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those reporting only the results of crystal structure studles have

not been included. TFinally, although most abbrevia' ions will
explained as they occur,

1-cyclopentadienyl (nS-CSHS) ligand the abb:eviation "cp" for

it will be given here.
Ty
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revious review see page 1.
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A number of reviews dealing at least in part with cobalt, rhodium
and iridium have appeared during the course of rhe year. Besides
a general review or complexes of rhe cobalt group containing metal-
carbon g—bonds (ref. 1) there are discussions of carbon monoxide
insertion into M-C bonds (ref. 2) and of complexes containing
metallated phosphine ligands (ref. 3). The reactions of carbene
complexes (ref. 4) and the synthesis and chemistry of zerovalent
isocyanide complexes (ref. 35a) have been covered. The latter
review provides a useful update to Malatesta's monograph on the
same topic (ref. 5b). A substantial number of reviews on carbonyl
compounds have appeared including those covering complexes with
wo—carbonyl groups (ref. 6), the use of cobalt carbonyls in organic
synthesis (refs. 7, 8), the chemistry of metal carbonylate species
in liquid ammonia (ref. 9), the synthesis and properties of mixed
metal carbonyl clusters (ref. 10), organometallic complexes contain—
ing chiral metal atoms (ref. 11), che synthesis and characterization
of large carbonyl clusters, particularly those of rhodium {(ref. 12),
and the chemistry of selected cluster complexes most of which
contain mainly carbonyl ligands (refs. 13, 14). Also on this
topic but dealing more with complexes containing a variety of
ligands besides carbon monoxide are reviews on rhodium and iridium
complexes of bulky phosphines (ref. 15), and the photochemistry
of hydride complexes (ret. 16).

Under the heading of aikene complexes are reviews of olefin
hydroformyiation using cobalt and rhodium catalysts (refs. 17-19),
homogeneously catalyzed olefin hydrogenation (ref. 20), and metal-
catalyzed carbon—-czrbon bond formation (ref. 21). Also reviewed
are cationic rhodium diolefin complexes (ref. 22). Miscellaneous
topics reviewed are complexes of multidentate phosphine ligands
(ref. z3), the use of trimethyiphosphine cobalt complexes as
catalysts (ref. 24), the use of boron heterocycles as ligands
(ref. 25), cobalt carbaboranes (ref. 26), and organoimido complexes
(ref. 27).

DISSERTATTIONS

Two dissertations report studies on the chemistry of cyclopenta-—
dienyil cobalt alkyl complexes. The compounds'[cpCo(CO)R]2
(R = Et, CHZCFB) were prepared and on thermolysis produced good
yields of dialkyl ketones. Also the reaction of [cpCo(CO)Z] or-
[cpCo(NO)]2 with olefins in the presence of nitric oxide yielded

the dinitroso complexes [1] which on low temperature reduccion
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with LiAlH, gave good yields of the corresponding diamines (ref. 28).
The second one reports that [cpCoMez(PPhB)] undergoes substitution
of PPh3 by FlMejy by a dissociative process. Reaction of the PFhq
cemplex with CO yields [cpCo(CO)(Me)z] which upon thermolysis

gives acetone via the intermolecular reaction of the acyl derivative
[cpCo(COMe) (Me)]. [CPCOMeZ(PPh3)] undergoes intermolecular exchange
of methyl groups and reacts with ethylene to yield propene.
Labelling studies demonstrate the transfer of am intact methyl

group to the olefim which is interpreted as & confirmation of

the generally accepted insertion mechanism for Ziegler-Nalta olefin
polymerization and an argument against recently proposed carhene
mechanisms. Reactions of [cpCo(PPh3)IZ] with Li(CHz)ALi produces
the cobaltacyclopentane complex [cpCoCH,CH,CH,CH,(PPhy)] (ref. 29).

The reaction of [RhMeIz(PPh3)2] with vinyl, alkynyl, and aryl
mercurials occurs stoichiometrically to yield methyl-substituted
olefiné, acetylenes, and arenes. However [RhCl(PPh3)3] catalyzes
the reaction of phenylmercuric chloride with vinyl bromide to
give styrene. Also [Rh(CO),€1]}, in the presence of LiCl and CO
catalyzes the stereospecific formation of divinyl ketones from
vinylmercurials (ref. 30).

The'eleétrochemical reduction of [Rh(diphos)?_]+ (diphos = 1,2~
bis(diphenYlpho;phino)ethane) in various solvents yields
[RhH(diphog)Z] by what was. established as an ECE mechanism. The
same reaction in the presence of cyclohexane also generated
[RhH(diphos) ] and products derived from the cyclohehyl radical

nilcatlng the ablllty of the. Rh(O) complex to actlvaté saturated
c-4 bonds.' The complex [Co(dlphos) ] was also studied (ref. 31).
VW - A study of ‘the asymmetrlc "hydrogenation of prochlral oleflns
) USLng chlral rhodlum catalysts has been made. One llgand used
iwas a: hldentate phosphlnlte derlved from resolved 1,1'-bi-2~

.naghthol where.thehchlrallty derives from atroplsomerlsm_rather'

‘IReferences p. 245"
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than from the presence of a chiral carbon or phosphorus atom

(ref. 32). Three studies of the synthesis of a variety of metallo-
carbaboranes have been reported. Reaction of [(COD)Ir(PPh3)2]+
(cop
[7-R-7,8-C,BgH ;1"

two ions. Thermolysis converts these salts into the hydrido

1,5-cyclooctadiene) with the nido carbaborane anions

(R = H, Me, Ph) yields simple salts of the

iridium complexes closo—[3,3—(PPh3)2-3—H—1—R-3,1,2—IrC2B9H10]

which are fluxional, the major process appearing to be rotation

of the IrH(PPh3)2 unit about the pentagonal face of the carbaborane
cage. Hydrogenation of the salts produces in addition to the closoc
complexes a2 second complex in which a gii—IrHZ(PPh3)2 moiety is
attached to a nido-7,8-C,Bg4H,, cage via two Ir-H-B bridge bonds

(ref. 33). A closely related study of the analogous rhodium
carbaboranes closo—[3,3—L2—3—H-3,l,Z—RhC2B9Hll] (L = PMe,Ph,

PEt3; Ly = diphos), their fluxional behavior and catalytic prop-
erties is also available (ref. 34). The third dissertation describes
the synthesis and structures of several cobaitaboranes, —cagbaboranes
and thiaboranes prepared by metal-atom vapor techniques (ref. 35).
The synthesis of the A-frame complexes [ha(CO)ZQJ—Y)(DPM)z] and
[Ir,(co),(n-8)(DPM),] (Y = sz‘, sel™, PHCGHll_; DPM = bis(diphenyl-
phosphino)methane) has been reported. Also in this dissertation

is the preparation of [ha(CO)Z(DPM)z] which is shown to protonate

to give [RhZ(CO)Z(u—H)(DPM)Z]PFa and to further react with carbon
monoxide to give [ha(CO)z(p—H)(u-CO)(DPM)Z]PFGWhich also functions
as a catalyst for the water-gas shift reaction (ref. 36). Structural

and 31

P NMR studies on a number of aryldiazo derivatives of rhodium

and iridium have been reported (ref. 37). Finally the synthesis

of fac— and Egz-[IrH3(CO)(PPh3)2] and a study of the interconversion
of these isomers has appeared. It is thought this process proceeds

via the successive reductive elimination and oxidative addition

of dihydrogen. Evidence is presented to suggest the novel traus

oxidative addition of dihydrogen (ref. 38).

Metal—-carbon o-bonded complexes

Relatively few reports of simple pmonomeric complexes of this
type have appeared. Reduction of [Co(acac)3] (acac = acetylacetonate)
with triphenylaluminum in the presence of triethylphosphine yvields

[CoPh(acac)(PEt3)2] which is reported to be rather unreactive

towards carbon}monoxide (ref. 39). A similar complex -

[Co(C6F5)2(PEt3)ZJ can be got via the "active metal powder" route
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by treating lithium-reduced cobalt with pentafluoroicdobenzene
followed by triethylphosphine (ref. 40). A related reaction of
perfluoroalkyl iodides with powdered cobalt and 80, in N,N- dimethyl-
formamide provides a route to perfluoroalkyl sulfinates. The
rcaction is considered to procecd via oxidative additlon of th~

alkyl iodide to a Co—SOZ complex followed by 50, insertion into

the Co-C bond (ref. 41).

Thermal decarboxylation of [Rh(CO)(OZCR)(PPh3)2] (R = C4Fg,
Cﬁcls, CﬁFAH, C6F3H2’ B-MeOC6F4) in pyridine ylelds aryl complexes
[Rh(R)(CO)(PPh3)2]. The reaction rate decrecasced with decrcasing
fluorine substitucrion (ref. 42). The diynes o- and B'CGHA(C CH)2
undetgo oxidarive addition to trans-[Rh(CO)Cle] (L = PPhg, P(CﬁHAF)3)
followed by loss of HCl in the presence of diethylaine to yield
the acetylide complexes trans [Rh(CO) (CFCR)LZ] (R = o- or DP-CgH,C CH)
in which only oune alkyne substlituent has reacted (ref{. 43). A
number of further examples of oxlidative addition reactions have
been reported. From [Rh(dppp),]C1 (dppp = 1,3-bis(dipheuylphos-
phino)propane) and benzoyl chloride at 190°C the D 'ntacoordinate

acyl [2] 1is cbtained which shows no tendency to decarcbonylate ur

O, Ph
pn2 Ve cl
<:: ‘\\\Jh///
P/ \Cl
Pho
[2]

to undergo migration of the phenyl group to the metal in contrast
to what has been found for the triphenylphosphine anilog. This
is thought to be the result of the presence of the cnelating
diphosphine ligand which prevents an open site cis to the acyl
from being made available for the migration (ref. 44). An example
of this migration is found in the reaction of acid chlorides with
{IrCl(PMePh2)3] in dichloromethane (Scheme I). For R = Me ounly
the six-coordinate alkyl [4] is seen while for R = Et or pPr" both
acyl [3] and alkyl [4] are observed in solution. Over longer
periods, further isomerization to [5] occurs. The observatlon
that the latter process 1s accelerated by addition of mceohanol

or perchlorate ion suggests thal it occurs via rearrangement of

a five-coordinate intermediate formed by chlorlde loss from [4].
Interestingly the product with R = Prn can also be formed by

reactlon of IrC1(PMcPhp)y with pricoct (ref. 45). raratormaldehyde
reacts with [Ir(PMe3)4IPF¢ to give gils~[IrH(CHO) (PMe3)4]PFg which

Refcrences 1. 245
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L\Ir/L O%C/R
L7 Sl rcoct Ll _ca _ K. Lt J_d
or —_— Ir —_— /,Hi\
. U~ I R
] L Cli L &
Irci(c_H,,) | + 4L 3
I atha, ), [31 cai
?O
. L Cl
~i
RTI L
Ct
[5]
L = PMePh, R = Me, Et, Pr"
Scheme 1

on heating in pyridine provides a low yield of [Ir(CO)(PMe3)4]PF6
and hydrogen presumably via hydride migration from the formyl

ligand to the metal followed by reductive elimination of hydrogen.
Reduction of the formyl ligand with BH3 gives the methyl complex
gi§——[IrH(Me)(PMe3)4]PF6. Related formyl complexes mer-
[IrH(CHO)Cl(PMeB)B] and ggg—[IrH(CHO)(Me)(PMe3)3] can be prepared
from paraformaldehyde and [Ircl(cyclooctene)(PHe3)3] and [IrMe(PMe3)4]
respectively (ref. 46). In a2 somewhat different vein, the carbon
dioxide complex [IrCl(COz)(dmpe)Z] (dmpe = 1,2-bis{(dimethylphos-—
phino)ethane) can be alkylated with methylfluorosulfonate in toluene
to give the octahedral complex [6] (ref. 47).

MeO. P

Mez\cl:/ Meo

E \Rn/ SO5F
- | Np

Mes ¢ Mez

61

The mechanisms of several reéctions involving oxidative addition
to Rh(I) and Ir(I) centers continue to be studied. In the de-—
carbonylation of aldehydes by [RhCl(PPh3)3], a significant primary
isotope effect (kH/kD) of 1.86 was observed in the reaction with

protio and deuterio phenylacetaldehyde. Crossover experiments -



By ot o R HR

105

using mixtures of PhCHchO and p~tolylacctaldehyde or cxo- and

endo- 5-norbornene-2-crrboxaldehyde showed that no crossover occurred.

These results indicate that the reaction involves concerted processes
which are intramolecular in aldchyde for each step. No evidence
for radical processes was found (ref, 48). The reactloans of methyl
lodide and methyl g-toluenesulfonate with a vartety of transition
metal nucleophiles including [Ir(CO)ClLZ] (L = PPh3, PMeZPh),
[Rh(CO)CL(PPh3),1, [cpM(CO)PPhy] (M = Co, Rh, Ir) and [Co(CO)A]-
have been studied. Reasonable lincar correlations were observed
between log ky,; and log kg-tOlSO3Mc and between AH* and AS* for
the reactions suggesting a common mechanlsm for both sets. However
gince a variety of solvents were used and since the correspondling
parameters for the rcaction of [Co(cms]3_ with the same substrates
(which is a radical reaction) also fall in the same rarges it

is suggested that these results be viewed wlth caucion and that
activation parameters alone should not be considered as diagnostic
of a particular mechanism 'n oxldative addition reactions of this
sort (ref. 49). Flnally, an extensive study of the »xlidative
addition of olkyl halides to [Ir(CO)Cl(PMOJ)Z] has appeared, Uning
a variety of optically active substrates 1t wos shown that in all
cases, complete loss of stereochemistry at carbon occurted upon
oxidative addition, TFurther studies investigating the cifects

of traces of oxygen, radical itnitiators and i1nhibitors, the
structure of the alkyl halide, the i1dentity of the lTalogen, the
electron density on the metal and the presence or absence of light
lead to the conclusion that unactivated alkyl halides (encept methyl
halides), vinyd halldes, aryl halldes and a-haloesters all react

by a radical chaln mechanism (Scheme II).

R + Itt —5p-1rll
R-Tr!l + RX — [R-Trilooo__ XR]
[R-Trtlommmn XR] ‘—€>[R—Ir111 ----- XR™]
(R-1p 1T oo XR+7] —>{r-1rlllooo X" ommmm R 1
[R ettla . X - R']-——>R-Irlll-x + R-

Scheme 11

Since the ratc depends on X in the order I>>Br>Cl it 1s rhought
that the third step is rate determining. Still unresolved is
the nature of the Initiation step in the absence of oxypren ot
radical sources. Posualble sources of the Initiacion could te

traces of Ir(II) or Ir(0) species. By contrast, the oxidative

References », 245
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addition of methyl, allyl and benzyl halides appears not to involve
radicals and an SNZ mechanism is considered to be operative
(ref. 50).

In a continuation of studies on complexes of bulky di(tertiary)-
phosphines the reaction of 1,5-bis(di-tert-butylphosphino)pentane
(Lz) with hydrated rhodium (III) chloride in refluxing ethanol
provides a mixture of the ligand-bridged dimer [RhHClz(Lz)]2 (171,
the metallated complex [8] and a complex containing the dehydro-

genated ligand [9]. Treatment of [7] with g-picoline converted

t t
t CH CH CH t Buz Buz
3U2 P 2 P 2 P 2 BUZ Y
P” cl, cl P 7:H2/ P\'/* SR
Cl cH
ci cl \ H - 2 \ c
\ e N CH\?_ Rh ~cu ,Rh/
\ Rh\ C/ “—”/
Cl// H “ /\ P, t HC\\ \\
CHgz CHz CHz2 CHz -~ Bug
VAR e H ~< BU
P CH cH, P CH 2
Bul 2 2 Bu§ CHz 2
L7] [sl fol

it to [8] while treatment with CO and sodium methoxide yielded

the metallated complex [10]. Complex [8] is fluxional at room

temperature and shows no hydride resonance until cooled to -62°%c.
Two possible processes to explain the fluxionality are detailed
in Scheme III. Support for this scheme was obtained from the
use of the related ligand l,S-bis(di-tert—butylphospﬂin&)—3;
nethylpentane in an analogous reaction. The initial product

is the dimeric hydride [RhHCI (LQ)IQ with a Structure analogous

to [7} which ~.ists . in six rotameric forms in selutlon. Treatment
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t
Bz ) -
P o
c
CHj Rh —————— CFb' Rh
\C/ \ \C/l\
I\ Pt \ o H Pt
HCHz By CHz /By
CHa Scfh
N %
t
Buz
R\ H
/ 2\\ I//CI
CHa RA
\C/[\
H
\ P
CHz /Bu
CH>
Scheme [II

of the dimer with a-picoline gilves the metallated complex [11]

which 1is not fluxjional and which on refluxing In isopropancl ls

Bug Bu%3
/CH;P\T (I:sz
Cl \ Cl
CH»

CH\z Rh/ ~c . Rh/
| e /I
X CHy
; ’\ /PBut CH?\ Pt
{ CHz 2 Bu
! H3C ~~~ Buz
i 3 ~cfe CH2

[11] f12]

References p, 248

converted into the exocyclic methylene complex |12]}. 1In contrast,
refluxing hydrated rhodifum (III) chloride with 1,6-bis(di-tert-

butylphosphino)hexane leads directly to the dehydrogenated complex
[13]. A small amount of the isomer with cls stercochemistry about
the double bond is also found. Treatment of [13] with ~arbon
monoxide and sodium tetraphenylborate leads to replacement of
! chloride by carbonyl with the double bond in the ligand chalin

remaining coordinated. Finally, rcaction of hydrated rhodlum (T1T)
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chloride with Erans-1,4-bis(di-tert-butylphosphino)but~2—-ene yields

the olefinic complex [1l4] (ref.

Buz
/P
cHs
CH2 Cl
CliH R
HC
\ Pt
CHZ / BUZ
~~cf>
03]

Ligand metallation is also observed in an iridium system as

outlined in Scheme IV (COD = 1,5-cyclooctadiene). The structure

of the metallated complex has been determined (ref. 52).

PMezPh

PMe,

H—Ir—PMe,Ph
Me,PhP

PMe,Ph _J

[Ir(cod)Cl]a

CH3CN

[iremepn) 1°

Ho
20°C

Scheme IV

[IrHa(PMe, PRy, "
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Several studies in which mectal-carbon o-bonds have been identified
or implicated in catalytic or related systems have been described.
The dimerization of propene catalyzed by [COH(NZ)(PPh3)3] yields
a mixture of linear and branched olefinic dimers. The proposed
! mechanism is depicted in Scheme V. The distribution of products

[COH(N,) (PPh,),] + C3H, —fast, [Co(C,H,) (PPh )41 + N,

C H C3H6
CyHg
[Co(CyHyy) (PPhy) 3] @21 [Co(CyH,) (C4Hy) (PPh) ]
116] [15]
Scheme V

is determined by whether {15] contains an n- or an i-propyl group
and the direction of insertion of propene in the conversion of
[15]1+[16] (ref. 53). 1In a continuation of work on the chemistry

of [cpCo(L)MeZ](L = PPh,, PMe3), the mechanism of methyl group
exchange between [cpCo(L)(CD3)2] and [cp'Co(L)(CH3)2] (cp' = CliqCgH,
has been elucidated. Phosphine dissociation from one ccnter has
been demonstrated to be a necessary initial step with subsequent
steps involving the formation of methyl-bridged dimers (Scheme VI)

(ref. 54). A kinetic study of the reaction of [Co(CO)AI- with

epCo (L) (CD4) , g==—==2 cpCo(CD3), + L

-CD

_--CDy
cpCo(CD3)2 + cp'Co(L)(CH3)2-——> cp(CD3)Co:: ’:Cocp'(L)CH3

~ -
~CcH~

3
cpCo(CHB)(CD3) + cp'Co(L)(CH3)(CD3)<——--——-|

-

epCo(L) (CHy) (CD3)

Scheme VI

ferences p. 245
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benzyl chloride, which produces [PhCHZCO(CO)AJ, showed that the
rate was very sensitive to the ability of the solvent to solvate
the cation and to its ability to assist chloride loss. It was
concluded that a tight ion pair, [N',C0(C0), ] is a kinetically
important species and that solvent assisted chloride loss may be
more important than nucleophilic attack by the carbonylate ion
(ref. 55). Moderate yields (40-507%) of 2-methylcyclopentanone

can be obtained via the cyclization of trans-hex-4-enal mediated

by [RhCl(PPh3)3]although at high conversion considerable decarbonyla-
tion occurs. Under an ethylene atmosphere the system shows modest
catalytic activity. By far the major product at low conversion
from the reaction with trans-hex-4-enal-1-d is that resulting

from syn addition of the aldehyde function to the double bond.

The mechanism is proposed to involve oxidative addition of the
aldehyde C-H bond to the rhodium followed by hydrogen transfer

to C-5 and subsequent expulsion of rhodium from the resulting
metallacyclohexanone with accompanying ring closure (refs. 56, 57).
A variety of Rh(I) complexes catalyze the conversion of vinyl
mercurials and carbon monoxide to divinyl ketones. The most
effective system is [Rh(CO)2C12]— operating at 25°C and 1 atm.

of CO. Yields are 60-96Z. Important steps in the proposed
mechanism are the oxidative addition of an Hg-C bond to give a
vinyl-rhodium species followed by CO insertion to yield an acyl
complex. Incorporation Af a second vinyl group followed by reductive
elimination produces the divinyl ketome (ref. 58). Thermolysis

of [RhClL3J (L = triarylphosphine) yields exclusively 4,4"-biphenyls.
Crossover experiments show that the coupling reaction is inter—
molecular. The insensitivity to radical sources or scavengers

and the rate enhancement by electron-donating substituents on

the aryl groups are interpreted in terms of a non-radical oxidative
addition process. The intermediacy of a Rh-Ar species is suggested
by the observation that in the presence of styrene, some arylated
styrene is produced (ref. 59). The hydrosilylation of styrene

by MeR,SiH (R = Et, pri, Bul) catalyzed by [RhC1(PPh4) 4] has been
studied. Changes in the distribution of the major products,

PhCH(SiRzue)CH3, PhCHZCHZSiRZMe, and trang-PhCH=CHSiR,Me with

2
changes in R are attributed to the effect of steric factors on
the relative stabilities of the intermediates présumed to contain

the MeRZSiRhCH(CH3)Ph and MeR,SiRhCH,CH,Ph moieties (refs. 60,61).
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The unstable species HCOCH, has been identified in mixtures
of cobalt and methane which were codep051ted on a cold surface
and then 1rrad1ated at wavelengths shorter than 360 nm. Tentative
evidence for the formation of Co((.H3)2 following prolonged irradiation
was also found (ref. 62). An ion beam study of the reaction of

Co+ with isobutane showed the results presented in Scheme VII.

Scheme VII

When iscopentane was used, only CoC4H8+ and C4H9+ were observed
which was interpreted to mean that carbene or metallocyclobutane
intermediates were unimportant (ref. 63).

A complete single crystal EPR and magnetic susceptibility study
of trans—[Co(PEtzPh)Z(mesityl)2] has been reported. The results’
indicate a considerable wm—acceptor role for the phosphine ligands
(ref. 64).

The heterobimetallic comélex gg';_[IrH(PEt3)3(u—H)thPh(PEt3)]BPh4
is formed by treating trans—[PtPh(Cl)(PEtB)z] with AgBF, in methanol
followed by [I;HS(PEt3)2] and NaBPh4. The structure of the complex
was also determined (ref. 65).

'Cohsiderable interest has been shown in the chemistry of complexes
‘contalnlng brldging methylene groups. . Reaction of [cpCo(CO) 1
;w1th 2- dlazo 1,3~ d10x01ndane in refluxing benzene ylelds [17]

(ref. 66)-~ A 51mllar route has "been' used . to prepare the related
rhodium complexes [cszhl(Co) (u-CRR )1 (cp = SHeS, R = R' = H,Ph:
R = H, ‘RY = ME, COEt) from [CDth (C0),1 and- the corresponding diazo
'compounds. On heatlng, [cp;Rh (Co) (u~cph2)1 loses CO.to form- :
‘[cszhz(u CO)(u Cth)] (ref. 67) A The analogqus cobalt complex

- References pi 245 . *.
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O O
cp CO
>Co < 0~ Co<
C cp

O

0171

[cp;Coz(u—CO)(u—Cﬂz)] was obtained as the unexpected product

of an attempt to synthesize [cpZCo] from CoCl2 and MeSCSLi in
tetrahydrofuran. From control experiments both the methylene and
carbonyl ligands were determined to arise from the lithium enolate,
Li+CH2CH0-, generated by attack of the n-butyllithium used to prepare
the MeSCSLi, on the solvent {(ref. 68). The course of the reaction

of [cszhZ(CO)Z(u-CHz)] with acids depends on the coordinating
ability of the counterion. With HBF4 at -80°C in ether protonation
occurs to give [cpZha(CO)Z(u—H)(u—CH?_)]BF4 which can be deprotonated
with methoxide at -80° or tetrahydrofuran at room temperature.

On warming to 20°C further reaction occurs to produce hydrogen, methane

and the trinuclear methylidyne complex [chRh3(p2-C0)2(u3-CH)] ([181).

Rh(cp)

CH
/ >Rh\(cp)
(cp)Rh/ co
\\ /
S
o
18]

The last can be reconverted to [cszhz(CO)z(u—CHZ)] by reduction
with LiBHEt3. The structure of the methylidyne complex shows
13C NMR studies

indicate rapid CO migration about the triangle of rhodium atoms.

the carbonyl groups to form asymmetric bridges and

If on the other hand, protomation of [cszhz(CO)z(quHz)} is
performed with HC1l at -80°, the u—hydridq{aﬂduc;~inifially:f9rmed
reacts on warming to give [19], the structure of which has been._

determined (refs>/69—711, . R
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(¢]

Cc
Me\Rn/ \Rh/CI
cd/ \\\C/// \CD

(o]

f19]

Another area of significant activity is the synthesis and reactios

of metallacycles. Reaction of [MCI(PPh3)3] (M = Co,Rh) with benzo-
cyclobutanedione affords [20] which on heating undergoes a rcarrange

ment to [21]. The structure of [21] (M = Rh) has been determined
(ref. 72). Reaction of [21] (M = Co) with AgBF, ana a disubstituted

o) 0
L
o) M—cClI
M L
~L
N °
[20] [21]

acetylene In acetonitrllie at 110°C provides a synthes « of

2,3-disubstituted naphthoquinones (ref. 73). Reaction of

[cpCo(PPh3)12] with the appropriate dilithium or (rignard reagent

forms the netallacycles [22] - [24] while [25] is formed on

Cp_  PPhy Cp.  PPhy

cp PPhs Cp PPh3
\e p4 g g o
O oo GO ¢X
[22] [23] (24] LY

|
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reaction with a mixture of Bu®Li and diphenylacetylene. Metallacycles
[{23] and [25] are stable to 90°C while the others decompose at

25°Ci From the fact that the decomposition of [24] is retarded

by excess triphenylphosphine it was concluded that phosphine
dissociation is the initial step in this process. Reaction of

the metallacycles with acetylenes leads to organic products with
incorporation of the acetylene in the position originally occupied

by the cobalt while reaction with carbon monoxide or isocyanides
produces cyclic ketones or cyclic imines respectively (ref. 74).

In a related study, it was found that phosphites could replace

PPh3 in [26] (Rl_R4 = various combinations of Me, Ph, COZMe) to

Cp
R, l
R R Co R
2 HAY
—— —f
75— CHC : OR
SH5E, — //
Ph,P R
3 R4 3 R3 Ra \\O

[26] [27]

yield the simple substitution product which underwent further
reaction to give the l-alkoxyphosphole oxide complexes [27] together
with a small amount of the isomeric complex [28]. A kinetiec study
of the initial substitution reaction indicated it to be a primarily
dissociative process while results for the conversion to the
phosphole oxide complex suggested that to be intramolecular with

electronic effects dominant. Intermediates such as [29] or [30]

R4
R
C 2
p\\ =~
Co
1’ ‘\_/
1 s
RO/ .- Ry
P
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were proposed (ref. 75). Metallacycles also form on reaction
of [cpCo(CH2=CHCN)(PPh3)] with acrylonitrile at 100°C in benzene.
The two isomers [31] and {32] which were formed were separated
and their structurcs determined. Hquilibration between [31] and

[32] occurs at 100°¢c but is accompanicd by dccomposition., Because

Ccp

cp CN CN
N
Pnf Ph,P
¢

N
(31] (32]

the plane of the metallacycle is not a plane ot symmetry, [32]
should exist 1n two isomeric forms depending on whether the cyano
groups are adjacent to the phosphine or to the cyclopentadienyl
ring. While only one of these Isomers {(the latter) 1s found in

the original reaction product, on substitution of Pl’h3 bv PMezPh,
one obtains a small amount of the other ¢cis-isomer together with
some of the trans-isomer [31]. On the other hand phosphine sub-
stitution 1in [31] occurs without isomerization of rhe metallacycle.
On heating to 1000, the PMezPh analogs of [31] and [32] equilibrate
however [32] converts to the other cis isomer more rapldly than

to the trans and more rapidly than [31]-[32]. As PMe,th appears
not to be labile, a square planar intermedlate is proposed for

the interconverslon of the clg isomers (ref. 76). A full paper

has now appeared giving details of the chemistry of [cpCo(Pth)Mez‘
and derivatives. The kinetics of the conversion to [cpCo(PNe3)Mczl
indicates this to be a dissociative process. The rompiex also
reacts with carbon monoxide to produce acetone, [cpCo(CO)Z] and
[CpCo(Pth)(CO)], the ratio of cobalt complexes depending on the
amount of CO avallable. This reaction was shown by crossover
experiments to be an intramolccular process as shown iu Scheme VIII
although in more concentrated solutions (>0.2 M) the crossover
experiment was complicated by the occurrence of mctﬂyl group
exchange between labelled and unlabelled starting materials.

This exchange has been described above. Reaction of ICpCo(PPh3)Mu2
with diphenylacetylene produced as the mafor organometallic

product the metallacycle [26] (R1 = R2 = R3 = R, = Ph) together
with a small amount of [cpCo(nA-C4Ph4)] which yresumnbly is the

References p. 246
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CpCo(Me),PPh3 ——— cpCo(Me), + PPh3
A

A + CO ———= CpCo(Me),COo

=)
o

B —— cncofj\CHg —
CH3

o
il
CH3—C—CHz + CpCo(CO), + CpCo(CO)PPh;

Scheme VIII.

result of thermolysis of the metallacycle. Examination of the

organic products showed them to be primarily cis-2,3-diphenylbut-

2—ene and 2,3-diphenylbut—-1-ene and to account for >95% of the
methyl groups in the starting complex. The intermnal olefin is
thought to arise from successive methyl group transfers to a
coordinated acetylene while the other presumably arises from

the isomerization of the internal olefin via an allyl hydride
complex. Perhaps the most significant result of this study is
the obsexrvation that ethylene reacts with [cpCo(PPh3)Mez] at
76°C to yield methane, propene and the rather unstable ethylene
complex [cpCo(PPh3)(CZH4)]. Although complicated by methyl
group migration to and hydrogen abstraction from the cyclopenta-
dienyl ring, labelling studies were able to confirm that an
intact methyl group transfers to ethylene to give propene and
that the methane arises from another methyl group with the fourth

hydrogen atom coming exclusively from ethylene (Scheme IX).

-PPh3 CoHg CHz
CPCO(PPh3)(CH,), s=——= CPCO(CHa), Cp(CH3),co —||
CHa
CH,CH,CH4 CHz
——= CpCo —_—— Cp(H)(CH3)Co—” —_—-
CHs ' CHCH3

CHo
CpCo—il -
CH?}%

-CHg

CH3CH=CH, + CpCo(PPh,)(C,H,)

Sc?zémezx, ] -
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This argues strongly for alkyl group migration to a coordinated
olefin thus supporting the Cossee mechanism for Ziegler-Natta

olefin polymerization and arguing against the a-hydrogen abstraction,
carbené mechanism proposed earlier by Green and Rooney (ref. 77).
Reaction of the radical anion [CPZCoz(u—CO)Z]; with 1,3-diiodo-
propane yields [33] which on thermolysis yields propene and

cyclopropane by an intramolecular process. Iodine reacts with

<>
c:p/Co XCO\CD

O

[33]

[33] to give the same hydrocarbons and [cpCo(CO)zl] while with

phosphines or carbon monoxide [cpCoL(CO)] and [34] are obtained

@
Cp\\\czi::]
L
[34]

(L = PPh,,
propane and propene while treatment with iodine gives [cpCoIzL]

PMe3, C0). Heating [34] (L = PPhB) produces cyclo-—

and cyclobutanone. The initial step of the reaction of [33]

with Lewis bases is proposed to involve formatiom of [35] via
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opening of one carbonyl bridge in [33] with concomitant loss of
the Co—Co bond followed by addition of L to the coordinatively
unsaturated center (ref. 78). Five—, six~ and seven-membered metal-
lacycles of the general formula [cp*(PPh3)M(CH2)n] (M = Co, Rh, Ir;
n=4_M=Rh, IT; n = 5. M = Rh; n = 6) have been prepared by the
reaction of [cp*MXZPPh3] with Bng(CHz)nMgBr. The structures of
all three metallacyclopentanes have been determined. For the six=-
and seven-membered rhodacycles, phosphine dissociation was noted
(ref. 79). The possible involvement of metallacyclobutanes in
the MCl3 (M = Rh, Ir)-catalyzed reaction of cyclopropane and benzene
to give n- and i-propylbenzene has been reported although no firm
evidence for these species was obtained (ref. 80).

