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Abbreviations

acac - acetylacetonate

iso-butyl - Bu' : .
n-butyl - Bu"
tert-butyl - Bu
COT - 1,3,5-cyclooctatriene

Cp - cyclopentadienyl

DAB - glyoxalbis(tert-butyl)imine

diphos - 1,2-bis(diphenylphosphino)}ethane
dipy -~ 2, 2*-dipyridyl

DMF - dimethylformamide

dmpe - 1,2-bis(dimethylphosphine)ethane
DPE - 1,2-bis(diphenylphosphino)ethylene
dpm - 1,2-bis(diphenylphosphino)methane
DTH - 2,5-dithiahexane

Et - ethyl

Me - methyl

NBD - norbornadiene

Ph - phenyl

o-phen, phen - g:phenanthroline

t

pyY - pyridine

Rp - perfluoroalkyl, -aryl
sal - salicylaldehyde

TCXNE - tetracyanoethylene
THF - tetrahydrofuran

TNB - 1,3,5-trinitrobenzene

Introduction

This marks the first year of a collaboration in writing

this section of Annual Surveys between Professors Donald J.
Y

Darensbourg and Marcetta Y. Darensbourg (Tulane University, New
Orleans, Louisiana 70118, U. S. A.) and myself, during which I
shall write the review for odd-numbered years, they for even-
nunmbered years. The format developed over the past six years
will be retained. The principle journals are covered directly
for all the 1975 issues, and as a supplement, a computer search
of Chemical Abstracts has been employed to obtain less-available
‘references. The search was carried out late in 1976 to insure
coverage of most 1975 references.

The reader’s attention is again called to the fact that



structural studies are reviewed in another section of Annual
Surveys. These references thus will not be covered in detail,
but will, rather, be covered alphabetically, by author, for

the convenience of those reading this survey. Each year a num-
l.er of reviews dealing wholly c¢r in part with Group VI-B organo-
metallic chemistry are published. These will be listed by title
only, but these listings should provide a better estimate of

the scope of interest in organometallic complexes of Cr, Mo and
K from year to year. )

The general format is, with minor exceptions, identical to
last year's. Molecular nitrogen and nitroayl complexes will be
treated only insofar as they are true organometallic complexes,
i. e., contain a Group VI-B metal-carbon bond or are prepared
from a species which does. Only those catalysis studies in
which a reactant, product or catalyst is a true organometallic
species or in which such a species is isolated as an intermediate
will be reviewed. Abbreviations cmployed for conciseness are
defined in the table above, and at the point in the manuscript
where they are first employed.

The authors solicit suggestions for improvement in the use-
fulness of these surveys, and request reprints of relevant work,
since human limitations will dictate the occasional inadvertent
omission of papers in this area.

Dissertations

A number of dissertations have involved the synthesis and
study of simple substitution products of the Group VI-B metal
carbonyls. Bares has investigated diimine-Group VI-B metal
carbonyls and their electrochemical reduction to afford singlet-
state dianions.l The investigation of thiocarbonyl metal penta-
carbonyls, (SC)M(CO)S (M = Cr, W), and their reactions with
electrophiles via attack at sulfur was the subject of a disser-
tation by Dombek.2 Simple substitution products of MO(CO)6
with Pth(SHZCH2CH=CH2)3_n (n = 1,2, Ph = phenyl) were studied
by Garrou,® while Hohmann investigated highly-substituted, elec-
tron-rich derivatives containing phosphine ligands.4 Derivatives
of multidentate ligands have been prepared by Lemke,5

ployed sulfur-containing macrocycles, and Mitchell,6 whose dis-
31

who em-

sertation explored the P NMR spectra of derivatives containing
bidentate organophosphine- and organophosphine sulfide ligands

containing magnetically non-equivalent phosphoruses. Swanson
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prepared Group VI-B metal carbonyl azides, and studied their
simple substitution reactions (with phosphines, for example),
and their 1,3-cycloaddition reactions with trifluoroacetonitrile
and hexafluoro- but)ne.7 Other synthetic studies have included
preparation of M(CO)gX " (X = F, OH, NO3) derivatives and photo-
;hemical studies of the Group VI-B pcnt carbonyls (C1hon>k1)
the preparation via metal atom synthesis, and NMR studies of
bis(n-arene)Cr(0) complexes (Graves),9 and the synthesis of
{(n- Cp)TlCr(CO)~ from TINO3 and (n- Cp)Cr(CO)-' (n-Cp = n-cyclo-
pentadienyl) (Pedersen).10 Burkhardt stud1ed reactions of the
phosphorus ylids with Group VI-B metal carbene complexes, and
prepared diphenylcarbenepentacarbonyltungsten(0), and studied
its reactions,l1 while Card12 investigated reactions of n-
arenetricarbonylchromium(0) complexes with alkyllithium reagents.
Among other dissertations which involve cyclopentadienyl deri-
vatives are included the synthesis of (n-Cp)(CO)W—u—CSH4Mn(CO)4 -
and isotopic labeling studies of its formation (Blickensderfer),lJ
reactions of (n-Cp)M(CO)SH (M = Mo, W) with Zn and Cd alkyls to
afford symmetrical metal-metal bonded species, and determination
of their structures (St. Denis)14 and preparation_of Tim (m =
(n—Cp)M(CO)~, M=Cr, Mo, W) (Theyson). 15 Hodgeslb has studied
reactions of e-chloroenamines with transition metal carbonyl
anions. Physical studies have included magnetic circular dichre-
ism investigations of M(CO), and XM(CO)S_ (M = Cr, Mo, W; X =
c1, Br, I) by Ga11,!7
molecular structure of trlmethvlenemethanetr;phenylphosphlne—
tricarbonylchromium(0) by Henslee,18 dynanlc °C NMR spectrosco-
py of (1,3,S,?-tetramethylcyclooctatetraene)Cr(CO)3 and (cyclo-
octatetraene)Cr(CO)3 by Hunter,19 and a kinetic study of the
reaction of (n-Cp) WH with benzotrichloride, and investigations
of the reaction of sodlum trichloroacetate with M(CO)6 (M = Mo,
¥} and (n- C 6)ZCr by Morrison.” 20

Pr1bulglattempted the measurement of Keq for (amine)h’(CO)s
equilibria,”” and Wong investigated coordinatively-unsaturated

the determination of the crystal and

Cp and C H7 sandwich compounds of Cr, Mo, and W and their reac-

9
tions with CO, olefins and acetylenes.22

been the subject of recent university research, by Woon, who

Catalysis has also

studied the linear polymerization of terminal and internal ace-
tylenes by (n-arene)M(CO)3 complexes,2° and by Photis, who in-
vestigated the Mo(C0)6-promoted rearrangement of unsaturated

propellanes, stable bond-shift isomers of cyclooctatetraenes.z4



Structural Studies

A number of structural studies of Group VI-B organometallic
25-
complexes have been reported over the past year2> 98 (Fig. I-

XvIi).
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Reviews

Several reviews dealing wholly or in part with the organo-

metallic chemistry of the Group VI-B metals were published in
1a75.69-85
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Synthesis and Reactivity

Lewis base derivatives and related simple substitution pro-
ducts of metal carbonyls. A variety of simple substitution pro-

ducts of exotic and not-so-exotic Lewis bases and related com-

pounds have been reported in the past year. Among the monoden-

tate ligands which have replaced CO either thermally or photo-

chemically to afford LM(CO)S complexes are adamantanethione

(XVII), thiobenzophenone ard ethylenetrithiocarbonate (XVIII),
S S

i i

C C
s e s <

\_/ \—/

(XVIT) (XA ) (XTX)

which afford dark purple derivatives bonded through the thione
sulfur for all three metals (Cr, Mo, W),S6 1,35-dithiolene-2-
thione (XIX), also coordinated through the thione sulfur and
prepared from (NBD)M(CO), (M = Cr, Mo),%” and thiazolidine-2-
selenone (XX) and thiazolidine-2-one, in which each ligand is
bonded through the thioetheric sulfur (M = Cr, Mo, ¥).58 Monosub-
stituted derivatives of trithian (XXI) (R = H, Me) and of 1,3,-
5,7-tetrathiaoctane have also been synthesized, from (THF)M(CO)S
(M = Cr, Mo, W; THF = tetrahydrofuran). For the trimethyltri-
thian complexes, temperature-dependent proton NMR spectra indi-
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cate a rapid intramolecular exchange among the possible S-bonding-
sites.sg Simple pentacarbonyl complexes of thiazole (XXII},
isothiazole (XXIII), 4-methylisothiazole and 5-methylisothiazole
have been reported (M = Cr, ¥). Coordination is through N,

and is similar to that in pyridine. Extensive mass spectral

S Y

N
NH S//

XD (XXI1) (XX} (XX}

data are given and interpreted.90 Darensbourg and Daigle have
reported derivatives of phosphatriazaademantane (XXIV) and its
N-analogue, urotropin.91 Coordination in (XXIV) 1is through
phosphorus, with analogous bonding in urotropin. The ligands
can be alkylated with methyl iodide; the kinetics of the reac-
tion of the P complex with PhCH,MgBr via attack at an equatorial
<arbonyl carbon to afford the akproduct containing the M-C(R)=0"
functionality are very similar to those observed for reaction
of Me PCr(CO) with PhCH,MgBr.>' Carbonyl stretching spectra
for a variety of mono-- and disubstituted tungsten carbonyl-
amine complexes,92 and for Mo(CO)b_nLn complexes for RSP (R =
©-, m-, p-CiCH,, n = 0-5 (trans and cis for n = 2; cis for
n = 3)) have been discussed.”> Additionally, M(CO),_, L deriva-
tives of P(CZCMeS)3 (=L; M=Cr, n=1; M= Mo, W, n =1,2)
have been prepared through ultraviolet irradiation of the hexa-
carbonyl, or by displacement of polyolefinic ligands from the
appropriate starting material. Infrared and 31p NMR spectra
have been discussed.

Kraihanzel and Bartish have prepared (XXV, X = Cl1) and
have studied the inversion of configuration at P in this complex
in methanol to afford (XXV, X = OMe). Proton NMR analysis
indicates that the ring conformation in each isomer is probably
chair, with -Mo(CO) g occupying an equatorial position. In the
trans- -OMe complex, evidence supports an axial Bul substituent,
and thus -Mo(CO)5 has a greater site preference or holding abi-
1ity than does But.--95

Simple substitution products of tris(dimethylamino)stibine,
prepared photochemically or thermallygﬁ, and of (MeS)SEBi (E =
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C, Ge, Sn)97 have also been described and infrared and proton
NMR spectra for these complexes, -and Raman spectra for the lat-
ter, have been presented and discussed. Malisch and Panster
have prepared (0C)5HShMe[M(CO)3(n-Cp)]2 complexes through ther-
mal or photcechemical reaction of M(CO)6 with MeSb[M(CO)S(n-Cp)]Z.

The complexes have been characterized by IH NMR, IR and mass

. e}
spectral studxes.'S

Cornwell and Harrison have prepared simple substitution
products (XXVI, R = R' = Me, CFS; R = Me, R' = Ph or CFS) of

tin(I!) bis(s-ketocnolates) under uv irradiation. Infrared,

M R’

\ (0OC15 \ o
i
‘/ j //O\-'"/I o S‘/
g —e5Nn
I (OC)5MO<—F!3/\O / Q\K /N 7

\P ~ / o
R
X - O
/N\l I\'/

(XXIT) (XXY) (ZXY0)

proton NMR and MGssbtauer spectra support "syvnergic o+ bonding
of tin to the transition metal.g9
Studies of monosubstituted Group VI-B metal carbonyls in
which the ligand is the reactive site have also attracted atten-
tion. Sellmann and Thallmaier repcrt the reaction of Cr(CO)S—
(NHS) with acetone and cyclohexanone (OCRZ) to afford (OC)SCr-
(NH=CR,)} products in the presence of basc. The reactions prob-
ably p;occed via formation of an {O0C)Cr(XH, M) intermediate. 190
Huttner and coworkers have treated Cr(CO) (PPhH ) and (0C)- Cr-
(AsPhH,) with Bu"Li (Ru = n-butyl) and have obtaxnec Cr(CO)5
(PPhHLz)lﬂI and vielet (0C) Cr(AsPhLl,) 02 which, upon further
reaction with N, X dxchlorocyclohcx)lamxne affords the arseni-
dine complex whose structure is illustrated in (.\1).102 Viewing
the bonding in the Cr,As moiety in terms of a 3-center 43 elec-
tron system affords abqualitative interpretation of the unusual
electronic spectrum of (X).51 Keiter and coworkers have studied
reactions of (OC)SW(diphos) (=L) in which diphos functions as a
monodentate ligand with NaZPtCI4 and HgCl2 and have obtained
the expected L,PtCl, and L,Hg,Cl, (bridging chlorides) products;
(OC)SW(PhZPC2H4P(O)Ph2) was obtained as a by-product of the Pt
reaction. Phosphorus-31 NMR spectra were discussed. Sellmann,
Brandl and Endell have studied base-catalyzed H-D exchange in

NZHZICr(CO)SJZ- The observed H-D exchange, employing CD;0D,

References p. 168
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is faster than exchange in the analogous NH; and N,H, complexes,
which was also studied. Disproportionation of .\’ZH?_[Cr(CO)S]2
(structure reported in reference 49) according to (1) was also
investigated,

THF/MeOH
-————————h-N2H4[Cr(C0)S]2 + 2 Cr(CO)S(THF) + N,

2 NZHZECr(CO)
NaOMe

5]2
(1)

A possible disproportionation mechanism, and the significance
of (1) with respect to intermediate steps in nitrogen-fixation
104 These workers have also studied the analogous
Mo systems and have prepared N2H4[M0(CO)SJZ (hv, THF at low
temperature) and from that complex, (N2H4)2[M0(C0)4]2, by simi-
lar methods. Prepared directly via use of uv irradiation in

THF were Mo(CO)S(NHS) and Mo(CO)S(N2H4)- The latter complex
could be oxidized to (NZHZ)[Mo(CO)SJ2 employing HEOZ/CuSO4, and
all these complexes were deuterated (to the perdeutero analogues)
employing KOD/THF (Mo(CO)S(NHS)), DZO/THF (Mo(CO)S(NZH4) and
N2H4[M0(CO)S]2), and CDSOD((NZHZ)[MO(CO)S]Z)- The oxidation
step may be related to initial steps in the fixation of molecu-

was discussed.
105

lar nitrogen. The Mo complexecs exhibit the highest reactivity
and lowest stability of all three Group VI-B metals in these
systems.lo5

Potentially bidentate ligands which function as monodentate
ligands have also been investigated by other workers. The dithia-
alkanes RSCHZCHZSR (=L, R = 2—XC6H4, X = NOZ, Cl, H, Me, OMe,
NMeZ) afford, depending upon the reaction conditions, complexes
of the types M(CG)SL, [M(CO)SJZL and M(CO)4L (M = Cr, Mo). The
complexes were characterized by IR, mass spectra, uv-visible
spectra and proton NMR spectroscopy. Derivatives of the type
LM(CO)5 and LM(CG)4 M =lg;, Mo, W; L = ((cvclo-C6H11)2PCH2)2
have also been prepared. Reaction of LM(CO)4 with 1,2-bis-
(dimethylphosphino)ethane (dmpe) afforded Eig-L(dmpe)M(CO)z;
however, the corresponding LZM(CO)2 derivatives could not be
obtained, probably as the result of unfavorable non-bonded
interactions among the cyclohexyl groups in these species.107
Study of ring-closure in LM(CO)s5 complexes was also carried out,

106,107 Beck and Danzer have em-

and is discussed on page 340.
ployed 1,2-diazaspirof2.5]Joct-1-ene (L, XXVII) to prepare LW(Co) ¢

via displacement of acetonitrile from (CHKCN)W(CO)S. The



395

dimeric LIW(CO) 1, could also be obtained in this way. Employ-
ing (NBD)MO(COliy[LMO(CO)iJZ, in which two L bridge the two Mo
atoms, was prepared. (n-CHT)Mo(CO)3 (CHT ='1,3,5-cycloheptatriene),
and L gave L,Mo (€O} in which one L functions as a monodentate,
and one as a bidentate ligand. The compnlexes were characterized
through infrared and mass spectra.los

Monosubstituted derivatives have also been prepared emplov-
ing NaZCrZ(CO)10 as the substrate. Reaction of the dianion with
nitrosobenzene or azoxvybenzene affords azobenzene. However,-
reaction of 2-methyl-2-nitresopropane with the dianion affords
(E-butylamine)Cr(CO)s.109 Reaction of N, N-dichlorocyclohexyla-
mine with NaZCrz(CO)10 vields (C llx NC Hll)Cr(CO)S, in which
the azocyvclohexane ligand exhibit> the trans configuration. The
identity of the reaction product was confirmed by direct syn-
thesis. Reaction of C6H11;\‘Cl2 with (OC)SCr(C(OLi)(E-C4H9)) also
gave the monosubstituted product; analogous reactions for M =
Mo, W give poor yields.ll0 -

It is probable that the very large number of disubstituted
derivatives reported stems in part from the stability and ease
of isolation of (bidentate)M(CO)4 complexes. Among tetracarbonyl
derivatives containing chelating ligands which have been found
to afford simple derivatives are (XXVIII}), for M = Mo, W, which

N M
N ] Z

(XXV1) (XX )

were prepared directly, 1t (X111, ref. 57, M = Cr, Mo, W), pre-

pared from (CH CN) M(CO)- and characterized by infrared and
proton NMR, 112 (Ph,P(0)CH(PT)PPh,)M(CO),, (M = Cr, Mo, W), also
prepared directlyv and for which 31p NMR spectral data were re-
ported,'!> and (Ph,PCH;NMeCH,CH,NMeCH,PPh,)Mo(CO),, containing
a nine-membered chelate ring, a;d which was obtained directly
or from (NBD)MO(C0)4.48

Hunter and Massey have prepared ((MeSeCHZ)ZCMeZ)M(CO)4 com-~
plexes (M = Cr, Mo, W) from [MeSeCHZ)ZCMeZ and (NBD)M(CO)4, and
have studied their temperature-dependent NMR spectra, which are
consistent with the intraconversion of two unequally populated,
syn-configured symmetric chair conformers, (XXIX).

References p. 468
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, Me Me ; H! H’
B H Me M Me
—————n
™M = 2 2
H C H
H H2
(XXTX)

Activation parameters for the process have been determined through
line-shape analysis at differing temperatures.114 Red-brown
(PZIS)Cr(C0)4, perhaps (XXX}, has becn obtailned through reaction
of PZI4 and NaZCr(CO)4.115 Its temperature-dependent DIP NMR
spectra indicate iodine-exchange betwecen two phosphorus atoms.
Exchange probably occurs through a symmetrical transition state
such as (XXXI). Reaction of the complex with PPhsor p(CGHll)S
(L) affords red-brown complexes of stoichiometry LCr(CO)ZPIZ,
probably dimeric.lls
D. Fenske and Becher have studied solvatochromism in a
variety of strongly colored complcxes of 2,3-bis(diphenylphosphi-
no)maleic anhydride derivatives (XXXII), (M = Cr, X = §; M = Mo,
X = 8§, CHZ, NMe, PPh), in which the hetcroatom of the maleic

Iz I ph\z'/é)
P P P
wergerl ©0C) Cr‘él - worm | x
47N LN L N
P P P
1 1 PNy O
(XXX) (XXXT) (XXZIT)

anhydride ring strongly influences the positions of low-energy
absorption bands in the visible, attributable ton-3* transitions and
is responsible for the observed solvatochromic effect.l16
~ Stelzer and Unger have studied reactions of coordinated
ligands which have led to the formation of new complexes con-
taining chelating ligands. Reaction of gig—(PMeZH)ZMo(CO)4 with
n-butyllithium to afford the corresponding PMe7Li complex, fol-
lowed by its reaction with a series of a,u-dihaloélkanes afforded
the series of complexes [MeZP(Cﬂz)nPMcleo(CO)4 (n = 2-6), stud-
ied by infrared and 1H and 3lp XMR. For n = 5 and 6, dimeric
complexes in which the bidentate ligands function as bridges
were also obtained.117 Reaction of gig—(PMeZLi)zMo(CO)4 with
MeECl2 (E = P, As) led to the formation of tetracarbonylmolyb-
denum complexes containing the MeZPE(Me)E(Me)PMe2 ligand,117’118
also characterized by NMR, infrared and mass spectra.
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Reaction of (n—CGHSPPh2)2Cr with M(CO)6 (M = Cr, Mo, W)
affords (XXXIIIl), which may be converted into green cation re-
dicals through air-oxidation. ESR spectra for the latter indi-
cate the unpaired electrons to reside in the (n-arene),Cr
moiety-llg ’ -

King and coworkers have investigated chelated derivatives
of Me,PCH,CH PPh7 prepared directly (M = Mo, W) and of R'P(CH,-
CH PR,)., (R* = Ph, R = Me; R' = Me, R = Me, Ph); the latter give

fac1ally trisubstituted complexes (M = Cr, Mo, W), prepared
directly, or from (CHT)M(CO)S. NMR spectra indicate that for

the disubstituted derivatives which contain one chelating ring,
there is a rapid ring inversion on the NMR time scale not ob-
served in the trisubstituted complexes, which contain two such
rings. The "triligate bimetallic complex," cis- [MCP(C 133 P“e,) ] -
[Cr(C0),1; was also obtained, from (\BD)Cr(CO)4.1’0

Schenk and Schmidt have prepared metal carbonyl derivatives
of 2-2,4,6-trimethyl-S-trithian (L; XXXIV) and 1,3,5,7-tetrathia-
cyoclooctane (L'). The latter ligand reacts with (NBD)MO(CO)4
te afford (XXXV), while the Cr and Mo tricarbonyl derivatives of

[ \\\\\. ~5—A S{//A\s
(l:r Mca), s~/ X >M0(CO)4
s s s
= ,///’f N
o
( XXXTI) (XXXIV) ' (XXXY)

the first-named ligand, facial-(CHSCHS)SM(CO)3 are synthesized
from the appropriate tris(dioxane)metal tricarbonyl dimer. The
tridentate ligand is readily displaced by Lewis bases such as
P(OPh);. Mixed complexes, (L)(dipy)[Mo(C0)31, (dipy = 2,2'-
dipyridyl), [(HCHS)SJ(dipy)EMo(CO)SJ2 and [(L‘)(dipy)Mo(CO)3]n

(n=1,2) in which L, L' and (HCHS)3 function as monodentate or ° .
monodentate bridging ligands were also obtained, from (CHT)Mo-
121

(CO)5, dipy, and the appropriate polythiaalkane.

