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LI1ST OF SYMBOLS AND ABBREVIATIONS

B a base

bipy 2,2"-bipyridine

Bu butyl

Cp cyclopentadienyl

Cy cyclohexyl

DABCO 1,4=diazabicyclo [2.2.27 octane

decalin decahydronaphthalene

diars o-phenylenebis (dimethylarsine)

diphos : ethylenebis(diphenylphosphine)

Et ethyl

HA a protonic acid

L a donor ligand

Me methyl

Ph oneny i

Py pyridine

R an orgaric substituent group

S a coordinating solvent molecule

THF tetrahydrofuran

TMS tetramethylsilane

triphos bis (2-diphenyiphosphinoethyi)
phenyiphcsphine

X a halogen



I. INTRODUCTION

The thiocarbonyl ligand has recently attracted research of both
theoretical and experimental nature because of its similarity to the
familiar carbonyl ligand. The CS ligand is one of the simplest pos-
sible variations of the CO ligand, and can thus be considered as a
“perturbation'' of the carbonyl. The study of its complexes may there-
fore enhance the understanding of bonding and reactions of transition
metal carbonyls in general.

The main barrier to the extensive study of transition metal
thiocarbonyl complexes is the difficulty of initial formation of the
metai-CS bond. Carbon monosulfide, unlike carbon monoxide, is unstable
under normal levels of temperature and pressure. Therefore, few metal
thiocarbonyl complexes were known when this work began, and surprisingly
lTittle was known about the chemical properties and reactions of the
complexes or the coordinated iigand. 7Tne avaiiav
indicated that the CS ligend was a stronger pi-acceptor than CO and thus
1y bound tc the meta2! atom, The thiocarbonyl ligand also
appeared to be more reactive than its oxygen analog. The field of
transition metal thiocarbony! chemistry was thus regarded as a potentially
fruitful area of research. 1t was with the hope of preparing thiocarbonyl
complexes suitable for spectroscopic and chemical study that this work

was undertaken,



i1. REVIEW OF THE LITERATURE

A. Carbon Monosulfide

1. Preparation and properties of carbon monosulfide

For many years carbon ménoxide was the only formally divalent
carbon compound known. Since it was expected that a sulfur analog should
also be preparable, chemists made many attempts to form carbon monosul-
fide, which was anticipated to be a gas at room temperature. Several
reactions were reported to give a polymeric form of CS; in one, CS2 was
exposed to sunlight for several months,] and a similar polymeric product
was obtained2 from the reaction between NE(CO)4 and CIZCS. Dewar and
Jones,3 in 1910, were the first to observe monomeric CS, prepared from
gaseous C52 by a high-frequency discharge. They were able to condense
a liquid at the temperature of liquid air which exploded on warming to
give a brown polymeric solid. Shortly thereafter, J. J. Thompsonﬁ

reported that tne mass spectrum of CSZ showed a stiong peak at w/e Li when

®
0
ot
A
O
(o}

ischarge was passed through the €S, vapor. Soon the elec-

vided a certain method for detection of the CS molecule.
Carbon monosulfide has been shown to be a product in the following

reactions:

-1
a. Photolysis of CS, in the vapor phalse]2 13

. . . 19-21
b. Photolysis of CS2 in a matrix

c. Thermel CS2 dissociationzz-z6



d. Dissociation of CS, in a high-frequency discharge3,]2,27-34
e. Reaction of CS2 with O atom58’35'37
f. Reaction of CS, with S atoms>S

g. Dissociation of COS in a high-frequency discharge39

h. Reaction of MnS and C at elevated temperatureu

Ar and Xe metastable atom energy transfer to CSZ, C0S, and
c 1 r‘SLH
l2\'

Carbon monosulfide has also been observed in the upper a'cmOSphere\.Ll'2 and

L3

in interstellar space. The best synthetic method for preparing use~

ful quantities of CS is by the use of a high-frequency discharge.32’3h

The stability of CS in the gas phase is determined by many factors,

including the temperature, partial pressure, dimensions of the container,

8,16,29 bk

and the condition of the surface of the container. In a ciean

vessel the lifetime of CS at L40-80 torr is on the order of minutes, but
it is reduced to seconds once a surface deposit is formed. The loss of
CS from the gas phase is a wall reaction, and the data are not consistent

with the simpie polymerization of the moiecuie. A carbon-rich soiid and
J'll

CS2 are reported = to be the products of the surface decomposition.

The decomposition of CS in the condensed phase is also apparentiy

. . . 2 . . .
not a simple polymerization. Steudel3 has conciuded that the condensed

o . . . .
(=180 ) product resulting from passing CS2 through 2 discharge is a

mixture of CSZ’ CS, and C_S As the mixture is slowly warmed, the

372°

amount of €S decreases as more C,S, is produced, perhaps by disproportion-

372

ation of the CS. The polymer that resuits often contains free suitur



which is extracted with CSZ' The composition of the product thus obtained
corresponds to a polymerized mixture of CS and C3S2 in a ratio of about
3:1. Different methods of preparation give polymers of different prop-

2,12,29

erties, and it appears that there is no simple ''CS polymer'.

These polymerization reactions point out the high reactivity of CS
even at low temperatures. Steudel concluded that this property makes
its isolation in a pure state impossible.32

Recent spectroscopic studies of CS include the vacuum ultraviolet

Ls

absorption spectrum, an emission study in the vacuum and near ultra-

. . L6 . . . ' .
violet regions, = and spectroscopic studies of excited electronic

states."ﬂ’l+8

Several microwave studies have been performed.27’3]’49'5]
By this method, the internuclear distance27 has been determined to be
i.5349d:0.00023 and the dipole momentqg_s] reported to be 1.958+0.005D,
in the direction -CS+. It was determined from the quadrupole moment50
that, unlike CO which has considerable electron density present at the
ends of the molecule, the electrons in CS are shifted toward the center

of the molecule.

Vacuum ultraviolet photoelectron spectroscopy has also been

-5k
applied to carbon monosuifide.52 5

54

Four ionization potentials are

the first occurring at 11.34 eV. The vibrational structure
of this band indicates ionization of an antibonding ¢ M0. The second
ionization is the removal of a strongly bonding n electron and the third

and fourth ionizations result from the removal of o bonding electrons.



A1l of the ionizations occur at lower energy than the corresponding
bands for CO.

From the CS stretching frequency55 of 1274 cm-] a force constant
of 8.4 mdyn/x is calculated. By comparing this with the CS stretching
force constent in CSZ’ a bond order of 2.2 is estimated for the CS

32

molecule.

The thermodynamic properties of CS have been determined by

several methods, and there is a wide variation in the reported values.h]

\Y)
Values re

ported for the enthalpy of formation range from 50 to 70 kcal/

56

mole; some recent studies give AH. 0° (cS) = 64.96 £0.4 kcal/mole” and
2
AHf°298(Cs) = 70.0%£2 kcal/mole.38 A recent value for the bond dis-
3
sociation energy is Dg = 166.1x2 kca]/mo]e.38’57 Somemolecular properties

of CS and the corresponding values of CO are listed in Tabie 1.

Table 1. Selected molecular properties of CS and COQ

Property (units) s Reference co Reference
Dipole moment, u (D) 1.958 (-CS+) (50) 0.112 (-C0+) (58)
Force consfant,

k (mdyne/A) 8.4 (55) i9.0 (59)
Internuclear distance,

r, (%) 1.535 (27) i.128 (59)
Dissociation energy,

D (kcal/mole) 166 (38) 256 (60)

lonization potential,
i.P. (ev) 11.34 (54) 14.01 (59)




An ab initio SCF LCAO0 molecular orbital calculation has been per-
formed on the carbon monosulfide mo}ecu}e.6] The results, when compared
to those of simiiar caiculations on {0, showed that the n* orbital of CS
which back-bonds with a metal has much lower energy than the corresponding
x* orbital in C0; therefore CS should form stronger = bonds with metals
than does CO. A similar comparison of the o lone pairs on C showed that
€S should also form slightly stronger o bonds with metals. [t was also
concluded that d orbitals on C or S will not be invoived in bonding to

a metal atom.

2. Reactions of carbon monosulfide

Most of the early work on carbon monosulfide was connected with its
preparation, decomposition, or spectroscopic properties. Therefore, the

chemistry of CS was almost totally unresearched until 1967, when

32,62

Steudel reported that the gas-phase reaction of CS with Clz, Brz,

r gave C1,0S, Br,CS, and 1,05, respectively. In the chlorine reaction
Fe — -—

excess halogen produced C13CSC1.32 it was also reported32

- 1
< 1

2
that CSSe and

CSTe could be prepared by the reaction of gas-phase CS with the sclid

63

chalcogen. An earlier report ° noted that the reaction between CS and 02

was very slow at temperatures between 20 and 100° Recently the reaction

. ] .. . bL.65 _. . .
between CS and atomic oxygen has been studied.s" “ This react:oin pic-

duces vibrationally excited carbon monoxide and is the basis of a CO

65

chemical laser.

34

Klabunde and co-workers” have recently investigated some reactions of

CS. They were able to prepare CI3CSC1, BrBCSBr, and CIZBrCSCl by reacting



~I

€S with halogens and mixed halogens. Similar reactions with HCl and
HBr gave HCICS and HBrCS; no products resuiting from a second additicn
were observed. These thioformyl halides trimerized readily upon
warming.

Although Steudel32 concluded from its reactions with halogens and
chalcogens that CS behaves as an electrophilic carbene, the work of
Klabunde et al.suggests that it is better described as a weak Lewis base.sbr
Carbon monosulfide will not react at low temperatures with olefins,
alcohols, or other electron-rich compounds, but wiii react with iewis
acids, such as hydrogen halides and boron halides. However, carbon
monosulfide will not displace CO or PPh3 from Ni(CO)h, Fe(CO)S, or
Rh(PPh3) Cl at low temperatures.

3

Carbon monoselenide has been observed,66-69 but it is much less

9]

stable than CS and could not be trapped at low temperatures.69 It is
68

‘.

reporited o litetime in the gas phase of less than one second.

1ave a

Presently CTe and CPo are unknown.

B. Metal Thiocarbonyi Compiexes

1. Formation of the metal-thiocarbonyl bond

The first preparations of transition metal thiocarbonyl complexes
followed by more than50 ysars the first observation of CS, largely because
of the instability of the free carbon monosulfide molecule. Even up to
the present there is only one report in the literature of the preparation

70

of a metai thiocarbonyi complex Trom free CS,”  and the product could not



be isolated. Carbon monosulfide generated from C52 in a microwave
discharge was condensed with Ni atoms, and spectroscopic evidence in-
dicates the formation of Ni(CS)h. Thus, indirect methods have been used
to prepare all other known thiocarbonyl complexes. These may be grouped
into two major categories.

a. Addition of CS2 to a metal complex followed by cleavage of a

C-S bond This method was used in the first preparation of a transi-

71

tion metal thiccarbonyl by Baird and Wilkinson in 1966. It was found

that added triphenylphosphine acted as a sulfur acceptor,72 accordiing

to Eq. 1.

CH.,OH
RRCT (PPh,) 5 + CS, + PPh, —2— trans - RRC! (PP, ) ,(CS) + PhaPS (1)

A similar reaction was performed with IrCl(PPh3)3, but only low yields of

IrC](PPh3)2(CS) were obtained.73 Better ylelds resulted when

trans -.!rCi(PPhi)a(N7) was reacted with CS, in the presence of PPh3 and
methanol.74 Another complex, erl(CS)(PPh3)2 CS3, could also be isolated

-l
v

p

from this reaction and was thought to be an intermediate.’”

The reaction of RuC!z(PPh3)3 or R“C]z(Pph3)4 with CS, in the absence

2
of added PPh3 leads to the formation of a :t-CS2 complex and some of the
dimer ERuCiz(CS)(PPh3)2]2.7S Gther wark‘rs76 found that the same reaction

also produces another related binuclear thiocarbonyl compiex,

(PPh ClRuClBRu(PPhB)Z(CS). It was aiso found that by extending

3)5

the reaction time a dithiocarbony! complex, RuCiz(PPh3)2(CS)2 could be

prepared.77 The analogous triphenyiarsine complex was also prepared.



The ruthenium (III) complexes, RuBr3L2(CS), (L = PPh3, AsPh3), were
cbtained78 by refluxing Ru8r3L2(CH30H) in €S,- Shorter reaction times
yield the RuBr3L2(C52) complexes also, which suggests that they are
intermediates in thiocarbonyl formation.

The reaction of Coz(CO)8 with CS, yields many products, one of which
has the formula Co3(CO)6CS2 and has been suggested to contain a triply
79

bridging CS ligand. The evidence, however, appears to be inconclusive.

The CpFe(CO)Z- ion react580 with CS2 in a process which can be viewed

as either a nucieopniiic attack at the (S, carbon or the coxidative addi-
tion of C52 to iron (Eq. 2).
- \ - CH3I 'S' HC1
CpFe(CO).Z + E:S.:Z—-H:pFe(CO;ZCS2 ——>CpFe(CO)2C-SCH3 —_—
[CpFe(CO)z(CS)]Cl + CH,SH (2)
The sulfur atom is eventually removed as CH3SH.
The manganese {1} thiocarbonvi compiex CoHn{CO) (CS)81 has beesn

prepared by refluxing CpMn(CO)2(gi§-cyclooctene) in CS, for one week;
vields were greatly improved by the addition of PPh, which acts as a

sulfur acceptor (Eq. 3).

CSZ PPh3
CpM!’!(CO)Z'” ———-»CpMn(CO)Z{_:I-CSZ)_> CpMn(CO)Z(CS) +

Ph,PS (3)

After the photochemical replacement of CO in the thiocarbony! complex with

cis-cyciooctene, CpMn(CO)(CS)2 was prepared in an identical process.