Following a crystal structure determination, the iridium complex
originally formulated as [36] has now been shown to be [37]

(L = P(OMe)3) (ref. 81). Treatment of [IrCl(COD)]Z with norbormnadiene

Me Me

Lilr L3Tr
LT ol
© o)

[36] 37]

(NBD) produces an insoluble species formulated as [Ir(NBD)3C1]x.
Subsequent treatment with triphenylphosphine displaces the exo-
trans—exo dimer of NBD however with more basic phosphines the
soluble adducts [IrCl(L)(NBD)3] (L = PMe,, PNeZPh) are obtained.

The crystal structure of the trimethylphosphine adduct has been
determined showing it to be the metallacycle [38]. The PMe,Ph
analog of [38] absorbs two molecules of CO and on standing in
solution reacts further to give [39] containing three NBD moieties
fused in an exo-trans-exo/exo-cis-endo fashion. A species analogous
to [38] but containing the acetylacetonate ligand in place of chloride
and phosphine is obtained by reaction of [irCl(NBD)3]x»with acetyl-—

acetone in the presence of sodium carbonate (ref. 82). -
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Ci
Me,P Tr
NBD
[3e]
O
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CO
Me, PhP /I|",
Cl
\//

[39]

A large number of studlces have appeared on the chemistry of
alkyl cobaloximes and related complexes both with respect to their
use as agents for organic transformations and for further studles
of the mechanisms of action of enzymatic systems .uvolving vitamin
Byjy. Sulfur dioxide lnmserts into the Co-C bound of cis- and trans-4-
methylcyelohexylcobaloxime to give respectively trans- and gis-4-
methyleyclohexyi~S-sulfinatocobaloxime indicating that inversion
at carbon accowmpanies the insertion (ref. 83). Heating of a vardlety
of but-3-enyl(pyridinec)cobaloximes with carbon tetrachloride or
trichloromethanesulfonyl chloride provides 2,2,2-trichloroethyl-
cyclopropanes. A mechanism involving attack of trichloromethyl

radical on the § carbon of the butenyl group f{ollowed Ly cyclizatlion

References p. 2456
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and loss of metal was proposed (ref. 84). In a related study to
further explore the thermal and acid-catalyzed interconversions

of 1- and 2-methylbut-3-enyl(pyridine)cobaloxime, cis- and trans-
2-methylcyclopropylmethyl(pyridine)cobaloxime were prepared. In
CDCl3 both rapidly rearrange to a 1:9 mixture of 1- and 2-methylbut-
3-enyl(pyridine)cobaloxime implicating the cyclopropyl derivatives

as possible kinetic intermediates in the abovementioned rearrangements.
Labelling studies indicated the stereospecificity of the rearrange-
ment of the butenyl complexes implying that it proceeds intramolecu-
larly (ref. 85). Reaction of 2,4~dinitrobenzenesulfinyl chloride with
a variety of allylic derivatives of pyridinecobaloxime gives moderate
yields of 2,4-dinitrophenyl allyl sulfides. The reaction appears

to be regiospecific and is considered to involve a heterolytic
electrophilic displacement reaction with attack of sulfur on the
y—-carbon of the allyl group (ref. 86). If, however, the substrate

is styryl(pyridine)cobaloxime no organosulfides are produced. Instead
coupling of the styryl and dinitrophenyl moieties is observed (ref. 87).
Methyl(dimethyisulfide)cobaloxime reacts with pyridine—-N-imine

or pyridinium ylides with substitution of the sulfide ligand.

A structural study of the imine product indicates that the
coordinated imine nitrogen retains its sp2 character. Reaction

of this complex with carboxylic acid anhydride acylates the imine
nitrogen and it is proposed that this system provides a means of
stabilizing pyridine-N—-imines for organic reactions (refs. 88, 89).
The structure of the ylide product has also been determined from
which it appears that the trams influence of the ylide is larger

than that of ligands such as pyridine, imidazoles, triphenylphosphine
and water (ref. 90). Reaction of the dimethylsulfide complex with
MeSnCl3 at 50°C in dichloromethane showed no transfer of the Co-Me
group to tin over several days although NMR evidence for association
of the tin atom with this methyl group was seen (ref. 91).

The porphyrin complexes [Co(NA)LZ]CIOA (NA = octaethylporphyrin
(OEP), tetraphenylporphyrin (TPP); L = HZO) react with ethyl vinyl
ether in ethanol-triethylamine solution to yield the five-coordinate
Co(III) species [Co(NA)CHZCH(OEt)Z] which on chromatography on
silica gel is converted to [Co(N&)CHZCHO]. However when I = pyridine
only Co(II) porphyrins are formed (ref. 92). Tosylhydrazones of
alkyl aryl ketones react with [Co(TPP)Cl] to give a-styryl
derivatives of the [Co(TPP)] moiety (ref. 93).
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Several studies of photochemical reactions of alkyl(pyridine)
cobaloximes have been reported. In the presence of oxygen, the
(-)-R-2-o0ctyl derivative gives racemic 2-octylperoxy(pyridine)
cobaloxime (ref. 94). On the other hand, anaerobic photolysis
of 4,5-dihydroxypentyl(pyridine)cobaloxime at pH 3 yields a small
amount of pentanal. Labelling experiments suggest that homolysis
of the Co-C bond occurs on irradiation with the dihydroxyalkyl
radical undergoing a 1,5 hydrogen shift followed by an acid-catalyzed
conversion to the aldehyde. The system is proposed to be a model
for the butane-2,3-diol-+butanone conversion catalyzed by diol de-
hydrase (ref. 95). Base hydrolysis of ethyl(pyridine)cobaloxime
yields ethane and ethylene in a 5.6:1 ratio and subsequent photo-
lysis produces no further gases indicating that no base-stable
alkyl complexes are formed. When run in aqueous KOD, the ethylene
is essentially unlabelled while the ethane is 100% dl. The ethylene
is considered to be formed via an 1’:‘.2 mechanism however distinction
between homolytic and heterolytic Co-C bond cleavage for ethane
productionr could not be made (ref. 96). Photolysis of [PhCo(BAE)]
(BAE = dianion of N,N'-ethylenebis(acetylacetonimine)) in the solid
state and in benzene solution leads to homolysis of the Co-C bond
as determined by EPR measurements which indicate the presence of
a [Ph-, -COII(BAE)] caged radical pair (ref. 97).

In another attempt to model the diol dehydrase reaction, [40]

was prepared by the oxidative addition of chlorethylene carbonate

0
X = —CHOC—OCH2

[«0]

to the corresponding carbonyl Co(I) macrocycle. Reaction of [40]
with sodium methoxide in methanol removed the ethylene carbonate
group leaving the.chloro derivative of the Co(II) macrocycle.

The organic éroducts were acetaldehyde, methyl- and dimethylcarbonate

in equivalent amounts. The absence of ethylene glycol which can

&&a&ﬁ;éJgév
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be formed by methoxide attack on free ethylene carbonate was
interpreted to indicate that attack of methoxide occurs at the
carbonate carbonyl group in the complex. The equivalent amounts

of the carbonate esters found suggested possible formation of
analogs of [40] with R = CHZ(OH)CH(OH)— or —CHZCHO as intermediates
while the decrease in the amount of acetaldehyde produced when

the decomposition is run in the presence of radical traps implicates
the formation of radicals (Co—-C homolysis) prior to the formation

of the Co(II) product (ref. 98).

In these cobalt macrocycles, involvement of the macrocyclic
ligand in reactions of the complex can also occur. Thus the reaction
of [Co(TPP)Cl] with ethyldiazopropionate at -50°C gives a species
proposed to contain a methyl(carboxyethyl)methylene group bridging
the cobalt and one of the pyrrole nitrogen atoms. This is thought
to arise from formation of cobalt carbene complex with subsequent
insertion of the carbene into a Co-N bond. Warming to -20°C leads
to rearrangement and isolation of [Co(TPP)C(=CHZ)C02Et]. Reaction
of [Rh(TPP)I] with ethyldiazoacetate in the presence of methanol
gives [Rh(TPP)CH(OHe)COZEt] (xref. 99). Reaction of [Co(TPP) (styryl)]
with triflevoroacetic acid followed by treatment with triethylamine
causes transfer of the styryl group to a pyrrole nitrogen of the
porphyrin and loss of cobalt from the complex. The color changes
observed during this reaction are thought to parallel those observed
for the formation of the so-called "green pigments” from cytochrome
P450 in the abnormal metabolism of some drugs. The proposed mechanis:
is shown in Scheme X (ref. 100). On the other hand reaction of
excess trifluorocacetic acid with alkyl derivatives of (pyridine)
cobaloxime without subsequent treatment with base yields alkane
and the Co(II) complex [4]1] whose structure has been determined.

A mechanism involving initial protonation of an oxime oxygen
followed hy loss of pyridine, replacement by trifluorocacetate

and slower loss of alkane is proposed (ref. 101). The kinetics

of axial ligation and hydrolysis of trans—[CoR(L)(DODOHpn)]ClO4

(R = Me, Et, Ph; L = NH3, Hzo; DODOHpn = diacetylmonoxime diacetyl-
monoximato propare-1,3-diyldiimino) have been studied. For

L = HZO, titration with hydroxide shows an initial deprotonation

of the aquo ligand followed by deprotonation of the macrocyclic
ligand. Replacement of water by ammonia proceeds via a conjugate
base mechanism involving deprotonation of the macrocycle. The

kinetic trans effect in these reactions is Et>Me>Ph which corresponds
to the relative donor abilities of these ligands (ref. 102). In
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{ a related study, the equilibrium constants for the re¢placrement
of water by other ligands 1in aryl(aquo)cobaloximes (aryl = MeOQCCGHQ)
were measured together with the rates for base~catalyzed hydrolysis

l of the carboxymethyl group. Correlation of these latter results
via the Taft dual substituent parameter equation indicated consider-~
able resonance interaction of unsaturated axial llgands(e.g. CN ,SCN™
with the aryl ligand. 1In general the inductive effect of the axial

ligand paralled {ts proton hasicity (ref. 103).
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Several electrochemical studies of cobaloximes and related macro-
cvclic complexes have appeared. In the methyl-bridged electron
transfer reactions between [Co(N4)(H20)Me]2+ and [Co(N4)(H20)2]2+
(Né = (dimethylglyoximate)z, 1,5,8,12-tetraazacyclotetradecane
and related macrocycles) and between methyl cobalamin and cobalamin(II),
the free energy independent barrier to the reaction was least in
the cobalamin system and increased with the bulk of the macrocyclic
ligand for the other systems. This barrier was attributed to factors
contributing to bond strength in the tramsition state which was
proposed to be a three-center, 3-eiectron Co—CH3—Co entity (ref. 104).
The effect of methyl iodide on the cyclic voltammogram for the
reduction of the Co(II) complex of bis(2-thioformyl-2-phenylvinyl)-
trimethylenediamine was interpreted as indicating that the reduced
Co(I)  species reacted with methyl iodide to produce a MeCo{III)
complex (ref. 105). With larger alkyl groups decomposition of
the Co(III) alkyl intermediates formed in this manner occurs to
give olefin and hydrogen. Thus for [CoII(salen)] (salen - N,N'-
bis(salicylidene)ethylendiamino) electrogeneration of [CoI(salen)]_
in the presence of tert-butyl halides yields [CoII(salen)], hydrogen,
and isobutene. For the bromide the reaction is electrocatalytic.
The reacticn is presumed to involve oxidative addition of the alkyl
halide to the Co(I) complex followed by a slow decomposition via
homolysis of the Co-C bond (ref. 106). Stable Co(III) alkyls could
be obtained by this route when aquocobalamin or related Co(III)-
porphyrin complexes were electrolytically reduced in the presence
of w—-bromoalkylcyclohexenones. Further reduction of these species
in the presence of Michael .olefins ied to coupling via 1,4 addition
and regeneration of the Co(I) complexes (ref. 107).

Considerable interest has been shown in the determination of
factors affecting the stability of the Co-C bond in alkylcobalamin
and models for it. From cyclic voltammetric studies it was
concluded that [42] is a better model for the electrochemical
behavior of vitamin B12 than are the more often proposed cobaloxime
systems. The apparent stability of the Co-C bond appears from
this study to be a function of the concentration of the axial base
(ref. 108). To probe the electronic and steric effects on the
reactivity at the cobalt center and the properties of axial ligands,
B,, analogs [43] and 1441, containing 8,12-diethyl-1,2,3,7,13,17,
18,19-0octamethyl-A,D-didehydrocorrin (BDHC) and its tetradehydro
analog (TDHGC) respectively (only macrocyclic skeletons. are shown)
were prepared. These differ from the parent corrin complex ‘
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(vitamin BlZs) in possessing greater unsaturation amd having one
additional angular methyl group between the A and D rings. The
electronic.absorption spectra of the Co{(III) derivatives of [43]

and [44] containing a variety of neutral and anioniec axial ligands

[43] [a4]
showed that the BDHC species quiﬁe resembled the parent corrin
in this regard while the TDHC complexes were distinctly different.
Cyclie voltammetric studies also showed a difference with the reduced
form (Co(I)) of [44&] being considerably more stable than that obtained
from [43] implying‘stabilization by the conjugated T system of the
former. - Reductlon of [CO(CN) (BDHC)] with sodium borohydride gave
[CO(BDHC)} whlch reacted with alkyl halides by an sNz process
as does. the reduced form of vitamin Bl2 but a 51gn1f1cant1y greater
retardatlon in rate was observed as ‘the bulk of the alkyl group
1ncreased due to the steriec effect of the addltwonal angular methyl
fgroup.} The reduced form. of [£4]) was not reactive towards alkyl

'halldesflmplying that the cnn:ugated T system is- effectlve in
'g electton den31ty from the Co(I) thereby teduclug its

effectlve nucleophllic1ty.\ Despi:e the ev1dence that [43] and’
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its derivatives appear to be good B12 models, they do not induce

the 1,2 rearrangement of either —CHZCH(COZMe)2 or —CHZCH(Me)COSEt

when these moieties are axial ligands presumably because the steric
pressure of the additional angular methyl group prevents the initially
formed alkyl fragments from remaining ascsociated with the metal

(ref. 109).

Steric effects on the properties of the Co-C bond have also been
investigated in a structural study of isopropyl(triphenylphosphine)-
cobaloxime. The Co-C bond is long (2.22(2) f) and comparison with
the corresponding pyridine derivative showed that the cobalt was
displaced further from the plame of the ring towards the phosphine.
Considerable close contacts between the isopropyl group and the
in-plane ligands occur (ref. 110). In an extensive study of the

vitamin B system itself a large number of alkylated derivatives

2
were prepi;:d and the effect of the aikyl group on the PK, for the
protonation of the axial dimethylbenzimidazole was examined. It
was concluded that the main variable affecting the pKa was the
Co-C bond length. A study of the decomposition of the neopentyl
derivative by various reagents indicated that it involves homolytic
Co—-C bond cleavage with the labilization attributed to steric
distortion about the a-~carbon in the six coordinate complex (ref. 111).
A similar conclusion as to the importance of steric effects on
the lability of the Co-C bond was reached in study of the action
of ethanolamine ammonia-lyase, an adenosylcobalamin-dependent enzyme.
Using adenyl residues bound to the cobalt by a (CHZ)n (n = 2-6)
chain it was found that the favored conformational changes accompany-
ing enzyme-coenzyme binding could be blocked by bulky B substituents
on the adenyl residue leading to the conclusgsion that the driving
force towards the favored enzyme—coenzyme complex is Co-C cleavage
(ref. 112). A review of cobalt corrinoid complexes as models for
vitamin B12 is available (ref. 113).

A few studies of related rhodium systems have appeared. Reaction
of [Rh(dmgH)Z(PPh3)]‘ (dmgH = dimethylglyoximate) with alkyl halides
in basic aquecus methanol proceeds via an SN2 process to give
[Rh(R)(dmgH)Z(PPhs)] R = PhCHZ, Bun). In agqueous solution
[RhH(dmgH)z(PPh3)] reacts with these alkyl halides to yield alkane
and [Rh(HZO)(dmgH)Z(PPh3)]_ which reacts with further starting
material to give [Rh(dmgH)z(PPh3)]é. The reaction could proceed
via a radical process but a hydride transfer reaction is considered
more likely (ref. 114). "Borohydride reduction of [Rh(OE?)C1]>generates
the nucleophilic [RhE(OEP)]_ which reacts with heterccyclopropanes:
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and highly strained cyclopropane rings (e.g. nortricyclanone) to
form Rh(TII) alkyl derivatives with opening of the three-membered
ring. With ethyl cyclopropylcarboxylate an KMR study of the
[Rh(OEP)(CH2)3C02Et)] product showed that attack occurred with

inversion at carbon (ref. 1153). Methyllithium reacts with [Rh(OEP)C1]

n
’

to give [Rh(OEP)Me] which on treatment with excess RLi (R = Ph, Bu
p-Me0C6H4) gives products in which the R group substitutes a meso
position on the porphyrin ring. A study of the spectral changes
accompanying the reaction suggest initial coordination of the
carbanion to the open coordination position on the metal prior to
migration to the ring (ref. 116). Reaction of the cor.in hydrogeno-
byrinicacid A,C-diamide with [Rh(CO)ZCl]2 in acetic acld-ethanol
followed by treatment with KCN yields [Rh(CN)Z(corrin)] which from
a structural study appears to be very similar to the cobalt analog
(ref, 117).

Finally, photolysis in the ligand-to-metal charge trensfer band
of [CO(NH3)502CR]2+ (R = Cﬂzﬂr, C“ZCOZH‘ CH(OH)Ph, CHZPh) In a frozen
matrix gives the alkyls [CD(NHB)SR]2+' Radicals were detected

in some instances (ref. 118).

Mctal Carbene Complexes

In a significant experiment designed to probe the mecharism
of the Fischer-Tropsch reaction, diazomethane was recacted with
a cobalt surface in flowing helium. Over the temperature range 25-200°
the major product was ethylene which was interpreted to indicate
that surface methylene groups were formed and then dimerized.
In flowing hydrogen at 210°C, Ci-Cyg hydrocarbong were formed with
the distribution of Ch species belng very similar to what has been
observed from CO/H2 mixtures over a cobalt surface. The possibility
of hydrocarbon production by the polymerization c¢f surface methylene
groups 1in the Fischer-Tropsch process was therefore indicated
(ref., 119). A mixture of CoI2 and tributylphosphine {. effective
for the homologation of methanol by CO/H2 mixtures to ethanol,
acetaldehyde, methyl acetate and ethyl acetate. Metaane {is also
produced. Addition of borates incrcased the selectivity to ethanol
which was attributed to the formation of adducts like [45] in which
the resulting enhancement of the carbenoid character of the Co-C
bond would favor hydrogenolysis (ref. 120). 1In a continuation
of studies on the formation of carbene complexes frum elcctron-
rich olefins, [Rh(COD)CH2 was reacted with [46] to vield the bis-

(carbene) [47] which was characterized by a structural study.
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BOH),

MeC ————[Co]

[45]

Reaction of [47] with carbon monoxide gave the dicarbonyl analog

(ref. 121).

N N
[ v d [Rh(COD)Cl]
/N 2

N gh

(L S

[46] - [47]

Metal Isocyanide Complexes

Reduction of [Co(CNBut)s]PF6 with potassium amalgam gives
[COZ(CNBut)S] which has the same structure as [Coz(CO)S] but with
a shorter Co—Co bond. The complex is fluxional at room temperature
with the rearrangement process which renders all isocyanide ligands
equivalent being proposed to involve opening of the isoéyanide bridges
and rotation about the Co-Co bond. The complex reacts with nitric
oxide, carbon monoxide and diphenylacetylene to produce )
[Co(NO) (cNBu®) 3], [Co(CNBu®)51[Co(C0),] and [Coz(pz—nz—thcZ)(CNBut)6]
respectively (ref. 122). The high yield synthesis of [Fe(CO)A(CNR)]
(R = 2,6—Me2CGH3) from [Fe(CO)S] is catalyzed by CoClz-ZHZO. Using
stoichiometric quantities of isocyanide in the reaction affords
5

[Fe(CO)ﬁ(CNR)g_m] (n = 0-3; R = Me, Bu - The cobalt—cqﬁtainingt

product was identified as [CoCl,(CNR),] and as it alsovcatalizes
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the substitution at 1iron, 1t 1is considered to be the active species.
The mechanlsm proposed 1s shown in Scheme XI. The abeve reacticn

is also catalyzed by [RhCl(PPh3)3] while CoCl,-2H,0 catalyzed the

(o]
C

~

[Fe(co)g) + [Coclz(CNR)A].—-——>(0C)AFe/ \Coclz(CNR)n (n<4)

+RNC \\\\s
-CO RNC 8
. 7N
"CoCl,(RNC) (CO)" + [Fc(C0)4(CNR)]-BEE-(OC)AFC\\C”,COC]2(CNR)n_1

!
Rh

Scheme XI

substitution of isocyanides 1In [M(CO)6] (M = Cr, Mo, W), [N3(C0)12]
(M = Ru, 0s), and [IrA(CO)lZ] (ref. 123). The synthesis of
[Co(CNR)B(PR5)3]C104 from [Co(CNR)Slcl% and PR% in dichloromethanc
(R = Ph, o-anusyl, p-tolyl, g-EtCGHA,Z,G-Mezcﬁﬂs, 2,4,0-Me,CeHy,
p—XC6H4 (X = F,Cl,Br,1); R' = Ph, 2—C1C6H4) or from

[Co(CNR) 4(Asth;),1C10, and PR3 (R = Phs R' = p-C.CgH,, p-ClC H,0)
has been reported. As the bulk of the isocyanide Increases there
is increasing tendency to produce monosubstitution although in all
cases, gome monosubstltutlon product could be seen In the filtrate.
In solution [Co(CNR)APRE‘]+ tends to disproportionate <o [Co(CNR)5]+
and [Co(CNR)3(PR:';)2]+ (ref. 124, 125). A slmilar serles of

[Co(CNR)3\L)2]+ complexcs (R = Ph, p-tolyl, p-McOCH,, p-NeOCH

6747
B_NOZCGHA’ 2,6—Me2C6H3; L = P(OMc)J, PPh(OEL)Z) has been oxldized
electrochemically at mercury and platinum electrodes. The oxidation

is a reversible, one-clectron process but the Co(1l) spectes produced
rapldly isomerizes to a species thought to have sz symmetry and
further converts to very unstable final product vhich 1s thought

to be a dimer as it is dlamagnetic (ref. 126).

The use of polymer-anchored isocyanide groups to provide supported
metal complexes for immobilized catalyst studies has been reported.
Functionalization of pendant phenyl groups of a polyustyrene-
divinylbenzenc copolymer with -(CHz)nNC (n = 1,2) substituentn
or the reaction of (Eto)asi(CHz)aNC with sillca gave supports which
reacted with [Rh(C0)2C1]2 to give(P CHZ)nNCRh(CO)ZCI (raf. 127).

! Oxidative addition of PhSSnCI to [Rh(CNbut)a]Clok plves

References p, 246
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gi__s_;-[R'h(CNBut)4 (SnPh3)(Cl)]ClO4. From solvent effects and activation
parameters an asymmetric, 3-center transition state was proposed
(ref. 128). ‘

The A-frame complexes [ha(co)z(u-cl) (1,),1BPh, ((L, = bis(diphenyl-
phosphino)methane (DPM), bis(diphenylarsino)methane (DAM))
react with CNBut to give a variety of adducts and substitution products
With one, two and five equivalents of isocyanide the DAM complex
gives [48], [49] and [50] respectively (phenyl groups omitted for

clarity here and below).

AS as AL s N
llh/co Ith+/CO ll?h Corlah+/CNR t -"F‘zh/cNR llh*/CNR
R = Bu
a | anc” | c|/[ anc”| RNC/[RNC/I
As As As As As As
\\v// \\v// \\v/’

[48] [49] [50]

Carbon monoxide and sulfur dioxide (L) add to [50] to give
[RhZ(CNBut)4(u—L)(DAM)Z](BPh4)2. The analogous DPM complex forms
CO and so2 adducts as well. The bridging carbonyl readily dissociates
while the SO2 does not. By contrast, [ha(co)z(u—C1)(DPH)Z]BPh4
retains the bridging chloride on reaction with one or two equivalents

of CNBu® to give [51] and [52] respectively. Reaction of [Ir(CO)chz]-

— —4 — -—_t
T,/A\\T P//ﬁ\\P
Cr Cl1
VAN l I
Rh —Rh R = Byt Rh/———->Rh

RNC/ l \C/l \CNR

B S P P\Ja,P .

- e —

[51] [52]

with DAM under nitrogen gives the face-to-face dimer [Ir(CO)Cl(DAM)]2
which reacts with CO in the presence of NaBF, to.give [53]. Complex

[53] loses CO in solution to give [Ir,(C€0),(u-C0)(n-C1) (DAM)z]BF4

which can react with either ome or two equivalents of cNBu® to give



Ag/”\\
“ \L___f/co BF:
4
oc| \g/ lAs\co

(53]

[54] and [55] respectively. An excess of isocyanide converts [53]

to [Irz(CNBut)A(u-CO)(DAM)2]2+ which unlike the rhodium analog does
not lose CO. The DPM analogs of the last three complexes have also
been prepared (ref. 129). A series of interesting two-dimensional
polymers have been prepared by the reaction of (Rh(co\2C1]2 with

the bridging diisocyanides 1,3- and l,4~diisocyancbenzene, 4,4'-
diisocyanobiphenyl, di(B-isccyanophenyl)methane and 1,4- and 1,5~
diisocyanonaphthalene. All have the formula {[Rh(bridge)zlcl}n

and are quite hygroscopic. X-ray powder data indicate that the
interplanar Rh~Rh distance 1s 3,2-3.4 X (refs. 130-132). On the
other hand, use of diisocyanides such as 1,3-dilsocyanopropane (4-hr)
or 2,5-dimethyl-2,5~diisoc-anohexane (TM4-br) affords [RhZ(LZ)A]‘
(PFg) o (L, = 4=br, TM4-br) after treatment with AgPF.. Thesc systems
have been intensively studied as potential catalysts for photo-
chemical production of hydrogen. Structures of both these face-
to-face dilmers have been determined (ret. 133). The b4-py complex
contalns two eclipsed approximately aquare planar rhodium moieties
showing a slight pyramidal distortion while the T!4-~br complex is

P 3 P
a ] | _cnRr RNC-_ | | _a
SNi—i ek Sie—” e
oc”| /I\co ¢ oc/l\g/[\cNR
" RS F
R=But
{Bal {38]
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staggered by 31° and the rhodium coordination planes show a tetra-—
hedral distortion. Solutions of [Rh2(4—br)4]2+ in 12 M, HC1l liberate
hydrogen with the formation of [[Rh2(4-br)4]2C12]4+, a derivative

of which could be isolated by addition of CoC12'6H20. A structural
study showed this to be [(H+aq)3][(Rh2(4—br)4)2C1][CoC14]°6H20, [56].

Photolysis of [[Rh2(4—br)4]2Cl]4+ in 12 M. HC1l generates further
hydrogen and from the structural study it is concluded that [56]
perhaps with a second axial chloride ligand is the photoactive
species (ref. 135). Further association of [ha(h—br)A] units in
solution has been established. On oxygenation of a solution of
[Rh2(4—br)4]2+ in sulfuric acid [Rh2(4—br)4]26+ is formed. This
can be oxidized to [ha(a-br)4]4+ with Fe(III) upon irradiation
while on reduction with Cr(II) [Rh2(4-br)4]38+
can be reoxidized to the dimer with Ce(IV). Spectral evidence
for [Rh,G-br),1,%% ana [Rh, (4-b1) ] 16+

was also found. A detailed study was made of energy and electron

is formed. This
in the reduced solutions

transfer processes involving the 352u excited state obtained on flash
photolysis of [Rh2(4—br)4]2+- The quenching of this. excited state
appears to occur by triplet—triplet energy transfer. Oxidative
guenching by paraquat or N—methylnicotinamide-yielded,[Rh2(4;br)4]3+_
while reductive quenching by N,N,N',N'-tetramethyl-p-phenylenediamine

or dimethylaniline gave [hach-b:)41+ (ref. 136).
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Metal Carbonyl Compounds

a) Homonuclear carbounyl compounds
The chemistry of [Coz(co)sl and related complexes continues to

attract much interest. Substitution of two terminal carbonyl groups
in [002(00)8] occurs on reaction with the 1,4 diazabutadienes (DAB),
RN=CHCH=NR (R = Pr®, p-tolyl, p-NeOCgH,, 2,6-Me,Cqli;, 2,4,6-HeyCyH,)
to glve air-sensitive products formulated as [(0C) 5C0(u-C0),(CO) (DaB)
([571). Proton and carbon-13 NMR studies suggest significant n-
backbonding to the DAB ligand while the resonance Raman spectrum

\

N
o >
oc N\

co o

9 on®on

-—
—

indicates the presence o1 a 2-electron Co-Co bon!. When warmed in
hexane solvrtion, decomposition occurs to give products tentatively
identified as [Co4(C0)8(DAB)2] although pure compounds could not

be obtained (ref. 137). Cyclic voltammetric studies on [58] show

CH,

N
FZP/ \PF2

OC——=Co

/\
RS

N

Co cO

CHy CHy
(B8]
that stepwise reduction to the radical anion, [Coz(CO)z(L2)3]4,
and then to the dianion, [C0,(C0),(L,) 4127 (L, = MeN(PF,),) occurs.
The dianion reacts with oxygen to regenerate the radical anion and
with methyl 1odide although no product was isolated Lrom the latter
reaction. When the dianion 1s generated in the presence of a lithium

salt as a supporting electrolyte in place of the Bu4N+ galts used
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in the initial experiments, reoxidation to the neutral dimer occurs
in a single two-electron step. This change in electrochemical
behavior was attributed to a close asscciation of Li+ with both
metals in the reduced species (ref. 138). The kinetics of CO sub-
stitution in [Coz(CO)S] by AsPhg,, PPh3 and PBu3n have been studied.
For AsPh3, the rate is relatively slow and is unaffected by the
presence of oxygen. This together with the observation of
[002(00)7(A5Ph3)] as the initial product (the ultimate product

is [CoZ(CO)ﬁ(AsPh3)2])and the fact that the rate is comparable

to that for CO exchange suggests the mechanism shown in Scheme XII.

[Co,(CO)gl ——>[Co,(CO),) + CO  (slow)

[Co,(CO),1 + AsPh; — > [Co,(C0);(AsPh,) ] (fast)
Scheme XII

For the phosphines the rate is considerably faster, is strongly
inhibited by oxygen and the major product is [Co(CO)3L2][Co(CO)4].
These data suggest a radical chain mechanism (Scheme XIII) (refs. 139
140). The pulse radiolysis of [COZ(CO)ﬁ(PBun)Z] is frozen 2-methyl-—
tetrahydrofuran yields the radical anion, [COZ(C0)6(PBu3n)2]L which

[Co,(CO)gl + L =—=1[cCo,(CO)4L]
[CoZ(co)sL]———e>[-CO(co)3L] + [-Co(cO),1 + CO
[-Co(CO)3L 1 + [C0,(C0) gl —>[Co(CO)4L1T + [Co,(CO) gl
[Co,(€0)gl= —> [-Co(C0),] + [Co(CO), 1~
[‘Co(CO)A]-__€>[-Co(CO)3] + CO

[-Co(CO)5] + L —>[-Co(CO)4L]

[Co(co)3L]+ + L ———:>[Co(co)3L2]+
Scheme XIIX

gives an axially symmetric EPR spectrum. Analysis of the spectrum
indicates that the unpaired electron resides in an orbital of

* . -
predominantly Co-Co and Co-P ¢ character which is approximately

65%Z Co and 23% p in nature (ref. 141). The same -complex has been
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oxidized to give CoCOJ, Bu3nP0 and CO with the rate depeading on

the concentrationa of complex and oxygen (ref. 142). A brief report
of the oxidation of [002(00)8] itself has also appeared (ref., 143).
The equilibrium between [C0,(C0)g] and [Co,(C0) ,lat 105-145°C and
6-14 atm. of CO has been studied. Further work indicatcs that in
the absence of CO, [Coz(CO)B] is thermodynamically unstable at
temperatures below 0°c although the decomposition 1is very slow.
Under 1 atm. of CO it is stable up to 5°C (ref. L44).