A number of other studies in which potentially bidentate
ligands exhibit a variety of bonding types have also been re-
ported. Clark and Stockwell have studied complexes of the 1li-
gands CH2=CHCH2CHZEMeZ (L; E = N, P, As) and observed that
while L, E = N afforded only the 'normal' chelated complexes,

° References p. 168
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LM(CO)4 (M = Cr, Mo, W), the P and As analogues afforded, in
addition, mono- and disubstituted derivatives in which only E
was cocrdinated to the metal. The IR, mass and NMR spectra for
the complexes were taken, and the interconversion of rotational
isomers in the chelated complexes was studied by variable tem-
perature infrared spectroscopy.122 The ligand 2,3-diazabicyclo-.
hept-2-ene (L; XXXVI} forms complexes of the types L \i(CO)4
(from (\BD)M(C0)4), and L [“(CO) ], {two b{;ggxng ligands), and
the analogous "mixed" spec1es L'Crﬂo(COJS- . Complexes of the
types LM(C0)4, cis and trans-LzM(CO)2 and facial~L2M(C0)3, in
which one mono- and one bidentate ligand were coordinated and
in which the monodentate L could be converted from the cis to
trans form by ultraviolet irradiation; have been reported for
cis-Me,As(CF;)C=C(CF5)asMe, (L; M = Cr, Mo and ¥).'%*
, Among L:,_M(CO)4 complexes containing monodentate ligands,
all prepared through use of standard synthetic techniques and
characterized by typical methods, are trans-L !-I(CO)4 (M = Cr, Mo,
W; L = (cyclohexvl) P (no cis completes or more highly-substi-
tuted derivatives could be obtained) ?5, cis and trans-L, !(CO)4
(L = (MegM').P, M = Cr, Mo, i¥; M’ = Sn, Ge)12® and cis-Mo(CO),L,
(L RS_nP(Nuz)n; R = Me, Ph; n =1, 2}, prepared through reac-
tion of the corresponding gig—Mo(CO) (R-“ PC1 )7 complexes with
LiXH, in liquid ammonia.t?” Phosphazenes of the type RF,P=X-PF,
(R = F, Ph) have also been employed in the synthesis of disub-
stituted derivatives, gi§-L2Mo(C0)4, which are formed through
displacement of NBD from (NBD)MO(C0)4. The phosphazenes were
prepared through reaction of [(MeZSi)ZNPFZ]Z with RPF,;
[(Mezsi)zNPFZ]2 also forms a cis-disubstituted complet.lzs Tet-
ravinylsilane reacts with M(CO)6 to form [Cr(CO) 1 [Sl(CH CH;) ., ],
and [M(CO) 1 [S1(CH CH,) ].
Khan and Martell have found that the potentially tetraden~‘

tate ligand (XXXVII) (= L} forms Cr and Mo complexes [LM(CO) ]

"

IR and NMR spectra were emploved in characterization. 130 The
thzp/\ i (\Pth
P P
N==N thp\) K/Pphzy
(XXXVT) (ZXXVIT)

"mixed" derivatives (XXXVIII) have been synthesized through
Teaction of [MeZAsCHZCH(R)AsMe5]M(CO)4 (M = Mo, W; R = H,'But)
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with triphenylphosphine. Unlike the parent complexes
(AS 1971/294), the mixed complexes contain the chelate ring locked in
the chair config,uration.lJ1 Reaction of tris(acetonitrile)-
tricarbonylmetals (M = Mo, W) with dimethyl(methylene)ammonium
jodide, [Mez§=CH7][I'], afforded the complexes (XXXIX). Reaction

of these with di;hos or dipy (E,) affords the ionic species (XL)}JZ
\/ PPn : Ho C
" As| > . NCCH; 2
\r” N [ Hzc\\\[ _——
i /M(CO)3 \ M(CO)5 /N/M(CO)a I
AL /N// !
/\ ! I E\\’/E

9:9.9:4%411] (XXXIX) ) (XL)

Many other ionic simple substitution products have also
been synthesized. Cihonski and Levenson have reported M(qg)s-
XO." (M = Cr, W), synthesized through use of M(CO) . (THF) 133
and W(CO)SX- (X = F, OH) and Cr(CO)SF-;l:’4 the hydroxide complexes
were synthesized through use of [dibenzo-18 crown-6-K' ] cations;
infrared, Raman and uv-visible spectra were obtained and dis-
cussed. 133713 kruck and coworkers prepared Ph4AS+[M(CO)SSnF3_]

(M = Cr;, Mo, W) photochemically, and Et,X"[Cr(C0).SnI5 1 from
Cr(CO)S(THF) and Et,NSnIs. The analogous Mo complex was also
obtained, along with Mo(CO)SI; the W complex was observed Lbut

not isolated. Insertion of SnX, into the M-Cl bond in Et4N+-
[M(CO)C171 (X = F, M = Cr; Mo, W; X = I3 M = Cr) to afford
Et4x*[M(C0)SSnC1X2-] was also observed. 12> Et4N+[R3M‘M(C0)5']
complexes (RsM' = Ph;Si, MePh,Si, PhsGe, PhsSn, Me;Sn, PhPb;

M = Cr, Mo, W) have also been obtained through reaction of

RsM°'Li and Et,N"[M(CO),Cl1™]. For [Ph;SnW(CO)g ] and [Cl;SnW-
(CO) 5 ] these reactions lead to redistribution to the [Ph,C1SnW-
(co%{] and [PhCIZSnW(CO)S'] complexes. Reaction of [PhSEW(CO)gj
anions with anhydrous HCl affords [ClW(CO)s'] for E = Si or Ge,

but [CISSnW(CO)S’] for E = Sn. Insertion of Elegnto a W-X bond
produces, e. g., the new complex_[BrSSnW(CO)S_]. 36 pentacar- .
bonylcarboxylate complexes, which employ BundN+ or Pl-.1P+ counter
ions, R4E+[M(CO)S(OC(0)R')'] (R' = Me, CF3, M = Cr, Mo, W; R' =
CCIS, CIBHSS’ M = Mo; R' = CMes, M=Cr, Wand R* = H, M = W)
have been synthesized from the appropriate pentacarbonyl halide
salts and TlOZCR', or directly. The carbonyl stretching spectra
were interpreted in terms of less-than C4y Symmetry of the metal
carbonyl fragment.137 H5fle investigated reaction (2Z) and con-

cluded the acylisocyanides react with nucleophiles in a manner

References p. 468
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similar to that observed for activated carboxylic acid deriva-
138

7 ot
(0C) (CTCNC(OIR + N::::j>»_‘{:::] EtOH o

RC(0)OEt + E(oc)SCrcx"] + H-

tives.

Behrens and Moll invcstigated the rcactions of Cr(CO)SL
(L = pvrzdlne, C Hl NC) with Na [(Me Si),N ], which afforded
the cis- Na® [Cr(Coy, (L) (CX) 1 products, hh!Lh were characterized
by IR ‘and ‘.\MR.I:’9 King and Nainan reacted sodium 1,5-diphenyl-
triazenide with the hexacarbonyls (M = Cr, Mo, W) and obtained
(XLI).140 Doyle allowed T1Ph,PCH,CH,S to react with M(CO)gx'
to afford (XLII), isolated as—the'tezraethylamnonium or tetra-

phenylarsonium salts (M = Cr, Mo, W)-141

Bn Pn Ph
I o N
’/)¢§§ Vi ©
(OC), M (0C), M j]
AN // S
l
Ph
(XL (XL

The previously reported [(OC) WPPh,(CH,) PPh,Me'11™ (n =
1,2) when heateg afford the air-stable zwitterionic cis-(0C},-
(E)K(PPh (CHZ) PPhZMe) species, characterized by uv-visible, IR
and NMR spectra.

Werner and cowotkets have prepared vellow anionic

ner- Cr(CO) {(M'Cl.. )- (M' = Ge, Sn),upon treatment of (boractene)-

€r(c0)5 with Phoas*myrci;” 1,143

obtained seven-coordinate, cationic [(bidentate)M(C0)4SnC13‘]

while Cullen and Pomeroy have

ions, isolated as the SnClSOHZ' salts, upon treatment of
(bidentate)M(ngg (bidentate = diphos, MeZASC2H4AsMeZ, M = Mo,
W) with SnCl,. (Also see Ref. 43). Finally, Ellis has ob-
tained MZ(CO)IQ over 20 hr through the Na/K reduction of the
hexacarbonyls. 45

Tom Dieck and coworkers have continued study of highly
substituted (electron rich) Group VI-B metal carbonylvderifatives.
Comparative studies of derivatives of glyoxalbis(tert-butyl)-
imine (XLIII, DAB), and dipy (DAB and dipy = L) o;_;;e types
~LM(CO) ,, g_i_g;L(Bu“sp)Mo(CO)3 and gi§~L(Bu"39)2uo(c0)2' and



101

their paramagnetic monoanions (carbonyl stretching spectra,
reduction potentials, ESR spectra of the monoanions (spin densi-
tics on the coordination sites) electronic spectra and observed
solvatochromism, and SIp xR spectra) indicate that dipy is

only about one-half as good a =-acceptor as DAB.146 Complexes

of analogous stoichiometries have been synthesized for ethane-
dithioamides, (XLIV, L; R = Me, Et; R, = -(CH;),-, —(CHZ)Sq,
LMo(C0)4, LL'Mo(CO)3 (L' = CHSCN, PBuns, PPhS), and LL',Mo0(CO),
(L* = PPhS, PBunS. Marked differences in the carbonyl stretching

A\
g -
K\ /N\ >
N R R
T

(XLHt) (XLIV)

frequencies for the tri- and tetrasubstituted complexes (much
higher uw(CO) for the latter) suggest that in the trisubstituted
derivatives the chelate ring is non-planar, while in the more
"electron rich™ tetrasubstituted species a coplanar "dithiolene
type"” ring system is present. Thus electronic factors induce

a conformational change in these systems.147 Acetonitrile has
been replaced from (CH;CN),L,Mo(CO), (L = PPhy, PBu"S) and
(CHSCN)(PBuns)SMo(CO)Z by some twenty-six aromatic and
a,B8-unsaturated nitriles and dinitriles to afford yellow to red
to blue products.  For isonicotinonitrile (XLV) three complexes
of the type (nitrile)z(PPh3)2Mo(CO)2 were observed, being the
three possible complexes in which the two nitriles coordinate
through cither or both different ligand bonding sites, the ni-
trile, or the aliphatic nitrogen. Benzodinitrile affords poly-
meric products in analogous CHscx-replacement reactions. Acryl-
onitrile and other ¢,3-unsaturated nitriles form monosubstituted
derivatives through replacement of acetonitrile from (CH3CN)-
(BunsP)SMo(CO)Z, and then further displace PBun3 to become
chelating ligands.1 )

McDonald and coworkers have studied dithiophosphinate
and dithiocarbamatelso (XLVI and XLVII, L) complexes, Mo(CO)zLZ,
the former prepared through reaction of Mo(CO0),C1, with
HSZPPrlz. For the dithiocarbamate complex, a non-linear Beer's
law plot (visible spectrum} suggests the existence of a monomer-

49
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dimer equilibrium-lso Chemical behavior is similar in both
systems.149’150 The complexes reversibly add CO, and react with

a variety of acetylenes to afford complexes of the type Mo(CO)-
(chz)Lz (HCCMe, HCCPh, Ph,C,, (CH;0,),C, and other substituted
acetylenes); the acetylene is viewed as a four electron donor,
affording the stable eighteén electron system. Acidification

of solutions of the acetylene complexes affords some ethyvliene;
thus these systems may be of possible interest as chemical models
of nitrogenase activity in that that enzyme alsoc reduces acetyl-
enes to ethylenns.149’150 For the dithiocarbamate substrate,
forcing conditions also afford the 2:1 "adducts™, Mo(HCCPh)ZL,,
and, additionally, Mo(CO) L2 (L = dithiocarbamate]) react with-
the diazene EtOZC i=NCO,Et (L') to afford ﬂo(L')(L), and Mo(L )2
(L), products, and with PPh; to afford Mo(CO),(PPhy )(L),.

Bond, Colton and Jackousk1 have studied the electrochemical
oxidation of gig-(dpm)zM(CO)z (dpm = 1,2-bis(diphenylphosphino)-
methane; M = Cr, Mo, W). Cyclic voltammetry indicates that com-
plexes of the types (dpm),M(CO) i exist; however, only the
CISO, trans’ and cis' ' species are thermodynamically stable.

At low temperatures, however, the cis-trans isomericzations are
slower, and vary in rate Cr<Mo<W. The results were compared

to those for the analogous (diphos) H(CO)z complexes (AS 1974/
213 ).151 The chemical oxidations of €is-(dpm) ,M(CO)}, and cis-
(diphos)ZM(CO)2 have also been compared. Z Among oxidants
which afford trans-(dpm)ZM(CO)z+ cations are Br,, I,, N0+PF6-,
AgCIO4 and HgXZ (X = F, C1, Br, 1). Treatment of (dpm)ZM(CO)2
with OZ/HCIO afforded diamagnetic, monomeric, seven-coordinate
trans- [“I (édpm), (CO)ZH ], believed to be capped octahedra. In-
frared, ESR and NMR spectra were utilized in the characteriza-
tion of these species. Reaction of cis-(dpm) Mo(CO)2 with t

(X = Br, I] in CH CI2 afforded diamagnetic cis-[(dpm), Mo(CO) X 1;
for Br, the trans isomer was also observed.

The acetylene MeSCCSMe has been found to react with (CH3CN%
M(CO)3 (M = Cr, Mo, W) forming the expected (MeSCCSMe)S(Co)M
(XLVIII) complexes (M = Mo, W),which were well—characterized.l53
For Cr, the Cr(CO)Z(MeSCCSMe)2 species was obtained, which under-
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ana r

foes L4+2]1 wn-cycioa i t

(MeSCCSMe)SM(CO) with 1,2-bis(dimethviphosphino)}ethane (L) af-
forded W(CO)(L)(MeSCCSMe)Z, which, for tungsten, further yiiéged
a second complex, possibly (L}, upon addition of excess L.

Reaction of

She 2o
/) fale} S ) \eS, Sme
veS LK [/ ] e B—
a - reg '//.-}/ ~ TN
\ 72 she t{ i SOy tdmpel,w wicmpel,
0 "2 - » Pl o
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[D SURTE I (meiny L

Mathieu and Polilblanc have studied the extent of replacement
of P(OMe)3 from M(CO)[P(OMe)S]S‘complexes (M = Cr, Mo, W) by 1i-

154 o

gands (L) of varving steric and electronic properties.
various L, the maximum extent of replacement was found to be
{ligand, L, and number of P(OMe)3 groups replaced for Cr, Mo,
W given): NEtg (0,0,0}; PMeEPh (1,1,0}); PMcPh2 (0,0,0);PPh3
(0,0,0); PMe 5 (2,1,0); P(OMe)Ph, (0,0,0); P(OMekPh (3,2,0});
P(OCHz)SCEt (5,2,0). The results contrast to those of Tolman
for zerovalent Ni in that the degree of substitution is not

155

exclusively a function of the steric demands imposed by L.
Electronic factors, such as the strength of the M-P bond to be
broken in the substitution process, are also of importance.

Dombek and Angelici have treated W(CO)(CS)[1,2-(diphenyl-
phosphino)ethylene]2 (= DPE) with alkylating agents [Et30+]BF4'
and CHSSOSF to obtain the S-alkylation products (DPE)Z(CO)W(CSR)-.
In contrast, (DPE):,_!‘-‘(CO)2 reacted with [Et30+]BF4" to afford
[EtW(CO)z(DPE)Z*][BF4'] in which the ethyl group is bonded to
W. Reaction of the latter substrate with HCFSSO3 afforded
[HW(CO) ,(DPE) ,* J{CF550;"1; the thiocarbonyl is also protonated
at the metal by CFSSOSH. Less highly substituted thiocarbonyls
do not react with Et30+, indicating the necessi;g of an electron-
rich metal before S-alkylation can take place. Trans-(OC)d-
W({CS)(I) reacts with the electrophilic reagents acetic anhydride
and trifluoracetic acid in the presence of BF3 to afford the
I(OC)4W{CSC0CH3) and -CSCOCF; complexes, and with alkylating
agents to yield the corresponding -CSR complex. The results
indicate the S of CS to be more nucleophilic than the O of CO.

Edwards and Marshalsea report reactions of (CHSCN)SM(CO)3
(M = Mo, W) with Cl, and Br2 to afford Mocl4(NCCH3)Z, MoBr4-
(CH3CN)3 and WX4(NCCH3)3, for which infrared spectra and magnetic
moments are reported.157 Ito and Yamamoto have studied reactions

156
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of (diphos)zMo(C2H4) with a variety of reagents. With CFSCOZH,
Mo(0,CCF;) (diphos),” and Mo{0,CCF;),(diphos), are obtained, while
with organic halides RX (R = Ph, X = C1, Br, I; R = PhCHz, X =
Cl, and R = Me, X = I). X,Mo(diphos)., species are obtained. The
latter afford HqMo(diphos)h2 when allowed to rcact with LiA1H4.
Reaction of (diphos)zMo(Czﬂq) with COZ under mild conditions
affords a ”COZ adduct . Under more rigorous conditions,
Eig—Mo(CO)Z(diphos)2 is the observed product.158

Cotton, Kilner and coworkers have obtained L4M02, whose
structure has been determined, and which contains a Mo-Mo

quadruple bond, through reaction of Ho(CO)6 and PhC{NPh} (NEPh)
(Ly.159,205

Carbene and related complexes. Studies of the formation
and reaction of complexes containing carbene- and carbyvne-like
groups coordinated to the Group VI-B metals have attracted con-
tinued interest. King and von Stetten have prepared complexes

(LI) through reaction of (OC)SCr[C(OEt)(Me)] with ethyleneimine,
160

and have tested their anti-cancer activity (no activity);
Dotz and Kreiter have studied reactions of (OC)SCr[C(OMe)(R)]

(R = Me, Ph) with R'CECNEtZ, (R* = H, Me) and have obtained
(LII), which result from insertion of the alkyne entity into

the metal-carbene bond. The products were characterized through
IR and IH and 13C NMR studies.161 Fischer, Fontana and Schubert
have reported results for the reaction of KCN with (OC)SCr—
[C(OMe)} (Ph}] in methanol at room temperature, which afford the

insertion-rearrangement product (LIII}, as determined through

CHg
"‘7'NEt2 OMe
S ==Cr(COls ©C)cr==t¢ L
DM“' N__R (OC)sCrNC—ClEH
il Ph
R ome
() (e - wu)
162

standard analytical techniques. The Fischer group has also

investigated the complex reactions of transition metal carbene

163,164 Depending upon the

complexes with alcoholic alkoxides.
reaction conditions (relative qualities of OR™) the anionic pro-

ducts given in 3-4 may be obtained. These may be alkylated
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with R';0"BF,” to afford the products (LIV) and (LV, M = Cr, W);

(LIV, R = R' = Me) exchanges OCD3 in D4 methanol in the presence
of catalytic quantities of XaOCD;%OJ
_OCH. o
ocy er=e] 3 ‘“(’;2.\*‘,5“2’3 - (OC)SCr‘—'C/o 3)
s Ph : ’ “C(OR) ,Ph
_50CH. , 07
(OC)SW‘-'C< 3 NaOR(ROH) (Oc)s“’:ci
Ph CH(OR)Ph
+
20
(0C) =€ T 4)
Ph
.
_—~OCH
(0C)W-cf -
Ph

The employment of carbene complexes in organic synthesis
has received further attention. DOtz has reported the synthesis
of (LVI), which contains the napthol skeleton, through reaction

. ,/.OR" - CR
CC)5 Cr==C ! OCHsM ==C
C(OR), Ph CH(OR)PN

(Liv) (v} (Vi)

of (OC)SCr[C(OMe)(Ph)] with tolan (PhC=CPh), as determined through
IR and NMR studies, and the analysis of the degradation products
of the complex.l65 Casey and Brunsvold have synthesized an
gzgwrmethylene-y-butyrolactone (5-b) from methyl(methoxy)car-

benepentacarbonylchromium, as is shown in scheme (5).166
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>0OMe n, - .:0
e 1 Bu Li g
2 —_—— =
00) gerEl B (0C) Cr t\v:]
(a)
1 BuLi,| 2
-789 C1CH.,OMe,
Lil
-0 -0 (5)
(0c) er=t + (OC)SCrfC<h:)/,\O
A1,0- Me H
- I (')!
Et,0 .0 144 o
z (00) 7] Ce  ~ o S=cu,
CHZ U— -
(b)

Treatment of (5-a) with one-half equivalent of ClCH70CH3 affords

(LVII).166 Casey and Anderson have obtained evidence for a
(OC)sCr Cr(CO)s
0] O
(Lvit)

bimolecular mechanism for decomposition of (5-a), on the basis
of analysis of kinetic and product data; the initial step is
dissociation of a carbonyl, and evidence indicates that no free
carbene is formed through the thermolysis.16? The oxidation of
(OC)SM[C(Eé‘)(R)] complexes (M = W; R = Ph, ER' = OEt; R = Me,
ER* = SPh; M = Cr; R = Me, ER' = NHCH,Ph, SPh) employing pyri-
dine-N-oxide, C6HSIO and ceric ammoniua nitrate afford RCO(R')
products, and thus offers a convenient method of characterization
of transition metal carbenoid complexes.168 Oxidation of
(n-Cp)Mo(CO)Z(pPhS)(EEEHZCHZEHZ)+Br‘ affords C(0)OCH,CH,CH,.
Treichel and Wagner have prepared yellow (n-Cp)Mo(CO)Z(PPhS)—
[C(OMe)(Me)]+PF6- through reaction of (n-Cp)Mo(CO)Z(PPhS)[C(O)(Me)]+
with MeOSO,F followed by addition of ammonium hexafluorophos-
phate.169 The product was characterized employing IR, NMR and
conductivity data. Raubenheimer and Fischer have characterized

the products (LVII1), obtained through reaction of (OC)SCr-

[C(OL1) (X)1(X = Ph, NMez) with (n-Cp)ZTiCIZ, through use of IR,

NMR and electronic spectral data. The product could not be

168
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alkylated employing triethyloxonium ion, presumably as a result

of the covalent character of -C-0-Ti bonding.

170

Fong and Wilkinson have prepared the carbene complex

Cr(CO) 4 (CHNMe,) through reaction of [Cr(CO)¢~1 with axezz'(':cuzl‘,

the analogous reaction of piperidyl(methylene)ammonium chloride
. = vt a1 132
with [Cr(CO)5 ] affordsVCr(CO)S[CH&(czclo Cshlo)].
The chemistry of compounds containing complexed carbyne

ligands has also received attention this year.

Reaction of

(0C} .Cr[C(NEt,) (OEt)] with boron tribromide in methylene
chlioride has been found by Fischer and coworkers to afford

trans-Br(OC)4Cr(CNEt,).

contribution of (LIX-b) to a resonance description of bonding.

LLwi} N

Infrared, NMR and X-ray crystailio-

graphic analysis of this species have indicated a substantial

17
OC CO
-/ .
el Br—_r=«C=—xnN
AN
& %%

(Lix)

In contrast, trans-(MeSP)(OC)4Cr[C(0Me)(Me)] reacts with BX3

(X =

Cl, Br) at low temperature in pentane to afford (LX); i
is proposed that that cationic species arises when the position

t

trans to the carbyne ligand is blocked, preventing an anionic
rans < C

X~ from entering.

The trans—Br(OC)4Cr(CR) complexes (R

"
z
)

Ph} react with dicobalt octacarbonyl to afford (RC)COS(CO)Q;

this reaction is the first reported transfer of a carbyvne ligand

from metal to metal.l’>

trimethylphosphine in methylene chloride at
red product (LXI), characterized through XMR spectroscopy.

Reaction of (OC)JCr(C-B-tolyl) with

-50¢ affords a wine-
174

Kreissl and Held have also prepared the ylid complex (OC)SK-

(CPhZPMes) through the low temperature reaction of (OC)SN(CPh,)

with trimethylphosphine.17s

Lindner has reviewed recent advances in metal carbonyl

vlid chemistry which have been made in his laboratory.

176

Reaction of (acetonitrile)pentacarbonylimetal(0) complexes
(M = Cr, W) or molybdenum hexacarbonyl with E=C=C=PPh3 (E =0, S)
affords the yellow products (LXII) characterized by infrared

and mass spectrometry.

These ligands possess little w-accepting

ability, and are readily exchanged by weakly basic solvents

such as THF and DMF (dimethylformamide).

