.

The nucleophilic carbenes are “phosphine-mimics™ but they are much more.
They reside at the upper end of the Tolman electronic and steric parameter scales.
Much remains to be explored with these ligands. With a rudimentary understanding
of ligand stereoelectronic properties, we feel confident much exciting chemistry
remains to be explored.
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INTRODUCTION

A. Background

The systematic chemistry ot metalloporphyrin complexes, encompassing struc-
ture, reactivity, and spectroscopy, grew at an astonishing rate during the 1960s
and 1970s." This growth was spurred in large part by the central role played by
porphyrin species in biology, and facilitated by the simultaneous increase in so-
phistication and availability of structural and spectroscopic techniques. During the
same period, the importance and scope of transition metal organometallic chem-
istry became firmly established, although the two areas remained rather uncon-
nected, despite the occasional report of metalloporphyrin compounds containing
meltal-carbon o-bonds. However, with the report in 1977 of an iron porphyrin
dichlorocarbene complex,}‘4 followed during the early 1980s by further examples
of metalloporphyrin carbene, alkene, alkyne, and hydride complexes.” it became
apparent that there was much to be learned from the use of the porphyrin macro-
cyrle as a supporting ligand in organometallic chemistry. For example, the redox-
induced migrations of organic fragments between the coordinated metal and a
pyrrole nitrogen atom was shown to be relevant to the function of iron porphyrins
in cytochrome P450.° Classical organometallic reactions were shown to proceed
in porphyrin complexes by unanticipated radical reactions, and one example of
this, the insertion of CO into a rhodium hydride bond to form a formyl complex.
was a process hitherto not observed in organometallic chemistry. The publication,
in 1986, 1987, and 1988, of three reviews focusing on the organometallic chem-
istry of transition metal porphyrin complexes was an indication that this arca had
become firmly established.>"®

Over a decade on, this area is now beginning to reach maturity, with some of
the early new developments subjected to intensive research and now consolidated.
New areas have been opened up, for example, organometallic complexes of group 3
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and 4 metals which were unknown at the time of the earlier reviews. Aspects of
organometallic chemistry which have become important in the last decade such
as C—H bond activation, the relationship between metal-hydride and dihydrogen
complexes, and supramolecular interactions have resulted in parallel developments
in porphyrin complexes. The use of porphyrin complexes in catalytic organometal-
lic processes has begun to be developed, as in the cobalt porphyrin-catalyzed alkene
polymerization and the shape selective catalysis of alkene cyclopropanation by
rhodium porphyrins.

This review essentially comprises a survey of the developments in the organome-
tallic chemistry of porphyrin complexes over the last decade, continuing on from
the three reviews published during 1986—1988. Literature since the mid- 1980s has
been surveyed, and work reported prior to this will be touched on primarily to put
the more recent developments into context and will not be described in depth. A
new multivolume set encompassing the entire range of porphyrin chemistry has
been recently published, and this contains a chapter on organometallic porphyrin
chemis[ry.()

B. Scope

The broadest description of an organometallic porphyrin complex is one which
contains both a porphyrin macrocycle and a metal carbon bond. A useful classi-
fication of the types of organometallic porphyrin complexes has been described
by Richter-Addo in a recent paper,'” and his system is summarized here (Fig. ).
Type A complexes contain one or two metal-carbon single or multiple bonds.
This class comprises the majority of the organometallic porphyrin complexes
which contain o ~alkyl, o-aryl, or carbene ligands. Both five-coordination and six-
coordination is possible, with typical formulae as follows: M(Por)(R), M(Por}(R)(L).
M(Por)(R)>, M(Por)(CR»), M(Por)(CR»)(L), M(Por)(CR»),. Notably absent from
this category is an example of a metalloporphyrin carbyne complex. Type B
complexes contain xr-ligands, including n-alkene, n*-alkyne, z;s—cyclopemadienyl.

|\|/||_n ML,
N X—ML,
e S
> ' ML
LML, n
D E

FiG. 1. Classification of the types of organometallic porphyrin complexes.



226 PENELOPE J. BROTHERS

and related ligands. The newest exampie in this category, reported in 1999, is
the first metalloporphyrin z-allyl complex. Type C complexes involve bridging
#-M,N groups in which the alkyl group bridges between the coordinated metal
and one porphyrin nitrogen atom. The M-N bond may or may not be retained in
these complexes. Type D complexes contain a metal-metal bond, with the metal—
carbon bonds associated with the metal not coordinated to the porphyrin. Type E
is a composite structure showing possible sites for coordination of a second metal
fragment. It can be m-coordinated to one of the porphyrin pyrrole rings'' or to an
aryl substituent on the periphery of the porphyrin. A number of examples con-
tain a metal coordinated to the periphery of the porphyrin through a metal-carbon
o bond. Types A. B, and C comprise the most important types or organometallic
porphyrin complexes, and this review attempts to cover all the important examples
from these categories. Types D and E are represented by a much smaller number
of examples, most reported in the late 1990s. However. the growing interest in the
use of metalloporphyrin moieties as building blocks in supramolecular chemistry
should lead to an increase in the number of examples of these types. However, com-
plexes of types D and E are largely beyond the scope of this review. The exceptions
are some examples ol type E complexes which comprise a subset of the area some-
times described as “inorganometallic chemistry™ ~
metal-heteroatom bonds in which the heteroatom moiety is isolobal with an alky]
or carbene ligand. Metalloporphyrin stannyl and stannylene complexes are exam-
ples from this category, and some examples of these are discussed in the review.
Defining the scope of the review has not been casy. and the central criterion has
been to focus on compounds containing a bond between the coordinated metal and
carbon. However, the central role played by organometallic compounds and reac-
tions in modern chemistry means that many reactions may involve intermediates
or even transition states with a metal—carbon interaction. A good example of this is
the widely studied oxidation chemistry catalyzed by high-valent metalloporphyin
oxo species. spurred by the remarkable biological transformations mediated by cy-
tochrome P450." This chemistry has links to organometallic chemistry on several
fronts. Metal oxo (M=0), metal imido (M=NR), and metal carbene (M=CR>) frag-
ments are formally isolobal. As a result, alkene epoxidation and cyclopropanation
reactions mediated by metalloporphyrin oxo and carbene complexes. respectively.
are closely related reactions, yet while the latter is an organometallic process, the
former is not. On a more subtle level, the reactions involving metal oxo species
themselves may or may not meet the criterion for a metal—carbon interaction. The
alkene cpoxidation process. for example, is proposed by some to involve inter-
action of the alkene substrate with the metal center prior to, or concerted with,
oxygen atom transfer, in which case there is a direct metal-carbon interaction. 1
Other rescarchers invoke a direct transfer of oxygen to the substrate without inter-
action of the alkene with the metal. Overall, metalloporphyrin oxo chemistry and
related developments in imido chemistry by themselves carry sufficient weight

in which complexes contain
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that they will not be covered here, even where it has been suggested on the basis
of mechanistic studies that metal—carbon interactions may be part of the process.

For the purposes of this review the criterion has been refined to include only those
porphyrin complexes where there is direct structural or spectroscopic evidence
for a metal—carbon interaction. This interaction will not, however, be limited to
covalent bonds. The last decade has seen the rise in importance of supramolecular
chemistry and non-covalent interactions, and a small set of examples involving
porphyrin complexes will be included as the last section in the review.

Another area where defining the scope of this review is difficult arises in the
boundary between organometallic and coordination chemistry. Transition metal
carbonyl complexes form one of the cornerstones of organometallic chemistry.
Metalloporphyrin complexes containing an axial carbonyl ligand are also very
significant, particularly for iron porphyrins where coordination of CO in the site
usually occupied by O, in hemoglobin and myoglobin is of enormous impor-
tance in biology. Although these complexes clearly meet the metal-carbon bond
criterion, much of the work on iron porphyrin carbonyl complexes has focused
on structure, spectroscopic properties, kinetic studies, and thermodynamic data
and has little direct relevance to organometallic chemistry. A further family of
ligands isoelectronic with CO which form M—C bonds are CN™ and isocyanides
(CNR). Porphyrin complexes containing the NO ligand have received a recent burst
of attention, arising from new understanding about the role of NO in biological
systems. This ligand also enjoys a special role in classical organometallic chemistry
because NO* is isoelectronic with CO. As with CO itself. complexes containing
the CN". CNR. and NO ligands will only be considered when there is something
to be learned in the context of organometallic chemistry.

One family of porphyrin complexes that will be treated in the review. even
though they do not contain metal—carbon bonds. are metalloporphyrin hydride and
dihydrogen complexes. As in classical organometallic chemistry, hydride com-
plexes play key roles in some reactions involving porphyrins. and the discovery
of dihydrogen complexes and their relationship to metal hydrides has been an
important advance in the last decade.

The development of both the coordination chemistry and organometallic chem-
istry of main group porphyrin complexes has been slower than that of the transition
metals. As a generalization, the chemistry of the middle elements from groups 13
and 14 is well established (Al. Ga, In, Ge. Sn) with that of the lightest and heaviest
elements (B, TI, Si. Pb) less well known.'® Advances in the coordination of the
group 15 clements (excluding nitrogen) are more recent, and porphyrin complexcs
containing group 16 or 17 elements are as yet unknown. A feature of nain group
elements is the coordination of non-metals (boron, silicon, phosphorus) to por-
phyrins, with some of these (for example. boron) reported only within the last few
years.'"® Organometallic main group porphyrin complexes will be discussed in a
companion review article."”
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C. The Porphyrin as a Supporting Ligand in Organometallic Chemistry

The porphyrin macrocycle provides four nilmgen donor ligands in a square
planar arrangement, with a hole size closc to 2.0 A. Coordination numbers for a
metal coordinated to a porphyrin arc usually 4, 5. or 6, although higher coordi-
nation numbers are occasionally observed. For five-coordination (one additional
ligand), square pyramidal geometry in which the metal is displaced from the N,
plane toward the axial ligand is common. For six-coordinate complexes the trans
arrangement of the 5th and 6th ligands above and below the plane of the por-
phyrin is by far the most common. Although the c¢is geometry is not preciuded,
it is relatively rare and observed largely for complexes involving the early tran-
sition metals.™ The availability of ¢is coordination sites is important in many of
the classic organometallic processes like oxidative addition, reductive climina-
tion, migratory insertion, and agostic interactions. One of the great advantages
of using the porphyrin macrocycle as the supporting ligand in organometallic
chemistry is the high degree of control over coordination geometry. and the expec-
tation that some these processes might be strongly inhibited by the enforced trans
geometry.

A further advantage is that the 24-atom core and hence the immediate coordina-
tion environment of the central element can be maintained intact, while substitution
on the periphery of the porphyrin macrocycle allows a high degree of control in
tuning the steric and electronic properties of the ligand. This property has for a
long time been used to great advantage in the coordination chemistry of porphyrin
complexes. but has only more recently begun to be used as a tool for manipulating
and understanding the chemistry of organometallic porphyrin complexes. Struc-
tural variations within the 24-atom porphyrin core are possible, with fully planar,
saddle-shaped, or ruffled distortions among the common arrangcmcnts.z' Given
the importance of X-ray crystallography in organometallic chemistry in general,
relatively few organometallic porphyrin complexes have been structurally charuc-
terized, and this was especially true last time this area was reviewed. Exhaustive
compilations of physical data for organometallic porphyrin complexes have not
been included in this review. with the exception of X-ray data, lor which there
are now sufficient examples to warrant the inclusion of tables collecting selected
data for structurally characterized organomctallic porphyrin complexes. Simple
sketches. using an oval shape to represent the porphyrin ligand, are used in the
schemes and equations. However, within each section a representative group of
complete structures are shown, using examples taken from the Cambridge Struc-
tural Database. These are also useful for illustrating the etfect of substitution on
the porphyrin periphery and distortions of the porphyrin ligands.

A particular feature of transition metal porphyrin chemistry is that the energies
of the metal « orbitals and the frontier orbitals of the porphyrin ligand are often
quite close, with the result that the redox chemistry of the porphyrin ligand and the
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TABLELE 1
ABBREVIATIONS FOR PORPHYRIN DIANIONS AND TETRAPYRROLE ANIONS

Abbreviations for porphyrin dianions

Por Porphyrin dianion. unspecitied

OEP 2,3.7.8,12.13.17.18-Octacthylporphyrin

TPP 5.10,15.20-Tetraphenylporphyrin

TTP 5.10,15.20-Tetra-p-tolylporphyrin

OETPP 2.3.7.8.12.13,17.18-Octaethyl-5.10.15.20-tetraphenyiporphyrin
TAP 5.10,15,20-Tetra-p-methoxyphenylporphyrin

TpCF:PP 5.10,15.20-Tetra-p-trifluoromethylphenylporphyrin
TpCIPP 5.10.15,20-Tetra-p-chlorophenylporphyrin

T™MP 5.10,15.20-Tetramesitylporphyrin

TTEP 5.10.15.20-Tetrakis( 1.3.5-triethylphenyl)porphyrin

TTiPP 5.10.15 20-Tewrakis( 1.3.5-triisopropylphenyl)porphyrin

TXP 5.10.05.20-Tetraxylylporphyrin

Abbreviations for anions of tetrapyrrole macrocycles

Pc Phthalocyanine (dianion)

EtioPc 2.7.12.17-Tetraethyl-3.6.13.16-tetramethylporphycene (dianion)
OEC 2.3,7.8.12.13.17.18-Octaethylcorrole (trianion)

OETAP Octaethyltetraazaporphyrin (dianion)

coordinated metal become entwined. Fine tuning by altering peripheral substitution
on the porphyrin ligand can have a dramatic effect on both the site of initial
electron transfer (kinetic control) and the ultimate product of redox processes
(thermodynamic control). As a very simple example, the two most commonly
employed porphyrin ligands are the dianions of tetraphenylporphyrin (TPP) and
octaethylporphyrin (OEP). The complementary substitution patterns of the two
ligands result in different redox potentials, with OEP complexes typically reduced
at potentials ca. 200 mV more negative than their TPP counterparts. The commonly
used porphyrin ligands and their abbreviations are given in Table I. The numbering
system for the periphery of the porphyrin macrocycle, and sketches of the two most
common porphyrin ligands, H-OEP and H,TPP, are shown in Fig. 2. Less common
porphyrins will be defined as they arc encountered in the text.

Porphyrin complexes. besides being amenable to the usual structural and spec-
troscopic tools favored by organometallic chemists, have characteristics that are
particularly suited to certain physical methods. The porphyrin ligand itself ab-
sorbs strongly in the visible and near UV regions, and perturbations of the bands
in the electronic absorption spectrum can give useful information about the local
clectronic environment. The aromatic ring current associated with the macrocycle
has an effect on the NMR chemical shift of axial ligands, which usually exhibit
marked upfield shifts in diamagnetic complexes. In paramagnetic complexes, ana-
lysis of the chemical shifts of both the porphryin and the axial ligands can give
useful information about the location of unpaired spin density. Six-coordinate
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Porphine core and
numbering system
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Phthalocyanine Octaethyltetraazaporphyrin Etioporphycene Octaethylcorrole

FiG. 2. Porphyrin and (etrapyrrole macrocycles.

porphyrin complexes with frans geometry and two equivalent axial ligands dis-
play idealized Dy, symmetry. This reduces to C, in five-coordinate complexes
and in six-coordinate complexes containing two different axial ligands. This can
often be identified clearly in the '"H NMR spectra of OEP complexes, where the
CH> protons of the peripheral ethyl groups become diastereotopic and display a
characteristic AB pattern. Similarly, the ortho and meta protons on the peripheral
phenyl groups in TPP complexes are in chemically different environments (assum-
ing rotation of the phenyl rings is slow on the NMR time scale) and two sets of
resonances are observed in the 'H NMR spectrum. EPR spectroscopy is useful for
paramagnetic complexes. and g values can be used to determine whether unpaired
spin is located on the metal or the porphyrin ring.

General approaches to the synthesis of organometallic porphyrin complexes
have been described well in the original three review articles. By far the bulk of
the chemistry has been reported for the groups 8 (Fe, Ru, Os) and 9 (Co. Rh, Ir)
elements. The organometallic chemistry of iron and cobalt has been established
for the longest time, and o-alkyl complexes are generally formed using one of two
methods: a metal(I1l) halide M(Por)X with an alkyl or aryl Grignard or lithium
reagent, or a metal(I) anion M(Por)™ with an alkyl or aryl halide. Although these
methods are also useful for rhodium, the major developments in the organometallic
chemistry of ruthenium, osmium, rhodium, and iridium complexes have paralleled
the preparation and exploration of the chemistry of the M) dimers [M(Por)j.
The corresponding Mo and W dimers are also useful in this context. The structural
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and spectroscopic features of these dimers is an interesting story in its own right,
and has been reviewed recemly.22

Organometallic complexes are known which contain a wide variety of macro-
cycles closely related to porphyrins: corroles, porphycenes, tetraazaporphyrins,
phthalocyanines, tetraazaannulenes, and porphyrinogens are the best known ex-
amples. Examples containing the first four of these macrocycles are included where
there is a useful comparison or contrast with the relevant porphyrin chemistry. but
the discussion will not be comprehensive. The four macrocycles are shown in Fig. 2.

A group-by-group descriptive approach suffers from being somewhat pedes-
trian, but given the huge scope of the chemistry covered, and the big differences
in the chemistry even of elements within the same group, this approach to organi-
zation of the review is the most user-friendly. The last section comprises a short
discussion on non-covalent interactions between metalloporphyrins and organic
molecules, an area which is destined to become more significant with the current
growth of supramolecular chemistry.

THE EARLY TRANSITION METALS (GROUPS 3 AND 4)
AND LANTHANIDES

A. Overview

One class of compounds which simply did not feature the last time organometal -
lic porphyrin complexes were reviewed were organometallic porphyrin complexes
containing the early transition metals.”"" An important breakthrough which greatly
facilitated progress in this area was the development of reliable synthetic routes
to the alkali metal complexes Ma(Por)L,, (M = Li, Na. K: L = coordinating
solvent).™** These could then be used as precursors to the early transition metal
porphyrin halides through simple salt elimination routes. This eliminated the need
for the strongly polar or acidic solvents. high temperatures, and chromatographic
purification commonly required in conventional methods for insertion of metals
into the porphyrin macrocycle, and which would not suit the oxophilic carly transi-
tion elements. These advances in synthetic methods have allowed the organometal-
lic chemistry of the groups 3, 4, and 5 elements scandium, titanium, zirconium,
hafnium, and tantalum to flourish, resulting in a variety of complexes with unprece-
dented ligand types. stoichiometries, and structures. Recent developments in the
chemistry of early transition metal porphyrin compounds were reviewed in 1995.%

Some of the key differences between the early transition metals and their later
metal counterparts are the tendency of the elements to form compounds in their
highest oxidation states, the relatively large size of the elements, and the wider
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range of coordination numbers observed. Coordination numbers ranging from 5
to & are cncountered for the early metal porphyrin complexes, compared to 4,
5, and 6 commonly obscrved for the later metals. In addition, large out-of-plane
displacements are often observed for the central metal, reflecting the larger size
of the elements. Finally, preferences for different geometries, for example cis
coordination of the fifth and sixth donor groups in six-coordinate complexes, are
quite commonly observed. Coordination number 7 is found in a variety of tris-z-
oxo or -hydroxo complex, for example {|Zr(OEP)|»(1-OH); }*.2(’ and a number of
structural types are found with coordination number 8 including Zr(TPPYOAc)
which contains two i -acetate ligands on the same face of the porphyrin, the
bisporphyrin zirconium, and hafnium complexes M(Por)-.”**" and the very unusual
bridging dichalcogenide complexes [M(TPP)(E-)], (M = Zr, Hf: E = S. Se)™
which contain two bridging E» units between each pair of metalloporphyrin units.

Bis(cyclopentadienyl) complexes are central to the organometallic chemistry
of the early transition metals and feature in applications such as alkene poly-
merization chemistry. Parallels can be drawn between a porphyrin ligand and
two cyclopentadienyl ligands. in that they both contribute a 2— formal charge and
exert a constderable steric influence on other ligands in the same molecule. Several
of the metalloporphyrin complexes discussed below have bis(cyclopentadienyl)
counterparts, and authors in some cases have drawn quite detailed comparisons,
although these discussions will not be repeated here.

To date. the only organometallic lanthanide porphyrin complexes to be reported
contain yttrium and lutetium, and they will be considered in the section on scan-
dium. Representative structural types of porphyrin complexes containing groups 3
and 4 metals are shown in Fig. 3 and selected data tor all the structurally charac-
terized complexes are given in Table I1.

B. Scandium, Yttrium, and Lutetium

The first organometallic scandium porphyrin complex to be prepared was of
particular significance as it represented the first example of a porphyrin com-
plex containing a i -cyclopentadienyl ligand. The first report was the result of the
reaction of Sc(TTP) with LiCp*, giving a complex for which NMR data alone
was collected, but which showed a resonance at —0.42 ppm attributed to the
Cp™ protons, shifted markedly upfield by the porphyrin ring current.’ This was
confirmed by the preparation and structural characterization of SC(OEP)(I}S—CP).
which showed the m-bonded Cp ring coordinated to scandium (Fig. 3).*! The Sc-
C(av) distance is 2.494(4) A, with the scandium atom displaced from the Ny plane
toward the Cp ring by 0.80 A. This complex, along with the Cp* and CsH Me
analogues which were also prepared, is air stable and sublimable and surprisingly
inert to hydr()lysis.}z“‘3 A further example, the indenyl complex Sc(OEP)(1°-CoHy)
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FiG. 3. Molecular structures of selected organometallic groups 3. 4. and 6 porphyrin complexes: (a)
Sc(OEP)CH(SiMe ). (b) Sc(OEP)(*-Cp).** (¢) ZHOEP)Mes. ™ (d) Zr(OEPYC=CPh);Li(THF).™

(¢) TIOEP)(n°-PhC=CPh).* (f) Mo(TPP)(Ph)CI.>

(prepared from Sc(OEP)C1 with NaCyH>) contains a tilted, slipped n°-indenyl ring
with slightly longer Sc-C distances, ranging from 2.504(8)-2.580(8) A, and a
similar Sc-Ny plane displacement of 0.78 AH

The scandium alkyl complexes Sc(OEP)R. prepared from Sc(OEP)Cl with
MgMe,, Mg(CH>CMes)s, or LiCH(SiMes)», are much more air and moisture sen-
sitive than their cyclopentadienyl counterparts, arising perhaps from their electron
poor nature, being formally only 10-electron complexes. The molecular struc-
tures of Sc(OEP)Me and Sc(OEP)CH(SiMes), (Fig. 3) showed similar S¢—C bond
lengths (2.246(3) and 2.243(8) A) and Sc-Ny out-of-plane distances (0.66 and



2 oY1 parwo) paoedsip Ol
“pasrIdAr sa[nosjow uapuadapur oMl 1o vin(],

09 £9°0 (L6 (UdD=DUd--{dd LIOW

68 VIRCTID—ON J680°0 (£)0L0T (tHrTe 1D(UdHdd L)OW
(EMeel =00

¢ (8)€e] D=0 06°0 FH0T'C (FI091°T {Ud D=Dud--{(dH0MZ

&Y EIPTT 1IS—D—1Z £9°0 (TS (8)91C°C (£AISTHONJHONZ

S (THRITTD=D 8001 (L68T'T (RNONETET  HHIDITHUID=D)II0)Z

(L6rST

[<°st YOERIOD) £05°T " d—1Z F06°0 HriTe (098¢ (HTHOGRD-T'1-0(dF0NM7Z

4 €LL0 neere (A(D6t'T (A= edd.Lz
(QE6TL 1I8S=D—17

9t (DLTR D—17-D £6'0 (£)TFTT (ARN+)L]TT SEINISTHONIIONZ

8t (TNT8L D~1Z7=D 68°0 (1T (ABNFICPET DOWIHONMZ
(O TH "D=0-0

9¢ VDO D=D F$0 (R)S60°T (ARN)L10°T H(UdD)I=Ud- U HJFOINL

¢ 816°0 (£L)09TT (8)FLET S(FINISIHANIFOINT

£ L0 (9)€91°¢C (8)EFTC CNISIHD(IFO)IS

€¢ 99°0 (0661°C (£)9F0°C IN(IFONS

£ 8L°0 (T i (8)085°T~(8)661'T (LHOD- LT 00S

€ 080 (©061°C (rIrorc (dd- 0dao)s

AUIIJIY 12410 V/ouRld IN—IN V/WISuaT puog (AR)N—IA <\€m:u4 puog D—A

SAAINVHLNYT JHL ANV +7°¢ SdN0UD) WO STXATING D) AAZINALIVAVHD A TTVANLIINLS M0 VIV dALYTIS

11 4719V.L

234



Transition Metal Porphyrin Complexes 235

0.71 A).* The alkyl complexes react rapidly with CO and isocyanides. but pure
products could not be isolated. Fast reactions of CO- and acetone with Sc(OEP)Me
gave the well-characterized acetate and r-butoxide products, Sc(OEP)OAc¢ and
Sc(OEP)O-1-Bu, respectively, formed by insertion into the Sc—C bond.™

Organometallic yttrium and lutetium complexes are prepared from free base
H-OEP with M(CH(SiMej3)>); or M(OAr); (M = Y, Lu: R = 2,6-C¢H;-t-Bu) to
form the alkyl or aryloxide complexes M(OEP)CH(SiMe3)» or M(OEP)OAr™ A
crystal structure of Lu(OEP)CH(SiMes), shows a highly dished porphyrin with
a Lu—C distance of 2.374(8) A and the lutetium atom displaced from the Ny
plane by 0.918 A. The aryloxide and alkyl complexes can be interconverted by
treatment with LiCHSiMe; or HOAT, as appropriate, and the alkyl complexes are
readily hydrolyzed to the bis-p-hydroxo dimers [M(OEP)]2(1-OH),. Protonol-
ysis of the alkyl complexes using ~-BuC=CH gives dimeric alkynyl complexes.
IM(OEPYC=C--Bu)]». The alkyl complexes do not react with hydrogen to give
the hydride complex, unlike the Cp>MR counterparts which do react with Hs to
produce CngH.34

Y(OEP)(OAr) reacts with two equivalents ot MeLi to give the Y.Li-bridged
complex Y(OEP)(u-Me),Li(OEt), essentially an adduct of Y(OEP)Me with
LiMe-OEt,. If just one equivalent of MeLi is used in the reaction, a reduced yicld
of the same product is formed, illustrating the strong tendency in this system to
form “ate™ complexes. The coordinated MeLi can be removed by treatment with
AlMes, this time producing the Y.Al-bridged complex Y(OEP)(;-Me)AlMes.
Even at —60 C. only one peak is observed in the 'H NMR spectrum for all four
Al—CHj; groups in this molecule, indicating that the AlMey moiety is highly
fluxional on the NMR time scale. The bridging (but not the terminal) methyl
groups insert oxygen when the compound is exposed to O,. forming Y(OEP)
(11-OMe)>AlMes> which shows distinet signals for the O—CHj; and AI—CHjy groups
in the "H NMR spectrum. ™ The chemistry of the yttrium complexes is summa-
rized in Scheme 1.

C. Titanium

Organometallic titanium porphyrin complexes center around a single class of
compound containing a Ti(Il) porphyrin coordinated to an 1;2—alkyne ligand. For the
early transition metals, low valent organometallic porphyrin species are unusual,
with complexes in the highest available oxidation state predominating for the other
groups 3. 4, 5 and lanthanide porphyrin complexes surveyed here. For example,
Zr(IV) porphyrin dialkyl complexes feature strongly, but the Ti(IV) analogues
are as yet unknown. The titanium alkyne complexes complement the only other
porphyrin alkyne complexes known, Mo(Por)(PhC=CPh).
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:
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SCHEME L.

Reduction of Ti(Por)Cl, with excess LiAlH, in the presence of an alkyne pro-
duces the series of alkyne complexes Ti(Por)(RC=CR), where Por is OEP or
TTP, and the alkyne is diphenylacetylene, 2-butyne, 2-pentyne, or 3-hexyne. An
alternative synthesis begins with reduced titanium porphyrin complexes, treat-
ing Ti(TTP)CI with NaBEt;H and alkyne. or Ti(TTP)(THF), with alkyne alone.
The complexes are diamagnetic and the porphyrin ligands retain their four-fold
symmetry even al low temperature indicating that there is rapid rotation of the
coordinated alkyne ligand. The extremely oxophilic titanium ccnter reacts rapidly
with O to give the titanium oxo complex, Ti(Por)=0."" A crystal structure of
Ti{OEP)(PhC=CPh) (Fig. 3) reveals Ti—C distances averaging 2.017 A (two in-
dependent molecules) and displacement of the titanium atom from the Ny plane
of 0.54 A. The C=C distance and C—C=C angle in the alkyne are 1.30(1) and
142.1(6)", respectively. These data, together with IR and 3C NMR results are
consistent with the alkyne ligand donating four clectrons, as is the case for the
alkyne ligand in Mo(TTP)(PhC=CPh), and contrasts with Cp.Ti(CO)(PhC=CPh)
for which the 18-electron rule requires that the alkyne is a two-clectron donor.™

The alkyne ligand is not displaced by CO or ethene but is substituted by
stronger o -donor ligands like pyridine and 4-picoline, which give the paramagnetic
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complexes trans-Ti(TTP)(L),. Diphenylacetylene and terminal alkynes will dis-
place 2-butyne from Ti(TTP)(MeC=CMe), perhaps because the stronger  -acids
will bind more readily to the electron rich Ti(Il) center. This method has been
used to prepare the phenylacetylene and ethyne complexes Ti(TTP)(PhC=CH)
and Ti(TTP)(HCECH).37 The 3-hexyne complex Ti(TTP) EtC=CEt) in CDg with
excess THF exists in equilibrium with Ti(TTP)(THF); (K., = 3.8) but is quantita-
tively converted to the bis(isocyanide) complex with two equivalents of CN-7-Bu.
These observations have allowed the relative preference for binding of a neutral
ligand to the Ti(TTP) moiety to be established as follows: pyridine ~ picoline >
CNR > PhC=CPh > E{C=CEt > THE.*

Ti(Por)(RC=CR) acts as a source of the Ti(Por) fragment in atom transier reac-
tions, accepting a chalcogenide atom from E=PPh; (E = S, Se) to give Ti(Por)=E,
and reacting with elemental sulfur or selenium to give Ti(Por)(z)z— E-), whichinturn
react with Ti(Por)(RC=CR) to give two equivalents of Ti(Por)=E. Ti(Por)(nz—Og)
behaves similarly, and the oxo complex Ti(Por)=0 forms the new, paramagnetic y-
oxo binuclear species [ Ti(Por)].(¢-O) upon reaction with Ti(Por)(RCECR).37‘3"'4”
Iminc and organic azide reagents transter an imido fragment to Ti(TTP)(EtC=CEl).
giving Ti(TTP)=NPh or Ti{TTP)=NSiMe; from PhAN=NPh or N;SiMes, respec-
tively.“"12 Diazoalkanes act as carbene sources with group 8 metal porphyrins,
giving M(Por)=CR, (M = Fe, Ru, Os). an interesting contrast with the reaction
of TiTTP)(PhC=CPh) with N,CAr, which gives not the carbene but rather the
hydrazido complex (Ti(TTP)=N—N=CAr, (Ar = 4-C,H;Me), reflecting perhaps
the preference of an early transition metal for the harder nitrogen donor atom.”’