10

Spectroscopic evidence also indicates the formation of CpMn(CS)3 by
extending the process to replacement of the third CO. It was found that
CpMn(CO)z(THF) also reacts with CS, and PP'n3 to yield the thiocarbony}
complex. This method was used to prepare CpRe(CO)z(CS).82

Finally, a similar reaction sequence was used to obtain

(Ar)Cr(CO)z(CS) (Ar = methyl benzoate) from (Ar)Cr(CO)Z(giircyclooctene),
83
3"

t should be noted that there are many known 052 complexes of metals

C52 and PPh

which do not decompose or react with sulfur acceptors to yield thiocarbonyl

comp lexes.

b. Oxidative addition of thiophosgene and its derivatives to metal

comp lexes The iron complex [CpFe(CO)Z(CS)]+ (vide supra) was also
prepared by the oxidative addition of CICOR (R = 3, ) to

CpFe(CO)Z-, followed by reaction with HC1 (Eq. &4).
S S
CpFe(c0),” + c1c0R-—CpFe(co)2-c oR L&ie [CPFe(C0),(CS)1™ + ROH (%)

The oxidative addition of CICOCH, to Pt(PPh ). vields

PtC](PPhB)ZE-OCHB. When reacted with BF3 a product resulted which was

86

identified as [trans - PtC} (PP"z3 z\vs)]s,h Kubota and Curtis87 have

recently reported that the oxidative addition of thiophosgene to certain

ir(1) and Rh(1) species (Eqs. 5-7) yields thiocarbonyl complexes.

Ir(PPh3)2(N2)Cl + CIZCS-—>Ir(PPh3)2(CS)CI3 + N2' (5)



1

[lr(PPhB)z(CO) (NCCH3)]PF6 + Clzcs—’[lr(PPh3)2(C0) (CS)C]z]PF6 +

NCCH, (6)

Rh(PPhy),C1 + C1,CS —= Rh(PPhy),(CS)C1, + PPh, (7)

3)2

Aside from the work described in this dissertation,88 these are the
only reactions known at the present in which a metal-thiocarbonyl bond
is formed. 1t is evident that the chemistry of metal thiocarbonyl
complexes has been severely limited by the difficulty of initially
forming the M-CS linkage.

2. Reactions of metal thiocarbonyl complexes

The chemistry of thiocarbonyl complexes up to early 1973 has been
reviewed,sl+ and aside from the studies discussed in this dissertation,
the review includes nearly all known reactions of metal thiocarbonyl
complexes. As expected, metal thiocarbonyis undergo normal substitution
reactions in which cther ligands are replaced. Thus both C0 groups in
the CpHn(CG)z(CS) complex underge photochemical substitution by another
1igand; however, the CS ligand does not.89 The SN! replacement of
cis-cyclooctene from CpMn(CO)z(CgH]h) with PPh3 is approximately four
times faster than the same reaction of the dicarbony! analog.90 This

observation was presented as evidence of the greater pi-acceptor ability

of CS relative to CO. Other ligand addition and substitution reactions
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of thiocarbonyl complexes include: the preparation of

T A ]
RUCT, (PPh, ), (€5) (py) 7> [RUCI, (PPh,) , (€5)]7,76+7

and RuCi,{PPh;) {C0) (cs)”
from [RuClZ(PPh3)2(CS)]2; the repiacement of Ci in trans-RhC%(CS)(PPhB)

73

2

and trans-erI(CS)(PPh3)2 by €s,;"" the phosphine exchange reaction
yielding trans—erl(CS)(PCy3)2 from trans-erl(CS)(PPh3)292 and the con-

version of these two complexes to [Ir(CO)z(CS)LZ]+ 92 by reaction with

C0; the formation of [lr(CO)(CS)(PMePh2)3]+ from [Ir(CO)Z(CS)(PPh3)2]+

and PMePh2;92 the preparation of adducts of trans-erl(CS)(PPh3)2 with

co,’? 502,’J and NO7;° and the transformation of trans-erl(CS)(PPh3)2
+ 92

into [Ir(diphos)z(CS)] . It was noted that replacement of the CS
ligand in EgggnghCl(PPhB)Z(CS) by €0 at 1 atm and 25° was not possible;72
under these conditions the parent carbonyl complex exchanges instantane-
ously with labeled CO. In fact, there are no known simple reactions
in which the thiocarbonyl group in a metal complex is displaced by
another iigand.

The Rh(1) thiocarbonyl complexes, Egggg-RhX(CS)(PPhB)Z,
(¥ = c1,Br) undergo oxidative addition reactions with ha‘.ogens”’72
and tetracyanoethylene93 but, unlike their carbonyl analogs, do not

add HC1. The Ir(l) thiocarbonyl complexes, trans-~|rCl(CS)(PPh3)2 and

[ir(CO)Z(CS)LZ]Y, (L = PPh3,PCy3) also undergo numerous oxidativz
73,92,%4

addition reactions. Likewise, it was observed in these reactions

9L

and in attempts to form adducts of these complexes with Lewis bases”  that

the thiocarbonyl derivatives were considerably less reactive than the
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carbonyl analogs. It was suggested that these results might indicate
less nonbonding eiectron density on the metal atoms due to the stionger
pi-acceptor character of CS.

Reactions with nucleophilic reagents have been reported for only
three metal thiocarbonyl complexes, other than those described in this
dissertation.89 Busetto et al. have investigated several reactions of

[CpFe(CO)Z(CS)]+ (Eqs. 8-12) in which there is preferential attack

at the thiocarbonyl carbon. 2°
+ N3- ;
CpFe(CO)Z(CS) — CpFe(CO)ZNCS + N, (8)
4 HoNNH,
CpFe(CO) 2(cs) —=— CpFe(CO) ,NCS + NH; (9)
- S
+ RO 1
CpFe(CO)Z(CS) —— CpFe(CO),C-O0R (R = CH3,C2H5) (10)
s S
+ NRAR ] % . .
CpFe(C0), (CS) —— CpFe(CO),C-NHR + H™ (R = CH3,C2H5) (1)

+ NCX©

CpFe(CO)z(CS) e CpFe(CO)ZCN +C0X (X =0,

o~
-
N

~~

)

w

92

In contrast, Mays and Stefanini”” observed that nucleophilic attack

by CH,0 on [lr(CO)Z(CS)(PPh 17 occurred only at the carbonyl carbon.

3 3)2

It shouid be noted, however, that nucieophilic additicn of CH 0 to a

3
carbonyi in [CpFe(C0) (CS)]+ is observed in the presence of small amounts
carbonyl 2

95

of water. In a very recent report, H20 was observed to react very
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+ 86
RS
) . . s s . 96,97
No reactions, other than those discussed in this dissertation,

readily with [trans-PtCl(CS)(PPh3)2]+ to form [ trans~PtC1(C0) (PPh

are known which give products resulting from electrophilic addition to
the sulfur of a metal thiocarbonyl complex. However, it was suggested

that the decomposition of trans-RhCl(PPhB)z(CS) on reaction with CH,!

72

3
and HgCi2 might result from attack at the sulfur atom.

3. Spectroscopic and structural studies

Three X-ray crystallographic structure determinations have been
performed on metal thiocarbonyl complexes up to the present time.
The ggggg-RhCI(PPhB)z(CS) complex was found98 to contain a nearly linear
thiocarbonyl ligand with a C-S bond length of 1.5363. The metal-carbon
disgance was determined to be 1.787R, compared to a M-Cy distance of
1.868 in the carbonyl analog. The structure of [Ir(CO)z(CS),(PPhB)z}PF6
was determined to be trigonal bipyramidal with the phosphines in the
axial positions.99 The Ir-CS bond length of 1.8678 is significantiy
shorter than the 1r-C0 bond distance (mean 1.9388). The C-S bond
length was found to be 1.5118. The structureEve of [CpFe(CO)Z(CS)]PF6,
however, was nearly identical to that of the carbonyl analog. The
C-0 distances (mean I.ISOR) and all of the Fe-C distances (mean 1.8152)
rom those in the tricarbonyl comnlex. A C-S bond lenath of
1.501% was found.

Infrared spectroscopy has been an essential tool in the detection

and characterization of thiocarbonyil compiexes. The presently known
P

metal thiocarbonyls exhibit a very strong, distinctive IR band arising
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from the CS stretching mode in the range from 116196 to 1409 cm-].s7

This absorption thus occurs at frequencies both higher and tower than

the 1274 cm-] band of the free CS molecule. By way of contrast, the

CO stretch is always lowered on coordination to a metal. 1t has been
suggested that coupling of the (€S stretch with low-frequency modes in

the thiocarbonyl complex could cause this difference.su This explanation
seems unlikely, particularly in view of a comparison of the CS bond
lengths in the free molecule and in its complexes. In the three
structures repcrted, the CS bond length has been shortened, in agree-
ment with the higher CS stretching frequencies in these complexes. In
contrast, CO bond lengths are decreased on coordination to a metal. The
fact that the CS frequency may be either raised or lowered upon co-
ordination may be due solely to electronic effects in view of the large
electronic differences between CO and CS, both free and in metal com-
plexes.

57

A comparison of the “‘Fe Mossbauer spectrum of [CpFe(CO)z(CS)]+

with those of other [CpFe(CO)ZL]+ complexes led to the conclusion that

101
1w

the CS ligand is a better pi-acceptor in these complexes than is CO.

The mass spectra of CpMn(CG)Z(CS) and some of its derivatives have
been recorded. Some of the Mn-cst fragment was observed in these spec-
tra, contrasting with other cyclopentadienylmanganese carbonyi compiexes,
in which all other ligands are lost before the CEHS ring.

i3

Bodner’oz has recorded the ~“C NMR spectra of Cpﬁn(CO)Z(CS) and
[CpFe(CO)Z(CS)]PFe. The chemical shifts of the CS carbons (-k42.9 and

-307.2 ppm, downfield from TMS in acetone -d,) are shifted far downfield
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from the respective CO carbon resonances (-224.5 and -203.3 ppm). In
fact, the manganese thiocarbonyl carbon has the largest chemical shift
vet observed for carbon. Bodner interpreted these results in terms of
a resonance structure (E)=(§) which is stabilized by metal-to-thiocarbonyl
back-donation.

Lichtenberger]03 has used ultraviolet photoelectron spectroscopy
to study the electronic structure of CpMn(CO)Z(CS), W(CO)S(CS), and
Cr(CO)S(CS). (The preparation and chemistry of the latter two compounds
are discussed in this dissertation,) In Cr(CO)6 and w(co)6 the first
ionization band is attributed to the removal of an electron from the
tzg metal d-orbitals. However, in Cr(CO)S(CS) and W(CO)S(CS) these
highest occupied orbitals should be split into the e and b2 representa-

tions because of the lower symmetry of the complexes. Surprisingly,

no splitting was observed in the Cr(CG)S(CS) spectrum and a very small

splitting may be detected for w(CO)S(CS). Thus, the degeneracy of

the metal d-orbitals is barely disturbed. The only significant difference
between these ionization bands of the thiocarbony! complexes and those

of the parent hexacarbonyl complexes is that the bands have shifted by
about 0.25 eV to lower energy in the thiocarbonyl complexes. This shift
was aiso observed in the manganese thiocairbonyl specics. The direct

of the shift seemS to be in contradiction to the anticipated stronger

pi-acceptor character of the CS ligand.
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L. Molecular orbitai calculations

Molecular orbital calculations using the Fenske approximate
method were performed to assist in the interpretation of the ionization

103

results. The calculations on Cr(CO)S(CS) predict that the CS pi-
antibonding orbitals accept 0.60 electrons in comparison to 0.51 electrons
accepted by the CO pi-antibonding orbitals. Morecver, the calculaticns
suggest that the reduction of electron density in the metal d-orbitais
which results from this back-bonding interaction is offset by the de~
stabilizin icn of the relatively high-energy CS pi-bonding
orbitals with the metal orbitals. Both interactions produce a stronger
M-CS bond and a weaker C-S bond, as well as slightly weaker M-CO bonds.
The shift of the first ionization band to lower energy is explained by
the destabilization of the metal orbitals because of an increase in
electron density at the thiocarbonyl carbon. This higher carbon electron
density is due to the lower electronegativity of sulfur as compared to
oxygen and the greater pi-acceptance of CS relative to CO. The calcu-
iations suggest that CS is only a sltightly better oc-dencr than 0. Cal-
culations on CpMn(CO)Z(CS) led to the same general results.

1t is interesting to note that, although various descriptions of the
CS 1igand based on reactivity and Speciroscopic studies place 2 high
positive charge on the CS carbon, the calculations predict that this

carbon has a smaller positive charge than an analogous carbonyl carbon.
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111. EXPERIMENTAL

A. General

All reactions were performed under an atmosphere of dry nitrogen
unless specified otherwise. Dioxane was distilled from calcium hydride
and tetrahydrofuran was distilled from lithium aluminum hydride before
use. Other reagent grade chemicals were used without further purifica-
tion, except where noted otherwise. Gas chromatographic analyses were
performed using a 0.25 in. X5 ft. 2 SE-30 column at temperatures of
6C to 7500 and a helium flow rate of 25 cc/min. The same column was
used for preparative collections at temperatures'of 55 to 65° and a
helium fiow rate of 100 cc/min. Approximately 45 uf of a saturated
pentane or hexane solution was injected for each preparative collection.
Conductivity measurements were performed on solutions of approximately
10—3M in nitrobenzene. Elemental analyses were performed by Chemalytics,

inc. or Schwarzkopf Microanalytical Laboratory.