(CO) ] complexes extrude carbonylmethylene,

The (OC)SM[C(PPhS)—

:C=C=0, upon heating

to afford (OC)_ -MPPh. products. The carbonylmethylene can be
- =} ) 2

References p. 168

1

R

e

Sa



105

E
O Y
! N S ! -~ 7z
iMe,P—Cr=C—CH, | BX, OC)sM—C_
i < e PPhy
i o (¢
(LXtr)
(LX)
+
/,Phde3 _ /,Phdea
¢-BrioC),Cr—C —-———= - Br(CCC—C
CeH Me . CgH, Me

(Lxi}

*'trapped"” through addition of cyclohexene; 7,7-spironorcarane
(LXITI) is the observed product. The reactién of (OC)SK[C(PPhS)—
(CO) 3 with 56 at 110%affords (LXIV). Reaction of (CHSCN)Cr(CO)5
with the :C(SPh),(PPh3} "ylid" affords the simple substitution
product, which reacts with S, at 20° by a Wittigilikc process to
afford the orange-red carbene, (OC) Cr{C(SPh),]. !

Chatt and coworkers have studied reactions of trans-M(XN,},-
(diphos), with isonitriles. They afford trans-M(CNR),(diphos),
products (M = Mo, W; R = Me, But, aryl). For M = Mo, R = Me,
the structure has been determined through X-ray analysis.so
Protonation of these complexes afford pink (LXV) products con-
taining a carbyne-like ligand. Protonation or alkyvlation can
also take place at nitrogen to afford complexes such as
[W{CN(H)Me} (CNMe) (diphes),” IBF,” and [M(CNMe,)(CNMe) (diphos)," 1-
SOSF_ (M = Mo, W), which are unstable in solution.”

i 1
c PhaP PPna
/ s \ /Hz’ 7 -
{OCIW—C L [ . M 2=2C 2N ]\BE‘._ )a
\\p/’ Pn ﬁ/ \bph :
P 2 2
"2 L}
(LX) (LXtv) (LXV)
n-Cyclopentadienyl, n-arene and other n-complexes. There

has been-grecat interest once again in the synthesis of "(n-Cp)M-
(CO)SX" systems. Save for the most electropositive metals (Mg,
Al), the (n—Cp)M(CO)3 group is bonded to a formally one-electron _
donating substituent, which results in metal-metal bond formation.
For the electropositive metals, the metals are joined by M:CO:M'
bridges. ’
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The reduction of {(n'Cp)Mo(CO)SJ2 or (n—Cp)Mo(CO)SI with
Mg/Hg in THF or benzene/pyridine (THF or pyridine = solv) re-
sults in the formation of solvdMg[Mo(CO]S]Z, in which there is
evidence for Mg-0C-Mo bridging and in which this bridge cccupies
an axial position with respect to the six-coordinate Mg atom.
Monosubstituted substrates, (n-Cp)Mo(CO)z(L)(I) (L = PBunS,
PMeth) afford analogous dicarbonyl species for which there is
evidence for solv dissociation in solution. 77 The crystal
structurc for [(n-Cp)w(CO)S(AlMeZ)]Z, prepared from trimethvla-
luminum or dimcthylaigminum hydride and (n—Cp)W(CO)SH has been
reported (Fig. I1i).°> Cleavage of the twelve-membered W-CO-Al
rings can be effected by HX (X = Cl, OH, acac) to afford the
(n-Cp)W(CO)SH starting materials, and by Lewis bases (D, = NMes,
OEtz) to afford (LXV!I) species. The analogous [(n-Cp)W(CO)z(L)-

@

w
—
OC / \C Me
C O:Al=—D
o . Me
(LXV!)

(AlMe,) ], species were also prepared via (n-Cp)W(CO),(L)H (L =
PMe,Ph, PEt,Ph, PPhS). For the first two L, the phosphines re-
place the terminal CO's in structure (LXV1); the structure of

the PPhS—containing complex is uncertain.”>

The analogous reaction of (n-Cp)H(CO)z(L)H {L = CO, PPhS)
with trimethylgallium affords (n—Cp)W(CO)7(L)(GaMez) complexes.
Upon heating, the tricarbonyl complex for;s [(n-Cp)W(CO)slzche
and [(n-Cp)W(CO)SJSGa. Unlike the Al complexes cited abovc,°3
the latter complex has been shown by X-ray crystallography to
posess Ga-W bonds, rather than W-CO-Ga bridges.34

Pederson and Robinson have reported preparation of
Il[(n-Cp)Cr(CO)S] (AS 1974/84) through reaction of Na[(n-Cp)-
Cr(CQ)3] and TlNO3 in THF/water. This complex.disproportionates
to afford Tl[(n-Cp)Cr(C0)3]3 upon standing; thelanalogous i
reaction for Mo forms only the T1(III} complex.

New silyl-vinyl complexes, (n-Cp)M(CO)S(SiRZCH=CH2) (M = Mo,
W; R = Me, Cl) have been synthesized by Malisch and Panster, and
have been thoroughly characterized by IR, NMR, and MS. They
were prepared through reaction-of Na[(n—Cp)M(CO)S] and H2C=
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CHSiR,Cl. The Cl complexes can be converted to their F analogues
through their reaction with AgBF,. All can be decomposed in
the presence of HX to afford (n-Cp)M(CO)SH and XSiR3.179

Several types of complexes containing heavier Group VI-A
metals have also been prepared. Reaction of (n-Cp)“o(CO) R
(R = H, Me) with [(Me-Sx),CH] Sn has been reported to afford
(n-Cp)Mo(CO) = [an(R)(CH(quc,),)]- and reaction of [(n-Cp}Mo-
(CO) = ]2 with (Me SiCH Sn) Hg affords (n-Cp)Mo(CO) . [Sn(CH SiMe- ) ]}SO
The reduction of [(n- Cp)M(C0)3]2 (M = Cr, Mo, W) hlth ka/h in
THF has been found to afford the (n-Cp)M(CO)S' anion cleanly,
and in high yield. The synthetic utility of this preparation
has been confirmed through syvnthesis of the known (n- Cp)M(CO)--
PhSSn complexes in 98-99 per cent y1cld.181

Cyclopentadienyltricarbonylmetal complexes containing M-Sb
bonds have also been reported by Malisch and Panster. Thus
(n-Cp)M(CO) . Sbue, and [(n- Cp)“(CO) ] SbMe have been synthesiced
from Na[(n- Cpl“(CO)J] and “e-SbBr (M = Cr, Mo, W) 182 and MeSbBEr,
(M = Mo, H)l > respectively. The Sb in these species can be N
quaternized employing a variety of RX species (R = Me, Et, Phcn”
CH =CHCH,; X = Br, I) to afford the corresponding (n- Cp)“(CO)-
SbMe,R” Znd [(n-Cp)M(CO) ;1,SbMeR” cations.!%2-183 the (n-cp)a -
(co) < Sb“c, conplexes can be cleaved by phosphorus vlides, “e P—
CHR, to afford the (n- Cp)H(CO)- anzons (M = Mo, W) and Me P CH -
SbMe.,.182 The [(n-Cp)M({CO)- ]2 SbMeR’ cations can also be :\nthe-
sized through reaction of (n Cp)H(CO) (Sble ) with (n- Cp)M(CO)-—
Br.18° The [(n—Cp)h(CO)s],SbMe dimer also react> with bromine
to affozd [(n—Cp)N(CO)S]Z(ngeBrZ), in which Sb is pentacoordi-
nate-ISJ The complexes were characterized through proton NMR,

mass and IR spectra.

These workers have also studied reactions of SbBr; with
the (n- Cp)H(CO)3 anlons.184 These reactions afford (n Cp)(OC)S—
M-SbBr2 (M = Mo, W), which can react further with (n-Cp)M'(CO)S'
(M* = Mo, W, n = 3; M* = Fe, n = 2) to afford (n-Cp)(OC)SM-Sb-
(Br)-M'(CO)S(n-Cp), or with H(CO)S(THF) (M = Cr, Mo, W)to pro-
duce (n-Cp)(OC)SM(Br)ZSb-M(CO)S. Treatment of (n-Cp)(OC)sMSbBr2
with bromine results in M-Sb bond-cleavage with formation of
(n- Cp)M(CO) <Br or (n-Cp)M(CO), Br-, presumably through formation
of an 1ntermed1ate containing f1ve coordinate Sb. 184

Dehand and coworkers have synthesized cyclopentadienyltri-
carbonyl metal complexes containing Mo-Pt and Mo-Pd bonds.lss_186
The reaction of trans-PtLZCIZ or trans—PdLZCIZ (L = pyridine,

3-Mepy) with (n-Cp)Mo(CO)s- in THF afforded the complexes trans-
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MLz[Mo(CO)S(n—Cp)]2 (M = Pt, Pd), which were shown through a
very extensive infrared study to contain linear M-Mo-M bonding;
the (n- Cp)“o(CO)- groups are strongly anionic 1n these complexes.
Reaction of the (n- Cp)Ho(CO)- anion with Et4 AuCl2 in THF also
affords a complex contalnlng a linear Mo-Au-Mo linkage, Et N-
[(n-Lp)vorC(‘.) _1,Au. I8¢ Reaction of (a- CPIMO(CO) 5™ with C;s-
PtCl1,(PPhs), afforded two complexes, one containing Mo-Pt linkages
and formula;ed as (LXVII}, and the homotrimetallic Pt cluster

complex, PtS(CO)Z(PPh3)4, in which the Pt. (CO), framework is
IS:

185

analogous to that in triiron dodecarbonyl.
Hackett and Manning have ;eported the preparation and reac-
tions of new complexes containing Cu and Ag bonded to various
transition metals, including Cr, Mo, W. The transformations are
summarized in Eq. 6.183 The complexes were characterized by
IR and conductivity measurcments.
Setkina and coworkers have prepared (LXVIII) through reac-
tion of :-:(CO]6 with dimethylsulfonium cyclopentadienylide in
acetonitrile; the Mo complex was identified only through its

+
SMe,
/>"\\
\ﬁO hﬁC
7o !
\\ ) C/’ \C
\\\pf o / O
C
o]
PPh3 PPh3
(L XV (L XVt )

spectral propertics.lsg Other studies have emphasi:zed the ver-
satility of n-cyclopentadienyltricarbonyl species in their reac-
tivity. Creen and Hughes have studied reaction of (n-Cp)M(CO)S_
(M = Mo, W) with the 1,Z-3-tri(t-butyl)cyclopropenium cation
which affords (LXIX). Reaction of (LXIX) with CllCl3 leads to
replacement of H by Cl. This reaction represents an example of

electrophilic substitution at the (n-Cp) ring.190
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1:1 adducts

Hg[ (n-Cp)M(CO) 51, /
= o-phen
: i ‘ {n-CpIM(CO) ¥
Hg (M' = Ag, Cu; M = Cr, Hiiﬂfl,;«,w/'”" o
' PhsSnCl,

Me N[M' (M(CO) 5 (n-CpDl,

PR, PDCL
Ig { = YX}
, aq !
Cull, PPhy
o - M=
Et,0 Me,“c17| AgnOy
BF. ,
? [(PhP),CullCu{M{CO}5(n-Cp)},]
Naf (n-Cp)M(CO) 51 ‘ ,
(6}
1 ,
: {yme
[ (n-Cp)IM(CO) ;AT gl £ (2-CPINCCO) {CurL]
{n = ca 3-1) f(M=Mo,¥) , (8 = Mo,W; L = H,0
= 3- S -LNH
o-phen - : {n = ca 3-4) sH 50 - LNH

1:1 adducts g-phen

1:1 adducts

Reactions of [(n~Cp)M(C0)3(z~cthylcne]+] wifh nucleophiles
coordinating through N, P, or O, and the cyanide ion (L) afford
ﬁ-substitﬁted ethylmetal derivatives, e¢. g., [(n~Cp)M(C0)3CH3~
CH,L+}. The inivial products tend to be dialkylated, as is
ilzustrated in (7). Deprotonation of the cationic g-~substituted

+

2[(n~Cp)M(C0)3C2H4+] + NHy - [(ﬁ—Cp)ﬁ(C0)3CHZCH2]ZKHZ &)

products with OH~ insertion affords insertian-cyclization pro-
ducts such as (LXX}. A very wide variety of reaction products

ﬁ (LX1X) (LXX)

Mt (ac———VV
-
o€ /\; N v N

C) ()
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obtained for L such as \H-, MeNH,, PPhS, Py, Me N, etc. are

reported.lg1

Lichtenberg and Wojcicki have studied [3 + 2] cycloaddition
products of the reactions of metal-Z-alkenyl and metal-Z-alkynyl
complexes with the electrophile hexafluoroacetone. The reactions

are summarized in (8-9). The higher carbonyl stretching fre-
quencies observed in the products are indicative of the strongly
electron-withdrawing character of the organic ring systems.192
W
(n-Cp)Mo(CO)SCHZCECPh + F{CCCF3—= (n-Cp)Mo(C0)
T Ph
(8)
B
(n- Cp)“(CG) [CH,C(R)= c(ﬁnl + F.C-C-CF.
R'RII
M = Mo; R = R' = H; R*" = Ph - R
0 e : (n-CPIM(CO) 5 (CF5),
M =W; R=R' =H; R" = H, Me
o)
(9)

Wojcicki's group has also studied the electrophilic behavior
of tetracyvanoethylene (TCNE) toward transition metal-carbon
g-bonds. ®> Reactions of (5-Cp)Mo(CO)3R (R = Me, CH,Ph) and
(F-Cp)Mo(CO}Z(L)(Me) (L = PPh3 P(OPh)S) afford two t;pes of
"adducts', the first type arising from *“normal"” insertion of
TCXE into the metal-R bond, -C(CN)2C(CN)2CH3, the second con-
taining the isomeric keteneiminato function, -XN=C=C{CN)C(CN)R.

In the dicarbonyl complexes, the four groups other than (n-Cp)
usually adopt a trans configuration; however, IR evidence indicates
that for P(OPh)3 and -N=C=(CN)C(CN)R, which exert relatively
unimportant steric demands, a cis configuration is observed.
The structure of the "normal™ insertion product foI L = PPhS,
R = Me has been determined through X-ray analysis.’z

" Severson and Wojcicki have also noted that BFs increases
the rate of 50, insertion into the W-C(R) bonds in (n- Cp)h(CO] R
(R = Me, CH Ph) . The observed products are the (n- Cp)h(CO)SSO2
complexes. The catalytic effect probably arises through an in-

crease in the electrophilic strength of SO, upon complexation

with BF3.194

King and coworkers have reported the results of investiga-
tions of Group VI-B metal carbonyl anions with a-chloroenamines,l95
and the hydrolysis, aminolysis and alcoholysis of l-chloro-2,2-
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dicyanovinyl and tricyanovinyl derivatives of Mo and W.196 The

interconversions are summarized in (10) and (11), respectively.
In the former study, product structures could be determined un-

1:"C, and "H NMR and through observation of

equivocally through
195

whether or not a v(CO), acyl was observed in the IR spectrum.
In the latter investigation, possible mechanisms of complex

interconversion were discussed.196 Reactions of n-Cp and n-allyl

molybdenum derivatives with alkyl isocyanides have also been

discussed. 197
A
@ C-OR
Nex
(oc) M
25wy =or @
H A
i 0C-M-CO
NaOH | ROH ) NC. t __R
{R=Me,Et . C=C=N
\k SNt NC” \R

(NC)2C=C(CN)
piperidine

M(CO)3 (10}

Mo,W H20 _ (-\'C)Zc=c\(c1)

Al,05 M(CO)

: o
EtsN
H,0
N Mo ,W

* Al,05
OC"'—M or EtSN

oc// \x/ OH
oc

H
(B)

(NH2 and OH protons in (A) and (B) -can be deuterated with DZOITHF)



Na[M(C0) ;(n-Cp) ] + Me,C==C(NR,)Cl

(11)
SNR

LD
Mé’2 >TO+‘ st-

co co

[MeZC =C =Nx\ie2]2MoIz(n-Cp)

+

-H aq NHS

+
Me,C ==C =\R,,

Mo (CO) ,

A number of other studies of (n-cyclopentadienyl)carbonylmetal
complexes have also been reported. Alway and Barnett have inter-
converted the linkage isomers of (n-Cp)Mo(CO)S(CNS) via ultra-
violet irradiation.198 In addition, they have studied the
photochemically-induced cis-trans isomerization (Eq. 12) of
(n-Cp)M(CO)Z(PPhS)(X) (M = Mo, W; X = Br, I) and the accompanying

(12)
———Mea_ — e M
oC l C0 =————— ocC X
\ \
L X L Cco
cis trans
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disproportionation of these complexes to (n-Cp)M(CO)(PPhS)ZX and
(n—Cp)M(CO)SX: dissociation of CO or PPh3 may be an important
path in the observed isomerizations.198 Beach and Barnett have
also reported on the separation {via column chromatography)} of
such isomers, (n—Cp)M(CO)Z(PPhs)(X) (M=o, X=Br, I; M =W,

X = I}, which were prepared directly from (n—Cp)M(CO)SX or
through reaction of (n-Cp)M(CO)z(PPhS)(COCHS) and X, The
isomers are interconvertable at 809, and the isomer ratios de-
pend upon the preparative method employed.199 Craig and Edwards
have also discussed such isomers, of (n-Cp)Mo(CO)Z(PR,R')(R")

(R = Me, Et; R, R* = Me, Et, F’h)."200 Low temperaturg proton
NMR spectra indicate that only the trans isomers exist in
solution. The stereochemistry, and the mechanism of the cis-
trans isomerizztion are discussed.Zoo

The Na/Hg reducticn of (n-Cp)Mo(CO)Z(CNCHS)(Cl) in THF at
room temperature affords the (n—Cp)Mo(CO)Z(CXCHS) anion, in
which the isonitrile enters into appreciable n-backbonding with
the metal.zo1 The anion is a useful synthetic intermediate,
reacting with CHZCICN, MeSGeBr, McSSnCI and Phstl to afford the
complexes (n-Cp)Mo(CO)Z(CNCHS)R (R = CHZCH, MeSGe, MeSSn and PhSPb).
Additionally, treatment of the anion with acetic acid affords the
hydride, (n-Cp)Mo(£0),(CNCH ) (H),20!
temperature to afford (n-Cp)ZMoz(CO)S(CNCHS) (AS 1975/252) and
[(n-Cp)}Mo(CO)51T,-

Reactionsof (n-Cp)Mo(CO)SCI with dithiocarbamato complexes
containing two different substituents on N in refluxing acetoni-
trile afford the complexes (LXXI, R = CHMeZ, CHMePh; R' = H)
which are chiral, and were identified through use of low tempera-
0z Racemization at room temperature

which decomposes at room

ture lﬂ NMR spectrometry.2
proceeds via rotation about the S,C-NR, bond. Analogous reac-
tions of the cyanodithioformate ion in acetone afford the violet
complexes (LXXII, M = Mo, W) in which the substituent is superior
to other dithio 1l:igands in its w-accepting ability.zo3 Related

OC"'"MO""’_S_._
R’

NY

\
R

T
TN
(§: S

(LXXt)
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/'
o¢ d;/'\\ ?}t é'/ \\ i;;£CL——Ph
o S "~ o T.
R
(LXX1) (LXXH)

complexes (LXXIII) have been prepared by Inglis, Kilner and cowork-
? N5

ers, 204,205 via analogous methods from R'NC(R)NR'L1 (M = Mo,

W; R = Ph, R'" = H, Ph or p-tolyl). Fong and Wilkinson have

discussed reaction (13}, and have prepared the related nl-CHZNMe

v/\n\xe,
(OC)SM\I + NaCp THF (2)

I (13)
. Moﬁ
NCCH A

0C  Me,

tricarbonyl complexes (M = Mo, W) through direct reaction of
Na[(n-Cp)M(Cojs] and Me,ﬁCH,I_. For Mo but not W this complex
loses CO to form (13a) Jpon-hcnting in petroleum ethcf_lsz
Herberhold and Bernhagen have reacted (n—Cp)Cr(CO)S_ with
[EEEQ-XC6H4NEN+]BF4_, (X = OMe, Me, H, F, NOZ) in glacial acetic
acid under nitrogen and have obtained (n-Cp)Cr(CO)2[N=N-C6H4X-£3£3],
in which the ligand functions as a three electron-donating
group.206 The reaction of (n-Cp)Mo(CO)ZCI3 with NaCp in NaBH4/THF
vields (LXX1V) as fairly air-stable, bright yellow crystals,
and in whic?ogproton NMR) the nl-Cp rings do not undergo rapid
1,2-shifts. <"/

The [(n—Cp)M(CO)ZRS]Z dimer (RS bridges, R = R-MeC6H4)
adds CO in THE (but not in non-polar solvents) to yield (n-Cp)M-
(CO)SSR (M = Mo, W). The analogous complexes {R = Me) can also
be obtained via reaction of (n-Cp)M(CO) T and MeSK, and, upon
heating, afford the dimeric species.208 The mechanism of the
reaction with CO is believed to proceed via initial bridge-opening.