The Ti(Por) fragment is formally acting as a reductant in the atom transter
reactions, and this can occur in a one-electron or two-electron sense. The for-
mer is illustrated by the reductive dechlorination of vicinal dihalo-substituted
organic substrates, in which Ti(TTPYEtC=CEt) reacts with 1,2-dichloroethane,
1,2-dichlorocyclohexane, or 1.2-dichloroethene to give cthene, cyclohexene, or
ethyne, respectively, together with Ti(TTP)CI as the inorganic product. Two-
electron reductions occur in the reactions of Ti(TTP)(EtC=CEt) with epoxides
or alkyl- or arylsulfoxides (RS(O)R), producing Ti(TTP)=0 and alkenes or sul-
fides (RSR), respectively.43 The reactions of the titanium alkyne complexes arc
summarized in Scheme 2.

D. Zirconium and Hafnium

The first organometallic zirconium complexes to be prepared all contained
Zr(IV)and were reported almost contemporaneously.4‘1”4(7 The reaction of Ze(TPP)-
(OAc), with RLi or RMgBr produced the dialkyl complexes Zr(TPP)R,
(R=Me, Et, n-Bu or Ph), characterized by spectroscopy.“'47 The develop-
ment of the chlorozirconium complexes opened up the chemistry further, with
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Zr(TPP)CI,(THF) and Zr(OEP)CI- (prepared from Li>(OEP)THF), with ZrCl,L-
where L =THF or tetrahydrothiophene) reacting with Li(p-CoHy-r-Bu) to give
Zir(OEP)(p-C¢Hy-r-Bu),, and with LiR or MgR, to give the dialkyl complexes
Zr(Por)Me, (Por = OEP, TPP), Zr(OEP)Et> and Zr(OEP)(CH-SiMejy),. > #0-#
Hf(TPP)Me, was prepared similarly from HI(TPP)CI, with MeLi. " All of the
complexes were assigned cis geometry on the basis of the lack of symmetry in
the plane containing the porphyrin as evidenced by the diastereotopic CH, protons
observed for the OEP ethyl groups. This was confirmed by X-ray crystal struc-
tures for Zr{OEP)Me,- CH,Cl, (Fig. 3) and Zr(OEP)(CH,SiMe;)> which showed
Zr—C(av) bond lengths of 2.343(4) and 2.287(4) A Zr—N, plane displacements of
0.89 and 0.93 A, and C—Zr—C angles of 82.7(1) dnd 78.21(12) . respectively. o

Zucomum(IV) m-complexes wntammg the Lycloocmtetmenyl (COT) or

“_dicarbolide anions. Zr(OEP) (17 -COT) or Zr(OEP)(i7’-1.2-C-ByH, ). were
prepdred from Zr(OEP)Cl> with the salts KsCOT or Na.C, B()HH respectively.
An X-ray crystal structure of the dicarbolide Lomplcx shows the 1] -coordination
througsh the planar C-B; face (Zr—C(av) 2.57 A. Zr—B(av) 2.50 A, Zr—N, plane
0. 9()4 A) and can be considered an analogue of the scandium Cp complex S¢(OEP)-
(- Cp).$5-464851

The tendency to form “ate” complexes observed for yttrium is also scen in
the preparation of a novel zirconium alkynyl complex. Reaction of Zr(Por)Cl;
(Por = OEP or TPP) with either two or three equivalents of LIC=CR (R = Ph or
SiMes) gives the trisalkynyl complexes Zr(Por)(C=CR);Li(THF). An X-ray crystal
structure of Zr(OEPYC=CPh);Li(THF) shows that all three alkynyl ligands arc on
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the same face of the molecule, with the Li atom interacting with the six alkynyl
carbon atoms, and the THF oxygen in turn coordinated to the Li along the Li- - -Zr
axis (Fig. 3). The average Zr—C and C=C distances are 2.323(10) and 1.218(12)
A and the Zr—N, plane displacement is very large, 1.008 A7

All of the complexes containing Zr—C and Hf—C bonds are extremely sensitive
to oxygen, water, and light, and the aryl complex Zr(OEP)p-CeHy-1-Bu), is so
sensitive it cannot even tolerate normal room light. The complexes are more stable
in solution in non-coordinating solvents, as coordinating solvents like THF, pyri-
dine, or ether promote decomposition. The products of hydrolysis are the oxo- or
hydroxo-bridged complexes [M(Por)}> (1-O)(11-OH)> (M = Zr, Hf), {[Zr(Por)],
(;1-OH);} " or [Zr(P()r)]g(u-OH)4.45‘47’48‘5” Reaction of the dialkyl complexes with
acetic acid produces Zr(OEP)Y(OAc),, which can also be produced by reaction of
7Zr(OEP)Me, with CO,- Zr(OEP)Me, reacts with acetone to give the alkoxide com-
plex Zr(OEP)OCMej3)». The diethyl complex Zr(OEP)EL slowly decomposes in
solution to generate ethane and ethene.*™ Protonolysis of the OEP (but not the TPP)
complexes M(OEP)(CH,SiMes)» using the ammonium salt [HNMe,Ph|[BPhy]
produces the cationic Zr and Hf complexes [M(OEPYCHa-SiMe1)|™ as the BPh,
salts.™

The trisalkynyl complexes Zr(OEP)(C=CPh);Li(THF) react with anhydrous
HCl in THF to produce quantitatively HC=CPh and the C—C coupled organic
product CH»=C(Ph)C=CPh along with Zr(OEP)CI,. In the presence of an added
alkyne HC=CR’ no cross-coupling was observed, indicating that the coupling
reaction is likely to be intramolecular. This kind of reactivity has also been observed
for the related zirconocene complex Li{Cp,Zr(C=CPh);] with HC1.™

The silylmethyl complex Zr(OEP)(CH,SiMej3)» does not react directly with
ethene, but does react with cthene when hydrogen is added, and catalyzes the
production of ethane. Formation of the ethyl complexes Zr(OEP)Et)(CH-SiMes)
and Zr(OEP)Et, was observed by NMR during the course of the reaction, but
no direct spectroscopic evidence for intermediate zirconium hydride complexes
could be obtained. Similar reactivity occurred for propene, with only n-propyl
and no isopropyl zirconium products formed.® In the absence of the alkene, the
zirconium complex degrades to produce a green paramagnetic compound which
has been identified as the Zr(IIT) complex Zl‘(OEP)CHgSiI\/[e}.54 This 18 unusual
for two reasons. First, there are very few alkylzirconium(II) complexes known, and
second, reduction of Zr(IV) to Zr(IIT) by H, was unprecedented. The compound can
be prepared directly from treatment of Zr(OEP)YCH,SiMes)> with Hs in toluene,
and was shown by X-ray crystallography to contain five-coordinate zirconium with
aZr—C bond length of 2.216(8) A and the Zr atom displaced from the Ny plane by
0.63 A. Decrease of both these distances relative to the six-coordinate precursor s
consistent with relief of steric¢ strain. To describe Zr(OEP)CH,SiMej; as a Zr(I1I)
complex is an oversimplification of its electronic structure. 'H NMR, EPR. and
UV-visible spectra, together with small changes in the N—C and C—C bond lengths
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in the porphyrin core, provide evidence that there is spin density associated with
both the Zr atom and the meso carbon atoms of the porphyrins. This indicated
that the complex may have some porphyrin radical anion character and that its
electronic structure can be described by two resonance forms, Zr”'(OEP)CHQSiMe;
and Zr'Y(OEP™)CH,SiMe;.™

Two more very important Jow valent organozirconium complexes have been
reported recently. Reaction of the trisalkynyl complex Zr(TPP)(C=CPh);Li(THF)
with Cp,Ti(Me;SiC=CSiMe;) produced, along with other products, the para-
magnetic cyclopentadienyl zirconium complex Zr(TPP)n -Cp). This can also be
directly prepared from Zr(TPP)CI: with TICp using Na/Hg amalgam as the reduc-
tant. A crystal structure of Zr(TPP)(1;;-Cp) shows the Zr—C(av) bond length to be
2.49(2) A. and the Zr—N, plane distance to be 0.773(5) A. The EPR and UV-visible
spectra of this compound are very similar to those reported for Zr(OEP)CH,SiMe3,
suggesting that this compound too might have Zr(I1l) and Zr(1V) porphyrin radical
anion character.”

The only zirconium(Il) compound to be reported is analogous to the titanium
porphyrin alkyne complexes, and was prepared from Zr(OEP)Cl; with dipheny-
lacetylene and magnesium metal as the reductant. The diamagnetic product,
Zr(OEP)(PhC=CPh), like the titanium complex, contains a formally four-clectron
donor alkyne ligand. The Zr—C bond length and Zr—N, plane distances, 2.160(4)
and 0.90 A, respectively, are larger than those in the titanium analogue as would be
expected for the larger zirconium atom. The C=C distance of 1.333(8) A is very
similar, but the Ph—C=C angle of 133.4(3) A indicates that the alkyne ligand in
the zirconium complex is slightly more bent than in the titanium complex.™

Zirconium porphyrin dicarboxylates have been shown to catalyze the stereo- and
regioselective ethylalumination of alkynes. Although little is known about likely
reaction intermediates, NMR evidence for ethylzirconium complexes was observed
for the products of the reaction of Zr(TPP)(O,C-r-Bu), with AlEt;, attributed to
Zr(TPP)(O-C-r-Bu)Et and [Zr(TPP)(;z—OgC«r-Bu)(/4-El)]AlMe2.S(’

IH
THE MIDDLE TRANSITION ELEMENTS (GROUPS 5, 6, AND 7)

A. Overview

The last decade has seen the development of a rich and varied chemistry for or-
ganometallic porphyrin complexes of the carly transition metals (groups 3 and
4). However, there have been many fewer developments in the organometallic
chemistry of the middle transition elements. Despite the paucity of its organo-
metallic porphyrin compounds, molybdenum has played a very important role in
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organome[dlhc porphyrin chemistry. The diphenylacetylene complex MO(TPP)
(n -PhC=CPh), first reported in 1981, was the first example of a porphyrin #"-
alkyne complex, and this class is still limited to a handful of compounds containing
molybdenum, tungsten, titanium, or zirconium.

At the time this area was last reviewed the molybdenum complex was also
the only example of an organometallic porphyrin complex from groups 5. 6, or
7.7% Since then, only a small number of new organometallic porphyrin com-
plexes from these groups have been reported. These include tantalum(V) com-
plexes, which are most closely related to the high valent zirconium and hafnium
complex, a tungsten diphenylacetylene complex, three examples of chromium(11I)
a-aryl or o -alkyl complexes, a molybdenum(lV) phenyl complex, and a molybde-
num dichlorocarbene complex. The molybdenum and tungsten alkyne complexes
are closely related to the titanium and zirconium examples. all with the formula
M(Por)(nz-PhCECPh). and all formally in the 42 oxidation state. The chromium
and molybdenum o-bonded complexes and the manganese carbene have more
parallels to the later transition metal complexes containing these ligand types.
Organometallic porphyrin complexes containing vanadium, niobium, technetium,
or rhenium are as yet unknown. X-ray data for the two structurally characterized
molybdenum complexes are included in Table 11 along with the early transition
metal complexes.

B. Tantalum

Tantalum porphyrms are rare and there has been only one report of their organo-
metallic derivatives.”’ Treatment of Li; (OEP)THF)4 with TdMC}C]v in CH-CI- at
room temperature gave a good yield of Ta(OEP)Mes. The series of '"H NMR chem-
ical shifts for the methyl groups in Sc(OEP)Me, Zr(OEP)Me,, and Ta(OEP)Me;
(—4.0, —4.5, and —6.0 ppm) illustrates nicely the decreasing effect of the ring cur-
rent as the ligands move farther away from the center of the porphyrin. Although
the compound was not characterized structurally, the lack of mirror symmetry
in the porphyrin plane (as evidenced by NMR) indicates that, like the zirco-
nium complexes, the methyl groups are likely to lie on one face of the com-
pound. Ta(OEP)Me; reacts only slowly with water to form the tris-p-oxo complex
[ Ta(OEP)2(£¢-O)s, in contrast to the extremely water-sensitive zirconium alkyl
complexes. Unlike the scandium and zirconium complexes, the tantalum complex
does not insert CO, or acetone into the Ta—Me bond. However, the compound is
moderately light sensitive.

A more reactive cationic dimethyl tantalum derivative is produced from
Ta(OEP)Me; using one equivalent of the weak acid {HNMe,Ph]|BPhy].
| Ta(OEP)Me,| " reacts cleanly with CO to produce a cationic enediolate compound,
containing the MeC(O )=C(O )Me ligand which results trom both insertion and
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coupling reactions, in a process well known in cyclopentadienyl zircono-
cene and tantalocene systems. Treatment of [Ta(OEP)Me-| " with -butanol gives
[Ta(OEP)Me(O-1-Bu)| " . which then reacts with CO to form [Ta(OEP)(nZ—C(O)Mc)
(O-1-Bu)]". The enediolate and i -acyl products are proposed on the basis of their
NMR spectra, as neither could be isolated in a pure form.”” Reactions of tantalum
porphyrins are shown in Scheme 3.

C. Chromium, Molybdenum, and Tungsten

The reaction of Cr(TTP)Cl with PhLi, MgBr(p--BuC¢H,), or MgCI{CH,SiMe3)
produced Cr(TTP)Ph, Cr(TTP)(p--BuCyHy) or Cr(TTP)(CH.SiMes), respecti-
vely.s8 The Cr(Il)complexes are paramagnetic with S =3/2, and the broadened
NMR spectra show temperature dependent shifts which follow Curie behavior.
Unlike the carlier transition metals, the compounds can be purified by chromatog-
raphy on a short plug of alumina. The complexes are moderately air stable in
the solid state but very air sensitive in solution. For example, Cr(TTP)Ph reacted
with O, in dry CDClj in the dark to give PhD together with the diamagnetic oxo
complex Cr(TTP)=0. A radical mechanism involving Cr—C bond homolysis was
proposed for this reaction. The aryl complexes react with acetic acid, HgCl, or I,
to give Cr(TTP)X (X = O-CCHs. Clor 1).°®

A single example of a o-alkyl molybdenum complex was serendipitously prep-
ared from a solution of the very light-sensitive dicarbonyl complex Mo(TPPYCO),.
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During the course of an attempted recrystallization of this complex from benzene
containing chlorinated impurities the solution was exposed to light. The crystalline
compound that formed from this solution was identified by X-ray crystallography
as Mo(TPP)(Ph)CI (Fig. 3). The complex contains trans phenyl and chloro ligands.
and the Mo—C and Mo—N, plane distances are 2.241(1) and 0.125 A, respectively.
A systematic synthesis of the complex could not subsequently be developed and
consequently other spectroscopic and magnetic data were not collected.”™

The diamagnetic Mo(Il) diphenylacetylene complex Mo(TPP)(1*-PhC=CPh)
was prepared by reduction of Mo(TPP)Cl, by LiAlH4 in toluene in the pres-
ence of excess diphenylacetylene.(’“ The OEP and TTP analogues containing
both molybdenum and, more recently, tungsten, have been prepared similarly.(‘l‘(’2
The short Mo—C and long C=C distances in Mo(TPP)(1*-PhC=CPh) were con-
sistent with the alkyne ligand acting as a four-electron donor. This has been
supported by a theoretical study. and contrasts with non-porphyrin complexes
such as CpoMo(HC=CH) which are constrained by the 18-electron rule to con-
tain a two-electron donor alkyne ligund.(’3 The tungsten porphyrin complexes
W( Por)(nz—PhCECPh) are also expected to contain four-electron donor alkyne
ligands.(12

The molybdenum and tunsten diphenylacetylene compounds have been
chemically useful primarily as precursors to the quadruple metal-metal bonded
dimers [M(Por)],, formed by solid-state vacuum pyrolysis reactions.”"** However.
Mo(TTP)(nz—PhCECPh) is also a useful substrate in atom-transfer reactions. re-
acting with Sg or Cp,TiSs to form Mo(TTP)=S. The reaction can be reversed
by treatment of Mo(TTP)=S with PPh; (which removes sulfur as Ph;P=S) and
PhC=CPh. The order of preterence for ligand binding to molybdenum(ll) has been
established to be PPh;y < PhC=CPh < 4-picoline.”

D. Manganese

Manganese porphyrin complexes have been widely used as catalysts for oxida-
tion reactions, and the atom transfer properties of the high valent oxo, nitrido, and
imido species have received a lot of attention. However, organometallic manganese
porphyrin complexes are limited to one example, a dichlorocarbene complex pre-
pared by the same method as that used for the iron porphyrin dichlorocarbene first
reported by Mansuy in 1978. Mn(TPP)C1 was treated with CCl, in CH,Cl; under
a nitrogen atmosphere, using either iron powder or NaBH, as a reductant. The
carbene carbon atom in the resulting complex, Mn(TPP)(=CCl,), was observed at
264 ppm by JCNMR spectroscopy. Broad signals were observed for the porphyrin
ring in the 'H NMR spectrum, and this was attributed to the presence of low spin
Mn(II). When only one equivalent of a reductant was used in the preparation, a
compound assigned as Mn(TPP)CCI; was observed by NMR.%
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A. Overview

Iron porphyrins continue to be the most intensely scrutinized group of met-
alloporphyrin complexes, a fact which is no surprise given the importance of
iron porphyrins in electron transfer systems. as oxygen carriers and as biolog-
ical oxidation catalysts. Interest in organometallic iron porphyrins was sparked
by the observation that iron o-bonded alkyl or aryl complexes. and iron carbene
complexes, are formed during cytochrome Pysy metabolism of certain substrates.
Reversible migration of a o-bonded ligand to a pyrrole nitrogen also features in
the deactivation of cytochrome P450, and has led to close scrutiny of the migration
process.”

The synthesis. reactivity, spectroscopy. and electrochemistry of organometallic
iron porphyrins was described in some detail in the three reviews published in the
period from 1986 to 19887 Although a brief synopsis of the early chemistry
will be given here, this review will focus on more recent developments,

Iron(1ll) o -bonded complexes containing alkyl or aryl ligands can be prepared by
the two classical methods also widely used for the synthesis of Co(I1T) and Rh(Ill)
o -bonded porphyrins. The reaction of Fe(Por)X (X = halide) with RMgBror RLI.
or the reaction of electrochemically generated Fe(l) porphyrins, [Fe(Por)™ | with
organohalides, RX gives Fe(Por)R (R = alkyl. aryl. vinyl, etc.). Capture of alkyl
radicals by iron(Il} porphyrins is a further method of synthesis.

Complexes with the formula Fe(Por)R constitute a relatively small class of
paramagnetic iron alkyl complexes containing 15 electrons at the iron center. The
spin state of the iron atom in the d” Fe(Ill) complexes Fe(Por)R is affected by
the propertics of both the axial ligand R and the porphyrin. In general, Fe(Por)R
where R is a simple alkyl or aryl ligand and Por = OEP or TPP are low spin,
S = 1/2 complexes. Where R =C¢F5 or CF H, high spin S=5/2 complexes
are observed. Low spin/high spin conversion can occur as a function of tempera-
ture or solvent. Useful tables of EPR data for o-bonded organoiron porphyrins
are given in two of the reviews.”® NMR spectroscopy has also been used as a
probe, with chemical shift differences useful for assigning both the spin state and
the location of spin density. Méssbauer data for o-bonded organoiron porphyrins
have been collected and compared to non-porphyrin iron complexes.” The low-
spin organoiron(lll) complexes are generally very chemically reactive, being light
and thermally sensitive, and susceptible to facile Fe—C bond homolysis.

One-electron oxidation of the Fe(Ill) complexes Fe(Por)R can either give an
observable Fe(1V) complex, [Fe(Por)R]™, or can induce migration of the R group
to a pyrrole nitrogen, essentially an intramolecular reductive elimination process,
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giving the Fe(ll) species [Fe(Por—N—R)]f The migration is reversible, and one-
electron reduction of [Fe(Por-N-R)|™ initiates the reverse reaction to re-form
Fe(Por)R. Whether oxidatively induced migration or reversible oxidation occurs
depends on a range of factors, including the nature of the R group. Migration was
observed for phenyl and tolyl groups, but not for fluorophenyl (C4Fs or CqFsH) or
methyl groups. The reasons for the different behavior were not well understood
when this area was last reviewed.® For example, it was not believed to be a simple
spin state phenomenon, since phenyl- and methyl-iron porphyrin complexes are
both low spin, yet phenyl migration occurred whereas methyl migration was not
observed. Metal-to-pyrrole nitrogen migration is also induced by one-electron oxi-
dation of organocobalt porphyrins, although a significant difference is that whereas
the initial one-electron oxidation in Fe(Por)R occurs at iron, in Co(Por)R it occurs
at the porphyrin ligand. The electrochemistry of o -bonded organoiron porphyrin
complexes and also of iron N-alkyl- or N-aryl-porphyrin complexes has been ex-
amined in some detail, and early work has been discussed in the reviews.”® More
recent investigations into oxidatively induced Fe-to-N migration have served to
clarify the situation and will be discussed below.

The dichlorocarbene complex, Fe(TPP)=CCl,, was doubly significant as it was
both the first fully characterized transition metal dihalocarbene complex and the
first metalloporphyrin carbene complex to be reported.®® It was prepared from
Fe(TPP) with CCl, using an excess of iron powder.” a method which has been used
to synthesize a range of halocarbene complexes, Fe(Por)=CXY, by the reaction of
Fe(TPP) with CX;Y as the carbene source and iron powder or sodium dithionite
as the reductant (X = halide, Y = halide or CN, CO,Et, CF3). These carbene com-
plexes containing electron-withdrawing ligands are susceptible to nucleophilic at-
tack, and the carbene ligand is transformed to a CO or CNR (isocyanide) ligand on
reaction with water or an amine, respectively. Where Y = SR or SeR, reaction of the
carbene with Lewis acids leads to thio- or selenocarbonyl complexes, Fe(Por)(CS)
or Fe(Por)(CSe). When CI; was used as the carbene source the product was the
p-carbido complex (TPP)Fe=C=Fe(TPP). and similarly CI;CCH(p-C,H4Cl),
(the insecticide DDT) gave the vinylidene complex Fe(TPP)=C=C(p-CH4Cl),.

One-electron oxidation of the vinylidene complex transforms it from an Fe=C
axially symmetric Fe(Il) carbene to an Fe(Ill) complex where the vinylidene car-
bon bridges between iron and a pyrrole nitrogen. Cobalt and nickel porphyrin
carbene complexes adopt this latter structure, with the carbene fragment formally
inserted into the metal-nitrogen bond. The difference between the two types of
metalloporphyrin carbene, and the conversion of one type to the other by oxida-
tion in the case of iron, has been considered in a theoretical study. The compar-
ison is especially interesting for the iron(Il) and cobalt(Ill) carbene complexes
Fe(Por)CR5 and [Co(Por)(CR»)|" which both contain d® metal centers yet adopt

different structures.™®’
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B. Iron o -Bonded Alkyl and Aryl Complexes

1. Svnthesis and Spectroscopic and Electrochemical Properties

There has been relatively little activity in the development of new synthetic
methods for o -bonded organoiron porphyrin complexes over the last 10-15 years,
and most studies have concentrated on detailed spectroscopic and electrochemical
investigations. Some new examples that have been reported are the bridged alky]
oraryl complexes, (TPP)Fe(CHa)4Fe(TPP) or (TPP)Fe(u-1.4-CoHy)Fe(TPP), pre-
pared trom Fe(TPP)CI with Li(CH,),Li or 1.4-C(H4Li, in toluene-dy and charac-
terized by 'HNMR spectroscopy. An interesting contrast is between Fe(TPP)C¢Hs,
which is EPR active. and (TPP)Fe(ut-1,4-CoHy)Fe(TPP), which is not; presumably
the two paramagnetic Fe(1H) centers in the latter interact.”® Secondary and tertiary
alkyl complexes are difficult to prepare by the classical methods as they rapidly
decompose through Fe—C bond homolysis. However, they can be prepared at low
temperature from the reaction of Fe(TTP)Cl with RMgBr at —80°C (R = r-Bu.
1-adamantyl ).(‘g

Complexes with unsaturated ligands (o-vinyl, o-allyl, and alkynyl) have been
reported. each prepared from Fe(TPP)CI with the appropriate Grignard (vinyl,
2-methylvinyl. 2,2-dimethylvinyl, allyl, or 2-methylallyl) or lithium reagent (LiC=
C-n-Pr or LiC=CPh) and observed by NMR spectroscopy (Scheme 4).797 The
vinyl and alkynyl complexes are stable in solution at 25 'C, whereas the allyl species
decompose quickly if allowed to warm to room temperature. All were too reac-
tive to be purified by chromatography. The vinyl and allyl complexes show cha-
racteristic low spin behavior, although the temperature dependence of the vinyl

o] H E:
NaBH, N—— ﬁ
toluene/MeOH - {} — ~ Fe >
25 °C, minutes

apa e

1 not observed orisolated

SCHEME 4.
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complexes show Curie behavior while that of the allyl complexes shows non-Curie
behavior, possibly linked to a spin state change or thermal population of the high
spin state.” Both c¢is and frans isomers of the 2-methylvinyl derivatives could
be identified by NMR." In toluene or CH,Cl, the alkynyl derivatives are high
spin, S =5/2 complexes, but are converted to six-coordinate, low spin (S =1/2)
complexes on addition of pyridine or THE"!

Iron porphyrins containing vinyl ligands have also been prepared by hydromet-
allation of alkynes with Fe(TPP)CI and NaBH, in toluene/methanol. Reactions
with hex-2-yne and hex-3-yne are shown in Scheme 4, with the former giv-
ing two isomers. Insertion of an alkyne into an Fe(Ill) hydride intermediate,
Fe(TPP)H, formed from Fe(TPP)CIl with NaBH,, has been proposed for these
reactions.”” In superficially similar chemistry, Fe(TPP)CI (present in 10 mol%)
catalyzes the reduction of alkenes and alkynes with 200 mol% NaBHy in anaer-
obic benzene/ethanol. For example, styrene is reduced to 2,3-diphenylbutane and
cthylbenzene. Addition of a radical trap decreases the yield of the coupled prod-
uct, 2.3-diphenylbutane. Both Fe(lIl) and Fe(Il) alkyls, Fe(TPPYCH(Me)Ph and
[Fe(TPP)CH(Me)Ph] ™, were proposed as intermediates, but were not observed
directly.”™

Six-coordinate organoiron porphyrin nitrosyl complexes, Fe(Por)(R)(NO). were
prepared from Fe(Por)R (Por = OEP or TPP; R = Me, n-Bu, aryl) with NO gas.
The NMR chemical shifts were typical of diamagnetic complexes, and the oxida-
tion state of iron was assigned as iron(11).”

The electroreduction of iron porphyrins in the presence of alkyl halides is one
method for the preparation of ¢ -alkyl iron porphyrin complexes. and the details of
these electrochemical processes have received considerable attention. An electro-
chemical study using four porphyrins. OEP, TTP and two amide-linked “basket-
handle” porphyrins showed that, beginning with Fe(Por). both the singly reduced
[Fe(Por)}™ and doubly reduced [Fe(Por)]z' species are alkylated at the iron atom.
No porphyrin ring alkylation is observed, even though this is a possibility if the
reduced species have some porphyrin radical anion character. At low alkyl halide
concentrations, a reduced iron alkyl species, formally containing Fe(l), could be
observed as a transient. At higher concentrations, catalytic reduction of the alkyl
halide by the [Fe”(Por)R] 7/[Fe'(P0r)R]27 couple occurs. The porphyrins contain-
ing the amide-linked chains greatly stabilize the reduced species."7 The use ot steri-
cally hindered porphyrins or alkyl halides was investigated as a means of determin-
ing the stability of the four accessible oxidation states for o -alkyl iron porphyrins,
which encompass the neutral Fe(IlI) complexes Fe(Por)R. the one-electron oxi-
dized and one- and two-electron reduced species. The doubly-reduced complex
[Fe(Por)]® " acts as an outer-sphere electron transfer agent, thus the electroreduc-
tion method allows the synthesis of secondary and tertiary alkyl iron complexes
normally inaccessible by other means (Fe(I) + R™ source or Fe(Ill) + R~ source).”’
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The reduction of n-, sec-, and ¢-butyl bromide. of trans-1,2-dibromocyclohexane
and other vicinal dibromides by low oxidation state iron porphyrins has been used
as a mechanistic probe for investigating specific details of electron transfer vs.
Sn2 mechanisms, redox catalysis vs chemical catalysis and inner sphere vs outer
sphere electron transfer processes.”” ™ The reaction of reduced iron porphyrins
with alkyl-containing supporting electrolytes used in electrochemistry has also
been observed, in which the electrolyte (tetraalkyl ammonium ions) can act as the
source of the R group in electrogencrated Fe(Por)R."