B. Spectra
Infrared spectra were recorded on a Perkin-Elmer Model 337 spectrom-
eter. Positions of the peaks were determined with an expanded scale
recorder calibrated in the carbonyi region with gaseous {{ and OC! and
in the thiocarbonyl region with polystvrene. Proton NMR spectra were
recorded with Varian A-60 and Perkin~Eimer Hitachi R-20B instruments,

13

except when specified otherwise. The ~“C NMR spectra were obtained

with a Bruker HX-90 spectrometer operating in the Fourier transform mode
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at 22.64 MHz. Deuterochloroform was used as the solvent, lock material
and internal standard, (8§ = -77.029). The shiftless, paramagnetic
relaxing agentlou Cr(acety]acetonate)3 was used to reduce the data

collection time.

C. Kinetic Experiments

Decalin solvent was purified by stirring at 130O with Na for 12 hr
and distilling at reduced pressure. Chlorobenzene was distilled from
Pholo. Reagent grade hexane was used without further purification.
Several experiments were performed with hexane purified by shaking with
st°4'”N°3’ fractional distillation and passage through an alumina
column; these experiments gave the same kinetic results as those done
in reagent grade hexane. Triphenylphosphine was recrystallized twice
from hexane and dried in a high vacuum. Tetrabutylammonium iodide
was recrystallized twice from chlorobenzene, powdered and dried in a
high vacuum. Amines were Tractionaiiy distiiied beiore use; CABCC was
med. Kinetic experiments were performed in flasks capped with
Samnles were withdrawn periodically
by syringe. Experiments at temperatures zbove 100° were carried out in
10-m} syringes immersed in the constant-temperature bath to prevent sub-
limation of the complex. Long hypodermic needles were bent up 2above the
surface to allow withdrawal of samples. The reaction vessels were im-
mersed in a constant-temperature oil or water bath (% 0.050). Rates
were determined by following the disappearance of the 2096 cm-] band

of W(CO)E(CS) using a Perkin-Elmer 337 or Beckman !R-8 spectrometer.
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Plots of 4n (A-A ) vs. t were linear with slopes of kobs’ con=

firming first order or pseudo-first order kinetics.

D. Preparation and Reactions of Complexes

1. Preparation of CpFe(CO)zg_gzg_li3
The cyclopentadienyliron dicarbonyl dimer (10.3g, 28.3 mmol) was
reduced to CpFe(CO)z- by stirring under N, for one hr with sodium
amalgam (2g Na, 87 mmol in 35 mlHg) in 125 mI THF. The amalgam was
withdrawn from the flask through a stopcock on the bottom. Carbon
disulfide (7 ml, 103 mmol) was then added to the solution, which was
stirred for 10 seconds before the rapid addition of CHsl (7 m1, 110 mmol).
After stirring for 10 min the solution was evaporated to dryness under
reduced pressure. The residue was extracted repeatedly with warm
pentane and the combined extracts were filtered. After concentrating

with warming, the solution was cooled slowly to -20°. After having

. : .
iCh was concentrated and

coiiected 5.1y ©
again cooled to give 1.0g of a2 second crop, for a total yield of 58%.
IR (hexane) 2035vs; 1988vs. NMR(CCIA) 75.08 (Cng), 7.40(-SCH3).

MP 72°. Anal. calcd. for (CgHg)Fe(C0),CS,CHy: € 40.3; H, 2.98;

3:
S, 23.8. Found: C, 40.4; H, 2.95; S, 22.7.
2. i

Preparation of [(CsHs)Fe(Clegcs)]PFE

The iron dimer (10.7g, 30.3 mmol) was reduced with scdium amaigam

and treated with CS, (5 mi, 73 mmol) and CH3I (5 ml, 79 mmel) as in the
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mixture was evaporated to dryness, dissolved in 75 ml of benzene, and
filtered through Celite filter-aid. Another 75 ml of benzene was used
to wash the flask and filter. Hydrogen chloride gas was then bubbled
into the combined benzene solutions for 25 min. The solution was con-
centrated to approximately 75 ml under reduced pressure. A solution of
excess NH PF, (11g, 67 mmol) in 40 ml acetone was added to the solution
with stirring. The sclution was immediately fiitered to remove the
insoluble NHucl, and some of the product crystallized after the filtra-
tion (4.0g). After cooling to -20° over night, 10.6g of crystals was
collected (66%). Addition of ether and cooling gave more impure
product.

IR (acetone) 2102vs, 2072vs, (hexachlorobutadiene) 1348vs.
MP 190° (decomp. without melting). Anal. Calcd. for
[(csns)Fe(co)z(cs)]PF6: cC, 26.2; H, 1,37; 5, 8.75. Found: ¢(, 26.6;
H, 1.19; S, 8.77.

3. Reaction of Re(C0),. with CS, and CH.,l
7 < P4

Rhenium decacarbonyi (i.5g, 4.6 mmol) was reduced to Re(CC}s- by
stirring in 75 ml of THF with excess sodium amaigam for 20 min. The
amaigam was removed through a stopcock at the bottom of the fiask.
Carbon disulfide (5 ml, 73 mmol) was added to the soiution, and the
mixture was stirred for 15 sec. Then CHB! (5 ﬁl, 79 mmol) was added

with stirring. The infrared spectrum at this time showed one major prod-

‘uct, tentatively identified as Re{CC}_CS_CH

5 2 I|3o
IR (hexane) 2072w, 2053vs, 2000s.
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The solution was evaporated to dryness, dissolved in 40 ml benzene
and reacted with gaseous HC1 for 20 min. Addition of NH#PF6 (29,
12 mmol) in 15 ml of acetone was followed by filtration and concentration
under reduced pressure. One sample treated in this manner yielded a
white powder tentatively identified as [Re(CO)S(CS)]PFG. However,
several attempts to repeat this preparation did not succeed.

IR (acetone) 2173w, 2095m,sh, 2078vs, (KBr) ~ 1400s.

and CH3503F
1

L. Reaction of (g,ﬂr)w(go), with CS2
P

£~

After reducing [C

s“s)w(co)3}2 {2.%g, &. rrin
15 min in 50 ml THF with excess sodium amalgam (which was then removed),
carbon disulfide (5 ml, 73 mmol) was added to the solution. The mixture
was then added dropwise to a solution of CH3503F (3 ml, 38 mmol)

20 ml THF. This solution was evaporated to an oil, which was dissolved

in CH,C1, and placed on top of a 2 x 40 cm column of florisil. Elution

[
N

with ”2312 gave 3 dark red band which was collected and evaporated to
dryness. The solid (0.6g) was dissolved in ether and crystallized by
adding pentane and cooling to -20°, The analytical and spectroscepic
data show the compound to be (CSHS)W(C0)30502F. The infrared analysis
of a similar reaction done without C52 shows that the same product is
formed.

IR(CC1,) 2063s, 1979vs, 1967s. NMR(CDC1;) 74.03 (CJHg). Mess

spectrum parent ion m/e 422. Anal. Calcd. for (CSHS)N(CO)BOSO F:

2
C, 22.20; H, 1.16. Found: C, 22.47; H, 1.13.
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5. Reaction of QCSHisugtozz- with cs, and CH3L

The method of Cleare and Griffit:h]05 was used to prepare
[Ru(C0)2C12]2 from “RuClB'xHZO"(Englehard industries). The crude

[Ru(C0)3012]2 (1.81g, 7.1 meg) was dissolved in 20 ml THF, and thallium
cyclopentadienide (2.4g, 7.9 mmol) was added. After refluxing for

20 hr, the IR spectrum showed the presence of [(CSHS)RU(CO)Z]ZI06 and
some (CsHS)Ru(CD)ZCi. The orange THF solution was cooled, fiitered and
stirred with excess sodium amalgam for 20 min. Reaction of a small
sample of this solution with CH3I gave only one product, based on the
infrared spectrum; presumably this is (CSHE)RU(CO)ZCH3. The
(CSHS)Ru(CO)Z- solution was then stirred for about 20 sec with cs,

(3 ml, 43 mmol). Methyl iodide (4 ml, 63 mmol) was added to the
mixture, stirring was continued for 10 min, and the solution was
evaporated tc dryness. The product is identified as (CSHS)RU(CO)ZCSZCH3,
since its infrared spectrum was very similar to the IR of
(CcHg)Fe(C0) ,CS ,CHs -

IR (hexane) 2043vs, 1990vs.

After dissolving the solid in benzene and fiitering through Ceiite
filter-aid, HC1 gas was bubbled into the solution for 20 min. Addition
of excess (2.0g; 12 mmol) NH‘._}PF6 in 20 ml acetone followed by the addition
of ether gave a brown precipitate. The infrared spectrum of the re-
maining solution indicated that much of the (C5H5)Ru(CO)ZCSZCH3 had not
reacted. The infraired spectrum of the precipitate suggested, however,
that some [(CSHS)RU(CO)Z(CS)]PF6 had been produced.

IR (acetone) 2107s, 2070s.
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6. Preparation of Cr{C0).(CS)
-~

A THF solution of Cr(CO)6 (20.0g, 9.1 mmol) was refluxed and
stirred 12 hr with excess sodium amalgam (4g Na, 17.3 mmol and ~1.5 1b.
Hg). This solution was removed from the amalgam and added with rapid
stirring over a 5 min. period to CIZCS (9 ml, 11.7 mmol) in 72 ml THF.
The mixture was stirred until it had cooled to room temperature, and
was then evaporated to dryness at reduced pressure. Sublimation at 55°
under high vacuum onto a water-cooled probe yielded 6.5g of a mixture
of Cr(CQ)S(CS) and Cr(CO)6e Gas chromatographic analysis of the mixture
showed that 0.9g of Cr(CD)S(CS) had been produced (8.4%).

7. Purification of Cr(C0).(CS)
P4

The mixture of Cr(CO)B(CS) (3.0g) and Cr(CO)6 (17g) obtained from
several preparative reactions was dissolved in refiuxing pentane (700 ml).
The flask containing the soiution was placed in warm water in a covered
dewar flask which was then put in the refrigerator and allowed to cool
for two days. The solution was decanted off the crystals, concentrated
and wairmed, and cocled very slowly as before. After four crystallizations
the solution was run through a florisil column (2 x 30 cm), evaporated to
dryness and sublimed. Gas chromatographic analysis indicated that less

1 A _frn
th Li\Lv

52

than
iR({hexane) 2091w, 2023m, 1997vs, (CSZ) i1253vs. Mass spectrum parent
ion m/e 236. Anal. Calcd. for Cr(CO)S(CS): G, 30.51; H, 0.00; S, 13.56.

Found: C, 30.1&4; H, <0.01; S, i3.59.
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8. Preparation of Mo(CO)S(CS)

Molybdenum hexacarbonyl (20.0g, 7.6 mmol) was stirred with excess
sodium amalgam in 350 ml of refluxing THF for 12 hr. Twenty-milliliter
quantities of the THF solution (0.22 meq) were withdrawn and added to
a solution of 0.35 ml CIZCS in 3 ml THF with stirring. Each small
reaction mixture was evaporated and sublimed individually. The infrared
spectrum of the product indicated a yieid of Mo(CO)S(CS) of approximately
2-4%. The use of larger quantities of the reduced molybdenum species
greatly reduced the vield; increasing the quanties by a factor of four
gave no Mo(CO)S(CS).

The combined sublimates of many small reactions were dissoived
in warm pentane and allowed to cool to 0° in several hours. The solution
was then concentrated, warmed, and crystallized in this manner two more
times. Evaporation of the solution gave a small quantity of a mixture
containing approximately 75% Mo(CO)S(CS).

IR(hexane) 2096w, 2020m, 1995vs, (CSZ) 1247vs. Mass spectrum
parent ion m/e 280.

9. Preparation of W(C0).(CS)
-~

Tungsten hexacarbonyl (50g, 142 mmol) in a solution of 400 mi THF

— | e b I
1 Qrry

gy Ry EE- e
neLIQain [ NI

s d with excess sodium amalgam (7g Na. 304 mmol.
~ 4 1b. Hg) and refluxed for 12 hr. The mixture was aiiowed to cooi to
room temperature and the solution was decanted from the amaligam into an
addition funnei under NZ‘ it was then added over a five min: period,

with stirring, to C1,CS (14 m1, 182 mmol) in 100 m! of THF in a 1000 ml
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round-bottom flask. After having cooled to room temperature, the mix-
ture was evaporated to dryness on a rotary evaporator and subiimed
under reduced pressure onto a water-cooied probe. The crystais collected
(14g) were found by gas chromatography to contain approximately 45%
w(CO)S(CS) (25% yield). The complex was purified by repeated crystal-
lization (5 steps) of a hexane solution of the mixture, as outlined for
Cr(CO)S(CS), to yield 1.5g of 99% w(co)s(cs).

IR(hexane) 2096w, 2007m, 1989vs. Mass spectrum parent ion m/e 368.
Anal. Calecd. for W(CO)S(CS): €, 19.55; H, 0.00; S, 8.70. Found:
c, 18.93; H, <0.01; s, 8.36.