Other dimeric species, containing multiple Mo-Mo bonds, have
also received attention. (n-Cp)ZMOZ(CO)é, upon heating, affords
variable yields of (n-Cp)ZMoz(CO)4 (LXXV), which reacts with
PPh3 or P(OMe)3 (L) to afford (n-Cp)(CO)Z(L)Mo-Mo(L)(CO)S(n-Cp),
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and with RCECR* (R = R' = H; R = Ph, R* = H) to yield red
(LXXVI).ZOQ The complex (LXXV) has been shown, by X-ray analysis,
to contain a Mo-Mo triple bond, and reacts with R,S, or I, to
yield (n-Cp)2M02(CO)4I2 or -RZSZ, which may alter;agely be
formulated as containing a Mo=Mo double bond, or, for a "bridged"
structure, no formal Mo-Mo bond.209 (LXXV)} or its (n—MeSCp)
analogue reversibly adds two moles of CO to afford the well-
known [(n-Cp)Mo(CO)SJZ dimer.210

The reaction of (n-Cp)Mo(CO)SX (X = C1, Br, 1) with acety-
lenes has led to the formation of novel (n-Cp)Mo(RCECR),X
complexes (R = Me, CPS) in which the metal formally is two
electrons short of the octadecet. Reaction of PhZC2 with
(n- Cp)Mo(CO) X affords (n- Cp)wo(CO)(PhZCZ)k complexes, as well
as the cyclobutad1ene caoamplex, (n- Cp)Mo(Ph )(CO)" 211 The
electron-deficient (n—Cp)Mo(CFSCECCF3)2X species enter into a -
wide range of reactions, some of which are summarized in (14);"8
Its reaction with potassium tris(pyrazolyl) borate affords (V).3

The co-condensation of cyclopentadiene and Mo 3{2H atoms,
or of cyclopentene with W atoms affords (n-Cp)ZMHZ.“ Use of
2 5:1 ratio of benzene or toluene to cyclopentadiene yields
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[(n-Cp)M(CFSCZCFS)(CNBut)(X)]
M=Mo; X = CF.; M=1W, X = Cl to
A 3 Bu NC

NBut

o
Et,0 l
= (n-Cp)-M-X
t,.
Bu'NC| Et,0 , FsC CEs
But~ CFy
[(n-Cp)M(CFC,CF5),X] Cr (14)
c1

CH, ==CHCH ==CH, | hexane

(n-Cp)M—CO
2N (M = Mo, w;

[(n-Cp)Mo(l,S—n—C4H4)C12] Y™ 5 jcomers
with respect
to diene)

CH2= CHCH =—= CHZ

CH,C1, _
[(n-Cp)M(CO)(PhZCZ)(Cl)]

(n-C6H6)(n-Cp)K-H or (n-C6HSMe)(n-Cp)W-H. Mo or W atoms co-

condegsed with 1,3,5 - cycloheptatriene afford (LXXVII), in which
the n° Ting can be replaced employing refluxing THF/NaCp over

18 hr to yield (n-C,H.)(a-Cp)}Mo.?!?
(n-Cp)ZWH7 in methanol affords (n—Cp)ZW(H)(OMe) and (n-Cp),W-

Ultraviolet irradiation of

{Me) (OMe), postulated to arise via the intermediacy of tungsteno-
AL 1%
cene, a2 transition metal carbene analogue.“la
Reactions of (n-Cp)ZLm, (M = Mo, W) with alikyl- and aryl

derivatives of Li, Mg and Al to afford bis-(n-Cp) complexes

Q

M (LXXwvit)

containing mixed metal-metal bonds have been studied. Thus
reaction of (n-Cp),Mon with MeSAl affords (n~Cp)zMozH3A13Me3,
of a 1:1 mixture of MeMgBr and (n-Cp)ZWHZ, (n~Cp)ZWH2MeMgBr,
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and of (n-Cp),MoH, with BuLi, [(n—Cp)ZMoHLi]4.214 (n-Cp),MCI,

react with the Grignard reagents REMgBr to afford (n-Cp)ZM(L‘R)2
products (M = Mo, W; ER = SeMe, SePh, TePh, TeC6H4Me-E. The
complexes revert to the dichlorides upon treatment with concen-
trated HC1, and stabilities vary Se>Te.215

Reactions of (n-Cp)zMo(O)CI, or (n-indenyI)ZMo(O)Cl2 with
NaNO,, AgNO, and AgNO; in THF afford (n-Cp),Mo(0)(R), or
(n-indcn)’l)zMo(O)(R)2 products (R = NOZ, OoXO, OSOZ), of which
the ONO complexes are least stable, rcarranging to the NO,
isomers upon storage.216 Reactions of (n—Cp)Zlv’(O)Cl7 wit; KR
or AgR in refluxing THF afford (n-Cp),W(O)(R), produgts (R =
CN, XC, XCO, OCN, NCS, SCN), characterized by IR spectra.-l’
The condensation of (n-Cp)- or (n-indenyl)Mo(0)Cl, with phenols
(R(Oﬂ)n, n=1,2; R[OH)n = phenol, c-, E-naphtholj resorcinol,
catechol, phloroglucinol or pyrogallol) resulted in cvolution
of HC1 and formation of (n-Cp)- or (n—C9H7)Mo(O)(02R) and
-(0,R,) complexes, whose properties were studied.Zl$

- %he reversible uptake of (n-Cp),Cr by CO in tolucne to

afford (n—Cp)ZCr(CO) has been studica as a function of tempera-
ture and the equilibrium pressure of CO above the solutions, and
values of &H° (-18.8(5) kcal-mole-l) and 2S° (-60(2) cal'dcg-l—
219 (a-cpy, M,
(M = Cr, Mé, W) react with sodium amalgam in the prescngc OE
CO and hydrogen to afford (n—Cp)(nS—C5H7)M(CO)2 products; teac-
tion of (n-Cp),WCl, with CO at high pressure yields the blue

mole-l) for the process have been determined.

(n-Cp)ZW(CO),, in which W formally possesses 20 valence electrons.z19

The reaction of CpCrClZ-THF with cyclooctatetracne in the
presence of PrlMgBr affords paramagnetic (LXXVIII), fluxional
on the NMR time scale, which can be protonated employing HPF6
to afford (LXXIX), formulated as containing the "homotropylium"

. 2
Ting system.z“o

Complex (LXXIX) can undergo nucleophilic addi-
tion of R (= H , CHS‘) through treatment with LiAlH, or Meli to
give 7-substituted 1,3,5-cyclooctatriene derivatives, (n—Cp)CrI-

¢7-R-1,3,5-c0T) . 220

o) 66

(LXXWVir) (LXX1X)
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Green and coworkers have studied reactions of [(n-CGHG)Mo-
(n~C3HS)C1]2 with cyclopentene in the presence of EtAlClg, which
afford a brown o0il which yields (n-CP)(n-CGHG)Mo upon treatment
with alkaline sodium dithionite, and (n-Cp)(n—Céﬂé)MoC1 upon
reaction with LiCI in methanol. The latter complex can be con-
verted to the iodide analogue through treatment with I.,.221

The synthesis of a variety of (n~arene)M(C0)3 comﬁlcxes and
their simple substitution products has been reported. Thus
Cho and Fernande:z have prepared thermally from the hexacarbenyl
such chromium complexes for (arene) = o, m-, p-phenylenediamine,

-
2,4- and 2,6-diaminotoluene, and N,N - diphenyl-p-phenylenediamine.”

Pannell and coworkers have prepared (photochemically) derivatives
of dibenzo-18-crown-6 (LXXX) in which the ~Cr(CO)3 moieties are
773

attached to one or both arene rtings. In these complexes,

the ability of the crown ether to extract alkali metal salts
into organic solvents is decreased, and, for the disubstituted
ether, the order of selectivity is reversed for Na¥ and K. This
observation is attributed to withdrawal of electron density from
the oxygen crown by the -Cr(CO)3 substituents.223 The photo-
chemical production of (22-cy)M(C0)3 complexes (22-cy = 2,2-
paracyclophane, (LXXXI, M = Cr, Mo, W} has been reported.
Bonding has been discussed on the basis of IR, IH nnr and mass
spectra. The Mo complex, which is the least stable, decomposes
via a first-order rate 1aw.22?  Frauendorfer and coworkers have
prepared tricarbonylchromium derivatives of the six possible

isonmeric forms of dinaphthofuran, one of which, dinaphthe-

22

f2,1-b:1',2*-dJfuran is shown in (LXXXII). For (LXXXII)}, complexes

G
g
0

O

{LXXX1)

{LXXX)

(L XXXI1t)
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in which -Cr(C0); groups are attached to cither or both terminal
f the naphthalene systems were obtained; for the other isomeric

ring o

dinaphthofurans, where it was possible to determine, attachment
is also to the terminal rings; steric factors dictate whether
or not a second —Cr(CO)- w111 bond. The complexes were charac-

g
terized through use of IR H nmr and mass spectral data.z“°

Petukhov have prepared (LXXXIII) through reaction of
(n-CG"G},CTIGH] and (ﬁ-HGCOH_)fT{CG)- it room temperature. The
complex decomposes thermallv to afford Cr(CO)G, (n C )ZCr,
Cr(0Ph), and CH,. %20

A general preparative procedure for synthesis of (n-arene)-
Mo(CO)3 complexes, through which some thirty such complexes,
many previously unreported, have been prepared, involves reaction
of Ej.__s_-(pyridine)sMo(CO)3 and the appropriate arene in the
presence of boron trifluoride etherate at room temperature. This
method is not favored, however, for Cr and W. For this reaction,
where trans-stilbene and 1,4-diphenylbutadiene were the arenes
employed, both mono- and dinuclear products were obtained.

Direct reaction of 1,4-diphenylbutadiene with Mo(CO)6 or W(CO)6

in contrast, leads to formation of the (trans-1,4-diphenylbuta-
diene) 'J(CO)1 complexes bonded through the butadiene functionality.
For tolan, ar unstable w-complex was obtained, but (PhCCPh)-Ho—
(CO) was the main product.zz, This general method has also

been employed to prepare a series of (n—thiophene)Cr(CO)3 com-
plexes. Tris(pyridine)Cr(CO)3 reacts with the appropriate
thiophene l,Z-XYC4HZS (X = OMe, Me, H, Br, COOMe; Y = H and

X = H; Y = OMe, Me, Br, COOMe)} in ethereal boron trifluoride

228

etherate. Ofele and associates have prepared other tricar-

bonyl chromium complexes of heterocyclic ligands, (n—Mespy)Cr-
(CO)3 and (n—2,4,6-Me3py)Cr(C0)3, directly, in boiling dioxane.
The complexes were characterized emploving an X-ray structural
determination, and infrared and proton NMR spectra.229

X

® ()—chwe,

° @ AN

ocj;o
o

Cr

Cr(CO)3

(LXXX1) (LXXXIV)



123

Ligand-exchange of the (n-arene) groups is also developing
as a useful preparative procedure. The complexes (LXXXIV),
(X = VH,, NMes, OMe) have been synthesized through a sealed
tube rsactlon (neat} of (n-C HG)Cr(CO)- with the appropriate
arene. 250 A similar exchange process has been employed for
reaction of (LK\}\) (n = 2,5, R = H, OMe) with 1,2,3-R'R"R>C¢H;
complexes (R R-, R’ given: OMe, H, CO,Me; NMe,, H, CO,Me;
Me, i, NH,; &Hz, Me, H; Me, Me, H). The-key to Ehis prozcdure
lies in s;abili:ation of a carbonium ion adjacent to the com-

plexed ring through use of a tertiary alcoholic function. Reac-
rtral

tions of (LXXXVI a-c) (a: R', R, R® = H, Me, -CH=CHy; b: H, Me,

Ph; c: Me, H, Ph) with 1,2,3-(&*R*R3Cgh3), (rRY, RZ, R = H,

Me, NH, (LXXXVI-a,b); Me, if, Nli,; CO,Me, H, NMe,; OMe, -(CH,)s-
C(0)- (LXXXVI-c), which also utilized this principle, were also

. . 231
carried out.

(LXXXV) (LXXXVE)

Mever and Jaouen have also effected arene-exchange for
(n-arene)Cr(C0)3 complexes containing tertiary alcoholic func-
tionalities (arene = I-Eig-phenyl-l—gggg—tetralol, 1-exo-vinyl-
1-endo-tetralol), and methylphenyl-o-methylbenchotrenylmethanol.
Among the complexes fprepared in 17-86% yield) are those for
which the n-arenc ligands are (those directly prepared for the
firsct time markcd with asterisk): 2-aminotoluene, 3-aminotoluene,
Z-aminoben:oic acid methyl ester, 3-aminobenzoic methyl ester,
2-methoxvaniline, benzoic acid methyl ester, *4-methylbenzal-
dehyde, *i-aminobenzonitrile, 4-methoxyaniline and 3-dimethyla-
minobenzoic acid methyl ester. The lack of asymmetric synthesis
observed {confirmed through reaction of several of the products
with optically-active reagents) supports liberation of Cr(COJ
rather than a bimolecular reaction path.z"2

Also synthesized and investigated have been (h—arene)Cr(CO)3
complexes in which, as a result of the presence of a pendant
olefinic functionality on the arene ring, the arene can function
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as a bidentate chelating ligand. Ring-closure is generally ef-
fected through ultraviolet irradiation of the (n-arene)Cr(CO)3
complex. Thus Nesmeyanov and coworkers have prepared (direct
synthesis) the complexes (LXXXVII-a), which afford the species
(LXXXVII-b)} upon irradiation (X = CH,, OCH,, (CHZ)Z’ (CHZ)S’
(CHZ)4)-233 Trahanovsky and Hall have studied related systems

@x_m=mz _L> ) Q/

@)
Cr CH
o~ é Co S

(LXXXVi)

enmploying proton NMR spectra as the principal diagnostic tool.
The ligands which give dicarbonylchromium chelated complexes
upon irradiation include (LXXXVIII and LXXXIX, points of attach-
ment marked by asterisk), Ph(CHz)nCH=CH2 {(n = 2,3}, PhCD2CHZCH=
Cii,, PhOCH,CH=CH,, PhCH,0CH=CH,. Tricarbonyl complexes which
dia nct en;er in;o ring:closur; upon irradiation include those
in which the (n-arene)} ligands included (XC and XCI) as wcll as
Ph(CH,) CH=CH, (n = 1,1), and PhCH,0COCH=CH,.”>* Iliowell and

L <

LL XXy (LXXKAtX) (XC) (XCt)

Trahanovsky have studied the Lewis base-promoted ring-opening
of the dicarbonvlchromium complex of (LXXXVIII) to afford the
{n-arene)Cr(COY,(L) products.235
to be good w-acceptors ( = RNC (R = Me, But, cyclohexyl). MeC-
(CH,0)3P. As(OMe)S. PF;. P(OMe) 3 and PPh;) was the olefinic group
displaced. For other ligands investigated (MeSN. Py. MeCN.

Only for L which are considered

PhSMe. THF. cvclopentene. MeOH). no displacement was noted at
room temperature over 80 or more hours. These results may be
contrasted to those observed for non-clelating complexes of the
type (n-arene}Cr(CO)Z(n-olefin), in whicb the olefin was readily
displaced by a variety of nucleophiles.z"6 The difference was
attributed to a chelate effect; it was not possible, on the

basis of the study, to distinguish between a ring-opening



mechanism, and one involving nucleophilic attack at Cr.235
The first reported resolution of chromium(0) chiral centers
has been e¢ffected through synthesis of (LCII) through use of
known synthetic procedures from the tricarbonylchromium precursor,
" resolution of the enantiomers, and removal of the CC,Me func-
tionality through LiA1H4/A1C13 reduction, to d§stroy~ring chirality.
Chiral chromium complexes, analogous, but with L = PPh3 or
P(OEt)3 rather than P(OPh)S, were also prepared, although in
lower optical purity.237-238
Other complexes e. g., (XCIII, L = P(OMe)S, P(OEt)S, PMezph,
diphos), synthesized via nitrosylation followed by CO-replacement
by L, and SECIV), also centaining chiral Cr centers, werec not

2
resolved.~ >’

(D)—cosn

The complexes (XCIII) also have been prepared by

(::> COoMe

CHy ¢
Cr //Cr\\ - Q\\
gl - POPh)5 oC \NL o€~ \ “PlOMe),
Ce o P(OEt),
{ XCtt) (XC1t) (XCiV)

Connelly and coworkers via reaction of NOPF wiEh (”'Mcﬁcb)cr‘
(CO)Z(L) (L = PPhg, PMCZPh. P{OPh) 5. P(OH(:)S).‘:'9 The NaBH,
reduction of these complexes gave (XCV), contalning an exo proton.
Reaction of the (q-Mc )Lr(CO) (L) complexes with PhN PF6, in
contrast, affords paramagnetlc [(n Meg C )Cr(CO) (L)] (L = PPhS,
PMeth, PMeZPh), or [(n- Me6C )Cr(COo), (L)] and [(n MQGCG)CT(CO)Z_
(Ph:\'z)]+ (L = P(OMC)S, P(OPh)s). Elegtrouhemical studies reveal+
that oxidation of [(a-MegCc)CT(CO),(L)] to [(n-Me CICr(CO),(L) T
is a reversible, one-step process. An overall mechanism for

the chemical process involving initial nucleophilic attack at
(n-Me )Cr(CO) (L) by NOoY or PhV,*, affording a species which,
for NO, for etample (XCV1), contains the '"bent" NO~ ligand, and
which then dissociates CO, L or NO was discussed. The differing
chemical behavior of x0" and Ph!\'z+ depends upon the greater ease
of one-electron oxidation by Pth+ than by N0+, which results 1in
alteration of relative Cr-N, Cr-C and Cr-L bond-strengths in the
intermediates (XCVI) for the two substituents.239 Connelly and
Johnson have also studied the chemical and electrochemical oxida-
tion of (n—CGMe )Cr(CO) (acetylene) (n = 0,1; acetylene = PhCCPh,
p-MeOC |

6- n n

6 CCC6H OMe-p, prepared via ultraviolet irradiation of
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H{exo)
Meendo) +
Cr Cr——1o
‘TN L
ot N/ P(OPh), o—n"" \ N
o . C o
(@]
(XCV) (XCVv1)
the acetylene and appropriate tricarbonylchromium complex. The

acetylenic complexes are oxidized to the maroon monocations by
N0+, Ag+ or I,, and electrochemical and ESR data for the species
are reported.240

Synthesis of the red selenocarbonyl, (n-C6H5C02Mc)Cr(CO)2-
(CSe) has been effected through reaction of CSe, with (n—C6H5COZ-
Me)}Cr(C0O),(THF). The latter complex was prepared in turn through
uv irradiation of the corresponding tricarbonyl. The complex was
characterized through infrared, Raman and mass spectra; the possi-
bility of a Cr-Se-C linkage cannot be ruled out .24l

The formation of charge-transfer complexes formed between
(n-arene)Cr(CO)3 species and acceptor ligands such as HgC1,
{with (n—C6H6)Cr(CO)3) or maleic anhydride (with (n-C6HSNH2)Cr-
(CO)5) has been studied by Magomedov and coworkers,?4Z while
Lokshin and collaborators have investigated the interaction of
several (n-arcne)M(CO)3 complexes and related species (arene =
CgHg» M = Cr, W; 1,3,5-MesCcHy, Cr, Mo; MecCc, Cr,Sand (n-CgHg) -
Cr(CO)Z(PPhS)) with AlCl3 in benzene and CHZCIZ- Interaction
at both a carbonyl oxygen and the metal atom was observed, and
these infrared studies revealed solvent, structural and electron-
ic influences on the site of interations. Thus, interaction at
the carbonyl ~as favored in benzene vs. CHZCI2 and in the dicar-
bonyl complex vs. the tricarbonyls, but interaction at the metal
was favored by electron-releasing substituents on the arene
ring.243 v
Castellato, Vigato and Vidali have prepared complexes of the
type UOZLZL' through reaction of (n-XCGHS)Cr(CO)3 ( = LH; X =
COOH, COCHZCOCHs) with methanolic sodium hydroxide, followed by
displacement of methanol ( = L') by trecatment with other L* (Me>SO,
PhSPO, BusPOJ. Formulation of the compliexes, analogous both
for the benzoate and benzoyl acetonate products (XCVII) envis-

ions pentagonal bipyramidal geometry about uranium.244



Seyferth and Eschback have prepared the royal blue stable
carbonium ion salt (XCVIII), the first bearing adjacent —Cr(CO)3
groups, from Hg[(n-C6HS)Cr(CO)3]2 (prepared directly from Cr(CO)6
and Ph,Hg). Conversion of the -Hg- functionality to -¢H- invoilved
trcatmgnt with COZ(CO)8 in THF (conversion of -Hg- to -C(0)-),
reduction with NaBH4/MeOH to afford -CH(OH)-, and further reac-
tion with HPF, in acetic acid to afford (XCVIiI). The salt

Cr(CQO3}5

CriCo),

Cr(COj, @

i
(XCVit) Crico) (XCwvil)

aN)-

reacts to form the -CH(OEt)-, —CH(NEtZ)- and -CH(:-C4H
functionalities with ethanol, diethylamine or pyrrole,
respectively, and thus 1s a useful intermediate for the
synthesis of _(,n:arene)Cr(CO)3 complexes containing unusual ring
Substituents-“4> )

Other studies which involve transformation of the arene
function in their carbonylmetal :—compléxcs have also been dis-
cussed. Jaouen and coworkers have studied the influence of
-Cr(CO)ZL substituents on the ease of alkylation of complexed
PhCOMe or PhCHZCOZMe. The activating power decreases in the
order Cr(CO)2CS>Cr(C0)3>Cr(CO)ZP(OPh)3>Cr(C0)2PPh3, with the
last-named moiety protecting the ring substituent from alkyla-
tion. The studies indicate that the appropriate w-complexed
Cr(CO),L moiety can activate, protect or enhance selectivity
of ring substituents to alkylation.246 Semmelhack and co-
workers have found that complexation of Celig to the -Cr(CO)3
moiety increases ring susceptibility to nucleophilic attack.
Thus (n-C6h'6)Cr(CO)3 undergoes "nucleophilic aromatic substitu-
tion for hydride'" through reaction with R (from LiR, BrMgR and
KR). The free arene can be obtained, often in >90 per cent
yield, through treatment of the resulting (n-C6H5R)Cr(C0)3 com-
plex with I, at room temperature.24l
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There is continued interest in the stereochemistry of arenes
bonded to Group VI-B metal tricarbonyls. Besangon and coworkers
have prepared the three stereoisomeric o-substituted glycols,
(XCIX) from (n—g-(CHO)ZC6H4)Cr(CO)3 (via reaction with methylmag-
nesium iodide) and (n-g-(MCOC)ZC6H4)Cr(CO)3 (via reduction with
KBH,) - TEey were identified via chemical derivatization and pro-
ton and IJC NMR spectrescopy. The two corresponding uncomplexed
alcohols were obtained through photochemical decomposition of
the arenetricarbonylchromium complexes. - The observed stereoselec-
tivity for formation of the mixtures of the three benchotrenes
was discussed-248 Jaouen and assoclates have studied the isomer

_H
H\?,Me \? Me\C,H H\?/Me H\C,MeH\?,Me
f | 1
HO ¢ OH HO &, OH OH é‘_ oH
&N <IN I
o- ¢ o ¢ ¢ Co o“ ¢ Co
O (o] O-
meso meso racemic
(XCix)

distribution obtained through the phosphoric-acid cyclization

of (n-C6HSCHCH3CH2COOH)Cr(CQ)3 (a) and (n-C6H5CHZCHCH3COOH)Cr—
(CO)3 (b), which afforded (C), containing CH3 and H bonded to

the carbons labeled 1 and 2, respectively, via NMR. The ob-
served differences were attributed to the proximity of the methyl
group in reaction (a) to the Cr atom.249 Jaouen and Meyer have
also reported the facile syntheses of optically-active 2-sub-
stituted indanones, indanols, tetralones and tetralols via
initial synthesis, resolution into the optically pure forms, and

determination of the absolute configurations of (n-1-indanone)-

) ) O
(T ()
o
Cr
ST /CI‘
<" L e & Do

) C
(@]

(@) Me,H at C’
(b) Me,H at c2
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Cr(co)3 and (n-1-tetralone}Cr(CO)5 (CI-CII). These complexes
have served as starting materials for the stereospecific synthe-
sis of chiral arene complexes, e. g., 2-methyl-1-indanone, 2-
methyl-1-tetralone, cis- and trans-2-methyl-l-indanols, and cis-
and trans-2-methyl-l-tetralols. The arenes are difficult or
impossible to svnthesize by other methods.zso Also reported
have been the stercospecific reduction of various (n-indanone)-
Cr(Co); complexes employing KBH,, which afford exclusively the
(n-ggg_g-l-indanol)Cr(CO)3 species. Prepared in this manner were-
(n—gig-S-mcthyl-gggg-l-indanol)Cr(CO)S, (n-endo-3-methyl-endo-
l-indanol)Cr(CO)S, and the corresponding 2-methyl-1-indanol
‘complcxes.zs1 Boudeville and des Abbaves have studied the alkyl-
ation of (CIII-CV) at the proton shown via MNaH/DMF or phase

transfer catalysis with RX (R = Me, X = I; R = PhCH,, CH,=CHCH,. CHC=

CCHE,.CHZC07HC; X = Br). .The complexaticon of the arenes with the
q o
Oiees 7L O+
T T H O ' CO,Me
CH, ; 2
AN AN /(I:r\
P> ) Ve C
¢ ¢ Co o~ ¢ o o ¢ ©
O O , o
(Cut) (Civ) (CV)

tricarbonylchromium moiety augments the acidity of the protons,
facilitating alkylation, and it is proposed that the rigorously
exo stereochemistry observed for R arises as the result of
intramolecular interactions of the ester functions with the tri-
carbonylchromium groups.252
Miscellaneous physical studies employing (n~arene)Cr(C0)3

complexes have also been reported. Neuse has reported correla-
tions between the substituent parameters Tys Op» ao, Ug and og
with carbonyl stretching force constants, k(CO), for twenty-eight
poly- and mono-ring-substituted (n-arene)Cr(COJ3 complexes. The
results indicate that electronic effects of substituents are both
mesomeric {dominant) and inductive, and that there is appreciable
participation ogsshe ring carbon o-framework in bond formation