'"H NMR spectroscopy studies of iron(111) o-alkyl and o -aryl porphyrins have
been very important in elucidating spin states. Alkyl and most aryl complexes
with simple porphyrin ligands (OEP, TPP, or TTP) are low spin, S = 1/2 species.
NMR spectra for the tetraarylporphyrin derivatives show upfield resonances for
the porphyrin pyrrole protons (ca. —18 to —35 ppm). and alternating upfield and
downfield hyperfine shifts for the axial alkyl or aryl resonances. For n-alkyl com-
plexes, the a-protons show dramatic downfield shifts (to ca. 600 ppm), upfield
shifts for the S-protons (—25 to —160 ppm) and downfield shifts for the y-protons
(12 ppm).82 The a-protons of alkyliron porphyrins are not usually detected as a
result of their large downfield shift and broad resonance. These protons were first
detected by deuterium NMR in the deuterated complexes Fe(TPP)CD; (532 ppm)
and Fe(TPP)CD,CD; (562, —117 ppm).m

For low spin aryl iron porphyrins at 25 'C. the ortho and para protons are shifted
upfield (ca. —80 and —20 ppm) and the meta protons downfield (ca. 13 ppm). The
contact shifts for the iron-bonded aryl ligands indicated the presence of -spin
density on these groups. This is consistent with the electronic structure of low
spin iron(II1), with orbital occupancy (dxy)Z(clx,_y,)z(d,,z)“(dxz, ),:)” which places the
unpaired spin in an orbital of 7 symmetry with respect to the iron-ligand bonding.
The five-coordinate o -alkyl and o -aryl complexes will bind a neutral donor ligand
(for example, pyridine or imidazole) to become six-coordinate, but remain as tow
spin complcxes.><4 The fluorophenyl derivatives Fe(Por)(CyFs) and Fe(Por)(C¢F4H)
show spectral characteristics of high spin, §=15/2 iron(III) centers. For example,
the porphyrin pyrrole CH protons in high spin Fe(TPP)CqFs) appear at 66 ppm,
compared to ca. —30 ppm in Fe(TPP)(C¢H5).*

The electronic absorption spectra of the products of one-clectron electrochem-
ical reduction of the iron(II) phenyl porphyrin complexes have characteristics of
both iron(II) porphyrin and iron(I11} porphyrin radical anion species, and an electro-
nic structure involving both resonance forms IFe“(Por)Phr and [Fe“](Por;)Ph]
has been proposed.% Chemical reduction of Fe(TPP)R to the iron(Il) anion
{Fe(TPP)R]™ (R = Et or n-Pr) was achieved using Li|BHEt;] or K[BH(i-Bu);]
as the reductant in benzene/THF solution at room temperature in the dark. The
resonances of the n-propyl group in the '"H NMR spectrum of [Fe(TPP)(n-Pr)]|
appear in the upfield positions (—0.5 to —6.0 ppm) expected for a diamagnetic por-
phyrin complex. This contrasts with the paramagnetic, § =2 spin state observed
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for other anionic iron(1l) porphyrins containing halide or alkoxide axial ligands.
The reduced alkyl complexes are reoxidized by O, to the iron(Ill) alkyls.87 The
corresponding diamagnetic phthalocyanine iron(1l) alkyl complexes, [Fe(Pc)R]™,
were prepared by two-electron reduction of Fe(Pc) by LiAlH, to give [Fe(Pe)?
(actually the Fe(I) phthalocyanine radical anion) followed by reaction with Mel,
Etl or i-PrBr. The methyl compound, [Fe(Pc)CH;3]™ was characterized by X-ray
crystallography‘xx

Electrochemical and spectroelectrochemical studies on high spin and low spin
five-coordinate aryl and perfluoroaryl (Ary:) iron porphyrins containing a variety
of porphyrin ligands demonstrated a direct correlation between the spin state of
the iron(III) center and the stability of the oxidized or reduced species. The high
spin complexes are unstable upon undergoing a one-electron reduction, but mod-
erately stable if oxidized by one electron. The low spin aryl complexes can be
singly reduced to produce a very stable species, but the singly oxidized species
undergo a rapid migration of the aryl group.® These studies have been comple-
mented by Mossbauer and magnetic studies. The fluoroaryl complexes are pure
high spin over a wide temperature range. However, for some of the alkyl and aryl
complexes which are low spin at 25 C, some high spin sites are observed by EPR
spectroscopy in frozen solution or in the solid state. The amount is dependent
on the nature of the axial ligand and the porphyrin, and in some cases even on
the method of sample preparation.* For example, Fe(TpCF;PPY(CeHs) contains a
mixture of high- and low-spin iron(111). The spin state of five-coordinate, low spin
Fe(Por)Ph (OEP or TPP) complexes remains unchanged on coordination of pyri-
dine. However, five-coordinate fluoroaryl complexes Fe(Por)(Arg) (Ar;: = CyFs,
CeF4H) are high spin in non-coordinating solvents, but form six-coordinate low
spin complexes in pyridine solution.”” The mechanistic details for the electrore-
duction of the high spin fluorophenyl porphyrins has been elucidated. The first
reduction of Fe(Por)(Ary) is followed by loss of Ari:”, which then reacts with
trace water to produce ArpH and OH", which in turn displaces Arg~ from the
substrate. This chain reaction continues until all the substrate is consumed and
converted to Fe(Por)OH which itself reacts to form the p-oxo iron(I1l) species.
This is a mechanism which is unique to the fluoroaryl o -bonded organoiron por-
phyrin complexes.gl

Even more control over the spin state has been reported by varying the number
and substitution pattern of the fluorine atoms in fluorophenyl complexes. Phenyl
complexes containing no fuorine substituents are low spin, whereas the com-
pounds containing four (Aryy = 2,3,5,0-CF4H) or five (Ary:s = CoFs) fluorine sub-
stituents are high spin. The crossover point occurs for the trifluorophenyl ligand,
where the iron complex containing 3,4,5-C¢F3H> is low spin, whereas its isomer
containing 2.4,6-C¢F3;H, is high spin‘92 A similar situation is observed for iron
complexes of the porphyrin isomers porphycenes, in which the pyrrole rings are
linked by alternating two- or zero-carbon bridges (Fig. 2). A series of o-aryl iron
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porphycene (EtioPc¢) complexes containing none (CoHs), two (Arp, = 3,5-CoF>Ha),
three (Arg; = 3.4.5-C¢F3Ho). orfour (Arpy = 2.3.5,6-CF4H) fluorine substituents
was prepared. A detailed spectroscopic (NMR, EPR, UV-visible) and electrochem-
ical study showed that Fe(EtioPc)Ph, Fe(EtioPc)Arys, and Fe(EtioPc)Ary; are lTow
spin whereas Fe(EtioPc)Arpy and Fe(EtioPe)Cl are high spin. Fe(EtioPc¢)Ar» was
characterized crystallographically.”"*

Unusual properties have been observed for o-bonded organoiron porphyrin
complexes containing a highly substituted porphyrin ligand, OETPP (octaethylte-
traphenylporphyrin), which contains eight ethyl groups at the - pyrrolic positions
in addition to four phenyl groups at the meso positions of the porphyrin periphery.
The resulting steric congestion induces a saddle shaped distortion in the porphyrin,
which dramatically changes the electronic effects of the macrocycle, rendering it
more electron rich than OEP or TPP. For example, the first oxidation wave for
Fe(OETPP)Ph is at a very low potential (0.28 V vs SCE) and is the most facile
oxidation ever observed for an iron(IIl) porphyrin in non-aqueous media. This
oxidation is metal-centered and the product. which can be prepared independently
by chemical oxidation, has spectral features consistent with an iron(IV), S=1
center. [Fe(OETPP)Ph|T[SbCl,] ™ is the first o-bonded organoiron(IV) porphyrin
stable in non-aqueous media at room temperaturce. Altogether. three reversible ox-
idations are observed for Fe(OETPP)Ph. the first at iron and the second two at
the ring. At longer scan times the Fe-to-N phenyl group migration occurs after
the second oxidation. The first reduction. as for the OEP and TPP analogues, is
metal-centered.”™

Corroles are tetrapyrrole macrocycles similar to porphyrins but contain one
meso-carbon replaced by a direct bond between two a-pyrrolic carbon atoms.
A corrole macrocycle bears a 3-charge in its deprotonated form and is more
effective than a porphyrin ligand at stabilizing high oxidation states. The cor-
role macrocycle is easier to oxidize and harder to reduce than a porphyrin. The
octacthylcorrole (OEC) complex, Fe(OEC)Ph. was prepared from the reaction of
Fe(OEC)C! with four equivalents of PhMgBr. The paramagnetic compound ex-
hibits an S =1 spin state, consistent with the presence of an Fe(IV) center, and
represents the firstexample of an air-stable Fe(1V) compound containing a tetrapyr-
role ligand.”” Fe(OEC)Ph can be oxidized, either electrochemically or chemically.
using Fe(ClOy); to give the cationic complex |Fe(OEC)Ph]CIQ,. EPR, UV-visible,
and Massbauer spectroscopy are all consistent with an Fe(1'V) corrole cation radi-
cal formulation for this complex. [Fe(OEC)Ph|™ has an S = 1/2 spin state arising
from strong antiferromagnetic coupling of an S=1, d” Fe(IV) center with an
S=1/2 corrole radical cation.” Both |Fe(OEC)Ph| and [Fe(OEC)Ph]CIO, have
been characterized by X-ray crystallography (Table II1). The Fe—N(av), Fe—N,
plane and Fe—C distance in the cationic complexes are all slightly shorter than
those in the neutral complex. Both complexcs exist as -7 dimers with the same
mean interplanar separations of 3.53 AT
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Only a handful of o-bonded iron porphyrin complexes have been structurally
characterized, listed in Table 111, and four of these contain porphycene, corrole.
or phthalocyanine ligands rather than porphyrins.%‘m: Selected data arc given
in Table I1I, and X-ray crystal structures of methyl- and phenyliron porphyrin
complexes are shown in Fig. 4. All of the iron(II) porphyrin complexes exhibit

FIG. 4. Molecular structures of selected organometallic iron porphyrin complexes: (a)
QY
Fe(TAP)CH:.'™ (b) Fe(TPP)Ph,”” (¢) Fe(TPP)=C=CAr3) (Ar= p-CeHyC1)."Y (d) Fe(TPP)=C=Re-
(CONRE(CO)s."* (e) [Fe(OEP)|o(12-C). '
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Fe—N, planc displacements of over 0.15 A, consistent with low spin Fe(Ill)
centers.”' The Fe—C bond lengths in the iron(1ll) complexes are shorter (less than
2 A) than that in the iron(Il) complex (greater than 2 A). The shorter bond length
for the phenyl complex Fe(TPP)Ph relative to the methyl complex Fe(TAP)Me is
consistent with a stronger aryl Fe—C bond in the former.

2. ron-to-Nitrogen Migration

The oxidatively induced, reversible Fe-to-N migration of a phenyl group is
summarized in Scheme 5.5'%% The process 1s initiated by a one-electron oxida-
tion of Fe(Por)Ph to [Fe(Por)Ph|™, which is formulated as an iron(IV) complex
with an S=1, ((l'w)z(dx,)](d),,)l electron configuration. This then undergoes mi-
gration of the phenyl group from iron to a pyrrole nitrogen, effectively reductive
elimination from iron, forming a new C—N bond. Both the iron(IT) N-phenyl iron
porphyrin [Fe(Por-N-Ph)]" and its one-electron oxidation product. the iron(111)
dication [Fe(Por—N—Ph)Jz”L. are stable complexes which have themselves been
subject to cxtensive investigution.]()4"“(’ However one-electron reduction of
[Fe(Por-N-Ph)|* produces the formally iron(l) transient Fe(Por-N-Ph) which un-
dergoes reverse migration (effectively oxidative addition of the C—N bond to iron)
to regenerate Fe(Por)Ph.

While this overall process has been well established for quite some time.”"
recent attention has focused on the factors controlling the migration process. The

8

SCHEME 5.
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observation that the low spin alky!l and aryl iron(Ill) complexes did undergo mi-
gration upon oxidation, whereas the high spin tetra- or pentafluoroaryl complexes
apparently did not, led to speculation that either the spin state at iron or the site
ot the initial oxidation (iron-centered vs porphyrin ring-centered) controlled the
migration process.

An unusual feature of fluoroaryl iron OETPP complexes, Fe(OETPP)Ary, is
that they are low spin in contrast to the corresponding OEP and TPP complexes
which are high spin. One-electron oxidation of the low spin porphyrin OEP and TPP
complexes containing alkyl or aryl ligands leads to Fe-to-N migration. This reaction
is normally not observed when the high spin Ari: complexes are oxidized. leading
to speculation that spin state may govern the migration process. However. despite
the low spin configuration in the Fe(OETPP)Ar: complexes, oxidatively induced
migration is still not observed, indicating that spin state is not the only factor
controlling the migration step.”® Furthermore, the low spin phenyliron complex
containing the OETPP ligand also does not undergo migration upon one-electron
oxidation. but the phenyl group does migrate after a second oxidation, the only
example where migration occurs from an intermediate two oxidation levels above
rron(111).

A very detailed recent electrochemical and spectroscopic study tocused on a
series of iron aryl porphyrins Fe(OEP)Ar comprising the Tow spin complexes
where Ar=Ph or 3.4.5-C¢F;H,. and the high spin complexces where Ar=2.4.6-
CoF3H-,2.3.5.6-C,F,H orC(,FS,q2 The firstoxidation leads to an iron(1V) porphyrin.
and this undergoes Fe-to-N migration for all of the aryl groups. and for both the
low and high spin complexes. The Kinetics of the migration were investigated
in both the absence and presence of pyridine as the sixth ligand. The important
observation was that the rate of migration varied along the series. with the faster
rates for the low spin complexes (with fewer fluorine substituents) and slower
rates for the high spin complexes. The slow rate for the migration of the four- and
five-fluorine substituted groups was the reason these processes had not previously
been observed. In other words, the rate constant for migration correlates with the
electron donor ability of the aryl group. with faster rates for more electron rich
ligands. Slower migration rates are observed when pyridine is coordinated, thus
o-donation by the aryl group accelerates migration, whereas coordination of a
donor in the sixth position decelerates migration. Overall. this study concluded
that neither the iron(1) spin state nor the field strength of the aryl (or alkyl) group
is the key to controlling the migration. but that the donor ability of the o-aryl
ligand influences the rate.”

3. Iron—=Carbon Bond Homolysis

Alkyliron porphyrin complexes are not particularly stable in solution, and over
a period of several hours at room temperature the iron(ll) porphyrin appears.
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presumably as a result of Fe—C bond homolysis. The reaction shown in Eq. (1)
using the deuterium-labeled alkyl iodides demonstrated alkyl group exchange,
observed by '"H NMR to have a half-life of 100 min for the solution condi-
tions used. The mechanism proposed involved Fe—C bond homolysis, exchange
of -CHj radicals with CD,CD;l to give -CD,CDj radicals and CH;l, followed by
recombination of -CD,CD5 with Fe(TPP).™ The rate of the homolysis process is
influenced by the nature of the porphyrin ring, with the half-life for decomposition
of Fe(P()[rg7CH3CH3 varying from 4 days for the electron rich TAP to 45 min for
Fa-TPP.

Fe(TPP)CH; 4 CD2CD;3l — Fe(TPP)CD,CD; + CHil (h

The kinetics of Fe—C bond homolysis werc investigated using PhiSnH as a
radical trap, which captures R- released from Fe(Por)R in competition with re-
combination. The overall reaction is shown in Eq. (2). The bond dissociation acti-
vation enthalpies were measured to be 33 kcal mol™! for CgHs, 23 kecal mol ! for
CHs, 19 keal mol ™' for C>Hs.and 17 keal mol ™! for CH2CMes, with the Fe—C(aryl)
bond stronger than the Fe—C(alkyl) bonds. Assuming diffusion controlled recom-
bination. the Fe—C bond dissociation energies are expected to be ca. 2 keal mol ™'
lower than these values. The trend in Fe—C(alkyl) bond dissociation energies can
be rationalized on steric grounds. The eftect of an added base (pyridine or PEt;)
was also investigated. Overall, the Fe—C bonds are 1015 kcal mol ' weaker than

the corresponding organocobalt porphyrin metal-carbon bonds. '™
Fe(Por)R + Ph3SnH — Fe(Por) + RH + {Sn,Ph, (2)

4. Insertion of Small Molecules into the Fe—C Bond

Nitric oxide (NO) reacts with organoiron(11l) porphyrins to form six-coordinate
adducts, Fe(Por)(R)(NO).”® Other small molecules (O, SO, CO) react by in-
sertion into the Fe—C bond, although the nature of the reaction and the stability
of the products varies greatly with both the molecule itself and the organoiron
group.

Alkyliron(Ill) porphyrin complexes are air sensitive, and when exposed to oxy-
gen under ambient conditions the products are the very stable iron(Ill) p-oxo
dimers, [Fe(Por)],O. A more careful investigation revealed that the reaction of the
alkyl complexes with oxygen proceeds via insertion of O5 into the Fe—C bond.'"”
When a solution of Fe(Por)R (R =Me, Et. i-Pr) is exposed to O, at =70 C, the
characteristic '"H NMR spectrum of the low spin iron alkyl complex disappears
and is replaced by a new, high spin species. The same species can be gencrated
from the reaction of an alkyl hydroperoxide with Fe(Por)OH, and is formulated as
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SCHEME 6.

an iron(I1l) aikylperoxide complex, Fe(Por)OOR. These complexes are very reac-
tive and decompose upon standing or upon warming the solution, giving Fe(Por)OH
(and eventually the g-oxo complex) together with an aldehyde or ketone as the
organic product (shown in Scheme 6 for R = j-Pr) 008210 e oxygen inser-
tion reaction proceeds similarly for primary, secondary, and tertiary alkyl groups,
showing that it is not retarded by bulk in the axial ligand. However, it is sensitive
to bulk in the porphyrin ligand, with the reaction proceeding more rapidly for OEP
or TPP than for TMP, the latter requiring warming to —50"C to proceed.” The
products of the reaction of O, with iron(Il) porphyrins are not observed, indicating
that the mechanism does not proceed via Fe—C bond homolysis as the initial step.
Insertion of O, into allyl and vinyl iron porphyrins occurs, and the allylperoxy
compound was observed by NMR at low temperature, decomposing to acrolein
{(O=CH—CH=CH,) and Fe(Por)OH upon warming.m

The low spin aryliron complexes Fe(Por)Ar behave differently than their alkyl
counterparts toward oxygen. In chloroform the products of the reaction of
Fe(Por)Ar with O, are the iron(IV) alkyl [Fe(Por)Ar]T and Fe(Por)CI, while in
toluene the aryloxide complexes Fe(Por)OAr are formed with no direct evidence
for the formation of arylperoxo intermediates.’ "> The high spin iron(Ill) alkynyl
complexes which have more ionic character in the Fe—C bond do not react with
oxygen, and the order of reactivity of organoiron(1I1) complexes toward O, is given
by Fe(Por)(alkyl) > Fe(Por)(aryl) > Fe(Por)(C=CR).""

One-¢lectron reduction of the iron(IIf) alkyl complexes forms the diamagnetic
iron(I1) alkyl anions [Fe(Por)R| ™. The iron(Il) anions do not react with oxygen
directly, but are first oxidized by O- to the corresponding alkyliron(IlI) complexes.
Fe(Por)R, which then insert O, as described above.”’

Insertion of SO, into the Fe—C bond in Fe(Por)CH; was first reported in 1982,
giving the sulfinato complexes Fe(Por)SO,CHj, which are moderately air stable but
can be further oxidized by O» to give the sulfonato complexes Fe(Por)SOsCH;.'"?
Alkyliron(I1I) porphyrins insert CO to give the acyl complexes Fe(Por)C(O)R. For
example, Fe(TPP)C(O)-n-Bu was formed either by this method or by the reaction of
[Fe(TPP)|™ with CIC(O)-n-Bu, and was characterized by an X-ray crystal structure
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SCHEME 7.

determination (veo= 1817 ecm™")."""" The low spin iron(I1l) acyl products will

themselves react with oxygen to give the high spin iron(Il) carboxylato complexes
Fe(Por)OC(O)R. The reaction of the acyl species with oxygen has more in common
with the reaction of aryliron than alkyliron complexes with O,, as no evidence for
peroxoacyl intermediate species could be observed.'™ An iron(Ill) carboxylato
complex, Fe(TPP)OC(O)-n-Bu, was also observed from the insertion of CO5 into
the Fe—C bond in the butyliron complex (Scheme 7.

Iron(1) alkyl anions {Fe(Por)R|" (R = Me, +-Bu) do not insert CO directly, but
do upon one-electron oxidation to Fe(Por)R to give the acyl species Fe(Por)C(O)R,
which can in turn be reduced to the iron(Il) acyl [Fe(Por)C(O)R] ™. This process
competes with homolysis of Fe(Por)R. and the resulting iron(IT) porphyrin is sta-
bilized by formation of the carbonyl complex Fe(Por)(CO). Benzyl and phenyl
iron(Ill) complexes do not insert CO. with the former undergoing decomposi-
tion and the latter forming a six-coordinate adduct, [Fe(Por)(PhXCO)]™ upon re-
duction to iron(ll). The failure of Fe(Por)Ph to insert CO was attributed to the
stronger Fe—C bond in the aryl complexes. The clectrochemistry of the iron(111)
acyl complexes Fe(Por)C(O)R was investigated as part of this study, and showed
two reversible reductions (to Fe(Il) and Fe(I) acyl complexes, formally) and one
irreversible oxidation pmccss.' 3

Iron porphyrins (containing TPP, picket fence porphyrin, or a basket handle
porphyrin) catalyzed the electrochemical reduction of CO» to CO at the Fe(1)/Fe(0)
wave in DMF, although the catalyst was destroyed afier a few cycles. Addition of
a Lewis acid, for example Mg“, dramatically improved the rate, the production of
CO. and the stability of the catalyst. The mechanism was proposed to proceed by
reaction of the reduced iron porphyrin [Fe(Por)]*~ with CO5 to form a carbene-
type intermediate |Fe(Por)=C(O )|, in which the presence of the Lewis acid
facilitates C—O bond breaking.l ' The addition of a Bronsted acid (CF:CH-OH,
n-PrOH or 2-pyrrolidone) also results in improved catalyst efficiency and lifetime,
with turnover numbers up to 350 per hour observed.'"”
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5. Iron Porphyrin Silvl and Stannyl Complexes

The reaction of Fe(TPP)Cl with LiSiMe; at 0 C in HMPA produced the silyliron
complex Fe(TPP)SiMejs, along with a number of other products. The complex con-
tains low spin iron(II), and the silyl methyl protons were observed at —1.2 ppm
in the "H NMR spectrum—a surprisingly small paramagnetic shift compared 1o
the B-protons in n-butyl iron(11l) porphyrin, indicating that unpaired spin transfer
through silicon is much less efficient compared to carbon. The complex has a hall-
life in solution of ca. 30 min at 25 C. It undergoes homolytic cleavage of the Fe—Si
bond to form the iron(Il) porphyrin in solution, which is then further reduced by
LiSiMej; to form the diamagnetic iron(Il) silyl complex [Fe(TPP)SiMes] . This
can be reoxidized to Fe(TPP)SiMe; using I». Fe(TPP)SiMe; reacts with propy-
lene oxide to form a complex assigned on the basis of its NMR spectrum to be
Fe(TPP)(CHA);0SiMes. "

Facile thermal homolysis of Fe—C bonds in iron porphyrin alkyls arises because
of the relatively low Fe—C bond strength and produces a steady-state source of
alkyl radicals, R-. Addition of excess BuzSnH 1o solutions of Fe(TAP)R lead to
hydride abstraction from tin by the alkyl radical, and recombination of Fe(TAP)
with the resulting tin-centered radical BusSn- generating a paramagnetic, low spin
(tributyltin)iron(IIl) porphyrin complex. The same complex could be prepared
from Fe(TAP)Cl with LiSnBu;. The stannyl complex was not particularly sta-
ble in solution and decomposed over a period of hours to produce iron(Il) por-
phyrin. However, "H NMR evidence was consistent with the existence of low spin
Fe(TAP)SnBujs, with signals assigned to the «- and g-protons of the butyl groups
observed at 8.86 and 5.25 ppm.'"’

C. Iron Porphyrin Carbene Complexes

The first iron porphyrin carbene, Fe(TPP)(=CCl.). was reported in 1977 and
its structure the following year. Subsequent developments through the 19805
which resulted in a range of iron porphyrin carbene complexes, mostly with
electron-withdrawing substituents on the carbene carbon, have been detailed in
the overview of the iron porphyrins.™* There have been relatively few new de-
velopments in this area since then. The reaction of Fe(TPP)Cl with NaBH, and
internal alkynes (hex-2-yne or hex-3-yne) to give o -vinyl complexes was described
carlier in this section.”> When the same reaction is carried out using the terminal
alkynes hex-1-yne or pent-1-yne in toluene/methanol the products were proposed
on the basis of NMR spectroscopy and mass spectrometry to be the dialkylcarbene
complexes, Fe(TPP)=C(CH:)R) (R = n-Bu or n-Pr, respectively). Characteriza-
tion of the products as carbene complexes would have been more convincing
had the distinctive chemical shift for the carbene carbon in the '"*C NMR been
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reported. Under different solvent conditions (using smaller amounts of methanol)
the reaction with hex-1-yne gave a considerable amount of the o-vinyl complex
Fe(TPP)(C(=CH,)-n-Bu) in addition to the carbene. The mechanism proposed for
the carbene formation was insertion of the alkyne into the Fe—H bond of an inter-
mediate hydride, Fe(TPP)H, to give the o-vinyl complex, which is subsequently
reduced (by NaBH,) and protonated (by MeOH) to give the carbenc complex

(Eq. 3). This hypothesis was tested using deuteration studies.”
o] H ¥
S
i toluene/ Fe
MeOH
i RC=CH (3)
R CH, R CH, - R CH,
1 not observed Q\fb e é, H- j/
i Fe
or isolated m Fe M @

Dihalocarbene complexes are useful precursors to new carbenes by nucleophilic
displacement of the chlorine substituents.”® This has been nicely illustrated for
Fe(TPP)(=CCl,) by its reaction with two equivalents of [Re(CO)s] ™ to give the
unusual yt-carbido complex Fe(TPP)=C=Re(CO) Re(CO)s which also contains a
rhenium-rhenium bond.'*" The carbido carbon resonance was observed at 211.7
ppm in the C NMR spectrum. An X-ray crystal structure showed a very short
Fe=C bond (1.605(13) A. shorter than comparable carbyne complexes) and a
relatively long Re=C bond (1.957(12) A) (Fig. 4. Table I1I).'*"

The Fe=C bond in this complex can be compared to that of 1.67 A in the
bis(porphyrinato)-¢-carbido iron complex [Fe(TPP)](;-C). which was first pre-
pared in 1981 from Fe(TPP) and Cly together with a reducing agt:nt.l:"]22 A
number of other examples of iron p-carbido complexes containing porphyrin or
phthalocyanine macrocycles have been prepared and structurally characterized
since then, and the structural data are summarized in Table 11T (Fig. 4).'*7'% The
iron phthalocyanine complexes more readily coordinate axial donors (THF, nitro-
gen donors, or fluoride ion) than their porphyrin counlerpurtsm’mOne interesting
example, {Fe(TPP)YTHF)|(;-C)[Fe(Pc)(THF)], contains both porphyrin and ph-
thalocyanine ligands, and was prepared from Fe(TPP)(=CCl,) with [Fe(Pe))> '
The structures of porphyrin and phthalocyanine iron p-carbido complexes show
similar Fe=C distances, but slightly shorter Fe—N(av) distances for the phthalo-
cyanine complexes. reflecting the smaller hole size in the macrocycle. Sepa-
rations between the mean macrocycle planes are also slightly less for the
phthalocyanine complexes. The family of porphyrin and phthalocyanine iron -
carbido complexes illustrate the importance of the steric protection atforded by
the bulky macrocycle as only a small number of other transition metal ji-carbido
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complexes have been reported. A single ruthenium analog [Ru(Pc)(py)],C has also
been reported.'23

The photochemistry of several of the iron porphyrin halocarbene complexes
Fe(TPP)Y=CXY) (CXY = CCl,, CBr,, CCIF. CCI{CN) and the vinylidene com-
plex Fe(TPP)=C=CAr, (Ar = p-C¢H,4Cl) has been studied in degassed benzene
at 200 C using & > 360 nm.' ' Irradiation of the dihalocarbene complexes pro-
duced Fe(TPP) and the free carbenes :CX» which were trapped as the cyclopropane
derivatives using a variety of alkenes. The same product ratios were observed when
CHX; and base was used as the carbene source, indicting that free carbenes are
indeed produced from irradiation of the iron porphyrin carbene complexes. The
complexes containing CCI(CN) or vinylidenc ligands did not form the free car-
bene. the latter producing Fe(TPP) and the alkyne. ArC=CAr. The photochemical
generation of free carbenes from transition metal carbene complexes had not pre-
viously been observed, and is believed to result from mixing of the porphyrin
" and Fe—C orbitals. This phenomenon is also responsible for the blue-shifted
{hypso) spectrum observed for the iron porphyrin carbene complexes. Similar or-
bital mixing occurs in iron porphyrin carbonyl complexes, which also undergo
photodissociation. ' *!=

The diamagnetic iron porphyrin vinylidene complex Fe(TPP)=C=CAr(Ar =
p-CoHyC is produced from Fe(TPP)Cl, the insecticide DDT (CLCCH(p-
CoH4CI)»). and iron powder]’m and the structure confirmed by X-ray crystallo-
graphy (Fig. 4).*" Oxidatively induced migration of the vinylidene ligand in
this complex to give the iron(ll1) Fe—N-bridged vinylidene complex has been
reviewed previously.s‘(‘7 The intermediate spin (S=3/2) iron(I1l1) Fe—N-bridged
compound Fe(TPP)(1¢(Fe.N)—C=CAr,)Cl and the closely related high spin (S =2)
iron(Il) N- wnylporphyrm complex Fe(TPP—N—CH=CAm)CI (sec Schcmc 8)
were compared in 'H NMR spectroscopy and crystallographic studies.™™"** The

Ar_ /Ar Ar\ /Ar
c
H H
e o,
[red]
H+
A
Ar\C/Ar Ar\(“;/ f
HC TC
|
(A = p-CeHyC) oy R, -t
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SCHEME 8.
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two complexes were clearly distinct by 'H NMR despite the fact that they both
exhibit C, symmetry and differ only by one proton and one electron.*"** NMR
data were used to assign the ground state in the intermediate spin (S = 32) Fe—N-
bridged compound as (c/x),)z((/v)I(d_\,,)‘(z[,z)l. The Fe—N bonding is disrupted in
this complex. with no formal Fe—N bond to the porphyrin nitrogen involved in
the vinylidene bridge.'"""""*"* The Fe—C bond in the bridged structure is shorter
than in the simple iron(111) porphyrin o-bonded complexes (Table I11).

An important reaction used to model cytochrome P450 chemistry is oxygen
atom transfer from iodosylbenzene (PhI=0) to iron porphyrins to give high valent
iron oxo intermediates. Since metal-carbene and metal-oxo complexes are formally
isolobal, a parallel reaction utilizing iodonium ylides, PhI=CR., could potentially
be used for the preparation of iron porphyrin carbenes. This was tested using
the iodonium ylide shown in Eq. (4) in a reaction with Fe(TPP) which gave a
diamagnetic complex which exhibited UV-visible and 'H NMR data consistent
with a carbenc complex, but which was stable only below —30°C. Reaction of this
with Br» led to the metallacyclic complex shown in Eq. (4), proposed to form via
oxidatively induced Fe-to-N carbene migration followed by rearrangement of the
Fe—N-bridged carbene to give a product containing a Fe—0O bond.'*

P r
o] o] O O
Bry
Fe(Por) + — Fe — -

Diazoalkanes are useful as precursors to ruthenium and osmium alkylidene por-
phyrin complexes, and have also been investigated in iron porphyrin chemistry.
In an attempt to prepare iron porphyrin carbene complexes containing an oxy-
gen atom on the g-carbon atom of the carbene. the reaction of the diazoketone
PhC(O)C(N>)CHj; with Fe(TpCIPP) was undertaken. A low spin. diamagnetic car-
bene complex formulated as Fe(TpCIPP)=C(CH;)C(O)Ph) was identified by UV-
visible and '"H NMR spectroscopy and elemental analysis. Addition of CF3CO-H
1o this rapidly produced the protonated N-alkyl porphyrin, and Br» oxidation in the
presence of sodium dithionite gave the iron(I11) N-alkyl porphyrin, both reactions
evidence for Fe-to-N migration processes.'