10. Preparation of W(CG)L(CS)(PPhBL

A xylene solution (15 ml) of W(CO)S(CS) (0.20g, 0.54 mmol) and
PPh3 (0.14g, 0.54 mmol) was heated near reflux for 20 min. At this time
the IR showed nearly complete consumption of the W(CO)S(CS), so the

reaction mixture was immediately cocled and placed on top of 2 1.5 x 40 cm

e
florisil/pentane column. After washing well with pentane, elution with
2:1 pentane-benzene was begun until the yellow band had begun to move.
The top 5 cm of the column was mechanically removed, and development was
accomplished with CHZCIZ. The yellow w(CO)Q(CS)(PPhS) band was concen-
trated, hexane was added, and the concentration was continued untii
crystals began to Tform. Cooling to -20° gave 0.lkg of yellow crystals
(42%). The compiex was recrystallized from hexane.

iR{hexane) 2061vvw, 2052w, 1981w, 1956vs, (CSZ) 1247vs. NMR(DCCIB)

T2.75m. Mass spectrum parent ion m/e 602. Anal. Calcd. for
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W(CO)A(CS)(PPhB): C, 45.8; H, 2.49; S, 5.32. Found: C, 46.15; H, 2.50;
s, 5.11.
11. Preparation of Cr(CO),QCS}{PPh3i

A toluene solution (5 ml) of Cr(Co)s(CS) (0.32g, 1.45 mmol) and

PPh3 (0.40g, 1.52 mmol) was refluxed (l]Oo) for 15 min, and the progress
of the reaction was followed by IR spectroscopy. The mixture was cooled
and placed on the top of a florisil/hexane column (1.5 x 40 cm). After
washing with hexane, the column was developed with 1:1 hexane-CH2C12 and
the yellow Cr(CO)h(CS)(PPh3) band was collected. Concentration and cooi-
ing of the solution to -20° gave 0.20g of yellow crystals (34%). The
product was recrystallized from 1:1 Cﬂzclz-hexane.

IR (hexane) 2063vvw, 204kw, 1992vw, 1960vs, (CSZ) 1230s. NMR(DCCIB)
T 2.77m. Mass spectrum parent ion m/e 470. Anal. Calcd. for

Cr(CO)h(CS)(PPh3): C, 58.7; H, 3.19; S, 6.80. Found: C, 53.11; H, 3.24;

-

S, 6.01,
12. Preparation of trans-W(CO)h(CS)(Ncsﬂsl

A mixture of w(CO)s(CS) and w(co)é containing 1.5g of W(CO)S(CS)
(4.1 mmol) was refluxed in 10 ml of xylene with pyridine (2.5 ml, 31 mmol)
for 5 min. At this time, the amount of remaining N(CO)S(CS) was still
quite large, but w(CO)S(py) began to appear, so the reaction was stopped.
The mixture was poured onto a 1.5 x 35 cm florisil/hexane column and
washed with hexane. Deveiopment with benzene brought down a broad yellow

band, the front of which was W(C0).(py). The latter portion of the band
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was quite pure ;;ggg:w(co)h(cs)(py), which was collected and evaporated
to dryness. Crystaliization Trom pentane gave C.17g of the product
(10%) .

iR(hexane) 2062vw, 1950vs, (CSZ) 1224vs. NMR(DCC13) T1.5- (2H)m,
2.3 (IH)m, 2.7 (2H)m. Mass spectrum parent ion m/e 419. Anal. Calcd.

for W(CO)#(CS)(NC C, 28.6; H, 1.19; S, 7.64. Found: C, 28.83;

5HS):
H, 1.18; S, 7.38.

13. Preparation of w(CO)31C§)(diphos)
A mixture of W(CO)S(CS) and W(CO)6 containing i.5g W(CO)S(CS)
(4.1 mmol) was dissolved in 50 ml of xylene along with diphos (2.0g, 5.0
mmol). The solution was heated to 132° for one hr then cooled and
evaporated to dryness under vacuum. The residue was dissolved in 100 ml
CH2C12 and filtered. Approximately 80 ml of pentane was added with
warming, and crystallization was accomplished by cooling to -20°. vYeliow
flakes of rhe product were co Stq,; 88%).
IR(CHZC]Z) 2013w, 1925vs, (CSZ) 1215s. NMR(DCC13) T2.6m, 7.k2m.
Mass spectrum parent ion m/e 710. Anal. Calcd. for N(CO)B(CS)(diphos):
C, 50.7; H, 3.38. Found: C, 49.0; H, 3.48.

4. Preparation of er§0)3(CS)(ﬁ[Ehos)

A xyiene solution (10 ml1) of 0.17g Cr(CO)S(CS) {0.77 mmoi} and 0.32g
diphos (0.80 mmol) was heated to 110° for approximately one hr and the
reaction was foilowed by IR spectroscopy. Substantial amounts of

Cr(CO)Q(CS)(diphos) formed in the initial stages of the reaction, and
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continued heating was necessary to cause the second phosphorus atom to

coordinate. After evaporation of the sclvent, the residue was dissolved

in i5 mi CH2C12, filtered, and crystallized by the addition of pentane
o

and cooling to -20°. Yellow=-orange crystals of the product were col-
lected and washed with pentane (0.31g, 75%).

IR(CSZ) 2006w, 1924vs, 1209vs. Mass spectrum parent ion m/e 578.
Anal. Calcd. for Cr(C0)3(CS)(diphos): c, 62.2; H, 4.15; S, 5.53.

Found: C, 61.1; H, 4.29; S, 5.05.

15. Preparation of w(CQ)3(§§)jﬁiars)

A solution of W(CO)S(CS) (1.0g, 2.7 mmol) and o-phenylenebis(di-
methylarsine) (diars) (0.84g, 2.9 mmol) in 5 ml xylene was heated to
140° under a stream of N2 for 2.5 hr. 1In the early stages of the reaction
only a monosubstituted complex was seen in the IR spectrum (2070w, 1940vs
in hexane). However, after this time mainly w(CO)3(CS)(diars) had formed.
The solution was cocled and put on a 2 x 35 cm florisil/hexane column
under N2' The yellow band was eluted with CHZCIZ, collected, concentrated,
and crystallized by the addition of pentane with cooiing to -20° {(1.2g,

78%) -

IR (hexane) 2010w, 1928m, 1919vs, (CSZ) 1213s. Mass spectrum parent

S

ion m/e 568. Anai. Caicd. for w(CG)S(CS)(d’ars : ¢, 28.05; 1, 2.68.

Found: C, 27.26; H, 2.55.

16. Preparatiocn of W(CO)2£CS)(triphos)

A xylene solution (15 ml) of w(CO)S(CS) (0.15g, 0.41 mmol) and triphos

(0.22g, 0.1 mmol) was heated at 135° for 3.5 hr. The soivent was
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evaporated under reduced pressure, and the residue was dissolved in CH,Cl,
and filtered. Addition of hexane and cocling to -20° gave 0.22g of yellow
crystals (66%). The product was recrystallized from CHZClz-hexane.
lR(CSZ) 1933s, 1874s, 1197s, 1185m. Anal. Calcd. for
w(CO)Z(CS)(triphos): C, 54.28; H, 4.03. Found: C, 53.01; H, 4.23.

17. Preparation of W(CO)KQ§)(diphos)2

A flask containing a mixture of W(C0)3(CS)(diphos) (4.70g, 6.6 mmol)
and diphos (2.70g, 6.8 mmol) was evacuated on a vacuum iine and Tiiied
with N2 at atmospheric piessure. After connecting to 2 nitrogen bubbler,
the flask was heated to 1950. After approximately 30 min the molten
mixture solidified, but heating was continued for a total of one hr. The
solid was cooled to room temperature and slurried in 15 ml of CHZCIZ.

The mixture was then filtered, leaving a bright yellow powder on the filter.
This was washed with 15 ml of CHCI, and dried to yield 6.92g of quite

nure W(CD)(CS)(diphos)z (99%). A small sample of the product was re-
crystallized by repeatedly extracting with hot CSZ, filtering, and cooling
the solution to -20°.

IR(CHZCIZ) 1838s, 1161s. Anal. Calcd. for W(CO)(CS)(diphos)Z:

C, 61.59; H, 4.56. Found: C, 61.29; H, 4.85.

8. Preparation of Buy N[ trans-iw{C0); {C5}]

Na s’

A solution of W(CO)S(CS) (0.15g, 0.41 mmol) and Bu,N! (0.15g, 0.&41
mmol) in 15 ml THF was stirred at 35° for 1.5 hr. The THF solution was
then concentrated to about 10 ml and 20 ml of a mixture of hexane and

ethyl ether was added. Cooling to -20° gave 0.23g of yellow crystals.
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A second crop of 0.03g was also collected, for a total yield of 90%.
The product was recrystallized from CHZClz-ethyl ether.

IR(CH Cl ) 2062w, 1947vs, 1195vs. Molar conductivity A =
25.6 ohm ]cmzmo] 1 Anal. Caled. for BuhN[IW(CO)k(CS)]: C, 35.54;

H, 5.08; S, 4.52. Found: C, 35.05; H, 5.09; S, 4.67.

This preparation was also commonly performed on a large scale
using a mixture of W(CO)6 and W(CO)S(CS). For example, a THF solation
(125 m1) of such a mixture containing 3.3g W(CO)B(CS) (9.0 mmol) and
Bu, NI (3.39, 9.0 mmoi) was stirred at 55° £5r 2 hr. The solution was
then concentrated to about 20 ml and crystallized by the addition of
30 ml of ethyl ether. The solid was washed well with ether and dried
at 50° under high vacuum overnight to remove any traces of w(co)e. A
yield of 6.4g (99%) was collected.

i9. Preparation of BuhN[trans-Brw(CO)u(CS)]

A THF solution (50 ml) of BuyNBr (0.45g, 1.4 mmol) and w(CO)E(CS)
(0.5g, 1.36 mmol) was heated at 40° for one hr. The mixture was con-
centrated to 10 ml and diiuted with 10 ml of ethyl et and 10 ml of
hexane. Cpoling to -20° overnight gave 0.5g of dark yellow crystals (55%).
The product was recrystallized from CHZCIZ-ether

iR(CHZC}Z) 2055w, i947vs, 1iS3s. Anal. Calcd. for Buy NIBrw{ce)

C, 38.65; H, 5.52. Found: C, 38.i0; H, 5.58.
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20. Preparation of Bu,N[trans-CIW(C0), (CS)]

A THE solution (25 ml) of H(CO)S(CS) (0.86g, 2.33 mmol) and Bu,NC1
(0.65g, 2.3k mmol) was stirred at room temperature for 1.5 hr. It was
then concentrated to 10 ml and diluted with 10 ml ethyl ether, which
caused the formation of an oil. Cooling to -20° solidified the oil, and
itwas dried under high vacuum. A crude yield of 0.75g was collected
i3

(52%). The complex was characterized only by its IR and “C NMR spectra.

IR(CHZC]Z) 206Lw, 1945vs, 1193s.

7~

2i. Preparation of trans-w(C0 ), (CS)

A solution of BukN[IW(CO)h(CS)] (0.20g, 0.282 mmol) in 5 ml acetone
was stirred under N, while silver trifluoromethanesulfonate (0.073g,
0.284 mmol) in 3 ml acetone was added over a two min period. A
voluminous yellow precipitate of Agl immediately formed. Triphenyl-
phosphine (0.08g, 0.305 mmol) in 3 ml acetone was then added and the
solution was stirred for 1.5 hr at room temperature. After filtering
through Celite filter-aid and evaporating the solution to dryness, the
residue was extracted with 25 mi of hot hexane. The soiution was filtered
and cooled to -20° to yield 0.12g of yellow crystals. A second crop of
0.02g was also collected (82%).

iR{hexane) 205ivvw, i956vs, (csz) iZ47vs

22. Preparation of mer-W(C0),(CS)(bipy)
A solution of BuhN[IW(CO)A(CS)] (0.20g, 0.282 mmol) in 15 ml acetone

was stirred under N, while AgCF

2 3503 (0.0725g, 0.282 mmol) in 2 ml acetone
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was added dropwise. The solution became dark red immediately when bipy
(0.044g, 0.282 mmol) was added to the mixture, it was filtered through
Celite, evaporated to dryness, and the residue was dissolved in CHZC!Z.
This solution was placed on the top of a 1.5 x 20 cm florisil/CHZC]2
column. Elution with CHZCI2 gave a red band which was collected, con-
centrated, diluted with hexane, and cooled to ~20°. Dark red crystals
were collected.(0.075g, 57%).

lR(CSz) 2004w, 1948vw, 1916vs, 1888m, 1203s. Anal. Calcd. for
w(CO)3(CS)(bipy): C, 35.90; H, 1.71. Found: C, 35.24; H, i.63.

23. Preparation of w(COlS(CS) f rom BuJﬁ.N[Iw(CQL_,r(CS)}

A 250 ml beverage bottle containing BuuN[Iw(CO)h(CS)] (5.1g, 7.2
mmol) in 150 ml acetone was flushed with CO and capped. A solution of
AgCF3503 (1.85g, 7.2 mmol) in 5 ml acetone was added through a syringe,
with stirring, and the bottle was pressured with 30 psi of CO. The mix-
ture was stirred vigoirously with a magnetic stirrer for six hr, with
occasional CO repressuring. The solution was then filtered through Celite
and evaporated to dryness. The residue was extracted with warm hexane,
filtered, concentrated, and run through a 2 x 40 cm florisil/hexane
column. Evaporation of the yellow band gave 2.15g pure W(CO)S(CS) (83%) .

24. Preparation of trans-(IBCO)W(CO)u(CS)

A procedure identical to the previous one was used, starting with

0.71g BuhN[iW(CO)u(CS)] (1.0 mmol) and 0.26g AgCF 503 (1.0 mmol) in 60 ml

3

of acetone contained in a 100 m! bottle. The solution was stirred
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13

vigorously for 8 hr under ~1.5 atm “C0. A yield of 0.62g (84%) was

Beo

collected. Reactions performed with a iower partiai pressure of
- - - - .« % 2 e ] . | ] L4 '2

or with siow stirring yieided a product which contained more h(] CO)S(CS)

than expected, perhaps by a slow decomposition of the intermediate.

IR (hexane) 2091w, 1989vs, 1967m, (CSZ) 1258vs.