The decomposition of [HCo(CO)a] has been the subject of several
papers. Photolysis in frozen argon and carbon monoxide matrices
leads to H- and [-Co(CO)4] as the primary photoproducts (ref. 145a),
results which indicate that earlier evidence for [HCo(C0)3] in this
reaction is erroncous (ref. 145b). A complication in the study
of the photolysis and thermolysis of [HCO(CO)Q] in solutlon (to
give [Coz(CO)B] and HZ) is catalysis by [CDZ(CO)S]' This occurs
even at the start since traces of the neutral carbonyl seumed always
to be present. The proposed mechanism for this catalysis is shown

in Scheme XIV (refs, 146, 147). From vapor pr:ssure measurements,

[COZ(CO)B] = 2[-C0(C0)4]

[-Co(CO), ] ==["Co(C0)4] + CO

[~Co(C0)3] + [HCo(C0)4]=[-HC02(CO)7]

[-HCOZ(CO)7]+ [HCo(CU)al—é[HzCoZ(CO)ﬂ + [+Co(c0),|

[H,C0,(CO),]—> H, + [002(c0)7]-—03 [CoZ(CO)Sl
Scheme XIV

the normal bniling point of [HCo(Co)A] has been determined to be
47:3% (ref. 148).

Infrared spectral atudies of Nd[Co(C0)4] in ethereal solvents
(e.g. tetrahydrofuran (THF) tetrahydropyran (THP) d.met4oxyethane
(DME) show the presence of anionic sites of several symmetries
indicating varying degreese of specific cation-anion interactions.
Complexation of the cation with the cryptand €221 (4,7,13,16,21~
pentaoxa-1l,10-diazabicyclo[8.8.5)tricosane) converted the entlire

system to a single (solvent separated) site of T, symmetry in THF

d

2v
ing that the anlon could s8till "gee" the cation through a "window™

and DME but in THP the single site was only of C symmetry suggest-

in the cryptand (ref. 149). Several systems involving ICO(CO)AJ-
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and/or [HCo(CO)A] have been used in organic synthesis. 1In acidic
methanol it is a selective, stoichiometric reducing agent for
conjugated carbon—carbon double bonds. In this system, cyclo-
pentadiene was reduced to cyclopentene in 100% yield (ref. 150).

The same system has also been used for the hydrogenolysis of carbon-—
halogen bonds according to Scheme XV. The extent of hydroformylation

relative to hydrogenation depends on the rate of step b) relative

[Co(co) 17 + B > [HCo(CO) 4]

[HCo(CO) ] + RX—>>[RC0(CO),]

[HCo(CO)4:/ co
a b

RH + [Co,(CO)g] [RC(0)Co(CO),]
\L[HCo(co)u

RCHO + [Coz(CO)s]
Scheme XV

to step a) and is favored by electronegative R groups (ref. 151).
Under phase-transfer conditions (Bu4nNCl/HZO/CHZC12), [Co(CO)4]-
effects the carbonylation of benzylbromide, the product being
[PhCHzc(O)Co(CO)A] (ref. 152). In these systems the choice of the-
phase transfer agent can be critical since it has been shown that
alkylammonium halides with cation substituents capable of forming
stable radicals can react under catalytic conditions. For example
the phase transfer system PhCHzEt3NC1/H20/NaOH/C636 in the presence
of [Coz(CO)B] and methyl iodide produced a 95% yield of PhCHZCOOH
upon carbonylation for 5 days at 25°C (ref. 153). A series of 9-
alkylidenefluorenes have been stoichiometrically hydrogenated to

the corresponding 9-alkylfluorenes by [HCO(C0)4]. The observation
that the reaction is much faster than with styrene was interpreted
as evidence for a radical pair mechanism on the basis that the
fluorenyl radical should be considerably more stable than the

styryl radical (ref. 154). [HCo(CO)4],functions as a catalyst

or catalyst precursor for the hydrogenation of carbon monoxide

to Cl—C3 alcohols, ethylene gilycol, and alkyl formates. A mechanism
involving CO insertion into the .Co-H bond followed by hydrogenolysis
of the resulting formyl to an nz—formaldehyde species was proposed

but the mechanism appears quite speculative (ref. 155). The
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[Coz(CO)S]-catalyzed carbonylation of methanol to ethancl in the
presence of lodide appears to involve [Co(CO)A]- as the active species.
Presumably the fodide converts methanol to methyl iodide which can

then oxidatively add to [Co(C0)4]- to give [MeCo(C0)4] followed

by CO insertion and reduction (ref. 156). 1In a relatec study, ethanol
is reported to be produced with approximately 80% selectivity at

a rate of ca. 2.4 x 10”3 mol/mol [Coz(co)s]/scc. in diglyme at 200°C
and 130 atm of CO/H2 (1:1). Small amounts of CZ-C3 oxygenated products

also are produced and the solvent is largely converted Into methyl-
digol (McO(CHz)zo(CHZ)zoﬂ). The major steps in the prorosed prlmary
ethanol production cycle are outlined In Scheme XV1. Although no

| intermediates have been Isolated from this system, onc ruaning at

CH4CHZO0H
H~C—0C5H
I 278 +Hp %
Co—-C-Co
+2CO
+CO el
+Hg +CO \ P
cCO O—~C
(e} | [
C 1~ \CHz Co-C=Co
O
CH,~Co! I \~CO2
i TN m
H shift Col-"Cc=Co
+Hp
. .
iice \Cl/ |.I| I '
A Sl ool
H H {7 >co i’
. H shuft
H shift +Hy
HO( _H
<|:om’_\c—c<>
M b
Scheme XVI

150°C and giving substantial ylelds of hydroxymethyl formate precipi-
tated unstable black crystals on cooling which are thought to be
[59], indicating onc possible mode of carbon-carbon bond formation
in these systems (ref. 157).

The use of [Coz(CO)B] as a catalyst precursor for a variety of
purposes continues to be studied. In refluxing toluenec it is

effective for the conversion of 2-thloro-1,3~d/thioles to
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(CO)3Co——C——C——ColCOl
Co(CO),
4 [89]
tetrathiofulvalenes (ref. 158). Although not as active as rhodium,

it does provide a catalyst for the hydrosilylation of vinyltrimethyl-
silane by triethoxysilane (refs. 159, 160). At a ratio of [COZ(CO)S]/
diphos of 1:1 in THF or dioxane, at 150-180°C a catalyst is obtained
for the conversion of propene, carbon monoxide and water into good
yields of dipropylketones (ref. 161). 1In toluene at 120% [COZ(CO)B]
and diphos are active for the hydroformylation of methylmethacrylate.
Other chelating and non—-chelating diphosphines give less active
catalysts. A possible intermediate is suggested to be [HCo(CO)z—
{diphos)] (ref. 162).

An SCF-Xa calculation has been performed on [Co(CO)4]_ (ref. 163)
while an ab initio SCF-MO calculation has been performed on
[002(00)6(02H2)] as part of a study of the He I and He II photo-
electron spectra of a series of [COZ(CO)G(RZCZ)] (R = alkyl or aryl)
complexes. The conclusions of this study were that the Co-Co bonding
electrons have icnization energies of 7.5-8.0 e.v. with the remainder
of the d electrons in near-degenerate orbitals ca. 0.5 e.v. lower
(ref. 164). The x-ray photoelectron spectra of the phosphine and
phosphide clusters [COA(CO)lo(PPh)Z]’ [CoA(CO)g(PPhZ)Z],
[COA(CO)Q(PPhZ)Z(P(OMe)3)] and [COA(CO)Q(PPhZ)Z(PPh3)] have been
measured. The phosphorus sp binding energies are all very similar
in accord with the lack of reactivity at phosphorus in all these
complexes (ref. 165).

Intense interest in the synthesis and chemistry of carbonyl clusters
containing four or more metal atoms continues unabated. Oxidation
of [CoGC(CO)ls]Z_ with iron (ITII) chloride yields the parémagnetic
Fluster [C°6C(C°)6("‘C°)8] . A structural study of the tetramethyl-
ammonium salt shows it to be a distorted octahedron of C2v symmetry.
The pattern of Co—Co distances together with the disposition of

the carbonyl ligands led to the conclusion that the odd electron
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i1s largely localized outside one edge of the cluster (ref. 166).
Substitution reactions of the tetracobalt cluster have heen studied.
[Co4(CO)12] and [Co,(CO),, (P(0Me)4)] react with PPh, in hexane to
yield [Co4(CO)11(PPh3)] and [C04(CO)10(P(OMC%)(PPh3)] respectively.
Inhibition of the latter reaction by CO and first order kinetics
Indicate a dissociative process. Rather surprisingly the former
rcaction 1s very fast (considerably faster than CO exchange) but is
unaffected by radical scavengers. Unlike the iridium analog, there
appears to be little effect of phosphine substitution on the rate

of subsequent substitution reactionms (ref. 167). At -70°C, [Cndbohz]
recacts with the nucleophiles X (X = Br, I, SCN), ORT(R = Me, Pr')

and PrnNH2 to give [COA(CO)IIX]-‘ [Coa(CO)llCOOR]_, and
[COA(CO)IL(CONHPrn)] respectively (ref. 168a). The strurture of
[COA(CO)III]_ has been determined (ref. 168L). On the other hand
when [Co(CO)A]- (as the L1t salt) is the nuclecophile, degradation
occurs to give Li[Coa(CO)lO] which has been isolated as the diisopro-
pyl etherate and shown to be Li(OPrzi)[003(00)6(1.1—(30)3(113-00)] ({e01)

In the solld each Li 1s additionally coordinated by the oxygen atom
of the wg-carbonyl and those of a My-carbonyl from two additional
clusters. However in solution relatively little carbonyl-bridged
species 18 seen. The solid state structure is attributed to the
increcased acidity of the lithium ion due to poovrer solvatfon {n

the absence of excess solvent (ref. 169). Reduction of [Ccz(CO)B]
with zinc and carbon monoxide followed by addition of
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phenyldichlorophosphine gives the tetranuclear cluster
[COA(CO)S(u—CO)Z(u4—PPh)2] containing a Co,P, unit of approximate
octahedral geometry with two opposite Co-Co edges bridged by

carbonyl groups. One or two terminal carbonyls can be substituted

by PPh3 (the bis complex has trans phosphines). Both phosphine-
substituted complexes have been structurally characterized and the

bis complex as well as the parent carbonyl are effective as hydro-
formylation catalysts for 1- and 2-pentene. Significantly the clusters
are fully recoverable at the end of the reaction suggesting that

the intact clusters are the active catalysts (refs. 170, 171).

With a significant number of structural studies largely completed,
the Italian group has made great progress in understanding the
complexities of the rhodium cluster carbonyl system. Reaction of
Kz[RhGC(CO)15] with [Cu(NCMe)4]BF4 in methanol gives
[Cuz(NCMe)ZRhGC(CO)é(u—CO)g] whose structure consists of a C-centered
trigonal prism of rhodium atoms with the triangular faces capped by
Cu(NCMe) groups and all edges bridged by carbonyl groups. Each
rhodium also bears a terminal carbonyl ligand. Because there are
no particular steric constraints, the coordination of the copper
to the axial faces indicates that these are the most basic sites
(ref. 172). Reaction of [Rh ,(C0)4,]1°" with CO at -78°C in THF
gives [Rh6(C0)l6] and [Rhs(co)lo(u—co)s]‘ (originally thought to
be [Rhlz(co)m34]‘) whose structure was determined as the PPN+ salt _
(PPN = bis(triphenylphosphine)iminium) and shown to be [61]. in
13

solution a C NMR study implies either the existence of a D

structure with six uz—carbonyls or a fluxional molecule. Th:hpenta—
nuclear anion can also be prepared in pure form from [RhA(CO)lz]
and [Rh(CO)L]_ in THF under CO and on flushing the solution with
nitrogen reéenerates [RhlZ(C0)3O]2_ as well as forming some
[Rh6(co)15]2‘ (ref. 173). A high pressure (500-1000 atm) infrared
study shows that [Rhs(co)ls]z_ and [Rh(co)a]_ do not react in
sulfolane between 50 and 200°C in the presence of a 1:1 HZ/CO
atmosphere. The same species also appeared to be generated under
the same conditions in N-methylmorpholine from [Rh(CO)z(acac)],
[Rhs(co)ls]z‘, [Rh7(co)léP', or [Rh,(C0),,] and cesium benzoate.
Under CO pressure the reversible conversion of [HS—nRhl3(Co)24]n—
(n = 2,3) to [Rh (CO);51 and [Rh(CO),}  was also noted (ref. 174).
The [Rh14(co)25] ~ cluster can be protonated with phosphoric acid
in aqueous acetonitrile to give [HRh14(CO)25]3- which was isolated
as the tetraethylammonium salt and structurally characterized.-

From a consideration of the various Rh-Rh distances it was suggested
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that the hydrogen atom is located on a face bounded by four metal

atoms. The complex can also be prepared by reaction of [HRh13(CO)24]2-

and [Rh(CO)Z(MeCN)Z]+ and can be deprotonated with potassium t-
butoxide (ref. 175). Both the hydride and [Rh14(C0)25]4- are
fluxional and have been studied by 136{103Rh} and 103Rh NMR. For

the former complex, the carbonyl and hydride ligands migrate
independently with the latter migrating within the metal cage

(ref. 176). When NaZ[H3Rh13(CO)24] (vide infra) (or [Rh4(co)12] + Naohn
is refluxed imn isopropanol Naz[Rh14(CO)ll(u—Co)15] and
Na4[RhZZ(CO)12(u-CO)18(u3—CO)7] result. A structural study of the
first cluster showed the metal framework to be a2 combination of
body-centered and cubic close-~packed fragments. In methanolic base

it is converted to [HRh14(C0)25]3- and ultimately to [Rh14(C0)25]4-.
Hydrogenation in acetonitrile leads to a mixture containing these
Fwo'th4specigs plus the hydrides [ﬂs_nRh14(C0)24]n~ (n = 2,3) while
bromide ion removes one carbonyl to give [Rhl4(C0)25] ~ and
[Rh(CO)ZBrz]” (ref. 177). The Rh,, cluster was studied crystallo-
graphically: as its- propyltriethylammonium salt and is described-

as a_¢ombinétipn}bf'hexagongl andréubic close—packed atoms in a
6/7/67371éjerkarféﬁgéméﬁﬁ. ‘The cluster aﬁpears to contain four

.électfdns‘iéSS,thaﬁ would be predicted and the possibility that

'Rgﬁ??ﬁ@§3?5245 :;JzilziA,-f“‘j j:;::;A pf}:‘ RIS
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it also contains four interstitial hydrides is raised although no
NMR evidence for them has yet been found (ref. 178). The heteroatom
clusters [RhgC(CO), 177, [Rh;,(S),(CO)5,1°" and [RhgP(C0),,1%~
which, unlike the non-heterocatom clusters mentioned above, do not
degrade under high pressures of CO/H2 and may therefore be possible
analogies for poisoned heterogeneous catalysts, have been studied
by 103Rh NMR. The first shows conly one rhodium environment as
expected. The second shows three signals in the ratio of 1:8:8
to increasing field. The unique rhodium is extremely deshielded
while the highest field resonance is close to that of rhodium metal
suggesting a formulation as a Rh(I) disulfide moiety embedded in
a largely zerovalent rhodium cage. For the phosphide cluster the
spectrum shows one peak at room temperature and three in a 1:4:4
ratio at -80° indicating the Rh skeleton to be fluxional (ref. 17¢).
On a simpler plane, 13C{1H, 31P} NMR studies on the fluxional
cluster [Rh,(CO),(P(OMe),),] showed it to have a static structure
a2t -90°C and to equilibrate all carbonyl and all phosphite ligands
at 82°C. The lowest energy carbonyl scrambling process involves
only the carbonyl ligands in the basal plane and is shown in Scheme

XVII (ref. 180).
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One of the few large clusters of iridium has been synthesized
by the reaction of [Ir(C0)2012]_ with carbon monoxid~ at 90°C in
aqueous 2~methoxyethanol in the presence of potassium carbonate
and formulated as [Ir6(co)12(u-c0)3]2'. The structure of the benzyl-
trimethylammonium salt was determined, showing 1t to be [62]
(ref. 181).
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There is conslderable activity In the arca of supported clusters as
catalysts or catalysts precursors. Judging by the number of references
to lt, many results were reported recently at a ussian symposium on
this topic (ref. 182) although the general availability of the
conference report is not known. 1In the arca of heterogenized clusters,
[Rhﬁ(co)16] has been gupported by reaction with sillca contalnlng
pendent diphenylphosphinopropyl or cyclohexylaminepropyl groups and
found to be active for ethylene hydrogenation. Treatment with hydrogen
alone led to aggregation to form larger metal crystallites (ref. 183).
Carbonylation of the supported phosphine cluster gave a specles
thought to contain Rh6(co)13 units which was relatively resistant
to CO loss and which on heating to 80° gave a mixture of Rh(I)
and Rh(0) species which could be readily interconverted (vef. 189).
Reduction of [Ir(CO)z(B—toluidinc)Cll with zinc in 2-methoxycthanol
in the presence of the phoaphinated silica gave anchored Irg(CO0)qq
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clusters. The phosphinated silica also reacted with Preformed
{Ir,,(CO)ll_n(PPh3)n] to give supported ]:1—4'((:0)10_11(1’1%13)n (n = 1,2)
clusters all of which appeared to retain their integrity up to

80°C under carbon monoxide and hydrogen. Similar properties were
noted for these clusters supported on phosphinated styrene-divinyl-—
benzene copolymer although above 120°C decomposition and metal ag-—
gregation occurred. The supported clusters are catalysts for hydro-
genation of ethylene and cyclohexemne at 80°C and maintain good activity
up to 5000 turunovers. The kinetics of the hydrogenation reaction
are distinctly different from those observed using supported iridium
metal suggesting that the intact clusters are the active species.
Active site formation via a reversible Ir-Ir bond cleavage is
suggested (refs. 185~187). Catalysts for the hydrogenation of
carbon monoxide have been prepared from a variety of metal oxides
and [C02(CO)8] or [MnCo(CO)Q]. The Co-Mn catalyst on alumina was
more active and longer—lived than cobalt by itself and gave straight
chain Cl—C11 hydrocarbons with the maximum at C6 (ref. 188). Oon

the other hand, the cobalt~alumina system at 175°C was also reported
to give a mixture of straight and branched chain alkanes (68:26)
(ref. 189). The use of SiOz, Tio,, and Zr0, supports gave catalysts
more active than those on g0 or A1203, but the alumina supported
system gave the highest yield of lighter alkanes (ref. 190).

A more selective catalyst can be obtained by the cadmium vapor
reduction of CoA and CoY zeolites. The former yields propene from
synthesis gas while the latter gives n-butane plus a mixture of
other C4-C7 species. An infrared spectrum of the CoA catalyst after
use indicated the presence of a cobalt cluster containing only
terminal carbonyl ligands (ref. 191). Treatment of a RhY zeolite
with carbon monoxide gives a species having an infrared spectrum
indicative of an RhI(CO)2 species which reacts with methyl iodide

to give an Rh(III) acetyl species. Further reaction with carbon
monoxide causes the acetyl group to migrate to the support and
regenerates the RhI(CO)2 species (ref. 192). In studies of the
nature of the surface species in systems like these, 1t was
determined that [COZ(CO)B] adsorbgd on MgO at room temperature
produced small carbonyl—-containing clusters but on heating these
lost carbon monoxide and agglomeration occurred (ref. 193). When
adsorbed on silica suéfaces containing surface Sn(II) and Sn(IV)
species, Co(CO0), fragments bound to Sn were detected. Most numerous

were those with a Co/Sn ratio of 2 (ref. 194).



145

The thermal decomposition of [M4(co)12] (M = Co,Ir) and [Rhs(co)16
in KBr dises has been astudied by infrared apectroscopy. A matrix
effect 1s observed which enhances the thermal stability (ref. 195).

A temperature~programmed decomposition study of [Coz(CO)S], [MA(CO)lz
(M = Co, Rh, Ir) and [Rhﬁ(co)lﬁl supported on alumina in a helium
atmospherc shows methane to be a significant product., The methane
is thought to arisc from rcaction of the carbonyl ligands with
surface hydroxyl groups and the yleld is quite lLnscnsitive to

the nuclearity of the cluster. In the presence of hydrogen a
quasl~catalytic reduction of carbon monoxide is observed whlch

Ls thought to occur directly rather than by decomposition to surface
carblde specfes. The results are Interpreted to Indlicate that
clusters are not esscential for Flscher~Tropsch catalysis (ref. 196).
On the other hand, if [RhG(CO)lG] on alumina 's treated with oxygen
at low temperature, the metal cluster remains intact even though

all the carbonyls are removed. 1f sufficient adsorbed water is
present, the origlnal carbonyl cluster can be regenerated on
carbonylation, This abll(ty Is destroyed Lf the decarbouylated
sample is heated above 250°C. The recarbonylation step gencrates
CO2 but not hydrogen so watcer~gas-shift catalysis is not operative.
Also 1f 1802 Is used in the decarbonylation step, the label appears
in the €O, produced on recarbonylation. The spe:ies formed on
treatment with oxygen is proposed to be [Rh6(02)6] and the
recarbonylatlon reaction is thought to be that shown {n Scheme

XVIIL (ref. 197). Silica-supported [Rha(CO)lzl ts converted to
(Rh (0.), 1—<"s [Rh, (COY,,(0,), ] =205 [Rh, (C0). ] + CO
v 2’6 6 127276 6 16 “2
Scheme XVIII

[Rhe(CO)lel’ a process which 1s inhibited by carbon mounoxide.

Both supported clusters decompose to high nuclearity metal particles

in the presence of water and to RhI(CO)2 species 1n oxygen.

Regencration of the clusters can be accomplished by tcreatment of

the RhI(CO)2 specles with CO + HZO (Scheme X1X) (ref. 198).
Ethylenediamine solutions of [ha(co)aclzl, [Rha(co)lzl and

[&h12(00)30]2_ catalyze the water-gas-shift reaction and arec proposed

to be simpler than systems using alcoholic potassium hydroxide

(ref. 199), Another effective catalyst precursor for thic reaction

is [Rh(CO)zIZ'} which operates in a mixture of aqucous H1 and
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glacial acetic acid. The proposed mechanism for this catalyst

is shown in Scheme XX. Above 80°C the catalytic reaction shows
first order dependence on CO partial pressure and inverse dependence
on acid and lodide concentrations while below 65°C the reaction

rat2 is independent of CO pressure and shows sccond crder dependence

on lodide and positive dependence on acid concentrations. 1In the

Rh(CO)Ig"
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HI Hs '%-3
- ka
HRA(CO), 1 N Rh(COL14
HI ‘ co
K/ Ky i
i
]
Rh(CO), 15 ke kgl ka
|
Ke | )
co3 | I
' K-g
- — =
Rh(CO), [(COOH) ,m_ Rh(CO), 13
H* HoO
Scheme XX

high temperature system, Rh(111) species predominate and the rate
limiting step 1s thought to be 002 production (kﬁ) while at low
temperatures, Rh(l) species are the major ones prescent and the
ratc limiting step Is consldered to be that producing hydrogen

(k1 and kz) {ref. 200). A variation on this system reports the
use of [Ira(co)12] and [Rh6(C0)16] as catalysts for the reduction
of nitrobenzene to aniline by CO/H2 mixture (Scheme XXI). 1In this
scheme, the species MH™, in the presence of reduclble substrates,
can reduce them in preference to generating hydrogen ag in the
normal water-gas-shift systems. For the rhodium system, the con-
sumption selectivity for hydrogen (upper path) va caroon monoxlde
(lower path) is approximately unity over a range of gas composition
(CO/H2) of 1:3 to 3:1 indicating this syatem can effectively use

synthesis gas fcedstocks of a range of composltions (ref. 201).
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A variety of other organic transformations can be accomplished
in the presence of carbonyl clusters. Further studies on the
oxidation of cyclohexanone in the presence of [Rhﬁ(co)lﬁl show
that the yield of acid increases with increasing carbon monoxide
pressure implicating the involvement of species of lower nuclearity
in the catalysis. The role of the metal is thought to be to
accelerate the decomposition of peroxy species formed in the initial
step (refs. 202, 203). In the Reppe modification of the hydro-
formylation reaction, [Rh6(C0)16] is superior to [Ir4(CO)12] as
a catalyst precursor for the conversion of olefins to aldehydes
and alcohols. The observation of higher activity at lower catalyst
concentrations suggested fragmentation although the nature of the
active species was not defined. The proposed mechanism is basically
that established for the normal hydroformylation process except
that the hydrido species is generated by oxidative addition of
water to a low-valent acyl intermediate (ref. 204). at 220°
and high pressures of carbon monoxide, [RhA(CO)lZI catalyzes the
addition of disubstituted acetylenes to furan to give up to 80%
yields of cis- and trans-2-furanyl olefins and the reduction of
p—-substituted nitrobenzenes in benzene solution to mixtures of
benzanilides and p-substituted anilines (refs. 205, 206). In
the presence of small amounts of water, [Ir4(CO)12]'is a precursor
for a system which at 125-150°C and 100 psi of nitrogen catalyzes
the redistribution reaction between triethyl- and tripropylamine.

A mechanism involving C-H bond addition to the cluster to give

an intermediate imminium complex is proposed (ref. 207).
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The chemistry of alkylidynenonacabonyl tricobalt clusters and
related complexes continues to attract interest. The reaction
of [C°2(C°)8] with carbon disulfide produces a large 1umber of
products and has been under study for some time. Another of the
products has now becn characterized as sym—[(OC)9Co3C(CSZ)Co3(CO)7S],
[63] (ref. 208). Reaction of the dichlorocarbene precursor,
PhHgCCl, with [Co,(CO)g] at 60°C gives [ClCCo,(CO) gl At lower
temperatures where no appreciable decomposition of the mercuricsi

occurs the same yield of the alkylidyne cluster is obtained and

(CO)4
Co, S
(CO%?///
Pl
Co(CO)
—e——C 3
(OC)Co \
3 \\\\‘Cs////// \\\\S———__
(CO)5 (CO)»
(63]
dichlorocarbene can be trapped in both reactions. A mechaniem

involving dlrect comblnation of both reactants cither via a 4~
center transltion state or vla oxidative addition ol the Hg-CCl3
Tt

The symthatic applications

] a

bond to cobalt was proposed {(ref. 209).
of lXCCoa(CO)Q] (X = Ccl, Br) have been further ecxplored. Reaction
with aliphatic alcohols or secondary amines give the corresponding
esters and amides of [HUZCCCoj(CO)gl. Iln the presence of carbon
monoxide and trimethylamline the yields are increcased and this

gsystem also enables the reaction to be carrled out with a variety

of phenols and anilines (ref. 210), With alkane :hiols, [BrCCo3(CO)
yields [RSC(0)CCo,(C0)g] (R = Bu®, Bu®,
only low ylelds of the sulfides lArSCCo3(CO)9] (Ar = Ph, p-tolyl)

gl
Et) but with thiophenols

were obtained. For the latter better yields could be realfzed

using [ClCCuB(CO)gl or by treating the bromo derivative with the
lithium salt of the thiophenol (ref. 211). Rcactlon of the parent
complex [HCCo4(CO)g] with RyGeH (Ry = Ety, Bu®y. CIPh,, ClEt,,

ClEtPh, C12CH2Ph) in refluxing benzene under carbon monoxide gave
[R3GeCCoa(C0)9] possibly by an additlon-eliminatlon process (ref. 212)
The hydroformylation of hex-l-ene can be catalyzed by ¢ system

based on [MeCCo3(C0)9]. However the observation of an induclion

References p, 248



150

period and an activity very similar to the [COZ(CO)S]—based system
together with infrared evidence for [COZ(CO)S] when olefin is

absent suggests the active catalyst is probably mononuclear (ref. 213)
Iridium analogs of the alkylidynenonacarbonyl tricobalt complexes.,
[R—EIr3(CO)9], have been prepared by reaction of NaIr(CO)4 with

Cl3CR, Cl;SiMe or Cl;GeMe in THF (R = Me; E = C, Si, Ge; R = Ph;

E = C) (ref. 214).

The photoelectron spectra of [RCCo3(C0)9] (R = H, Cl1, Br, Me)
together with those of [cpCo(CO)z], [Coz(CO)SL [Co(C0)3NO] and
[HCO(CO)Q] have been studied as part of an extensive series of
carbonyl compounds to determine the extent of charge transfer
in the w—-backbonding to carbonyl and nitrosyl groups. It was
concluded that in the carbonyls, more charge is transferred to
carbon than to oxygen while in the nitrosyls it is about equally
distributed. Moreover, the core binding energies for carbon,
nitrogen and oxygen can be used to assess the extent of w-back-
bonding (ref. 215). Theoretical treatments of a number of systems
of relevance to this section have been made using extended Huckel
methods. For the C03(C0)9_ fragment it was concluded that it has
bonding properties suitable for bonding to a CH+ fragment and
that in the resulting alkylidyne cluster the Co-C bonding is the
major interaction holding it together. It was also determined
that the difference in energy between CO-bridged and non-bridged
forms was very small (ref. 216). The high-nuclearity rhodium
clusters have been studied by determining the bonding capabilities
of various close-packed arrays of between six and fifteen metal
atoms. The number of cluster valence molecular orbitals was
determined to be 6N + X where N is the number of atoms and X depends
on the geometry of the cluster but is often near seven. The 6N
orbitals are primarily metal s and d orbitals and the same number
of valence MO's are found as in the bulk metal which is in accord
with other data on the large clusters which indicate them to resemble
metal fragments (ref. 217). Calculations on species important
to the proposed mechanisms for the Co-catalyzed hydroformylation of
oléfins (e.g.[Co,(CO)g], [Co,(CO),], [HGO(CO) ], [HCO(GO) 4]) have been
performed. Results include the prediction that the non-bridged
form of [COZ(CO)B] has a very low barrier for homolysis to [-CO(C0)4]
and also can easily lose an equatorial carbonyl ligand to give
[COZ(CO)7] (ref. 218). An elaboration on a scheme proposed earlier

to systematize the structures and fluxional properties of cluster



carbonyls has appeared. The structures of quite a few and the
distribution of carbonyl ligands between terminal and bridging
modes are rationalized on the basis that the favored arrangement
of ligands is that which minimizes non-bonded intecractions. This
leads to the carbonyl ligands approximating a regula. or semi-
regular polyhedron within which the metal clustet core resides.
Distortionsfrom the ideal arrangcment are proposcd to be the resutltc
of the metal core deviating from approximately spherical average
symmetry (ref. 219). An approximate normal ccordineote analysis
of metal-metal vibrations in clusters such as [MA(CG)lzl (M = Co,
Rh, Ir) has been propoescd which appears to give reasonably good

agreement with much more elaborate treatments (ref. 220).

b) Heteronuclecar metal-metal bonded complexes

The photochemlistry of [R351Co(CO)h] (R = Et, Ph) In the prescnce
of various substrates has becn investigated to determine the relative
importance of Co-Si bond cleavage ys. loss of carbon monoxide.
The majority of the results indicate that dissoclative loss of
CO Is the primary photoreactlon. Thus photoly«i, la the preserce
of P(OPh)3 or P(OPh)3 + HSiCt, gave only [R3SlCo(C0)3(P(0Ph)3)]
while at -78°C in the presence of pent-l-ene, [R3SiCo(CO)3(pent-L—
ene)] was the product. TIrradiation in che presence of
pent-l-ene/HSiEt3 mixtures catalyzes the hycrosilylation ani
lsomerization of the olefin (ref. 221), fhe dimers [Co(CO)BL
(L = PMe,Ph, AsMe,Ph, PEL

]2

3 PBun3) react with trifluorosilanc

to give [F35100(00)3L] but with chlorosilanes decomposition
occurred. With [CoR(CO) (PPhy)] at -95°C S1F4H ond >0 (0LL) 4l

gave [F35100(CO)3(PPh3)] and [(EtOhSiCo(CO)Z(PPh3)2] respectively
while SiPh;H yielded [PhBSiCon(CO)Z(PPhB)]. The last reacted

with CO to give [Ph3SiCo(CO)3(PPh3)]. Carhon monoxid:> is replaced
by phosphines (L = PPh3, PMePh,) in [Ph3SiCo(CO)a] to give analogous
products while with [Et35100(co)4], [00(00\3(111’1\1)12 ind EtgSi,
were the products (ref., 222). Reduction of [Co(CO)s((S)—
PhZPNMeCHMePh)]2 with sodium amalgam followed by treatment with
MePh(Phac)SnBr gave [MePh(Ph3C)SnCo(C0)3((S)—I’hZI’NMeCHMePh)].