The reaction of Fe(TpCIPP)CI with the diazoalkane NoCHCH,Ph at —30C
produced the paramagnetic iron(I11) Fe.N-bridged carbene complex Fe(TpCIPP)
{11(Fe,N)-CHCH,Ph}Cl. The spectroscopic data recorded for this complex were
similar to those observed for the bridged vinylidene analog. Chemical or electro-
chemical reduction of the bridged complex produced the diamagnetic carbene
complex Fe(TpCIPP)(=CHCH-Ph), which in turn can be chemically or elec-
trochemically oxidized to the iron(Il) N-vinylporphyrin complex Fe(TpCIPP-N-
CH=CHPh)(CI). These rcactions are significant in understanding the process in
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which N-vinyl-heme derivatives are produced during the cytochrome P450 depen-
dent oxidative metabolism of a sydnone derivative which involves N-CHCH.Ph
as a reactive metabolite.'

An Fe, N-bridged carbene complex was proposed in the reaction of Fe(OEP)-
Cl10, with NoCHSiMe;. The U V-visible spectrum was similar to that of the Fe. N
bridged vinylidene complex, and was attributed to an iron(III) complex contain-
ing the CHSiMej carbene fragment bridged between iron and a pyrrole nitrogen.
Longer reaction times followed by workup with aqueous HCIO, solution gave the
N.N-ethano-bridged porphyrin as the final producl.""(‘

Cyclopropanation of alkenes catalyzed by rhodium or osmium porphyrins using
ethyldiazoacetate (N;CHCO,Et) is known to involve metal-carbene intermediates.
and will be discussed in detail in the sections on those elements. The reaction can
also be catalyzed by iron porphyrins. Using Fe(TPP) as the catalyst, 1300 turnovers
per hour were observed and gave trans and cis cyclopropane products in the ratio
8.8:1."%" A mechanism involving iron porphyrin carbene intermediates was pro-
posed, although no direct evidence for these was observed. and the stercochemistry
of the products (predominantly zrans) was explained in terms of stereochemical
cffects of the alkene substrate in the transition state. The Mansuy-type iron por-
phyrin carbenes bearing electron withdrawing substituents were not active for
cyclopropunation.m

The isocyanide ligand, :CNR, is formally isolobal with a carbene ligand. Several
studies have investigated iron(Il1) porphyrin isocyanide complexes which have
the general formula [Fe(Por)(CNR), .1 However, these studies have mostly
been concerned with spin state and spectroscopic properties rather than chemical
transformations and will not be discussed in detail here. Crystallographic details
are given for two of the Complexes.m

D. Oxidation Processes Catalyzed by Iron Porphyrins

The cytochrome P450 family of enzymes activates molecular oxygen at a heme
site using NADPH as an electron source. One oxygen atom of O» is reduced to
water and the other is involved in mono-oxygenation reactions including hydrox-
ylation of unactivated alkanes and arenes, and alkene epoxidation. The reductive
dehalogenation of halogenated compounds is also mediated by cytochrome P450.
The active intermediate in the oxygen atom transfer chemistry is a high valent
iron(I'V) oxo porphyrin radical cation species. Studies directed at elucidating the
mechanism of these processes, ranging from investigations of the intact enzyme
to model compounds prepared in the laboratory, now comprise a body of work.
There are many links between this oxidation chemistry and organometallic chem-
istry, beginning with the formally isolobal relationship between iron oxo and iron
carbene moieties. Furthermore, iron porphyrin carbene and alkyl complexes may
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play key roles in the so-called “suicide” inactivation of cytochrome P450 in which
green pigments comprising N-alkyl porphyrins are formed through Fe-to-N alkyl
and/or carbene migration processes. The intimate details of the transfer of the oxy-
gen atom from the high valent iron intermediate to the organic substrate are still
under discussion. Proposals for this step range from covalent Fe—C bonds. agostic
interactions, some form of coordination of the alkane or alkene substrate to iron, or
a direct oxygen atom transfer to the substrate with no direct iron- - -substrate inter-
actions at all. Much of the discussion of carbene, bridging carbene, and Fe-to-N
migration processes given in this review has relevance to cytochrome P450 chemis-
try. However, a detailed discussion of the organometallic aspects of cytochrome
P450 chemistry is beyond the scope of this review, and in fact was the subject of a
review in 1987.° Overall, the cytochrome P450 chemistry and oxidation chemistry
mediated by high valent porphyrins (including, but not limited to, iron) has been
thoroughly discussed in the literature.'* ™'

'
RUTHENIUM AND OSMIUM

A. Overview

The early period of ruthenium and osmium porphyrin chemistry was domi-
nated by the coordination chemistry of the carbonyl and bis(pyridine) complexes,
M(Por)(CO)L (where L is a neutral donor ligand) and M(Por)(py)>. The develop-
ment of reliable synthetic routes to the ruthenium(Il) and osmium(II) porphyrin
dimers, [M(Por) >, has been enormously important in opening up the organometal-
lic chemistry of the porphyrin complexes of these elements. The dimers are para-
magnetic with a CAREINCINE S configuration, consistent with two unpaired
electrons and a double bond between the two metal atoms.>* This bonding can
be disrupted by strong donor ligands. so the reaction by which the dimers are
formed, solid state pyrolysis of M(Por)(py).. can be reversed by treating benzene
solutions of the dimers with pyridine. The [4-electron Ru(Il) porphyrin complex
Ru(TMP) is prevented by the bulky porphyrin ligand from dimerizing and exists
as a monomer."*' Four-electron reduction of the dimers fills the 77* and o * orbitals.
giving a net M-M bond order of zero, and resulting in cleavage of the metal—metal
bond to form the monomeric, formally zerovalent dianions, [M(Por)]zim‘m Al-
ternatively, the M(Il) dimers can be oxidized chemically or electrochemically to
give the cationic complexes {[M(Por)]>} or {[M(Por)]z}2+ which have metal—
metal bond orders of 2.5 and 3, respectively.144 Finally, the ruthenium dimers react
with anhydrous HX in CH>Cl» to form paramagnetic Ru(1V) halide complexes,
Ru(PonX, (X =F, ClI, Br).]47 The neutral and oxidized dimers, the monomeric
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dianions, and the Ru(IV) porphyrin halides have all been significant as precursors
to new organometallic complexes. The formation and interconversion of these
important precursors is shown for ruthenium in Scheme 9.

The first ruthenium porphyrin organometallic complexes were reported in 1985
and 1986, 4nd although these early examples have been reviewed,™”"
more recent chemistry has helped to tie the whole area together. For this reason, the
organometallic chemistry of ruthenium and osmium porphyrins will be discussed
here in its entirety. In addition, a wider range of organometallic ligand types is
found for ruthenium and osmium porphyrin complexes than for any other group
of metalloporphyrin complexes.

The bulky ruthenium TMP complex Ru(TMP) is very electron deficient in the
absence of any coordinating ligand, and a m-complex with benzene has been
proposed. In fact, it readily coordinates dinitrogen, forming the mono- and bis-N,
adducts Ru(TMP)(N,)(THF) and Ru(TMP)(Nz)g.m‘M(’ As a result, the use of the
TMP ligand for careful stereochemical control of the chemistry at the metal center,
which has been very successful for the isolation of elusive rhodium porphyrin
complexes, is less useful for ruthenium (and osmium) because of the requirement
to exclude all potential ligands, including even No.

Over the last decade a number of high oxidation state ruthenium porphyrin
complexes containing oxo or imido ligands have been reported and have been
thoroughty studied for their role in oxidation and atom-transfer chemistry.
Although comparisons can be drawn with organometallic species (carbene, imido.
and oxo ligands are formally isolobal) the chemistry of the oxo and imido
complexes is beyond the scope of the review and will not be covered here.
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B. Ruthenium and Osmium o -Bonded Alkyl and Aryl Complexes

The first ruthenium porphyrin alkyls to be reported were prepared from the
zerovalent dianion, [Ru(Por)]*~ with iodomethane or iodoethane, giving thcluthc—
nium(1V) dialkyl complexes Ru(Por)Mes or Ru{Por)Et, (Por=0EP, TTP). A
ternatively, the Ru(IV) precursors Ru(Por)X, react with MeLi or ArLi to pro-
duce Ru(Por)Me, or Ru(Por)Ar, (Ar=p-C,H,X where X =H. Me, OMe. F or
C1)."*""'* The osmium analogues can be prepared by both methods, and Os(Por)R,
where R = Mc, Ph and CH-SiMe; have been reported. 143130 S ome representative
structures are shown in Fig. 5, and the preparation and interconversion of ruthenium
porphyrin alkyl and aryl complexes are shown in Scheme 10.

Attempts to exploit the reaction of the dianion with alkyl halides to produce a
cis-dialkyl complex by using 1,2- or 1.3-dihaloalkanes did not indeed give this
result. The reaction of [Ru(Por)]2 with 1.2-dibromoethane was sucessful, but the
resulting metallacyclopropane product is better formulated as a m-complex of
ethene, and will be discussed below in the section on alkene and alkyne complexes.
The corresponding reaction of the dianion with 1.3-dichloropropane gave no evi-
dence for a metallacyclobutane, but instead tree cyclopropane was detected by GC
analysis and the porphyrin product was Ru(TTPYTHF), 3

Thermolysis of the Ru(IV) dialkyl or diaryl p()rphyrins M(Por)R, at 100 C
in benzene leads to loss of one of the axial ligands and formal reduction of the
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FiG. 5. Molecular structures of  selected organomctallic  ruthenium and osmium - por-
phyrin complexes: (a) Ru(OEP)Ph,"! (b) IRu(OEP—N—Ph)Ph]*,h7 (¢) OS(TTP)(CHZSiMCz)j.IW
(d) Os(TTPY=C(p-CoHyMe))(THE).' (¢) Os(TTP)(=SiEL: THE) THF)."""

metal center to give the corresponding Ru(Ill) alkyl or aryl complexes Ru(Por)R
(R =Me, Ph).”x‘ls' On closer inspection, the reaction of Ru(OEP)YCI, with PhLi
actually gave both the Ru(IV) and Ru(IIl) phenyl products Ru(OEP)Ph and
Ru(OEP)Ph in 30 and 50% yield, respectively. The two complexes could be
separated by chromatography.'52”154 The reaction of Ru(OEP)Cl; with neopenty]
lithium gave only the ruthenium(Ill) product, Ru(OEP)CH3CMe3.‘52 Reduction
of the Ru(Il) dimer [Ru(OEP)], with two equivalents of potassium naphthalide
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gave the Ru(l) anion, [Ru(OEP)] characterized on the basis of its reaction with
Mel which gave Ru(OEP)Me. This method was also used to prepare the osmium
analogue, Os(OEP)Me.'™ Alternatively, oxidation of the dimer by Ag™ to form
the Ru(IIl) dimer dication [,Ru(OEP)ng' and reaction of this with Grignard or
diorganozinc compounds gave Ru(OEP)R (R =Me, Et, Ph, /)—C(,HJ\/Ie).155 This
method was used to prepare cofacial bisorganometallic diporphyrins. The cofacial
diporphyrin H4(DPB) contains two octacthylporphyrin units linked through their
meso positions by a biphenylene group. In Rua(DPB) the two Ru(Il) centers are
the correct distance apart to form & Ru=Ru double bond, which can be oxidized
to form [Ruz(DPB)]2+ which reacts with Grignard reagents to form M>R»(DPB)
where R = Me, p-CgHiMe or 3.5-CoH3(CF3)». '™

New complexes can be formed by redox chemistry. One-electron oxidation (by
Ag”) of Ru(OEP)Ph; led to migration of one phenyl group from ruthenium to
a porphyrin nitrogen atom, giving the Ru(Ill) complex [Ru(OEP-N-Ph)Ph|"."
while one-electron oxidation (by Ag’ ) of Ru(OEP)Me)}THF) gave the Ru(I1V)
complex [Ru(OEP)(Me)(THF)|'."** Ru(TPP)Ph, is air stable in solution in the
dark, but in ambient light slowly reacted with air in toluene to give the diamagnetic
-0x0 Ru(1V) complex {Ru(TPP)Ph[-O. This is the first organometallic example
of the well-known tamily of p-oxo dinuclear complexes in which a halide. OH. or
OR ligand takes the place of the phenyl gr()up.Hx

Two organometallic complexes formally containing Ru(1l) have been reported.
[Ru(OEP)R]|™ was formed either by sodium naphthalide reduction of Ru(OEP)R,
withlossof R~ (R=Me, Ph) IS3ISHISE () by onc-clectron reduction of RuOEP)Ph.™
In a second example, further reaction of Ru(OEP)CH>CMe; with neopentyl li-
thium gave the unusual dinuclear complex [Ru(OEP)CHgCMe;]3(/1—Li)3.m
|RUWOEP)Ph| "~ reacts with Mel to give the unsymmetrical Ru(IV) complex
Ru(OEP)(Ph)(Me). 53 The paramagnetic diporphyrin complexes M>R>(DPB). con-
taining two Ru(Ill) centers, undergo successive reductions o form [M,R-(DPB)] ™
and diamagnetic Il\/[gRg(DPB)]2 . containing Ru(I1T)/Ru(Il) and two Ru(ll) cen-
ters. respectively. '™

One further category of a-bonded ruthenium and osmium complexes contains
nitrosyl ligands. Reaction of Ru(TTP)(NO)CI with ary! or alkyl Grignard reagents
led to Ru(TTP)Y(NO)(p-CH4F) or Ru(TTP)(NO)Me.lSU The analogous osmium
complexes were prepared beginning from Os(OEP)(NO) which was oxidized by
NOTPF, to the cationic intermediate |Os(OEP)YNO)]™ (not isolated) which was
then treated with Grignard reagents to give Os(OEP)(NO)R (R =Me, Et, i-Pr,
t-Bu, p-CcHyF). The thionitrosyl osmium complex Os(OEP)(NS)Me was prepared
from Os(OEP)(NS)CI with MeMgBr.""

Most of the various complexes reported above have been isolated and character-
ized by arange of spectroscopic techniques, although some, like the redox products
[Ru(OEP)R]™ and [Ru(OEP)Me)(THF)]". were only observed in solution by
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'"H NMR spectroscopy. The complexes which have been structurally characterized
are Ru(OEP)Ph, Ru(OEP)CH,CMe;. [Ru(OEP)CH>CMe;|a(14-Li)2, [Ru(OEP-N-
Ph)Ph|BF;, Os(TTPYCH-SiMe3)>, RW(TTPYNO)(p-CoH4F). and Os(OEP)NS)Me,
and some structural data for these are give in Table IV. They are a sufficiently di-
verse set of compounds such that it is difficult to draw direct comparisons between
them. However, the Ru(I1l) complexes appear 1o have shorter Ru—C bonds than
the Ru(ll) compounds. The OEP-N-phenyl complex |[Ru(OEP-N-Ph)Ph|BF, ex-
hibits an agostic Ru- - -H interaction (2.52 A) involving the ortho-hydrogen of the
OEP N-phenyl group. 13" The complexes containing bulky neopentyl or CH»SiMes
groups show considerable distortion arising trom steric factors, including N-M-C
angles bent significantly away from the 90" expected in idealized geometry, and
angles at the neopentyl CH. groups much larger than the sp” angle of 109 042
[Ru(OEP)CH-CMes]-(1-Li), is composed of two Ru(OEP)CH-CMej; fragments
doubly bridged in a face-to-face fashion by two Li™ cations, which are cach
m-complexed to a portion of the Ru(OEP) group.I52 In Ru(TTPY(NO)(p-CoH4F)
and Os(OEP)(NS)Me the nitrosyl and thionitrosyl groups are bent.'"!*

The Ru(Il) complexes [Ru(OEP)CH>CMes(pe-Li), and [Ru(OEP)R] | and the
nitrosyl and thionitrosyl complexes Ru(TTPYINO)p-CqH4F) and Os(OEP)YNS)Me
{whose oxidation states are not trivial to assign) are diamagnetic.'”"52’'55"58"59
The Ru(IV) and Os(IV) porphyrin complexes M(Por)R» are also diamagnetic, in
contrast to the dihalide species Ru(Por)X> and the single example of a monoalkyl
or -aryl Ru(1V) complexes, [Ru(OEP)(R)(THF)]+ (R =Ph, Me, observed spectro-
scopically), which are paramagnelic.m'l“'ux"ﬁms“sx A low spin electron con-
figuration (d\,‘)z(dy,)2 is proposed for the diamagnetic dialkyl or diaryl complexes.
In the dihalo species, 7 -donation from the halide ligands raises the energies of the
d., and dy, orbitals and results in a paramagnetic ((Ix),)z((/\/) : (cl),,‘)I configuration. 148
As expected, the Ru(TH) and Os(I1) complexes M(Por)R are low spin, paramag-
netic complexes with S=1/2, although they exhibit well-resolved, paramagnet-
ically shifted 'H NMR spcctm.l“lx"il‘lsz‘ISS A linear dependence of the chemical
shifts on temperature indicates Curie behavior and a single spin state over the
range 200-350 K."! The N-phenyl Ru(IIl) complex [Ru(OEP-N-Ph)Ph|* is also
paramagnetic.'>*!*

The chemical reactivity of the organoruthenium and -osmium porphyrin
complexes varies considerably, with some complexes (M(Por)Ra, M(Por)R and
Os(OEPYNO)R) at least moderately air stable, while most are light sensitive and
stability is improved by handling them in the dark. Chemical transformations
directly involving the methyl group have been observed for Ru(TTP)}NO)Me,
which inserts SO, to form Ru(TTP)NO){0S(O)Me}"™ and Ru(OEP)Me which
undergoes H- atom abstraction reactions with the radical trap TEMPO in benzene
solution to yield Ru(OEPYCO)}TEMPO). Isotope labeling studies indicate that
the carbonyl carbon atom is derived from the methyl carbon atom.'® Reaction of
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CH,CH, CH,CHj

K,
= AU« OHOHs
CH,CHj ‘
_ _ H CHj
CHCH, i
+ CHyCH; ——= _Ru_> + -CH.CHs
K,
CH,CHy : | CHaCHg]
Ru + .CH,CHg

CH,CH;3 \‘ I CHCH;] CH,CHg

+ CHCHy —— + H,C=CH,

| H,C=CH, |
OCH,CH,
K N
CHyCHy + TEMPO —*—> >(J<
SCHEME 1.

the diorganoruthenium complexes Ru(Por)R, with HBr leads to cleavage of the
Ru—C bond and formation of Ru(Por)Brz.]47 The five-coordinate Ru(Ill) com-
plexes Ru(Por)R will coordinate a sixth, neutral ligand to form Ru(Por)}R)L,
where L = pyridine. PPh;, ete.””!

The diethyl ruthenium porphyrin compound Ru(OEP)Et., upon standing in ben-
zene at room temperature for a few hours, converts to a 1:2 mixture of the ethylidene
complex Ru(OEP)=CHMe and the Ru(III) ethyl complex Ru(OEP)Et, along with
ethane and ethene. Kinetic studies using TEMPO as a radical trap are consistent
with Ru—C bond homolysis in Ru(OEP)Et; as the first step in the mechanism shown
in Scheme | 1. The Ru—C bond dissociation energy (AH" was determined to be
23.7 £ 0.5 kcal mol™ ', which represents the upper limit for the Ru—C bond energy
in this complcx.145 Kinetic studies on the thermal decomposition of Ru(Por)Ph»
to Ru(Por)Ph and biphenyl allowed determination of upper limits for the Ru—C
bond energies in these complexes to be 31.6 £+ 0.5 kcal mol™' for the OEP com-
plex and 34.2 £ 0.6 kcal mol ™' for the TPP complex. Comparing all these values,
the phenyl Ru—C bond is ca. 8 keal mol™' stronger than the ethyl Ru—C bond.
and the phenyl Ru—C bond is stronger by 2.6 kcal mol™" in the TPP relative to
the OEP complex, consistent with a stronger Ru—C bond in the complex con-
taining the less basic porphyrin ligand."**"! The stronger Ru-aryl bond strength
is reflected chemically in the decomposition of Ru(OEP)(Ph)(Me) which slowly
forms the five-coordinate pheny! complex Ru(OEP)Ph on standing in the solid
state, '

The redox chemistry of the ruthenium aryl and alkyl porphyrin complexes has
been very thoroughly investigated, including both electrochemical and chemical
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oxidation and reduction. This has led not only to the syntheses of new com-
plexes. as summarized above, but also to a very thorough understanding of the
redox processes themselves. The redox chemistry of Ru(OEP)Ph,, Ru(OEP)Ph,
and [Ru(OEP-N-Ph)Ph| ", as elucidated by electrochemistry in THF, is summa-
rized in Scheme 12."%'** The scheme is arranged so that complexes at the same
formal oxidation level appear on the same horizontal line. (The one-electron re-
duced complex [Ru(OEP)Ph,| ", although formally at the Ru(IIl) oxidation level,
has spectroscopic features consistent with a Ru(IV) porphyrin radical anion.) The
formulation of most of the species in the scheme has been corroborated by obser-
vation of their "H NMR spectra, and some of the electrochemical transformations
have been repeated using chemical oxidants or reductants (shown by heavy arrows
in the scheme). Of particular interest is the fact that one-electron oxidation of
Ru(OEP)Pha results in rapid migration of one phenyl group to a pyrrolic nitrogen to
give the well-charcaterized (X-ray crystal structure) complex [Ru(OEP-N-Ph)Ph|*

f not abserved, lifetime very short

SCHEME 12,
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(Fig. 5). 157 One-electron reduction of this complex results in the reverse migration
and reforms Ru(OEP)Ph,. In each case, the initial one-electron oxidized or reduced
species has a very short lifetime and is not observed directly. This chemistry
contrasts with the one-electron oxidation of Ru(OEP)Ph, which does not result
in phenyl migration, and gives the Ru(IV) product [Ru(OEP)Ph]". Scheme 12
also applies for the redox chemistry of the dimethyl complex Ru(OEP)Me,. "™
The only significant difference is that [Ru(OEP)Me] " is believed to form by loss
ot -CHj from [Ru(OEP)Me-,] ", in contrast to |[Ru(OEP)Ph}~ which is produced
by loss of Ph™ from [Ru(OEP)Ph,]*". The properties of the highly oxidized and
reduced transient species [Ru(OEP)Ar|" and [Ru(OEP)Ar| ™, respectively, were
investigated by studying the electrochemistry of a series of complexes where Ar =
p-CeHuX. and X = H, Me, OMe, Cl or E.'*

C. Complexes with = -Bonded Ligands

. Alkene and Alkyne Complexes

The Ru(IV) dialkyl complexes Ru(Por)R, (R = Me, Et) were first prepared by
the reaction of the dianion K;[Ru(Por)| with the corresponding alkyl halide in
THE.'™* When 1,2-dibromoethane was used, the resulting product can be for-
mulated either as the Ru(IV) metallacyclopropane, or as the Ru(Il) ethene com-
plex, Ru(Por)(H.C=CH,), and indeed the reaction of the dimer [Ru(Por}], with
cthene gas gave the identical product (Scheme 13). Reaction of [OS(TTP)]2
with 1.2-dibromoethane gave the osmium analogue, Os(TTP)YH,C=CH,). The
ethene protons appear as a singlet at —4.06 ppm in the 'H NMR spectrum of
Ru(TTP)(H,C=CH,), an upfield shift of 9 ppm relative to free ethene."**'* The
dinitrogen ligands in Ru(TMP)(N3)» can be displaced by alkene or alkyne ligands in
C¢Dy. Ethene coordinated to Ru(TMP) has been observed by NMR (§ —3.27 ppm).

NZCR/’ ‘%ORZ
Ry > o
i S, |2
CH :cR ACH CH,B
2 2 CH,==CH, rCHLRLBr

SCHEME 3.
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and a broad peak appears for the alkene protons of cyclohexene in Ru(TMP)-
(C(,Hm).”" Phenylacetylene and diphenylacetylene formed 1:1 7-complexes with
Ru(TMP), again with clear "H NMR evidence for upfield shifted resonances for the
phenyl groups in both complexes, and the alkyne hydrogen in PhC=CH appears at
—7.40 ppm in Ru(TMP)(PhC=CH). The alkene complexes can be six-coordinate.,
with one equivalent of THF observed for Ru(TTPYCH>=CH-)(THF) in C,D,
solution:'** and the isopropanol adduct Ru(TMPYCH»=CH-)(i-PrOH) has also
been reported.'”!

In contrast, the reaction of Ru(TMP)N»)> with ethyne in CDq, requires am-
bient light in order to proceed, and gave a downfield shifted peak at 10.44 ppm
for the C;H, group in the 'H NMR spectrum (3"°C =264 ppm) of the product.
indicating a carbenoid rather than a m-alkene coordination mode. In addition,
the CoH, resonance integrated for | proton per Ru(TMP) unit, representing 2:1 stoi-
chiometry. confirmed by a molecular weight determination. The product,
which could be isolated, was deduced to be the bridging bis(carbene), (TMP)-
Ru=CH—CH=Ru(TMP), and contrasts with the reaction of the rhodium dimer
[Rh(OEP)], with ethyne which gave the bridging alkenyl product (OEP)-
Rh—CH=CH—Rh(OEP). with the CH protons at —9.92 ppm. Ethyne can be dis-
placed from the ruthenium complex by CO or phosphites (L), giving the free alkyne
and Ru(TMP)L,.'®!

The most recent report of -coordination to a ruthenium porphyrin fragment
detatls the reaction of [Ru(OEP)|> with Cg in benzene/THF (100:1) solution. The
UV-visible spectrum of the complex showed a new band at 780 nm, not observed
in the spectrum of either [Ru(OEP)|> or Cep. and 'H and "'C NMR data also
indicated the presence of a new complex. This has been formulated on the basis
of the spectroscopic data as the fullerene complex Ru(()EP)(z)z—(‘,(,“).”‘2

2. Carbene Conplexes

Ruthenium porphyrin carbene complexes were reported at the same time as the
first alkyl and alkene complexes, and can be prepared by the two complementary
routes either using the dianion [Ru(Por)]* with a geminal alkyl dihalide or by
reaction of the dimer [Ru(Por)]» with a diazoalkane (Scheme 13)."**"* The for-
mer route was used to prepare Ru(TTP)=CHSiMe; and the vinylidene complex
Ru(TTP)=C=C(p-C,H4CI)>, using CI.CHSiMe; and Cl.C=C(p-CH,CD). respec-
tively, and the latter method for Ru(Por)=CHCO-EL, using N-CHCO»EL (ethyl-
diazoacetate) (Por =OEP, TTP, "I‘I\/IP).]"Q‘H’”{’3 The use of diazoalkane reagents
to form ruthenium porphyrin carbene complexes has very recently been demon-
strated to be effective using the carbonyl complex Ru(TPP)(CO)EtOH) as the
ruthenium precursor, avoiding the laborious conversion of the carbonyl complex
to the ruthenium dimer. The preparation of Ru(TPP)(=CRR') by this method was
demonstrated using NoCHCO-Et, N,C(CO5EL), and N,C(Me)CO,Et. '™
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The vinylidene complex Ru(TTP)=C=C(p-CH4Cl)- has been prepared by an
alternative route, using Ru3(CO);> to insert ruthenium into a free-base porphyrin
already containing the vinylidene fragment bridging between two adjacent pyrrole
nitrogen atoms. Two further novel compounds which contain a disrupted porphyrin
ring are also produced in this reaction. The first compound still essentially contains
the vinylidene moiety bridged between two adjacent nitrogen atoms. However,
a pyrrole N—C bond of one of the vinylidene-linked pyrrole groups has been
ruptured by oxidative addition to ruthenium, forming Ru—N and Ru—C bonds. The
ruthenium coordination sphere is completed by the other two pyrrole nitrogens
and two CO ligands. The second compound is closely related. but contains a
saturated N.N'-CHCHAr; bridging group. The chemistry is reversible, and heating
the disrupted ruthenium porphyrin vinylidene complex at 130"C in chlorobenze
repaired the porphyrin and reformed the axially symmetric vinylidene complex
Ru(TTP)=C=C(p-CcH,C1),.""

Neither the reaction of [Ru(Por)f with CH,Cl, in THF nor that of [Ru(Por)]|>
with diazomethane in THF yielded the anticipated methylidene complex
Ru(Por)=CH.. Instead, each reaction resulted in equimolar mixtures of the ethy-
lene complex Ru(Por)(CH-=CH>) and the bis(THF) complex Ru(Por)(THF),,
possibly through bimolecular coupling of putative ruthenium methylidene
1“1"‘1gments.m']43 An ethylidene complex, Ru(TTP)=CHMe, can be synthesized
from lRu(TTP)]} with Cl,CHMe, or from [Ru(TTP)], with NoCHMe, and
observed by 'H NMR with the distinctive carbenoid proton resonating at
13.03 ppm.m"43 However, this complex undergoes further reaction in solution,
eventually rearranging to form the isomeric ethene complex, Ru(TTP)(CH,=CH,).
The ethylidene and ethene complexes are also observed as the decomposition prod-
ucts formed from the diethyl complex Ru(TTP)Et,. As illustrated in Scheme |1
these three species are linked by hydrogen abstraction processes initiated by Ru—C
bond homolysis in the diethyl complex.I45

Osmium porphyrin carbene complexes have been prepared by reaction of
[Os(TTP)], with diazoalkanes, forming Os(TTP)=C(p-CcHyMe),, Os(TTP)-
(=CHSiMe»), and Os(TTP)=CHCO-Et. " I an important extension of this work,
osmium silylene complexes were prepared either from the reaction of [Os(TTP)],
with hexamethylsiiacyclopropane (eliminating Me>C=CMe, and forming
Os(TTP)=SiMe,»-THF) or, more conveniently, from [Os(TTP)]zf with Cl,SiR,.
This latter method was effective for R = Me, Et or i-Pr, but not for +-Bu or Ph, and
in each case gave the silylene-THF adduct Os(TTP)(=SiR,-THF).'®’

The porphyrin ligands in the diamagnetic ruthenium and osmium carbene com-
plexes generally exhibit four-fold symmetry by NMR, indicating that the barrier to
rotation about the M=C bond is low. The carbenoid protons appear shifted down-
field in the "H NMR spectra, for example appearing for Ru(TTP)=CHCO;Et and
Ru(TTP)=CHSiMe; at 13.43 and 19.44 ppm, respectively, and for the osmium
analogues at 21.60 and 28.95 ppm. respectively.'**#+1901%8 pownfield shifts for
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the carbenoid proton in non-porphyrin complexes is common, and it is surprising
that despite the ring current effect of the porphyrin the carbenoid protons are still
significantly deshielded.