25. Reaction of Bq#N[IW(CQ)LCS)] with P(Q-Clc,ﬂhla and preparation of

cis-W(C0), (CS)[P(4-CIC.H, )]

Ten ml of a dioxane solution of Buthlw(CO)h(CS)] (0.25g, 0.35 mmol)
and P(4-C1CgH,); (0.1kg, 0.38 mmol) were stirred at 75° while N, bubbied
through the solution. After 30 min the IR showed that most of the
starting complex had been converted to a new compound, presumably
BuAN[mg[-lW(CO)3(CS){P(4-CIC6Hh)3}].

IR(CHZCIZ) 2012m, 1914vs, 1175m.

The above solution was cooled to room temperature and saturated with

PRI |
1

- —_rr I'n NO-~ ~ H
CO wnie Ascr SC \V.uzg, 0.35 ...rr.c’.) ] 3 m! acetone was

Stirring and CO0 saturation were continued for 1.5 hr. The solution was
then filtered through Celite and evaporated to dryness on a rotary evapo-
rator under reduced pressure. The residue was extracted four times with
hot hexane. These extracts were combined, concentrated, and placed on the
top of a florisil/hexane coiumn (1.5 x 30 mm). Deveiopment with i:2
CH2C12-hexane brought down a yellow band which was concentrated and cooled

to -20°. Large yellow crystals found tc be mainly

gii-w(co)h(cs)[P(h-clceuh)z] were collected (0.025g, 10%).
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IR(hexane) 2053m, 1981w, 1963m, 1955s, (CSZ) 1245s. Mass spectrum
parent ion m/e 704. Anal. Calcd. for W(CO)A(CS)[P(A-ClcéHu)B]:
C, 39.12; H, 1.70. Found: C, 40.00; H, 1.72.

A reaction of this product with CH3NH2 was quite rapid; the cis
isomer was converted in about 15 min to gig-W(CO)h(CNCH3)[P(Q-CICSHQ)B],
according to the IR spectrum.

IR (hexane) 2020m, 1936m, 1917s.

-
-
-h
]
O
rt
-+

that some of the trans isomer is present in the mixture
ticn, since it reacts more slowly with

CHBNHZ' Thus, after one day there is still some unreacted trans-

w(co)h(cs)[P(h-cmsHs)B].

IR(hexane) 1956vs.

26. Reaction of Et, N[ IW(C0)_ ] with P(4-CIC,H, ). and preparétion of
bl ) A R )

ﬁ-w(lz‘co) (c0), [P(4-CIC,H,),]

The Et#N[Iw(CO)S] was prepared according to the literature me'chod.]07

A modification of the method of Allen and Barrett108 was used in the
phosphine reaction. Ten mi of a dioxane solution of thN[HW(CG)S]
(0.25g, 0.42 mmol) was stirred with P(1+-CIC6H1+)3 (0.16g, 0.435 mmol) at

100° with continuous purging of the solution by N After 1.5 hr the

2"

iR showed neariy compiete consumption of the starting compiex, 306 the

mixture was cooied to room temperature. Some formation of
w(CO)S[P(k-CICBHu)3] was evident, but the major product is presumed to
be Etl,rN[gjg-IW(CO)I_}{P(L*-CIC6H4)3}], based on the similarity of its IR

spectrum to those reported for similar Cr and Mo comp!exes.108
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IR(CHZCIZ) 2007m, 1893vs, 1876m,sh, 1818m.

The above solution was saturated for a short time with ]300 and the
flask was stoppered with a serum cap. A solution of AgCF3503 (0.107g,
0.415 mmol) in 3 ml acetone was added dropwise with stirring. The
pressure of ]360 over the solution was increased to about 1.5 atm, and
vigorous stirring was continued for one hr. The solution was then.
filtered through Celite and evaporated to dryness on a rotary evaporator.
The residue was extracted with several 10 m! portions of hot hexane. The
combined extracts were concentrated and placed on a 1.5 x 30 cm florisil/
hexane column. Developing with 1:1 hexane-CHZCI2 brought down a very
pale vellow band, which was collected, concentrated, and cooled to -20°.

Cream-colored crystals (0.125g, 43%) were obtained.

IR(hexane) 2066w, 1975vw, 1953m, 1945s, 191km,br.

27. Preparation of w(co)SLP(A-c1c65#lBl
A scluticn of Cx N IWICOY 1 (0 20%a 0,287 mmoll in Z(
was stirred while Ag CF3503 (0.09g, 0.35 mmol) in 2 ml acetone was added
dropwise. Excess phosphine (0.26g, 0.71 mmol) in 5 ml acetone was then
introduced, and stirring was continued for 2 hr. The mixture was evapor
rated to dryness and extracted with hot hexane. The hexane solution
was concentrated and put on top of a florisil/hexane column. Developing
the column with 1:1 hexane-CHZCI2 gave a very pale yellow band which was
collected, concentrated, and cooled at -20°. Light crystals of the

product resuited (0.12g, 50%).
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IR(hexane) 2073w, 1953m, 1945s. Anal. Calcd. for
w(co)s[P(h-CIC6HA)3]: C, 40.03; H, 1.74. Found: C, 40.53; H, 1.76.
28. Preparation of preferentially cis IBCO-enriched [(thP)7N3[Ciw(C0)51

The complex, prepared according to the literature method,]07 was

stirred in CHZC]2 solution at room temperature under a pressure of about
1.5 atm 90% !BCO. The appearance of the enriched species was followed
in the infrared spectrum by comparing the intensities of the 2063

(all IZCC complex) and 2054 cm-l (mono-]3CO complex) bands. After
2 hr the enrichment was approximately 40-50%, and the mixture was

evaporated to dryness.

IR(CH,C1,) 2063w, 205kw, 1914vs, 1838m.

29. Preparation of w(co)zgcsggpph312§£2

A solution of N(CO)S(CS) (0.10g, 0.27 mmol) in 3 mi CHZCI2 was
cooled to -80° and Br, (0.05g, 0.62 meq) in 1 ml CHZCI2 was added
dronwise, The Schienk rube reaction vessei was then removed from the
cooling bath and allowed to warm to room temperature. A solution of
PPh3 (0.20g, 0.76 mmol) in 2 ml CH2012 was added to this mixture, which
caused immediate gas evolution. The solution was concentrated on a
rotary evaporator and crystallized by the addition of hexane and cooling
to -20°. A yield of 0.25g (92%) of dark yellow crystals was obtained.

lR(CH2c12) 2014m, 1959s, (csz) 1245s. Anal. Caled. for

N(CO)z(CS)(PPhB)ZBrZ: C, 48.35; H, 3.10. Found: C, 47.48; H, 3.24.
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Attempts to decarbonylate this complex by refluxing in CHZCI2 for

10 hr or refluxing in CHCI3 for 4 hr led only to decomposition.

30. Preparation of W(CO)(I:S)(di;::’h9§)2§_r_'2

A solution of W(CO)s(CS) (0.10g, 0.27 mmol) in 5 mi CHCI3 was cooled
to -800, treated with Br2 (0.05g, 0.62 meq) in 1 ml CHC!3, and allowed to
warm to room temperature. A solution of diphos (0.25g, 0.63 mmol) in
3 mi CHCI3 was then introduced and the mixture was refluxed for 1 ar.

It was diluted with pentane and cooled to -20° to yield a rust-colored
precipitate. The compound was reprecipitated from CHZCIZ-hexane (0.15q,
L4y). The elemental analyses were very poor, perhaps because the
complex could not be crystallized.

IR(CH,C1,) 1929s, 1216s. Molar conductivity A=2.7 ohm ™ 'em?mole .
Anal. Calcd. for W(CO)(CS)(diphos)zBrZ: C, 53.46; H, 3.96; Br, 13.2.

Found: C, 50.32; H, 3.83; Br, 14.61.

31. Preparation of [(2-CH3§6H:)3PH][W(C0)3(CS)Brzl

A solution of 0.15¢g w(CO)S(CS) (0.41 mmol) in 5 ml CH,C1, was
cooied to -86° and reacted with Br2 {0.075g, 0.Sk4 mmol) as it warmed to
room temperature. Then a solution of P(2-toty])3 (0.28g, 0.92 mmol) in
2 ml CH2C12 was added, which caused immediate evolution of a gas. After

ddad and the m;s{tl re

standing 10mihw, approximate 2 nd the mixtur
was filtered. Addition of 10 m! more hexane and cooling to -20° gave
metal lic yellow crystals (0.15g, 45%). The complex was recrystallized

from CHZClz-hexane.
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IR(KBr) 2078w, 2028s, 1992s, 1260s. NMR(DCC]B) 72.50 (m), 7.50 (s).
Molar conductivity A=20.0 ohm-]cmzmo]e—l. Anal. Caicd. for
[(2-CH3C6H4)3PH][W(C0)3(CS)Br3]:_ C, 34.97; H, 2.56; Br, 27.97. Found:

C, 35.36; H, 2.88; Br, 28.50.

32. Preparation of W(CO)Z(QS)(diphos)l2

A solution of W(CO)B(CS)(diphos) (0.07g, 0.98 mmol) and L (0.027g,
2.12 meq) in 10 ml CHZCI2 was stirred at room temperature for 4 hr. The
solution was then filtered, diluted with hexane and cooled to -20°. The
powder was reprecipitated from CH2C12-hexane several times and dried
12 hr at 85o under high vacuum. The analytical data were poor, and
a chlorine analysis showed the presence of some chlorine, perhaps as
CHZC]Z.

IR(CHZCIZ) 2036s, 1972s, (CSZ) 1245s. Anal. Calcd. for
W(CO)Z(CS)(diphos) I,: C, 37.18; H, 2.56; |, 27.14. Found: C, 35.82;

s oA - . 1. Q !,
H, Z.51; i, 24.306; Ci, 1.42.

M

33. Reaction of w(CO)(CS)(diphos)2 wi th L
Reactions were carried out in CH2C12between the two reactants in
equivalent ratios of 1:1, 1:2, and 1:3. The mixtures containing two- or
three-fold amounts of | reacted similarly, but the reaction with one
equivalent of | showed consumption of only half of the W(CO)(CS)(diphos)Z.
A mixture of W(CO)(CS)(diphos)2 {0.073g, 0.069 mmol) and by {0.028g,

0.22 meq) was stirred for approximately 30 min. The solution was filtered,

diluted with hexane, and cooled to -20°. The dark yellow crystals
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(0.014g, 13%) were recrystallized from CH Clz-hexane and dried one hr

2
at SOO under high vacuum.

IR(CH2C12) 1916s, 1232s. Ana}. Calcd. for [W(CO)(CS)(diphos)Zl]l3:
C, 41.53; H, 3.08. Found: C, 40.66; H, 3.2k4.

Another product was produced in this reaction, and was also found to
form from the above complex on standing in CH2C12 in IR cells. This
product had IR bands at 2037s and 1971s. These are attributable to
W(CO)Z(CS)(diphos) - Infrared bands were also seen in some reactions
at 1934 and 1218 cm-i. These are very close to those of

N(CO)(CS)(diphos)zBr2 and suggest the presence of N(CO)(CS)(diphos)zlz.

3L. Preparation of [HW(CO) (CS) (diphos).1CF.SO
2—3

3

Trifluoromethanesulfonic acid (0.086g, 0.57 mmol) in 2 ml CH2C12

was added to a suspension of W(CO)(CS)(diphos)2 (0.60g, 0.57 mmol) in

20 ml CHZCIZ. After stirring 10 min, the solution was filtered, diluted.

£ o3

~d
A=

3

1
¢

et Al
wi tll 35 n H ethe"

o o . .
! r, 2nd cooled to 07, {Qrange crvstais of ihe

O

CHzclz-solvated complex (0.64g, 87%) were collected. After three
recrvstallizations from CHZCIZ-etheE the crystals were dried in a high
vacuum at 100° for five hours.

IR(CHZCIZ) 1958s, 1207s. NMR(DCC13) (recorded with a Bruker
HX-90 Fourier transform instrument) 72.67 (m), 7.30 (m), 12.79 (triplet

of triplets, J, =72 Hz,

PUH IprwH
-1 -
19.8 ohm 'cmzmole . Anal. Calcd. for [HW(CO)(CS)(diphos)z] CFBSOB:

=13 Hz). Molar conductivity A =

¢, 54.91; H, 4.08; P, 10.88. Found: €, 54.50; H, 4.03; P, 10.6k.
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35. Preparation of W(Co)z(diphos)2

A different procedure from that in the !iteraturelog was used to
prepare this compound. A mixture of w(co)6 (1.5g, 0.425 mmol) and
diphos (4.0g, 1.0 mmol) in 50 ml of decalin was refluxed for seven days.
The solid mass which had formed was crushed, and the hot mixture was
filtered and washed well with CH2C12 and hexane. A crude yield of 3.8g
(86%) was thus obtained.

lR(CHzclz) 1847s, 1782s.

36. Preparation of [H\ol((:()lz(ciiphos)2_]__(_:_17__3§_g3

A suspension of W(CO)Z(diphos)2 (1.0g, 0.97 mmol) in 30 ml of

CH2C]2 was stirred with CF3503H (0.16g, 1.07 mmol) for 15 min. The

solution was then filtered, diluted with 60 ml of ether, and cooled

to 0° to yield 1.09g (89%) of pale yellow crystals containing CH,C!, of

2
solvation. After recrystallization the product was dried for 12 hr

2

IR(CHZCIO) 1968w, 1862vs. NMR(DCCI3) (recorded with a Bruker
HX-90 Fourier transform instrument) 72.80 (m), 7.35 (d}, 14.91 (tripiet

of triplets, J,, =74 Hz, J =13 Hz). Molar conductivity

PWH P IWH
A = 19.8 ohm 'cmZmole”'. Anal. Calcd. for [HW(CO)Z(diphos)2] CF 350,

N

C, 56.07; H, 4.16; P, 10.88. fFound: C, 55.4G; H, 3.84; P

2

37. Reaction of W(CO)(CS)(diphos) with BCl.,
L P

A suspension of w(co)(cs)(diphos)2 (0.54g, 0.51 mmol) in 20 ml of

CHZCIZ was exposed to BC]3 gas and stirred until all of the complex
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had dissolved. The mixture was filtered and diluted with ether, which
caused the powdery product to precipitate (0.45g, ~80%). The product
was reprecipitated three times Trom 8333-saturated solutions and dried
in a high vacuum. Attempts to crystallize the product were not success-
ful, and precipitation in the absence of excess BC]3 yielded some
w(CO)(CS)(diphos)z. A magnetic susceptibility measurement with a
Guoy balance showed the compound to be diamagnetic.