The corresponding triphenylphosphine complex was prepatred in the
gsame way from [Co(C0)3PPh3]2. The racemic products of both reactions
were secparated into thelr respective diasteroisomers and the
structures determined to give the first examples of the determina-

tion of the absolute configuration abour tetracoordinate tin.
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The related complexes [thMeSnCo(CO)3L] (L = co, PPh3; R = PhMeZCCHZ,
PhMeCHCH,, Ph) were przpared similarly and their configurational
stability assessed (refs. 223, 224). Reaction of [Co(CO)A]- with
GeH2C1GeH2C1 gave [(OC)ACoGeHZGeHZCo(CO)A] (ref. 225).

In an attempt to stabilize clusters against fragmentation, the
tripod ligand HC(PPh2)3 was reacted with [C02Rh2(C0)12], [HFeCo3(C0)
and [MA(CO)IZ] (M = Co, Rh, Ir) to give [HC(PPhZ)3M4(C0)6(u—C0)3]
with the ligand coordinated to a face of the metal tetrahedron.

12]

For the COZRhZ cluster the ligand was found to bind to a RhZCo
face (ref. 226). Several routes to mixed metal clusters have been
reported. The reaction of K[Co(co)a] with the trinuclear clusters
[Ru3(CO)12] and the mixture [Ru3_n05n(CO)12] (n = 1,2) followed
by protonation with phosphoric acid gave the monohydrides
[HCoRu3(C0)13] and a mixture of [HRu3_nOsn(CO)l3] (n = 1,2)
respectively. Using PPN[CO(CO)é] in the same reaction without
acidification gave PPN[COMB(C0)13] from [M3(C0)12] (M = Fe, Ru)
and impure samples of PPN[CoFeZRu(CO)lB] and PPN[CoFeRuZ(CO)l3]
from [FeRu(CO)IZ] and [FeRuz(CO)lz] respectively. Attempts to
protonate [CoFe3(CO)13]_ failed. The structure of PPN[CoRu3(CO)
was determined to be [64] (ref. 227). While [Os3(CO)12]failed

13]

(CO)y
Ru

\Val

-
O

Ru (CO)3

[e4]

to react under these conditions, photolysis of the solution for

48 hrs. provided a 35% yield of PPN[CoOs3(CO)13] {ref. 228).

Hydrogen reacts with [HCoRu3(CO)13] in refluxing hexane to yield
[H3C0Ru3(C0)12] [65] whose structure has been determined. From

low temperature proton- NMR studies the presence of a second isomer,
thought to be [66] is present in solution. On warming interconversion

of "isomers and a total averaging of hydride environment-occurs
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by a mechanism proposed to be that shown in Scheme XXI1l (ref. 229).
Carbon monoxide reacts rcadily with [HCoRuB(C0)13] at 25°C to
generate [Ru3(CO)12], [Ru(CO)S], hydrogen and uncharactevized
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Scheme XXII

cobalt-containing products. By contrast the anion [CoRuB(CO)13]9
under the same condltions goes to [R”3(C°)12] and [CO(CG)L]

(ref. 230), An interesting mixed metal species containing both
early and late transition series mectals can be got from the recactio
of [cpszH3] and [COZ(CO)B] in benzene. The structure has been
determined and shows it to be [cpsz(Co)(u—Co)Co(C0)3] (ref. 231).
The coordinatively-unsaturated cluster [H20s3(00)10] rcacts with
[cpCo(Co)z] at 90°C in toluene to give the fluxional dihydride [67]
(ref. 232).
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One of the few examples of a mixed-metal cluster containing
palladium is obtained by the reaction of [szclsz] (L = o-metallated
dimethylbenzylamine) with Na[Co(CO)4]. Both cis and trans isomers
of the product are obtained and a crystal structure of the former

showed it to be [68] (ref. 233). The electrochemical reduction

OC\T/
\
/ \ 5~ \

AN
hﬁg Me lWe///‘HMe
(e8]

of the linear trimetallic species [(OC)ACoPt(L)ZCo(CO)A] and
[(oc)4c°pc(L)2c°L4] (L = cyclohexylisocyanide) at a gold electrode
proceeds via an irreversible one-electron step to generate [CO(CO)A]_.
The remaining [Pt(L)ZCoL'4] species (L' = CO, C6H11NC) is a radical
with a half-l1ife of 30 min. (refs. 234, 235). The tin-transition
metal species [SnClZMZ] M = Mn(CO)S, Re(CG)S, che(CO)Z) react

with Tl[Co(CO)4] to generate the salts [SnCle][Co(CO)4] however
with the unsymmetrical derivatives [SnClz(Crcp(CO)3)M] (M = Mn(CO)S,
che(CO)Z) the neutral complexes [SnCl(Crcp(CO)B)(M)(Co(CO)A)]

are obtained. From infrared and mass spectral measurements, the
Co-Sn bond is the weakest of the three heterometallic bonds.

(ref. 236). )
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Trimethylphosphite reacts with [Co3Rh(CO)12] and [Co,Rh,(CO)4,]
to give mono~-, di- and trisubstituted clusters plus a variety of
fragmentation and rearrangement products. For [C03Rh(co)9(P(0Me)

two 31p NMR signals are observed for the rhodium-bound phosphite

Dsls

suggesting the presence of axial and equatorial substituents at

this site. Other products from the first reaction are [C°2Rh2(co)10L2]

[Coz(CO)GLZ] and [Co(CO)zL3][Co(CO)4] while from the second these

are the latter two plus [c°32h(co)10L2] and [C°4(c°)1oL2] (ref. 237).
The observation that [cp2 ha(CO)Z]reacts with carbene precursors

to give methylene-bridged dimeric products (sce section on ¢-bonded

complcxes) suggested the possibility of the insertion of a low-valent

metal complex into the Rh-Rh double bond. This proved successful

and with [Pt(COD)Zl [69] was obtained. A related complex containing

one CO and one PPh3 liganc on the platinum was prepared from

[Pt(Czﬂa)(PPh3)2]. The structure of [69] has been determined

(ref. 238), The synthesis of novel heterometallic alkylidyne trime:al

systems has been achieved using the carbyne complex [cpw(CC6H4Me)(CO)2]
| Recaction with [COZ(CO)Pl or [cszhz(Co)z] gave [70} and [71]. Reactior

CeHaMe (TGHdMe
C C
CPIOCIW ~—=1-——2Co(CO), CplOCIWo---t---RhCp
Co Rh—C,
(CO)3 (- AN
(70 (71 ©
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of the carbyne complex with [(n5—09H7)Rh(CO)2] gave [(ns—CgH7)RhW(cp)—
(u—CC6H4Me)(CO)3] which reacted further with Fez(CO)9 to give [72].

The structures of these complexes have been determined (ref. 239).
The potentially bridging ligand diphenyl(2-pyridyl)phosphine has
been used in that capacity for a stepwise synthesis of homo- and
heterobimetallic complexes. With [Rh(CO)zcl]2 it binds initially
through phosphorus to give the familiar trans—[Rh(CO)Cl(L)2] complex

which on further reaction with [Rh(C0)2C1]2 or with [Pd(COD)ClZ]

yields the dimers [73] and [74]. The structures of both have been
D Z
Ph l
/
N/ P LN .
‘ ci Ph——P
Rh'// I ,//Cl

0

L.
(ﬁ/‘ oc/ | l

Pn/ I I \
Ph =
[73] [7a]

determined and it is interesting to note that in both cases re-—
arrangement of one ligand has occurred on dimer formation (ref. 240).
As part of a rational synthesis of mixed metal clusters, [FeSC(C0)14]Z-
was reacted with [M(COD)Cl]2 (M = Rh, Ir) or [Rh(CO)201]2 to give

the octahedral clusters [MFeSC(CO)lA(COD)]‘ and [RthSC(CO)l6]-
respectively. Oxidation of the latter complex with Ee(III) removes

an iron vertex giving/[RhFe4C(C0)l4]— [75] (ref. 241). A full
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€Oy

Fe
/ \FQ«:O)Z

(0C); R/ |—
| />c<Z\] >0
(0C), Fe-——-—\—-Rh(Co)z
{75]

account has now appearced on the behavlior of [(nS-CSH&R)Fe(PPhZ)(CO)ZI
(R = H, Me), Lyas a ligand. In toluene or benzene, recaction with
[Rh(CO)2Cl]2 or [M(COD)Cl]2 (M = Rh, Ir) produces tranq-[M(CO)Clej
but if methanol is used as a solvent for [Rh(COD)Cl]z, addition of

a large counterion such as PFG" produces the novel chiial specics

[76]1. 1In solution [76] rcadlly racemizes via opening of the carbonyl

[ Q ]
c
oc .;\re/ /8\ P
\\Rh/Fe\ Fe
2N /N
CeHs CgHy  Cels CeHs
(76] }

bridges. The iridium analog {s only obtainable frem
[Ir(COD)(EtOH)x]BFA and sodium tetraphenylborate fn cthanol.
Complex |76] Is unreactive towards hydrogen but reversible hydrogena-

tion of the iridium complex occurs to glive [77].
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Further chemistry of {[{76] is given in Scheme XXIII.

X X
! 12) ] )
LaMPRP—Rh—PPRML, —  |taMPnp—tn—penML,
solvent c _I ———

(11) (17) j o J
[' { (13)

+
solvent * ) sol\l/ent + ) OC\ /CO
LaMPRP—Rh—PPML, [ o {LaMPh;P—Rh—PPhML, | = |L,MPhP—Rh—PPhoML,
@) J Q) 2
solvent C C

(3)I 1(4) 12)|

solvent

r) o + o) o} * c x O
Cp\ /C\ /C\ /Cp (4) Cp\ /C\ /C\ /Cp (1) CD\ /C\‘/C\ /Cp
Fé —Rh—F€ Pre— F€ — RE—Fé e — & —— Rh—F€ -
S pm N S Nps oo N N g N\
& Loy LN, S @ < AN AN % @ s R A %
Ph Ph Ph Ph Ph PhPh Ph Ph Ph Fh “Ph

(14)

i
Nl g S -
/\,-:,/\P/\
o /N /N S

(1) X (=C1,Br,I,CN) im CH,CL,. (2) BPhA_,PFG—,SbFG
in EtOH. (3) Solv.(=THF,acetone). (4) Solvent loss.

(5) L'(=PPh3,P(OMe)31 in Ch2C12. (6) Loss of L. (7) co.
(8) Solv.(=THF,acetone). (9) CO-in CHCl,- (10) Solv.
(=THF,acetone) or heat in CH,Cl,. (11) X (=C1,Br,I,CN).
(12) (60). (13) ag® in THF or acecome. (14) L'=P(OMe),
in CH,CI1,.

Scheme XXIIT

Treatment of [Rh(COD)Cl]2 with AngF6 in ethanol followed by a
limited quantity of the ligand gave [78]. Analogs of [76] and
[78]1 with the ligands [che(SBut)(Co)é} and {cpEe(SPh)(CO)Z]

respectively were also synthesized (ref. 242). One of the larger

examples of mixed-metal clusters is (PPN)2[NiRh6(CO)7(u—CO)6(u3ch)3]
which was prepared from [RhG(CO)lS]Z— and [NiG(CO)lZ]Z_. The other
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product of the reaction is [Rh7(CO)16]3_. Treatment of the mixed
cluster with CO regenerates [Rhﬁ(CO)lslz- with the concomitant

formation of [Ni(C0)4]- The reaction can be reversed on flushing

the solution with nitrogen. A related octahedral cluster,
I

- 2~
INiRhS(CO)ls] can be prepared from [Nis(co)lz] and [Rha(co)lzl
and 1s converted to [Ni(CO)A] and [RhS(CO)ls]- by CO (vef. 243).

o)
v c *
(CODIRA Fe SbF
R co
CiHg  CeHs
(78]

The construction of open-chain as well as clueter complexes contal
|
|

ing several different metal atoms 18 an arca of considerable activity
Reaction of [79] (M = Fe’CO)4, Fe(C0)3PMe

3 epMn (C0),) with M'AsMe2

Me Me
As As®

wd \CO(CO)3 M/ N ColCONs
[79] \ /

As
f\l1ez

M’

{80]

(M' = cpFe(CO),, cpFe(CO)PMe,, cpM"(CO), (M" = Cr, Mo, W)) yields
1 [80] (ref. 244). Longer chains can be constructec by the reaction

of [CpFe(CO)ZASMEZ] with [(OC)AFeAsMeZCo(CO)Z(NBD)] to give [81]

Me. Me
Asz As;2

PN

(CO)Fe ———3Co(cO); ~

Fe(CO),CP
(&1]
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which-on treatment with more [che(CO)ZAsMeZ] vields [82]. Similar
Me Me, Mey
Asi\\ ////AS\\\ ////As\\\
Cp(CO),Fe Fe(CO)3 Co(CO)3 Fe(CO),Cp
[82]

processes have afforded related species containing three different

metals ([83] (M = Fe(C0)4, cpMn(CO)z; Mt = cpCr(CO)Z, cpMo (CO),) -
[\Aez Mez N]ez
As As AS
VAN 7N ./// N .
M ColCO)x ™M MY(CO)
[83]

The structure of the Fe-Co-Cr-Cr complex has been determined (ref. 245)
Other routes to related chains have made use of bridging ligands

such as MeZNEMe2 (E = P, As) and MeZPPHeZ. Reaction of [29]

M = Fe(C0)4) with these ligands yields [(OC)4FeAsMeZCo(C0)3L].
Further reaction of the MeZPPMeZ derivative with [79] (M = Fe(CO)4)
gives the biphosphine-bridged complex [(OC)4FeAsMe2Co(CO)3PMe2PMe2—
Co(CO)BAsMeZFe(CO)AI. Cleavage of the M-Co bond in [79]1 (M = Fe(CO)4,
cpMn(CO)Z) with PMeZCI gives [MAsMeZCo(C0)3PMe2C1] which can be
hydrolyzed to [(MAsMeZCo(CO)3PMe2)ZO] (refs. 246, 247). The first
example of the resolution of an optically active cluster has been
reported. The racemic mixture [84] reacts with (R)-PMePr"Ph with
substitution occurring only on cobalt., The diastereomers were
separated by fractional crystallization and .reconverted to the

corresponding optically active carbonyl clusters by treatment with

Cp(co), Cp(CO),
Mo Mo

N |
(CO)BCO/—.\ Fe(CO)3 (CO)3Fe/———-—>
[84q] [84b]

ColCO)y
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CO in the presence of methyl todide. The absolute configurations
were determined from a crystal structure study of the phosphine
derivative of [84b] (ref. 248). Although the majority of the
preceeding reactions appear to be quite straightforward, the reacti
between [che(CO)ZAsMEZ] and [cpCo(CO),], which required forcing
conditions, yielded a variety of products. The structure of one

of these showed it to be [85] (ref. 249).

As/
Me; Cp

[8s)

Dimethylsulfosnide svlutionsof Hg(ClOl‘)2 are reported Lo react
with [Ir(CO)CL(PPh,),] to glve [Ir(COICL(PPh,),) Hgl(Clo,),
(n = 1-3) while In the presence of Hg(0) ananalogous species with
n = 4 can form. The complexes were characterizcd polarographically
(ref. 250). In an exploration of the mechanisw of the catalysis
of the formation of alkoxy silanes from HSiR3 (R = Et, Ph, OEt)
and cthanol or methanol by Ir(l) complexes, the ceaction of the
silanes with [IrX(Nz)LZ] or [IrXL‘Z] (X = Cl1, Lr- L = PPh3, AsPh
L' = PPhs, AsPh3, SbPh3, P(Cyclo-C()Hll)3, P(p_—tolyl)3, l’NcI‘hz)
was studied. From both, the complexes [IrHX(SLRB)LZI were formed.

3;

Further reactious of these are shown in Scheme AXIV. lfor R = F,
the reaction with CO gave a mixture of four isomers .ref. 251).
In the catalytic system i1t is proposed that lerX(51R3)L2] 1s
the initial specles formed and that the coordinated silyl group
is attacked by the alcohol to give alkoxy silane and [IruzxLz]
which loses hydrogen to regencrate lerLz] for resurption of the
catalytic cycle (ref. 252).

In the presence of [HFcCos(CO)lzl, Eiﬂ'lw(Nz)z(PNCZPh)ﬂ reacts
with hydrogen in methanol at 20°C to yield up to 0.32 mol of
ammonia per mol of tungsten together with traces of hydrazine.

A protonation of tumgsten-bound nitrogen by the hydrido cluster
is proposed to occur (ref. 253). VFinally, a mass spectral study
gives the Co-Sn bond dissoclation energy 1in [Megano(CO)A] as
217kJ/mol (ref. 254).

References p. 246
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HClI
= SIiCIRz +
[trHCl(PPh3),]
‘-
— &= [IrHY(SIR3)L,]
(Br7,I17)
SiHRg
2 = [IrHX(SIRJIL,]
[IFHX(SiR3)L, | —
PMePh
2 [irHCisiRy) (PMePh, )]
(R =OEt)
C
© ~— [ircicco) (PpPhy), ]
(R =Me, Ph;
L n=12)

= [IFHX(SiRzXL)L,]
(L’ =PF,;,CNMe)

Scheme XX1IV

c) Metal-(I),-(II), and —-(III)complexes

The reaction between [C°2(C0)8]’ triphos (triphos = 1,1,1-
tris(diphenylphosphinomethyl)ethane) and CS, gives [Co(triphos)—
(nz-CSZ)]- The unbound sulfur atom can coordinate to other metal
atoms and by reaction of this complex with M(THF) (M = cpMn(CO)z,
Cr(CO)S) the bimetallic complexes [Co(triphos)(u—CSZ)M] were prepared.
Reaction of [Co(triphos)(nz—csz)] with [Co(H20)6]2+ and triphos
gave [Co(triphos)(u—CSZ)Co(triphos)]2+ which could also be prepared
from Co(BF4)2-6H20, triphos and CS, in hot acetone and which could
be reduced to [Co(triphos)(nz—CSZ)] with sodium naphthalenide or
NaBH4 in the presence of CSZ' Reduction with NaBH4 in the absence
of C52 gave [Co(triphos)(nZ—CSZ)][Co(triphos)(BH4)]. The structures
of several of the products were determined (ref. 255). Reaction
of [Coz(u—X)Z(triphos)Z](BPh4)2 with CO or cyclohexylisocyanide
(L) gave [CoX(L)(triphos)]BPh4 (X = C1, Br). The iodo derivative
could be got directly by carbonylation of CoI2 in dichloromethane/
ethanol in the presence of triphos followed by addition of NaBPh,.
The structure of the chlorocarbonyl complex was determined and
it was noted that all complexes are paramagnetic which is unusual
for Co(Il) carbonyl complexes (ref. 256). The -dimer with X = OH
reacts with methanethiocl in acetone to yield [goz(u—éMe)Z(tfiphoﬁ)ZI—i

(BPh4)2 and similarly carbonylates to [Co(SMe)(CO)(triphos)]BPh4--
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Treatment of the u-OH complex with H,5 ylelds [Coﬁu—S)z(triphos)z]BP
which can be reduced to [Coz(u—S)z(triphos)zl by NaBH4 and oxidized
to [Coéu-s)z(triphos)zl(BPh4)2 by NOPF,. The structures of all but
the carbonyl complex have been determined (ref. 257). From
Co(BF4)2-6H20, triphos and P, in THF/ethanol the novel complex
[Co(triphos)(n3—P3)] can be prepared which reacts further with
M(CO) (M = Cr(CO)S, cpMn(CO)z) to give [Co(triphos)(u—P3)Mn]

(M = Cr(CO)S, n=1,2; M= cpMn(€0),, n = 3). The structures of
all complexes have been determined and confirm that the P3 unit
remains n3-bonded to cobalt while the individual phosphorus atoms
act as monodentate ligands towards the second metal atoms (refs.
258, 259).

While [RhCl(PPh3)3] reacts with CS, in benzene followed by
addition of pyridine (py) to give [RhCl(nz-CSZ)(py)Z(PPh3)], the
heteroallyl complexes [Rh(XC(Z)Y)(PPh3)2] (X = Y =8; Z = NEC,,NMe,.
X = S, Y = NPh; Z = PPhZ, SPPhZ) give the thiocarbonyls [Rh(CS)-
XC(Z)Y)(PPh3)] as the 1solated product. The reactions are thought
to proceed via an initial n2-CS2 adduct however (ref. 260). Further
studies of the coordination properties of the retated specles
XC(Pth)NR'. (X = §; R = Me, Ph. X = 0; R = Ph, x = N-p-tolyl;

R = p-tolyl) and SC(XPPhZ)NPh_ (X = 0, S§) have been made. With
the first group of compounds are obtained [M(XC(PPhZ)NR)(PPh3)2]
(M = Rh, Ir) from [RhCl(PPh3)3] and [Ircl(cyclooc:ene)zl2 + PPh
In all cases, the PPh2 group 1s coordinated with either X or NR

3°

completing the coordination in the order S>NR>0 (e.g. [861, [871).

PhaF’\\'Rh‘//F!\piz\c===NFvn th\\\Rh///RﬂE\C===
v N
|

Pn

(o]

PhyP PhoP

[s6] (87

One triphenylphosphine ligand can be replaced with €CO. Fcr the
second group, the proposed structure is [88]. An cxtensive study
of the 31P NMR spectra of the complexes was also made (ref. 261).
On extended reaction with CO, [87] ylelds PhNCO and
[Rh(CO)z(PPha)(PPhZ)]n (n thought to be 2) by a process proposed

to be that outlined Iin Scheme XXV. The same reaction with
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RK ——NPh
//// \\\ ///
PhyP s
[ee]

[Rh(PPh3)2(Ph2PC(Nfg—tolyl)N—Ertolyl] yields p-tolyl-N=C=N-p-tolyl.

Reaction of [RhC1(PPh4)3] with Ph,P(S)G(R)NHR' (R = 0, R' = Ph;
R = N-p-tolyl, R' = p-tolyl) initially yields complexes analogous
CO PpPhs co | PhyP—_
PhgP PPhz ocC PPhy ocl 1
“Srn! Sc=0 L SRR Nemo —S - SRh—N—Ph
P l:,/ \N/ substitution Ph F,/ \N/ o C/l
hy | 3 A PPh3
Ph Ph
PPhy O Ph—N=C=0
oc I 7 S
deinsertion /Th—" elimination [Rh (CO)Z( pph3)(pph2)]n

N
PPh3 \pp,

Scheme XXV

to [88] which decompose to [Rh(PPh3)2(SPPh2)] and R'N=C=R. This
product can also be prepared from [RhCl(PPh3)3] and Ph,P(S)H and
reacts with CO and PhNCS according to Scheme XXVI (ref. 262).
In reléted work, the formamidine derivatives Li[CH(NR)z] (R = Ph,
P—XCcH, (X = Me, MeO, F, Cl)) react with [RR(CO),C1], or [Ir(C0)3Cl]
to give the dimers [89] (M = Rh, Ir). In the rhodium complex,
the formamidino protomn is equally coupled to both metals (J = 2.50 H})
indicating a symmetric structure (ref. 263). i

Oxidative addition of RCH,S50,Cl (R = Ph, p~tolyl, p-NO,CgH,) -
to [RhCl(PPHs)s] and [Ir(CO)Cl(PPh3)2] gave the expected sulfopyl‘
complexes but attempts to prepare coordinatgdisulﬁines;by dehydro-
halogenation were unseccessful (ref. 264);4tihé_qdes;ion;6ﬁ the

interference of the spin traps nitroso;gfbutaherand
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Phap | S

CgH 3

RhCI(PPhy),] + PhP(S)H 676
33 2

“HCl
Ph:.,P\R S
/ h—”
PhsP PPh;
PhNCS +CO
Ph
Ny Tpn:,s
>Rn/ ~PPh; [Rh(COISPPh,)(PPh,), ]
s7 1 NsSy
\ £ Ph
C/
r\{/
Ph”

Scheme XXVI

l-nitroso-2,3,5,6-tetramethylbenzene with the scarch for radlcal
intermediat+s in the oxidative addition of alkyl halidees

to [RhCl(PPhB)B] and [1r(CO)Cl(PP113)2] has been further explored.
For the rhodium complex rcacting with methyl iodide and benzyl
bromide no spin adducts wcre observed for Rh/RNO = 10;1 but a weak
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one was observed in the reaction with Ph,CHBr. With a2 large concen-
tration of spin trap (RNO:Rh = 10:1), spin adducts were observed

in the alkyl bromide reactions but not with methyl iodide. The

same results were observed for the iridium complex. Control experi-
ments in the absence of alkyl halide showed no spin adducts were
formed. In separate experiments both metal complexes reacted with
trityl chloride to form the trityl radical indicating halogen abstrac-
tion had occurred but they did not react with trityl radical generated
separately. These results indicate that for these systems, the
presence of a spin trap does not induce a radical mechanism; however
the question of the extent to which a radical process initiated

in other ways contributes to the observed oxidative additions is
difficult to assess (ref. 265). Methyl iodide oxidatively adds

to only one metal in [ha(u-SBut)2(C0)2(PMe2Ph)2] to give the cis-
adduct {Rh(Me)(I)(CO)(PMeZPth—SBut)ZRh(CO)(PHezPh)], [90], which

rearranges to the corresponding acetyl complex, [91] (ref. 266).

t-Bu

co CH3CO

t-Bu CcO

A related series of complexes trans—[ha(p—Cl)(p—SR)(CO)Z(PButB)z]
(r = prl, Bu?, Bub, Ph, p-tolyl) have been synthesized from trans—
[Rh,(CO),C1,(PBu"3),] and MeySiSR. The structure of the complex
with R = Bu® has been determined and has been found to be an active
catalyst for olefin hydrogenation, the isomerization of allylbenzene
and allyl alcohols, the decarbonylation of benzaldehyde and the
conversion of dec-l-ene-3-0l to the corresponding ketone (ref. 267).
Reactions of carbonyl sulfide with a variety of rhodium compounds
are detailed in Scheme XXVII (ref. 268).7 Reduction of hydrated
rhodium(III) chloride with CO aad ethanol- at 80°C and 200 atm pressure
in the presence of the tripod phosphines (PhZPCHZ)scR(ts. R = Me,
CHZPth) followed by addition of hexafluorophosphate gave
[Rh(CO)Z(L3)]P‘E6 which on treatment with liquid ammonia yielded
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RhC1,3H,0 SPPh,, McOH
A cos A
EtOH
COS,M M
[RhCL(PPhy) 5] =220 [Ru(CO)C1(PPh,),] + SPPR
373 3’2 3
COS + PPh, COS, MeOH
4 | Meom A
v v
[Rh(CO)CL(SPPhy) 5} (Rh(COYCL(PPh,) ,(SPPhy)] + [RRCL(SPPh,),],
I
SPPh,
CHCl,/MeOH 4
4 CHyCl,/McOH

Scheme XXVII

the carbamoyl derivative [Rh(CO) (CONH,) (L4)]. Further trcatment

with anhydrous ammonia at 100°C gave the dimer[(L3)Rh(u—20)2Rh(L3)]
while methanolysis gave [Rh(CO)(COOMe)(L3)] (ref., 269). The oximes
salicylaldoxime, a-benzoin oxime, a-furyldioxime, a-benzyldioxime

and dimethylglyoxime (LZ) react with [Rh(CO)ZCL]2 to glve [Rh(CO)z(LZ)
which with PPhy, ASPh3 or SbPhJ(L') give [Rh(CO)L'(Lz)]. The last
form 1:1 adducts with tetracyanoethylenec (ref. 270). Mcnomeric

rhodlum carbounyl complexes containlng sulfide and sulfoxide ligands,

[Rh(COIXL,] (X = Cl, Br; L = R,S0 (R = Me, Pr®, Bu™), R',S (R' = ve,
Et, Pri)) have been prepared from [Rh(C0)2C1]2. The infrared spectra
of the sulfoxldes indicate S-coordination (ref. 271). The cationic

complexes [Rh(CO),L3lX (L = PPh,y, AsPh,, SbPhy; X = cl0, » BF,7)

react with substituted o-phenanthrolines or biquinnline (N-N) to

give [Rh(CO) (N-N),1X. They can also be prepared by addition of

L to [Rh(CO)z(N-N)Z]X in acetone (ref. 272). Tropolone reacts

with [Rh(C0)2C12]- to give [Rh(02C7H5)(C0)2] in which one carbonyl
group can be replaced by PPhj. The structure of the phosphine complex
has been determined and shows the tropolonate llgand to be bidentate.
It also reacts with thenoyltrifluorcacetone (TTA) to give
[Rh(TTA)(CO)(PPh3)] (ref. 273). Bls(dimethylthiocarbamoyl)sulfide
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is cleaved on reaction with [M(CO)Cl(PPh3)2] (M = Rh, Ir) yield-
ing [92] which lose CO to form [93]1 (ref. 274). '

B NMe, | )
NMe,
S"'C S“““C
S._ .S N l a
l ~SmoT ci M7
//}:"f/ ‘\\~.Cc) C"’f’l \\‘~.C
Me,N PPhs MeZN/ PPhs
[o2] [o3]

A study of the ligating behavior of diphenyltellurium has been
reported and is detailed in Scheme XXVII (ref. 275). Chloride
abstraction from [Rh(CO)ClLZ] (L = PPh3, AsPh3, PMeZPh, P(cyclo-—

C H11)3) with AgCl0, followed by addition of a variety of 8- or

6

Ph,Te
. 2 co >
[RhCl3 3320]__EE6§> [(thTe)3RhCl3] [(thTe)th(CO)Cl3]
thTe co

[RhCl(CZHA)Z]Z____;>[(thTe)3RhCl]—————————€> Inseparable Mixture

Ph,Te X
[RR(CO),C1], — 2 5 [(Ph,Te) ,RR(CO)CL]——2 5 [(Ph,Te) ,Rh(CO)CLX,]

Ph,Te

[RRC1,°3H,0]1 =25 [ (Ph,Te) ,Rh(TePh)C1,] -8 [(Ph,Te) RR(CO) (TePh)C1,]

Scheme XVIIT

2,8—substituted quinolines (Q) yields [Rh(CO)Lz(Q)]Clo4. ?he neutral
derivatives [Rh(CO)zcl(Q)] can be got from [Rh(CO)201]2 and Q but

the yield at equilibrium decreases as the size of the substituernts

on the ligand increases. The cationic species can also be prepared
from 8-alkylquinoline-2-carboxaldehyde—-N-methylimine and exigt as
mixtures of 4~ and S5-coordinate species where the-stability of the
complex of the bidentate, quinoline-derived ligand decreases as

the bulk of the alkyl substituent increases (ref. 276). 1In-a rélaﬁéd
study the ligand Zjdi(tert—butyl)phosphinometh&l—S—mephquuinéline"~
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(mgp) was found to react with [Rh(CO)zclj2 to yileld [Qh(co)z(u-01)2_
Rh(CO) (mgp)] ({94]1). This dimer can be cleaved with CO to give

oc Me
\Rh/CI\Rh/CO
=~
oc” g \b{ y

[94]

[Rh{CO),C1], and [Rh{CO),Cl(mqp)} or with a second cqu'valent of mqp
to give cis-[RhC1(CO)(mqp)]. Reaction of this last complex with

mqp gives [Rh(CO)Cl(mqp)z] in which the llgand (s bound only through
phosphorus. Reaction of mqp with [IrCl(cyclooctone)y]2 in refluxing
pyridine however gives the o-metallated speciles [95] (ref. 277).