>

with the metal. Gubin and coworkers have reported the ioniza-

- . + -
tion constants for C6H5-C6H4OH—Q, and CH-C.H,NH; -8 and their
tricarbonylchromium complexes (metal bonded to unsubstituted
phenyl ring). The tricarbonylchromium complexes were found to

be a stronger acid, and weaker base, respectively, than the
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parent biphenyls. Calculated values of c;, op and Ao, for the
(n-C6H5-)Cr(CO)3 moiety were discussed, as were the effects of
substituents in monosubstituted biphenyls on the relative isomer
distribution observed for the Nicholls-Whiting synthesis of

(n-arcne)Cr(CO)3 complexes.254

Again this year there have been reports of the synthesis and
separation of (n-arene),Cr and related complexes. The chromium
atom co-condensation of-CGH F, m-C6H (CF-)ﬂ, E_CGHI(CF”)’ and
g—C6H (CI)(gg ~) have afforded the corrc>pond1nq (n-arene), Cr
complexes. While these complexes exhibit striking Stablllt\
infrared evidence indicates that Cr-ring bonding is weaker in

(n—E-C6H4(CF3)2)2Cr than in (n-CGHG)ZCr. Direct co-condensation
of Cr atoms and C6H -COOEt affords the expected svmmetrical (n-

6 SCOOEt).,Cr, charactericed, and studied, by mass spectrometry,
differential thermal analysis, infrared and electronic spectra,
polarography and esr.256 The metallation of (n-C6H6]7Cr emploving
butyllithium in N,N,N',X'-tetramethylecthylenediamine, -followcd
by formylation with dimethylformamide has afforded (n-ben:z a'uch)dc),
Cr, and (n-CgHg) (n- benzaldehyde)Cr. 2>’

The separation of mixtures of (n-arenc),Crl complexes by

259
258 and thin layer chromatograph) 239 has

column chromatography
been reported, and a chromatographic system with circulating He
carrier to inhibit decomposition has been employed to separate
the products of synthesis of (n-Pr c6"5) cr at 200°. 260
Brisdon and Griffin have prepared a variety of new complexes
containing the n-allyl ligand. The complexes (n—CSHS)M(CO)Z(L)Z(X)
(M = Mo, W; L2 = dipy, di(2-pyridyl}amine; X=Cl, Br, 1, XNCS,
MeCOZ, CFSCOZ' PhSOZ, E-MeC6
of four preparative procedures: (a) from the hexacarbonyl (M(CO)ﬁ,
allvl bromide and di(2-pyridyl)amine in refluxing THF); (b) from
LZM(CO)4 complexes ((di(Z-p_vrid_vl)amine}.\b(CO)4 and allyl isothio-
cvanate in refluxing THF); (c) anion-exchange ( (n-C H- )Mo(CO)Z-
(dipy) (C1) and NaO, CCF- in acetone at room tcmrcrature), {d)
from the M(CO)J(LZ) anxon> ([Ph p* JIW(CO) - (dxpv)(Br) "3 and
allyl bromide in methanol at room temperature). In these complexes

S0, ) were prepared via one or more

the oxo anions function as O-bonding, unidentate ligands. The
reaction of three-electron donating anions (pentanc-2,4-dienoate,
diethyldithiocarbamate) (= A) and pyridine with these complexes
results in displacement of halide and L2 to afford (n—C3H5)M(CC)2-
(py) (A) products. In contrast, an analogous reaction with the
salicvlaldehyde anion afforded (n-C3HS)Mo(C0)Z(dipy)(sal) in
which sal functions as a monodentate ligand. The complexes were
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2
characterized by infrared and proton NMR spectra."61 The reaction

of (CVI) with solvated electrons (K) affords (CVII), while analo-
gous reaction of the uncomplexed 1,3-dialkyl-1,3-diazabutadiene ’
affords (CVIII); thus the conformation of the reduced species

. - 262
can be fixed a2t will.™ "7

H N s
N\, '.’/'-“,\.< I K*
~ /MO\C &—" PN

H N \ G N N H

1 C .
a O +
(Cvt) (Cvit) (CViit)

Platbrood and Wilputte-Stcinert, in a study of the photo-
chemical reaction of (\'BD)Cr(CO)4 with PPh- which affords, ul-
timately, tran> (PPh ) Cr(C0)4, isolated an intermediate which
evidence ( °c NMR, IR) indicates to be cis-(n- &BD)(PPhJ)Cr(CO)S.
Preliminary photochemical results were also discussed. 265

Ziegler and coworkers have synthesized (n-1-6-7 -But® o H ) -
Mo(CO)~ through reaction of (n- C_d )Mo(CO) X and Bu HgBr or

\a/Bu Br or through treatment of [(1 CoH, )Mo(CO)- ][BF "1 with
264

Bu® MgBr.~ In all cases, the yield was lou The reaction of
(n-C7H7)Fc(CO)3_ and (n-C7H7)M(CO)3’ (M = Cr, Mo, W) affords

7 Shc
(CIX), in which an exo configuration cf H(7) is postulated.“GD

Salzer and Werner have investigated reactions_of (26-C7H8)—
M(CO)3 complexes with a variety of reagcnts.%Gﬁ’ZGl For M = ¥,
reaction of this complex with HC1 affords (13-C7H )K(CO)SCI,
hhlle its reaction with HBF /proplonlc anhydr1de gives
(n -C -H )‘(CO)- , highly sol\ated in solution. 266 This species
react> with Lehls bases (L = PPh-, AsPhs, SbPhg, P(OMe)S, P(OPh) )
to afford (n -CH )h(CO) L , 1solated a> the BE, salts. With
L2 = diphos, thc b1nuclear (dxphos)[(n C H )h(CO) ]2 is ob-
tained. These first cycloheptadlenyltungsten complexes were
characterized by infrared and 14 xMR spectroscop’y.266 Reaction
of (n® -C7Hg)Mo(CO) 5 with HBE, or HC1 affords analogous (n”-C,Hg)-
Mo(CO)- cations; however, further reaction with triphenylphosphine
results in nucleophilic addition of PPh; at the ring with expul-
sion of the [Mo(CO) ] moiety to afford the phosphonium salt (CX),
characterized by 1t5 proton-decoupled 13C NMR Spectrum."67

These results may be compared to those of Isaacs and Graham,
and Hackett and Jaouen269 in studies of the (n-C7H7)M(C0)3+ cations

in their reactions with Lewis bases. For M = Mo, the (n-C7H7)Mo-

268
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(CiX) (CX)

(€0} ,(1L)" cations (L = P(OPh)5, PPhy, PPh,Me, PPhMe,, AsPh:),

isolated as the PF6 salts, are produced. These can be reduced
to the neutral (n -C Hs)Mo(CO) (L) species upon treatment with
NaBti,.%®% Similar reactions of [(n-C,H,)Cr(C0);*1 BF,™ with L
(= PEt2
(CXI1), in which the PR; group is exo. The contrasting behavior

of Cr and Mo was attributed to a more electrophilic ring systenm
269

Ph, PBuJ), and, partially (equxlxbratlon) nlth PPh3 affords

for Cr (see, however, ref. 305). The convenient synthesis of
(n—C7H7)Mo(CO)Z(MR3) complexes (M = Si, R = Cl; M = Ge, R = C1,
F, Ph; M = Sn, R = Cl1, Ph) through Na/Hg reduction of (n—C7H7)-
Mo(CO)Z(Cl) in THF to afford the (n—C7H7)Mo(CO)2- anions, and
further treatment with PhsMCI (M = Ge, Sn), or direct reaction
of HSiCl-, in the presence of NEtS, or of HGeCl3 or SnCl2 with
(n- C H., )Mo(CO) C! has been described. The fluoro complex was
-obtalned through treatment of (n- C7H7)M0(CO) (GeCl- ) with AgBR4.
M. L. H. Green and coworkers have studied the sandu1ch

complexes [(n-C7H7)Mo(n—arene)+]PF6', which undergo displacement

of the arene group and which thus provide a convenient entree into

70

the synthesis of a variety of new complexes. Prepared were
[(n—C7H7)(n-C6HSR)Mo+] PF,” (R = H, Me), from [(n-C,H; )Mo (n-CHz-
CH=CH,]}C1],. The arene substituent in the products can be dis-
placed by L ( = MeCN, PPhMeZ, PPhZMe) to afford [(n-C7H7)MoL3+]—
PF species. One of these reacts, in turn, with CO to produce
n C. - )LkﬂPPh M9£C0) 3 PF6 . Treatment of [(n-C7H7)(n-C6H5R)-
Mo 1 PF with anions resulted in displacement of the arene, or
attack at the arene ligand. Thus, the reaction of this complex
with BH, " afforded {(n-C H7)(nS-C6 H,)Mo], with sodium acetylace-
tonate and PPh- yielded [(n-C H7)M0(PPh3)(acac)], and with ethanol
or methanol gave [(n-C, H7) MoZ(OR)- ] PF . The reaction to give
(n- C7H7)M0(PPh3)(acac) is reversible, and thus [(n-C7H7)(n-arene)-
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Mo+] products (arene = C6H6, I,S,S—MeSCGHS) are obtained through

its treatment with the appropriate arene.271

R3P

(CXt)

Metal-alkyl, -aryl and -hydride complexes. Hydrido, alkyl

and aryl organometallic species are discussed in several places
within this survey, where more . appropriate. Other studies have
also been reported. Casey and coworkers have reported the
formation of vellow Et4N*[H(CO)5R'] complexes formed eitlier
through reaction of Et4N+[W(CO)SBr'] with RL1 complexes in THF
(R = Me, Ph, PhCH,) or through photolysis of Et4N+[W(CO)5COR-]
complexes (R = Me, PhCH,, p-xylyl). Reaction of the methyl and
phenyl complexes with b;ses (L = COo, PPhS) affords the carbonyl
insertion products, Eii-W(CO)4(L)(C0R); for R = PhCHZ, no in-
sertion products were formed. 272 Casey's group has also effected
the direct methyl transfer from Mo to W through reaction of
(n-Cp)Mo(CO)sMe and (n—Cp)W(CO)S-; the methyl in (n—Cp)M(CO)SMe
(M = Mo, W)} can also be transferred to Fe through reaction with
(a-Cp)Fe(CO),”, though not with Ma(CO)g  or Re(C0) . %73

The photochemical reaction of (n-Cp)ZWHZ with p-xylene or
mesitylene affords (IX),274 the structure of which was determined
through an X-ray crystallographic study.46

A number of groups have studied RnM-basem complexes. Reac-
tion of tribenzylboron and NCl6 affords unstable CISWCHzph,
which adds dipy to produce CISWCHZPh-dipy.275 Reaction of WCl,-
2THF with dibenzylmagnesium yields diamagnetic red-brown W(CHZPh)4,
characterized through use of IR and proton NMR spectra. Thermal
decomposition of the species, which also adds dipy to afford
W(CH,Ph) ,-dipy has been studied.?”> Reaction of MoCLy(THF);
with [Li(CHZ)ZpMeZJX' oT ofIIi.i4M02Me3 with Me4P Cl affords
diamagnetic, orange-red Mo, [(CHZJZPMe2]4, in which bo?ding
probably is best represented by (CXII) or (CXI11I). The "H and
31p NMR, IR and mass spectra of the product have been reported.z76
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Miller and Holzinger have reported synthesis of unusually-
stable brown-red, hydrolysis-resistant, pyrophoric, paramagnetic
(2 unpaired electrons) tetraisopropylchromium through reaction
of CrCl3 with PrngBr. Unstable Cr(Prl)3 is proposed as a
reaction intermediate. Enhanced product yields under ultra-
violet irradiation of reaction solutions. suggest the inter-
mediacy of free radicals.277 Reactlon of hCl with trimethylal-
uminum in petroleum ether at -70% affords the explosive278

The stabilization of alkyl complexes containing bases has
been a subject of interest. Phenyldiphenyltriazenechromium(III)
complexes, PhZCr(NSPhZ)-ZTHF, PhCr(NSPh2)2~THF, as well as
Cr(NSth)3 and the adduct PhZCr(NSPhZ}(dipy) have been prepared.
The title complexes were prepared through reaction of triphenyl-
chromium and §—HN3Ph2, with elimination of benzene. The thermal
and hydrolytic stability of the red-brown, paramagnetic complexes
is strongly enhanced by the presence of the diphenyltriazene
ligands, which probably function as chelating ligands, as shown
in (cxrv).280

Diarylchromium{II) phosphine complexes have been studied by
Seidel and Stoll. These complexes, Cr(R)Z-ZPR3 were obtained
through reaction of (Z,4,6—Me3C HZ),Cr-(THF)3 and PR3 in THF
(PR3 = PEtS, PEtZPh) (Cr(2,4,6- Me3 2)Z-ZPRS-STHF), through
reaction of Li,CrPh,-4THF, PEtg and HCl in hexane (CrPh,-2PEt3),
or through reaction of CrClZ, PEt- and CH. C6H Li in hexane/fether
(Cr(Z-MeC6H4)2-ZPEt3}. The brown-to golden-yellow, paramagnetic
(4 unpaired electrons) species are formulated as trans planar
MONOMET1C complexes.281

New alkylchromium complexes have been prepared at below
-30° through base-exchange reactions of RCrClZ(THF)3.282 The
new species have the general formula RCrClZ(base)n (R = Me, Et):
{(n = 2, base = 2-methylpyridine, R = Me; n = 3, base = 3-Mepy,
4-Mepy, R = Me, Et; n = 4, base = HZNPri, R = Me). Base-exchange
reactions were also carried out with H VC6 11° piperidine, PFt3
and PBu" 3 but these led to the formation of ill-defined pro-
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ducts and/or Cr-R bond-cleavage. Thermelysis data were taken
to determine the relative stabilities of these complexes, and
the electronic and steric basis of the observed stabilities was
< 282
discussed.
Conmplexes of the tvpe R.Cr(bidentate Schiff ba
RfCr(tctradcntatc Schiff base)-py (R = Mef, Etf, Pr £’ b
Schiff base = sal p-tol (CXV). sal-X-n-C,H sal, acac:

1o ;
tetradentate Schiff base = salen (CXVI) sal-phen, acen, bzac)

exhibiting appreciable solid-state and solution stability

have been synthesized through rcaction of RfCrC12(NCCH3)3 with the
Schiff base, followed by crystallization from ethanol/pyridine.
The electronic spectra and detailed magnetic susceptibility data
are given. The temperaturce-dependence of the latter may be inter-
preted in terms of a weak antiferromagnetic exchange for a
weakly-coupled linear chain model, or, for monomeric species,

in terms of an in-plane chelate iigand and strong Rf—Cr out-of-
plane bonding. Values of 10 Dq were determined from electronic

phpped
spcctra.'SJ
N
PRn—N7" | XN—PRD
v CH
Cr 3
N-p- tolyisalicytaldiminato (1-)
(sal-N-p-tot)
(CXiv) {CXV)
o) o

~C==N—CH, CH,N=C]

MN,N‘-ethylenebis (salicylatdiminato) (2-)
(salen)

(CXVi)

Metal-metal bonded complexes. Many of the metal-metal-bonded
species reported this year have been discussed in the Sections
on "simple' substitution products and complexes containing (n-Cp)
or other ring systems. Several references have discussed modi-
fied procedures of synthesis of known metal-metal bonded species.
Thus Ellis and Flom report the preparation of Mz(CO)loz' ions
(M = Cr, Mo, W) through reduction of the hexcarbonyls with Na/K
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in T!{F.l81 It has been reported that these anions can also be
prepared through use of CgK/THF or, for M = Cr, electrochemically
(Hg electrode in DMF). 284 For the latter a proposed mechanism
cnvisions the electrochemical formation of Cr(CO)s" which then
reacts with Cr(CO) and H,0 to afford, ultimately, the observed

products. Reaction stoichiometry 15,28S

ICr(C0) + Hy0 + 4e” » Cry(C0) %" + HCr,(CO), o™ + 4CO + OH™ (15)
Reaction of Mo(CO)6 with SiI4, or of h’(CO)6 with Hglz or
HgZI2 affords [(OC)4MI]2 (M = Mo, W), characterized by infrared
and mass spectra, and magnetic susceptibility measurements
(diamagnetic)_61 For M = Mo, the structure of the complex,
containing I bridges and a metal-metal bond, has becen given.
Flash photolysis of (OC)SM'~M(CO)3(n-Cp) (M = Mo, W; M’
= Mn, Re) affords M'Z(CO)10 and [(n-Cp)M(CO)S]Z- In CCI4 the
nroducts obtained are M'(CO)SCI and (n-Cp)M(CO)SCI- The elec-
tronic spectra are interpreted in terms of an accessible o*
orbital with respect to the M'-M bond; thus the observed homoly-

2
tic cleavage, Quantum yields were givcn.'86

Nitrosyl complexes. Complexes containing the nitrosyl

ligand continue to merit interest. Isaacs and Graham have in-
vestigated reactions of Et [R M* M(CO)5 ] complexes (M = Mo,
RDM' = PhJGe Me . Sn, Ph. Sn, Ph. Pb' M = W, RDM' = PhJSL, Ph,MeSi,

PhSGe, PhSSn MeSSn, Ph. Pb) hlth ~o* PF6 to afford yellow-to-
orange trans- R3M M(C0)4NO products. Reactions of Xssnh’(COJ5

(X = C1, Br) with xo” in CHZCI2 afford XW(CO)4NO species. The
complexes were characterized by infrared and mass spectra, and
bonding trends in the isocelectronic series, MezSnW(CO)S-,
“g-th(CO\ NO, HeSSch(CO)S were discpssed.“36 Legzdins and
Mal1to have studied the utility of NOCl as a nitrosylating agent.
Reaction of NOC1l with the (n-Cp)M(CO)S_ anions (M = Cr, Mo, W),
and with H(CO)SCI result in replacement of one carbonyl and the
formation of neutral products, (n-Cp)M(CO)Z(NOJ, green to gold,
and W(C0),(NO) (C1).%87 Reactions of the neutral (n-CpYM(CO) , (NO)
with NOC1 afford the non-carbonyl-containing (n—Cp)H(NO)Z(Cl)-
(M = Cr, Mo, W). The identity of the products was confirmed by
elemental analysis, and infrared and mass spectral measurements.
(n- Cp)M(CO) (NO) reacts at -78° w1th \OPF to give the green,
reactive [(n Cp)M(CO)(NO)2 ]PF products, which react with Lewis
bases, L ( = PPhS, AsPhS, SbPhS, P(OMe)s, P(OPh)s)_tc give green

287
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[(n-Cp)M(NO)zL*Jppé‘ products, and with halides (X = C1~, Br ,
I") to give the neutral (n-Cp)M(NO),X products.>SS (n-Cp)Mo(CO),-
(NO) fails to react with PF- or Snals_ under ultravioliet irra- -
diation. 289 Reacticn of h(CO)6 with NOC: affords the polymeric
[(w(NO),C1, 1, which reacts with Lewis bases to afford W(NO),C1,L,
(L = PPhg, P(OPh)) 9% Reaction of (n-Cp}Mo(CO),(NO) with
(CXVII. (L)) affords the diasteroisomeric pair, (n-Cp)}Mo(CQ)(XO)(L)
in about ecqual amounts, which was separated by preparative lig-
uid chromatography or several fractional crystallizations. The
ccordinated aminophosphine, L, in these complexes can be trans-
formed into the corresponding methoxyphosphine through successive
reactions with HCl and CH OH.Z

(r-Cr)H(VO),Cl (M = Cr, Mo, W) can be alkylated by R3A1 or
R,AlH in benzene to afford the green (n- Cp)ﬂ(\O) R (M = Cr, Mo,
h; R = Ph, Me, Et, Bu ), characterized by 1nfrared proton NMR
and mass spectra. The dimeric [('\-Cp)Cr(\'O) ]., can be conveniently
prepared through zinc amalgam reduction of (n- CD)Cr(\O) Cl in
THE. 292

Hoch, Sasse and Ziegler have reduced (n-Cp)Cr(NO),Cl employing
.\'aBH4 in methanol/benzene, and have obtained ruby red,-[(n-Cp)Cr—
(NO)(NHZ)]Z, containing amido bridges. The same reaction carried
out in the presence of water affords the di-u-hydroxo complex,
[(n-Cp)Cr(NO)(OH)]2-2H20, which loses water in a stepwise fashion
when heated under vacuum. The complexes have been characterized
employing IR, proton NMR and mass spectral data.293

McCleverty and coworkers have prepared [(n—Cp)Mo(;\’O)(x)(I)]2
through reaction of (Cp)ZMo(NO)I with HX (X = C1, Br, 1, SMe,
SCMes, SPh); cyclopentadiene was an additional product. Reacticn
of (Cp)zMo(NO)I with RCOZH (R = H, Me, Et) affords (n-Cp)Mo(NO)-
(OZCR)(I). The results indicate that thke substrate in solution
is, in fact (c-Cp)(n-Cp)Mc(NO)(I). Reaction of Cp,Mo(VO)I and
[(n-Cp)Mo(NO)}X,], (X = Br, I} with Ph\H\H, and R V'h, (R = Me,
Et) afford a v;r;ety of mono- and dinuclear products, containing
halide and/or hydra:zide bridges.zg4 The products of certain of
these reactions have been further studied. The reaction of
[(n-Cp)Mo(NO)X,1, (X = C1, Br, I) with RIR%NNH, (R! = % = me,
Et; R1 = Me, Rz = Ph) afforded products formulated as (CXVIII)
on the basis of an X-ray structural determination (AS, Structure
of Organo-Transition Metal Complexes 1974/89).295 (n-Cp) ;Mo (NO) I
reacted with HeZNNHz to afford first the complex containiné a
c-bonded hydrazide, (n—Cp)Mo(NO)(I)NHNMeZ, which upon heating
in CHC1, also afforded (CXVIII}. [(n-Cp)Mo(NO)Iz]Z reacted with
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PhNHNH., to afford the Lewis base adduct (n-Cp)Mo(NO)(I)Z(NHZNHPh),
which further produced a complex formulated as [(n-Cp)}Mo(NO) (I)-
(SZHPh)]Z, containing terminal iodides and hydrazide bridges.