IR(CH,C1,) 1960s, 2012s. HMolar conductivity A = 18.6 ohm ™ cmZmole .
Anal. Calcd. for W(CO)(CS)(diphos)z'BCIB: C, 55.41; H, 4.i10; Ci, S.i1.

Found: C, 53.45; H, 4.13; c1, 8.06.

38. Reaction of W(CQ)Z(d[phosl2 with BC]3
A suspension of W(CO)Z(diphos)2 (0.50g, 0.48 mmol) was stirred under
a BCIB‘atmosphere until all of the complex had dissolved. The solution

was than filtered and diluted with ethyl ether until precipitation began.

Cooiing to -20° gave a yellow precipitate (0.42g; ~75%). The product

was reprecipitated several times from CH2C1 -ether and dried under high

2
vacuum. A magnetic susceptibility measurement showed this compiex to

be diamagnetic.

lR(CHZCIZ) 1967vw, 1863vs. . Molar conductivity A =

=1
]

k] Le]
-t < 3 M Wwirny M5 A - ~ AN 4
20.5 ohm ‘cm’mole '. Anal. Caicd. for W(C3j,{diphosj, BC 3¢ 56.67

H, 4.20; €1, 5.31. Found: €, 55.38; H, 4.09;:Ci, 9.52.

39. Preparation ofALW(cc)2(¢[§h0512LQZ§5}]BF-
A mixture of W(CO)Z(diphos)2 (0.50g, 0.48 mmol) and [EtBO]BFh

(6.05g, C.475 mmcl) in 50 m!l CH2C12 was stirred until the compiex had
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dissolved (~khr). The solution was filtered and ethyl ether was added
until it became cloudy. Cooling to -20° gave a vellow crystalline
product (0.55g, ~80%) which contained CH2012 of solvation. After two
recrystallizations the product was dried under high vacuum at 100° for
6 hr. Magnetic susceptibility measurements showed that this complex
is diamagnetic, as expected for a W(II) complex.

IR(CHZC]Z) 1970w, 1864vs. NMR(DCCI3) 72.7% (m), 6.51 (q, J=7 Hz),
8.30 (s), 8.79 (t,J=7 Hz). Molar conductivity A = 24.0 ohm-]cmzmole-].

Anai. Caicd. Tfor [W{(CO) (diphos)z(CZHS)}Bth C, 58.8; u, Lgk; P, 10 85,

3

LO. Preparation of (dith§)2(C0)WCS'HgCI

2

A suspension of W(CO)(CS)(diphos)2 (0.10g, 0.095 mmol) and HgC 1,
(0.026g, 0.096 mmol) in 8 mi of CH2012 was stirred (in air) for approxi-
mately 10 min. The solution was filtered, diluted with 7 ml of hexane

and cooled to -20° to compliete the crystallization. The orange solid

(0.11g, 87%) was recrystallized from CHZClz-hexane.

b

IR(CHZCIZ) 1885s. Molar conductivity A = 5.4 ohm_lcmzmo!e-'. Anal.
Caled. for W(CO)(CS)(diphos)Z-HgC12:C: L6.84; H, 3.55; S, 2.42. Found:
C, 46.59; H, 3.hb; S, 2.37

'~ (X3

Y -l -~ 2 ea o \ ZAanm\ ~ -
L4i. Preparation o7 {G!pnoﬁjzkgu;wba'nglz

A suspension of w(CO)(CS)(diphos)2 (0.10g, 0.095 mmcl) and Hgt,
(0.045g, 0.099 mmol) in 10 ml of CH,C1, was stirred for five min, and
the resultant red solution was filtered. Diluting with 10 ml hexane and

cooling to -20° gave red crystais (0.14g, ~93%). These were recrystallized



from CHzclz-hexane. An NMR spectrum in DCCI3, after drying in a high
vacuum, showed the presence of CHzclz.
!R(CHZCIZ) 1872s. Molar conductivity A = 5.4 ohm-]cmzmole-].

Anal. Calcd. for W(CO)(CS)(diphos)z-Hgi *CH,C1.: .C, 41.45; H, 3.14;

2 N2t
S, 2.05. Found: C, 40.98; H, 2.99; S, 1.91.

L2, Preparation of [{(diphos)zjco)wc§}2Ag]BF!

A suspension of w(CO)(CS)(diphos)2 (0.39g, 0.37 mmol) in 30 ml
acetone was stirred while AgBF), (0.036g, 0.185 mmol) in 2 ml acetone
was added dropwise. Tne clear yellow sclution, after stirring 10 min,
was filtered, concentrated, and diluted with 20 ml1 of ethyl ether.
Cooling to -20° completed the precipitation. The yellow powder (0.38g,
89%) was crystallized by dissolving in 30 ml CHZCIZ, filtering through
Celite, adding hexane with warming, and allowing to cool to -20°. A
magnetic susceptibility measurement showed the complex to be diamagnetic.

lR(CHZCIZ) 1869s, 1!065. Molar conductivity A = 26.4 ohm-]cmzmole-].
Anal. Calcd. for [{W(co)(c5)(diphos)2}2Ag]BF4: C, 56.37; H, 4.17;

P, i0.79. Found: C, 56.20; H, 4.39; P, 10.87.

L3, Preparation of (diphos).,(CS)W-CS-W(CO).
{4 p)
A solution of w(CO)5 (acetone) was prepared by adding dropwise

- o ’ ~ - e e - wml Aamadar
ion of AgGBE ) {6.033g, .17 mmo1) in 2 @! e tc Et nl1w(co)

3 SOEU";’. G\-‘ot.\.nlv W .-‘4

(0.106g, 0.167 mmol) in 10 ml acetone. This solution was drawn into a
syringe and added slowly to a stirred suspension of w(CO)(CS)(diphos)2
(0.15g, 0.142 mmol) in 80 ml CHZCIZ. - The suspension gradualiy became

a clear orange solution. After 30 min of stirring, the solution was
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filtered and concentrated to 50 ml. Hexane (30 ml) was added, and the
evaporation was continued until precipitation was neariy compiete.
Cooling to -20° gave 0.19g of orange solid (96%). The compiex was
crystallized by dissolving in 10 ml of warm CSZ’ filtering, diluting
with 10 ml pentane, and cooling to -20°,

IR(CSZ) 2062w, 1925vs, 1878m. Anal. Calcd. for N(CO)(CS)(diphos)z-
w(CO)S: C, 51.45; H, 2.87; S, 2.32. Found: C, 51.76; H, 3.54; S, 1.75.

L, Ppreparation ofALLdighos),(CO)W(CSCH,)]F$03
& 2

A suspension of W(CO)(CS)(diphos)2 (0.10g, 0.095 mmol) in 10 ml
CHZCI2 was stirred as MeSOBF (0.011g, 0.096 mmol) was added to the mixture.
The complex dissolved very rapidly, and the clear solution was filtered
and diluted with 15 m1 hexane. Cooling to -20° gave pink-orange crystals
of the product (0.10g, 86%).

IR(CHZC]Z) 1898s. NMR(DCCl3) 72.7 (m), 7.9 (s,-CHB), 8.4 (s).

MAal o ccndv_lcti\'lit\’l A = Z-l 56 th cm moie - f-\na‘l. Caica. fGr

[w(co) (diphos), (CSCH;3) IFS05: ¢, 56.60; H, 4.37; S, 5.49. Found:
C. 56.35; H, L.k2; s, 5.71.

h - »
15, Preparation of f(dlphos)z(co)w(csczﬂs)]BF!

A suspension of W(CO)(CS)(diphos)2 (0.425g, 0.404 mmol) in 25 ml
CH,Cl, was stirred as [Et30]BF4 (0.078g, 0.41 mmol) in 2 ml CH,C1, was
added. After 10 min of stirring, the soiution was Tiitered and concen-

trated to 10 ml. Addition of hexane (~40 mi) and cooiing to c°® gave

dark pink crystais (0.43g, 91%).



IR(CHZCIZ) 1898 . NMR(DCC]B) 2.7 (m), 7.9 (q), 8.6 (s), 9.25 (t).
Molar conductivity A = 25.6 ohm_]cmzmo}e-]. Anal. Calcd. for
[W(CO)(diphos)z(CSCZH5}]BF4: ¢, 57.53; 4, L.5k; 5. 2,74, Found:

C, 57.72; H, 4.90; S, 2.27.

L6é. Preparation of IN(CQ)#CSCH3

A suspension of BuhN[IW(CO)u(CS)] (0.58g, 0.82 mmol) in a mixture
of 50 ml pentane and 5 ml CH,Cl, at 0° was stirred while CH3503F (0.10g,
0.88 mmol) in 2 ml CHZCI2 was added dropwise. After stirring 30 min the
solution was decanted from the dark oii wnich had formed. The oii was
extracted once with pentane, and the combined sélutions were evaporated.
The residue was extracted with pentane (~20 ml) and the solution con-
centrated under a stream of N2 to ~3 ml. Cooling to -80° gave yellow
crystals (0.07g, 184). The product is quite pure at this stage. Re-
crystallization using Schlenk techniques causes a large product loss
and does not appear to increase the nurity significantly.

IR(pentane) 2115w, 2033vs, 1118m. NMR(DCC13) 77.40 (s). Mass

spectrum parent ion m/e 482. Anal. Caled. for IW(CO)QCSCH C, 14.93;

3:
H, 0.62; |, 26.35. Found: C, 14.19; H, 0.7; S, 25.99.

L7. Preparation of lw(CQ)J_CSC(O)CF3

A suspension of BuhN[iw(CO)h(CS)] {0.56g, G.705 mmoi} in & mixture

of 3 mi CH CIZ and 5C m! cf pentane was vigorously stirred for 30 min

2

after the addition of trifluorocacetic anhydride (0.25g, 1.19 mmol).

11

The yellow solution was then decanted from the dark oil and concentrated
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to about 5 ml. This solution was filtered under N, and cooled to -80°.
Yellow crystels formed which became dark brown when the solution was
decanted. The product was dried in a high vacuum. An elemental
analysis was not attempted because of the apparent instability of the
complex.

IR(pentane) 2137w, 2080w,sh, 2057vs, 2052vs, 1737m. Mass spectrum
parent ion m/e Calcd. for ' AUl (C0),CSC(0)CF,: 561.7905. Found:
561.7924 + 0.0028.

48. pPreparation of IW{C{), CSC/0)cH

Acetic anhydride (1.0g, 9.8 mmol) in 10 ml CH,C1, was treated with
excess gaseous BF3, and the saturated solution was added to
BuhN[IW(CO)A(CS)] (4.0g, 5.65 mmol) in 125 mi CHZCIZ. The mixture was
stirred for 30 min, and then diluted with 100 ml pentane, which caused
a dark oil to precipitate. The supernatant solution was decanted under
st evaporated to dryness, and extracted with pentane. Crystallization
of the solution at -80° using Schlenk techniques gave bright yellow
crystals. After two recrystaiiizations, the yield of the product was
0.28g (10%). The solid is slightly air-sensitive and was stored under
vacuum at -20°.

iR{pentane) 212%w, 2065w,sh, 2057vs, 2052vs, 1752m  108im.
NMR(DCCIS) 77.60 (s). Mass spectrum parent ifon m/e 510. Anai. Caicd.
for IW(C0),(CSC(0)CHY: C, 16.47; H, 0.59; 1, 24.90. Found: ¢, 16.15;

H, 0.54; 1, 25.70.
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Lg. Preparation of W(CO), CNCH., from W(CO)_.(CS)
P4 P4 Py

A solution of W(CO)S(CS) (0.60g, 1.67 mmol) in 50 ml of ethyl
ether was saturated with CH3NH2. After five min the solution was evapo-
rated to dryness. Sublimation of the residue at 35° under high vacuum
gave quite pure w(CO)SCNCH3 (0.55g, 92%).

IR(pentane) 2177w (v ), 2069w, 1956vs. NMR(DCCl;) 76.55 (s).
Mass spectrum parent ion m/e 365. Anal. Calcd. for N(CO)SCNCH3:
C, 23.60; H, 0.85. Found: C, 23.07; H, 0.73.

An identicai reaction with trans-{
trans-('2c0)W(C0) ,CNCH, -
IR(pentane) 2]77w(vCN), 206bw, 1955vs, 1916m.

50. Preparation of W(C0O).CNCy from W(CO)_.(CS)
7 4

A solution of w(CO)S(CS) (0.20g, 0.56 mmoi) and cyclohexylamine
(0.065g, 0.66 mmol) in 25 ml of pentane was allowed to stand at room
temnerature for three hours. The mixture was evaporated, extracted
with pentane, filtered, concentrated, and cooled to -20°. A yield
of 0.22g W(CO)SCNCy was collected (91%).