Several examples of carbene complexes have been structurally characterized
(Fig. 5). and selected data for Ru(TPP)(=C(CO>Et),)(MeOH). Os(TTP)-
(=C(p-CsHaMe )2 (THF), Oy TTPY=CHSiMe;THF), Os(TTP)(=SiEt>-THF)-
(THF) and a p-carbido phthalocyanine complex, [Ru(Pc)(py)]>C. are given in
Table 1V.'*+10197358 The rythenium carbene complex has a Ru=C bond signifi-
cantly shorter than those observed in the alkyl and aryl ruthenium porphyrin com-
plexes. Ru(TPP)(=C(CO,E)»)(MeOH) and Os(TTP)(=C(p-C¢HsMe)-)(THF)
show, as expected, planar geometry at the carbene carbon atom. and the bulky
SiMe; group in Os(TTP)(=CHSiMe;}(THF) results in an enlarged Os—C—Si
angle of 142(2)". The osmium silylene complex is an example of a base-stabilized
silylene, and shows a very short Os—Si bond and a long Si—O(THF) bond. The
sum of the angles about silicon (involving osmium and the two ethyl groups) is
348 . indicating the silylene fragment is not planar but is significantly flattened
relative to idealized sp} geometry (Fig. 5)."

The ruthenium and osmium carbene complexes are air sensitive, with the os-
mium silylene complex extremely so. The THF coordinated to silicon in the sily-
lene complex can be displaced using pyridine, giving, for example, Os(TTP)=
SiMcz~py.'67 The silylene ligand itself is displaced by a carbene fragment when
the silylene complex is treated with N>xCHCO,Et."® The structuraily characterized
carbene complexes are six-coordinate, and exchange of the neutral THF ligand in
the ruthenium and osmium carbenes by. for example, PPh; or pyridine has been
reported. The THF ligand can be removed in vacuo and the five-coordinate com-
plexes observed in solution by NMR. 04168 Os(TTPY=C{p-CcHsMe) ) THF) was
unreactive toward a variety of regents (Mel, acetone, ethanol, silacyclopropane)
but did react with pyridine N-oxide 1o give the diaryl ketone and Os(TTP)(=0),."*®

The osmium carbene complex Os(TTP)=CHCO:Et reacted with 4-picoline
(4-pic) and other substituted pyridines to give ylide complexes, for example
Os(TTPYCHCO;Et- 4-pic)(4-pic) which contains two picoline groups, one bonded
to the carbene carbon and the other directly to the osmium. There is a dramatic
shift in the chemical shift of the Os—CH proton, from 21.6 ppm in the carbene to
—3.09 ppmin the ylide. Os(TTP)=CHSiMe;)(4-pic) exists in equilibrium with the
ylide Os(TTP)(CHSiMej;-4-pic)(4-pic) in C¢Dg containing 4-picoline again with a
large chemical shift difference for the Os—CH proton (28.95 vs —4.82 ppm). The
zwitterionic formulation for the ylide complex involves a formal positive charge
on the 4-picoline nitrogen and a formal negative charge on the osmium center.'®

The most significant and widely studied reactivity of the ruthenium and osmium
porphyrin carbene complexes is their role in catalyzing both the decomposition of
diazoesters to produce alkenes and the cyclopropanation of alkenes by diazoesters.
Ethyl diazoacetate is used to prepare the carbene complex Os(TTP)(=CHCO;Et)
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from [Os(TTP)],, and it was noted that if excess N.CO-Et was used, the cis and
trans alkenes EtO-CCH=CHCO,Et (maleate and fumarate esters, respectively)
were produced in a 2:16 ratio.'® This reaction is catalyzed by the osmium por-
phyrin dimer, the carbene complexes, and even the carbonyl and bis(pyridine)
complexes Os(Por)(CO)(py) and Os(Por)(py),, and was also reported for the ruthe-
nium porphyrin dimers (OEP and TTP) and the monomeric complex Ru(TMP).'%
All give cis:trans ratios ranging from 15:1 to 26:1. The coupling reactions were
very fast (complete in seconds) for N;CHCO;Et, but slower for NoC(p-CoH Me)a
and were not observed for NoCHSiMe;. When the preformed carbene complexes
Os(TTP)=CHSiMe; or Os(TTP)=CAr (Ar=p-CcH;Me) were used as the cat-
alysts with excess NoCHCO-Et, only the ethyldiazoacetate coupling products
(maleate and fumarate) were observed, with no cross-coupling reactions, and the
final osmium-containing products were the original carbene complexes. An os-
mium bis(carbene) complex has been proposed as a possible intermediate in these
reactions, and one example, Os(TTPY=CAr), (Ar=p-C,Hs;Me), has been ob-
served by NMR, with the carbene carbon observed at 305.5 ppm in the C NMR
spectrum.'®®

The osmium carbene complex Os(TTP)=CHCO-Et is capable of both stoichio-
metrically and catalytically cyclopropanating styrene using ethyl diazoacetate.
This is important because carbene intermediates are proposed but have not been
directly observed for the many transition metal complexes which catalyze this
rcaction, while carbene complexes which achieve the stoichiometric reaction do
not show catalytic activity. In the stoichiometric reaction, Os(TTP)=CHCO-Et
with excess styrene gave the cyclopropane product in 73% yield with an anti:svn
ratio of 11.5:1. Sample conditions for the catalytic process are |Os(TTP)],
(1.7 pmol), NoCHCOEt (950 pmol) and styrene (960 pumol), giving an over-
all yield of cyclopropane with an anti:svn ratio of ca. 10:1."7" The osmium car-
bonyl porphyrin complex also acted as a catalyst for the reaction. The similarity
of the product ratios for the stoichiometric and catalyzed reactions were inter-
preted as evidence that the catalytic cycle involves a carbene complex. NMR
evidence for the coordination of the styrene substrate to osmium was also re-
ported. Other alkenes («- or S-methylstyrene, I-decene) were cyclopropanated,
although with lower yields and stereoselectivities. Diphenylacetylene was doubly
cyclopropanated (very rare) to give the bicyclobutane product.'”” The osmium
ylide complex Os(TTPYCHCO,Et-4-pic)4-pic) is also active for the stoichio-
metric cycloproapanation of styrene, with a high anti-syn ratio of 23:1, and is
a potential model for metal diazoalkyl complexes proposed as intermediates in
cycloproapanation reactions.'®

Ruthenium porphyrin complexes are also active in cyclopropanation reactions,
with both stoichiometric and catalytic carbene transfer reactions observed for
Ru(TPP)(=C(CO-Et),) with styrene. 164 Ru(Por)(CO) or Ru(TMP)(=0), catalyzed
the cyclopropanation of styrene with ethyldiazoacetate, with anti:syn ratios of 13:1
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for TPP but ca. 7:1 for the more crowded TMP ligand. Like the osmium system,
aryl alkenes and terminal alkenes are more reactive than alkyl or internal alkenes.
Diazoalkane coupling reactions which give maleate and fumarate are observed in
place of cyclopropanation when a less reactive alkene is used as the substrate.'”!
Moderate enantiomeric excesses are observed when a chiral ruthenium porphyrin
is used as the catalyst.m’]74 A ruthenium carbene complex is presumed to be
an intermediate, and when Ru(TMP)CO) is used as the catalyst the carbene CH
proton can be observed by "H NMR spectroscopy at 13.23 ppm.m Carbene inter-
mediates have also been proposed in the ruthenium porphyrin-catalyzed insertion
of the CHCO,Et fragment into the N—H and S—H bonds of amines and thiols. 1

D. Hydride and Dihydrogen Complexes

A ruthenium porphyrin hydride complex was first prepared by protonation
of the dianion, [Ru(TTP)]zf in THF using benzoic acid or water as the pro-
ton source. The diamagnetic complex, formulated as the anionic Ru(IT) hydride
[Ru(TTP)YH)THF)] ", showed by 'H NMR spectroscopy that the two faces of the
porphyrin were not equivalent, and the hydride resonance appeared dramatically
shifted uptield to —57.04 ppm. The hydride ligand in the osmium analogue res-
onates at —66.06 ppm.m Reaction of [Ru(TTP)YH)(THF)]™ with excess benzoic
acid led to loss of the hydride ligand and formation of Ru(TTP)(THF)..

More details were elucidated by a study of the osmium OEP analogue. The
anionic hydride [Os(OEP)H)XTHF)| (5 —65.6) was protonated by benzoic acid
to give a new complex containing two hydrogen atoms observed at (§ —30.00 in the
'HNMR spectrum. The deuterium substituted complex showed '.IHD =12 Hz and
T, =110 £ 8msat 20 C, consistent with an )]2-H2 complex, Os(OEP)(H)(THF).
The dihydrogen ligand can be deprotonated using lithium diisopropylamide. The
corresponding dihydrogen complex was more difficult to observe for ruthenium,
although preparation of [Ru(OEP)H)(THF)]™ from Ru(OEP)THF), with H,
and KOH was evidence for hydride formation through heterolytic activation of
an intermediate dihydrogen complex.'™""7 A ruthenium porphyrin dihydrogen
complex with a 2:1 Ru:H> ratio was observed using the cofacial diporphyrin
Ru»(DPB), which coordinates the H; ligand in the pocket between the two ruthe-
nium centers.' ™ Osmium binds H, more tightly than ruthenium, and as a result the
osmium 7°-H> complexes are more stable and more hydridic than their ruthenium
counterparts. Variation of the o -donor ligand in the sixth-coordination site showed
that stronger o-donors (imidazole derivatives) destabilize the H, complexes rela-
tive to weaker o-donors such as THF. The osmium H, complex is more difficult
to deprotonate than its ruthenium counterpart, requiring a stronger base to effect
this (lithium diisopropylamide vs OH™). Considerable attention was paid to the
ability of this system to achieve H/D exchange between H» and DO as this is
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an important criterion for hydrogenase actvity.m Hydrogen can be released from
the anionic hydride |Ru(Por)(H)(THF)]™ either by protonation or by oxidation.
The protonation reaction to release H» is not bimolecular, and the behavior of
[Ru(Por)(H)]™ contrasts with the isolectronic rhodium porphyrin hydride com-
plex, Rh(Por)H, which readily undergoes bimolecular H> elimination, and in fact
exists in equilibrium with H» and the dimer [Rh(Por)h.]m

The sterically hindered ruthenium porphyrin complex Ru(TMP) and a hin-
dered cofacial bisporphyrin complex Ru(DPAHM) (two trimesitylporphyrin lig-
ands linked through the fourth meso position on each porphyrin by an anthracene
bridge) are extremely reactive complexes containing i4-electron Ru(ll) centers.
They are sufficiently electron deficient that they appear to bind aromatic sol-
vents such as benzene or toluene, and catalyze Ho/D- exchange in benzene solu-
tion or as solids. In addition, the complexes slowly catalyze exchange of H» into
deuterated aromatic solvents, and in the absence of solvent, exchange of D» into
CH,.'™!

Vi
COBALT

A. Overview

There are two predominant structural types for organometallic cobalt porphyrins.
The first comprises 5- or 6-coordinate complexes (Por)Co(R) or (Por)Co(RXL),
where R is a o-bonded alkyl. aryl, or other organic fragment, and L is a neutral
donor. Most of the important synthetic developments and spectroscopic studies
on cobalt o-alkyl and -arylporphyrins were established prior to the last decade,
and have been reviewed.™”® A source of considerable interest in o-alkyl cobalt
porphyrin species has been their close relationship with coenzyme Bj,. Cobalt-
adenosy! bond homolysis initiates the important hydrogen-abstraction functions
of By,, and as a result Co—C bond energies in cobalt porphyrin complexes are
interesting for comparison. This has been a focus of continuing interest, and has
been directly addressed in a paper by Halpern, intriguingly entitled “Why does
naturc not usc the porphyrin ligand in Vitamin B,7"'™ An exciting recent devel-
opment for o -alkyl cobalt porphyrins has been their use as catalysts for the free
radical living polymerization of alkenes.

The second structural type found for organometallic cobalt porphyrins contains
an organic fragment bridged between the cobalt and one pyrrolic nitrogen. Cobalt
complexes of N-alkyl- or N-arylporphyrins are well established (but will not be
specifically addressed here). The bridged complexes are derivatives of these where
the N-alkyl group also forms a o-bond to cobalt. They are also related to the axially
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symmetric carbene complexes observed for iron, ruthenium, and osmium in the
sense that a carbene tragment, CR», can interact with a metalloporphyrin fragment
M(Por) either by forming a double (o + ) bond to the metal or by forming two
o -bonds, one to the metal and one to a pyrrole nitrogen. As discussed in the section
on iron porphyrins, the two can be interconverted, where one-electron oxidation
of an iron vinylidene complex induces formation of the Fe,N-bridged species. In
cobalt (and nickel) porphyrin chemistry, only the bridging form of carbene is ob-
served, although migration of a o -bonded ligand from Co to N is also triggered by
one-electron oxidation. Cobalt porphyrin complexes containing a Co, N-bridged
carbene ligand were first reported over 25 years ago, and early developments are
covered in previous review articles, including an interesting theoretical analysis
that rationalizes the occurrence of the axially symmetric iron(1l) porphyrin car-
benes vs the Co,N-bridged cobalt(I1) porphyrin carbenes, despite the fact that both
types of complexes contain d°. first-row transition metals.”® The last decade has
seen continuing developments in the chemistry of Co,N-bridged organometallic
porphyrin species.

The chemistry of organorhodium and -iridium porphyrin derivatives will be ad-
dressed in a separate section. Much of the exciting chemistry of rhodium (and
iridium) porphyrins centers around the reactivity of the M(I) dimers, [M(Por)]>.
and the M(II1) hydrides, M(Por)H. Neither ol these species has a counterpart in
cobalt porphyrin chemistry, where the Co(11) porphyrin complex Co(Por) exists as
a monomer, and the hydride Co(Por)H has been implicated but never directly ob-
served. This is still the case, although recent developments are providing firmer evi-
dence for the existence of Co(Por)H as a likely intermediate in a varicty of reactions.

B. Cobalt o-Bonded Alkyl and Ary! Complexes

1. Svathesis and Reuactivity

Cobalt o-alkyl or o-aryl porphyrin complexes are generally prepared either by
reaction of the Co(I1l) halides Co(Por)X with organolithium or Grignard reagents,
or from the Co(I) anions [Co(Por)]~ with alkyl or aryl halides. o -Aryl complexes
are best prepared by the former method, utilizing a Co(IlI) precursor,sj‘H A prac-
tical drawback to the use of organolithium and Grignard reagents is their air and
moisture sensitivity. Alkylation of Co(TPP)Cl to produce Co(TPP)R using SnR;
(R = Me, Et, i-Pr, n-Bu) or one of a selection of organocobalt complexes containing
bis(dimethylglyoximato) or bipyridyl ligands avoids this problem. '3 Several other
new methods for preparing o-bonded complexes involve intermediate Co(Por)H
species and will be discussed in that section.

An attempt to lithiate the Co-bonded aryl ring in Co(TPP)(p-CsH,Br) by reac-
tion with n-BuLi led instead to exchange of the aryl group for the butyl group,
giving Co(TPP)Bu as the product.m This reaction is more general, and a range
of Co(TPP)R complexes containing aryl, atkyl, styryl, and alkynyl groups, when
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treated with organolithium compounds at —78 C, led either to rapid substitution
of R or to an equilibrium mixture of products. Similar, but slower, exchange 1s
observed with Grignard reagents. The process is postulated to proceed by attack
of the carbanion R'™ on the substrate to give an intermediate “ate” complex of
low stability, [Co(TPP)RR']", which then loses whichever of R or R" is the better
leaving group. The relative leaving group ability of R and R’ determines whether
complete exchange or an equilibrium mixture is observed. Evidence for the “ate™
complex comes from 'H NMR observation of [Co(TPP)(C=CPh),}|~ produced
when R and R’ are both alkynyl. The much reduced trans effect of alkynyl groups
(relative to simple aryl or alkyl groups) accounts for the reduced lability of this
complex. which is stable in solution at 20-C."**

Very recently, a series of trihalomethyl cobalt porphyrin complexes Co(OEP)CX 5
was prepared either by the reaction of Co(OEP) with CBrCl;, CBry or Cly, or by
the reaction of [Co(OEP)]™ with CCl, or CBry. The dihalomethyl complexes,
formed in small amounts in these reactions, were prepared in larger amounts from
[Co(OEP)|~ with CHX5."™ In a similar fashion, R;3SnH reacted with Co(OEP)CH;
or Co(OEP) to give Co(OEP)SnR; and CH, or H», respectively. Stannyl complexes
were also prepared from R;SnCl with [Co(OEP)]™ (R = n-Bu, Ph). An X-ray crys-
tal structure of Co(OEP)SnPh; confirmed its five-coordinate nature and exhibited
aCo—Sn bond length of 2.510(2) A (Fig. 6). This complex is very thermally stable
and moderately air stable, and reacts with I» to give Co(OEP)I and ISnPhs."™ An

B <Y % =

FiG. 6. Molecular structures  of selected  organometallic  cobalt  porphyrin - complexes:
(a) Co(OEP)CH3," (b) Co(OEPYCH:)(py).""" (c) Co(TPP)CHLCHO,"® (d) Co(OEP)SnPhs. ' *°
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attempt to prepare a cobalt porphyrin silyl complex by the reaction of {Co(TPP)}~
with Me:SiClin HMPA solvent led instead to the unexpected formation of a cobalt
phosphoryl complex, Co(TPP)P(O)(NMe,),. "™

Two recent examples of Co,N-bridged carbene complexes have been prepared
from the reactions of [ Co(OEP)(OH,)|CIO; with the diazoalkanes N>-CHSiMes and
NLC(CO:Me), (Eq. (5)). Different reactivity is scen for the Co(111) halide complex
Co(Por)Br (Por = OEP or TPP). which reacts, for example, with N-C(CO»Me)» to
give a dexl‘i}v(all:;/e containing a Co—O—C(OMe)=C(CO,;Me)—N bridged complex
(Eg. (6)). ™

0 O
H2Q ’ o0 MeO oM
e
v MeO)j\H/MOMe—» ° ()
Co
N,

H,O
OMe O
(@] (0]
Br O/S/U\OME (())
N,

2. Srructural and Spectroscopic Features

Only a small number of structurally characterized organometallic cobalt por-
phyrin complexes have been reported, and selected data for these are collected
in Table V."™" In 4 recent study. structural features of the Co—C bond have
been probed by a comparison of the molecular structures of Co(OEP)CHa:,
Co(OEP)(CHa)(py), and Co(OEP)(py). The Co—C bond lengths are 1.973(6) and
2.018(12) A, respectively, and both the Co—C and Co—N(py) bonds are longer in
the six-coordinate complex. This has been attributed to the trans influence, with
the Co-N(py) distance in this complex (2.214(9) A) longer than that in other com-
plexes of the type Co(Por)(X)(py), and in fact is one of the longest Co—N distances
rccorded. The five- and six-coordinate methyl complexes have been discussed as
base-off and base-on models of coenzyme B|3.W” Representative structures of
cobalt alkyl complexes arc shown in Fig. 6.

In diamagnetic porphyrin complexes the 'H and ''C NMR chemical shifts for
axial ligands are usually observed upficld of their normal diamagnetic position due
to the porphyrin ring current effect. The extent of the upfield shift usually reflects
the distance of the nucleus in question from the macrocycle, so for n-alkyl axial
ligands, the largest upfield shift is observed in the order (¢ > 8 > y, with the
a-protons exhibiting the largest upfield shift. This is observed for simple n-alkyl
complexes of Rh(Ill) porphyrins, for example, but cobalt n-alkyl porphyrins are
anomalous with the «-proton resonance broadened and appearing downfield of the
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TABLE V
SELECTED DATA FOR STRUCTURALLY CHARACTERIZED COBALT COMPLEXES

M—C Bond  M-—N(av) Bond

Length/A Length/A M—N, Plane/A Other Rel.
a-Bonded complexes
Co(TPP)CH,CHO 1.976(7) 1.969(9) 0.14 188
Co(OEP)CH;" 1.976(6) 1.966(4) 0.094(3) 196

1.970(6) 0.105(3)
Co(OEPYCH-CH3 1.988(2) 1.970(8) 0.102 Co—C—=C. 114.25¢14) 192
Co(OEPYCH:)py) 2.018(12) 1.983(19) 0.008 190
(toward py)

Co(TPPYCH-C(O)CH3 2.028(3) 1.948(4) 0.11 189
Co(OEC)Ph 1.937(3) 1.856(3) 0.185 201
|CotOEC)Ph]CIO, 1.970(7) 1.849(5) 0.165 201
Ni(TPPY{ je-(Ni.N}—CHCO-Et}  1.905(4) 1.916(3) 0.19 Ni- N, 2.610(3) A 288
Stannyl complex
Co(OEP)SnPh; Co—Sn. 1.966(5) 0.077 185

2.510¢2)

“Two independent molecules.

Three Fe—N bonds only. Pyrrole nitrogen involved in carbene bridge is not bonded o iron.

B-protons. Various reasons have been proposed for this phenomenon, including a
suggestion that an agostic interaction between cobalt and the S-hydrogens brings
them into closer proximity to the porphyrin. and hence upfield of the «-protons. o1
A more detailed analysis finds that this is not the case.'”” based in part on an
X-ray structure of Co(OEP)CH,CHj which exhibits a Co—C bond of 1.988(2) (very
similar to that observed for Co(OEP)CH; l9“) and a Co—C—C angle of 114.25(14)",
inconsistent with a Co-p-H agostic interaction.'”> The broadening of the «-proton
resonance in the '"H NMR spectrum and reversal of its position relative to the
B-protons is attributed to coupling to the quadrupolar *’Co nucleus (/ = 7/2), and
a paramagnetic contact shift arising from a low-lying triplet state. In Co(OEP)CH;
the methyl resonance exhibits anti-Curie behavior, consistent with a contact shift
mechanism. Coordination of pyridine to Co(Por)(r-alkyl) complexes causes the
a-protons to shift upfield and the 8-protons to shift downfield. The pyridine ligand
increases the energy difference between the ground state and the low-lying triplet
state and decreases the size of the contact shifts.'”

3. Cobalt-Carbon Bond Energies

Investigations of the cobalt-carbon bond energies in organometallic cobalt por-
phyrins continue to attract interest, originally because of their similarity to coen-
zyme B>, and more recently because of their role in the catalysis of free radical
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living polymerization of alkenes. Bond energies have been measured from both
kinetic and thermodynamic (equilibrium) studies. In the kinetic method, rates of
Co—C bond homolysis are measured using TEMPO as a radical trap. The kinetic
data can be used to calculate the Co—C bond energy after alowing for the diffusion-
controlled Co—C recombination reaction (Eqs. (7) and (8) and the rate expression
in Eq. ON."* One particular study used this method to investigate the effect
on the Co—C bond energy in Co(OEP)(CH,Ph)(PR3) by varying the pK, and size

k
Co''(Por)R (k—>_l Co''(Por) + R (7)
I
k>
R. + TEMPO — R-TEMPO (8)
k k-|TEMPO
kuh.\ - : _[ } (9)

k_;{Co(Por)R] + k,[TEMPO]

(cone angle) of the phosphine ligand, PR;."* The reason for this is that the vitamin
B> coenzyme contains a cobalt corrin complex, in which the puckered corrin ring,
although closely related to a porphyrin, can adopt variable conformations. These
changes in conformation affect the Co—C bond energy for the Co-5"-adenosyl
group, and can trigger Co—C bond homolysis. Variation of the steric and electronic
properties of the phosphine ligand in the cobalt porphyrin study modeled this
process. The Co—C bond energies (in the range 24-30 kcal mol ') were found
to be dependent on the phosphine pK, values but independent of the sizc of the
phosphine ligands. It was proposed that the porphyrin ligand is not sufficiently
flexible, relative to a corrin, to transmit the steric effect of the bulky axial ligand
to the Co—C bond. In other words, the porphyrin acts as a rigid barrier shielding
the Co—CH»Ph group from steric perturbations, and this has been postulated as a
reason nature does not use the porphyrin ring in vitamin B»."" The importance
of steric effects in vitamin By, was further supported by a vibrational study on a
series of complexes Co(Por)R, where Por = OEP. TPP or TMP, and R = CH; or
CDs. FT Raman data for v, showed an isotopic shift for cach pair of CH3/CD;
complexes of ca. 30 em™ . For Co(OEP)CH: and Co(TPP)CHa, vy was very
similar (ca. 500 cm™") but for the much more crowded Co(TMP)CHj a big shift to
lower energy. with ve,—¢ = 459 em™ ', illustrating the steric effects on the Co—C
bond."*

NMR line broadening is a suitable kinetic method for determining activation
parameters for Co—C bond homolysis, and gave AH* values in the range 18-
22.5 keal mol ™! for a selection of Co(Por)R complexes containing secondary or
tertiary alkyl groups.'g5 Bond dissociation enthalpies and entropies for several
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complexes Co(Por)R and their singly oxidized products [Co(Por)R]|" (formed by
chemical oxidation) were studied in a stopped flow kinetic study. The Co—C bonds
in the oxidized products are weaker than in the neutral complexes,'%

Equilibrium studies on Co—C bond dissociation energetics were investigated
through a study on the reactions of the cobalt(Il) radical complex Co(TAP)-
with organic radicals, -C(CH;)(R)CN, in the presence of alkenes. Fast abstraction
of H- from the organic radicals by Co(TAP)- formed an intermediate hydride
Co(TAP)H (not observed) which added rapidly to alkenes to form organocobalt
complexes. Equilibrium concentrations of the solution species present once the or-
ganic radical species had achieved steady-state concentrations allowed evaluation
of the equilibrium constants for Co—C bond homolysis. For example, AH values
for Co—C bond homolysis in (TAP)Co—C(CH;)>CN and (TAP)Co—CH(CH;)C¢H5
were determined directly by this method to be 17.8 + 0.5 and 19.6 £ 0.6 kcal
mol ", respectively. The value for (TAP)Co—CsHy was measured indirectly by
competition studies and found to be 30.9 kcal mol ™'’

In terms of relative Co—C bond energies, those in the trihalomethyl complexes
Co(OEP)CX; are observed to be qualitatively weaker than in Co-alkyl porphyrin
complexes. The high thermal stability of the cobalt porphyrin stannyl complexes
was interpreted as an indication that, surprisingly, the Co—Sn bond is stronger than
the Co—C bond in Co(Por)(alkyl) complexes.Ixs

4. Redox Chemistry and Electrochemistry

Organocobalt porphyrin complexes have been investigated by electrochem-
istry, and earlier studies are summarized in review articles.”® Briefly, oxidation
of Co(Por)R led to migration of R from cobalt to a porphyrin nitrogen atom,
giving a Co(IT) complex of an N-alkyl porphyrin, [Co(Por-N-R)]*."" Reduction
led to [Co(Por)] ™ or [Co(Por)R] ", with the exact nature of the product dependent
on the solvent, the scan rate, and the nature of R. In more recent developments,
the initial site of electron transfer was elucidated in an electrochemical study on
Co(TPP)R (R = CHj3, C:Hs or CHCI,) and Co(TPP)(C,Hs)(py). Each complex
undergoes up to two reductions and two oxidations, each of which occurs at the
porphyrin w-system rather than at the cobalt center., giving Co(IIT) porphyrin an-
tons and cations, rf:spectivcly.lgx The oxidation of Co(TPP)R and Co(TPP)R)L)
(R = CHj;, CoHs. CiHg or C¢Hs; L = MeCN or a substituted pyridine) was inves-
tigated in more detail.'”® One- or two-electron oxidation of the cobalt complexes
was achieved using [Fe(phen);]3+ as the oxidant, and the products of the initial ox-
idation were characterized by EPR and electronic spectroscopy and stopped-fiow
kinetics. The initial singly oxidized products have some d” Co(IV) character for the
six-coordinate complexes [Co(TPPYR)L)]", while the five-coordinate complexes
[Co(TPP)R]T are best described as Co(lll) porphyrin sr-cation radicals. After
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two-clectron initial oxidation, migration of the R group from cobalt to a por-
phyrin nitrogen is observed. and the kinetics of this process measured. The final
product was the Co(HI) N-substituted porphyrin complex [Co(TPP-N-R)|* "

Chemical oxidation of vinyl- or aryl-cobalt porphyrins. for example by [Ar;N-]
[SbCls) ", also induces the migration of the o-bonded group from cobalt to
nitrogen.'” The stereochemistry of the reversible metal-to-nitrogen transfer of
alkyl and aryl groups was investigated using chiral cobalt(IIl) porphyrins, indicat-
ing that both the Co-to-N and the reverse migrations take place by intramolecular
routes.” "

A transient Co(IV) species is believed to be important in the Co-to-N alkyl or
aryl migration process, although stable Co(IV) porphyrin complexes have not been
reported (and indeed few stable non-porphyrin Co(I'V) complexes are known). The
corrole macrocycle, similar to a porphyrin but with one neso-carbon replaced by a
direct bond between two «-pyrrolic carbon atoms and bearing a 3— charge in its
deprotonated form. is more effective than a porphyrin at stabilizing high oxidation
states. Recently prepared organocobalt corrole complexes show a number of un-
usual features.” The cobalt octaethylcorrole (OEC) complex Co(OEC)Ph. which
formally contains Co(IV), was prepared by the reaction of the Co(lll) complex
Co(OEC) with PhMgBr. Co(OEC)Ph was further oxidized in CH>Cl> solution
using aqueous iron perchlorate as the oxidant. giving [Co(OEC)Ph]CIO4 which
was more stable than its neutral precursor. The molecular structures of both com-
plexes were determined, and show Co—C bond lengths of 1.937(3) and 1.970(7)
A for Co(OEC)Ph and [Co(OEC)Ph]*, respectively. The cobalt atom fits more
neatly into the corrole plane in the oxidized complex, with shorter Co—N bonds.
Both complexes exist in the solid state as 7 -7 dimers with the two corrole planes
ca, 35 A apart. EPR data and magnetic measurements indicate that Co(OEC)Ph
can be described as a ¢ Co(IV) complex. with one unpaired electron in a d orbital
oriented toward the corrole nitrogens. giving the complex some Co(IIl) corrole
m-cation radical character. [Co(OEC)Ph]CIO, was formulated as a Co(lll) com-
plex in which the corrole macrocycle is doubly oxidized, and as such exhibits
unusual NMR behavior, including a paramagnetic ring current,”"

Co(TPP) has been demonstrated to act as a catalyst for the electrocarboxylation
of benzyl chloride and butyl bromide with COa. to give PhACH>C(O)OCH,Ph and
BuOC(0)C(0O)OBu, respectively. The proposed mechanism involved Co(TPP)R
and [Co(TPP-N-R)| " as intermediates (the latter detected by spectroscopy) in the
catalytic production of free R~ or R-, which then reacted directly with CO,. %2
Co(TPP) precipitated on graphite foil has been successfully used for the determi-
nation of organic halides, including DDT and 1.2,3.4,5.6-hexachlorocyclohexane
(lindane), to sub-ppm level in aqueous solution. Deoxygenation of the solutions is
not required, and the technique is moderately insensitive to the ionic composition
of the solution.””
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C. The Search for Cobalt Porphyrin Hydride Complexes

In contrast to the rhodium porphyrin hydride complexes, Rh(Por)H, which play
a central role in many of the important developments in rhodium porphyrin chem-
istry. the corresponding cobalt porphyrin hydride complexes have been implicated
as reaction intermediates in a variety of processes, but a stable, isolable example
has yet to be achieved.