The complex analogous to (CXVIII) with r! = H, R® = Ph can be
protonated with HBF,/CH,Cl, to vield g complex (CXIX), as deter-
mined through an X-ray investigation.” These results led to
Q
o R
Me / // \\ // 4
Ve
C—H ,/N——Mo——No Mo..,.
~N / = T NHPh
/ Ph Mo - N '._/
Ph,P—N N\ O un
\ &N O z
Me
(cxvi) (Cxwvt) {CXIX)

a detailed Fourier-transform proton NMR study of the non-protonated
precursor, and its reformulation as polymeric, [(n-Cp)Mo(NQ)(I)-
(NHNHPh)]n.296 )

An ESR study of Cr(CN)SNOJ- in mixed water-glvcol and

water-glycerine solutions has been reported.zgl

Kinetic and Mechanistic Studies

Black and Braterman have cited evidence against the existence
of a trigonal bipyramidal Cr(CO)s fragment formed from the
hexacarbonyl, as reported by Kundig and Ozin. The available
data support the greater stability of a square-pyramidal fragment.
299 and Nasielski, Vermeulen and

298

Both Ewen and Darensbourg
Lecmpnel°00 have considered anomalies observed in rates of
reaction of primary and/or secondary amine-containing-Group VI-B

metal pentacarbonyls; e. g.,

(amine)M(CO)s + PPhs-——————————O- PhSPM(CO)5 + amine (16)

The latter workers have implicated triphenylphosphine oxide as
a cause of irreproducible results for (16); the former have
presented spectroscopic evidence for the formation of hydrogen-
bonded RBPO--HNRZM(CO)S species and have presented strong evi-
dence for the operation of mechanism (17) in reactions (16)
containing primary or secondary amines:



439

K
M(CO) SNHR', + R",PO =1~ M(CO) sR’ ,NH:OPR";

- rapid
PR k \\kk
5 2 1 -1
\ (17)

M(CO) SPR; <—pF—Fast [M(C0) ]

Majunke, Leibfritz, Mack and tom Dieck have studied the in-
corporation of 13CO into glvoxalbis(arvlimine)tetracarbonyvlmetal
complexes. Scheme (18) outllne< the observed intercoanversions,
Studies of the axial-equatorial >co exchange were carried out
emrploying 13C NMR spectroscopy at -50° to 30°. It is proposed
that the intramolecular process 18-A takes place from distorted

octahedral ground states of the substrates through a trigonal

prismatic transition state.snl
CH -
c” 0
R N R *C
uf.\\:!’/co xco, 20° H ,.\\‘l/co
1N n-hexane ~ TN
n-=y” ¢ €0 - w7 ¢ o
R O R O
*co,
20° n-hexane >< 12
co (18)
|
Y

o
R C
H N co
M AV 1‘,CO
H \N/l co e
R M(CO)
o : K —

(M = Mo, R = Bu', p-tolyl, o-tolyl, 2,6-dimethylphenyl
2,4,6-triisopropylphenyl; M = Cr, W:R = 2,6-dimethylphenyl)

McKerley, Faber and Dobson, in a reinvestigation of the kine-
tics and mechanism of (19) have presented evidence that the data

- 302
are best encompassed within overall mechanism (20).30

References p_ 468



=
+
~~
o
[N
o
&
(-
0
)
~
Q
—?
>
+
Ll
o
0
|
~
a,
N
<
-
Nt
~
=
()
9]
~
~
(@)
=)
Nt
+
[}
=]
~—~
[
\'+)
[

N k, I\
Cr(CO0), =m————> [:X N-Cr(c0);]
Lx/ r( “* k-l J
k, |-co k, | L]
N \
[ [: _crco)5] ¥ N-Cr(co);(L) (20)
N i
fast | + L kg | -
4
¥ N
[: Cr(Co) (L) <—Last [[: ~Cr(ca);1
" } N

L

Cennor and coworkers have studied the kinetics and mechanism
of ring-closure in (bidentate _{igand)M(CO)5 complexes to afford
(chelate)M(CO), species.1?®:187 For (R,PC,H PR,IM(CO) substrates
(R = cyclo-C6H11, Ph, Me; M = Cr, Mo, W), activation parameters
for ring-closure to afford (RZPC3H4PRZ)M(CO)4, together with
observed steric acceleration in the series of bidentate ligands
both support a predominantly dissociative mechanism for ring-
closure-107 In contrast the analogous studies of ring-closure
in (RSC2H4SR)E-!(C0)5 (R = R-XC6H4; X = H, Me, OMe, NMe,, But;

M = Cr, Mo) support a significant associative contribution to
the process. Thus it was observed that the rate of ring-closure
increased with increased electron-donation by X, but decreased

with greater steric demands imposed by the bidentate ligand.106

Chipperfield, Ford, Havter and h'ebstersos’so4 have completed
kinetics investigations of the cleavage of Sn-M bonds in MeSSn-M—
(CO)S(n-Cp) (M = Cr, Mo, W), to afford MeSSnI and IM(CO)S(n—Cp)
fcarbon tetrachloride solution). Results indicate the reactions
to proceed via initial formation of a charge-transfer complex and
an intermediate before product formation (21); the process thus
is evisioned as an electrophilic cleavage of the metal-metal

bond. Spectrophotometric evidence for the formation of the
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intermediate was cobtained for M = Cr.304
Me . Sn-M(CC) 5(n-Cp) Me;SnI + IM(CO);(n-Cp)
Jtlv (21)
I s- )
[ Tert (o) s(n-Cp) 1 e [Int]
Me_Sn
>

The mechanism of nucleophilic addition to tricarbonyl-
(n-tropylium) cations of the Group VI-B metals e. g., (22) has
been studied by Al-Kathumi and Kane—Maguire.30 The reactions
obey second-order kinetics, and the insensitivity of rate to the
identity of the metal (Cr, Mo or W) suggests ring-attack, although
addition of MeO to a carbonyl carbon in the initial step cannot
be ruled out. The data are inconsistent with the conclusion of
Hackett and Jaouen~®° that the tropylium ring is more electro-
philic in the Cr complex than for Mo. Their results may alter-
nately be interpreted as reflecting the greater susceptibility

of attack at Mo than at Cr.305
H OCH3
[(n-C,H,)M(CO)51BF, + Ome™ 220 (22)

(also, acetylacetone; C,H4C1,
solvent) - =

M(CO)3

Kleinberg and co-workers studied the kinetics of (23) em-
ploying NMR spectroscopy and have found the reaction to be
first-order in (n—Cp),WHz, although the order with respect to
PhCCl3 could not be détermined. A free-radical chain mechanism
was implicated. It was also found that when 3,4-dichlorobenzo-
trichloride was employed, the rate was accelerated appreciabl_v.306

(n-Cp),WH, + 2 PhCCly glyme (n-Cp),KC1, + 2 PhCHCI, (23)

The kinetics of the thermal decomposition of Cr(CO)GJO' and
of various (n-arene),Cr complexes,J and of the reaction of 02
with the latter (M = Cr, Mo)"09 have been studied by Soviet workers.

Decomposition of Cr(CO)6 at temperatures from 125° - 445° pro-
ceeds via four steps, for two of which activation energies have
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been determined.307
(n~C6H6)(n-EtC6H5)Cr, (n-EtCGHS),Cr and (n-EtC6H5)(n-Et,C6H4)Cr

The thermal decomposition of (n—C6H6)2Cr,

has been studied by both statistical and flow methods, which give
results in good agreement. The decomposition is preceeded by

. - 308 .
adsorption of the substrates on the reaction surface. Reactien

of oxygen with (n-C6H6)ZCr, (n-EtC6H5)2Cr, (n-cunene),Cr,

(n-p-xylene),Cr, (n—EtCGHS)(n-EtZC6H4)Cr, (n-EtCGHS)(n-Et2C6H4)Mo,

(n-Et3C6H4)2Mo and (n-EtCGHS)ZMo proceeds via a second-order

rate law. Activation parameters have been determined, and rates

interpreted in terms of the effective electronegativities of

the metal atoms.309
Nohr and Espenson have studied the acidolysis and oxidative

~ cleavage of benzylchromium2+ cations in aqueous perchloric acid,

* which proceed according to (23)

2+ aq. 3+ -
[(HZO)SchHZPh] cIo4 > Cr(H,0)4 + C6H5CH3 (23)

= - -
Oxidizing agents employed included Fe ", cu-", Co(NH3)5C1'+,

. 2+ 310
CO(AHS)SBr R 02 and HZOZ‘
terpreted in terms of unimolecular homolysis of the Cr-C bond

The first-order results were in-

followed by rapid oxidation.

Catalysis and Polymerization

Again this year there has been great interest in the use of
Group VI-B metal carbonyls and derivatives in catalytic systems

which promote olefin metathesis, (e. g., Eq. 25). Both Agapiou
and McNeIisJ]] and Krausz, Garnier and Dubois®** independently
R-CH=CHR®" - RCH=CHR + R*Cil=CHR" ’ ﬁZS)

reported that photolysis of \‘:'(CD)6 in CCl4 afferds an olefin
metathesls catalyst which does not require a co-catalyst. The
first-named workers 2lso found that (n-mesity_l_ene)h’(CO)3 and
(CHCN}W(CO) g were active to a lesser extent.>!! Krausz and _
coworkers presumed N(CO)SCI to be the active catalytic agent,"12
but Agapiou and McNelis, through independent synthesis and in-
frared spectra of reaction solutiong,ghowed W(C0)4C12 to be
present in the catalytic solutions-°1°

Metal carbonyl solutions containing co-catalysts have also
been subject of attention as catalysts for olefin metathesis.

w(CO)sNCCHSIEtAICIZ, W(CO)SNCCH3/A1C13 in benzene-hexane, and
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W(CO)O/Et;\ICI2 under ultraviolet irradiation have been found to
be active metathesis catalysts. Ag unstable h‘(CO)5 species was
proposcd to be the active species.:'14 The systems W(CO)SL/-
Ets\lClzlo2 and W(CO)SL/:’\ICI3 (L = Co, PPhS, P(E‘B“)s» P(OPh)S)
also exhibit olefin metathetical catalytic activity. Infrared
evidence indicates that activation of the metal carbonvl occurs
through interaction of the Al-containing co-cataivsts with the
carbonyl oxygen trans to L.315
Mortreux and Blanchard have found that phenol and resorcinol
function as co-cutalzs;s to Mo((‘.o)6 in the metathesis of di-
substituted alkyncs.alh This observation points to the importance
of the -OH function in the activation of the catalyst in hetero-
genecous catalysis. Heterogeneous catalytic syvstems containing
Mo(CO)6 have been studied in detail by Burwell and Brenner.317’318
Mo(CO)6 adsorbed on ‘:‘-AIZO3 affords metal carbonyl fragments
attached to the support, probably by -OH-metal interactions.
Evidence indicates that species of the types (supporE):Mc(CO)s,
(Support)-Mo(CO)4 and (support)—Mo(CO)3 are present.b The

catalytic activity of the latter in the metathesis of propvlene
518

17

has been demonstrated.

At high temperatures, addition of O,
affords (support)-Mo(C0),(0,) and (support)—.‘-loI

I species, which

exhibit substantial catalytic activity. 1In the latter hetero-
geneous catalytic system, it is likely that support oxvgen is
318

coordinated to molybdenum.
In contrast to some of the preceding results, which seemingly

indicate several possible catalytic species to be active in

olefin metathesis, Basset, Bihou, Mutin and Theolier have studied

homogchcous olefin metathesis catalysts of tungsten in which the

metal complex exhibits a variety of degrees of substitution,

types of substituents, stereochemical arrangements and oxidation

states, and for which various cocatalysts are emploved. For

all homogeneous systems, catalytic results (cis-2-pentene catalysis;

ratios of trams- to cis-butenes and -hexenes) were similar,

seemingly implicating the same catalytic species in each cataly-

tic system. In contrast, heterogenous catalytic systems em-

ploving a Y—A1203 support give different results; thus the sur-

face imposes an influence on the steric course of methathesis.’19
Howe studied the ESR spectra of various heterogenecous cata-

lvtic systems (silica support), MOZ(CHSCOZ)d’ MZ(CHZSiMeS)6

(M = Mo, W), W£C0)6, WMeG, Cr(CO)6 and Cr(CHZCMeS)d, at elevated

temperatures."20 For the Mo systems, signals attributable to

square pyramidal Mov (and to 02- derived from interaction of 02
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with tetrahedral Mov) were observed. These results support a
common active site, but one of undc¢termined nature, in the cata-
lysts themselves. For W, the metal atom in the active catalyst
probably has the same oxidation state as it does 1n the Mo
catalysts. Spectra observed for the Cr systems closely resemble

those for supported Cr catalysts obtained through the reduction

II III 320

of Cr203, or impregnation of silica wjth Cr or Cr solutions.’
The kinetics for disproportionation of propylene over (n—C3H5)4M0/—
SiO2 indicated that~goo{dinativcly—unsaturated M04+ ions werce

the active (:enters.""l’,:'22

Phh'CI3 has also been found to be an active olefin metathesis
catalyst.323> Addition of AIClj increases the activity, while
€O increases the activity still further. Among tungsten carbonyl
species found in the presence of CO, W(CO)6 was identified in
the reaction solution.

Wolovsky and Nir have demonstrated that the WC16/EtA1C12
catalytic system for olefin metathesis is a true homogeneous
system.324 Menapace and coworkers have found that the metathesis
of 2-pentcnes is sensitive to the order in which the components
of NC16/Et3A12C13/PhNH2 were added. At Al/W ratios > 3, dimeri-
zation, rather than metathesis, is the dominant process for
terminal olefins (propylene). For 2-pentenes, no dimerization
is observed at high Al/W ratios, suggesting thc catalyst to
allow coordination of terminal but not internal olefins in the
dimerization process. A possible mechanism is presented.szS

The metathesis of 2-pentene employing MoCl,(NO),, MoCl,-
(NCEt), and MoC1,(N0),(OPPhs), with varying ratios of the cocata-
lysts ETAICI,, LiBu” or AlBry has been studied by Taube and
Seyferth,bzﬁ
solutions through studies of the u(NO) region of the IR spectra
(1200-2000 cm 1).

Studies of the polymerization of olefins employing Group

who have also probed the nature of the catalytic

VI-B organometallic catalysts have been of continuing- interest.
Among the catalytic systems studied have been methyl methacrylate/-
(n—allyl)sMo + pyridine, which probably functions by an anionic

27

mechanism,” and ethylene/(n-allyl)SCr + source of active

2
hydrogen, e. g., organic acids, alcohols or ;--z;l:e:-.“"8

A number
of investigations employing n-allyl-Group VI-B metal catalysts
on various support materials in heterogeneous catalysis have
also been reported. Ermakov and coworkers have found that buta-
diene polymerization Ey (n—allyl)ZCr depends upon the nature of

the catalyst support.’ Karol and Johnson have prepared catalysts
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for the polymerization of ethylene through deposition of chromo-
cene, (n—benzene)2Cr, (n—cumene)ECr, (n-allyl)ZCr or (n-allyl)SCr
on high surface area silica-alumina or silica supports. Here
too, catalytic activity was found to vary with the nature of the
support; for (n-cumene),Cr,differences in catalytic activity

were also noted upon adaition of cyclopentadiene. The observed
order of activity was chromocene/siiica > chromocene/silica-_
alumina > (n-arene)2Cr/silica-alumina > (n-allyl)nCr/silica.Jso
Interaction of (n-nllyl)BCr with the OH groups of silica gel
leads to the evolution of propvlene, and the formation of an
active polymerization catalyst for ethylene.331 The nature of
such catalysis has also been studied. Demin and coworkers have
also determined that such processes are first order with respect
to monomer, and have calculated an activation energy of 5 + 1
kcal/mele and other characteristics of the reaction employing
radioactive quenching techniques.332 Tris(n-allyl)Cr and bis-
(n-all§l)(butoxy)Cr on silica/alumina promote the homo- and copoly-
merization of butadiene and isoprene; the stereospecificity

and reactivity ratios were the same for both catalysts, and for
Crzos- A living chain mechanism was envisioned for tﬁg_process,
and theé nature of the species involved was discussed.”??

Very similar results were also discussed by the same
- 3313
group in another rcport.”

(n-Cp) ,Cr supported by silica or
SiO,/.—\l._.O3 has been employed as a catalyst for the polymerization
of ethylene, and the conditions under which polvmers of various

molecular weights could be prepared emploving this catalytic system

were studicd.335

(Q-Allyl)dMo/silica catalysts have been feound to exhibit
differing catalytic behavior, depending upon the oxidation or
reduction of the silica. The reduced catalyst, which contains
M02+, is an extremely active catalyst for the hydrogenation of
ethylene, while the oxidized catalyst, containing Mot surface
species is active in the catalytic oxidation of hydrogen at
temperatures as low as 100° ¢.3%% pr-Mo and Pd-Mo heterogeneous
catalysts, prepared through deposition of n-allyl complexes of
Mo, Pd and Pt on silica support have also been reported;"37
Japanese patent describes the prgparation of Crz(n-ally1)4, an
olefin polymerization catalyst.3:’s The observed thermal desorp-
tion of CH2=CHMe from CrZO3 or H003/A103 and by (n—ally1)4Mo from
silica were taken to indicate that symmetrical n-allyl and asym-
metrical c-allyl complexes were intermediates in the metal
oxide catalysis of CH,=CHMe to CHp=CHCHO.339
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The use of (n-arene)Cr(CO)3 complexes as catalysts in thg
selective hydrogenation of olefins, including vegetable oils,°40
has received attention. Cais and coworkers have found that
(n—arene)Cr(Co)3 complexes of condensed aromatics such as
phenanthrene, naphthalene and anthracene are considerably more
active in this regard than are analogous species containing
simple arenes. The enhanced catalytic activity is explained in
terms of two relatively loang Cr-C bonds, more easily broken, for
such species. Coordinating solvents such as THF and acetone
accelerate the rates of hydrogenation. For acetonitrile, 1t
was shown that (CHSCN)SCr(CO)3 was produced, and was the active
catalytic agent.341 The most efficient catalytic system for
the hydrogenation of methyl sorbate was found to be (n-naphtha-
lene)Cr(CO) g/ci cn.>42
and 2-methylnaphthalene by oxygen in the presence of Mo(CO)6
in CHSCN solution is reported fg_procecd via formation of
(n-arene)Mo(CO) 3 intermediates>™> (n—Arcnc)Mo(CO)3 species,
generated in situ from Mo(CO), and arenes such as PhMe and PhOMc
have been employed in a variety of Friedel-Crafts-type reactions,
including alkylations, arylations and sulfonylations.344'346
They are generally more selective than conventional Friedel-
Crafts catalysts, affording principally the para isomers when
an aromatic species is the substrate. Poly(p-phenyvlene) has
also been synthesized employing (n-arene)Cr(CO)3 complexes to
improve solubility during polymer formation via Diels-Alder
347 The polymerization of terminal and internal
acetylen05348 to linear polyconjugated compounds has also been
effected employing (n-arene)M(CO)3 (M = Cr, Mo, W) species. The
mechanism is proposed to involve a series of successive [2 + 2]

Hydroxylation of benzene, naphthalene

< B
reactions.

cycloadditions to afford *ladder-type” intermediate species,
which afford chains through olefin metathesis and isomerization
(26).348

\ H
PhCCH -~ ll il - [-g=&-]n (26)
H®  Ph H Ph H Ph Ph

Other examples in which the hexacarbonyls themselves afford
catalysis have been reported. Azirines have been dimerized
in the presence of Mo(CO)6 in THF at room temperature over 24
hours; Cr(CO)6 and N(CO)6 are also effective over longer reac-
tion times. The dimerization products contain pyrazine bridges,
e- g., (27),
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. N RN
v (27)
R N7 R

A mechanism involving initial formation of a [M(CO)S] inter-

: 54
mediate was proposed.a 9 Rearrangement of (28-a},

Mo (CO) ¢ ‘ (28)
C6H6,A

(and bond-shift isomer)

(a)

has also been observed in the presence of Mo(C0)6. A possible
mechanism which involves [1,5] sigmatropic migration within the
metal cocordination. sphere is discussed.350 Olefins ((-)-limonene,
p-menth-1-ene) undergo stercospecific epoxidation with t-pentyl
hydroperoxide in the presence of Mo(CO),; mechanistic implications,
which propose Mo carbonyl intermediates containing coordinated
olefin and hyvdroperoxide, are discussed.>>l The preparation of
epichlorohydrin through epoxidation of CH2=CHCHZC1 by PhCHMeOOH
or MeCOOH (peroxides) in the presence of Mo(C0)6, pyMo(CO)s or
MoClg also has been reported.JSZ Molybdenum naphthenate also
catalyzes the continuous hydroperoxide epoxidation 9f~olefins
such as propylene, according to a Hungarian patent.JSJ

Several other polymerization catalysts have been described in the
patent literature. The catalysts and monomers reported include
(r-Cp)Cr(CO) 5H/Si0, at 110°-900°, optional Et;Al co-catalyst,
ethylene and propylene;>>% M(CO) (PR'R®R®)¢  “(M = Mo,W; n = 3-5),
organoaluminum compounds and halogenated carboxylic acids,
alicyclic unsaturated monomers;Sss (OC)5W[C(OEt)Ph]/TiC14/hv,
cyclopentene;>>®:357 y(c0) /gallium bromide, cycloalkadi- and
-trienes. An easily handleable, thermally cross-linkable poly-
butadiene has also been prepared through polymerization of 1,3-
butadiene and vinyvltoluene employing a (n—allyl)(OC)S(THF)-
(trifluoroacetate)}Mo catalyst, and adding a peréxide prior to
crosslinking.358

Highly stereoregular polymers were obtained through poly-
merization of 1,5-cyclooctadiene and cyclopentene through ring-

opening employing WClslethyldiazoacetate. The possible mechanism
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of the catalytic effect was discussed."59 (n—A11y1)4Mo/SiOZ
and that complex and other oxide carriers, (AIZOS, Crzo Fe?03,-
i s for the 1 s of

ie
Co_0,) were studied as catalytic system
i

366 DS

3
the svnthes
S

ammonia. Carbon monoxide is reversibly

bsorbed on OZ-
supported CrlI(NO)2 surfaces to afford -Cr " (NO),(CO). The
adsorption was studied by infrared spectroscopy.361

Polymers in which a Group VI-B organometallic functiornality

a
11

is incorporated into the polymer chain have also received atten-
tion. Pittman and coworkers have continued their studies of
polymers containing -Cr(CO)3 bonded to arene groups contained

in the polymer chains. They have described the polymerization
of (n-benzyl acrylate)Cr(CO)3 in detail, including a description

of the application of the Strohmeier reactor to the polymerization.

(n-Benzyl acrylate)Cr(CO)3 has also been incorporated into a
variety of organic (:Opolymers,"63 for example, into linseed oil
films. The ultraviolet irradiation of such films produces

materials which contain chromium oxide particles within the films.

The conol;merization of organic monomers (acrylonitrile, styrene
and methyl methacrylate) with (n-phenylethyl methacr)-late)Cr(CO)3
affords polyvmers of the type (CXX); the substrate can also be
homopolymerized in ethyl acetate at 700‘364 The -Cr(CO)3 moiety
can also be incorporated into siloxane polymers such as (CXXI)

through reaction of the polymeric material with Cr(Co) under

various conditions. From 3 to 19 per cent of the arene rings
were complexed in this manner.:‘6S Biedermann and Graf have
CHy CH4 CHa

1

r

~+—C—CH,

' CH, CHy

Cr(CO),

(CXX) (CXXI)
studied the re€actions of M(CO)6 (M = Cr,366 w367) with 4-pyridyl-
ethylene under forcing conditions, which have afforded polymeric
products of the types [M(4'C7H7N)x(co)6—x]n (M =Cr, x = 3-6;

M =¥, x = 2,4,5 ), characterized employing infrared spectra.