A number of complexes of the B-ketophosphines But?PCHZC(O)R (R = Bu-,
Ph) have been reported. From [Rh(CO)2C1]2 can be obtained the

t
Bu
22
Ir(H)Ci(Py),
n? )
S

[os]

monodentate complexes trans—[Rh(CO)ClLZ] which can be deprotonated

with sodium methoxide to give [97]. The octahedral complexes [80]
(M = Rh, Ir; R = Ph. M = Ir; R = Bu®) are obtained from MC1,-3H,0.
On deprotonation with methoxide the rhodium complexes give poorly
characterized specles thought to be [98] while the iridium analog
gives the five-coordinate hydride [99] which adds CO trans to the
hydride to give an octahedral carbonyl derivative (ref. 278).
Unlike 2-pyridyldiphenylphosphine, tris-(2-pyridyl)phosphine (L)
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RCOCH, PBu 5 \ /

[o6]

appears to form mainly monomeric complexes. Thus [RhH(CO)Lz(PPh3)],
[Rh(CO)ClLZ], [RRC1(COD)L} and [Rh(COD)LZ]PF6 can be prepared by

Cl1 t
a . t Buz Bug
us // \\
AVASING. ‘< I l/\'/\‘ﬁ
t
Bu2R (l) 4 . PhC o'/ \pt/ - \/ AN /c
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standard methods. Reaction of [Rh(COD)Cl]2 with an excess of this

ligand, however, gives [100] (ref. 279) and in another paper report-—

ing the structure of [Rh(CO)ClL,], the electronic absorption spectrum
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of the complex in solution shows a low energy band not ~een in
the golid state, This 18 proposed to be due to the formation of
{101] (ref. 280). Complexes of amino acid anifions (aA) and Fformulated
as [Rh(CO)Z(AA)] react with hydrogen halides to give [Rh(co)2x|2
(X = Cl, Br) and with tetracyanoethylene (TCNE) to form five-
coordinate TCNE adducts (ref. 281).

The kinetics of the reaction of [Rh(C0)2x2]

(X = €1, Br, 1)

with pyridine in ethanol to give [RhCl3py3] have been stvdied.

The observation of a large negative entropy of activation is inter-
preted to indicate the initial formation of a flve-coordinate pyrtdine
adduct of {Rh(CO)ZXZJ- while the recactivity order Cl <«Br .1~ 1s thought
to indicate that the oxldation to Rh(III) {s synchronous wlith the
addicion of the first pyridine ligand (ref. 282). Removal of chlorlde
from [RhCl(CS)(PRB)Z] (R = cyclohexyl) with AgClo, zives [Rh(0C104)-
(CS)(PR3)2] from which the perchlorate ligand can be displaced

by a variety of nitrogen-donor ligands e.g. pyridiue, d4-methylpyridine,
o-chlorobenzonitrile (ref. 283).

Several studies of rhod’um complexes of poly(tertlary)phosphines
and arsines have appeared. The potentially hexadeatate ligand
p-{(Ph,yAs(CH,) 5) ,PCH,1,CeH, (TDADX) reacts with [M(COYCL(PPh,),]

(M = Rh, Ir) in refluxing benzene to give the ligand-bridged dimer,
[haclz(TDADX)] or the monomeric [Ir(TDADX)]Cl. The former reacts
with €O with displacement of the PhyAs groups to give [k“ZCIJ(CU)A_
(TDADX)1C1 while from the latter, [TR(CO)(TDADX)]Cl 1s obtained.
Curiously although thls complex is reported to be icnic from
conductivity measurements, an Tr-Cl band i1s sald to be observed

in the infrared spectrum. This latter obscrvation mav be in ciror
since the thAs group often shows substantial absorr:tions in the
metal-chlorine region. Nitric oxide also rcacts with |.r(TDADX)C!
to give [Ir(NO)(TDADX)]Clz (ref. 284). Small molecules react with
the complexcs [Rh(L2)2]+ (L2 = DPM, diphos, 1,3-bis(diphenylphosphino)-
propane (DPPP), 1,4-bis(dlphenylphosphino)butane (DPPR) and (-)-
2,3,-0~1sopropylidene-2,3,dihydroxy-1,4-bis(diphenylphosphino)butane
(DIoP)). Where L2 = DPM or DPPP, five-coordinate carbonyl complexcs
werce obtained. The diphos complex was unrcactive and mixtures
resulted from the others. Oxygen gave l:1 adducts when L2 = DPM,
dinhos and DPPP while the DPPB complex absorbed more than onec mol
and the DIOP complex was unreactive. Dihydrides resulted with

s LZ = DPPP and DIOP while the DPM and diphos camplexes falled ta

react and the DPPB complex gave mixtures (ref, 285). Scme of these
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systems have been studied in more detail by other workers who have
determined the structure of [Rh(CO)(DPM)Z]BF4 and found it to be
[102]. Because of the small bite of the DPM ligand, the axial

Rh——CO | BF,

[102]

P-Rh-P angle is only 169.3°. UWhereas the complex [Rh(CO)(DPPP)Z]BF4
loses CO readily at room temperature, the DPM complex can only

be decarbonylated after prolonged reflux in dichloromethane solution.
The difference in CO lazbility is attributed to activation energy
differences due to chelate ring strain and it was noted that the

DPM complex was fluxional at -80°¢ (ref. 286). In contrast to

the results reported in reference 284, [Rh(DPPB)z]PF6 has been found
to give a well-characterized complex {[Rh(CO)z(DPPB)]z(u—DPPB)}(PF6)2
upon reaction with CO. A crystal structure determination showed

it to be [103] (ref. 287). The ligand 2,11-bis(diphenylarsinomethyl)
benzo[c]phenanthrene(Lz)\gorms complexes trans{H(CO)Cl(L2)] (M = Rh,
Ir) in which the ligang spans trans positions in the coordination

sphere (ref. 289). The Feaction of §0, with [Rh(ttp)(CO)]AsF6

PPha thp/\l _
a N
Ph,P Rh P P /Rh\ PPhy | (PFg),

ocC co ocC - cO
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(ttp = bis(3-(diphenylphosphino)propyl)phenylphosphine) gives the
square pyramidal adduet [Rh(ttp)(50,)(C0)]AsFg in which, in contrast
to [Rh(ttp)(SOz)(CO)Cl], the §0, ligand is labile. A comparison

of the structures of the two complexes shows that the Rh-S bond

in the former 1is longer and the rhodium 1s very close to the basal
plane presumably as the result of the greater m-acidity of CO relative
to chloride (ref. 289).

Rhodfum complexes of triisopropylphosphine (L) have been inves-
tigated in the context of the water-gas-shift rcaction and the
oxidative addition of water has been established to occur (Scheme XXIX)
(ref. 290). Trimethylphosphine displaces all ligands from [RhCl(PPh3)3

L
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~
H L -L WL oy
L
X =0M
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o N
. L 1 N
L. _CN(t-BL) ng Hol N
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H | py
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H20
py JHe
L. .co L. .Co
b “RhZ *Rh X
TN oy L
X = OH
X = Bph4
py, CO2 co

Scheme XXIX
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to give [Rh(PMe3)4]CI from which PFG- and BPha_ salts can be obtained
by metathesis. Refluxing the chloride salt in toluene gives the
neutral species [RhCl(PMe3)3]. The original synthesis reported

to give this complex (ref. 291) could not be repeated. Both complexes
have been structurally characterized as square plamar species

showing a tetrahedral distortion. They react slowly with diethyl
ether, THF, MeOH and EtOH to give [Rh(CO)Cl(PMe3) 1 and with hydrogen
to yield [RhH, (PHeS) ] In THF solution [Rh(PHeS)A] is chlorinated
to ggg—[RhCl3(PHe3)3] by carbon tetrachloride, chloroform and
dichloromethane (ref. 292). Attempts to prepare [RhH(AsPh3)4]

from hydrated rhodium (III) chloride and ASPh3 by sodium borohydride
reduction in ethanol (a route which was successful for the PPh3
analog) gave a mixture thought to ceontain hydrido complexes together
with species containing o-metallated ligands. However with NazIrCl6
in 2-methoxyethanol, iggf[IrH3(AsPh3)3] could be obtained in good
vield. Under the same conditions, [IrHZCl(AsPh3)3] and [IrHClz—
(AsPh3)3] could be synthesized using trimethylamine or N-methyl-N-—
nitrosotoluene-p-sulfonamide respectively in place of sodium
borohydride (ref. 293). Activation of saturated C-H bonds occurs

in the electrochemical reduction of [Rh(diphos)2]+ in benzonitrile
with BuénNC104 as the supporting electrolyte. This is a 2-electron
process and yields [RhH(diphos)Z], Bu3nN and but—l-ene. When

carried out in acetonitrile—d3, a mixture of [RhH(diphos)z] and
[RhD(diphos)Z] result while addition of cyclohexane to the original
system gives cyclohexene and bicyciohexyl as the organic products.
The results are consistent with reduction of the Rh(I) complex

to a Rh(0) species which then abstracts hydrogen from the solvent

or supporting electrolyte. The organic products which arise are
those resulting from the further reactions of the radicals produced
in this step (ref. 294). The decomposition of 1.0 mol [RhCl(PPh3)3—
(0,)] under anaerobic conditions yields 1.0 mol Ph,PO, 0.25 mol
[RhCl(PPh3)2]2 and 0.25 mol [Rh01(PPh3)2(02)]2. The process was
monitored by 3lp NMR spectroscopy and [RhCl(PPh3)20]2 was proposed

as an intermediate (ref. 295).

Tetrafluoroborlc acid reacts with [cp Rh(CO)z] in ether to give
the dimer [cp2 Rn (co) (u—H)(u CO)]BFA which is deprotonated by
sodium methoxide to [cp2 Rh, (co),(nu~-C0)]. Photolysis or thermolysis
of the latter complex g;vcs [x_p2 Rh (CO)Z] which can also be obtalned
by thermolysis of [CP Rh(CO) ]- However carbonylation of [cpz th—

(C0)2] leads only to regeneration of the monomers (ref. 296).
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The analogous complex [cp,Rh,(CO),(u=-H)(u-CO)]BF, can be got from
[cp,Rh,(€O),(u=-C0)] by protonation with HBF, in ether at -30°.
The reaction is reversed by treatment with sodium methoxide while

l in nitromethane solution the hydrido complex disproportionates

to [cpaRh3(u-C0)3] and {epRh(CO),] (ref. 297). Another arca of

! considerable interest 1s the chemistry of rhodium dimers having the

! A-frame structure. Carbon disulflde recacts with [Rh2012(u-co)(nPM\2]
or [Rh(CO)Cl(DPM)]2 by the route proposed in Scheme XXX to give
[104]) which has been structurally characterized (ref. ’98). The
synthesis of [Rh,Cl,(k=-50,)(DPM),] from [Rh(CO),(u=CL) (DPM), )" is
facilitated by the presence of chloride. Scheme XXX1 details the
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Scheme XXX

chemistry of this system. The obsecrvation of a band attributable

to a bridging carbonyl immediately after addltion of 502 Lo trans-
E[Rh(CO)Cl(DPN)]2 was taken to indicate the presence of an 502 adduct
!analogous to the initial 052 adduct shown in Scheme XXX implying
;that in contrast to the rcaction of SO2 with [ha(co):,(u-cl)(l)l’ﬂ)zl+
}attack does not occur directly to both metals (ref. 299). The
gtructure of [Rh(CO)CI(DPM)]2 has been determlined and found to

be substantially the same as 1ts DAM analog. Reactlon with bromide

1 Refcrences p. 246
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Scheme XXXI

or iodide gives [RhZ(CO)X(u—CO)(DPM)Z]X (X = Cl1, Br) while with
[Rh(CO)Cl(D.—\M)]2 one obtains [Rh(CO)X(DAM)]Z, the iodo complex

being contaminated with the CO-bridged cationic complex. In solution
[ha(CO)Br(u—CO)(DPM)Z]Br rearranges to [haBrz(u—CO)(DPM)Z] whose
structure has been determined and which reacts with CO to yield
[ha(CO)z(u—CO)(u—Br)(DPH)2]+. The same species together with the
iodo analog and those with S0, in place of the bridging carbonyl

are obtained from [ha(CO)X(u—CO)(DPH)Z]X by treatment with CO or

SO2 (ref. 300). Heating [ha(OZCCH3)4] with CO in anhydrous formic
acid gives [Rh2(02CH)2(CO)4] which from spectral measurements appears
to solvolyze in methanol to give monomeric species (ref. 301).

The neutral A-frame complexes [ha(CO)z(u—X)(DPM)z] (¥ = S, Se) can
be prepared from [RhZ(CO)Cl(DPM)]2 and Nazs or KZSe'in methanol.

The related complex [ha(CO)Z(M—PH(cyclo—Caﬂll)) (DPM)Z]PF6 is obtained
by reaction with LiPH(cyclo—Ceﬁll) and KPF6 in dichloromethane.

The bridging sulfur in [ha(co)z(u—s)(DPM)Z] is susceptible to
electrophilic attack and can be converted into [ha(co)z(u—SR)(DPMbJP%
(R = H, Et, PhCHZ) on reaction with HPFG, Et3OPF6 and PhCH,Br plus
KPF6 respectively. The original complex adds 50, to give [ha(co)z—
(u—S)(u—SOZ)(DPM)z] but with methylisocyanide only replacement of

the terminal carbonyls by isocyanide was observed (ref. 302).
Reduction of [Rh(CO)Cl(DPM)]2 with sodium borohydride imn ethanol
gives the. Rh(0) dimer [Rh(CO)(DPH)]2 whose reactions are outlined

in Scheme XXXII. The structure of [105] has been determined and
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Scheme XXXII

it has also becn found to produce an actlive catalysL system for

the water-~gas-shift recaction. Acetylene forms an adduct with
[Rh(CO)(DPM)]2 which was noc lsolated but which yicl!ded ethanc

on exposure to hydrogen. The complex also reiacts wirh methyliso-
¢yanide to give [Rh,(CNMe),(u~CNMe) (DPM),] (ref. 303) The iridium
complex [IrZ(CO)Z(u—S)(DPM)Z] has been prepared by the same route
as the rhodium analog frcm [1FZ(C0)4C1(DPN)2]PF6- Adait on of

CO yields [Irz(co)z(u—s)(u—CO)(DPM)2] whose structure was determine
to be similar to that for [105]., It reacts reversitly with hydroge
to give an isomeric mixture formulated as [Irzuzlco)z(u-s)(opm)zl
and with BF3'0Et2 to give a 1:1 adduct in which the BF3 1s thought
to coordinate to the sulfur. It also is a modest catalyst for

the hydrogenation of acetylene, ecthylene and propene (re”. 304).
Unlike DPM, (thP)zNH(DPA) forms primarily monomeric products.

Thus on reaction with [RhCl(CZHa)Z]Z one obtains [Rh(DPA)Zlcl which
forms 1:1 adduects [Rh(Y)(DPA),]cl (Y = CO, 0,5, So. nz-CSZ). The
dioxygen adduct rcacts with 802 to glve the corresponding sulfate
derivative while the carbonyl adduct on trecatment with boiling

methanol yields a specles proposed to be the A-frame complex
[Rh2C1(u=CO)(DPA) 2] (ref. 305).
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A number of interesting clusters containing bridging diphenyl-
phosphido groups have been reported. Reaction of two mols of lithium
diphenvlphosphide with [Rh(CO)ZCl]2 vields Li[RhA(CO)S(u—PPhZ)S]
which consists of a butterfly arrangement of metal atoms with all

five edge

of [RhH(CO)(PPh3)3] in refluxing nonane gives [Rh3(u~PPh3)3(C0)3—
(PPh3)2] containing a triangle of metal atoms bridged by phosphido

bridged by the phosphido groups (ref. 306). Pyrolysis

n

groups. The cluster is coordinatively unsaturated and reversibly
adds CO in solution (ref. 307). If the pyrolysis is carried out
under 60 psi of hydrogen and carbon monoxide (1:1), [Rh4(p—PPh2)4—
(C0)3(p—C0)2(PPh3)] is obtained. Here the metal atoms form an
approximately tetrahedral skeleton with the phosphine coordinated

to the apical rhodium. The lateral edges are bridged by two carbonyl
ligands and one phosphide group while the other three phosphides
bridge the basal edges (ref. 308). Using [Fe(C0)4(PHPh2)] as a
source of the diphenylphosphido group, a variety of compounds have
been obtained upon reaction with [Rh(CO)ZCl]2 in the presence of
base, their nature depending on the solvent used and whether or

not CO is present. One complex which has been structurally character-
ized is [FeRh3(CO)6(u—CO)Z(p—PPhZ)j]- This consists of a butterfly
arrangement of metal atoms with the iron at one wingtip. The Fe-—-Rh
edges are occupied by one n-CO and one u—PPh2 while the hinge is
bridged by CO. This complex rearranges to interchange the PPh2

group on the Fe-Rh edge with the CO bridging the hinge and reacts
with CO to give [Rh(CO)3(PPh2)]2 which subsequently loses CO and
condenses to [Rh4(C0)6(PPh2)4](ref. 309).

Hydrated rhodium (IXII) chloride reacts with hydre tris(3,5-dimethyl-
pyrazolyl)borate ion (Hsz3-) in refluxing methanol to yield
[Rh(HszB)ClZ]2 which on further refluxing is cleaved to [Rh(Hsz3)—
Cl1(MeOH)]. The methanol ligand is labile and is readily replaced
by CO, phosphines and other Lewis bases. A new preparation of
[Rh(CO)z(Hsz3)] from [Rh(C0)2C1]2 is also reported as well as
studies indicating that earlier reports of the formation of [ghz(co)3-
(Hsz3)2] and [Rh(CO)z(Hsz3)]2 in this reaction are erroneous.

Also it was determined that reports that the decomposition observed
in this reaction was due to traces of Rh(0) in fact result from
borohydride impurities in the ligand (ref. 310).

Many carbonyl-containing complexes have been studied as potential 7

catalysts for a variety of applications. When heated with pyrrolidine,

isopropanol or tetralin both [RhH(PPh3)4] and [RhCl(PPh3)3] but



not [Rh(co)cl(PPh3)2] yielded significant quantitics of benzenc

via hydrogen transfer from solvent and hydrogenolysis of the phosphine
ligands, No evidence for radilcals was found (ref. 311). The dimcrs
[Rh(u—SR)(CO)L]2 are catalysts for hex-l-ene hydrogenation and that
with R = But and L = phosphite 15 the most active (ref. 312). The
formation of y=~lactams from allylic aminecs and CO is catalyzed

by [Rh(co)cl(PPh3)2] while RhCl(PPh3)3 or Rh(acac), in the presence

of iodide catalyzes their formation from allyl halides, primary

amines and CO. No mechanism was proposed (ref. 313). A phase
transfer catalyst system formed from [Rh(CO)chlz, benzyltriethyl~
ammonium chloride, benzene and aqucous sodium hydroxide efficiently
converts secondary alcohols to the corresponding ketones at 50°¢C.
Primary alcohols are less rcactive and while [RhCl(PPh3)3] or
[Rh(CO)Cl(PPha)Z] give catalysts they are less active and render

the subscquent workup more difficult. The proposed mechanism 1is

shown in Scheme XXXIT1l. Support for the formation of tle o-metallated
intermediate 1s said to derive from the ob ervation that C6F5CH(0H)CH3‘
which cannot form the same species,is not converted to LGFSC(O)CH3

by the same catalyst system but instead forms [106] (ref 314).

Both pyridine and Iits hydrochloride form catalyst systems with
[Rh(C0)201]2 and hydrated rhodium (ITI) chloride which are active

for the conversion of nitrobenzenes to the coiresprnnding Lsocyanates
at 205°C and 50 atm of CO. Although the active spccles was not
identified, 1t 1is thought to be a Rh(I) carbonyl complex probably
containing chloride and pvridine ligands (refs. 315-317). Under
milder conditions (120°C, 60 atm) [RhH(CO)(PPh3)3{ also catalyzes

this reaction and a rhodium-nitrene intermedlate was proposcd

(ref. 318). Both [Rh(CO)Cl(PPh3)2] and [RhH(CU)(PFh3)3] have continued
to be studied as olefin hydroformylation catalysts and 1t 15 likely
that both systems involve the same or very similar actise species.

For the formcr with ethylenc as the substrate, the rate was a maximum
at 110°C and the activation encrgy was determined to be 33.18 kj/mol
(ref. 319)., For the latter with propenc as substrate, a kinetic

study showed the reaction to be zero order in CO and H, the straight/
branched chain ratio depcended only on the relative amounts of CO

and I’Ph3 (ref. 320). With time the catalyst degraces markedly

and [Rh(CO)zPPhZ]n, Ph3P0 and Ph,PrP were identified as decomposition
products (ref. 321). 1In an attempt to ildeuwtify the active spccies,

in gitu studics of the hydroformylation reaction were made using

high pressure infrared spectroscopy. Using {Rh(CO),Cll,,

References p, 246
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[Rh(py)(CO)zcl] and [Rh(CO)zacac] as catalyst precursors and
02H4/C0/H2 = 1:1:1, [Rh4(CO)12] and a species thought to be
[RhEt(CO)A] were detected. The spectrum attributed to the latter
was observed only in the presence of ethylene. Although inactive
under normal hydroformylationm conditions, [Rh4(C0)12] under 6 atm
of ethylene and hydrogen produced an active catalyst when CO was
added. From the infrared spectrum of this system in the absence
of CO a species tentatively identified as [RhH(C2H4)(CO)3] was
detected which appeared stable in the absence of ethylene but de-
composed to [RhA(CO)lz] on removal of solvent or on regztéon with

CO (ref. 322). The hydroformylation of methylmethacrylate and
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H CHj

0

H CHa
[108]

allyl alcohol catalyzed by [RhH(CO)(PPh3)3] and related complexes

has been studied. For the former system the proportion of branched-
chain aldehyde increcasecd on replacing PPh3 by (PLZPCHZFHZ)ZPPh

or phosphinated styrene-divinylbenzene copolymer. This was attributes
to an Increase 1ln hydridic character of the hydride on increased
phosphine substitution lcading to a preference for the branched

alkyl on olefin insertion (ref. 323)., In the latter system,
[RhH(CO)(PPh3)31 produced good selectivity for stralght chain
aldehyde at 60°C and a high H2/C0 ratio but hydrogenation was a
serious competing process. The best systom proved to be the polymer-
anchored analog or one using l,l-bis(diphenylphosphino)ferrocene
(ref. 324).

In the presence of [Rh(CO)2C1]2 at 1&0-200°C, ryclopropane and
carbon monoxlide react to give low yields of propene, cyclobutanone,
heptan-4-one and traces of 2~methylhexan-3-one and 2- ana 3-methyl-
cyclohexanone. In the presence of cethvleane the sclectivily to
cyclobutanone 1s somewhat higher wherecas at 200°%¢ piropene is the
major product. It is sugpested that actlvation of (yclopropane
occurs via rlng~opening on rthodlium (ref. 325). TFinally, |RhClL
(L = PPhJ,SbPh3), [Rhi(CO) (PPhy) 41, {Rh(CO)C1(PPh3)3l,
[RhCl(P(CHZPh)3)3], and [Rh(LO)zacnc] have been Investigited as

L

catalysts for the hydrosilylatien of phenylacctylene. Both cin

and trans addition products were found with the proportion of the

[y

attey inmercaslug with ifneveasiag dirlociae sabbscivacion od siiccomr.
However the reglosclectivity was not very dependent on the particular
system used (ref. 326),

The thermal decomposition of [Rh(CO)(N03)(PPh3)21 proceeds Ln
two stages. In the first at 168°C substantial amounts of GO, and
Ph3P0 together with some CO and the nitrogen oxides N,0, NO and
NO, are found while at 275°C the remaining CO is liberated.
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It is suggested that the products of the first stage arise from
redox reactions of the ligands while attached to the metal
(ref. 327).

Oxidative addition of C6FSSSCl to [Ir(CO)Cl(PPh3)2] gave the
expected [Ir(CO)Clz(SSCGFS)(PPh3)2] (ref. 328). Combination of
[Ir(COD)(L,)1" (L, = o-phenanthroline, bipyridyl) with [M(CO),X,1"
(M = Rh, Ir; X = Cl, Br) gave only dark powders of variable composi-
tion. However [Rh(COD)L2]+ reacted with [Ir(CO)ZXZ]_ to give
[Rh(CO)B(LZ)][Ir(CO)ZXZ] which despite the fact the cation is penta-
coordinate appears to show a strong intracomplex metal-metal
interaction (ref. 329). Attempts Eo prepare complexes of B3H8_,
have met with only limited success. From TlBBHB and [CoBr(PPh3)3]
or [Rh(CO)CL(PPhg),]} only BgH,PPhg
[Ir(CO)Cl(PPh3)2] both this and [IrH(CO)(n3-B3H7)(PPh3)2] were
formed. With [Ir(CO)(diphos)2]+;B3H8— functioned only as a counter

was obtained while with

ion but it reacted with [Ir(diphos)2]+ to give [Ier(diphos)2]+
(ref. 330). The thiolate-—-bridged dimers [Irz(C0)4(u—SBut)2] react
with one and two equivalents of phosphorus ligands to yield
[Irz(CO)B(L)(u—SBut)Z] (L = PMe,, P(oue)3, PPh,, P(NMeZ)B) and
[IréCO)Z(L)Z(u—SBut)z] (L = PMe,, P(OMe) 5, PPh,, P(NMez)S, PMe,Ph)
respectively. In solution the menosubstituted complexes partially
convert into 2 mixture of the parent and disubstituted complexes.
Both [Irz(C0)4(u-SBut)2] and its disubstituted derivatives (L = PMe3,
P(OMe)3, PMeZPh) undergo two—-center oxidative addition with iodine
to give [IrZ(CO)Z(L)z(I)z(u-SBut)ﬂ containing two approximately
square pyramidal Ir(II) centers with apical iodines. The PMe,Ph
derivative has been characterized structurally and shown to be

the c¢is, anti isomer [107] (refs. 331, 332). Todine also oxidatively

But

{

NN

Me,P-=Ir Irmoep

///\‘S /\\ Me; .
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adds to [Ir(CO)ZCI(E-toluldinc)] yleldling tranq—[Ir(CO)zcllz(B—
toluldine)] which reversibly associates with starting material to
form a binuclear specles proposed to be [108] (ref. 333). 1In a

gearch for a means of generating a readily available sitc on an

Cl CO

\/
/\

CHyCgHANH,

T
I
|

Ir

\/
/\,

J NHoCgH,CH;

[108]

Ir(I) complex for substrate activatlon In a catalytic prncess a

number of Ir(I) complexes of bidentate phosphorus-nitiogen ligands
were prepared. Reaction of [1r(C0)2C12]- with the ligands l-diphenyl-
phosphino~2~dimethylaminoethane (PEN), l-diphenylphes<phino-3-dimethyl-
aminopropanc (PPN) and o-~diphenylphosphino-N,N-dimethyilaniline

(PN) gave [Ir(CO)Cl(LZ)] (L2 = PEN, PPN, PN). The structusec of

the PN complex showed Lt to be squarc planar with the CO ligand

trans to nitrogen and the samc stercecochemlstry wa: proposed for

31P NMR data. All three are more effective

the others on the basis of
than [Ir(CO)Cl(PPhJ)Z] for catalyzing hex-l-ene fsomerizatlon but
are qulte air-gsensitive (ref. 334).

A general bonding model tor complexes of the type [vnzkhl(u-co)lkl
(X = Rh(CO)Z. Cily, Pt(COD)) has been proposed. There 1o a predicted

tendency f{or the p=-CO's to bend towards the X group and therehy

become scmt—u3 bridging as this stabilizes the HOMO. his tendeucy

is quite pronounced 1n [cpzkh (LO)ZPL(CUD)] (sce ref. 238) (ref. 335).

A modified double resonance experiment tas cnabled 103 Rh chemical
13..103

shifts for Rh(-1) carbonyl complexes to be measured usfng
103

c{ Rh}
NMR spectra. The trend in Rh chemical shifts has Rh(III) at
low field with Rh(I) complexes higher than this and [Rh(CO)A]" muct

higher still. TFrom the observation that i1s about the same

J
Rh-C
for [Rh(CO)A]_ as for a variety of square planar Rh(I) complexes
it was concluded that this coupling 1s dominated by the Fermi contact
term (ref. 336). Using SCF-Xa~SW calculations, tae photoelectron

gspectra of [Rh,c1,L,] (L = €O, PF,) have been asslgned. The agreement
2¥7T274 3
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found here supports arguments made earlier from these calculations
for the factors which cause the folded structure found for these
complexes (ref. 337). A determination of the heats of formation
and dissociation as well as M-C and M-M bond energies in Co, Rh
and Ir carbonyl clusters has been reported (ref. 338). In an
interesting application of optically active complexes, [Rh(CO)Z—
(3—-trifluorcacetyl-1—(R)—-camphorate)] in squalane has been used

as the stationary phase in a gas chromatographic procedure which
can resolve 3-methylcyclopentene and variously deuterated ethanes
(ref. 339). The reaction of alkyl iodides, RI (R = I, H, Me, Et,
Pr™, prl, PhcH,,

titration calorimetry to measure the strength of the Ir—-R bond-

MeCO) with [Ir(CO)Cl(PMe3)ﬂhas been followed by

The results show these to be in the order H>MemImMegO>Prn>Et>Pri>PhCH2
(ref. 340).

Hydrolysis of [Rh(CO)Cl(thP(Cﬂz)nSiClB)2] (n = 2,8) in aqueous
dioxane alone or in the presence of either excess ligand or MeSiCl3
produces polymeric globules having the idealized formulae
{[01.551(CH2)2PPh2]3RhC1(01.SSiMe)ZOO}X and {01.SSi(CH2)8PPh2]4Rh2C12}X
which are active catalysts for olefin hydrogenation (including
styrene). Although activity loss occurs on recycling, the latter
species is longer-lived presumably because it more closely resembles
the homogeneous counterpart (ref. 341). Supporting [Rh(CO)ZCl]2
on silica which has been modified by Sn, Pb, Mo or W gives a catalyst
active for the hydrogenation of benzene, the hydrogenolysis of
propane and the conversion of hexane (ref. 342). Finally, [RhH(CO)-
(PPh3)3] supported on silica or alumina retains catalytic activity
for the hydroformylation of propene. A strong complex-support af-
finity was noted which was attributed to an interaction with surface-

hydroxyl groups (ref. 343).

Metal nitrosyl and aryldiazo compounds

The complexes [CoXL3(N0)]+ can be prepared by reaction of NO
with [CoXL3]+ (X = ¢1, Br, I; L = PPh(OMe)Z, PPh(OEt)Z) or [Coszzl
(X = ¢c1, Br; L
salts when L = phosphite. Further reaction with NO gave an equilib-

rium mixture of [CoLz(NO),]+ and [CoXL(NO)z], the position of the

P(OMe)3, P(OEt)3) and isolated as tetraphenylborate

equilibrium depending on the nature of L and X. Only when L =
PPh(OEt)2 and X = I could the neutral species be isoclated and in
the presence of an excess of PPh(OEt)Z, [Co(PPh(OEt)2)3(N0)] was
formed. The structure of the [CoX(L)3(N0)]+ complexes is proposed
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to be square pyramidal with a bent nitrosyl ligand in the apical
position. Reaction of [CoILy(NO)]™ (L = P(OMe);, P(OEL);) with fodid:
gives [CoI(L)(N0)2]+ and [C0L3(N0)] while with CO a micture of
[CoL,(C0),1F, [CoT(L),(C0),], [CoI(L)(NO),], [CoL,(N0),1% and
[CoL3(N0)] is produced (ref. 3644). Electrochemical reduction of
[CoXL,(NO)1BPh, (X = Cl, T; L = P(OMe)g, P(OEt),) in acetomitrile
gives [C0L3(N0)] by an c.c.e. type mechanism while ox-datlon gilves
[C0L2(N0)2]BPh4, [CoX(L)(NO)z] and other species not containing NO
(ref. 345). Sodium bis(2-mcthoxycthoxy)aluminum hydride has been
used as a selective reducing agent at -78°C to convert {cpCo(hD)I]
into [cpCo(No)]z. Although no direct evidence for it was found,
[epCo(NOYH] was suggested as a plausible intermcdiate (ref. 346),
In THF at room temperature the complexes [Co(NO)(CO)ZL] (L =
PBuL3_n
[Co(NO)(C0)3] (ref. 347) and their
measured. For E = 8i there is little change in clumical shift

(EMc3)n (n = 0-3, E = S{, Ge, Sn)) are tormed {rom

5900 NMR spectra have been

over the whole series while for £ = Sn there is ca. 300 ppm dif-
ference between the complexes with L = PBut3 and L = P(SnNe3)3.
Those with E = Ge show intermediate behavior (ref. 348). Photo-
lysis of a mixture of [Co(CO)3(N0)] and NO in a pentane natrix

at 195 K generates a paramagnetlc species belicved to be {Co(CO)Z—
(N0)2] on the basis of the observed hyperfine splitting and the
results using 15NO. The epr spectrum i8 best simulated by the
assumption that the complex is square planar (ref. 349). X-ray
photoeclectron spectra of [Co(dlars)z(NO)x]C104 (X = Cl, Br) and
[Co(diars)z(NO)](Cloh)z (diars = 1,2-bis(dimethylarsino)benzenc)
have been measured and the nitrogen ls, arsenic 3d and (obalt 2p
core bindiny, energies determined. Those of arswenic are independent
of the nature of the other ligands and the charge on the complex
while those for cobalt recflect the electron-withdrowing effect

of the ligand trans to NO. The nitrogen 1ls core binding energy
correclates witn the NO stretching frequency but not with the M-N-0O
angle (ref. 350). At 250-300°C, [Co(TPP)] catalyzes the reduction
of NO by hydrogen to give NZ’ N20 and NH3 (ref. 351).