Cobalt(IT) complexes of three water-soluble porphyrins are catalysts for the con-
trolled potential electrolytic reduction ot H,O to H, in aqueous acid solution. The
porphyrin complexes were either directly adsorbed on glassy carbon, or were de-
posited as films using a variety of methods. Reduction to [Co(Por)| ™ was followed
by a nucleophilic reaction with water to give the hydride intermediate. Hydrogen
production then occurs either by attack of H™ on Co(Por)H. or by a disproportion-
ation reaction requiring two Co(Por)H units. Although the overall feasibility of
this process was demonstrated, practical problems including the rate of electron
transfer still need to be overcome. ™%

Co(OEP) reacted with NaBH, and phenylacetylene or 1-hexyne in oxygenated
benzene/methanol to give the vinyl complexes Co(OEP)C(R)=CH, (R = Ph or
Bu). In a similar process using an alkene in place of the alkyne. alkylcobalt prod-
ucts were generated. For example, t-hexene, 2-pentene. and 2-heptene each gave
a secondary alkyl complex with the Co—C bond at the 2-position, and cyclopen-
tene and cyclohexene resulted in the cobalt-cyclopentyl and -cyclohexyl products.
respectively. More highly substituted alkenes did not react. The reactions were ac-
celerated by the addition of an oxidant such as r-butyl hydroperoxide. The reaction
was proposed to proceed through an intermediate hydride, Co(OEP)H, and the
regiochemistry could be explained in terms of the stability of the organic radicals
generated by addition of H- to the alkenes or alkynes. The reaction is summarized
in Scheme 14, where the role of the oxidant is to oxidize Co(Il) porphyrins formed
from competing elimination of H,.*" The transient cobalt hydride can formally
insert an unsaturated molecule (as above) or, alternatively, the hydride can react

:
§

t-BuOOH |or O, -H, T\/\/\
H

;
-

SCHEME 14,
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with an organic substrate by hydrogen elimination to form a new organocobalt
product. Several five- and six-membered ring cyclic ethers were metallated under
the same conditions (using Co(OEP), NaBH,. O, or an added oxidant) as shown
in Scheme 14 for the case where THF is the substrate.*™

With Co(OEP), NaBH4, O,. and propanal as the substrate, three products are
observed, Co(OEP)C(O)Et (18%), Co(OEP)CH(Me)CHO (33%). and Co(OEP)
OCH(Me)CHO (19%) (Eq. (10)), arising from nonselective hydrogen abstraction
from the aldehyde to generate acyl and «-(formyDalkyl radicals. If t-butyl hy-
droperoxide is added, then the acyl product Co(OEP)C(O)R is produced cleanly
from a variety of aldehydes. Although these reactions have an apparent overall sim-
ilarity to the reactions with alkene. alkyne, and cyclic ether substrates, it has been
concluded that in the casc of the aldehydes that a hydride intermediate, Co(OEP)H
is not involved. The acyl (and other products) are produced by Co(OEP) trapping
of acyl radicals generated from reaction of 1-BuQO- with the uldehydcs.mo‘zm These
reaction conditions have also been exploited to achieve the intramolecular cycliza-
tion of an aldehyde with an alkene.”""

(10)
. é i é

33% 18% 19%

In the above examples the transient Co(OEP)H was generated by NaBH, re-
duction of a Co(1Il) porphyrin precursor, which then reacted with organic sub-
strates in a radical mechanism through attack by H-. An alternative method for
generation of Co(Por)H is to use organic radicals as the source of the hydride,
by the reaction of Co(TAP) with tertiary organic radicals, -C(Me)(R)CN, them-
selves produced from commercially available diazo radical initiators such as
AIBN or VAZO-52.2"""7 In chloroform, Co(TAP) reacts with the organic rad-
ical and an alkene, CH,=CHX, or alkyne HC=CXto give alkyl or vinyl products,
Co(TAP)CH(CH3)X or Co(TAP)C(X)=CHas, respectively. Reactions of Co(TAP)
and -C(Me)>CN with either alkyl hallde or epoxide substrates occurred in DMF,
giving alkyl or 2-hydroxyalkyl products. The reactions were conveniently fol-
lowed by 'H NMR spectroscopy, observing the loss of Co(TAP) and formu-
tion of the organocobalt(Ill) products. This process, which was exploited for
the preparation of over 33 organocobalt derivatives, and which also works for
Co(OEP), Co(TMP), and cobalt phthalocyanine, has been dubbed “tertiary radical
synthesis."zl 212

The products of the above reactions are consistent with Markovnikov addition
of transient Co(Por)H to the unsaturated alkene or alkyne substrate. The regio-
chemistry is determined by formation of the most stable organic radical, which
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tends to produce secondary rather than primary alkyls, and thus the products
are kinetically rather than thermodynamically favored. The rate of the reaction
with alkenes matched the rate of radical production from the initiator. Yields
were quantitative for very stable organocobalt products like Co(Por)CH(Me)CN
or Co(Por)CH(Me)CO,Et formed from acrylonitrile or ethyl acrylate, respectively.
Yields dropped as the Co—C bond strength decreased as a result of competition
with Co—C bond homolysis. For alkyne substrates, the kinetic product forms at
short reaction times or low temperatures, with the thermodynamic product ap-
pearing after longer times (Eq. (11)). For example, HC=CCH,OH initially gives
Co(TAP)C(CH»,OH)=CH,. with CoCH(Me)CHO appearing at longer times as the
result of a 1,3-hydrogen shift and keto-enol tautomerization.

" :
-C(CHe)(R)CN }
S [

HC=CCH,OH (1D

=

The corresponding reactions of transient Co(OEP)H with alkyl halides and epox-
ides in DMF has been proposed to proceed by an ionic rather than a radical mech-
anism. with loss of H™ from Co(OEP)H to give [Co(TAP)] ™, and products arising
from nucleophilic attack on the substrates.”''*'* Overall, a general kinetic model
for the reaction of cobalt porphyrins with alkenes under free radical conditions
has been developed.m Cobalt porphyrin hydride complexes are also important as
intermediates in the cobalt porphyrin-catalyzed chain transfer polymerization of
alkenes (see below).

D. Cobalt Porphyrins as Catalysts for the Polymerization of Alkenes

The definition of a living polymerization process is one where each polymer
unit contains an active site where chain growth occurs indefinitely without termi-
nation or chain transfer reactions. Living radical polymerization can be achieved
using a combination of one radical that initiates polymerization, and a second that
binds reversibly to the growing polymer radical. The use of Co(TMP)R to initiate
and control the polymerization of acrylates to form hompolymers and block co-
polymers was first reported in 1994.2'*?'% Indications of a living radical polymer-
ization process were a linear increase in the number average molecular weight with
monomer conversion, and relatively small polydispersities. Co(TMP)CH-CMes or
Co(TMP)CH(Me)COsMe were used to initiate the formation of polymethylacry-
fatc at 60°C in benzene under argon, with a ratio of methyl acrylate monomer
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Co(TMP)R —3» Co(TMP)- + R

R- + CH,=CHX —» RCH,CHX:

RCH;CHX: + Co(TMP)- —= RCH,CHXCo(TMP)

RCH;CHX: + (n+ 1)CH;=CHX — RCH,CHX(CH»CHX),CH,CHX-

RCH;CHX(CH>CHX),CH,CHX- + Co(TMP) ——= CH,CHX(CH,CHX),CH,CHXCo(TMP)

SCHEME 5.

to cobalt porphyrin of 2500:1. When this ratio was limited to 50:1. sequential
formation of Co(TMP){CH(CO-Me)CH,},CH(CO:Me)CHj3 units with n = 0, 1,
2. cte., was observed by 'H NMR spectroscopy. The reaction sequence for this
process is shown in Scheme 15. The initiating radical is R- and the radical which
reversibly binds to the growing polymer chain is Co(TMP). Although the process
is not fully living, because some bimolecular radical termination events do occur,
the system is self-regulating through the persistent radical effect.”' =1

Cobalt porphyrin complexes are involved in the chain transfer catalysis of the
free-radical polymerization of acrylates. Chain transfer catalysis occurs by abstrac-
tion of a hydrogen atom from a growing polymer radical. in this case by Co(Por) to
form Co(Por)H. The hydrogen atom is then transferred to @ new monomer., which
then initiates a new propagating polymer chain. The reaction steps are shown in
Egs. 12 (where R is the polymer chain, X is CN), (13), and ( 14).2!

(Por)Co + -C(R)}Me)X — (Por)CoH + CH,=C(R)X (12)
(Por)CoH + CH,=C(Me¢)X — (Por)Co + -C(Me),X (13)

-C(Me)», X + (n + H{CH>=C(Me)X} — X(Me),C{CH,C(Me)X},,CH,C(Me)X-
(14)

This is closely related to the “tertiary radical synthesis™ scheme for the prepa-
ration of organocobalt porphyrins, in which alkenes insert into the Co—H bond
of Co(Por)H instead of creating a new radical as in Eq. (13). If the alkene would
form a tertiary cobalt alkyl then polymerization rather than cobalt-alkyl formation
is observed.”'"*'? The kinetics for this process have been investigated in detail.
in part by competition studies involving two different alkenes. This mimics the
chain transfer catalysis process, where two alkenes (monomer and oligomers or
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the alkene formed from the radical initiator) are prcsent.m Isotope studies us-
ing deuterated methyl methacrylate-dy showed a kinetic isotope effect greater
than 3, indicating that hydrogen atom transter occurs in the rate-limiting step of
the catalytic cycle.zm The dependence of free-radical propagation rate constants
on the degree of polymerization in the cobalt porphyrin-catalyzed chain trans-
fer polymerization of methyl methacrylate and methacrylonitrile has also been
invcsligaled.217

E. Reactions of Cobalt(lll) Porphyrins with Alkenes and Alkynes

The interaction of alkynes with cobalt(IlT} porphyrins was first reported in
1986. with the reaction of [Co(OEP)(H-0)-]CIO, with a series of alkynes, in-
cluding ethyne itself, in the presence of Fe(ClOy); as oxidant. The ultimate prod-
ucts of these reactions were the N*' N**-etheno-bridged porphyrins, containing
an N—C(R)=C(R)—N bridge between two adjacent nitrogen atoms in the por-
phyrin macmcycle.m Since that time, the details of the interactions of alkynes
with cationic cobalt(lIT) porphyrins have been gradually unravelled.

The reaction of [Co(OEP)}H-0)-]CIO, with RC=CR (R = CO-Me) in CH-Cl»
rapidly gave a product containing an etheno bridge. Co—C(R)=C(R)—N, between
cobait and a pyrrolic nitrogen. Oxidation of this complex with FeCls followed by
an acidic workup gave the NZI.sz—etheno—bridged OEP complex as its HCIO,
salt.”"”2*" Addition of cthyne to [Co(OEP)H-0)-]C10, in CH-Cl», followed by
2.6-lutidine, gave the cationic vinyl complex [Co(OEP)—CH=CH~N(C;Hy)}'
bearing a pyridinium substituent on the B-carbon.”' Reaction of ethyne with an
equimolar mixture of H2(OEP) and [Co(OEP)(H»0)2|CIO; in CH,Cl5 gave a viny!
complex Co(OEP)—CH=CH—N—(OEP)H (as the HCIOj salt), in other words a
complex containing N-vinyl-OEP as the axial ligand on cobalt.™*

These apparently disparate reactions can be tied together by a closer investi-
gation of the nature of the interaction between [Co(Por){H-0),]ClO, and ethyne
{Por = OEP or TPP). This reaction was accompanied by a color change from red-
brown to green and is reversible, showing isosbestic behavior when followed by
UV-visible spectroscopy. These observations suggested the formation of a cobalt
porphyrin ethyne adduct. 'H NMR spectroscopy of the adduct in the presence of
excess ethyne showed the complex to be paramagnetic, with C, symmelry.zy The
formally Co(l1l) precursor [Co(Por)(H-0)21T had some Co(ID) porphyrin radical
cation character. Two possible structures can be proposed for the ethyne adduct:
a Co(1l) porphyrin radical cation 7-ethyne complex and a Co(IIl) complex con-
taining a cationic o-vinyl ligand. The f-carbon atom in the latier form is subject
to nucleophilic attack. Intramolecular attack by a pyrrolic nitrogen gave the Co,
N-etheno-bridged product, while intermolecular attack by a nitrogen nucleophile,
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either 2,6-lutidine or a free-base porphyrin, gave the cobalt-vinyl-pyridinium and
Co,N-etheno-bridged bisporphyrin, respectively. These reactions are summarized

273

in Scheme 6.7

The OEP and TPP complexes show some differences in reactivity. Re-
action of ethync with [Co(TPP)(H,0),]CIO; in CH,Cl,, followed by ad-
dition of aqueous NaX (X = Cl. SCN) gave the biscobalt(Il) bisporphyrin
XCo(TPP—-N—CH=CH—N—TPP)CoX, which could be demetallated to give free-
base N,N'-etheno-linked bisporphyrin (Scheme 16).”2%*** Further reaction of the
free-base bisporphyrin with [Co(Por)(H-0)»|* and ethyne gave tri- and tetra-
porphyrins, (Por)Co-R-(NPorN)-R-(NPor) and (Por)Co-R-(NPorN)-R-(NPorN)-
R-Co(Por), where each —R- group is a —CH=CH— etheno bridge, and (NPorN) is
a porphyrin linked through two adjacent nitrogens to an etheno bridge. The differ-
ent reactivity of OEP and TPP could be cxploited to create different combinations
of homo- and heteroporphyrin oligomers. Oxidatively induced Co-to-N migra-
tion of the vinyl group can produce further variations in the bridge linkages.™"
The hetero-bisporphyrin complexes containing one cobalt and one free-base por-
phyrin display switching of the cobalt between the two porphyrin ligands during
the course of demetallation/metallation sequences, and the transformation of an
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asymmetric, unsaturated N—CH=C—N?"" N*¥ linkage to a symmetric, saturated
N-' NP—CH-CH-N?" N? linkage was determined from an X-ray crystal struc-
ture of the free-base bisporphyrin containing the latter bridge.”*®

The electronic structure of cobalt(11f) porphyrins depends on the nature of the
axial ligand and the solvent. The simple halide complexes Co(Por)X are dia-
magnetic d° Co(1Il) complexes in both methanol and CH,Cl;. However, the aqua
complex is also a diamagnetic d® Co(lll) species in methanol, but in CH,Cl,
the axial ligands are lost and the species is best formulated as a d’ Co(ll) por-
phyrin 7-cation radical.>"> As described above, [Co(Por)(H-0),]" in CH5Cl, re-
acts with substituted ethynes, RC=CR, via an intermediate 7-complex to give
an intramolecular Co—C(R)=C(R)—N bridge it no other nucleophile is present.
Different reactivity is observed for Co(Por)Cl (Por = OEP or TPP) which reacts
with alkynes (HC=CR, R = H, CO>Me or CH-0OH) to give the g-chloro-vinyl
product containing the alkyne inserted into the Co—Cl bond. For example, ethyne
itself reacts with Co(TPP)CI to generate Co(TPP)CH=CHCI. In the special case
of MeO,CC=CCO;Me, the product of its reaction with Co(OEP)CI is an unusual
Co(HT) porphyrin complex where the intramolecular etheno bridge is between
cobalt and a meso-carbon atom of the macrocycle.**

Silyl enol ethers react with Co(Por)X (Por = OEP or TPP. X = halide) to yield
stable o-alkyl cobalt porphyrins. For example, H,C=C(R)OSiMej; reacted with
Co(TPP)CI with net loss of Me3SiCl to give Co(TPP)CH.C(O)R (R = Ph, OEL
or vinyl). The reactions were faster in CH>Cl, than in MeOH, and faster for the
weaker Co—X bonds (F > Cl > Br) reflecting the role of the SiMey group in
abstracting the halide. The butadiene derivative CH,=CHCH=CHOSiMe; reacted
with Co(Por)Cl to give only the primary alkyl product, Co(Por)CH>CH=CHCHO.
which could be identified by spectroscopy but was too labile to isolate.’

Vit
RHODIUM AND IRIDIUM

A. Overview

Structural types for organometallic rhodium and iridium porphyrins mostly com-
prise five- or six-coordinate complexes (Por)M(R) or (Por)M(R)(L), where R is
a o-bonded alkyl, aryl. or other organic fragment, and L is a neutral donor. Most
examples contain rhodium, and the chemistry of the corresponding iridium por-
phyrins is much more scarce. The classical methods of preparation of these com-
plexes involves either reaction of Rh(IIT) halides Rh(Por)X with organolithium
or Grignard reagents, or reaction of Rh(I) anions [Rh(Por)]™ with alkyl or aryl
halides. In this sense the chemistry parallels that of iron and cobalt porphyrins.
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However, the significant key difference for rhodium arises from the chemistry of
the Rh{1l) dimer, [Rh(Por)]>, which exhibits a relatively low Rh—Rh bond strength.
[t undergoes homolytic dissociation and exists in equilibrium with the monomer,
Rh(Por): (Eq. (15)). The rhodium dimer can also exist in equilibrium with the hy-
dride Rh(Por)H (Eq. (16)), and thus the hydride complex can exhibit the chemistry
of the dimer. driven by formation of the Rh(Por)- monomer formed as in Egs. (15)
and (16).

[Rh(Por)], = 2Rh(Por)- (15

2Rh(Por)H = [Rh(Por)|, + Ha (16)

The rhodium(Il) porphyrin monomer Rh(Por) is an odd-electron species and
can initiate radical reactions with a wide variety of organic substrates to give
o-bonded organometallic products. The seminal reaction of this type was the re-
port in 1981 by Wayland ef «l. of the insertion of CO into the Rh—H bond in
Rh(OEP)H to produce the formyl complex Rh(OEP)CHO.*** This report gener-
ated considerable excitement among organometallic chemists as the insertion of
CO into a metal-hydride bond had not been observed in classical organometallic
chemistry. Furthermore, the hydride Rh(OEP)H apparently lacked the ¢is coordi-
nation site believed 1o be essential for migratory insertion reactions. The reaction
was subsequently shown by Halpern et al. in 1985 to proceed by a radical chain
mechanism, with the chain carrying Rh(OEP) fragment formed as in Egs. (15)
and (16). The key to this rcaction is the balance between the Rh—Rh, Rh—C and
Rh—H bond strengths, and in the intervening years Wayland's research group has
further developed and refined the scope of reactions of this type, and assembled a
uselul array of thermochemical data. Another important development in this field
has been the use of the bulky porphyrin TMP. which does not allow formation
of the rhodium dimer, and thus monomeric Rh(TMP) can be prepared and used
directly, instead of relying upon the equilibrium in Eq. (15) as the source of the
odd-electron rhodium(Il) monomer.

A key step proposed in the radical chain mechanism for the formation ol the
formyl complex is the coordination of CO to the Rh(OEP)- monomer, to give an
intermediate carbonyl complex, Rhi(OEPKCO)- which then abstracts hydride from
Rh(OEP)H to give the formyl pmduct.zzg This mechanism was proposed without
direct evidence for the CO complex, and since then, again from the research group
of Wayland, various Rh(II} porphyrin CO complexes, Rh(Por)(CO)-, have been
observed spectroscopically along with further reaction products which include
bridging carbonyl and diketonate complexes.

While metalloporphyrin carbene complexes are well established for ruthenium
and osmium. they are less well known for rhodium. Cationic rhodium porphyrin
carbene intermediates were implicated in a report by Callot ¢f «l. in which
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rhodium(1T) porphyrins catalyzed the decomposition of ethyl diazoacetate and
transfer of the ethoxycarbonyl fragment to substituted alkenes to produce cy-
clopropane products.zm The ratio of svan:anti products was higher than usually
observed in reactions of this type. Further development of this reaction, spurred
by its potential utility in organic synthesis, was undertaken by Kodadek er al*™
There have been very few developments in the chemistry of iridium porphyrins
over the last decade. Synthesis and electrochemistry arc covered in previous review
articles.”™ The only recent report concerns activation of aldehydes and ketones by
both [Rh(OEP)]> and [Ir(OEP)]>. In general, iridium porphyrins show reactivity
similar to rhodium porphyrins, although a key difference is that the insertion of
CO into the Rh—H bond to give the formyl species, perhaps the seminal reaction
in organometallic porphyrin chemistry, has not been observed to occur for iridium.

B. Rhodium and Iridium o -Bonded Alkyl and Ary! Complexes

The syntheses and spectroscopic and electrochemical characterization of the
rhodium and iridium porphyrin complexes (Por)M(R) and (Por)M(R)(L) have been
summarized in three review articles.””® The classical syntheses involve Rh(Por)X
with RLi or RMgBr, and [Rh(Por)] ™ with RX. In addition, reactions of the rhodium
and iridium dimers have led to a wide variety of rhodium o -bonded complexes.
For example, [Rh(OEP)], reacts with benzyl bromide to give benzyl rhodium
complexes, and with monosubstituted alkenes and alkynes to give o-alkyl and
o-vinyl products, respectively. More recent synthetic methods are summarized
below. Although the development of iridium porphyrin chemistry has lagged be-
hind that of rhodium, there have been few surprises and reactions of [Ir(Por)]-
and Ir(Por)H parallel those of the rhodium congeners quite closely.” 21223 Gelected
structural data for o-bonded rhodium and iridium porphyrin complexes are col-
lected in Table VI, and several examples are shown in Fig. 7.2+ 0

Electroreduction of the cationic Rh(Ill) complex [Rh(Por}MeNH.)-]" in
CH-ClI, followed by reaction with alkyl halides has been utilized to form o-alkyl
products. The reaction scheme proposed for this reaction was one-electron re-
duction of Rh(I1l) to form Rh(Por)-. This can either dimerize or attack the carbon
atom of the alkyl halide RCH. X, the latter step involving elimination of either X- or
X8 Thig parallels the reactions of Co(Il) and Fe(Il} porphyrins M(Por) with
alkyl halides which also occur by radical reactions. However, the results of a recent
electrochemical study in DMSO suggest that the Rh(Il) porphyrin is a special casc
because in the polar solvents required for electrochemistry, the Rh(Por)- monomer
disproportionates to Rh(III) and Rh(l) species. and the resulting {Rh(Por)]™ anion
then attacks the alkyl halide in a classical SN2 reaction to give Rh(Por)R and
X220 A similar process is implicated in the formation of Rh(Por)H from the ele-
ctrochemical reduction of Rh(III) porphyrins in the presence of Bransted acids.”
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(44

FiG. 7. Molecular structures of selected organometallic rhodium and iridium porphyrin com-
plexes: (a) RROEP)CH3 2™ (b) Rh(OEP)In(OEP)* (¢) Rh(OEP)C{O)NH(2,6-CoH:Mes) >

(d) IOEP)(C3Hg)(PPh3). > (¢1 [RMTPPY=C(NHR)»)(CNR)] H(R=CH- Ph).”™ (f) Rh(OEP)SiEt:.”"

Radiolytic reduction has been investigated as a means of producing transient
Rh(II) porphyrin products, and as in the above study, the observed products were
strongly dependent on pH and solvent. Radiolytic reduction of Rh(TMP)CI in
alcohol formed transient Rh(TMP)- which was prevented from dimerization by
the bulky TMP ligand. In alkaline 2-propanol the product is [Rh(TMP)|", in
weakly acidic 2-propanol the hydride Rh(TMP)H is formed, and in strongly acidic
2-propanol the alkylated rhodium(IIl) porphyrins Rh(TMP)CH; and Rh(TMP)
(C(CH;),0OH) are observed. The alkyl products result from reaction of Rh(TMP)-
with CHs- and -C(CH;),OH formed by radiolysis of the 2-propanol solvent.**
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The electrochemistry of a series of -alkyl rhodium porphyrins, Rh(TPP)R,
where R = C,Hypyy (=1 — 6) or (CH2),X (X =CI. Br, I, n = 3 — 6). has
been studied in detail, and in each case the site of the initial, reversible oxida-
tion or reduction was concluded to be at the porphyrin ring rather than either the
rhodium center or the alkyl ligand. In the case of reduction, the initially formed
singly reduced species can then undergo Rh—C cleavage or, in some cases where
R = (CH;,),X, loss of halide while retaining the Rh—C bond intact.”™™ A similar
study has investigated the electrochemistry of Rh(TPP)R(L) containing a neutral
donor ]igand.244 Radiolytic reduction of Rh(TMP)CHj; also leads to initial reduc-
tion at the porphyrin ring.2 -

C. Reactions of the Rhodium(!l) Porphyrin Dimer and Rhodium(Ilf)
Porphyrin Hydride

The addition of metal hydrides to C—C or C—O multiple bonds is a fundamental
step in the transition metal catalyzed reactions of many substrates. Both kinetic
and thermodynamic effects are important in the success of these reactions, and
the rhodium porphyrin chemistry has been important in understanding the ther-
mochemical aspects of these processes, particularly in terms of bond energics.245
For example, for first-row elements, M—C bond cnergies arc typically in the range
of 25-30 keal mol ™. M—H bond energies are usually 25-30 kcal mol ™" stronger.
and as a result, addition of M—CH bonds to CO or simple hydrocarbons is ther-
modynamically untavorable.

The reaction of Rh(OEP)H with CO or styrene (CH,=CHPh) to form Rh(OEP)-
CHO or Rh(OEP)CH-CH;Ph, respectively, and the related reaction of styrene
with [Rh(OEP)], to give (OEP)Rh—CH,CH(Ph)—Rh(OEP). were rationalized in
a landmark paper in 1985 which proposed that they proceed by radical chain
reactions mediated by Rh(OEP): (Scheme 7).

2Rh-H <= Rh-Rh + H,

Rh-Rh  ——=  2Rh-

Rh- + L == Rh(L) (L=CO, CHx=CHPh)
EITHER Rh(L)- + Rh-H ——= RhLH + Rb-

OR Rh(L) + Rh-Rh === Rh-L-Rh + Rh- (L = CH,=CHPh)

SCHEME 17.
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The key to understanding these reactions is appreciating the relative Rh—Rh,
Rh—C, Rh—H, and Rh—O bond energies, and these have been developed by a
series of studies from Wayland’s research group.245 Overall, the driving force tor
the radical chain process is the relatively weak Rh-Rh bond and the unusually
strong Rh—C bond. This is nicely illustrated by looking at the formation of the
formy! complex. For the overall reaction shown in Eq. (17), the enthalpy change
AH" is related to the sums of the bond energies broken and formed (Eq. 18).
Inserting the values for (C=0) — (C=0) = 70 kcal mol~" and (C—H) = 97 kcal
mol~" (for an aldehyde) gives the overall expression shown in Eq. (19). In other
words, the enthalpy change for Eq. (17) will be negative when the M—H bond
energy is less than 17 keal mol ™' larger than the M—C bond energy. Given that
M—H bond energies are 25-30 kcal mol ™' stronger than M—C bond cnergies, it
is easy to see why formyl formation is usually thermodynamically unfavorable.
Including an estimate for the entropy term (at 298 K) results in an cven more
stringent condition, in which AG will be negative only when the M—H bond
energy exceeds the M—C bond energy by no more than 9 kcal mol L

M—H + CO = M—CHO (17)
AH =(M—H)+ (C=0) — (M—C) — (C=0) — (C—H) (18)
AH = (M—H) = (M—C) — 17 keal mol™" (19)

In the specific example involving the rhodium porphyrin hydride and formyl
complexes. Rh(OEP)H and Rh(OEP)CHO, the Rh—H and Rh—C bond energies
(62 and 58 kcal mol ™', respectively) have been determined by equilibrium mea-
surements. This is an unusual example where the Rh—H bond energy is in normal
range but the Rh—C bond energy is unusually large. As a result the reaction to
form the formyl complex is thermodynamically favorable and the difference in
Rh—H and Rh—C bond energies is less than 9 kcal mol ™", Addition of Rh(OEP)H
to formaldehyde, ethene. and ethyne are also thermodynamically favorable. The
Rh—Rh bond dissociation energy in [Rh(OEP)]» (16.5 kcal mol ™) has been esti-
mated from kinetic studies based on '"H NMR line broadening. The Rh—Rh bond
dissociation energy is relatively weak. permitting facile bond homolysis to gener-
ate the Rh(OEP)- radical. This also has a favorable thermodynamic effect on the
addition reactions of [Rh(OEP)]> with CO and alkenes.”*’

Electronic effects on the reactions of [Rh(Por)], dimers and hydrides were
probed by varying the porphyrin macrocycle. OEP and TPP vary considerably
in their properties, with OEP being one of the strongest and TPP one of the weak-
est o-donors among porphyrin derivatives. However, [Rh(Por)]>, Rh(Por)H, and
[Rh(Por)]™ showed the same reactivity in a variety of reactions for both OEP
and TPP, indicating that electronic effects relating to the porphyrin ligand have
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Jittle influence.™™® A more dramatic electronic effect was achieved by using the
octaethyltetraazaporphyrin macrocycle OETAP (in which the meso CH groups of
OEP have been replaced by nitrogen atoms), which is both a stronger o -donor and a
stronger 7t -acceptor than OEP. A comparison of the reactions of [Rh(OETAP)], and
[Rh(OEP)]> showed that both reacted with cthene, CH;I, CNMe, and P(OMe3)s,
but only [Rh(OEP)}, reacted with H», Ho/CO, CH3CHO. and CH3CgHs. Equilib-
rium studies indicated that the Rh-Rh dissociation enthalpy of [Rh(OETAP)]> is
larger than that of [Rh(OEP)],, although it is not casy to rationalize this with the
different electronic properties of the two lllaCI‘()cycles,247

Both the [Rh(OEP)]> and [Ir(OEP) |, dimers reacted with the &-CH bonds in alde-
hydes and ketones. This is unusual because the stronger alkyl C—H bond reacted in
preference to the weaker aldehydic C—H bond. For example, 2-methylpropanal re-
acts with [Rh(OEP)], to give the S-formyl complex as the kinetic product, although
this rearranged to the acyl complex which is the thermodynamic product (Eg. (20)).
An explanation for this is that the dimers react initially with the enol tautomers
of the aldehydes or ketones to give a bridged intermediate. M—CR,—CR(OH)—M
(analogous to the reaction of the dimers with alkenes) which then dissociates
with hydrogen migration from the OH group to give the B-carbonyl derivative
M—CR,C(O)R together with M(OEP)H.”™

[Rh(OEP)]> + Me;CHCHO = (OEP)Rh—CMe,CHO
= (OEP)Rh—C(O)CHMe, (20)

Diol dehydratase is an enzyme which functions together with coenzyme By to
catalyze the dehydration of vicinal diols to aldehydes. A cobalt-1,3-dihydroxyalkyl
intermediate has been proposed to occur in this process, but has never been di-
rectly observed in either the cobalamin or model cobalt porphyrin systems. A
consequence of the strong Rh—C bond is that «-hydroxyalkyl complexes have
been observed to form from the reaction of Rh(Por)H with aldehydes (Eq. 21).
This reaction has been studied using glycoaldehyde as a model for diol dehy-
dratase, producing Rh(OEP)CH(OH)CH-OH (characterized by 'H NMR) which
slowly dehydrates to form Rh(OEP)CH,CHO. ™"

Rh(Por)H + RCHO = Rh(Por)CH(OH)R 2n

The radical Rh(Por). generated from homolytic dissociation of [Rh(Por)]» re-
acts with alkenes CH>=CHX to produce an intermediate metalloorganic radical
(Por)RhCH,>CHX:-, which then reacts with [Rh(Por)], to produce the dinuclear
complexes (Por)Rh—CH,CH(X)—Rh(Por) (Eqs. 22-24). If the intermediate met-
alloorganic radical (Por)RhCH,CHX- is intercepted by the alkene rather than by
the rhodium dimer, then the result could be alkene dimers, oligomers, or poly-
mers. This possibility was investigated for acrylate substrates, CH,=CH(CO-X)
(X = H, CH;, CH>CH3). With |Rh(OEP)],, the two-carbon bridged product
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+ H,C=CHX =—=
CHX

CHX

Ch = o (24)
‘ + 2
o

(OEP)RhCH,CH(CO->X)Rh(OEP) is formed. Two stereoisomers were observed,
resulting from inhibition of rotation about the CH—CO,X bond. The buikier com-
plex Rh(TMP)- inhibits formation of the two-carbon bridged product, and a four-
carbon bridged compound, (TMP)RhCH,CH(CO,X)CH(CO,X)CH>Rh(TMP),
results from head-to-head dimerization of acrylate and contains two chiral centres.
The Rh(I) monomers Rh(Por)- do not initiate thermal polymerization of acrylates.
However, Rh(TMP)- does catalyze a photopromoted polymerization of acrylates
that has living character, with NMR evidence observed for one Rh(TMP) unit
attached to an oligomer of up to 15 methy! acrylate units, ™"

Alkyl radicals R- can initiate alkene polymerization to form a new radical
RCH,CH; - since formation of a strong C—C bond (85 kcal mol ') more than
compensates for loss of the alkene mw-bond. However, even though (Por)Rh—C
bonds are unusually strong, (Rh—CH; =~ 58, Rh—CH-R < 50, Rh—CHR; < 40 kcal
mol*'). reaction of Rh(Por)- with ethene to form (Por)RhCH-CH»- will still be
thermodynamically unfavorable. The initial product of the reaction of Rh(Por)-
with the alkene, [(Por)Rh(CH,=CHX)]., was described as a metalloradical-alkene
complex, which either underwent attack by a second Rh(Por)- unit or dimerised,
forming the two- or four-carbon bridged product, respectively. (Por)RhCH,CHa-
does not behave as a true carbon-centerd radical, and although (OEP)RhCH,CHX-
can form from Rh—C bond homolysis of the two-carbon bridged product, it
cannot initiate alkene polymerization. However, photochemically induced Rh—C
bond homolysis of the four-carbon bridged product (formed from Rh(TMP)- with
CH>=CHX) produces (TMP)RhCH>CH(CO,X)CH(CO,X)CH,- which does have
carbon-centered radical character, and can thus initiate the polymerization process.
as observed experimentally.””