Spectroscopic Studies

Phetolysis studies, photoelectron spectra and molecular
orbital studies. There has been continued interest in the

] |
CR—CHZiL -,——sa——@-s.'——o
‘IQ Ll I

362
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study of photochemical production of coordinatively-unsaturated
-fragments of the Group VI-B metal carbonyls, and their geometries

and reactions. Perutz and Turner have studied the IR spectra
of IJCO-cnriched M(C0)6, and M(CO)5 (M = Cr, Mo, W) produced by
photolysis at 20° K in argon or methane matrices. The carbonyl

stretching spectra observed for M(CO)6 well-fit those expected
on the basis of the Cotton-Kraihanzel energy-factored force field.
For M(CO)S, the spectra are consistent with a square-pyramidal
(C4v) fragment, and calculations based upon intensity measure-
ments predict an axial-equatorial bond angle of 90-95° in these
species. The carbonyl stretching spectra and force constants
obtained are almost independent of the identity of the matrix
material.368 However, studies of the visible absorption spectra
of M(CO)5 in a variety of matrix materials (Ne, Xe, CHd’ SF6,
Ar, Kr, CF4) demonstrate that that absorption is very sensitive
to the identity of the matrix. The observation is interpreted
in terms of a stereospecific interaction of the matrix with
M(CO)S, the shifts béing attributable to the different strengths
of interaction, and slightly differing bond-angles in the metal
carbonyl fragments. The results indicate that interpretation
of the results of matrix-isolation and co-condensation experi-
ments must be treated with caution, since observed spectra may
result from a stereospecific interaction between fragment and
matrix, rather than being indicative of the nature of an isolated
sub-coordinate species.369 Ultraviolet photolysis of Cr(CO)6
in Ar matrices doped with CO has also provided evidence for the
formation of weakly—interagting Cr(CO)S--Ar and Cr(CO)S--CO;
Cr(CO)4 was also observed.""?0 In concentrated matrices the
formation of a Cr(CO)S---X species, where X i1s a Cr(CO)x frag-
ment, was inferred. The results indicate that reducing CO
concentration and jncreasing Cr atom concentration in co-
condensation experiments in an attempt to generate fragments of
lower coordination number may instead increase the chance of the
formation of polynuclear fragments.370 It is also concluded
that the presence of excess CO requires treatment of condensa-
tion experiment results in terms of mixed matrices, greatly
complicating intex‘pretation.37"0
Detailed photolysis studies of matrix-isolated Mo(CO), have
provided evidence for the formation of Mo(CO)4 and Mo(CO)3 fragments,
as well as Mo(CO)S. Carbon-13 monoxide enrichmenrt studies
provide evidence that the fragments are surprisingly asymmetric,
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and are little-changed in geometry from those expected to be
produced upon ligand-removal. Thus Mo(CO)4 exhibits CZV symmetry,
with angles of 174° and 1070, while Mo(CO)3 is a trigonal

pyramid (sz, with internal angles of about 1050). These geo-

metries are-consistent with those e§gectcd on the basis of <83
371 ang by Elian and Hoffmann. 2
=55

) VA

theoretical predictions by Burdett,
Analogous results are indicated for Cr and W.
Plane-polarized light has been used to produce oriented
Cr(CO)S (C4v) in a frozen methane matrix. The =xtudy has per-
mitted the determination of tgg symmetry of the 489 nm tramnsition
in Cr(CO)5 to be (lAl - IE).3'° Sim%larly the symmet;ics of
the MCO bending modes areA1 (659 cm “) and E (647 ¢m ), con-
sistent with results for Mn(CO)SBr‘ Various possible product
orientations which can result from decay from a trigonal bi-
pyramidal (DSh) excited state to the square-pyramidal (C4v)
ground state in the Cr(CO)5 fragments produce apparent rotation
of the fragment in the matrix upon irradiation with plane
polarized light.
) Photolysis at 366 nm of K(CO)SL (L = py, 3-Brpy) in an Ar
matrix at 12° K affords W(CO)S. The process is reversible

35>

(photochromic) upon irradiation at 435 nm. Evidence was also
obtained for formation of free CO upon irradiation, and thus
both loss of L and CO .can occur upon photolysis of these substrates.374
The quantum yield for the photoproduction of Cr(CO)S(py)
in cyclohexane has been found to be 0.67 * 0.02 for [Cr(CO)s] =
3 x 10-¢ M and [py] = 10-2 M, demonstrating the prescnce of
a radiationless process in competition with phot:odissociat,ion.3?S
The value for the quantum yield (1) previously given for analo-
gous system5376 thus is in error.
Absorption and emission spectra for (LZ)M(CO)4 complexes
(M = Cr, Mo, W; L2 = dipy, o-phen, 5-Me-phen, 5-Cl-phen, 5-Br-
phen and S-NOZ-phen) have been recorded and the data indicate
that the lowest excited state for the substrates is charge-transfer
in character. For M = Mo, W, emission was observed, with quan-
tum yields of 0.02-0.07 at 77° X in ether/pentane/ethanoi. The
photosubstitution in Sii'(PY)zw(C°)4 with a variety of L (L =
PPhS, pyY, MeCN, t-4-styryl-py) was found to be efficient, but-
for the (Lz)M(CO)4 complexes, quantum yields were significantly
Iower, showing that the lowest charge-transfer excited state

is unreactive.’’’

The photochemistry of (n-arene)Cr(CO)3 complexes has been
studied by two groups. Nasielski and Denisoff have determined



the quantum yield for the photolysis of (n-mesitylene)Cr(CO)s,
which afforded (n-mesitylene)Cr(CO)z(L) (L = N-dodecylmaleimide)
in benzene at 313 nm to be 0.90 * 0.09. The yield may, in fact,
be less than 1, indicating that a radiationless decay process
may account for the possible deficit.>’$ Wrighton and Haverty
have determined the quantum efficiency for formation of (n-arene)-
Cr(CO),(py) (arene = benzene, mesitvlene) to be ca. 0.72 and
to be ;ndependent of wavelength and pyridine concentration.
(n-Arene)Cr(CO)3 complexes quench triplet-excited benzil; the
quantum cfficiency of product formation is lower than for di-
rect irradiation. The results are consistent with dissociative
loss of CO.as the primary excited-state decay process. for the
substrates, results which are in contrast to the corresponding
thermal reactions of (n-arene)}Cr(CO)., which proceed via loss
of the arene, rather than CO.379 7 T
Flash photolysis of (GC)Sﬂ'-M(CO)S(nij) in isooctané (M=
Mo, W; M' = Mn, Re) affords M'Z(CO)I0 and [(n-Cp)M(CO)S]2 in

380 This process is photolytically re-

high chemical yield.
versible in that photolysis of mixtures of the two products
affords the mixed complexes.ss1 In CCl4 the photolysis products
for all substrates are (n-Cp)M(CO)SCI and/or and M'(CO)SCI.
Thus both forward and reverse processes involve homolytic metal-
metal bond fission. The results indicate that for each system
the photolysis populates a sigma orbital which is antibonding
with respect to the metal-metal bond.sso’381 Another photoly-
sis study, of [(n—Cp)Mo(CO)3]2 in cyclohexane, THF and acetoni-
trile, reveals the formation of two photolysis intermediates,
which each regenerate the substrate, although at vastly differing
rates. The evidence indicates the two to be (n—Cp)Mo(CO)S,
resulting from retal-metal bond homolysis, and (n-Cp) ,Mo0, (CO) 5,
resulting from CC dissociation, which have a common photo-
chemical origin.j82 In the presence of Br , photolysis of this
dimer can afford, in addition to (q-Cp)Mo(CO)sBr, (n-Cp)Mo(CO)s'
and (n-Cp)Mo(CO)ZXZ', depending upon the conditions emploved.333
The process is photochromic, at 30 per cent efficiency at 600,
but is less so in the presence of greater than stoichiometric
amounts of Br . 83 :

Elian and Hoffmann have emploved extended Hiickel calcula-
tions to study energy ordering, symmetry and the extent in
spaée of M(CO)s, M(CO), and M(CO)5 fragments and their abilities
to interact with other ligands. Also discussed were the pyrami-
dality of M(CO)S, metal-metal bond formation, and other topics
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of interest to reactivity and stereochemistry in metal carbonyl
complexcs'.ss4 Rossi and Hoffmann have alsc employed a unified
molecular orbital approach to studies of pentacoordinate metal
carbonyls of C4v and Dsh symmetry.sss The Hartree-Fock-Slater
method, employing a basis set of a complete double zeta set of
STO's supplemented with two 4p sets on Cr have been used to
calculate electronic charges on Cr, C and O for CO and Cr(CO)ﬁ.386
The electronic spectrum of Cr(CO)6 has been reported, and the
electronic structure of this species has been studied through
SCF M0 calculations employing the Roothaan scheme. Both zero
differential overlap and CNDO approximations werec employed, the
first using the valence orbitals on Cr, the latter also employing
orbitals on C and O. Observed transition energies were compared
to those determined through the zero differential overlap method.> 3’
The ultraviolet-visible spectra for LW(CO)5 complexes (L =

quinuclidine, cyclohexylamine, piperazine, piperadine and 1,4-

diazobicyclol2.2.2]Joctane) have been obtained, and interpretad
on the basis of a2 simplified Gray-Beach (AS 1968/295) molecular
388

orbital calculation. Infrared, Raman and electronic spectra
have also been obtained for W,(C0);,°” and HW,(C0),, . Electron-
ic transitions and the W-W and W-H-W stretching modes have been
assigned.389 The electronic spectra for MnCr(CO)lo' and Cr,-
(CO)IOZ' have also been assigned as part of a study of MM'(tO)lO-
complexes (M = M’ = Mn, Tc, Re; M = Mn, M’ = Re, n = O were also
discussed) on the basis of semi-empirical molecular orbital
cul:ulution5§go

An extended Hiickel molecular orbital analysis of reactivity
for (n—Cp)ZM, (n—Cp)zM(CO) (M = Cr, Mo) and (n-Cp)zh’(CO)Z has
been carried out. Correlation diagrams for formation of (n-Cp),-
MOHZ from (n—Cp)ZMo and HZ, and for formation of (n-Cp)ZW(H)(Ph)
by insertion into aromatic CH bonds have also been discussed.
The dominant factors in reactivity {(influences on energies
of transition states) were adduced to be, (a) inter-electronic
replusions associated with various metallic d-electron config-
urations, and, (b) steric encumbrance of coordination sites
at the metal arising from the presence of the ring ligands.
The stability of the 20 electron (n—Cp)ZW(CO)2 and of (n-Cp)W-
(H) (Ph) may be due to decreased repulsive interaction among
Iigz:mds.:’91 Molecular orbital results (SCCC) for a variety of
isoelectronic metal tricafbonyls, including (n-C6H6)Cr(C0)3
have also been q:liscussed.:’92

Several studies involving photoelectron spectroscopy (PES)

.
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have appeared in the literature. Stelzer and Unger have employved
ultraviolet PES to obtain the first vertical ionication poten-
tials for a series of phosphine ligands (L) (RS- PX , R = Me,

Bu®; X = H. F, Cl; n = 0-5, and (MegX)5 PX 3 X = F, Cl; n = 0-23,
and have proposed that these values afford a measure of the
c-donating abilities of L. "The ligands then could be classified
as to their w-bonding ability through compariscon of vw(CO) and
carbonyl stretching force constants for their gig-LzMo(C0)4 con-
plexes; ten new complexes of this type were also synthesized

for the first timc.393
pkotoelectron spectra for some fifty molybdenum carbonyl complexes.

Grim and Matienzo have reported the

A plot-of metal binding energy vs. calculated charge (for dif-
ferent oxidation states of Mo) indicates that an energy shift
of 1 ev in the Mo(SdS/Z) binding cnergy corresponds toc 0.3 +
charge umit on Mo. The results also indicate ligands which are
strong g-donors and poor wm-acceptors increase the charge on

the metal, decreasing the metal binding energies.394

The ultraviolet PES of the series of complexes (n-Cp)-

(n—C7H7)M (M = Zr, Nb, Mo) have been obtained. Both metal and
ligand contribute significantly to MO's of § syvmmetry; the only
slight decrease in id ioni:zation energy along the series may be
contrasted to the observation for the analogous 3d series. This
probabl? arises from smaller pairing energles in the 4id series.sgs
Non-parameterized, Fenske-llall type (AS, Mn, Tc, Re 1972/81)
molecular orbital calculations and PES of open and closed-shell
(n-Cp)ZML2 complexes, including (n—Cp]ZMCI2 (M = Cr, Mo) and
(n-Cp)MoH, have been reported. The MO calculations are consis-
tent with-the PES and also ESR rcsults.396 Green, Jackson and
Higginson have reported PES for the eighteen-electron systems
(n-Cp),MR, (M = Mo, W; R = i, Me) and (n-Cp) ML (M = Mo, L =

CO; M = Mo, W, L = C2H4; M=W, L = C3H6), as well as others

and have interpreted the-results in terms of a MO model which
takes the level scheme for (n—Cp)ZM (DSh symmetry) and deter-
mines level changes as the angle™between the (r-Cp) rings is
increased from zero degrees (molecular symmetry is lowered to
sz).397 Hillier et al. have carried out all-electron SCF
"molecular orbital calculations for (n-C6H6)2Cr and (n-C6H6)Cr—
(CO]S’ and the He(I) and He{(II) PES werc given, and compared

to the theoretical results. The latter indicate that the

n-arene rings bear negative charges, and that there is a trans-
fer of electron density via n-orbitals to CO in comparing

Cr(colg to'(n—c6H6)c;(c013-398 Galyer, Wilkinson and Lloyd

have reported He(I) and He(II) PES for Me6W. The results are
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consistent with octahedral symmetry in this molecule. Evidence
indicates that W-C bonding is mainly d and s in character, and
that there is steric interaction between Me groups in this
molecule. The PES also indicate that the previously-reported
PES spectrum for this molecule (AS 1972/511) was in fact the PES
of a molecule other than Me6K-

Charge-transfer complexes formed between (n-arene)M(CO)3
complexes (arene = C6H5Me, o, m, 2—C6H4Me2 and 1,3,5-C6H3Mes)
and 1,3,5-trinitrobenzene (TNB) and tetracyanocethylene (TCNE)
have been studied. Complex formation between TNB and the metal
conplex is observed for Cr, but not for Mo or W, while it is
observed for all three metals for TCNE. The charge transfer
interaction with TMB is held to involve a face-to-face stack

of arene rings, while for TCNE, it is an inner-sphere interac-

tion between the acceptor and metal. The PES spectra for
(n-arene)Cr(COJ3 complexes (arene = toluene, mesitylene,
400

dimethylaniline) are also given.

Induced circular dichroism absorption of h’(CO)6 in choles-
teric solvents has been measured and discussed,'“)1 and magnetic
circular dichroism in Cr(CN)S(NO)S' has been studied.???

Infrared and Raman spectra. The availability of more
sophisticated instrumentation is facilitating studies of increasing
detail. A method of determining the extent to which the Cotton-
Kraihanzel (C-K) "neglect of anharmonicity corrections" approxi-
mation for M(CO)st-x
this methed each set of non-equivalent M-C-0 groups is treated
as a separate diatomic molecule, and the anharmonicity correc-
tions are determined through application of simple diatomic
potential functions. It has been found that anharmonicity
corrections are about constant over a narrow range of force
conétants, and vary systematically over a more extended range.

molecules is valid has been studied. 1In

Thus neglect of anharmonicity corrections is a valid approxima-
tion for C-K systems, in which these conditions apply:403
» Several studies of the hexacarbonyls have been reported.
Kovalenko and coworkers have calculated force constants for
Cr(CO)G, Mo(CO)6 and H(CO)6 by a method which does not involve
reducing the energy matrices with respect to symmetry. The
results were in good agreement with those obtained through ap-
plication of conventional techniques.404 The influence of
coriolis coupling of triply-degenerate vibrations of spherical

top molecules on autocorrelation functions has been studied



theoretically, and the results have been applied to M(CO)6

(M = Cr, Mo) in gaseous N, and in liquid CC14 . The Raman
spectra for polycrystalline M(QO)6 (M = Cr, Mo, W) have been
investigated in the 4000 cm ! region. It was concluded that

factor group splitting is not important in this v(CO) overtone
region, and that the harmonic pattern of bands in this region
for a crystalline material cannot, in general, be predicted

by summing the frequencies of the corresponding fundamental
modes when the latter show factor group splitting.406

Low frequency spectra for Cr(Cd)6 and Mo(CO)6 in argon,
nitrogen and oxygen matrices at 15% K have been obtained by
Tevault and Sakamoto.407 For bands at 670 and 600 cm-1 respective-
1y which had been assigned as predominantly M-C-0 bending modes
(35 1969/233) metal tsotopic structure for the bands was observed -
in the N, matrix. Thus there is coupling of S (MCO) and v(MC)
in these vibrations. The observed structure has been simulated
by computer, and the results have allowed a more complete force-
field Salculation for the Tlu symmetry species to be carried
out. '

Band assignments have been determined and a normal coor-
dinate analysis which employed a general quadratic valence
potential field has allowed a description of the normal modes
and calculation of force constants for (PHS)M(CO)S (M = Cr, Mo,-

W) on the basis of infrared and Raman data.? g The results
indicate that phosphine exercises an almost identical influence

on the M-C-O groups cis and trans to it. Infrared and Raman
spectra for the solid state and for solid solution (85O K, eihanol/
ether/isopentane)}, which included assignment of isotopic satel-
lites, have permitted the identification of intramolecular force
constants (for contiguous molecules) for ti—ans-—Mo(CO)4(PEt3)2.409
Solid state and solution IR and laser Raman data in the CO and
NO stretching regions, and below 750 cm_l,which also included
assignment of 13C satellite peaks, support a trans structure for
H(CO)4(N0)(Br)- The assignment has been gggfirmed through
energy factored force field calculations.

Infrared stretching frequencies have been obtained for
the linear trimetallic [M"-Au-M"1 groups for M" = (n.-Cp)Mo(CO)3
and other metalloorganic substituents. The data are correlated
for a variety of M"-M'-M" groups on the basis of the oxidation
states and coordination geometry of M' (cf. refs. 185,187).186

Ellermann and coworkers have obtained infrared and Raman

spectra for the ligands (L = C(CHZEPh2)4} E = P, As)) and for
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their LM(CO) 3 complexes in the region 2000-150 cm_l- All L

vibrations, and u(CG0)}, &(MCO), v(MC) and vw(ME) in the complexes
have been assigned.411

Infrared and Raman spectra (to 33 cm'l) have been reported
for (OC)SReM'(CO)S' (M* = Cr, Mo, W) and havglgllowed force
constant determinations for these molecules.” "~ The k(ReM')
were found to vary W>Mo>Cr. Comparisons of the stretching force
constants for the Mn analogues, and for HZ(CO)10 species
(M = Mn, Re) were made; the neutral species have the higher
metal-metal stretching force constants. Assignments for the
MeCSH4 vibrational modes in [(n-MeC5H4)Ho(C0)3]2 have been
made on the basis of solid state (Raman and infrared) and
solution (infrared) spectra. The MeCcH,; group exhibits Cg
symmetry in this complex.41°

Several studies of (n-arene)-containing complexes also have
been reported. Rudnevskii and associates have studied the in-
frared spectra of [(n-E-RC6H4)Cr(C0)3]2{g (R = H, F, Mc, MeO,
HezN, COZEt) and have correlated the results with Hammett

414 and the same group has also studied

substituent constants,
the infrared spectra for (n-XC HS)Cr(CO)3 complexes (X = NMCZ,
Me, OMe, H, F, C1, |I. CooEt)_4?S The w(Cr-C) are less affected
by the donor-acceptor properties of X than are v(CO), while
6(CrCO0} are not influenced by X. Other such comparisons for
this series of complexes are also discusscd.415
Approximate vibrational analyses for (n-C6H6)Cr(CO)3 and
its deuterated analogue have been given by Adams, Christopher
ggq“Stevens. In contrast to the earlier proposal of Cyvin
€t al. (AS 1972/270,271) it is concluded that kinematic coupling
effects do not account well for shifts in ring frequencies upon
complexation. Descriptions of the normal modes were given.416
Carbonyl stretching force constants and interaction constants
for solid (n-C6H6)Cr(C0)3 have been determined by three methods,
based upon fundamental band frequencies, infrared band intensities,
and moleculgr force constants derived from the positions of
satellite 1°C isotopic vibrations, employing both infrared and
Raman data ir several media at 85° K, by Bigorgne et gl..dl?
The last two methods were judged to be the most useful.
Infrared spectra (solution and solid state) have been
determined for (n-CGHG)M(CO)3 and (n-l,S,S-Me3C6H3)M(C0)3
(M = Cr, Mo, W) over the range 4000 - 250 cm-1, and the bands
have been assigned. It is concluded that substituent electronic

effects are inductive in nature. Metal-ring force constants

*



were found to vary Mo<Cr<W, while metal-CO force constants in-
creased in the order Cr<Mo<W. The Mo and W, but not the Cr
complexes can be protonated reversibly at the metal atom in
CFSCOOH solution; protonation is more facile for the mesityvlene
complexes.418

A single crystal Raman study .of the isomorphous (n—Mc6C6)-
Cr(CO)3 and (n—MesC6H)Cr(CO)3 complexes indicated that the
vibrational factor group apprcach offered the simplest explana-
tion for the main features in the 2000 em™} spectral region. Expla-
nations for some observations, however, lie outside a simple har-
monic oscillator-factor group approuch,419
structure of_(n—C6H6)Cr(C0)3 has been detcrmined by eclectron
diffr:-:c’cion,"1 and these results, together with vibrational
calculations, indicate the molecule to be nearly an unhindered

The vapor phase molecular

internal rotor. Its vapors consist of a mixture of several
conformers which differ by rotational arrangement with respect
to the ~Cr(CO)3 moiety. States other than the eclipsed or stag-
gered may be significantly populated, but the energy barriers
to rotation could not be determined since the ratics were un-
certain. The gas phase results may be contrasted to the solid-
state configuration, in which the carbonyls are staggered re-
lative to the ring—carbons.31
Several reports have taken advantage of spectral relation-
ships among similar molecules. Thus Lokshin et al. have com-
pared the infrared and Raman spectra (solid state and solution,
4000-250 cm'l) of (n-thiophcnc)Cr(CO)3 to that of (n-CGHG)Cr—
(C0)3- and have concluded that benzene and thiophene are similar

>
420 Caillet has reported a complete vibra-

as n-bonding ligands.
tional analysis for (n-methylhen:oate)Cr(CO)3. and has
determined a valence force field for the molecule, employing
the force fields of methyl benzoate and Cr(CO)ﬁ. Thus the
perturbations which accompany complexation were made evident.
The results demonstrate that vibrations at lower frequencics
are strongly coupled, with the exception of §(CrC0), but that
v(CO) are relatively pure.421 In two reports, Caillet has also
calculated force constants for (n—C6H5C00Me)Cr(CO)2(CS) with
the assistance of data for the analogous (n~C6H5COOMc)Cr(CO)3
complex. The infrared and Raman data for Nujol were taken over

: ) ; j ve
the range 4000-2000 cm™! (IR) and 3500-20 cm™! (Raman).%22-423

Nuclear magnetic resonance and MOssbauer spectra. Proton

NMR and long-range coupling constants have been determined for
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. 1

a variety of glyoxaldiiming complexes (CXXII) (M = Mo, W; R =

H; R? = Me, cyclo-CgH, Prl, Bul, cyclo-CgH,,. CH,Ph, Ph, .

g-C6H4Me, Q-C6H4Me, E-C6H4OH, g,g'-C6H3Me2, o, E-C6H3Me2, ‘HZ;

r! = H, Me, RZ = cyclo-Cel, ), together with more highly-

substituted complexeé (CXXIII. L = CO, L* = PPh-, CHy CN; L =

L* = PPh*, PBu” -)- Additionally the ESR spectra for some

3424
correspond1ng anion radicals have been obtained and dxscucsed-

R2 R2 .