In refluxing ethanol-dichloromethane, hydrated rhodlum (1I1)
chloride reacts with NOCl in the presence of PPh3 to give [Rh(NO)ZCl
(PPh3)2] which on further refluxing or on treatment with HC1 1is
converted to [Rh(NO)ClZ(PPh3)2] (ref. 352). Both th(NO)XZ(PPh3)2]
and [Rh(NO)X3(PPh3)2] are reported Lo arise from reaction of NOX
(X = C1, Br) with [RhCl(PPha)a} (ref. 353). Tripheaylphosphine

References p. 246
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is displaced from [Rh(NO)(PPh3)3] in benzene solution by a variety
of bi- and tridentate tertiary phosphines (L2 and Li respectively)
to give [Rh(NO)(L,)(PPhj)] or [RR(NO)(L3)]. From 1P NMR studies
it was concluded that all had pseudo tetrahedral coordination about
the metal with approximately linear nitrosyl groups. From the

low—temperature 31

P NMR spectrum of the complex with tris(2~diphenyl-
phosphinoethyl)pkosphine it was found that the central and only

two of the three terminal phosphorus atoms were coordinated. On
warming, equilibration.of the terminal phosphorus atoms occurred

via an associative process involving a five-coordinate intermediate.
The phosphorus chemical shifts in the complexes studied varied

with the size of the chelate rings and 1JRh-P decreased with an
increase in the number of chelate rings. In chiral systems, the
phosphorus chemical shifts appeared to be more sensitive to the
chirality of carbon substituents than to chirality at the metal
(refs. 354, 355). Reaction of [Ir(NO)(MeCN),(PPhy),1°" with 1,2~
dihydroxy~3,4,5,6-tetrabromobenzene in methanol containing the
stoichiometric quantity of sodium hydroxide yields [Ir(NO)(l,Z-OZ—
C6Br4)(PPh3)2] which on refluxing in benzene in the presence of
chloranil and oxygen gives [Ir(NO)(1,2—02C63r4)(PPh3)]. The
structural study shows the nitrosvl group to be linear. The observa-
tion that the Ir-0 bond trans to mitrogen is shorter than that

trans to phosphorus, which is a reversal of the usual trangs-influence
series, is attributed to the catecholate ligand functioning as

a strong w-donor (ref. 356).

At -70°C in acetome [Co(CO),1  reacts with PhN, "

followed by
treatment with PPh3 to yield an unstable o0il proposed to be
[Co(NzPh)(CO)Z(PPh3)] on the basis of infrared spectral measurements
(ref. 357). A correlation of the Ir-Cl stretching frequency with
3lp chemical shifts in [IrCl(L){PPh,),] (L = cNBu®, GCS, N,c:X,

(X = ¢c1, Br), RN2+(R = Ph, R—Me0C6H4), N0+, tertiary phosphine,

co , CZHA’ NZ) has been made and the trends are In_accord with

the previously established trans-influence series. The diazonium
ligands show a very low trans—influence (ref. 358). A study of

the ligand properties of the neutral diazo compounds CSX4N2 (X =

Cl, Br) shows that they bind.only in the nl mode. Reaction with
[IrCl(NZ)(PPh3)2] in dichloromethane at OdC gives the thermally
unstable trans—[IrCl(N2C5C14)(PPh3)2] which from a crystal structure
study contains a “singly-bent" diazo ligand (ref. 360). The diazo
ligand is readily displaced by CO however with other ligands,
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five~coordinate adducts, [IrCl(NZCSCIA)(L)(PPh3)2], (L = PMeg, UMe,Ph,
PMePhZ, CNBut) can be prepared at low temperature. Analogs of formula
[IrCl(N,CcX,)(L),] (L = PPh,, P(p-tolyld,, P(p~FCg¢H,)3) can also be
prepared from [Ircl(cyclooctene)zlz, L and N,€gX,. ALl are thermally
unstable. At 0%, IIfCl(NZCscla)(PPha)Z] reacts with hOPF. to give
the presumably square pyramidal {Ir(NO)C1(N,CzC1,)(PPh,),]PF, while

at ~78°C, HCl reacts to give [IrHC1,(N,C5C1,) (PPhy) 5] which on
treatment with N-methyl-N-nitrosotoluene-p-sulfonamide gives the
neutral nitrosyl {Ir(NO)Clz(N265614)(PPh3)2]. Attemp.s to prepare
rhodium analogs were unsuccessful presumably as the starting complexes
were not sufficiently basic (vef. 359). The SOz-bridged dimer,
[Ir(CO) 5 (PPhy) (4=80,) 15, reacts with p~RC H,N,BF, (R = Mc, Med, F)

in benzene to produce I(Ir(CO)(I’PhB))Z(u-NZCGHAR)(M~SOZ)IBFZ’ which

can be protonated by HBF, to give [Tl‘(CO)(PPhj))?_(u-NﬂHCGHAR)(u~802)]
(BF4)2. It also reacts with hallde lon to give the triply~bridged
complexes [(Ir(co) (FPh3)), (u~X) (u-N,CeH, R) (u~50,)1 (X = cl, Br, 1)
(ref. 361). Trlazenido complexes {[109] have been prepared from
[Ag(RN3Rl)]n (R = Me, Et, p-tolyl; RY = p-tolyl), mercury (T1)

:

R R N R’

\, WYY

Y i SN !

NQ ir Hg Ao = diene
/ \}/ N

! 1,

- [os]

chloride and [M(dicne)Cl]2 (M = Rh, Ir, Diene = CGD. M = Rh, diene =
NBED) or f{rom [Ag(RN3R1)]n and {(dienc)MCl(HgCl,)] .. The complexes
appear to be monomeric in solution and for the rhudium specles

there is intramolecular exchange of the tvo triazenido llgands
(ref. 362).

Metal alkene compounds

Reduction of [Co(Czﬂa)(PMes)3] with 0.5 equivalent of potassium
i{in pentane at room temperature ylelds the metastable "semicobaltate"

K[CO(CZRA)(PM°3)3]2' A portion of the unit cell contents (methyl

Referonces p. 246
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groups and hydrogen atoms omitted for clarity) is shown as {110].

On standing in solution this disproportionates to [Co(CZH4)(PMe3)3]

c S=c P
Plh_‘1§6___—\ _____ K: - \\ ’ji———-cc(//
/ < N\ kTR RN
P C‘\\\”C P P
Co
V4 N
P p P

and K[Co(Czﬂ&)(PMe3)3]. Flushing the solution with nitrogen gives
[Co(C2H4)2(PMe3)3] and K[Co(Nz)(PMe3)3] while with ethylene [Co(CZH4)—
(PMe3)3] and K[Co(CZH4)z(PMe3)2] are formed (ref. 363). Protonation

of K[CO(CZH4)(PMe3)3] yields [111] which is evidently in equilibrium

H
MesP._ l CHz
“Co 4—"'"/

Me3P/ l HzC
P

ME3
111]

with [Co(CZHS)(PMe3)3] since the product when MeOD is used shows a
random distribution of deuterium over the metal and the olefin.
Pent-l—-ene is isomerized to cis- and trans-pent-2-ene in the presence
of [111]. Alkylation of [CoCl(P¥e3)3] with methyllithium or phenyl-
lithium in the presence of ethylene gave [112] and [113] respectively.
The structure of [113] has been determined. Insertion of ethylene
into the Co-C bond did not occur in either [112] or [113] however

on heating [113] gave biphenyl and [Co(CZHQ)(PMe3)3] (ref.- 364).
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CHa Me,P
CHy
MesP. / I Pl
“co=""/, MesP —Co '

/ I H,C ‘\/CHZ

PMe, Me,P

[112] [113]

Me, P

At 80°C, [cpCo(c0),] reacts with 1,4-dimethoxy-1,4-dibora~2,5-
cyclohexadiene to give [114] which can be converted into the corre-
sponding dimethyl derivative on treatment with MeMgI. The structure
of the latter has been determined and it appears that the major bond-

ing interaction between the metal and the heterocycle involves the

[114]

carbon-carbon double bonds. From cyclic voltammetric studies, the
heterocyeclic ligand appears to function as a strong acceplor

(ref. 365). In the presence of a variety of polyolefins and
acetylenes Co(ClO4)2'6H20 and triphos form [Co(triphoa)LlClO4

(L = butadiene, isoprene cycloheptatriene (CHT), cyclooctatetraene
(COT), PhC=CH, PhC:=CPh). The structure of the CHT conplex has been
determined and the CHT ligand found to bind as a 1,3-dlene. The
same coordination mode is proposed for COT while the acetylenes

are proposed to function as 4-clectron donors (ref. 366). Methylene
generated by the reaction of zinc-copper couple with CH212 adds to
the uncoordinated double bonds of the COT ligand in [cpCo(COT)]

to give [115] (ref. 367). Hexafluorobut-2-yne adds to the allyl
ligand of [(n3-2-MeC,H,)C0(C0),4] to give the 1:1 and 1:2 adducts
[116] and [117]. A polymer derived from the acetylene was also

£y

produced (ref. 368). Co-condensation of cobalt vapor with butadiene
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&
[115]

followed by warming and addition of PEt, yielded [118] which catalyzed

the cyclotrimerization of PhC=CH to 1,3,5-triphenylbenzene and which

CF3 CF3
NP . CF3
| “Sco \ o
Co
H
CFa

[116] [17]

reacted with ethyl bromide to give COD and 4-vinylcyclohexene.
Infrared studies of the original matrix during warmup suggested that
up to 0°C the major species was [CO(nz—C4H6)]. This subsequently

7 X
a\ CT><:;;;]

Me PEt,

[118]

rearranged to species either containing chelating butadiene or the
butadienyl ligand (ref. 369). The reaction of [Rh(COD)Cl]2 with

PrlMgBr in the presence of olefinic substrates gives a. variety of
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olefin and allyl complexes. TFrom styrenc [1)19] Is obtained in which
the n3-benzy1 ligand 1s fluxional, Since the fluxional process

occurs without loss of stercochemistry at the benzylic carbon, a

H CH3

RhT)

[119]

o-bonded benzyl group is proposed as an Intermediate (ref. 370).

With 4-vinylcyclohexene and l-methyl-1,4-cyclohexadlene [120] and
the isomeric mixture [121] and [122] are obtalned respect {vely.

- QO

Complex [12C] {is also obtained using butyllithium in place of the
Grignard reagent. Reactlon of [Rh(COD)Cl]2 with butyllithium ILn
the presence of cyclooctatetraene gave [123], [124] and [125].
l The mechanism of formation ol [120] is shown in Scheme SXXIV
(ref. 371). The diene complex [Rh(TFB)Cl]2 (TFB = tetrafluorobenzo-

! barrelenc) on reac.ion with AgClOA in acctone followed by addition

o0 0 ~H

[r23] [124] [12s)

of various ligands gives cationic complexecs [Rh(TFB)uz]Cloa (L =
MeCN, PhCN, py, tertiary phosphinecs; L2 = o~phenunthroline, bipyrldyl,
diphos) which have been studied as olefln hydrogenation catalysts.

The fastest rates are scen with the most basic ligands and the systems

. References p. 246
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priMgBr
CgH12

—Cs3Hg
_—C3bHe

[rn(cop)ct] (COD)Rh (coD)Rn

H

[120] -——— (COD)Rh -«——— (COD)Rh
; =

Scheme XXXIV

are selective for the hydrogenation of l,4-cyclohexadiene to cyclo-
hexene (ref. 372). Analogous studies of [Rh(NBD)Lz]Clo4 complexes
have also been made but these seem more prone to degradation under
catalytic conditions (ref. 373). A reportedly convenient synthesis
of [Rh(CO)ZCI]2 involves reaction of [Rh(COD)Cl]2 with CO in hexane
followed by solvent evaporation under CO and sublimation to give
65-75%Z yield of product (ref. 374). However considering that the
synthesis of [Rh(COD)Cl]2 is not a high~yield process it would seem
that the direct carbonylation of hydrated rhodium (III) chloride

is a more cost-effective route. Amino acids (AAH) react with
[Rh(COD)(OZCMe)]2 in the presence of CO to yield [Rh(CO)Z(AA)]
(ref. 375). The bridging chlorides in [Rh(COD)Cl]2 can be replaced
by pentafluorophenylthiolate. The NBD analog was also prepared
(ref. 376).

While [Rh(COD)Cl]2 reacts with benzothiazole (BT) to give an
adduct formulated as [Rh(COD)(BT)Cl]2 which is proposed to retain
the chloro-bridged structure with the BT ligand bonded via the
S-C-N m-systemn, [Rh(C2H4)2C1]2 loses ethylene to give [Rh(BT),C1],.
The latter complex is a catalyst for the dimerizatiom of acetone and
benzaldehyde (ref. 377). Replacement of two carbonyl groups in .
[Rh(CO)z(Lz)] (L, = benzoyltrifluoroacetonate) by COD gives
[Rh(COD)(Lz)] whose structure has been determined. It appears that
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the benzoyl oxygen has the larger trans~influence (ref. 378). 1In

a related reaction, ethylene can be replaced by 2-methyl-2,4,6-tris-
(trifluoromethyl)pyran in [Rh(acac)(02H4)2] to give [126] (ref. 379).
The schiff-base ligands derived {rom salicylaldehyde and p-toluidine
(SB) or o-phenylencdiamine (sBY} react with (M(coD) (OMe) ],

(M = Rh, Ir) to give [Ir(coOD)(SB)] and {[Rh(COD)lz(snl);. The
structures of both complexes have been determined (ref. 380).

Dioxygen~bridged dimers [127] (diene = COD, NBD, dicyclopentadiene)

(VN
(dienc)Rhf:[/;Rh(diene)
0

[127]

[126]

can be prepared from [Rh(diene)Cl]2 and KO,. On heating in benzene
in the presence of PPh3 a 97% yield of OPPh3 is obtained. Reaction
of the COD complex w'th KOH (R = 1, Me, Et, MeCO) or CSH6 yields
[Rh(COD)OR]2 and [cpRh(COD)] respectively togecther with hydrogen
peroxide. By contrast [(n"—C3H5)2RhCl]2 yields l(n3—C3H5):Rh(u-0H)2—
Rh(na-C3H5)2] on reaction with K02 although an 02—bridged dimer
analogous to [127] is proposed as an intcrmediate. Complex [127]
(dlene = COD) catalyzes the dimerizatlon of acetone (ref. 381).
[RhC1(C2HA)2]2 continues to ve a widely used startlng point for
the synthesis of low-valent rhodium complexes. Reaction with
white phosphorus and triphos in dichloromethane produces |Rh(triphos) -
(n3-P3)] analogous to the cobalt complex described carlier. The
iridium analog can be got in a similar fashlon fron [Tr(CO)Cl(PPha)Z].
These in turn react with NI(BFA) (M = Co, Ni) 1in the presence of
triphos to give l(triphos)M(u2—n“—P3)Ml(triphos)](BFA)Z (M = Rh,
Ir; Ml = Co. M = Rhj Ml = Ni). The Rh-Ni complex exhibits para-
magnetic behavior which 1is dcpendent on the counterton and solvent
while the astructurec shows that the Rh-Ni axis 1is not coincident with
the centroid of the P3 triangle (ref. 382). 1Indenyl potassium
converts [RRCL(C,H,),], to [(n>~CgH;)RN(C,H,),] 4n which the
ethylene ligands can be replaced by a variety of othcr olefinic
groups including 1l,3-dienes, acrylonitrile, methylerecyclopropane

5

and COT to give the corresponding N ~indenyl complexes. The

derivative with 2-methyl-l,3-butadiene rcacts with hexafluorobut~2-yne
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to give [128] and [129] while that with 1,3-pentadiene gives [129]

and [130]. Ethylene couples with hexafluorobut-2-yne on reaction

5
7'?@“7
RN
/( // CF5
CF.
3 CFy CFy

[12e]

of the acetylene with [(n5—C9H7)Rh(CZH4),] itself giving [131].

The mechanism of Scheme XXXV is proposed for the formationm of [128]

5 5
7 ~CgH, 7 ~CgHy

Me l
F3C_ Rh c;-—j//
_[_§

and presumably analogous processes occur for [130] amd [131].

The steps involving acetylene coordination may be aided by a slippage
of the indenyl ligand from an ns— to an n3—bonding mode. The reaction
of [(n”-CgH,)RR(C,H,),] with 3,3-dimethylbut-l-yne gave the analog

of [131] in which the two acetylene molecules have coupled head-to-
head. Also formed were 1,2,4- and 1,3,5-tris(tert-butyl)benzene
(10:1) as well as some uncomplexed 1l,4-bis(tert-butyl)cyclohexa-
1,3-diene. Routes similar to that of Scheme XXXV are proposed to
lead to these products (ref. 383). The initial product from the
reaction of [Rh(CZH4)201]2 with diphos in toluene is [Rh(c2H4)—
(éiphos)Cl]. This loses ethylene, particulariy in coordinating
solvents to give =a solvated'[RhCl(diphos)] species which absorbs

Co, to form [Rh(COZ)(diphos)Cl]. This last complex reacts with
oxygen to give a species which although not "isolated was proposed

13

from its infrared spectrum and that of the C labelled analog to
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Scheme XXXV

be a carbonate complex. Loss of solvent from the [RhCl(diphos)]
species leads to formation of the dimer [Rh(diphos)Cl]2 while reaction
with sodium tetraphenylborate gives [Rh(diphos)(nﬁ—CGHSBPh3)] whose
structure has been determined. This complex on refluxing in acetone
under a CGZ atmosphere gives the benzoate derivative [Rh(diphos)-
(OZCPh)] which can also be got directly from [Rh{(diphos)Cl] and
sodium benzoate. When prepared by the former route, mesityl oxide
and diacetone alecohol are also formed presumably via a rhodium-
catalyzed dlmerlzatlon of the solvent acetone (ref. 384). The
dlazadlphosphetldlnes (RNPX)2 (R = Pr , But; X = F, Cl) react with
[RhCl(CZH4)2]2 to give rather insoluble species having the composition
[RhCl(RNPX)Z]'which are presumed to be polymeric with ligand bridges.
‘The complek with R = Bﬁt; X = F reacts with CO to give [RhC1{(CO)}-
(Bu NPF)Z] which may be -dimeric although this was not established.
Monomeric complexes [chh((RNPF) ) ] were obtained from [CPRh(CZHA) ]
(ref. 385) The reactlon of o-allylanlllne with [Rh(C2H4)2Cl]2
~y1e1ds [132] whlch on reflux1ng in dlchloromethane in the presence
"of ouallylanlllna glves o~ trans- propenylanlllne (PA) and [Rh(PA)chlz.
{Reactlon of N-allylanlllne (NAA) with” [Rh(C H4)2C1]2y1elds [Rh2C12
(NAA) ] whlch rearranges in: solutlon to.give a complex proposed

to contaln an N—phenylazetadlne 11gand and Whlch on heatlng w1th
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excess NAA yields propene, aniline, azobenzene and N-propylaniline
(both Pr™ and prt groups are present). The formation of the
azetidine is thought to arise from electrophilic attack of the
nitrogen on the coordinated double bond of the NAA ligand. [RhZClZ—
(NAA)3] also reacts with diphenylacetylene to give 1,2,3-triphenyl—-4-
methyl-2,5-dihydropyrrole and with methylphenylacetylene to give
acetylene dimers and cyclotrimers (ref. 386).

Unlike the lithium formamidinate reactions described earlier

Hg (RNC(OINRY) , (¥ = 85 R = ’RY = pr®, potolyi. R = Me, Pr¥; Rl =

p-tolyl. Y = Me; R = Rl = p—-tolyl) reacts with [Rh(diene)Cl)]Z
(diene = COD, NBD) to give [Rh(diene)(RNC(Y)NRl)HgCl]2 with a
structure presumed analogous &o that for the triazenido complexes
[109]- In solution they are also monomeric and fluxional. The
iridium analogs could not be prepared (ref. 387). Trichlorostannate
ijon coordinates to the cations [Rh(diene)L2]+ (diene = COD, NBD;

L, = PPh_Et, (n = 0-3); L, = diphos) yielding [Rh(diene)(SnCl3)L2]
which can also be prepared from [Rh(diene) (L)Cl], L and SnCl2 in
methanol. Carbon monoxide displaces the diene in the monodentate
phosphine complexes yielding [Rh(SnCl3)(CO)2L2] in which both inter-
and intra-molecular phosphine exchange processes occur as determined

by 3lp NMR studies (ref. 388). Related iridium complexes [Ir(COD)-

(SnC13)L2],(L = PPhg, P(Eftolyl)B, P(EfMeOCGH4)3, P(R—FC6H4)3;

LZ = diphos, DPPB, DIOP) have been prepared by the second route.

The monodentate phosphine complexes yield [Ir(SnCl3)(C0)2L2] and
[IrHZ(SnCl3)L2] with CO and Hzrespectively while the diphos complex
also gives a dicarbonyl. In the presence of hydrogen, [Ir(COD)-
(SnCl3)(P(25tolyl)3)2] gives a catalyst producing about equal amounts
of alkane and internal olefins from hept-l-ene (ref. 389). At

50°C in benzemne, CS2 replaces ethylene in [chh(C2H4)Li7(L = PMe3,
PMeZPh) giving‘[chh(nZ—CSZ)L] and, when L = PMe3, a small amount

of [133]. The terminal sulfur atom in [chh(nz—CSZ)(PMe3)] can
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be metallated with [M(THF)] (M = Cr(c0)5, cpMn(CO),) to give [134]
(ref. 390).

Iridium-olefin complexes have also been the subject of consider-
able study. Oxidative addition of HBFA to [Ir(CO)Cl(PPhs)Z] yields
Egggg{IrH(FBF3)(CO)Cl(PPhS)z] which is proposed to contain a weakly
coordinated tetrafluoroborate ion. This can be replaced by ethylene
at -40°C and on additfon of [Re(CO)¢]”, [EtRe(CO) ] anc [Tr(CO)Cl-
(PPh3)2] are obtained. An intermediate in which the ethylene is
coordinated to both metals proposed {(ref. 391). Cationic complexcs
[Ir(COD)L,|X (L = triarylphosphine: X = c104‘, BPha'} have becen
prepared from [Ir(COD)Cll2 and give the expected oxidative adducts
with Clz, 12, Mel and Me3SiCl. However with hydiogen in acctone,
hydrogenation of the dieue also occurs glving [IthLz(acetOHE)ZIBPh4
which reacts with CO to yield [Ier(CO)sz]BPhA. This last complex
can also be got by treating [Ir(COD)LZ]BPh4 with CO to give [1r(C0)3-
LZ]BPH4 followed by reaction with hydrogen. In this route the hydro-
genation step can be reversed on treatment wlth CO (rof. 392).

The related complex [Lr(COD)(DPI’l’)]BF4 is obtailned fr.m [lr(COD)CL],
and AgBF4 in acetone followed by addition of ligand. On hydrogena-
tion 1n methanol a mixture of [135] and [136] was obtained. 1he
structures of both have been determined and although the hydrogen
atoms were not located crystallographirally, low-temperature NMR
studics suggested the location shown. For [135] the bridging hydride
ligands occur at lower field than the terminal ones which is contrary
to most other observations. At ambicent temperature the molccule
is fluxional, interchanging the nonequivalent bridging bydrogens
but not showing any bridge-terminal exchange. For [13¢] several
interconverting isomers are present at ambient temperature., This
process, which 1s more rapid than the interchange of terminal and
edge-bridging hydrides was shown to occur via convcrsion of the

u3-hydrido to a uz—hydride by reversible coordination of solvent

References p. 246
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(BF,),

[136]

(ref. 393). The cationic complex [Ir(DPA)Z]CI is formed from
[Ir(COD)Cl]2 and its chemistry is outlined in Scheme XXXVI. The
adduct with I2 is thought to be the ¢cis isomer while that with

[Ir(DPA)Z]Cl [Ir(CO)Cl(PPh3)2]
co ‘LDPA
[IrX,(DPA),lcL cs [Ir(co) (DPA),]C1

B 2
(X, = 0,5, I,, (SCN),] P lueon

2 A . .
[Tr(n —uSZ)(DPA)Z]Cl [Ir\CQ)(PhZPNDPPhZ)Z]Cl

X,

Scheme XXXVI

(SCN)2 is trans (ref. 394). The kinetics of the reaction of
[Ir(cop)(L)C1l] (L = og-picoline) with L, bipyridyl and o-—phenanthroiine
(AM) in methanol have been studied and the mechanism depicted in
Scheme XXXVII proposed. The activation parameters for the kg kl

and k2 paths are characteristic of additions to square planar

complexes (ref. 395). Tetracyanoethyléﬁe adds to
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{1r(cop) (AM) ]t + c1”
Scheme XXXVII

[Ir(CO)L(u-SBut)21r(C0)L] (L = PMe,, PPh3, P(OMQ)3) to give the
the rearranged species [1r(C0)L2(U—SBut)21r(C0)(TCNE)]. The structure
of the trimethylphosphite complex is [137]. To account for the
short Ir-Ir distance of 2.679(1) X, a polar metal-metal bond is

But

l
s

(MeO),P S
? \\1r::::;\\ C(CN)»

-Ir—
| cteN),
co

(MeO),P t

Bu

[137]

proposed (ref. 396). A kiuetic study of the rcactron of oxygen

Cco

with [Ir(COD)LZ]Cl (L2 = o-phenanthroline) {n the presence of fodide
to give [Ir(COD)LZOZ]I has been reported. 1In methanol the necutral,
five-coordinate complex [1r(COD)LZI] is favored ana appears to

react with oxygen about thlrty times faster than does th: cationic,
square planar starting complex. The possibility of end-on coordina-
tion of oxygen to the filve-coordinate specles is suggested (ref. 397).
The reactioa of [Ir(COD)Cll2 with PrngBr In the presence of 1,3-
pentadiene and isoprene yields [138] and [139] respectively presumably
by a mechanism related to that described z2arlier in Scheme XXXIV

(ref. 398)., Abstraction of chloride from [Ir(cyclouctcv'e)ZCl]2

with AgOZCCF3 in pentanc gives [Ir(cycloocCenc)Z(OZCCF3)12 which

on treatment with benzene and trifluorocacetic acid gives the arene
complex [Ir(cyclooctene)2(n—C6H6)]KH(OZCCF3)2]. Solutions of
[Ir(cyclooctene)Z(OZCCF3)]2 in dichloromethane slowly react to

give [Ir(COD)(OZCCFa)] and cyclooctane. The same products result

1f the chloride abstraction is initially carried out n dichloro-
methane. The mechanism of Scheme XXXVII1 18 proposed (ref. 399).

References p. 240



200

©>T—f (==

n-C,H-,

[1se] [139]

Complexes of the type [Ir(COD)L2]+ add hydrogen when L is an electron-—
accepting ligand such as tertiary phosphines or olefins but not
when it is a relatively electron-donating ligand such as pyridine

which was interpreted to indicate that in this reaction, the reactive

. H

>1r—ococr:3 p— >Ir‘< =
® ococr;

AN :\ /H —CgHy

Ir—~OCOCF; ——= Ir — 86, —Ir—OCOCF;
O OCOCF;

Scheme XXXVII

substrates have the metal exhibiting Lewis acid character. This

is in contrast to the generally accepted dogma that such addition
reactions are favored by increased electron density on_ the metal.

On the basis that the bonding of an olefin to an electron-poor center
should be represented by [140] while for an electron—-rich center

it should resemble [141] it was proposed that the change in chemical
shift of the vinylic carbons of the COD ligand on gdduct’formation

(A8 = Gc(adduct)—ﬁc(starting complex)) could be used to characterize
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the nature of the addition process. Thus A0 is negative for the
adducts with hydrogen, slightly positive for adducts with hydrogen
halides and considerably more positive for halogen adducts leading
to the conclusion that while the latter two could be characterized
as oxidative additions, the first should more properly be called
reductive addition (ref. 400). ‘

A wide variety of metal-olefin complexes are involved in catalytic
processes either as catalyst precursors or as intermediates in the
catalyzed reactions. The corrinoid complex [142] mediates the
oxygenation of electron~rich olefins by hydroxide ion to give alcohols

or ketones with concomitant reduction to the Co(IT) corrimn. As

[142]

the metal can be reoxidized in the presence of oxygen, the system
may potentially be catalytic. A mechanism involving coordination
of the olefin to the Co(ITII) corrin followed by hydroxide attack
wiﬁh eoncbmitant reduction of the metal is proposed (ref. 401).
Reductlon of [Co(acac) 1 with [Ec2A101]2 in the presence of diphos
glves ‘a, catalyst for the cyclocodlmerlzatlon of norbornadlene with
‘oleflns, acycllc 1,3~ dlenes and.: acetylenes.‘ A mechanlsm 1nVOIV1ng
olefln and dlene complexes as 1ntermedlates is proposed (ref. 402).

.The" addltxbn GE° ethylene to 4-pentenal - is catalyzed by’ [Rh(acac)—

k(cz 4)Z] ﬂlth’the maJor product (394) belng trans~hept ~5— ene-3-one.
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Small amounts of the cis isomer and hept-6-ene-3-one were also
found together with isomers of the starting pentenal. Under the
same conditions a mixture of cis- and trans-3-pentenal gave only
frans—2-pentenal indicating that the major product of the original
reaction resulted from double-bond migration subsequent to coupling
with ethylene. A mechanism involving oxidative addition of the
aldehyde C-H bond to the metal to give am acyl hydride ethylene
complex followed by ethylene insertion into the Rh-H bond and
reductive elimination from the acyl ethyl complex was proposed
(ref. 403). However with complexes of nominal formula
[RRCL(P(p-RC.H,)3),] (R = Me, MeO, Me,N) prepared in situ from
[Rh(cyclooctene)zci]z the coupling reaction is not observed but
rather cyclization occurs and for example cyclopentanone can be
obtained in good yield from 4-pentenal. Again, oxidative addition
of the aldehyde C-H bond is proposed as the initial step but now
the hydride produced transfers to the coordinated double bond of
the pentenal (ref. 404). Phosphine complexes prepared in situ
from [Rh(NBD)Cl]2 are catalysts for the hydrogenation olefins,
particularly styrene, in methanol or ethanol. 1In these systems
up to half of the rhodium is converted to [Rh(CO)Cl(PRs)Z] however
none is seen when the reactions are run in benzene, isopropanol
or butane-2-one leading to the conclusion that a rhodium-catalyzed
hydrogen transfer from the alcohol solvent to the olefin is
operative (ref. 405).

Much use continues to be made of [RhCl(PPh3)3] and analogs as
homogeneous hydrogenation catalysts. Examples include its use
for the hydrogenation of the Al double bond in steroids like androsta
1,4-diene—-3,17-dione (ref. 405a), the hydrogenation of squalane
precursors with the P(B”HZNC6H4)3 analog (ref. 405b) and the use
of the water—-soluble analog [RhCl(PPhZ(E—NaO3SC6H4))3] to hydrogenate
double bonds in phospholipid liposomes (ref. 407). Also,
[RhCl(PPhB)B] supported on cross-linked styrene—-divinylbenzene
copolymers catalyze the hydrogenation of hex-l-ene, cyclohexene
and styrene. Although the rates are lower than for the unsupported
catalyst there is a greater selectivity for hex-l-ene over cyclo-
hexene (ref. 408). Related complexés prepared in situ from [RhC1l-
(cyclooctene)2]2 and PPh,R ( R = Me, (CHz)nSiHe3 (n = 1-4)) have

been studied as catalysts for hept-l-ene hydrogenation. The silyl-
substituted ligands gave more active catalysts presumably because

they provide a greater electron density on the metal (ref. 409).