Using the very bulky rhodium porphyrins Rni(TTEPP)- and Rh(TTiPP)- (which
contain triethylpheny! and triisopropylphenyl groups), neither of which can dimer-
ize, direct evidence for an alkene adduct and its subsequent dimerization to the four-
carbon bridged product has been obtained. Reaction of Rh(TTEPP)- with ethene
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in benzene gives quantitative formation of (TTEPP)Rh—(CH,),—Rh(TTEPP). The
ethene adduct Rh(TTiPP)(CH,=CH>)- can be observed by EPR in frozen solution
(S = 1/2) and slowly dimerizes in solution to give the analogous four-carbon
bridged product. Higher oligomers are not observed, as this would require homol-
ysis of the relatively strong Rh—CH» bond.™"

D. C—H Activation by Rhodium Porphyrins

Benzylic C—H bond activation in alkyl aromatics by |[Rh(OEP),| was first re-
ported in 1985.%* For example. [Rh(OEP),] reacts with toluene to produce ap-
proximately equal amounts of Rh(OEP)YCH,Ph and Rh(OEP)H. Ethyl benzenc
and isopropyl benzene both react at the benzylic position to give kinetic prod-
ucts bearing the Rh(OEP) substituent at the a-position, although at longer times
the alkyl products rearrange to the compounds with rhodium bonded to a less
substituted carbon atom. The importance of the initial reaction at the benzylic
position is further illustrated by the fact that r-butylbenzene fails to react with
[Rh{OEP)>]. The mechanism is proposed to involve Rh(OEP)- as the attacking
species, and the regiosclectivity is explained on the basis that benzylic C—H
bonds (85 keal mol™") are ca. 15-20 keal mol " weaker than aryl or unactivated
alkyl C—H bonds. Formation of the relatively strong Rh—C bond makes the re-
action thermodynamically favorable. ™ Benzyl alcohols PACH(OH)R also react
with [Rh(OEP)-| at the benzylic C—H to give Rh(OEP)H and an intermediate
a-hydroxyalkyl, (OEP)Rh—CR(OH)Ph which then eliminates RC(O)Ph and pro-
duces a further molecule of Rh(OEP)H. ™

Unactivated alkancs did not react because of the energy cost ol Rh—Rh bond
homolysis in the dimer [Rh(OEP)]> (ca. 16 keal mol Y. By introducing steric re-
quirements on the periphery of the porphyrin ligand that reduce the Rh—Rh bond
strength, but do not weaken the Rh—C bond, activation of stronger C—H bonds
might be feasible. Rhodium complexes of two sterically encumbered porphyrins.
TXP (tetraxylylporphyrin) and TMP (tetramesitylporphyrin), were investigated
with this aim. The dimer [Rh(TXP)|; has a smaller Rh—Rh bond strength (ca.
12 keal m()l") than the OEP congener, while TMP forms a stable Rh(l) com-
plex, Rh(TMP)- . that does not dimerize.”**** Both [Rh(TXP)|, and Rh(TMP).
reacted reversibly with methane at modest temperatures and pressures 1o give
Rh(Por)CHs and Rh(Por)H as products. Observation of a large kinetic isotope effect
together with equilibrium constant measurements were consistent with a mech-
anism involving atrimolecular, 4-centered, linear transition state Rh- - -C- - -H. - -Rh
(Fig. 8). This synchronizes breaking of the C—H bond (105 kcal mol ™"y with for-
mation of the new Rh—C (57 kcal m()l*') and Rh—H (60 kcal mol ") bonds,
an essential feature when the bond being broken is stronger than each of the
new bonds being formed. Aromatic C—H bonds do not react with [Rh(TXP)}s or
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FiG. 8. Trimolecular. lincar, four-centered transition state proposed for methane activation by
: L 253054
rhodium porphyrins.

Rh(TMP)- under these conditions, and in fact the selective activation of methane
in benzene solution is a distinctive and unusual feature of this system, given that
aryl C—H activation ought to be thermodynamically favored over alkyl C—H ac-
tivation. The proposed lincar transition state proposed in Fig. 8 is the key to this
different reactivity. The corresponding trimolecular transition state for an arene
would be expected to be bent, and this would be precluded by the bulky TMP
ligands.™"*** The activation of the benzylic C—H bond in toluene is believed to
occur through a similar transition state, as is the reaction of Rh(TMP)- with H» to
produce Rh(TMP)H.**

The proposed mechanism was further tested by the synthesis of a new, dinuclear
porphyrin containing two meso-trimesitylporphyrin groups, each linked through
the fourth porphyrin meso position by a CcH O(CH;)sOCgH, group. This new
porphyrin behaves essentially as two, covalently linked TMP units, and forms a
diradical containing two Rh' centers, abbreviated as Rh(PorO(CH»)OPor)Rh, that
is precluded from dimerization. Linking of the two porphyrins improves the entropy
term required to achieve the linear, 4-centered transition state. Activation ot CHy
proceeds with only intramolecular formation of CH3;Rh(PorO(CH-),OPor)RhH,
and with faster kinetics than either [Rh(TXP)}, or Rh(TMP)-.z’%

In classical mechanisms for C—H bond activation either C—H o -bond donation
or cyclic, 4-centered transition states are important, but these are precluded in the
porphyrin systems and the mechanism proposed for activation of CH,, toluene,
and H; by the Rh" porphyrin radicals is a new mechanistic possibility.

E. Activation of CO and Isocyanide by Rhodium Porphyrins

One step of the mechanism determined for the reaction of Rh(OEP)H with CO
to give the formyl complex Rh(OEP)YCHO involved the coordination of CO to
the chain-carrying Rh(Il) porphyrin Rh(OEP)., although there had been no direct
evidence observed for this species. *2% Since that time, Wayland has systematically
developed the chemistry of Rh(Il) porphyrins coordinated to CO, and the chemistry
is now well understood.

The investigation began with the observation that two species could be observed
by NMR and IR spectroscopy in solutions of [Rh(OEP)|, in toluene-dy exposed to
CO. The first, which forms immediately, has vco = 2094 ¢cm ~!and a broad peak
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at 180 ppm in the C NMR spectrum, and was proposed to be a simple adduct,
[Rh(OEP)]-(CO). The second species, which evolved more slowly, has vy =
1733¢m ™~ 'anda tripletat 1 16 ppm ( 'JRh_(~ = 44 Hz)inthe “CNMR spectrum, and
was assigned to a dimetallaketone, (OEP)Rh—C(O)—Rh(OEP). In thermodynamic
terms, this reaction requires formation of sufficiently strong Rh—C bonds (ca. 50
keal mol™') to compensate for cleavage of the Rh—Rh bond (16 kcal mol '),
reduction of the C—O bond order from three to two (72 kcal mol ™'y and an entropy
term (7.5 keal mol™").*>" On further investigation, using lower temperatures and
higher pressures of CO, a third species was identified as the double CO insertion
product, (OEP)Rh—C(0)—C(0)—Rh(OEP).*** The "*C NMR chemical shift of the
new product occurs at 165.5 ppm, and appears as a four-line multiplet consistent
with an AA’XX’ spin system. Two veq stretches are observed for the diketone at
1782 and 1770 cm™ "2 All four compounds (the dimer, CO adduct, and single and
double CO insertion products) exist in equilibrium, and the relative proportion of
products depends on the porphyrin, temperature, and pressure. The thermodynamic
driving force for formation of the double insertion product is the estimated increase
of ca. 5 kcal mol ™' in the strength of the Rh—C bond. arising from a more favorable
steric arrangement. In the single CO insertion product the close proximity of
the two porphyrin rings and the sp° hybridized ketone carbon atom results in a
sterically unfavorable arrangement. In the dimetal w-diketone (the double insertion
product) the increased distance between the porphyrin rings and the added degree
of freedom introduced by rotation around the C—C bond allow a more favorable
steric armngement % The two veo values observed for the dimetal «-diketone,
together with structure simulation, suggest that the diketone unit is not planar but
is likely to have a 20-30" rotation about the C—C bond.*’

This hypothests was tested using a more sterically demanding porphyrin li-
gand. [Rh(TXP)]> reacts with CO (1 atm, 298 K) to give the dimetal «-diketone
as the only observed product.zm The reaction of Rh(TMP)- with CO permitted the
observation of a paramagnetic 1:1 adduct, Rh(TMP)CO-, by EPR spectroscopy,
with § = 1/2 and coupling of the odd electron with "*Rh and "*CO. The g value
and "*CO hyperfine coupling constant indicate that the odd electron is delocalized
onto the CO ligand. and in frozen toluene solution the loss of axial symmetry
suggested a bent Rh—CO unit. At low tempualune in solution, the Rh(TMP)CO-
species dimerizes to the dimetal a-diketone.” 239201 1y the even more sterically de-
manding complex Rh(TTiPP)CO-, the paramagnetic CO adduct is stable and no
dimerization occurs. Equilibrium studies on Ru(TMP)CO have allowed measurc-
ment of the enthd]pies of dimerization for the CO adduct and dissociation for the
dimetal a-diketone.”” The two covalently linked rhodium(Il) porphyrins (as used
in the C—H activation studies described above), -Rh(PorO(CH»)¢OPor)Rh-. react
with CO to produce the tethered diradical -(OC)Rh(PorO(CH-),OPor)Rh(CO)- for
which intramolecular coupling to form the diketone was also observed.”™
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In the TMP system the monomer Rh(TMP)CO and dimer (TMP)RhC(O0)C(O)-
Rh(TMP) are in equilibrium. When this mixture is treated with styrene and repres-
surized with CO the styrene insertion product (TMP)RhC(O)CH,CH(Ph)C(O)-
Rh(TMP) is observed by 'H and '*C NMR. As expected, this compound has two
chemically difterent CO groups.”” When CO is added to a mixture of Rh(TMP).
and Rh(TMP)H, the products consist of a mixture of the hydride, the monomeric
carbonyl adduct, and the «-diketone dimer, but no formyl complex is observed.
This is interesting because hydride abstraction from Rh(OEP)H by the carbonyl
complex Rh(OEP)CO- is proposed as a step in formation of the formyl product
in the OEP system (Scheme 17). The increased steric bulk of the TMP ligand in
Rh(TMP)H must preclude this step, but Rh(TMP)CO- will react with less steri-
cally demanding hydride sources (HSnBuj; or Hy) to produce the formyl complex
Rh(TMP)CHO.™ The tethered diradical -(OC)Rh(PorO(CH,)oOPor)Rh(CO)- re-
acts with water, ethanol and Hs to form HRh(PorO(CH>),OPor)RhCHO, H(O)CRh
(PorO(CH,)OPor)RhC(O)OEt, and H(O)CRh(PorO(CH-),OPor)RhCHO, respe-
clively.%2 Overall, the chemical reactivity of Rh(TMP)CO- is likened to that of
the acyl radical, CH;CO-, and represents an unusual example of a 17-electron
metal carbonyl complex which exhibits carbon-centered rather than metal-centered
radical rcactivity.zsg

The formal relationship between CO and isocyanide ligands, CNR, sparked
a comparative study of the reactions of CNR with Rh(OEP)H, [Rh(OEP)}, and
Rh(TMP).** As with CO., the initial reaction of [Rh(OEP)|, with CNR (R = Me,
Eo) leads to a 2:1 adduct, [Rh(OEP)}-(CNR), although the equilibrium constant for
formation of the CNR adduct (~ 107 at 298 K) is much larger than that correspond-
ing to formation of the CO adduct (~48 at 298 K). Subsequent chemistry is different
as the CNR adduct slowly transforms in solution to a mixture of Rh(OEP)R and
Rh(OEP)CN)(CNR). driven by CN—R bond cleavage. No evidence is seen for a
bridging imine or diimine. When an aryl isocyanide is used. CN—R bond cleavage
does not occur and reversible formation of the adduct occurs cleanly. The reaction
of Rh(TMP)- with CNR (R = Me, n-Bu) gave the 1:1 adduct, Rn(TMP)} CNR)-
although CN—R bond cleavage is also a problem. No evidence was seen for a
bridging imine or diimine complexes, probably a result of the increased steric
requirements of an isocyanide relative to co.”*

Rh(OEP)H reacts with CNR (R = Me, n-Bu,) to give the adduct Rh(OEP)-
(H)CNR (which has no parallel in CO chemistry) which then slowly transforms
to the formimidoyl insertion product, Ri(OEP)C(H)=NR. The dimer [Rh(OEP)|,
reacts with CNAr (Ar = 2.6-CH;Me,) in aqueous benzene to give the carbamoy!
product. Rh(OEP)C(O)NHATr (characterized by an X-ray crystal structure) to-
gether with the hydride, which itself reacts further with the isocyanide. This is
suggested to form via a cationic carbene intermediate. formed by attack of H,O
on coordinated CNAr in concert with disproportionation to Rh(II1) and Rh(1).”*
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F. Reactions of Rh(lll} and Rh(l) Porphyrins with Organic Substrates

Aryl C—H activation by cationic Rh(III) porphyrins has also been established
in the reaction of Rh(OEP)CI with Ag+ in benzene which gave Rh(OEP)CHs.
Anisole, toluene, and chlorobenzene react similarly, giving exclusively the para-
substituted phenyl derivatives. The regiochemistry of the reaction indicates that the
mechanism of this process is allied to electrophilic aromatic substitution, where the
electrophile is the [Rh(OEP)]+ cation. Studics on a series of substituted aryls indi-
cate that the [Rh(OEP)[ " cation has a Hammet constant similar to that of NO, 2%
Similarly, uncxpected arenc C—H activation was also attributed to electrophilic
aromatic substitution. The reaction of H>Por (Por = OEP, TTP) with RhCl;-xH>O
in benzonitrile gave a mixture of Rh(Por)Cl (60%) and Rh(Por)(m-CoH4CN),2(”;
When the highly substituted tetramesityloctaphenylporphyrin was used, the cor-
responding organometallic product crystallized as a coordination polymer, linked
by coordination of the CN nitrogen of on¢ Rh—CH4CN group with the vacant
axial site on an adjacent rhodium.**®

[Rh(OEP)|" (formed by reaction of Rh(OEP)CI with Ag+) reacts with ketones
at the o-CH position to give -carbonyl products. For example, acetone reacts with
[Rh(OEP)]" to give (OEP)RhCH-C(O)CHj;. The regiochemistry indicates that the
enol tautomers rather than the ketones are involved. and an initial reaction with
the enol oxygen was proposcd. In the case of cyclohexanone, an organorhodium
product was not observed, but rather the aldol condensation product formed. The
aldol condensation is catalyzed by [Rh(OEP)]" ., and the intermediate is believed
to be the Rh—O bonded enolate rather than the Rh—C bonded f-carbonyl com-
pound. The latter, when independently prepared. does not show any activity toward
enol condensation. These reactions provide an example where the Lewis acidic
Rh(III) center is used to promole enolate formation.>*’ Rh(OEP)Cl reacted directly
with ketones when a porphyrin containing a mild base (pyridy! or aryl alcohol)
appended (o the meso position was used. The intramolecular base assists with
enolization.™®

The anionic Rh(l) porphyrin [Rh(OEP)| induced ring-opening reactions with
4- and 5-membered ring lactones to give organometallic products with the rhodium
bonded to the alkoxide carbon rather than the carbonyl carbon. "

The chemistry of [Rh(OEP)}- in benzene is dominated by Rh—Rh bond homol-
ysis to give the reactive Rh(Il) radical Rh(OEP)-. This contrasts with the reactivity
of [Rh(OEP)|> in pyridine, which promotes disproportionation via the formation of
the thermodynamically favorable Rh(III), d® complex [Rh(OEP)(py),| T together
with the Rh(I) anion, [Rh(OEP)J”.N“ The hydride complex Rh(OEP)H shows
NMR chemical shift changes in pyridine consistent with coordination of pyridine.
forming Rh(OEP)H(py). Overall. solutions of [Rh(OEP)], in pyridine behave as
an equimolar mixture ofth(OEP)(py)gfr and [Rh(OEP)|™. For example, reaction
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of this solution with H, produces Rh(OEP)H, an unusual example of heterolytic
activation ofdihydmgen177 where H" and H™ react with a metal anion and cation.
respectively, to give the same product. Despite the different formulation of the
species in solution, the overall reactivity of [Rh(OEP)], in benzene and pyridine
is remarkably similar, with [Rh(OEP)(py)g]+ and [Rh(OEP)]™ in pyridine react-
ing with H-/CO or H>O/CO to give the formyl complex Rh(OEP)Y(CHO)(py).
In this case activation of CO is proposed to occur through the metalloanion
[Rh(OEP)]~.>"

G. Rhodium Porphyrin Carbene Complexes and the Cyclopropanation
of Alkenes Catalyzed by Rhodium Porphyrins

In 1980 and 1982, Callot and co-workers reported that Rh(Por)I catalyzed the
reaction between alkenes and ethy! diazoacetate to give svn cyclopropoanes as the
major products (Eq. 25).7"" This was unusual as most transition metal catalysts
for this reaction give the anti isomers as the predominant products. Kodadek and
co-workers® " followed up this early report and put considerable effort into trying
to improve the syn/anti ratios and enantioselectivity using porphyrins with chiral
substituents.

R

RhPorI R CHCO,Et R
\—e 4+ N,CHCOEt —catalyst = \A/ \A (25)

_ CHCO,Et
syn anti

Details of the mechanism of the cyclopropanation reaction were elucidated
by a careful study of the reactions of Rh(TTP)I and Rh(TTP)CH; (which can
also act as a catalyst) with ethyl diazoacetate in the presence and absence of an
alkene, to give the overall process shown in Scheme 18.%7' " Species which have
been observed directly by spectroscopy are the alkyl diazonium and iodoalkyl
complexes [(TTP)Rh—CH(N>)CO,Et]" (at —40°C) and (TTP)Rh—CH(DCO,EL.
The latter species was determined to be the actual catalytic species participating in
the cycle, as shown in Scheme 18.%7* The cyclopropanation event occurs by transfer
of a carbene fragment from a rhodium carbene complex (not directly observed) to
the alkene substrate.

The stereochemistry of the resulting cyclopropane product (syn vs anti) was
rationalized from a kinetic study which implicated an early transition state with
no detectable intermediates. Approach of the alkene substrate perpendicular to the
proposed carbene intermediate occurs with the largest alkene substituent opposite
the carbene ester group. This is followed by rotation of the alkene as the new
C—C bonds begin to form. The steric effect of the alkene substituent determines
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i co.Et 11 coEt

N,CHCO,Et

CO,Et

-N2

catalytic cycle

SCHEME 18.

whether clockwise or anticlockwise rotation occurs, depending on whether por-
phyrin/substituent or ester/substituent interactions predominate, leading to either a
synoranti product.274 Attempts to improve the syn/anti ratio and enantioselectivity
were made by appending bulky binaphthyl or ortho-pyrenylnaphthyi groups to the
meso porphyrin sites, creating a “chiral wall” or even bulkier “chiral fortress™ por-
phyrin, respectively. Although in each case relatively good syn/unti ratios (in the
range 2--8) were obtained for a variety of alkenes, enantiomeric excess values (ec)
remained only modest, in the approximate range 10—409%. with the anti products
generally exhibiting better ee values than the sva products.ys”277
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Rh(Por)! (Por = OEP, TPP, TMP) also acts as a catalyst for the insertion of
carbene fragments into the O—H bonds of alcohols, again using ethyl diazoacetate
as the carbene source. A rhodium porphyrin carbene intermediate was proposed
in the reaction, which is more effective for primary than secondary or tertiary
alcohols, and with the bulky TMP ligand providing the most selectivity.m4

Both rhodium and osmium porphyrins are active for the cyclopropanation of
alkenes. The higher activity of the rhodium porphyrin catalysts can possibly be
attributed to a more reactive, cationic carbene intermediate, which so far has defied
isolation. The neutral osmium carbene complexes are less active as catalysts but
the mono- and bis-carbene complexes can be isolated as a result.

Although rhodium porphyrin carbene species are believed to be the key in-
termediates in the alkene cyclopropanation reactions, few examples of rhodium
porphyrin carbenes have been fully characterized. Nucleophilic attack on coordi-
nated isocyanide ligands to give carbene ligands is well known, but not well ex-
plored for porphyrin systems. [Rh(Por)(CNR):|" (Por = OEP, TPP; R == CH.Ph,
p-CeHy) reacts with methanol (as the nucleophile) although the carbene prod-
ucts are formulated as [(Por)Rh=C(NHR)-|". Minor products from these reac-
tions arc the methoxycarbonyl and amide complexes (Por)Rh—C(O)OCH; and
(Por)Rh—C(O)NHR, presumed to result from hydrolysis reactions producing the
free amine, H;NHR, which then ends up as a substituent on the carbene ligand. An
X-ray crystal structure of [(TPP)Rh=C(NHCH,Ph),(CNCH-Ph)|PF, shows it to
contain an isocyanide ligand in the position trans to the carbene (Fig. 7). Both the
Rh-C(carbene) and Rh—C(isocyanide) bond lengths, 2.030(11) and 2.064(13) A,
respectively, are long compared to non-porphyrin rhodium carbene and isocyanide
distances, and are presumed to reflect a trans influence.>”” In fact. both these dis-
tances are not significantly shorter than Rh—C single bonds in o -bonded Rh(Por)R
complexes, for example 1.970(4) and 2.013(6) for the Rh—C bond lengths in two
different determinations of Rh(OEP)CH;.zx“ The electrochemistry of the carbene
complex [(TPP)Rh=C(NHCH,Ph),(CNCH,Ph)|PF, has been investigated.™"

H. Heterobimetallic Rhodium Porphyrin Complexes

A number of the reactions by which organometallic rhodium porphyrin com-
plexes are prepared have parallel reactions with inorganic substrates, giving rise to
“inorganometallic™ rhodium porphyrin complexes. [Rh(OEP)], reacts with a va-
riety of silanes and stannanes, including Et:SiH, Ph;SiH, n-BusSnH, and PhsSnH
to give the rhodium silyl and stannyl complexes Rh(OEP)SiR; (R = Et, Ph)
and Rh(OEP)SnR; (R = n-Bu, Ph) together with elimination of H,.** An al-
ternative synthesis of a rhodium silyl utilizes [Rh(TPP)]™ with Me;SiCl, giving
Rh(TPP)SiMe;.”** Three complexes, Rh(OEP)SiEt:,® Rh(OEP)SiMes.”*” and
Rh(TPP)SnCl5,** have been characterized by X-ray crystallography, and exhibit
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Rh—Si or Rh—Sn bond lengths of 2.32(1), 2.035(2) and 2.450(1) A, respectively
(Fig. 7).

[Rh(OEP)| " reacts with In(OEP)CI in THF to give the heterobimetallic dipor-
phyrin complex (OEP)Rh—In(OEP), which has a Rh—In bond length of 2.584(2) A.
slightly shorter than the sum of the covalent radii (2.62 A) of rhodium and indium
(Fig. 7). This compound reacts with CHsl to give Rh(OEP)CH; and In(OEP)I, and
with acids HX to give Rh(OEP)H and In(OEP)X, but showed no activity toward
many of the reagents that react with [Rh(OEP)}> under similar conditions (H»/CO,
styrene or acrylonitrile). Furthermore. the compound shows no tendency to coor-
dinate donor ligands (CNBu, H,O or P(OEt);) at the rhodium center. On the basis
of its chemical reactivity the complex is considered to be a donor—acceptor com-
plex, with rhodium retaining its Rh(I) anion character with a filled d,: orbital, and
indium its In(111) character.”™ A selection of other derivatives (Por)Rh—In(Por)
containing different porphyrins have been prepared, as have the thallium analogues
(Por)Rh—TI(Por) which show similar 1‘ezlctivity.285’m7

Vil
THE LATE TRANSITION METALS (GROUPS 10, 11, AND 12)

A. Overview

Organometallic porphyrin complexes containing the late transition elements
(from the nickel, copper, or zinc triads) are exceedingly few. In all of the known
examples. either the porphyrin has been modified in some way or the metal is
coordinated to fewer than four of the pyrrole nitrogens. For nickel, copper, and
zine the 42 oxidation state predominates, and the simple M“(Por) complexes are
stable and resist oxidation or modification, thus on valence grounds alone it is easy
to understand why there are few organometallic examples. The exceptions. which
exist for nickel, palladium, and possibly zinc, are outlined below. Little evidence
has been reported for stable organometallic porphyrin complexes of the other late
transision elements.