. L
R—=N{ =T .¢°
/wuco% % ~
1 o C
R gz gz L O
(CXX11) (CXXH)

Kreiter and Strack have prepared cis-W(C0),(PPh;)(L) complexes
(L = cis- and trans- MeOOCCH=CHCOOMe , CHZ=CH2} via uv-
irradiation of N(CO)S(PPhS) in THF and addition of L, and
studied hindered rotation of L via variable-temperature proton
NMR spectroscopy. Favorable orientations of L r:lative to the
coordination octahedra were determined, and AG™ values for the
process reported‘425 Similar studies for (n-Cp)Cr(CO)(NO)(L)
(for L other than CH2=CH2) by Kreiter and coworkers indicated
that restricted rotation about the Cr-olefin bond was the only
molecular reorientation to 120°C. The data also indicate L to
be preferentially oriented so that the double bond 1is parallel
to the planc of the Cp ring. Possible stereoisomers were dis-
cussed, and values of 4G* were presented.426 The proton NMR
spectra of (n-E-Mec6H4éume)Cr(c0)3 and (n—g—(MeC6H4)ZéH)Cr(COJ3
and the corresponding arenes together with those of the corres-
ponding alcohols have been recorded in HSOSF at -50°. Compari-
sen of the spectra support a charge migration toward the metal
in the (p-arene)} cations, which stabilizes the carbonium ions.?zT
Broad-1line NMR spectra for crystalline (n-C6H6)Cr(C0)3 have
been recorded as a function of temperature, and T1 and line-width
measurements were made to study possible hindered rotation of
the ring. The data indicated that most of the hindrance resulted
from the crystal environment, rather than from intramolecular

128 Osborn and coworkers have reported direct observa-

forces.
tion of reversible hydrogen-exchange processes of importance
to the mechanism of catalytic processes, employing variable-
teaperature 1H NMR spectroscopy. The complexes (29-a). prepared

through treatment of trans-(diphos)ZM(N,)Z (M = Mo, W) with
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ethylene and CF;CO00H or by other means undergo the exchange pro-
cess (29), and thus provide direct evidence of insertion-dein-

H
é.,
N
= H Ph, £+ P;\
Phs\ / Ph, P g
(a) P\M/‘j — ' n_ (b)
-~ L~
p” \P ph’_L\ (29)

sertion of hydrogen. With propylene instead of ethylene,
(HMo(n-Cﬁﬂs)(diphos)~, obtained via treatment of MoClS-(THF)_ with
3 = - 3

Na/Hg in THF under propylenel, the exchange process (30) was

Ph, s
=z7] H B “ N
PR, /P _— Ph, Me
z - ~ __Ph,
_— P Mo <
P\;\!o / P, (30)
/ ~~p (/P
Ph Ph P
P 2 2
Ph PhY

observed, an example of the mechanism proposed to occur for 1,3-
hydride shifts found in many metal-catalyzed olefin reactions.429
Carbon-13 NMR spectra for an extensive series of LnM(CO)G—n
complexes (n =0, 1, 2; M = Cr, Mo, W; L = PPhS, PC13, P(OPh3),
P(OMe) 5, PHj, PPhy, AsPhy, SbPhy, PEtg, PBug, NH,(cyclo-CgHy ).
NHCgH; 5, C17) have been reported by Bodner and Gaul.430,431 7t
was observed that CO's trans to L were deshielded relative to
~cis CO*'s, and that Mo and W shield carbonyls relative to Cr.
The latter observation was attributed to contributions to the
chemical shift by neighboring diamagnetic screening. A linear
relationship was observed between the cis carbonyl stretching
force constant k) and cis CO chemical shifts; while trans-
2J13C31P>Ei§-2J13C31P for Mo and W, the reverse is true for Cr.
The data indicate that carbonyl chemical shifts and 2J13C31P
for LZM(CO)4 End L3M(CO)3 can be predicted on the basis of data
for l_.M(CO)s.4:'0 The signs of the one, two and three-bonded
13C-"IP coupling_constants for PhsPMo(CO)5 have been determined

to. be positi\re.“"1 Senoff and Ward have studied the 13C NMR
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spectra of a series of phenylthiocarbenepentacarbonyitungsten(0O)
complexes, (E;XC6H4S)(Me)CW(CO)5 (X = OH, OMe, Me, F, H, Br),
as well as those of the parent thiols. The data support both
o- and nm-interactions between the ring and carbene carbon.432"
13C-183W coupling constants, which are sensitive to hybridiza-
tion at carbon, have been employed as a diagnostic probe of
metal-carbyne, metal-carbene and metal-alkyl bonding in carbonyl
CﬁmpleXéS,433 and the existence of a metal-carbon g-bond in
(CXIV), and in other, related complexes has been demonstrated
by 1"C NMR spectroscopy.4:’4
Howell and Trahanovsky have studied the 13C FT NMR spectra
for benzonorbornadiene (LXXXVIII, a), (n6-benzonorbornadienc)—
Cr(CO)3 {b) and (ns-benzonorbornadiene)Cr(CO)2 (c) (cf. refs.
234, 235), to ascertain changes in the steric and electronic
properties accompanying the successive conversion of (a) to
(b) to (c). The data support little distortion of (a) upon
complexation, but significant distortion upon ring-closure in
(b) to afford (c). Data indicate the olefinic group in (c} to
be strongly u-accepting, and strongly bound to Cr.435
The variable-temperature 13C NMR spectra of (n-guaiazulene)-
MoZ(CO)6 (CXXV) have revealed that local scrambling of carbonyls

bonded to each metal atom proceeds at different rates, with a

@

i
M (1) -Cp)(COJ,

(CXX1v) (CXXV)

difference in activation energy of ca. of 4-5 kcal/mole. No

intermetallic scrambling of the carbonyls is observed.436 The

carbon-13 NMR spectra for a series of (n—arene)Cr(CO)3 complexes,
togethgr with those of the free ligands (arene = C6 SX X = H,
‘-le, Pr', Bu'; m-CeH,X,, X = Me, Bu®; and 1,3,5- -CgH=X;, X = Me,
But )} have revealed that conformers in which the ring-substituents
are staggered relative to the carbonyls are favored as the size
of X increases, but that there is observed no restriction of

rotation of the: arene group to -60°.%37 Electronic effects are
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consistent with those reported by Todd and Bodner (AS 1974/313).
Free energies of activation for hindered rotation

about the three fold axis of the -M(CO)3 group

in a series of (n—polyene)H(CO)3 complexes (poclyene = 1,3,5-

cycloheptatriene, 1,3,5-cyclooctatriene and 1,3,5,7-cycloocta-

tetraene; M = Cr, Mo) have been determined through use of 13C

NMR spectroscopy. For (n-l,3,5-cyclooctntriene)Cr(C0)3 at -1200,

the complex was found to be frozen in a chiral position. The

free energy of activation for the interconversion of the enantio-

mers (31) was also f.{etermined.""’8 Kdhler has reported assignments

-

C// —_— Cr
/ \\co / \\co 1)
co co co co

for the FT S¢ nmr spectra for a series of metallocenes sub-
stituted by phenyl and ethzl groups, including (q-EtCsH4)2Cr.4
Garrou has presented JIP NMR data for gig-(Pz)M(CO)4 com-
plexes (P2 = PhZP(CHZ)nPPh2 (n = 1-3), PPhZBun, M = Cr, Mo, W;
PZ = PPhBunz, PPh(CHZCHZCH=CH2)Z, M = Mo) and related complexes
of other metals, and has concluded that a ring contribution to
the coordination chemical shift exists in these and other
phosphorus chelate complexes.440 The systematics of 31? NMR
spectra for a variety of metal complexes, including those of
Cr, Mo and W carbonyls, of several polytertiary phosphines
(MeZPCHZCHZPPh2 (= PmPf), PumPm, PumPf and PfPfPf), have been
reported by King and Cloyd. Complexed vs. uncomplexed P are
41 Isaacs and Graham have unequivocally

39

readily differentiated.4
distinguished bgtween fac- and mer-(PhZPCHZPPhZ)2Mo(C0)3 on the
basis of their 531p nMr spectra. The P spectra of (n-arene)}-
Cr(CO)ZPPh3 complexes in neutral and acidic (CFSCOOH) media

(arene = C6HSX (X = H, Me, OMe, NMez, COOMe) , 2-C6H4(C00Me)2,
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1,3,5-C6H3Me3) have been employed to determine the degree of pro-

tonation, which was found to increase with decreasing tempera-
443
ture.

lgF chemical shifts of fluoroarenes, both free,

Studies of
and complexed to —Cr(CO)5 (arene = m, E—FC6H4X; X =H, F, C1,
Me, OMe, NHZ,

effects within the ring systems differ little in the free and

CFS),have revealed that transmission of resonance

complexed arenes, but that inductive effects are greatly dimin-
ished. 334 : -

Magnetic shieldings for 1195n have been determined through
heteronuclear double resonance experiments for thirty-five
organotin comple?es containing transition metals (including
thirteen containing Cr, Mo, or H).445

Three investigations of 1195n MSssbauer spectroscopy on
complexes containing Sn bonded to Cr, Mo or ¥ have been reported.
Kruck-and coworkers have described Mossbauer results for
M(CO)G_XL;x,x =1,2,5,6; L = Snxs‘) complexes (M(CO)S(L') (L™ =
Snc13‘, SnFZCl_, M = Cr, Mo, ¥; M(CO)S(SnBrS'), M = Mo, W;
Mo(CO)S(SnCIZBr ), Cr(CO)4(SnCl3 )2, M(CO)S(SnC13')3 (M = Mo, W);
Cr(SnCl3 )6)- Increasing substitution of CO by Snx3 affords
greater w-bonding of the metal to Sn; the wm-accepting ability
of SnClS' is approximately the same as that of PCI;. A direct
relationship was observed between the isomer shift (&) and the
electronegativity of X, while an inverse relationship between
é and the quadrupole splitting (&) was also noted.446 A 1195n
Mossbauer study of LZM(CO)S(SnRs_nCln)(Cl) has been reported by
Cullen and coworkers (R = Me, Ph, LZ = dipy, phen, DTH; M = Mo,
W, n = 1-3). The results indicate ¥ to be a better c-donor
than Mo. In (dipy)Mo(CO)s(SnRZCI)(Cl) it is inferred that Mo -
and two C (in R) atoms occupy approximately equatorial positions
in the distorted trigonal bipyramidal environment about tin.
Partial dissociation of (dipy)Mo(CO)s(SnIS)(I) to (dipy)MoECO)s-
(I)(1) and Snl, is also noted, on the basis of the data.’?’

A point charge method has been employed to analyze quadru-
pole splitting data from the M&ssbauer spectra (IIQSn and 57Fe)
for (XSSn)H(CO)S(n—Cp), (XZSn)[M(CO)S(n-Cp)]2 and (X,5n)-
[M(CO)S(n-Cp)][Fe(CO)Z(n—Cp)]; discrepencies between the model
and the experimental results are discussed, and a correlation
between the electric field gradient at the Sn nucleus and v(CO)

is noted.448

Electron spin resonance spectra. Glyoxaldiimines and their

tetracarbonyl molybdenum{0) complexes (CXXII; Rl = H,'RZ = But,
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Pri, Bu'; R' = H, Me, R® = Me, CH,Ph, Prl, CeH s C5HS) and

their tetracarbonylmolybdenum(0) complexes react with K to

give stable, paramagnetic anions, for which high resolution

ESR spectra are given. The conformations of RZ in the free and
complexed ligands are compared and discussed (cf. refs. 146,424)34
The oxidative cleavage of [(n-Cp)Cr(CO)S]2 and [(n-Cp)Cr(CO)S]zﬂg
by TCNE to afford (CXXVI), stable only below -25? has been

studied emploving ESR spectroscopy.iso Complexes of the type
[(n-Cp)EM(x)(Y)+] PF6-, formed through chemical or electrochemi-
cal oxidation of (n-Cp)ZM(X)(Y) or exchange reactions in which

X and Y are formal oﬁe-elcctron donors such as (Br}(cCl1), (Br),,
(NHC6HJS),(XCS)2, (NS)Z, (OZCCFS)' (NHC6H4O), OZCPh and M = ﬁo,
¥, have been studied by ESR spectroscopy. The <g> values and
solution hyperfine coupling constants are given and discussed.451
Vansant has prepared (n—Cp),Cr+ in aqueous solution and exchanged
it into zeolite, and obtaingd its ESR spectra. Spin concentra-
tions and <g> values for this and related complexes containing

h e
other metals are given.Jb“ The ESR spectrum of (CXXVII) has
also been given and discussed by Ceccon and associates.45°

e
Cr

oC/(i:\C o
o)

(OC);Cr — N/

(CXXV1) (CXXVit)

Mass spectra. It had been noted that heats of formation
of metal ions determined mass spectrometrically exceed those
determined by spectroscopic methods, and, for M(CO)6 (M = Cr,
Mo, W) it had been suggested that the difference (“excess energy’)
resulted from the formation of metal ions in excitaed states.

It is pointed out by Davis, however, that that explanation
appears to violate quasi-equilibrium theory, which assumes that
initial excitation energy randomizes throughout the molecule

at a rate rapid relative to bond dissociation. Data for the
M(CO)6 systems are consistent with an alternative explanation,
that the "excess energies’™ represent kinetic shifts, i. e., are
the energy excesses required to allow the mass spectrometric
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reactions to proceed at rates appropriate to the mass spectro-
metric time scale.454
Differential thermal analysis, thermogravimetric analysis,

and mass spectral data for (benzilbis(phenylimine))Mo(CO)4 have
been interpreted in terms of a strong r-acidity of the ligand.455
The ionization and thermal decomposition of [(n-Cp)h‘(CO)S]2 have
been measured by mass spectrometr)’.as6 Appearance potentials
for the principal ions, and the change in enthalpy for the

equilibrium between the dimer and the two identical monomeric

6

c
fragments have been determined.4“ The field desorption mass

spectra, which can be obtained for relatively involatile mater-
ials, have been recorded for (n-C6H6)Cr(CO)3 and [(n-C7H7)w(CO)3+]—
BFd
observed, and fragmentation patterns determined.

Davis has noted that the fragmentation of (n-CGHSCOOR)Cr(CO)3
by loss of -OR is an exception to an otherwise good generaliza-

. In each case the molecular or quasi-molecular ion was
457

tion by McLafferty that odd-electron fragments are generally

less stable, and thus less observed, than even-electron fragments

in mass Spectra.458 Blake et al. have observed secondary electron-

capture in the negative ion mass spectra of both (n—CGHSCOOH)Cr—

(CO)3 and (n-CGHSCOOMe)Cr((_ZO)3 which results in decagggnyliiion
Muller,

Holzinger and Kalbfus have reported evidence for binuclear

of the -COOR function. Cr ions were also observed.

secondary ions formed during the fragmentation of (n-Cp)-
(n-C6H6)Cr and (n-Cp)(n—C7H7)Cr, Their formation, and fragmen-

tation patterns are discussed. 60

Two means of fragment stabil-
ization, (a) via redistribution of excess energy among the
covalent bonds, and, (b) by structural distortion, were deduced
from a comparison of quantum-mecchanical calculations and ex-
perimental data for (n-C6H6)2Cr and (n-C6H6)Cr(C0)3.461 Finally,
the field ionization mass spectra for (n—arene)ZCrI species
(arene = C6H6, EtC6H5 and Et2C6H4) have been gggloyed in the
analysis of trace amounts of these complexes.

Electrochemistry

‘Reduction of MgCO)6 at a Pt electrode in aprotic solvents
to afford MZ(CO)10 “ (M = Cr, Mo, W) has been studied, and the
systematics of the potential discussed (cf.refs. 284, 285).
Oxidation of Cr(CO)6 in acetonitrile affords Cr(C0)6+, stable
on the seconds time scale.463 Electrochemical measurements
on octahedral metal carbonyls, including Cr(C0)4(NCCH3)2,
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Cr(CO)SBr_, Cr(CO)s(NCCHs), Cr(CO)6 and others containing V or
Mn have been reported.464 E® values from cyclic voltammetry
in CH3CN/0.2 M Bu,NBF, (¥s. (n-Cp),Fe/(n-Cp),Fe’ couple} obey
the relationship,

o]
o - A+ X a———di + 1_480)-, . (32)

E
where A is a constant depending on the solvent and reference
potential, x and y are given in [M(CO)ﬁ_xLx]Y*, and (dEO/dx)L
is a parameter characteristic of L which defines the shift in
E® caused by replacement of one CO by one L. Eq. (32) allows
estimation of E° for hexacoordinate metal carbonyls, or can
assist in structure dctcrmination.464

Kotz and coworkers have prepared the new LZM(CO)_4 complexes
(L = FcPh,P (CXXVIII}, FczPhP, FcsP; M = Mo, W) directly, and
have studied the eclectrochemical reduction of these and of
LM(CO)S, as well as of other L-containing complexes. The re-
ductions were reversible, one electron processes; the systematics

165 Electrochemical reduction of

of the results were discussed.
ten (n-arene)Cr(CO0)y complexes at a dropping Hg electode in DMF
has revealed that electron donating substituents on the arene
ring shift the reduction potentials to more positive values.
The two-electron reduction of (n-C6H6)Cr(C0)3 is reversible 222
proceeds through formation of an intermediate anion radical.
" Pulse polarographic data for variety of tricarbonylichromium
n-complexes of arenes and condensed aromatics (naphthalene
derivatives) also has revealed that reduction is a_ two-electron
process; reduction of (D-CHSCOCGHS)Cr(CO)3 in contrast, is a

4
one-electron process.

©)

Fe

(CXXVLi)

Thermochemistry

There is developing an increasing interest in the determina-

References p. 168



166

tion of the thermodynamic properties of organometallic complexes,
and this interest is reflected in appreciable work in this area
reported during 1975. Several groups have reported the therm-
odynamic properties for the hexacarbonyls; stagdard enthalpies
of formation for Cr(C0)4,*%%-909-70 yo(coy 70 and w(coy . 470
Other thermodynamic properties for the hexacarbonyls, e. g.,
468,469,471 heat capacities,470 entropics,4
470 have also been reported. The

heats of combustion,
and free energies of formation
heat of combustion, together with the heat of thermal decompo-
sition for Mo(CO)G, the heat of reaction of Mo(CO)6 with I,
and other data were employed in the determination of the standard
heats of formation of Mol, and M013.471 Standard heats of for-
mation have also been determined for (CHSCX)W(CO)S, Eii_(cuscx)z_
®(C0), and fgg—(CHSCN)SW(CO)S emploving differential scaaning
calorimetry and an automated vapor pressure measurement appara-
tus. Thermal stabilities have been found to decrease in the
order W(CO)6>(CH3CN)3W(C0)3>(CH3CN)2W(C0)4>(CH3CN)W(CO)5.472
Another calorimetric study has determined the standard heat of
combustion, the standard heat of formation, and the mean Cp-Cr
bond dissociation energy for a variety of bis(n-Cp)metal complexes
including (n-Cp)ZCr.473 Yet another investigation has reported
C_, S, the enthalpy function and the free energy function for
this complex from 5 to 298.15° K.474 Standard heats of formation
also have been determined for (n-toluene)Cr(CO)s, (n-mesitylene)-
Cr(CO)3 and (n-chlorobenzene)Cr(CO)s; the (n-arene)-Cr bond
contributions in the gas phase, based on these and other data,
vary C6Me6-Cr>:;§3,S-C6H3Me3-Cr>C6H5Me-Cr>C6H6-Cr>C6H5C1-Cr>
cvclo-C7H3-Cr- A new, simple microcalorimetric vacuum-
sublimation technique, accurate to *5% was employed in the
determination of heats of sublimation at 298° K for a variety
of (n—arene)Cr(CO)3 conmplexes (containing the arene ligands
listed in the previous sentencg), and for Cr(CO)6 and N(CO)G.
The stabilities and bond strengths for a variety of Hg(II)
halide adducts of Group VI-B metal carbonyl derivatives have
been studied by'microcalorimetry in 1,2-dichloroethane.476
following reactions were studied: (n—mesitylene)M(CO)s with
ngz (M=WwW, X=Cl, Br; M = Cr, Mo, X = C1), (n-methyl benzoate)-
Cr(CO)S, (n-methyl-E—aminobenzoate)Cr(CO)3, (2,2'-dipyridyl)Mo-
(C0)4, (diphos)M(CO)4 (M = Cr, Mo, W), and (diphos)zMo(CO)Z with
HgCl,. Enthalpies and entropies of adduct formation
were determined, and higher enthalpies of adduct formation were

observed for Mo and W complexes than for Cr complexes, an ob-

475

The
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servation attributed to the greater availability of non-bonding
electrons for the larger metal atoms. A large, favorable en-
tropy effect for Cr complexes relative to those of Mo and W
was held as possibly arising from displacement of solvent mole-
cules due to more compact adduct structure for the Cr systems.
For (diphos)M(CO)4 (M = Cr, Mo) the resulté suggested loss of
CO prior to adduct formation, perhaps catalvzed by HgCl,. The
observed entropies of adduct formation were slightly gr;ater
than for Hg(Il) adducts of ‘conventional’™ Lewis bases, indica-
tive of relatively strong Hg-transition metal bonds-476
A number of groups have studied the thermal decomposition
of organometallics. Syrkin and coworkers have prepared Cr
coatings gf various qualitics through thermal decomposition of
cr(ceyq-" "’
moval of C and O impurities from h‘(CO)6 employing several
mcthods,478
calculations for the ternary system W, C, O at 600-1000° K to

determine the conditions under which tungsten carbide could be
- 179

Krichevskaya and associates have studied the re-

while RKomorova and Jaluvka performed thermodynamic

prepared through the decomposition of tungsten hexacarbonvi.

Mohai and Bencze have studied the thermal deccmposition
of M{CO) L,Cl, (M = Mo, W; L = PPh;, AsPhg, OPPh3; n = 2,3), and
have found that the tricarbonyl complexes lose two, then one
mole of CO, and then lose L in a multistep process. With the
dicarbonyls, either one- or two-step loss of CO is observed,
depending upon the identity of L. The thermal stabilities of
the complexes vary W>Mo; PPh_.>AsPh.>0PPh.; dicarbonyl>tricar-
bony1.480’481 These workersahave ;150 p;epared M(CO)ZCI,(OPPh),
(M = Mo, W), and have compared their thermal decompositi;n to -
that observed for M(NO)ZCIZL2 (L = PPhS, OPPhS, AsPhS), which
undergo intramolecular redox reactions with evolution of N, or
N,0 and oxidation of M or L. For the carbonyl complexes, in
c;ntrast, loss of two carbonyls at ca. 160° was noted, but
above that temperature, no horizontal weight levels were ob-
served in the TG's.482

‘The activation energies for the thermal decomposition of

(n-arehe),Cr {arene = benzene, ethylbenzene) have been deter-
mined to be ca. 22.5 kcal/mole.48° Another study has fixed at-

tention upon the nature of coatings precipitated from the vapg§4
phase during thermal decomposition of (n-arene)2Cr complexes,
while another investigation has developed an equation which

can be used to determine the decomposition rate of (n-arene)ZCr

on a substrate oriented perpendicularly to the carrier gas flow,

References p. 468
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as a function of carrier gas flow, the concentration cf the or-
ganometallic in the carrier gas, and temperature. Good results
were obtained employing (n-ethylbenzene)ZCr and (n-ethylbenzene)-
{n-diethylbenzene)Cr as substrates.485

The decomposition of MeSSiCHZWCIS at 20° has been found to
afford MeSSiCI, MeSSiCH2C1, MeSSiCHZCHZSiMe3 and Me,Si. The
first-named product evidently 1is formed via elimination of
CH2=NC14 from the substrate.486

The cosolubilities of (n—C6H6)2CrI,-(n-Me2C6H4)2CrI,
(n-mesitylene)ZCrI and (n—MeC6H5)ZCrI have been found to remain

virtually constant in water over 10—40°C-487

Miscellaneous

Ion-cyclotron resonance line-broadening has been employed
to determine experimentally the momentum transfer rate for
collisions of Cr(CO)S— ions with isotropic and anisotropic polar
and non-polar gases. The Langevin theory (which describes gas-
phase ion-molecule collisions on the basis of potential energy
functions for ion-molecule attractive and repulsive forces) is
found to be well-obeyed.488
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