IR(pentane) 2154w (v 2065w, 1953vs.

e
An identical preparation with Egggg-(]3CO)N(CO)4(CS) gave
35555—(!3CO)W(CG)ACNCy.
IR{pentane) 2154w (vCN), 2058w, 1952vs, i9i2m.
51. Preparation of w(co)SCNCH2992553 from w(;q)sics)

A methanol solution of sodium methoxide was prepared by adding

Na (0.10g, 4.35 mmol) to 25 ml methanol. To this solution was added
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glycine methyl ester hydrochloride (0.70g, 5.6 mmol). This solution
was added to 2 mixture of N(CO)S(CS) (0.70g, 1.90 mmol) in 200 mi
methanol, and the solution was stirred for 12 hr. Evaporation of the
solution, extraction several times with hexane, filtration, concentra-
tion to about 20 ml, and cooling to -20° gave 0.25g of the product (31%).
The complex was recrystallized three times from hexane.

IR(hexane) 2159 (vg,), 2063w, 1957vs- MMR(DCC1,) 5.60 (-CH,-),
6.20 (-CH3-)' Mass spectrum parent ion m/e 423.

Y

52. Reaction of W{C0)_{(CS)} with piperidine
P

A mixture of N(CO)S(CS) and w(C0)6 containing 2.0g of W(CO)S(CS)

(5.45 mmol) was dissolved in 200 ml hexane. A solution of piperidine
(0.514g, 6.05 mmol) in 10 ml hexane was added, which caused the solution
to become cloudy immediately; a precipitate soon formed. The solution

was stirred at room temperature for five days, but the [R spectrum showed

it

hat much W(CG)_(CS) was still present. More piperidine (0.35g, L.Y mmol)
was added and the solution was stirred one more day. It was then evapo-
rated to dryness, siurried in i:i Cﬁzunz-hexane, and put on the top of a
2 x 35 cm florisil/hexane column. Washing with hexane removed the W(C0)6.

Developing with 1:1 CHZCIZ-hexane brought down a broad yellow band, the

front of which was mainiy ¥

CC s(pipei’:

e\ Th -
e . HE=

et

P |
remainder of the band

”~~
.

was w(CO)S(SC(H)N(CHZ)S). This solution was concentrated with warming.
and cooled to -20° to yield 0.8g of the complex (33%).
iR (hexane) 2070w, 1974vw, 1937s, 1929s, 1915m. NMR(DCCIB)

1.1 (s,C-H), 6.15 (m,-CHz-), 6.40 (m,-CHZ-), 8.28 (s,-CHZCHZCHz-).
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Mass spectrum parent ifon m/e 453. Anal. Calcd. for w(CO)S(SC(H)N(CHZ)S):
C, 29.2; H, 2.43; s, 7.05. Found: C, 29.42; H, 2.13; S, 6.86.

53. Reaction of W(CO).-(CS) with dimethylamine
P

A mixture of W(CO)E(CS) andW(CO)6 containing 1.1g w(CO)s(CS)
(3.0 mmol) was dissolved in 100 ml hexane which was then saturated with
dimethylamine. After standing six hr, the solution was stored at -20°
overnight. The solution and precipitate were put on a 2 x 35 cm fiorisii
hexane column and washed with hexane. Developing the column with 1:1

CHZCIZ-hexan first was found to be

[}
s}
[\
<,
o
cr
3

C
Nh
o
g
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W(CO)S(NHMeZ). The second band was collected, concentrated, and cooled
to -20° to yield 0.20g W(C0)5(SC (H)NMe,) (16%).

IR(hexane) 2071w, 1975vw, 1938s, 19325, 1916m. NMR(DCCI,)
71.05 (C-H), 6.60 (-CH3), 6.72 (-CH3). Mass spectrum parent ion m/e 413.
Anal. Calcd. for W(C0);(SC(H)N(CH),): C, 23.2; H, 1.69; S, 7.75.

Found: C, 22.89; H, 1.88; S, 7.40..

54, Preparation of Njco),(SC(H)N(QH,lQ) from N.N-dimethylthioformamide
P4 P

A soiution of W(CG)6 (1.5g, 4.25 mmol) and SC(H)N(CH 2 (0.4q,

3)
4.5 mmol) in 4O ml THF was stirred and irradiated with ultraviolet light

for seven hr at room temperature. The mixture was evaporated to dryness,

.- H T A A

disscived

in 1:2 nzclz—hexane, put on 2 2 x 3% cm florisil column, and

washed with hexane. Developing with 1:! CH,Cli-hexane brought down a
vellow band of the product (0.40g, 23%). This complex had IR and NMR

spectra identical to those of the compiex prepared from W(CO)S(CS)

and dimethylamine.
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55. Reaction of W(C0),(CS)(PPh;) with CH,NH,

The mixture of cis and trans iscmers of W(CO),; (CS)(PPh,) which is
b 3

obtained by the thermal preparation (0.30g, 0.50 mmol) was dissolved in
150 ml1 of hexane saturated with methylamine. After five hr all of the
cis isomer had reacted, so the solution was concentrated and placed on
the top of a 1.5 x 35 cm florisil/hexane column. After washing with
hexane and developing with 1:1 CHZClz-hexane, a broad yellow band con-
taining the trans isomer was eluted. Developing with CH,Cl, brought
off the isocyanide product, W(CO)A(CNCH3)(FFh3), mainly the cis isomer.
Concentration, addition of hexane, and cooling to -20° gave the colorless
product (0.0kkg, 14.5%).

IR (n-hexane) 2148 (v(,), 2018m, 1932m, 1913vs. NMR(DCCIB)
2.70 (m), 7.10 (d,SJP_H=1.5Hz). Mass spectrum parent ion m/e 599.
Anal. Calcd. for w(co)k(CNCH3)(PPhs): C, 48.10; H, 3.00; N, 2.43.
Found: ¢. 48.08; 4, 3.01; N, 2,43,

’ b4

56. Preparation of W(CO) . NCS~ from W(CO)_(CS)
- ”

A mixture of W(co)s(cs) (0.05g, 0.136 mmoi) and [(Ph3P)2N][N3]
(0.08g, 0.14 mmol) in a flask under N, was dissolved in 3 ml THF. Gas
evolution began immediately. After 45 min of standing at room temperature,

the IR spectrum of the soiution showed that a

of the w(CG)E(CS) had
reacted. The infrared spectrum of the product was identicail to that of

[(Ph3P)2N]EW(CG)5(NCS)] prepared from W(C0), and [(PhBP)zN][NCS] according

to the method of Wojcicki and Farona.”0 The complex was isolated by °

precipitation with ethyl ether and cooling to -20° (0.10g, 95%).
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IR(CHZCIZ) 2102m (vCN), 2066w, 1921vs, 1862s.

e . . 13
An identicai reaction with trans-(

13

CO)M(CO)A(CS) gave

[trans-{ co)w(co)k(ncs)]'.

IR(CHZCIZ) 2102m (vCN), 2061w, 1921vs, 1822s.

57. Reaction of W(CO)_(CS) with MeLi and [Me30]PF6
P4

A solution of w(CO)S(CS) (1.0g, 2.72 mmol) in 20 ml of THF was
stirred at 0° while a 2.0 M ether solution of CHsLi (1.35 ml, 2.70 mmol)
was added dropwise. The mixture was stirred for five min and then evapo-
rated to dryness. The dark residue was dissoived in 10 m! of CHZCIZ and
added dropwise to [MeBOJPE6 (0.76g, 3.7 mmol) in 10 ml CH,Cl,. After
stirring 10 min, 5g of florisil was added and the solution was evaporated
to dryness. The florisil was placed on top of a 1.5 x 35 cm florisil/
hexane column and washed with hexane. Developing with 2:1 hexane-CHZCI2
brought off a broad yellow band containing several poorly separated
he major fraction was collected and evaporated tc an oil under
high vacuum. Distillation at room temperature onto a water-cooled probe
gave a yellow liquid (~0.05g, 20%). This was redistilied to yield yellow
crystals, which melt at 25.50. The compound was found to beW(&O%f(CHB)Z.
IR(n-hexane) 2075w, 1980wvw, 1S42vs, 1935m. NMR(DCCI3) 77.38 (s).

] ; 5 4 A 209 Al
Mass spectrum parent ion Caicd. for 'Szwiﬁc;SS\CHB;z 383.5417.
Found: 383.9432 = 0.30. Anal. Caicd. for W(CD)SS(CH3)2 c, 21.80;

H, 1.55. Found: C,21.84;H, 1.38.
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IV. RESULTS AND DISCUSSION

A. Attempts to Prepare Thiocarbonyl Complexes

1. Reactions of metai compiexes with CS2

Since it had been found earlier that the nucleophilic addition of
CpFe(CO)Z- to C52 provided a convenient route to a metal thiocarbonyl
complex,80 this reaction was investigeted in detail in the hope that
this sequence might prove to be a general route to metal thiocarbonyls.
Reactions carried out according to the method reported in the Iiterature8o
gave several products and low yields of the desired [CpFe(CO)z(CS)]+
piex. It was found that the addition of CS, to CpFe(CO)z- is a rapid
reaction, and that the introduction of methyl iodide to form the di-
thioester complex, CpFe(CO)ZCS CH3, could follow the addition of cs, by
just seconds. Using this procedure, the dithioester complex was formed

very cleanly and could be isolated in good yield.]l] When longer reaction

times between CpFe(CG)Z ana CSZ aire empioyed, cne cf the

..,
n
©®
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[

LCp 2493 which apparently results from oxidation of the iron anion.
Several reacticns of CpFe )ZCSZPH3 were investigated to find the
best method of converting the complex to the thiocarbony! cation. The
literature method,so’]]] which uses HC1 gas, is rather slow and although
satisfactory in this system, may not be applicable to other metal systems.
Reactions of the dithioester with acetyl chloride, trichloroacetic acid,

mercuric chloride, and stannic chloride were all quite slow and yielded

other carbony! products in addition to the thiocarbonvl. Methyi
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fluorosulfonate and [Et30]BF4 reacted more rapidly, but did not yield

the desired product. Simiiar compiexes were produced by the two reagents,
as indicated by the infrared specira (v{(C0) at 2056, 26i6 and 2057,

2016 cm-l, respectively). Although these products were not isolated and
characterized, their identification as dithiocarbene complexes,
[CpFe(CO)ZC(SR)2]+, seems reasonable in light of the preparation of
similar complexes of platinum.”2 The fact that products other than
[CpFe(CO)Z(CS)]+ were formed in these reactions meant, however, that no
acceptable substitute for HC1 was found.

When a large excess of (S, is added to a THF solution of Mn(CO)S-,
the color immediately becomes dark yeliow. Addition of CH3I causes the
formation of one major product, which was found to be Mn(CO)SCHs. An
identical reaction between Re(CO)B- and CS2 yields tittle, if any,
Re(CO)SCHB, and only one major product is observed in the infrared

spectrum of rhe reaction mixture. Treatment Of tnis product with nl}

-
[~ 4

<L}

and anion metathesis with [NHQ]PFé yielded a light powder which may have
been [Re(CO)S(CS)]PFs. The infrared spectrum and a rapid reaction with
cyclohexylamine led to this assignment. Unfortunately, several attempts
to repeat this preparation met with no success. These reactions all
produced the same product which had been observed in the first prepara-
tion upon reaction of the Re(CO)s--CS mixture with CH,i. However, the

2 3

foilowing reaction with HCi is apparentiy the non-reproducibie step.



55

Carbon disulfide added to a THF solution of CpW(CO)3_ causes an
immediate color change to dark yeiiow. However, addition of CH3i gives
only pr(C0)3CH3. The use of CHBSOBF instead of CH3i produces another
compound as well, which was shown to be CpW(CO)B-DSOZF by its elemental
analysis and mass spectrum. The CS2 is not essential in the formation
of this product, which apparently results from oxidation of the tungsten

species by CH3SO3F. Eaborn et al. have recently reported other reactions in

which this reagent oxidizes metal complexes.”3

An attempt was made to prepare [CpRu(CO%éCS)]+ in a manner analogous
to that used to obtain the iron complex. Although there is good evidence
that the dithioester complex is obtained cleanly upon reaction of CpRu(COk;
with C52 followed by CH3l; the further reaction of this complex with HCI
was not very successful. Much of the dithiocester did not react, and only

small quantities of the desired product were seen in the infrared spectrum.

e m o e m T
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philicities of the metal anions. Dessy, Pohl, and King] have deter-
mined that the nucleophilicities of these anions decrease in the order”5

CpFe(CO)2->Re(C0)5->>pr(C0)3->Mn(CO)5-. Color changes in solutions

of all of the anions upon the addition of CS2 suggest that there is some

interaction with CS, in aii cases. However, oniy CpFe(CO)z-, CpRu(CG}Z-,

and Re(CO)S- show any evidence for the formation of e M-CSZCH3 complex
on addition of CH3=. These results indicate that there may be an equilib-
rium situation (Eq. 13) in the CSz-containing solutions.

- )
Mo+ CS, T M - c(.,—s (13)
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The stronger nucleophiles drive the equilibrium to the right, but the
poor nucieophiies exist mainiy as the Tree metal asiions. Ellis has
shown recentiy that (CysP)Mn(CO)h- (which is expected to be substantially
more nucleophilic than Mn(CO)S-) and Re(CO)s- react with CS, to form
intermediates (presumably of the type in Eq. 13) which can be metallated
to produce metal carbonyl dithiolate complexes‘,“6
Very recently it has been found that the conversion of
CpFe(CO)ZCSZCH3 to [CpFe(CO)z(CS)]+ may be carried out rapidly and cleanly
with trifluoromethanesuifonic acid.”7 The thiocarbonyi cation may be
conveniently isolated as the CF3503-salt. Since HC1 reacts only poorly
with the dithioester intermediates presumed to be formed in several of
the metal anion -CSZ-CH§ reactions, CF3503H may make it possible to
isolate thiocarbonyl complexes from these intermediates. However, it is
apparent that the preparation of these dithioester complexes is limited to
! complexes which form strongiy nucieophilic metal anions.
In a reaction eelated to these, infrared evidence was seen for the
formation of small amounts of CpFe(CO)ZCSeZCH3 from CpFe(CO)z-, CSez,

and CH3|. Reaction with HCi did not appear to convert this compiex to

the desired selenocarbonyl. However, the use of CF3SO3H may also be

advantageous in this reaction.