-
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In somewhat different systems [RhCl(PPh3)3] catalyzes the hydrogen-
transfer reduction of azobenzene by isopropanol to give anlline
(ref. 410) and in refluxing chloroform In the presence of HCl it
catalyzes the conversion of 4,4-disubstituted-1,6-hepta-dicnes

to the corrcsponding methylenecyclopentanes (ref. 411)., A careful
study of its catalysis of the hydrosilylation of propene, hex-l-enc

and hex-1l-yne showed that catalysis was completely inh.bited when

all components were rigorously purified but activity could be restored

on addition of traces of oxygen or tert-butylhydroperoxide. 1t was

proposcd that oxygen or hydroperoxide removed a phosphine ligand

by oxidation to OPPh3 thereby generating an open coordination position

for olefin coordination (ref. 411). An example of what is termed
a "delayed" hydrogen transfer from an alcohol has been found for
the reaction of styryl bromide with norbornene mediated by [RLCl-
(PPh3)3] in the presence of benzyl alcohol and potassium acetite.
The products are exo-styrylnorbornane, benzaldehyde and acetic
acld (ref. 413). The direct amination of anthroquinone can be
accomplished in the presence [RhCl(PPhJ)J], [RhCl(CzHA)Z]2 or
[Rh(COD)Cl]2 in refluxing diglyme however the process appears only
marginally catalytiec. The major product is monosubstituted 1in
the l-position but some 1,4- and 1,5-disubstitutton also occurs
(ref. 414).

The hydroformylation of formaldehyde to glycolaldehyde In N,N-
dialkylformamide solvents 1s catalyzed by Rh(1) complexes, in
particular [Rh(CO)Cl(PPh3)2]. In other solvents counsiderable
quantities of methanol result. The mechanism of Scheme XXXIAM is
proposced and although the precise function of the amide In directing
the system to glycolaldehyde formation {s unknown it {5 thought
that 1f Llts effect 1s limlted to one step then the mosc llkely
point of intervention is in promoting the converslon of the hydroxy-
methyl speclies to the acyl intermediate (ref. 415). Under phasc-
transfer cunditions (benzyltricthylammonium chloride, aquecous sodium
hydroxide, dichloromethane) [Rh(CO)ZCl]2 catalyzes the conversion
of allylic alcohols to ketones. For example hex-l-ene-3-~o0l is
quantitatively converted to hexan-3-one and the mecchauism of
Scheme XL is proposed (ref. 416). The reduction of ketones by
hydrogen transfer from isopropanol 1s catalyzed by [Rh(COD)L2]+
(L = tertiary phosphine, L2 = diphos) and lIr(COD)LZ]+ (L2 =
bipyridyl, o-phenanthroline) in the presence of aqnueous potassium

hydroxide. The active speccies is generated by oxygenatlon to

Roferences p. 246
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remove the COD ligand with the catalysis then being achieved under
argon at reflux. The mechanism of Scheme XLI is thought to be
operative for the iridium systems (ref. 417). Up to 60%Z yields

of indoles can be obtained from the condensation of phenylhydrazine
with ketomnes catalyzed by [Rh(COD)Cl]2 in ethanol (ref. 418).

The complex}[Ir(COD)Lzlcl (L2 = 3,4,7,8-tetramethyl-o-phenanthroline)
is a highly active catalyst for the hydrogen—transfer from isopro-
panol to a,B-unsaturated ketones such as benzylideneacetone and
chalcone in weakly basic media. The olefinic bond hydrogenates first
followed by reduction of the carbonyl group (ref. 419).

Several rhodium hydrides have been studied because of their
involvement in catalytic processes. Triethylphosphine reacts with
hydrated rhodium (III) chloride in THF to give an orange material
which can be reduced by sodium amalgam in the presence of phosphine
to yield [RhH(PEt3)#]. This loses one phosphine ligand in solution
or on heating in vacuo in the solid to give the fluxional complex

[RhH(PEt3)3]. The triisopropyl phosphine analog of this complex-
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was prepared by the same route and shown to have a planar structure
with the two "trans” phosphines bent towards the hydride positicn.
From these results, the flhxional process in solution was proposed
to involve a trigonal pyramidal intermediate with an apical hydride
ligand (ref. 420). The structure of [Rh3(P(OMe)3)6(u—H)3] [143]
demonstrates each metal atom to have approximately square planar
coordination. This coordinative unsaturation is presumably the
reason for the high activity of the cluster as an olefin hydrogena-
tion catalyst (ref. 421).

_Poiysiloxanes containing pendant (CBz)nPth (n = 2,3) groups have
been reacted with [Rh(cyclooctene)zcll to generate supported catalysts
analogous to,{RhCl(PPh3)3]. With a 1:1 rhodium to phosphorus ratio
quite high fates of hept-l-ene hydrogenation were ‘obtained but these
catalysts were rather prone to deactivation. Longer-lived species
'could be prepared w1th a hlgher density of -phosphine groups but
at the expense of actlvlty (ref. 422). A varlety of Rh(I) complexes

:both homogeneous and sapported on gilica catalyze " the condensatlon

lof 51lano*5 with mono«‘ d1~ ‘and trlalkylsllanes to give- ‘siloxanes.

The mechanism'ls thought to 1nvolve 1n1t1a1 oxldatlve addltlan




206

i
N\\+./,O\\ //CH3
AN P
+OH"~

3 ] OH CHa
(N\IP/O\CH/R \\JHZO
N~ SoH R
(:N\\Ir/,O\\C/,CH3
H20 o= N ~ T CH,
N\\Ir’/O\\C’/R /
N7 w7 DR

(N\ /O%C__R. - (N\ —~Ox

Ir, ir C—CH
N7 N NNk 3
R CHsz
HsC R o
3 C—=
>C=O R/
HAC™
Scheme XLI

of the Si-H bond to rhodium followed by direct nucleophilic attack

of the silanol oxygen on the rhodium- boundsilicon. The homogeneous
systems were more active than the supported omnes (ref. 423). A
different approach to polymer-supported metal species has involved

the linking of Rh(I) moieties with 1,12-bis(diphenylphosphino)dodecane
to form coordination polymers (ref. 424). Finally, [Rh(cyclqéctene)z—
Cl]2 and [RhCl(PPh3)3] catalyze the oxidation of triphenylphosphine

to the oxide by CO2 in refluxing decalin. Although CO is reported
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to be the reduction product it is surprising that no rhodium
carbonyl species could be detected by infrared spectroscopy
(ref. 425).

(hdeCD3P

\ /P(OMe)3

Rh

AN
(MeO)3P\ //
/Rh R

\\\\
P(CMe)

T

P
- (OMe)
-~

—

J

P(OMe)3

[143]

An extensive series of LCAQ-MO-SCF calculations has been made
to determine the relative stabilities of the most probable isomers
(based on minimum total energy) of [RhCle], [RhH2C1L3], [RhH2C1L2]
[RhH2C1L2(02H4)], and [RhHZCle(CzHS)] (L = PH3) in an attempt
to probe the mechanistic details of olefin hydrogenation catalyzed
by [RhCl(PPh3)3] and related complexes. Although subject to limita-
tions because only idealized geometries were used and because the
steric effects of normally-employed phosphine ligands may not have
been adequately treated, the agreement of the calculated best
geometries for.[RhH201L3] and.[RhHZCle] with their known structures
suggested that the results for the others should be valid. It is
assumed that hydride formetion pfeceeds olefin complexation and the
course of the reeetion from this point on is proposed to be that
of Scheme XLII. In this schemé,‘the upper path would be most likely
‘for monodentate phosphlne llgands whlle the lower would be approprlate
where chelatlng phosphlnes (e g. dlphos, DIOP, ‘etc.) are present.
Although,»as w1ll be - dlscussed below, o, B—unsaturated acids, their
'amldes and related Specles when used as substrates do not appear
to have thls conflguratlon for the hydrldo alkyl 1ntermedlate,
fthese systems are compllcated because the substrates are capable

‘of coordlnatlng to the metal through the carbonyl or amlde groups

as well. Thlsvls ‘a factor whlch was not con51dered in these
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calculations. Note also that two possible hydrido-alkyl intermediates
in the upper path have comparable energies and thus no clear distinc-
tion can be made between them. In addition, it was concluded that
the addition of the first hydrogen to the alkene is not a simple
migration but appears to involve the motion of other ligands as
well (ref. 426). 1In an ion—-cyclotron resonance study, the reaction
of Cot and Co(CO)+ with butane gave mainly CO(C2H4)+ and Co(C4H10)+
respectively while with isobutare the major product was Co(C3H6)+
and Co(C4H10)+ respectively. Evidently the Co+ attacks the central
C-C bond of butane followed by B-hydride abstraction and elimination
of hydrogen. Co(CO)+ on the other hand merely associates with the
alkane (ref. 427). T

A substantial amount of work has been done to Study the mechanism
of asymmetric hydrogenation of prochiral olefins using chiral rhodium
catalysts and to develop new catalysts of greater selectivity.

In a particularly significant study, the hydrido alkyl intermediate
in the hydrogenation of methyl-(Z)-c-acetamidocinnamate (MAC)
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catalyzed by [Rh(diphos)]* (prepared by addition of Hy to [Rh(MAC)-
(diphoa)]+ at -78%C) was characterized by low temperature 3, and

12
U0 AT studiler o Fewr T dave fle atrustase Sl4dI. S Ene win e o

" pn PhH q+
‘\ /] /CHZCBHE,
~ P\ Cr\—-COOCH;
Rh/ NH
P/ /c/ 0 !
/ o/ \ S = MeOH
Ph/ \Ph < CHs
— [144] -~

[144] above -65°C, hydrogen tramsfer occurs to gl se N-acetylphenyl-
alanine methyl ester and [Rh(diphns)]+ at a rate .omparable to

that extrapolated for this step from anm carlier wninecic study of
the overall catalytic hydrogenation process (ref. 428). The structure
of the ethyl-(Z)~a-acetamidocinnamate (EAC) complex of [Rh(S,S-
Chiraphos)]+ (S,S-Chiraphos = (25,35)~bis(diphenylohosphino)butane)
has been shown to be [145] by x-ray crystailography and it is the
only species In solution detectable by 31p NMR. Hydrogenatfion

of [145] would be expected to give the ethyl ester of N-acetyl-(S)-
phenylalanine however the experiment produced the R isomer in >95%
yield leading to the suggestion that in solution there exists a

small amount (<5%) of the diastereomeric EAC complex [146] which

+ - +
Ph H 7]
HN] R e
| Rh\
/C%o/
[48

[146]

‘ is much more reactive towards hydrogen than Is the major dlastercomer

which was isolated. Thls luwplies that the enantiosclecctivity iIn
thls reaction 1is dominated by the large difference fn r1ecactivity

Roferences p. 246
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towards H2 of the two diastereomeric EAC adducts rather than by

a preferred mode of coordination of substrate. It also explains
the inverse dependence of optical yield on hydrogen pressure wﬁere
at elevated pressure the initial binding of the prochiral olefin
becomes the rate determining step (ref. 429). The presence of
diastereomeric adducts of N-acyldehydroamino acids and their esters
with [RRL,1" (L, = SS-Chiraphos, R,R-((o-MeOCgH,)PhPCH,),(DIPANP),
trans-1,2-bis(diphenylphosphinomethyl)cyclobutane) has also been
demonstrated in significant papers by other workers. Variation

in the acyl function had more effect on the relative amounts of the
two diastereomers for esters than for the parent acids while changes
in the ester function affected both the extent of complexation of
the prochiral olefin as well as the ratio of diastereomeric adducts
generated however there appeared to be no good correlation between
the observed diastereomer ratio and the degree of enantioselectivity
on subsequent hydrogenation. This presumably reflects the fact
that there is no necessary correlation between the relative amounts
of the two diastereomeric olefin adducts and their relative
reactivities towards hydrogen. With (Z)-N-benzoylamidocinnamic
acid or its methyl ester and [Rh(DIPAMP)}+, the kinetic stereo-
selectivity of the binding of the enamide was low which agrees with
the results described earlier concerning the source of the enantio-
selectivity in these systems not being the initial mode of olefin
complexation. In fact with the acid as substrate, hydrogenation

at 195 K followed by warming slowly to 220 K gave [147] which again

Az ;
\\\\F1+////
Rh o
P//// l CH,Ph
Al‘z fe)

NH

[147]

appeared to be generated from the minor diastereomer formed on initial
complexation of the substrate to the metal (refs. 430-432). In
an extension of this work comparing the complexation and subsequent

hydrogenation of a,B-unsaturated carboxylic acids using [kh(ﬁiOP)I+
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with that for their corresponding esters and amides showed preferen-
tial binding of the a-carboxylate group particularly when deprotonated
This was found to be necessary for effective asymmetric hydrogenation
although again no correlation was found between the percent enantio-
meric excess on reduction and the ratio of diastereomeric substrate
complexes initially formed. Also in comparison with the correspond-
ing DIPAMP systems it appeared that the DIPAMP complex with its
five-membered chelate ring is more effective for the reduction of
enamides and other potentially terdentate substrates while the DIOP
complex with a seven-membered chelate ring is better for potentially
bidentate substrates (ref. 433). The rhodium complex with the o~
anisyl analog of the DIOP ligand [Rh(R-PAMPOP) 1T forms the expected
adduct [148] with N-acetylamidocinnamic acid at low temperature

but on warming an equilibrium mixture of this and [1l49] is noted.

+
HOLC, NH
D> B2 /:f[
oA\/ Nt - 5
N <,
P .., /////
Anz ﬁ%)

An2

[149] R = Me,An = o-Gnisyl

Both disappear at the same rate on hydrogenation implying that the
rate of equilibration is faster than the rate of hydrogenation.
Also unlike the DIOP catalyst system, the PAMPOP complex gives S
rather than R products from (Z)-enamides and higher optical yields
with esters than with the correspon@ing acids (ref. 434).

The majority of the remaining reports in the area of asymmetric
hydrogenation are primarily concerned with the search for complexes
of greater catalytic activity and enantioselectivity. Generally,
these are prepared in situ from the (usually) bidentate phosphine
ligand and [Rh(diene)(:l]2 or [Rh(diene) (S),lX(diene = NBD, COD;

S = MeOH, EtOH; X = BFA—’ PF6—) in an alcoholic solvent followed
by hydrogenation to remove the diene. The commonly used substrates
are the o, B~unsaturated acids, their esters and the enamides mentioned

above. Two ligands which give quite selective catalysts are
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6S-cyano-5R-diphenylphosphino-3R,4S-0-isopropylidene—2—-oxabicyclo-
[3.2.0lheptane and the R and S forms of 2,2"'-bis(diphenylphosphin-
amino-1,1'-binapthyl. The former where used in a 2:1 {L:Rh) ratio
gave a 92Z enantiomeric excess of N-acetyl—-{S)-phenylalanine from
(Z)-o—~acetamidocinnamic acid as compared with only 75% optical yield
of the R isomer when DIOP was the ligand (ref. 436). The latter
generally gave 85-957%Z optical yields with the product stereochemistry
(R or S) being the same as that of the ligand and unsaturated acids
being better substrates than their esters (ref. 437). Two othex
groups have made use of diphenylphosphinamino groups attached to

a cyclohexane or N-alkane backbone for the construction of chiral
ligands. &ypical ligands are (1R,2R)-bis(diphenylphosphinamino)-
cyclohexane, its N-methyl analog and the (15,2S8) isomer. The optical
yields achieved were usually in the range 43-93%Z depending on the
substrate and whether a cationic or a neutral catalyst species were
used. For acid substrates, the optical yield could be increased

by addition of triethylamine which presumably deprotonates the
carboxyl group thereby enabling the substrate to bind more strongly.
Since the stereoselectivity of the catalyst derived from (2S,3S8)-
bis(diphenylphosphinamino)butane was about the same as that from

the (1S,2S) cyclohexane analog it was concluded that the stereo-
selectivity arose from the manner in which the most favorable ligand
conformation affected the mode of attachment of the substrate

(refs. 438-441). Other moderately effective catalysts can be
prepared from [150] (R = Me, Pr’, Ph; R' = PPh,. R = Me; R' = H

(PPFA)) . In a2l1ll instances, an acylamino or carboxyl group on the

CHRNMe,

]
Fe ‘pPPh,

R

[150]

substrate was necessary for good optical yields (refs. 442,443).
The structure of the racemic catalyst precursor [Rh(NBD)(PPFA)]PF6
has been determined and using models based on these. results it was
concluded that because of steric constraints, the olefinic substrate

could bind in only one fashion. Since the experimentaily observed
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enantiomer of the product was that expected on hydrogenation of the
proposed substrate adduct it was assumed that this was the origin
of the stereoselectivity although no direct determination of the
stereochemistry of this adduct was made (ref. 443).

A series of interesting but not particularly effective ligands
are a varlety of phosphines and phosphites derived from a-y-gluco~-
furanose, mannitol and xylose. Two of the better ones were [151]

and [152] but no more than about 50% optical yield could be rcallzed

Ph,p—O o

Ph,P—O X

o
— 0—F
PhCH,0 o \o:\

X
[1s2]

(refs., 444,445). Also examinea oy one of these groups were catalysts

[181]

prepared from [Rh(cyclooctene) Cl]2 and the optically active amidines
(R) or (S)-PhC(=NR)NHCHMe (R = Phel,, Ph, Ptl) ar their lithium <ales
These were failrly active for the hydrogenation of the usual substrate
but gave very low optical yields (ref. 446). New analogs of the

DIOP ligand 1n which the aromatlic groups on phonphorus are p-tolyl

or o-xylyl have been prepared and purifled as the [CuCl(L2)12
derivatives. Thelr rhodlum complexes gave 75-85%7 optical yields

from unsaturated amino acids (ref. 447). The same workers have also
compared the effectiveness of catalysts derived from ligands where
the chirality reasides in the carbon backbome (e.g. (R,R)-CHIRAPHOS)
with those wherc it resides at phosphorus (e.g. (R)- or (S)-PMePh-
(menthyl)). With (Z)-geranic acid, the first gave only 45% optical
yield of R(+)-citroncllic acid however with the sceond ((3) isomer),

a 70% optical yield of the same product could be cbtained from (E)~
geranic acid (refs. 448,449). A catalyst prepared from (R)-1-
cyclohexyl-1,2-big(diphenylphosphino)ethane has been used to
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hydrogenate a series of (Z)-%-acetamidoacrylic acids with optical
vields up to 95%4. Reasonable optical yields could also be obtained

in the hydrogenation of the tetrasubstituted olefin B,B'-dimethyl-
a-benzamidoacrylic acid. The results indicated that an increased
stereorigidity of the catalyst was important in obtaining high optical
yields (ref.450). Another novel catalyst system using chiral ligands
derived from a-amino acids (e.g. L-(~-)-N,N-bis(diphenylphosphino-
methyl)alanine) has been studied but proved only moderately success-—
ful for asymmetric hydrogenation (ref. 451). Cationic catalysts of
DIPAMP and BPPM (BPPM = (2S,4S-N-tert-butoxycarbonyl)-4-diphenylphos-—
phino~2-diphenylphosphinomethylpyrrolidine have been studied for the
hydrogenation of a variety of substrates. With (Z)-a-acylaminoacrylic
acids the stereocselectivity was found to decrease with increasing
hydrogen pressure. The effect was somewhat less for those systems
giving S products than for those giving R and in some instances where
a 957 enantiomeric excess of the R product could be realized at

1 atm, increasing the pressure to 20 atm gave a 227 enantiomeric
excess of the S product. The results were interpreted to indicate
that at low pressures, the rate-determining-step is oxidative addition
cf hydrogen to the catalyst-substrate complex while at higher pressures
it is the transfer of the first hydrogen to the olefin (ref. 452).
With n-propylpyruvate and ketopentoyl lactone the keto group could

be reduced to hydroxyl and the presence of a coordinating solvent

was necessary for good optical yields (ref. 453). The same catalysts

also proved effective for the asymmetric hydrogenation of the dehydro

dipeptides [153] (R = R' = Ph, Me. R = Me, gl = Ph). wWicth BPPM
Ph NHCOR
) - == 1
H C(0)NHCHR™ CO,Me

[153]

as the ligand a 957 enantiomeric excess of the R,S dipeptide could
be obtained and the presence of the chiral center in the original
substrate appeared not to affect the generatiocn of the new chiral
center (ref. 454a3). Approximately as effective as BPPM were the
ligands N~{N'-alkylcarbamoyl)-4-diphenyliphosphino-2-diphenylphos-
phinomethylpyrrolidine (ref. 454b). Several other reports of
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related systems giving similar results have also appeared (refs.
455-457) . In an attempt to determine how essential the c~acylamino
group is to asymmetric induction in the hydrogenation of ¢-acylamino-
acrylic acids and related compounds the hydrogenation of 1,1,1-
trifluoro-2—acetyloxy~-2-propene with a cationic rhodium complex of
(R,R)-DIPAMP was investigated. Optical yields of 70-77%Z were obtained
indicating that coordination of a gem functionality to the metal
is not esgential. Evidently an electromnegative substituent which
can enhance the binding of the olefin moiety to the metal can also
lead to effective asymmetric induction (ref. 458).

Rhodium-DIOP complexes in the presence of triethylamine are
effective for the asymmetric hydrogenation of aryl ketones. It
is suggested that the rate—-determining step is a nucleophilic attack
of an Rh—H moiety on the carbonyl group of the ketone with the
selectivity arising from interactions between the aryl group and
the phenyl groups on the ligand (ref. 459). Up to 50% optical yields
in the hydrosilylation of aryl ketones by related catalyst systems
have also been reported (refs. 460,461). A polymer-anchored DIOP-
type ligand has been used to form a rhodium catalyst for the con-—
version of N-allylamides to N-propenylamides. Using [RhH(CO)(PPh3)3]
in the presence of DIOP or DIPHOL ({154]), N-vinylphthalimide could
be hydroformylated to the corresponding ¢-amido aldehyde in 20-40%
optical yield. The chemistry of rhodium complexes of DIPHOL was

@
~O)

i ID

X

%

[154]
also briefly studied. Reaction of [Rh(CO),Cl], with the ligand
gave [Rh(CO)C1l(DIPHOL)] which on treatment with butyllithium at
~78°C in the presence of PPh; gave a species thought to be the
o-metallated complex [155] (ref. 462). The [RhH(CO)(PPhB)Z]—DIOP
catalyst has also been used to hydroformylate butadiene, isoprene
and 2,3-dimethyl-1,3-butadiene. From isoprene a 357 optical yield

of (S)-3-methylpentanal was obtained and the enantioselectivity
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is considered to occur in the hydrogenation of the residual double
bond rather than in the hydroformylation step (ref. 463).

On refluxing with [Rh(COD)Cl]2 in toluene, the ligand 1,3-
bis(o-diphenylphosphinophenyl)propane undergoes dehydrogenation to

give the complex [156]. An iridium analog can be prepared similarly.

P
o
>< Rh —— PPh3
o / Tco

[1s5]

The new ligand can be isolated by destruction of [156] with cyanide
and it reacts with hydrated rhodium (III) chloride in 2-methoxyethanol
to give the allylic complex [157] (ref. 464). The binding of
[Rh(COD)Cl]2 and [Rh(CZH4)2Cl]2 to several phosphinated polystyrenes
has been studied by P NMR. Polymer-bound &Ianﬁ:[Rh(C234)2C1] and

H H

say |

P_Rh P—Rh—P
Phy th Phy Ph,
C' l/\l
Ms6] 1577

cis-[Rh(COD)Cl] moieties were observed respectively (ref. 466). The
complexes [Rh(diene)cl]2 and {Rh{(diene)X] (diene = penta-1,4-diene,
hexa-1,4-diene, cyclohexa-1,4-diene and their methyl-substituted

derivatives; X = acac, cp, CSHACOZMe) undergo thermal isomerization.

With acylic dienes mixtures of complexes containing cis and trans

isomers of the corresponding 1,3~dienes result with the gis—-diene

complexes isomerizing to the trang isomers at a slower rate. The
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cyclohexa-1,4~diene complexes yield cyclohexa-l,3-diene species.
From the kinetics of the reactions as well as the product distribu-~
tions it appears that the isomerization occurs via the usual allyl-
hydride process (ref. 466).

A theoretical analysis of the conversion of bis(olefin) complexes
to metallacyclopentanes has éppeared. The predicted stereochemical
course of the reaction for unsymmetrically substituted olefins is
in accord with experiment in a number of systems including the reaction
of [(n5~CgH7)Rh(CH2=CHCN)2] with 3,3~dimethylbut-l-yne, the reaction
of [chh(n4—CSH8)] with hexafluoroacetone and the Rh{(I)-promoted
coupling of fluoroolefins (ref. 467). The infrared and Raman spectra
of [Rh(diene)Cl], (diene = GOD, NBD) have been studied in detail
and many band assignments made. In both instances the data indicate
that the T7-component of the metal-olefin bond is stronger than in
the related complexes [M(diene)clz] (M = Pd, Pt) (refs. 468, 469).
Photoelectron spectra of the complexes [M(diketone)Lz] (diketone =
acac, dipivaloylmethanato, trifluorcacetylacetonato, hexafluoroacetyl-
acetomato; M = Rh, Ir; L = CO, G,H,, CzH.) have been measured and
interpreted in relation to previously reported MO calculations. The
observed shifts in the olefin orbital energies over the seriés are
in agreement with the Dewar-Chatt-Duncanson bonding model and indicate
an important contribution from the w-backbonding component however
for iridium, the o-component is more important than it is for rhodium
{(ref. 470).

A classification of the types of organometallic reactions possibly
involved in ethylene dimerization processes has been generated by
computer. A comparison of possible paths for the rhodium trichloride-
mediated system with existing experimental data indicated three routes
to be consistent of which the authors prefer the one involving a

metallacyclopentane {(ref. 471).

Metal alkyne compounds
Dicobalt octacarbonyl reacts with [cpMCl(CF3G2GF3)2] (M = Mo, W)

at room temperature to give the acetylene-bridged bimetallic complexes
[158] (R = CF3) which on .warming react‘fufther‘to give the metallaQ
cycles [159] (R = CF3). The structures of both have been determined
.{ref. 472). Cocondemsation of cobalt vapor with cyclopentadiene '
and hexafluorobutézfyné (HFB) yielded a plethora of products of which
'tgqfcouldfbe ;haracﬁerized“by NMR and mass sﬁectral_data following-

seﬁéiétibﬁ;byﬁ:épéatéd chromatography. Several of these and proposed
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mechanisms for their formation are depicted in Schemes YLIXI and

XLIV. Other products from this reaction were [166] - [168]. Similar
CF3 FsC CF3
= @\ & R H, se=c{
F3C._ GO _CF3 H,Co ‘/CL Q/CO H
e—Z T X —<F; H~ N\ _C
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@
+CoCp Co CF3
CF3
CD
[160]

Scheme XLIII
products although fewer in number were obtained using trifluoropropyne
and diphenylacetylene (ref. 473). In refluxing hexane, [COZ(CO)S]
and [CPZNiZ(PhZCZ)] or [COZ(CO)G(PhZCZ)] and ghis complex, [cpzNiz—
(Co)il, or [cp2Ni2] or [cpNiCo3(CO)9] and diphenylacetylene reacted
to form [cpNi(p—PhZCZ)Co(CO)3] as the major product. A related complex
was obtained in low yield from [CoZ(CO)B(PhCZHe)] and [cpzNi] (ref 474) ..
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The use of [cpCo(CO)Z] as a catalyst for the eyc’vcodimerization

of acetylenes with a,w-diynes in order to prepare

the synthesls of sterolds,

in particular estrone,

intermediates for

has been the subjuc

of an elaborate study. 1Inltial experiments probed the reactlons of

simple acetylenes and diynes with the complex. Slow addition of

FaC CF,

Fic B
b P
Co,

L] B,

Co

[ies]

(7]

a 3:1 ratio of [cpCo(CO)Z] and diphenylacetylene in decalin to reflux
ing decalin gave [169)] as the major product rather than the cyclo-
pentadienone complex [CpCo(Phhchco)] which is normally obtained when

these compounds are refluxed together in more concentrated solution.

W
5

3
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[1e9]

Analogous species were obtained from dec—-5-yne, dimethylacetylene-—
dicarboxylate and trimethylsilylacetylene. From reaction with 1,4-
bis(trimethylsilyl)buta—-1,3—-diyne the major products were [170] and

[171] while traces of four other species also containing one or two

Me,Si Me,Si

H
O————Co——- -—/—/Co—

(E}———Co——————Co—— CO\\\

N
\/\‘ -

/

Co—|—Co—

N
%

Me,Si

[i70]
Me4Si

[71]

alkylidyne tricobalt moieties were isolated (ref. 475). On the other
hand, photolysis of a mixture of [cpCo(CO)zl and trimethylsilyl-
acetylene at —20° in THF gave two isomeric cyclopentadienone complexes
[cpCo(C4HZ(SiMe3)2C0)]. The same reaction with the diynes
Me3SiCEC—(CH2)n~CECSiMe3 (n = 2-4) gave the dienone complex [172]

which could be oxidized with ceric. ammonium sulfate to give the free
dienone for further synthetic reactioﬁs (ref. 476). This procedure
was extended to provide a means of preparing fused tricyclic systems
related to steroids. Thus refluxing RiCECfX—CEb—(Cﬁz)n—CH=CH24 )

(R = H, SiMe}; X = (Cﬁg)l, O; nn = 3,4) in isoogtane in the presence

of [cpCo(CO),] gave a mixture of the exo and endo isomers of-[173]
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SiMe,
(CH2)n (¢]

Co SlMe3

cp
[172]
which for X = (CH)2 and n = 3 reacted with trityl catlon to glve
[174] (ref. 477). Whilst cthe model scudy for the [cpCo(C0),]-
catalyzed cyclocodimerization reaction, using Measic~C—ONe and hexa-1,5-
diyne, gave only [175], with other acetylenes, 1in particular

(CHy)
exo/endo
Co

S-Me3
@ [173] 17a]

bis(trimethylailyl)acetylene (BTMSA) and 1,3-bis(trimethylsilyl)-
} propyne (BTMSP) the deskred cyclocodimers were obtained Ln good yleld.
Thus slow adaltion of the divnes HC C(Cuz)nc CH (n = 2-4) to

SiMe:;
Meo —<C>—SiMe;
Meo” Co

D
[175)]

refluxing BTMSP containing a catalytic amount of [cuCo(CO)ﬂ gave {176]
while in refluxing xylene hepta~1l,6-diyne cyclocodimerized with
M0381C5C-H or Mc3SiCECCH2C(C0Mc)ZCH2COZEt to give analogous bicyclic
products (ref. 478). Two of the more interesting syntheses from

BTMSA are the catalytic codimerizations with [177] and [178] which
yield [179] and [180] respecctively. The last on heating undergoes
ring-closure to give a fused tetracyclic compound (rcfs. 479, 480).

Presumably, cobalt-alkyne complexes are Lnitially formed in all
these reactions.

Feferences p 245
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CH,SiMey

[?Hgn

SiMe3

[176]

Calculations of the activation energies for the previously proposed

paths for the photolytic isomerization depicted in Scheme XLV suggest

o)
o) N
"

|
|

NOMe -

[177] [178]

Me,Si Me,Si

/ N

MesSi Me,Si

[179] [r80]

that both are improbable. However no more plausible mechamisms were
suggested (ref. 481).

A number of isolated cobalt-alkyne complexes have been found useful
in orgamnic synthesis. For example, the stabilized propargyl cations
[Co,(CO) z(BC=CCRRY)IBF, (R = R = H, Me; R = H,R' = Ph) add readily
to ketones, enolacetates, trimethylsilyl enol ethers or allyl silanes
with considerable regioselectivity in some instances. Removal of
the C02(CO)6 moiety by oxidation with Fe(NO3)3 provides good to excel—
lent yields of the monoalkylated products. In the case of the allyl

silane it provides a route to 1,5-eneynes with no elimination or
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allenic side products (refs. 482, 483). Also by this procedure,
oct—~2-yn—-1-0l and isopropenyl acetate were conveniently converted

to undec-5-yn-~2-one, an intermediate in the synthesis of dihydrojas-
mone (ref. 484). The complexes [002(00)6(ac)] (ac = methyl non-8-
ynoate, (Z)-methyl non-5-~en-8-ynoate) when reacted with ethylene

and 8-chlorooct—~4—-en—-l-yne at 160°¢C provide good yields of cyclo-
pentenone derivatives useful as prostaglandin synthons (ref. 485).
The reaction of boron hydrides with acetylenes can be catalyzed by
cqbalt—acetylene complexes. For example in the presence of [Coz(CO)G—
(Mézczj] pentaborane(9) reacts with but-2-yne to give a 22% yield

of 2-(cis—-2~butenyl)pentaborane(d) (ref. 486).