B. Nickel

Nickel porphyrin complexes containing a bridging carbene ligand have been
known for some 25 years. Ni(TPP){-(Ni,N)—CHCOEL} was prepared by the
reaction of the nickel(IT) N-alkyl porphyrin [Ni(TPP—NCH,CO-Et)]™ with base.
and has been characterized by crystallography (selected data are given in Table V).
The nickel is bonded to only three of the pyrrole nitrogens, with a long Ni- - N
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distance (2.610(3) A) to the alkylated pyrrole.zx8 A related vinylidene porphyrin,
Ni(TPP){ 1t-(Ni,N)—C=CAr} (Ar = p-CcH4Cl), was prepared by the reaction of
the N,N-vinylidene-bridged free-base porphyrin with Ni(CO)4.2* In each of these
complexes, the carbene fragment has alkylated one pyrrole nitrogen, reducing the
charge on the porphyrin ligand to — 1, and thus the Ni'' center can form a bond to the
carbene carbon to achieve a neutral complex. This principle has also been demon-
strated for an N-alkyl porphyrin. Ni(TPP—NMe)Cl (containing the N-methyl TPP
ligand) reacted with PhMgBr at —70'C to give a complex assigned by 'H NMR
and EPR spectroscopy to be Ni(TPP—NMe)Ph. The complex is paramagnetic
(S=1), in contrast to the diamagnetic bridging carbene nickel complexes. A
thiaporphyrin H(SPor), in which one pyrrole NH group is replaced by a sulfur
atom, thus forming a monoanionic N3S donor ligand, behaves similarly, forming
Ni(SPor)Ph from Ni(SPor)Cl and PhMgBr at —70C, again detected by spec-
troscopy. Both Ni(SPor)Ph and Ni(TPP—NMe)Ph decompose upon warming above
~70°C7MA diaoxaporphyrin (O.Por), in which two pyrrole NH groups are re-
placed by oxygen atoms, is a neutral N-O, donor ligand. At —70"C, Ni(O-Por)Cl,
reacts with one or two equivalents of PhMgBr to give Ni(O-Por)PhCl or Ni(O»Por)
Ph,. ™" Finally, the unusual porphyrin isomer in which one pyrrole ring is inverted,
with the nitrogen atom on the periphery of the ring and a CH group pointing into
the cavity forms both Ni(Il) and Ni(Ill) complexes containing an Ni—C bond to
the carbon in the inverted pyrrole ring.wz

C. Palladium

Until very recently, metalloporphyrin w-allyl complexes were unknown, but
this has changed with the report of one example containing palladium.JLB Like
the organometallic nickel porphyrins, N-alkylation of the porphyrin is a feature
of this new complex. In this case, the free-base porphyrin (TPP-NN) bears an
N?'. N**-etheno bridge, in which a PhC=CPh group bridges between two adja-
cent pyrrole nitrogens. The etheno-bridged porphyrin (TPP—NN) coordinates as
a neutral ligand, forming a complex with a PdCI, fragment in which the palla-
dium atom lies considerably out of the porphyrin plane and is coordinated only
to the two non- alkylated pyrrole nitrogen atoms. PA(TPP—NN)CI, reacted with
AgClO, followed by the allyltin reagent, CH,=CHCH,SnBuj, to give the cationic
m-allyl complex [Pd(TPP—NN)(1]3—C3H5)]+. Two isomers were identified by 'H
NMR spectroscopy, presumed to differ in the orientation of the m-allyl ligand
with respect to the palladium porphyrin fragment. One isomer was characterized
by X-ray crystallography, and showed Pd—C distances (2.085(7) and 2.125(7) A)
similar to those observed in related m-allyl palladium bipyridine complex. Thus
in this case, the porphyrin is behaving essentially as a neutral, bidentate nitrogen
donor ]igand.zq3
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D. Zinc

'H NMR data has been reported for the ethylzinc complex, Zn(TPP—NMe)Et,
formed from the reaction of free-base N-methy! porphyrin H(TPP—NMe) with
ZnEt. The ethyl proton chemical shifts are observed upfield, evidence that the
ethyl group is coordinated to zinc near the center of the porphyrin. The complex
is stable under Nj in the dark, but decomposed by a radical mechanism in visible
light.z‘)4 The complex reacted with hindered phenols (HOAr) when irradiated with
visible light to give ethane and the aryloxo complexes Zn(TPP—NMe)OAr. The
reaction of Zn(TPP—NMe)Et, a sccondary amine (HNEtL) and CO, gave zinc
carbamate complexes, for example Zn(TPP—NMe)O,CNE(,.*”

IX

NON-COVALENT INTERACTIONS BETWEEN METALLOPORPHYRINS
AND ORGANIC MOLECULES

An important development in the 1990s has been the growth in supramolec-
ular chemistry, including the recognition that non-covalent interactions have an
important role to play in all facets of chemistry. Chemical systems featuring
these once occurred only in the realm of serendipity, but can now be achieved
through careful design and synthesis. Non-covalent interactions involving metal-
loporphyrins, particularly where there is an interaction between an organic sub-
strate and the metal center, form one extreme of a continuum of organometallic
bonding types spanning non-covalent interactions, agostic bonding, coordination
of o-bonds (H—H or C—H), m-coordination, o -donor bonds, and fully covalent
o-bonds.

Close approaches of arene solvents to metalloporphyrins have been observed
by crystallography. For example, Mn(TPP) crystallizes as a toluene solvate with
a toluene solvent molecule lying on either side of the porphyrin plane. The di-
hedral angle between the porphyrin plane and toluene plane is 10.7" (reduced to
6.7 for one of the pyrrole rings). The average perpendicular distance between the
toluene ring and the mean 24-atom plane of the porphyrin is 3.30 A. One aromatic
C—C bond of toluene approximately eclipses one N—Mn—N axis, with Mn. - -C
distances of 3.05 and 3.25 A.>* There has been considerable effort invested in the
preparation of a “bare” [Fe(Por)]™ cation, requiring a “lcast coordinating anion”
as the counterion. Similar close approaches of arene solvates are seen in two ex-
amples. [Fe(TPP)]SbF,-C¢HsF contains a fluorobenzene solvate with a dihedral
angle between the porphyrin and arene planes of 7 . and average separation be-
tween the two planes of 3.30 A.** The closest Fe- - -C(arene) distance is 3.34 A.
A complex of [Fe(TPP)]" containing an cven more weakly coordinating anion,
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{Ag(BroCB,Hg),]~ contains a p-xylene molecule on each side of the porphyrin
plane with dihedral angles of 13 and 5°. The closest approach of a p-xylene atom
to the mean plane of the porphyrin is 2.89 A, and the closest Fe- - -C(p-xylene)
distance is 2.94 A, about 0.2 A shorter than the sum of the covalent radii.?”® These
examples blur the distinction between ligand and solvate, and in the two examples
involving the [Fe(TPP)]™ cations, the closely approaching arene molecules may
be playing a role in compensating for the positive charge on the cations. However,
whether the M(Por)/arene interaction is driven by metal/arene “‘coordination” or
porphyin/arene /7 interactions is still an open question.

In one further example involving an iron porphyrin there is good structural cv-
idence for heptane C—H coordination to iron.”” The complex Fe(DAP)-heptane
contains an elaborated “double A-frame” porphyrin, in which opposite pairs of
phenyl rings in TPP are linked through the ortho positions by NHC(O)-1.4-
C¢Hy—C(CF3)5-1,4-CcH4—C(O)NH straps, creating cavities above and below the
porphyrin core. Each heptane molecule spans between two cavities on adjacent
molecules, with close contacts between the iron atoms and the terminal methyl
groups on the heptane molecules. The iron atom is displaced 0.26 A from the mean
N, plane toward the heptane, which is an indicator for five-coordination at iron.
The Fe- - -C(heptane) distances are 2.5 and 2.8 A, well within the 2.5-3.0 A range
accepted for M- - -C agostic interactions. The structural data were supported by
density functional theory calculations which gave Fe- - -C distances of 2.68-2.70
A. This example is remarkable first because of the alkane coordination to iron(Il),
and second because it involves a free alkane, not one covalently tethered to the
molecule as is usually observed for agostic interactions.”’

Finally, a series of co-crystallates of fullerenes (Cey and C) with both free-
base and metalloporphyrins show unusually short porphyrin/fullerene contacts
(2.7-3.0 A) compared with typical 7-7 interactions (3.0-3.5 A). " The fact that
these close approaches are observed for both free-base and metalloporphyrins
indicates that - interactions rather than metal/fullerene interactions are impor-
tant in these examples. For example, H,TPP-Cgy-3toluene crystallizes in zig-zag
chains of alternating porphyrin and fullerene molecules, with an electron rich 6:6
ring juncture lying over the center of the porphyrin ring. The closest porphyrin
plane-fullerene interaction is 2.72 A. The two metalloporphyrin cocrystallates
are ZnTPP-Cy, and NiTTP-2C4,-2toluene, which contain side-on Cs, molecules
with a carbon atom from three fused 6-membered rings lying closest to the por-
phyrin. The shortest Zn- - -C and Ni- - -C distances in these structures are 2.89 and
2.85 A. NMR evidence indicates that the interaction persists in solution. Overall,
the interactions of the planar porphyrins with the curved fullerenes are important
because they demonstrate supramolecular recognition without the need for match-
ing a concave host with a complementary convex guest. These structures help to
explain the function of the TPP-appended silica stationary phases used for the
chromatographic separation of fullerenes.””
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Chromium porphyrins, 242-243
Cobalt, organometallic chemistry, 230-231
Cobalt porphyrins
alkene and alkyne reactions, 291-293
in alkene polymerization, 289-291
hydride complexes, 287-289
a-bonded alkyl and aryl complexes
Co-C bond energies, 283-285
features, 282-283
redox chemistry and electrochemistry,
285-286
synthesis and reactivity, 280-282
synthesis, 279-280
Condensation, formaldehyde with silicon, 135

Core transformations, very mixed-metal clusters

core expansion and contraction, 90-105
metal exchange. 79-90
Corroles, preparation, 250
COT. see n*-Cyclooctatetraenyl anjons
Cross-coupling, arylchlorides
Kumada reactions, 211-215
Suzuki reactions, 208-210
Cubane clusters, EHMO calculations, 134
n*-Cyclooctatetraenyl anions, zirconium
complexes, 238
Cyclopentadienyl groups, 75-76
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Cyclopropanation. alkenes, 263, 276-277.
307-309
Cytochrome P450
model, 262
oxidation processes, 263-264

D

Decomposition
methyl(triphenylmethyl)dichlorosilane,
175
I-silaallenes, 18-19
Dehydration, methylcyclohexane, 116
Diazoalkanes, 262
Diazoesters, 276-277
Di-r-butylsilylene. 25-26
n®-Dicarbolide anions, zirconium complexes,
238
(Dichloroalkylychlorosilanes
benzene afkylation. 170
in biphenyl alkylation. 172
(DichloroalkyDsilanes, 169-173
(w.w-Dichloroalkylsilanes, 169
Dichlorobenzenes. 170
Dichlorocarbene iron porphyrins, 245
(1,2-Dichloroethyl)silane, 176
(1,2-Dichloroethyltrichlorosilanes, 171172
Dienes, very mixed-metal cluster substitution,
59
Dicthyldiallylmalonate, in nucleophilic carbene
tests. 195
Diethyl ruthentum porphyrin complex. 271
Dihalocarbene complexes, 260-261
Dihydrogen complexes, Os and Ru porphyrins,
278-279
4,5-Dihydroimidazol-2-ylidencs. 195
Dimerization
heteroallene, 7
phenylacetylene, 72
phenylvinylidene. 72
Dimethylbenzenes, peralkylation, 163-165
Dimolybdenum—dicobalt cluster. 54
Dinuclear metal complexes, 90-91
Diol dehydratase. 300
Diphenylacetylene. 73
Diphenyl disulfide, 62-63
(DiphenylmethyDsilane. 176
3,3-Diphenylpropyn-3-ol, 204
d orbitals. transition metal porphyrins.
228-229
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E

Early transition metal porphoryins
with scandium. yttrium. and futetium.
232235
synthesis, 231-232
with titanium, 235-237
with zirconium and hafnium, 237-240
EHMO calculations, see Extended Hiickel
molecular orbital calculations
Electrocarboxylation. organocobalt porphyrins,
286
Electrochemistry
iron aryl porphyrins, 255
iron porphyrins, 249
organocobalt porphyrins. 285-286
o -alkyl rhodium porphyrins, 298
very mixed-metal clusters, 125-130
Electronic absorption, organoiron porphyrins.
248-249
Electronic effects
nucleophilic carbenes. 185186
rhodium porphyrin dimers and hydrides.
299-300
Electronic structure, cobalt porphyrins, 293
Electron transfer, metal exchange reactions. 86

Electrophiles, very mixed-metal cluster addition,

64-67
Electroreduction
iron porphyrins. 247
rhodium porphyrins, 295
Energy
Co~C in Co porphyrin bonds, 283-285
nucleophilic carbene reorganization, 188-189
Ethoxy group. cleavage, 73-74
Ethylalumination, alkynes, 240
Ethylbenzene, 161-162
Ethyl diazoacetate, for Os carbene complex.
276-2717
Ethynylmethylsilane. 12
Extended Hiickel molecular orbital calculations
cubane clusters, 134
very mixed-metal clusters. 132-133

F

Fenske—Hall molecular orbital calculations. 133
Ferrocene, alkylation, 155~158

Flash photolysis, I-silaallenes. 13-14

Flash vacuum pyrolysis

INDEX

trimethylsilylvinylmethylchlorosilane. 12
vinylsilane, 12-13
Fluoroalkynylsilanes. 1718
Fluoroaryl iron octaethyltetraphenylporphyrins.
255
Fluorobenzene
alkylation, 170
metalloporphyrin interaction, 312
Fluorophenyl iron porphyrins, 249-250
Formaldchyde. condensation with Si. 15
Fricdal-Crafts alkylation
with allylchlorosilanes
aromatic hydrocarbons. 150155
ferrocene. 155-158
with (w-chloroalkylsilanes, 165-169
with (dichloroalkyl)silanes, 169-173
peralkylation, dimethyl- and
trimethylbenzenes, 163-165
with silicon compounds
mechanism. 146149
orientation and isomer distributions, 149
transalkylations and reorientations, 150
with (trichloromethylsilanes. 173-178
various compounds. 145-146
with vinylchlorosilanes
aromatic compounds, 158-159
benzene polyalkylation, 159161
monoalkylbenzene polyalkylation, 161-163
Fullerene—metalloporphyrin interaction. 313
FVP, see Flash vacuum pyrolysis

G

GAPT population analysis, see Generalized
atomic polar tensor population analysis
Generalized atomic polar tensor population
analysis, silaketene, 4
1-Germaallenes
framework linearity, 36
synthesis and reactions, 22-25
telturium complex, 39—0
1-Germa-3-phosphaallene, synthesis, 30-31
Group 3 organometallic complexes, 224-225
Group 3 porphyrins, 231-232
Group 4 organometallic complexes, 225
Group 4 porphyrins, 231-232
Group 5 porphyrins. 240-241
Group 6-group 8-group 9 clusters, 53-54
Group 6-group 9 clusters, 52-53, 66-67. 72
Group 6-group 10 clusters, 104
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Group 6 porphyrins, 240-241
Group 7 porphyrins, 240-241
Group 10 porphyrins, 310-312
Group ! I porphyrins, 310-312
Group 12 porphyrins. 310-312
Group 14 carbene analogs, 25-26
Group 14 heteroallenes
bonding models, 2—4
crystal structures. 34—40
future research, 43-44
l-germaallenes, 22-25
heteroketenimines, 25-30
heterophosphaallenes, 30-31
NMR, 4043
I-silaallenes, 17-22
I-silaallene transition metal complex, 32-34
1.2 3-tristannaallene. 32

H

Hatnium porphyrins, 237-240
Halobenzenes. 151
Halocarbene iron porphyrins. 261

Halogens, very mixed-metal cluster substitution,

62-63
HDS catalysts. see Hydrodesulfurization
catalysts
Heptane—metalloporphyrin interaction. 313
Heteroallenes
dimerization, 7
group 14
bonding models, 24
crystal structures, 34-40
tuture research. 4344
I-germaallenes, 22-25
heterophosphaatlenes, 30-31
NMR. 40-43
1-silaallenes, 17-22
I -silaallene transition metal complex.
32-34
1,2.3-tristannaallene, 32
Heteroketenimines, 25-30
Heterometallic clusters, 115
Heterophosphaallenes, 30-31
Hexane. in ferrocene alkylation, 156-157
3-Hexyne. 73
Homolysis. organoiron porphyrin Fe—C bond,
255-256
Hydride complexes
cobalt porphyrins, 287-289
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Os and Ru porphyrins, 278-279
rhodium(Iil) porphyrin, 298-302
Hydride migration, in Re-Pt clusters, 120-121
Hydrocarbon matrices, CO-saturated, 14
Hydrodesulfurization catalysts, 109. 112
Hydrogenation. CO. 115

Imidazolium salts, 182
Imidazol-2-ylidenes
analog synthesis, 199-201
in olefin metathesis. 191-192
preparation, 195
various complexes, 182
lodosylbenzene, 262
Iridium porphyrins
o-bonded organo complexes. 295-298
synthesis and mechanism. 293-295
Iron, organometallic chemistry, 230-231
Iron(Il) alkyl anions, 258
[ron porphyrins
carbene complexes, 259-263
oxidation catalysis, 263-264
silyl and stannyl complexes. 259
synthesis, 244-245
Isocyanates, to group 14 carbene analogs. 25-26
Isocyanides
carbonyl ligand displacement, 61
lability, 28-29
rhodium porphyrin activation. 303-305
with silylene, 27-28

K

Ketones, rhodium porphyrin reactions. 306
Kinetics, Fe—C bond homolysis. 256
Kumada reactions, 211-215

L

Lanthanides porphyrins, 231-232
Late transition metal porphyrins
with nickel, 310-311
with palladium, 311
with zinc, 312
Ligand addition. very mixed-metal clusters.
64-67
Ligand fluxionality, very mixed-metal clusters.
116-124
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Ligand substitution, very mixed-metal carbonyl
clusters
other ligands, 59-63
P-donor ligands, 49-58
Ligand transformations, very mixed-metal
clusters
C-donor ligands, 69-76
general, 67-69
other ligands, 76-79
Lithiation, cobalt porphyrins, 280-281
Lutetium porphyrins, 235

M

Magnetic behavior, very mixed-metal clusters,
131-132
Manganese porphyrins, 243
Mesitylene. peralkylation, 164
Mesityl group, to alkynylpolysilane, 12
Metal carbonyl anions, metal exchange
reactions, 89-90
Metal carbonyl hydrides. metal exchange
reactions. 89-90)
Metal clusters
fluxionality studies, 117
phosphine reactions, 103
Metal exchange
intermolecular ligated exchange, 123
in very mixed-metal clusters, 61. 79-90
Metallacarborance clusters, expansion, 104
Metalloporphyrin oxo species. in oxidation
chemistry, 226
Metalloporphyrins
organic molecule interactions, 312-313
systematic chemistry, 224
Metals
carbonyl exchange. 121-122
framework rearrangement, 122123
Methylcyclohexane, dehydration, 116
Methylene chloride. in ferrocene atkylation,
156157
Methyl(triphenylmethylydichlorosilane, 175
Middle transition element porphyrins
with chromium, molybdenum, and tungsten,
242-243
developments, 240-241
with manganese, 243
with tantalum, 241-242
Migration
alkyne group, 121

INDEX

Fe-to-N. in organoiron porphyrins, 254-255
hydride, see¢ Hydride migration
in organocobalt porphyrins, 286
Mixed-metal clusters, fluxionality studies. 117
MO calculations. see Molecular orbital
calcutations
Models
carbene fences. 190191
cylochrome P450, 262
group 14 heteroallene bonding, 2-4
very mixed-metal cluster catalysis. 106109
Molccular orbital calculations, very mixed-met:
clusters, 132-135
Molybdenum complexes
clectrochemical behavior, 127
metal exchange reactions, 103-104
Molybdenum—palladium catalysts. 116
Molybdenum porphyrins, 242-243
Monoalkytbenzenes
alkylation, 152
polyalkylation, 161-163
Mononuclear metal complexes, core expansion,
90-91

N

Nickel catalysts
with silacyclobutenes, 11-12
in thermolysis, 9-10
Nickel complexes, metal exchange reactions,
103-104
Nickel porphyrins, 310-311
Nitric oxide, into organoiron porphyrins, 256
Nitriles, very mixed-metal cluster substitution,
59
Nitrogen, C-N bond formation, 208
Nitrosyl ligands, in Ru and Os porphyrin
complexes, 268-269
Nuclear magnetic resonance
cobalt porphyrins, 282-283
group 14 heteroallenes, 40-43
iron(111) o -alkyl and -aryl porphyrins. 248
porphyrin complexes, 229-230
rhodium porphyrins, 303-304
Nucleophilic carbenes
bond distances, 187188
bond formations. 208
catorimetric studies. 184—185
catalytic activity, 197-198
centroid bond distance. 189-190
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fence models, 190-191

olefin metathesis. 191-207
reorganization energies, 188-189
stability, 183

stereoelectronic properties, 185-186
structural studies, 183184
thermochemistry, 183-184

various complexes. 182

O

Octaethylcorrole, 250
Octaethyltetraphenylporphyrin, 250
Octanuclear anionic clusters, 130
Octanuclear clusters, 112
OEC, see Octacthylcorroie
OETPP. see Octaethyltetraphenylporphyrin
Olefin metathesis, nucleophilic carbenes,
191-207
Organic compounds
metalloporphyrin interactions, 312-313
rhodium porphyrin reactions, 306-307
Organocobalt porphyrins, 285-286
Organoiron porphyrins
Fe—C bond homolysis, 255-256
Fe-to-N migration, 254-255
small molecule insertion, 256-258
synthesis and properties, 246-254
Organolithium reagents, [7-18
Organometallic complexes
group 3 and 4 metals, 224-225
in modern chemistry, 226
Organometallic porphyrins, 225
Organoosmium porphyrins. 269-271
Organoruthenium porphyrins, 269-271
Organosilicon compounds, 167
Organosulfur compounds, 108
Orthometallation, PPh;. 78
Osmium porphyrins
alkene and alkyne complexes, 273-274
with alkylidenes, 262
carbene complexes, 275-278
dihydrogen complexes, 278-279
hydride complexes, 278-279
o-bonded alkyl and aryl complexes, 266273
synthesis, 264--265
Oxidation
catalysis, by iron porphyrins. 263-264
organocobalt porphyrins, 286
Oxygen
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for cobalt porphyrins, 288
into organoiron porphyrins, 256-257

P

Palladium-containing metal clusters, phosphine
reactions, 103
Palladium nucleophilic carbenes, 182
Palladium porphyrins. 311
P-donor ligands, very mixed-metal substitution.
49-58
Peralkylation. dimethyl- and trimethylbenzenes,
163-165
Petroleum reformation, 108-109
Phenylacetylene, 72
Phenylboronic acid, 209
Phenyl group migration, 254-255
Phenylvinylidene, 72
Phosphines
with Pd-containing metal clusters, 103
P-H activation. 76
Pt-bound phosphine, 122
with Pt-containing metal clusters, 103
very mixed-metal substitution, 49-58
Phosphinidene clusters, P-donor ligand
substitution, 53
Phosphites. very mixed-metal substitution,
49-58
Photochemistry, iron porphyrin halocarbene
complexes, 261
Photolysis
transient |-silaallenes, 5-13
triangular clusters, 91
4-Picoline
with Os carbene complex, 276
with titanium porphyrin complexcs, 236-237
Platinum-bound phosphine. 122
Platinum-containing metal clusters, 103
Platinum-rhenium clusters, 98—100
Polyalkylation
benzene, 159-161
benzene derivatives, 154
monoalkylbenzene, 161-163
Polychlorobenzenes, 171-172
Polymerization, atkenes, 289-291
Porphyrin complexes
alkyliron(III) complexes, 256~257
with chromium, molybdenum, and tungsten.
242-243
with cobalt
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alkene and alkyne reactions, 291-293

in alkene polymerization, 289-291

hydride complexes. 287-289

a-bonded alkyl and aryl complexes
Co-C bond energies, 283-285
features, 282-283

redox chemistry and electrochemistry,

285-286
synthesis and reactivity, 280-282
synthesis, 279-280)
coordination chemistry, 227
dicthyl ruthenium complex, 271
with hafnium. 237-240
with iridium
o -bonded organo complexes, 295-298
synthesis and mechanism, 293-295
with iron
carbene complexes, 259-263
oxidation catalysis, 263-264
silyl and stannyl complexes, 259
synthesis, 244-245
with lutetium, 235
with manganese, 243
metalloporphyrin complexes, 224
with middle transition elements, 240-241
with nickel. 310-311
NMR studies. 229-230
organoiron complexes
Fe—C bond homolysis, 255-256
Fe-to-N migration, 254-255
small molecule insertion, 256-258
synthesis and properties, 246254
organometallic
classification, 225-226
early transition metals, 231-232
with osmium
alkene and alkyne complexes, 273-274
carbene complexes, 275-278
dihydrogen complexes, 278-279
hydride complexes, 278-279
o-bonded alkyl and aryl complexes,
266-273
synthesis, 264-265
with palladium, 311
with rhodium
carbene complexes, 307-309
C-H activation, 302-303
CO and isocyanide activation, 303-305
dimer and hydride reactions, 298-302
heterobimetallic complexes, 309-310

INDEX

organic substrate reactions, 306-307
o-bonded organo complexes, 295-298
synthesis and mechanism, 293-295
with ruthenium
alkene and alkyne complexes, 273-274
carbene complexes, 274-278
dihydrogen complexes. 278-279
hydride complexes, 278-279
a-bonded alkyl and aryl complexes,
266-273
synthesis, 264-265
with scandium, 232-235
with tantalum, 241-242
with titanium, 235-237
with yttrium, 235
with zinc, 312
with zirconium, 237-240
Porphyrins. as supporting ligands. 228-231
1.2-Propadiene, see Allene
Propadienes. atomic charges, 4
Propanal. tor cobalt porphyrins, 288
Protonation, very mixed-metal clusters, 64-66
Pyridines
with osmium carbenes. 276
rhodium porphyrin reactions, 306
with titanium porphyrins, 236-237
Pyrolysis. transient 1-silaallenes, 5-13

R

RCM. see Ring closing metathesis
Rectangular cluster, core transformation, 100
Redox chemistry

organocobalt porphyrins, 285-286

Ru aryl and alkyl porphyrin complexes,

271-273
Reorganization energy. nucleophilic carbenes,
188-189
Rhenium, ligated carbonyl, 122
Rhenium—platinum clusters, 98-100, 108-109,
120-121

Rhodium nucleophilic carbenes, 182
Rhodium(ll) porphyrin dimer, 298-302
Rhodium(11l) porphyrin hydride, 298-302
Rhodium porphyrins

carbene complexes, 307-309

C—H activation. 302-303

CQO and isocyanide activation. 303-305

dimer and hydride reactions, 298-302

heterobimetallic complexes, 309-310



INDEX

organic substrate reactions, 306-307
m-bonded organo complexes, 295-298
synthesis and mechanism, 293-295
Ring closing metathesis, 207
Ruthenium allenylidene complexes. 204-206
Ruthenium carbenes, 191-192
Ruthenium-indenylidene—imidazol-2-ylidenc
complexes, 202-204
Ruthenium porphyrins
alkene and alkyne complexes, 273-274
alkylidene, 262
carbene complexes, 274-278
dihydrogen complexes. 278-279
hydride complexes, 278-279
o-bonded alkyl and aryl complexes, 266-273
synthesis, 264-265
Ruthenium-1-silaallene complex. 32-34, 38-39

S

Scandium porphyrins, 232-235
Selenido-containing clusters, 88
o-bonded complexes
alkene and alkyne porphyrin complexes,
273-274
cobalt porphyrins
Co—C bond energies. 283-285
features, 282-283
redox chemistry and electrochemistry,
285-286
synthesis and reactivity, 280-282
iridium porphyrins, 295-298
osmium porphyrins, 266-273
porphyrin carbene complexes, 274-278
rhodium porphyrins, 295-298
ruthenium porphyrins, 266-273
Silaallenes, 37
1-Silaallenes
bond lengths, 38
decomposition. 18-19
framework linearity. 34
NMR swdy, 41, 43
reaction, 19
ruthenium complex. 38-39
synthesis, 17-18, 21
transicent, 5—-14
transition metal complex, 32-34
Silacyclobutanes, 18-19
Silacyclobutencs, 11-12
Silacyclopropenes, 9
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I-Silacyclopropenes, 7
Silaketenes, 4, 37
1-Silaketenes. 1415
Silaketenimines. 37-38
1-Sila-3-phosphaallene, 31
Silapropadienes, 13
Silica-supported catalyst, 113-115
Silicon, condensation with formaldehyde, 15
Silicon atom, in ferrocene alkylation, 157158
Silicon compounds, Friedal—Crafts alkylations,
146-150
Silyl complexes. iron porphyrins, 259
Silylene
with isocyanides, 27-28
precursor photolysis, 14
Silyl enol ethers, cobalt porphyrin reactions.
293
Silylmethyl complex. with zirconium.
239-240
1-Silylpropyl cation, 148
Sodium borohydride, for cobalt porphyrins. 288
Spectroelectrochemical studies, iron porphyrins.
249
Spectroscopy, iron aryl porphyrins, 255
Spiked triangular clusters
metal exchange reactions, 89-90
precursors, 102
|-Stannaketenimine, 26-27
Stannyl iron porphyrins, 259
Stereoelectronics, nucleophilic carbenes,
185-186
Styrene, cyclopropanation, 277-278
Substituent effects, in benzene alkylation, 153
Sultido bridging ligands. 91
Sulfur-capped tetrahedral clusters, 129
Sulfur dioxide, into organoiron porphyrins,
257-258
Suzuki cross-coupling, 208-210

T

Tantalum porphyrins, 241-242
Tellurium-1-germaallene complex, 39-40
Temperature-programmed reduction, 115
Tetra-capped clusters, 127-129
1.2,3.4-Tetrachlorobenzene, 171-172
Tetrahedral heterometallic clusters, 115
Tetranuclear clusters, 88-89
Thermal stability, nucleophilic carbenes.
201202
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Thermochemistry. nucleophilic carbenes,
183-184
Thermolysis
transient |-silaallenes, 5-13
very mixed-metal clusters. 101-102
Thiophenol, reactions, 108
Titanium porphyrins, 235-237
Toluene
alkylation, 151-152
metalloporphyrin interaction. 312-313
in transalkylation. 176

TPR, see Temperature-programmed reduction

Transalkylations

benzene, 150

(diphenylmethyDsilane, 176
Trans bending, silaketene, 37
Transtormations. see Core transtormations:

Ligand transformations

Transition metal carbonyls, 112-113
Transition metal complexes

carly transition metal porphoryins, 231-240

late transition metal porphoryins, 310-312
middle transition clement porphyrins.
240-243

with I-silaallene, 32-34
Triangular clusters

as cluster precursors, 102

photolysis, 91

spiked, metal exchange reactions. 89-90
1.2.4-Trichlorobenzene, 171172
(Trichloromethyl)silanes, 173—178
Trihalomethy! cobalt porphyrins, 281-282
Trimetallic clusters, 127
Trimethylbenzenes. 163-165
Trimethylchlorosilane, 12
Trimethylsilylvinylmethylchlorosilane, 12
Trimethylvinylsilane, 12
Trinuclear clusters. 81, 86
Triphenylphosphine. 78
Trisalkynyl-zirconium complexes, 239-240
1.2,3-Tristannaallene, 32

Tungsten complexes, metal exchange reactions,

103-104
Tungsten—platinum catalyst. 113
Tungsten porphyrins, 242-243
Tungsten—rhodium complexes, 104
Tungsten—triiridium cluster, 55-56

INDEX
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Very mixed-metal carbonyl clusters
C-donor ligand transtormation, 69-76
core expansion and contraction, 90-105
clectrochemistry, 125-130
heterogeneous catalysis, [12-116
homogencous catalysis, 109, 112
ligand addition. 64-67
ligand fluxionality, 116-124
ligand substitution. 59-63
ligand transformations, 67-69, 7679
magnetic measurements, 131132
metal exchange, 79-90
MO calculations, 132-135
modelling catalysis, 106109
P-donor ligand substitution. 49-58
reactivity studies, 48—49

Vicinal dibromides. 248

Vinylchlorosilanes. 147, 158-163

Vinyl-cobalt porphyrins. 286

Vinyl complexes
iron porphyrins, 247
synthesis, 287-288

Vinylidene iron porphyrins, 245,

261-262

Vinylsilane, 12-13

X

X-ray structure
group 14 heteroallenes, 34-40
nucleophilic carbenes, 192-197, 199-20)
ruthenium allenylidene complexes.,
204-206
Xylenes, 163-164

Y

Yttrium porphyrins. 235

zZ

Zinc porphyrins, 312

Zirconium alkynyl complex, 238239
Zirconium porphyrin dicarboxylates, 240
Zirconium porphyrins. 237-24()
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