The EPRVSpthra of the electrolytically generated radical cations
[c°2(co)6(kc R I (R = rt = CF5, H, Ph, Buf; R = SiMeq; Rl = Ph, Me,
CF3) have been measured. In solution there is equal coupling to
both cobalt atoms while in frozen solution a completely anisotropic
g ;ensor,ls found. ‘Analy51srof the spectraAlndlcated that the un-
paired eleétton~ié~in a bé orbital which is largely Co3d,2 in
character wlth .the maJor axis of the ‘cobalt 34 contribution directed

~about 20° to tha Co-Co_ ax1s.' To. the extent that this orbital is
the” antlbondlng coun:erpart ‘of ‘the Go-Go bondlng orbital, the Co-~Co
;bond can be descrlbed as. bent (ref. 487).- v '
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At -78°C, one ethylene molecule in [Rh(S,H,),(diketone)](diketone =
acac, dipivaloylmethane (dpm) can be replaced by HFB or by other
olefins (e.g. cyclooctene, cycloheptene, propene, but—2-ene when
diketone = dpm). 1In [Rh(acac)(HFB)(C2H4)] the ethylene ligand under—
goes hindered rotation but with a lower activation emnergy than for
the-parent bis(ethylene) complex due to the high w—acidity of the
HFB ligand. Reaction of [Rh(diketone)(HFB)(C2H4)] with HFB at room
temperature gives [181] while with pyridine the dpm derivative yields

the metallacycle [182] and with tetramethylallene [183] results.
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It is suggested'that [182] is a probable intermediate in the formation
of cyclohexa-1l,3~dienes from cne olefin and two acetylene molecules

in relate& systems (refs. 488,489). The acetylenes HFB or dimethyl-
acetylene dicarboxylate (DMAD) react readily with [Rh(CO)Cl(DPM)]2

or [haclz(p—co)(DPM)z] to give the vinylidene-bridged complexes

[184]. The structure of the complex with R = COZMe has been determined
and because of the large Rh-C-Rh angle at the bridging carbonyl
(116°) and the low C-0O stretching frequency (1905 cm“l),
—
Ph P PPh
2 o 2
. Rh\\ Rh
_ (R = CH,, CO.,Me)
cl c— //, \\\Cl 3 2
R R
PhZP‘.\\\\\’///__/PPh2
[184]
this ligand is considered to be formally COZ- (ref. 490). Acetylene

can be hydrosilylated by HSiClB, HSi(OEt)3 and HSi}leCl2 to give the

corresponding vinyl silanes in 40-80% yield in the presence of

[RhCl(PPh3)3] or [RhH(PPh3)4]-as catalysts. However up to 25% of

the vinyl silane initially produced is also hydrosilylated (ref. 491j.
At room temperature [Ir(CO)Z(u-SBut)]2 reacts with HFB or DMAD

to give [Ir;(CO)(u-RC=CR) (u-SBu®) ] (R = CF,, CO,Me) while [Ir(c0)-

(P (0Me) 3) (u=-SBu")1, gives only the dimer [Ir(CO)(P(OMe);) (n-5Bu®),-

(p—RC=CR)Ir(CO)(P(OMe)3)] (ref. 492).

Metal allvl comoounds

Cobalt allyl complexes have been implicated as intermediates in
the,poljmerization of trans-trans-hexa-2,4-diene catalyzed by diethyl-—’
aluminuﬁ chloride-reduced [Co(acac)z] but were not characterized
(ref. 493).  Treatment of [CdH(PPhS) (nl*—Z' 3-—dimethylbuta-—l 3~diene)]
with PF3 causes 1nsert10n into the Co-H bond to glve [185] wﬁlch »
reacts further ‘with PF3 to replace the PPhgy 11gand.v This last species
can also be got dlrectly from [CoH(PF3)4] and trans-— 2 3- dlmethylbuta—'
1, 3 dlene suggestlng that in . the presence of bulky 11gands, it may
be- p0551ble to stablllze dlene—hydrlde complexes (ref. 494). 'Allyl
fchlorlde reacts w1th [Rh (CO)lS] at . room- temperature g1v1vg )

,[(n—c H )RhG(CO)lQ] jwhose structure was determlned as the
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Me

Me

Me (”///,-CO(PFéh(PPh3)

[185]

tetraphenylphosphonium salt. The structurxe can be thought of as
derived from that of [Rh6(C0)16] with the two terminal carbonyl groups
on one metal being replaced by the allyl group (ref. 495).

Reaction of [(n3 CyHg) gRh] with silica yields propene, propane
and [(n —CBHS)ZRh] moieties bound to the surface by Si-O0-Rh linkages.
Hydrogenation of the modified silica yields propane and supported

hydrido rhodium species thought to be [186] and [187]. These are

%
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[186] [187 ]

catalysts for olefin hydrogenation under mild conditions and show
a smaller difference in rate between hindered and non-hindered olefins

than does [RhCl(PPh3)3] (ref. 496).

Metal carbocyclic compounds

Cobalt carbonate reacts with disodium 2-— hydroxy 3,4,5-tris(carbo~
methoxy)cyclopentadiene-1l,4~-diolate to yield [Co(n _CA(OH)\COZME)B-
CO)]'3H20 (ref. 497). In refluxing carbon disulfide, [cpCo(CO)(PR3)]
(R = Me, Ph) ylelds several products of which [cpCo(PR3)(CS)],
[cpCo(PR3)(n —CSZ)] and [cpCo(PR3)(CS )] were characterized. At
higher temperatures an appreciable quantity of fcp3C03(u3—CS)(u3—S)I,

[188], was also obtainmed. This last complex also resulted from
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thermolysis of [cpCo(PPh3)(n2-C52)] In refluxing toluene (ref. 498).
Other workers have also obtalned this trinuclear speci. from an
attempt to prepare mixed-metal clusters from [cpCo(PML \(n -Cs )]

and [cpCo(PMc3)(u-C0) Mn(CO)(n —CSH Me)]l. A eructu1al study of
[188] ahowed the u3-thiocarbonv1 ligand to have o C-S bond length

of 1.7 A implying it to be a single bond. The sulfur atom of the

CS ligand is nuclcophilic and can be alkylated with alkyl ifodides

to give [cp3Co3(u3—CSR)(u3—s)][ (R = Me, Et, Prl). It also reacts
with [Cr(CO)S(THF)] to yield [cp3C03(u3—CSCr(C0)S)(u3-s)] (ref. 499).
Refluxing [Coéco)sl and norbornadiene in petroleuan ether glves
[Co(NBD)(CO)2]2 which on further treatment with NaBPhA and 1odlne
JﬁllsBPhB) ] (ref. 500).
Tin(11I) halides add to lcpCuLhz] to yiceld ]chol\(SnY?X)] (X = Br, T,
Y = c1, Br, I; L = CO, PPh

in dimethoxyethane at 859 yields [Co(NBD)(na-(

3)' In the case of [cpC¢(C0)Brzl reacting
with SnIz, a novel halogen migration occurs to give [cpCo(l)(SnIBrz)]
The corresponding methyleye lopuntadicenyl camplexes react in aan
analogous manner. The perf{luoropropyl complex lvpCu(CO)(CJF7)1] alao
adds SnY, to give [cpCo(CO)(C3r7XSnY2l)J (ref. 501).
Spiro[2.4)hepta~4,6~-diene reacts with [COZ(CO)BI on heatilng to
give [189], [190] and [191]. Tinterestingly no covpling with carbon

& /O

(co), (€O), (€O, (coy,

[1e9] [190] [191]
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monoxide was observed. With spliro[4.4]nona-7,9~diene the same
reaction produccd [192], [193] and [194]. Heating [195] with
[Co,(CO)s] under CO converts 1t to [196] (ref.502). Condensatlion

CHs

| | |

Co Co Co
(CO), (CO), (CO),

[192] [103] [104]

of cobalt atoms with quadricyclane ylelded 47% norbornedienc and 277%
norbornadienc polymers while the same reaction with spirol{4.2]-

hepta-4,.6-dienc in the prescence of CO gave [189] and [190] (ref. 503)

o

N Ni
N> </ < <
N A (CO, (CO),

{195] [196]

In acetonitrile, [cpCo(CO)Br,] reacts with AgClO, to give
[cpCo(McCN)3](C104)2 which on additlon of o-aminophenol, sodium
maleonitrileditholate or bipyridyl gives [cpCo(g—(NH)OcﬁHA)]‘
[CPCO(SZCZ(CN)Z)] and [cpCo(bipy)(McCN)](ClOA)2 respectively.
Electrolytic reduction of [cpCo(McCN)3](ClO“)2 gives [cp2C01+ and
Co(Il) (ref. 504). The P=0 groups in Na[cpCo(P(O)(OEt)2)3] can
coordinate to other metal atoms and depending on the amount of SnCl2
used, either [197] or [198] can be formed (ref.505). The related
mixed-valence complex [199] shows a temperature-dependent high spin-
low spin equilibrium and it was concluded that the process was an
intramolecular clectron transfer 1lunvolving primarily inner sphere
effects (ref. 506).
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Acylation of sodium cyclopentadienide can be cffected by treatmen

with esters RC02R1 (R = H, Me. OMe) and the resulting functionalized

cyclopentadienide then used to prepare [(nS—C5H4C0R)2Co] from CoCl,

or [(nS-CSHACOR)M(CO)zl (M = Co, Rh) from [Co,(CO)g] or [Rh(c0)2C1]2
respectively,

This procedure provides a convenient means of prepar-

ing functionalized cyclopentadienyl complexes of metals other than

%
iron (ref. 507). The coordinatively unsaturated couplex [cp2 Co

9=

(u-C0),} adds photochemically-gencrated mctal fragments to produce
2
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trlangular m12ed~meta; clusters [MCoz(cp ) (u C0)3\u3—uo)] M =

(n -MeCGH YCr, (n —c5n4ne)~m, (n 4_¢ 4B4)Fe) and[MCoz(cp ) {u-C0)y (n,y-CO ]
M = Fe(C0)3, (n -CSH4Me)Co). The structures of the complexes have
been determined and for the latter pair, the uz—carbonyls bridge

the Co—-Co edge and one of the Co-M edges (ref. 508). Photolysis of

a mixture of [FeZ(CO)G(u—SZ)] and [cpCo(CO)Z] in THF causes insertion
of a [cpCo] fragment into the S-S bond yielding [200] (ref. 509).
Analogous photochemical procedures using [cpCo(CO)Z] have afforded
[201] from chlorodivinylborane followed by hydrolysis with benzyl
alcohol (ref. 510), [cpCO(n—PhschB)] from pentaphenylborole (ref. 511)
and [202] from 3,4-diethyl-1,2,5-trimethyl-1,2,5-azadiborolene.
However with [CGZ(CO)S] the azadiborolene binds only through the

Cp
Clo
>s
S
LN
(OC);Fe___ -~ 3
[200]

double bond giving [COZ(CO)A(CZEtZBZMeZNMe)2] (ref. 512). 1In a related
study, CoCl2 reacts with the 3,4-diethyl-2,5-dimethyl-1,2,5-thiadi—

borolene complex Zn[che(CzEt BZMeZS)] to give the thiadiborolene

2
Cp
d
o
X\ Et Et
| } B—OCH,Ph >.._<
—_—
=/ £ %
lo Me/ \T/ \Me
Jp Me

[201] [202]

analog of [202] while reduction of the zinc compound with potassium
prior to reaction with CoCl, gives the "triple-decker” sandwich
complex [203] {ref. 513). B
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/\B ct [203]

A convenlent synthesis of 1,2-diaminoalkanes involves reaction of
an olefin with [cp2Coz(N0)2] and NO at 0°C to glve initially the
dinitroso complex [l] (see Dissertations section). Reduction of
[1] with LiAlHA at -70°¢ gove good yilelds of the diamines. The order

of reactivity was determined to be norbornene>cyclopentenc>terrinal

olefins>trans-disubstituted olefins>>cyclohexene>gis-disubstituted
olefins (ref. 514). The condensatlon of terminal acetylencw with
alkyl thiocyanates to give approximately ecqual amounts of 3,6- and
4,6-dialkyl-2-alkylthiopyridines Is catalyzed by [epto(cyclooctadieny
Yields of 24-95% were reported (ref. 515).

The structure ol [cp*CO(C012] has been determined Lo asgcertatn
whether the bondlng of the cp ring to the metal shows a devliation
from CSV symmetry as a result of the ltower symmetry of che attached
Co(CO)2 fragment. Indeed a distortion towards an "ene-yl" bonding
mode was noted (ref. 516). Photolysis of [cpCo(CO)..] 2. 12 K in
dilute CO and N2 matrices produced [(n3-C5Hq)Co(C0)3] and [cpCo(Nz)-
(CO0)} respectively. The fact that the formation of the tricarbonyl
was reversible and that photolysis of [cpCo(CO)Z] in dilute Ar and
CH, matrices gave no evidence for [cpCo(CO)] + CO gugpested that
substitution rcactions of [cpCo(C0)2] may proceced by an assoclative
process facilitated by the 'slippage"” of the cp ring from an n5 to
an n3 bonding mode (ref. 517). The infrared and Raman spectra of
[cpZCo]+ intercalated into MPX3 hosts (M = Mn, Cd, Zn; X = S, Sec)
at a level of ca 0.33 [cpzco]+/MPX3 unit have been measurcd with the
conclusion that the host-guest interaction Is weak (ref. 518). The

band intcnsities of the Co~H and Co-D stretching vibrations in
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[cpACoa(u3—H)4] and its deuterated analog show a significant varia-
tion with temperature suggesting a criterion for the identification
cf bridging-hydride vibrations. Although it was possible to assign
the symmetric and antisymmetric stretching frequencies in other

t e fo he

could not be mad

L]
rt

related comnlexes. a
relatcted a

ni
complexes 3 ni
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cobalt complex (ref. 519
PPh,, P(OMe),, P(OPh),; Ar = p-tolyl) have been studied

by cyclic voltammetry and all are found to undergo a reversible

The complexes [cpCoL(ArN3Ar)]PF6 (L =

one—electron reduction. The half-wave potential increases as
the basicity of the phosphorus ligand decreases. A one—electron
oxidation step is also observed but appears to imnvolve the triazenido
ligand rather than the metal (ref. 520).

A toluene solution of [Rh(N(SiMe3)2)(PPh3)2] reacts with 2,5-di-
tert-butyl-4-methylphenol to give the phenoxy complex [(nS—CGHZ-
(Bu®), (Me)O)Rh(PPhy),], [204] which was also the subject of a

crystal structure determination (ref. 521). Indenylliithium converts
O But
But
PhP—-Rh
|
PPh3 Me

[204 ]

either [Rh(PMej),]1Cl or [RhC1(PMez),l, to [ (P-CgH,)Rh(PMey) ,]
whose subsequent chemistry is outlined in Scheme XLVI (ref. 552).
Chloride abstraction from [RhCl(P(OMe)3)2]2 by AgClO4 in toluene/
dichloromethane solution yields [(n6—06H5Me)Rh(P(OMe)3)2]0104.

The analogous n6—mesitylene complex can be prepared by the same
method or from the toluene complex by arene exchange. Reaction of -
either the toluene complex or [RhCl(P(OMe)3)2]2 with NaBPh4 in
methanol gives [Rh(nGCaﬂsBPh3)(P(OHe)3)2]. Further reactions

of [(n6—C6HSMe)Rh(P(0Me)3)2]C104 are outlined in Scheme XLVII

(ref. 523). :
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[RhL4]PF6 [Rh(CO)3L2]PF6
L co

[inRh(H)L,]PF, L£OD, [rh(coD)L,]PF,

NH/

[inRRL, ]
. MeCOCl [Rh(C,H,) 3L, 1PF,
e

[1nRh(C0Me)L ici

[inRh(Me)LZ]I

in = ns—cgu7, L = PMe,

Scheme XLVI

1 .
1 L 6 L
[RhLzL2 ]C104<<r———[(n -CGHSMe)RhLZ]ClOA———é>[RhL4]0104
diene (0]

[Rh(diene)L,1C10, —————3 [Rh(GO) 4L,1C10,

1/ 1

L, L
1 1
[Rh(CO)LZ(L2 )]C].O4 [Rh(CO)LZL ]ClO4
I _ - > _ -
L = P(OMe)3, L~ = py, ArCN, L2 = bipy, o-phen

"Scheme XLVII

nees P.-245 =
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Although silver(I) is often used as a mild oxidizing agent, in
the case of [chh(n4~C4Ph4C0)], AgPF. reacts without causing oxidation
to give [205] (ref. 524). Carbon monoxide displaces the coordinated
phenyl group in [Rh(diphos)(n6—C6HSBPh3)] to give [Rh(diphos)(co)z]-

BPh4. The former complex also causes the polymerization of allene

— —
ﬁp
Ph Ph RN Ph
Ag
VAN
Ph O\ /O Q Ph (pF6)2
Ag
Ph Ph
Rh Ph
l
Cp

[205]

and catalyzes the oligomerization of propyne to linear and branched
dimers and trimers as well as cyclotrimers. In the presence of COZ,
the latter reaction gives 4,6-dimethyl-2-pyrone as well as propyne
oligomers (ref. 525). Reduction of [(ns—C6Me6)2Rh](PF6)2 with

zinc in hydrochloric aecid gives [(n®-CMeg)Rh(n*~C H Me,) 1PF,.

The structure determination showed the two added hydrogen atoms

were exo implying that hydrogenation occurred on the zinc. Although
exposure to hydrogen causes hydrogenation of the organic ligands,
the products are unstable and therefore do not function as aremne
hydrogenation catalysts (ref. 526). The arene ligand in .[(n°-Cg-
Me4Et)Rh(n6-C6H6)](PF6)2 can be reduced with LiAlH(O—But)3 to give
[(n°-CgMe,Et)Rh(n’-C4H;) ]PF, with exo addition of the hydride.

Slow loss of hydride to regenerate the starting arene complex occurs
and again it is an exo hydrogen which is involved. Other nucleophiles
can attack the arene ring and for example Tlacac and PR3 (R = Bun,
Me,Ph) give [(n°-CgMe,Et)Rh(n’-CgHLCH(COMe),)1PFy and [ @ -CMe,Et)-
Rh(nS—CSHGPR3)](PF6)2 respectively in which the nucleophile is

in an exo position. The structure of the P(OMe)3 product, [206],

has been determined (ref. 527). The benzene complex has also been
found to catalyié the conversion of [207] into [208] (R = H; Rl =
. N .

H, CH,0H, o-C¢H,(F)CHE,. R = Me; R* = H) im an acetone-nitromethane-
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@ Rh I\OMe (PFg)

OMe

[208]

solvent system at 80°C. Ylelds are in the range 57-88%. The
initial step of the reaction 1s the replacement of the benzenc
ligand by the substituted arene (ref., 528). Substitutlion of lodide
for chloride in KnS-CSMe4Et)RhL12]2 occurs with sodiun iodide in
acetone to give [(nS-CSMGAE:)RhI(u-I)ZRhI(nS-CsNeAEt)] whose

structure has been determined.

Qrx, QCr

R

[207] [2 o) e]

The chemistry of pentamethylecyclopentadlenyl complexes of rhodium
and {rid{um contlnucs to attract attention. In coordinating solvent
[CPZ*M2C1d] reaclt with AgPT, to glve [cp*H(S)3](PF6)2 (M = Rh,

§ = MeCN; M = Ir, S = MeZCO) which coordinate a scries of substitute
anilines yielding [cp*M(n-aniline)](PFﬁ)z. From NMR data it appears
that the anllines are bound in an asymmetric fashion such as [209]
but the structural study on the rhodium complex of N-methylaniline
was unfortunately lnconcluslve because of disorder. On the other
hand, in the analogous anisole complex, the arenc ring appears

symmetrically bound (ref. 530). The complex [cpszhz(OH)JICl s
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a catalyst for the conversion of aldehydes and water into the
corresponding alcohols and carboxylic acids. When the hexafluoro-
phosphate salt was used [cpz*RhZH(OZCMe)Z]PF6 could be isolated
which suggested the mechanism of Scheme XLVIII (ref. 531). If
[cpz*ha(OH)3]C1 is heated to 45°C in aqueous isopropanol under

My©oHLT" + 3H0 2 M(OH)(H0) + H*

[M(OH)(H,0)] H _H
+ —_— | M—COR _— M\
RCHO \ OoH \ Qcor
H
OH LJ4O
Mor), (1,03 OH
+ —_— M OHz
RCHO O—CH(OH)IR
H
+ RCHO s
[McH)(HOCOR)(OH)] — | MTOCHR
— RCO,H ou
M(OH)_(H50)
[ (H20)] 21,0 i}
+ - [M(OCH,RI(OH )]
RCH,OH

Scheme XLVIII

hydrogen, the solution changes from yellow-orange to dark red and

L. R _ ®
upon addition of NH4PF6, the trinuclear species [cpgARhg(P—H)3(u3—o)]—
PF,*H,0 was isolated. The structure of the complex was determined

and NMR data showed it to be stereochemically rigid (ref. 532).
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The reaction of [chh(CO)z] with 2,2'-bis(phenylethynyl)baiphenyl
in retfluxing Xylene gave four products, two of which were identified
as [210] and the known [CpRh(u-CO)]3 (ref. 533). Sodium nitrocyclo-
pentadienide converts [Rh(CO),c1l, iato [(n°-CgH,NO,)RL(CO),] whose
structure has been determined., Although all the C~C bond distances
were equal within experimental error, the substituted carbon was
inclined about 10° from the plane of the other four in the cyclo-
pentadienyl ring suggesting a contribution of an nk—dicne structure
to the overall bonding description (ref. 534). Oxidation of
[cpCo(PPh3)2] with AgBF4 gives [cpCo(PPh3)2]BF4 however with the

Cp

&
Ph

©)
Ph

[210]

0
rhodium analog, the fulvalene complex [Rh2(11 -CIOHB)(PPh3)4](DF4)2
results. A second product ,g [chhH(PPh3)2]BF4 which can also

3) 5]

with HBFU' The fulvalene complex can also be prepared Ly the recactlo

of L12C10H8 with [RhCl(PPh3)2]2 to give [ha(”lo'cloﬂa)(PPh3)4]
followed by oxidation with AgBF,. M. 0. calculations suggest thal
the preferied course for a one-clectron oxidatlion of [chh(PPh3)2]
glves a metal~stabliized carbon radical which can then undergo coupl
ing and deprotonation to giliye the observed products. In a similar
fashion, oxidation of [(n3—CSH5)Rh(P(0Me)3)3] with AgP", gave the
hexadiene complex [(nA-Cﬁﬂlo)Rh(P(OMe)S)Z]PF6 (ref. 535).
Organolithium reagents react with [Ir(dlcnc)zcl] to yield
[Ir(diene)zR] (dicne = cyclohexa=-l,3-diene, cyclohepta-1,3-diene;
R = Me, Ph). While the hexadienc product decomposes at 45°C, the
heptadiene complex reacts to give a product identified as [211].
The same complex can also be preparecd from [Ir(nA-cyclohepta-l,S-

diene)zcll and sodium carbonate in ethanol. Intecrestingly, when

- butyllithium is ysed in the alkylation of the two dieunc complexes,
! the products are [IrH(né-cyclohcxa—l,3-dicnc)2] and [211) plus

Reforences p. 246
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Ir

[211]

[212] respectively. Reaction of [Ir(COD)Cl], with methyllithium
2

in the presence of cyclohexa~l,3-diene or isoprene gave [213] and

Ir Iir
\

V4

[212]

[214] respectively (ref. 536). However if the reaction is carried
out using isopropylmagnesium bromide in the presence of cyclo-

heptatriene or cyclooctatriene, the products are [215] and [216]

=0 O

‘CHgy

[213] [214]

plus [217] respectively. Treatment of [ITr(COD)Cl] with Na

2CgHg
followed by hydrolysis gives [Ir(COD)(CBHQ)] which can be protonated
with HBF4 to yield [218]. NMR studies showed all the products

to be fluxional (ref. 537).-
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[218]

A novel mixed-metal dimer has becen przpared frou [chJ(CO)Z] and
[CPZ*ZYHZ] or {[CDZ*Zr(Nz)]ZNZ] at -20°C in tolucne. The structure
has been determined to be [219] in which the unusual uz—nl—n2 bondang
mode occurs for one of the bridging carbonyl ligands (ref, 538).

[219]

Reactlon of B9H9XSc (X = 8, Se) with potassium hydroxide followed

by treatment wilith a mixture of CoCl cyclopentadizne and triethyl-

2)
amine yielded the nido cage complex [cpCo(39H9XSe)]. When X = Se

a second product was the closo species [cp2C02(B9H95e)] (ref. 539).

Metal carbaborane complexes

Formaldehyde 1in aqueous hydr-ochloric acld converts 7,8-CZB9H12_
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into 4{5—CZB7H11 which reacts with a mixture of CoCl2 and cyclo-
pentadiene in ethanolic KOH followed by oxidation to yield [closo-
4,7—(cpCo)2—2,3—C2B7H9] (ref. 5&0). An example of the preparation

of a metallacarbaborane by direct insertion of a nucleophilic metal
species into a neutral carbaborane is provided by the reaction between
closo—l,7—C286H8 and ICO(PEt3)4] which gives the hydrido complex
[2,2,2—(H)(PEt3)2—2,l,8—CoC286H8] as the major product. From the
structural study it was noted that the hydride ligand made a close
(1.72(6) g) approach to an adjacent boron atom suggesting a semi-
bridging function. A similar reaction of closo-1,5-C 2ByHy with
[Co(PEt3)4] gave the paramagnetic complex [2,2—(PEt3)2-2,1,6—C002B3H5]
as the first example of an octahedral metallacarbaborane ([220]

with hydrogen atoms omitted for clarity). Oxidation of [220] with

Et3P PEt3

94
\\//

[220]

trityl tetrafluoroborate gives [2,2—(PEt3)2-2,1,6—CoCZB3H5]BF4 which
can then be reduced to the hydride [2,2,2-(H)(PEt3)2-2,l,6—CoCZB3H5]
with sodium borohydride (ref. 541). Reaction of Me,C,BgHg with CoCl,
and sodium cyclopentadienide in THF followed by acidification yields
[epCo(¥Me,C,B H,)], [cpCo(Me4C4§8H8)]ani the previously characterized
zwitterionic species o-[cpCo(n —C5H4)] [Me4C438H8]_. A structural
study of the first complex showed it to be [221] with the novel feature
of a carbon atom bridging three framework atoms across the open

face. It is the fifth distinct type of 12-vertex nido cage systems
characterized (ref. 542). 1In an attempt to prepare a mixed borane-
metallacarbaborane, 00012 was reacted with a mixture of [HeZCZB4H5]-
and [BSHBI-. The isolated product however was [(2,3—MeZCZB4H4)CoH—
(2,3—Me2CZB7H7)] ([222]) (ref. 543). The synthesis of cobaltaboranes
and —carbaboranes by the metal-atom vapor technique has been explored.

The reaction of cobalt vapor with cyclopentadiene and pentaborane(9)
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[221]

gave thirty products of which the new species characterized were
[1,2,3—(cpCo)3BSH5], [8-0—(C5H9)-1,2,3-(cpCo)3BSHA] and [(u3-CO)—
1,2,3-(cpCo)3B3H3] ([223]). The carbonyl group is presumed to come
from decomposition of the THF used in the wovkup of the reaction

[222]

mixture. The same procedure with hexaborane(l0) pave the previously
reported l2—(cpCo)B9H13], [l,2~(cpCo)2BAH6] and [5-(CPC0)B9H13]
while with decaboranc(l4) the new complex lﬁ-(cpCo)Bng3] and the
known [5-(cpCo)B9H13] were obtained. Cocondensation of cobalt atoms
with cyclopentadiene, pentaborane(9) and but-2-yne gave [2,5-(Mc)2-
l,7,2,5-(cpCo)202B5H5] as the only new species. The same reaction
with diphenylacetylene produced [2,3—(Ph)2—1,7,2,3-(cpCo)2C2B3H3l,
[2,3—(Ph)2—1,2,3—(cpCo)C233H5] and [é,S,?,B—(Ph)4—1,4,5,7,8—(cpCo)-
C4B3H3]. The structure of the last complex has been determined

(ref. 544b). TFinally, cocondeusatlon of cobalt atoms wlith
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cyclopentadiene, hexaborane(l0) and but-2-yne gave [1,2—(Me)2—3,1,2—
(CPCO)CZBSHS]’ [6,7-(Me)2—2,5,6,7-(cpCo)ZCZB6H8], [6,7—(Me)2—2,4,6,7—
(cpCo)2C236H6] and three known complexes (ref. 544a).

The chemistry and catalytic properties of a series of rhodium and
iridium carbaborane complexes have been the subject of intense study.
An assignment of the llB NMR spectrum of [closo—3,3—(L)2—3—H—3,1,2—
Rhc239H11] (L = PPh3, PEt3) has been made from analysis of the spectra
of specifically deuterated analogs and indicates that the RhHL2 moiety
undergoes rotation about an axis passing through the pentagonal face
of the dicarbollide ligand (ref. 545). The triphenylphosphine deriva-
tive has been found to be an active olefin hydrogenation catalyst
and phospnine dissociation to provide a vacant site for olefin coor-
dination has been proposed as an essential feature of the process.

To probe this point further, the related complex [224] was prepared

from [RhCl(PPh3)3] and Cs[7—buteny1—7,8—CZBQHll] in refluxing methanol

[224]

Indeed [224] was a significantly more active catalyst. Presumably

the initial step is the hydrogenation of the butenyl group thereby
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readily providing a vacant site and this was established by exposing
[224] to hydrogen in the presence of PPh3 whereupon [closo—l—(Bun)—
3—H—3,3(PPh3)2—3,1,2—RhCZB9Hlo] was obtained. 1In the absence of
added phosphine, hydrogenation gave an air-sensitive purple complex

thought to be a dimer (ref. 546). The RhH(PEH moiety in these

)
dicarbollide complexes can be readily exchaugeg ietween various
carbaborane cages in refluxing ethanol. The exchange is most facile
when both carbon atoms occupy adjacent vertices in the pentagonal
face bound to the metal (ref. 547). Whilst [IrCan] (L = PMezPh,
AsMezPh; n = 2, L = PPh3; n = 3) reacts with NacZBBHll to yield
[closo—l,l(L)2—1-H—1,2,4—1rc288H10], with [RhClL3] the products are
[nido—9,9—(L)2—9,7,8—RhC2B8H11] (L = PPh3, P(R—tol)3) or [nido-9,9,9-
(L)3—9,7,8—RhC238Hll] (L = AsMezPh, AsMeB, SbMe3, PMe3, PMezPh,
PEt3). For L = PEt, one phosphine is lost in solution and partial
conversion to a closo species analogous to the iridium complexes
results while the P(_p_—tolyl)3 complex adds CO to yield [nido-9-CO-
9’9_(P(R—t°lyl)3)2—9’7’8_RhCZB8Hll]' Also, the RhL3
rotation with respect to the face of the cage. The formation of

unit undergoes

the closo complexes with iridium is attributed to the greater tendency
for Ir(I) to undergo oxidative addition with the acidic bridging
hydrogen of the original carbaboranyl ion (ref. 548). The iridium
carbaborane [closo—3,3—(L)2-3—H—3,l,2—IrC239Hll] can be synthesized
from the ion pair [Ir(COD)LZ][nido—7,8—C239H12] and hydrogen in
refluxing cyclohexane. at —-22°c however, it was also possible to
isolate the intermediate species in the above reaction, [nido-3,9-
(HZIrLz)—3,9—(u—H)2—7,8—CZB9H10] (L = PPha, P(B—tolyl)g) which on
heating converted to the closo complex. The structure of the
P(_E—tolyl)3 derivative was determined showing it to consist of a
C2B9H12 moiety coordinated to the iridium via the hydrogen atoms

of two terminal B-H units. The coordination sphere is completed

by two trans phosphines and two cis hydrido ligands (ref. 549).
Oxidative addition reactions of the complexes trans[lr(o—carb)(CO)Lz]
(carb = 2—R—1,2—G2810H10, 7—R-l,7-C2BlOH10 (R = H, Me, Ph); L = PPh3,
PMeth) have been studied. In the solid state or in non-polar solvents
all add gaseous HX (X = €1, Br, I) to give octahedral species in

which cis addition has occurred except for the methyl derivative

of the 1,i—dicarbollide complex which gives a trans adduct. In polar
media all give mixtures of cis and trans adducts. Oxidative addition

of Cl, to the solid complexes gives cis adducts while with Br2

2
approximately equal quantities of ¢cis and trans adducts result. In

g&amusgzﬂi
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solution and in the solid state, the octahedral hydride complexes
reducctively eliminate H—-carb on standing (ref. 550). The hydrosilyla
tion of styrene with HSiMeZPh is catalyzed by [closo—3,3-(PPh3)2—4-
py—3,l,2-RhCzB9HlO] to give an 89/11 ratio of PhCH(SiMeZPh)Ch3 and

h. The cataliyzed hydrosilylation of phenyliacetyiene

i P
22/78 ratio of cis- and trans-PhCH=CHSiMe,Ph (ref. 551).

2
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