The reacticn of a metal carbenyl complex containing a weakly bound

81,83 or THF82 with CS2 and a sulfur acceptor

(triphenylphosphine) has been used to prepare several metal thiocarbonyl

ligand such as an olefin

complexes. In an attempt to use this type of reaction,W(CO)SNCCH

3
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(prepared. by refluxing w(co)6 in acetonitrile for two days and crystal-

1izing the hexane-soluble portion) was refluxed in C52 with equimolar

pPh. for 19 hr. The infrared spectrum showed that a large amount of

3
w(CO)SPPh had formed. There were also two very weak |R peaks

3
(2096, 2007 cm']) which could be those of W(CO)B(CS). It was concluded,
however, that this was not a satisfactory method of preparation for the
complex. Metal complexes which do react with C52 to yield thiocarbonyl
complexes apparently form an intermediate :t-CS2 complex by the oxidative
addition of CS2 to the ﬁetal.72’74’81-83 Such an oxidative addition to
a w(CO)5 moiety is perhaps unfavorable because of low metal electron

density.

2. Reactions of organometailic anions with thiophosgene and its

derivatives
The reaction of CpFe(CO)Z- with C1-C(S)OR (R=CH3, CZHS) has been
reported to yield CpFe(CO)z-C(S)OR, which may be converted to the
85

thiocarbonyi cation with HC1, A similar procedure was attempted by
reacting CpW(CO)3- with CIC(S)OCHB, but the major product of this
reaction was pr(C0)3CI. To investigate the reaction further, phenyl
chlorothioformate”8 (C1C(S)oPh) was prepared and reacted with several
organcmetaiiic anions. The reaction with CpFe{Cl)}, appeared to give the
desired product, and its reaction with HC1 produced some of the thic-

carbonyl cation. However, the reaction of Re(CO)S- with CIC(S)OPh

yielded only Re(CO)SCI, and the reaction with Mn(CO)S- gave a mixture
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of many products. Ethylene trithiocarbonate was also reacted with
CpFe(C0), and Mn(CO)S-. Only [CpFe(C0),], was produced in the first
reaction, and the latter combination showed no evidence of reaction
after refluxing in THF for two days.

Reactions of CpFe(CO)z- with CIZCS in THF were performed using
molar ratios of 2:1 and 1:2. In both cases the product was [CpFe(CO)Z]Z.
Some CpFe(CO)ZCl was also seen in the latter reaction. The tetra-
carbonylferrate anion, Fe(CO)h=, was also treated with thiophosgene.
ared spectrum of one reaction mixture showed a strong band at
1259 cm-], indicative of a metal thiocarbonyl, but several attempts to
repeat this reaction failed. Another unsuccessful venture was the

119

reaction of CIZCS with NaZCr(CO)S. No IR bands indicative of a thio-

carbonyl complex were seen.

The successful preparation of the group Vi M(CO)S(CS) complexes by
the reaction of reduced metal species with thiophosgene is discussed in
another section (vide infra).

3. Reactions of metal carbonyls with boron sulfide

The conversion of organic ketones to thioketones may be accomplished

quite smoothly with 8253.]20 Several attempts were made to extend this

.e . " e wmon e

e ® . e - mmeabai.?l ammad H H
reaction to & Carbony! cooidinated tc 3 transiticn metal. Refluxing a

~ -’ { - ; . -
CH\.I3 solution of [CpFe(CO)Z]Z or CpFe\CO)ZCH3 with 8253 caused little

reaction to occur. After heating a diglyme solution of N(CO)6 and 8253

o . - . .
at 120" for one day, no thiocarbonyl formation was observed. Boron

suifide did react with w(CO)Z(diphos)2 in refluxing CHC!3, but the peroduct
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apparently results from an oxidative addition to the metal and does not

contain a thiocarbonvl. Reactions of B,S, with organic carbonyls]20

273
appear to involve nucleophilic attack by the carbonyl oxygen at boron.
Apparently the lower nucleophilicity of a metal carbonyl prevents it

from reacting in this manner.

B. The Group VI M(C0)_.(CS) Complexes
5

1. Preparation

Reduct ion of the group VI hexacarbonyls by sodium analgam in re-
fluxing tetrahydrofuran has been recently shown to produce mainly the
MZ(CO)IOZ- binuclear dianions along with smaller amounts of the mono-
nuciear M(CO)SZ- species.'ZI The reactions of these products with or-
ganic or organometallic halides give products (generally in.low yields)
which could arise from either the mononuclear or dimeric dianions. For

example, reactions with 3, 4-dichlorocyclobutenes give cyclobutadiene-

Y.

. . . V. 122 .
terracarbonyimetai COMDIERES (M=w, 1%; 28%); 2

! M + ¥
Wy /0y r;—uC, S A0 S ~ :'335‘.'!0!'! QT ’.'!'!e

molybdenum species with 3-chloro-2-(chloromethyl)-propene gives a 1%
123

yield of trimethylenemethanetetracarbonyimolybdenum; the chromium and

tungsten reduced species react with 2-bromo-2-nitrosopropane to give
3-5% yields of dimethylketimine cemplexes;]zu the chromium species react

with dialkyl germanium and tin dihalides to produce THF adducts of

125

dialkyigermylene and dialkylstannylene complexes; and the chromium

species also react with 1,1-dichloro-2,3-diphenylcyclopropene, forming a

cyclopropylcarbene complex in 19.5% yield.]26 The product~yieiding species
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in these reactions now appears to be the MZ(CO)IOZ- anions, through

a reaction such as that of Eq. 14,
Na?_Mz(co)]0 + X, — M(CO)nL + M(CO)S + 2NaX + (5-n)co (14)

(The M(CO)5 fragment may react with NaX to form NaM(CO)SX or with CO to
form M(C0)6.) Indeed, some of the above reactions do give product yields
higher than would be expected if the small amount of M(CO)SZ- is the
precursor.

Excess thiophosgene (C12CS) was found to react with THF solutions of
reduced group VI carbonyls, presumably in a reaction of the type of Eq. 14.
The products of these reactions are the thiocarbonyl complexes, M(CO)S(CS)

(M=Cr,Mo,W). The mononuclear dianion,]}

? Cr(CO)Sz-, prepared in liquid
ammonia and redissolved in THF does not give any Cr(CO)S(CS) on reaction
with CIZCS, which is a further indication that the MZ(CO)IOZ- species
is the anionic intermediate important in the thiocarbonyl preparation.

in addition o the thiccarbonyl compiexes formed in these reactions,

a2 large amount of the metal hexacarbenyls is regenerated; from one to
eight times as much M(CO)6 as M(CC)S(CS) is produced. This product couid

be formed if some of the unstabie M(CO)5 generated in a reaction such as
Eq. 14 were to decompose, thus releasing CO which may be captured by the
remaining M(CO)S. Other products which may be produced in these reactions
were not investigated. The overall yields of thiocarbonyl complexes were
estimated by gas chromatographic analysis of the product mixtures from

small reacticns {1-10g M(CG)6 starting complex). Excellent separations
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of M(C0)6 and M(CO)S(CS) were obtained for the chromium and tungsten
complexes (Figure 1). The yields, assuming a reaction of the type in
Eq. 14, are in the range of 10-12% for Cr(CO)S(CS) and 20-25% for
w(CO)S(CS). The Mo(CO)s(CS) could not be detected gas chromatograph-
ically, presumably because of its lower stability, but yields of 3-5%
are estimated from the infrared spectra of product mixtures. Scaling
the reactions up to 30 to 50g of M(C0)6 gave somewhat reduced yields of
Cr(CO)B(CS) (6-8%) and W(CO)S(CS) (12-18%). Scale-up of the molybdenum
preparation proved to be impossible; reactions of scluticns containing
more than approximately 2 meq of the molybdenum anion (derived from
~1g Mo(C0)6) with thiophosgene gave little or no Mo(CO)S(CS). Thus
many small reactions were necessary to prepare even a small quantity of
this complex.

The low yields obtained in these preparations may be partially a
result of the high reactivity of the thiocarbony! complexes. For example,
W(CO)S(CS) has been found to react rapidly with chloride ion in THF so-
jutions even at room temperature. Based on a comparison of the reactiv--
ities of the M(CO)6 complexes with halide ions,-127 this reaction is
expected to have a similar rate for Cr(CO)S(CS) and to be much more

-~

'U;S(CS). Since

-1

F - B PR PN
1SS Liiivt 1uc v

~~

rapid Tor Mo

in these preparations, its reaction with the M(CO)S(CS) complexes could

be one cause of the low yields.



Fig. 1.

Gas chromatographic trace of the product mixture from a typical
preparation of w(CO)S(CS). A 0.25 in x 6 ft 2% SE-30 coiumn
was used with an initiai temperature of 70°, a temperature
program of 8°/min, and a helium flow rate of 30 cc/min. The
first large peak is hexane solvent, the next is W(C0)6, and

the last peak is W(C0)~(CS).
5
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Minutes



2. Purification of the M(C0).-(CS) complexes
P

Upon subiimation of the evaporated reaction mixtures obtained in
these preparations, yellow crystals are collected which are found to be
composed of M(CO)S(CS), M(C0)6, and traces of other impurities. The
separation of the M(CO)S(CS) compounds from the hexacarbonyls was found
to be a difficult process because of the similar physical properties of
the complexes. There was little evidence of any separation during sub-
limations of mixtures of the complexes. Although gas chromatography
separated the compliexes very efficiently, column chromatography of
pentane solutions of the complexes on florisil, alumina, or silica gel
at room temperature (or florisil at -70°) gave little or no separation.
Crystallization of the mixtures from pentane or hexane solutions by slow
cooling (1-2 days) was found to be a practicable, although lengthy, sepa-
ration method. The crystals formed in the first crystallization step
weie Tound to contain

[}
= > -

more than 9% M{C2),, 2nd the solutions generally
contained a mixture of 60-80% M(CO)S(CS). Repeated concentration of the
solution and crystallization by slow cooling yielded, after 4-6 steps,
relatively small amounts of M(CO)S(CS) of approximately 99% purity.

Large amounts of M(CO)S(CS) were contained in the crystals formed during
the later crystaiiization steps. The Mo(CO)S(CS) compiex was not purified
beyond about 70% because of the smzll quantities produced in its prepara-

tion.

Very pure W(CO)S(CS) and Cr(CO)S(CS) (>99.95%) were attainable in

smaii quantities through preparative gas chromatography, since there were
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large differences in the retention times of the thiocarbonyl and hexa-
carbonyl complexes (Figure 1). !t was necessary to operate the gas
chromatograph oven and detector at relatively low temperatures to avoid
decomposition of the thiocarbonyl complexes; at temperatures above 75°
substantial formation of the hexacarbonyls was evident.

A chemical separation was found to be a more convenient method of
obtaining pure W(CO)S(CS); although this method was not used with
Mo(CO)s(CS) and Cr(CO)s(CS), it would be expected to work equally well
with these compiexes. This separation sequence invoives the conversion
of the W(CO)S(CS) in a mixture with W(CO)6 to IW(CD)h(CS)- by reaction
with Buth. The w(CO)6 does not react under the mild conditions employed
and may be easily separated from the thiocarbonyl salt. The
BuuNfIW(CO)h(CS)] is then reconverted in high yields to W(CO)S(CS) by
reaction with Ag+ and CO.

2, Snectrosconic studies of the M(CO)_{CS) complexes and their deriva-

-

tives
The infrared spectra of the M(CO)B(CS) complexes (Table 2) exhibit
the three carbonyl bands expected of pentacarbonyl complexes with chv

symmetry, although the positions of these bands are higher than normal

for M(CO)SL derivatives. This increase in frequency 5 presumaniy
largely to a decrease in metail electron density caused by the strong
n=acidity of the CS ligand. This in turn causes a diminishing of the =x

back-bonding from the metal to the carbonyl n* orbitals and increases

the C-0 bond order. In general, all of the thiocarbonyi derivatives
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Table 2. Infrared CO and CS peaks of group V1 thiocarbonyl complexes

] i

Compound v(C0), em v(CS), cm”
Cr(co)(cs) 2091w, 2023m, 1997vs® 1253vs®
Mo (€0) £ (CS) 2096w, 2020m, 1995vs? 1247vs?
W(C0) 5 (CS) : 2096w, 2007m, 1989vs® 1258ys®
trans-Cr (€0),, (CS) (PPh,) 2063vvw, 1960vs® 1230vs>
cis-Cr(c0),, (CS) (PPh,) 20Llw, 1992w, 1960vs® 1230vs®
;;ggi-w(co)h(cs)(PPh3) 206ivww, 1556vs° !247vsb
cis4(€0),,(CS) (PPhy) 2052w, 1981w, 1956vs’ 1247vs"
trans-(C0),, (€5)[P(4-CIC H,) ] 1956vs® 1245y
Cis-W(€0),, (CS)[P(4-CICGH,) ;] 2053m, 1981w, 1863m, 195557 1245vs®
trans-W(CO)h(CS)(py) 2062vw, 1950vs® 1221+vsb
Buy,N[ trans-C1W(C0), (cS)] 2064w, 19i45vs© 1193vs®
Buy Nl trans-8r(c0), (€S)] 2065w, 1947vs® 1193vs*©
Buy,N[ trans-1W(C0), (CS)] 2062w, 1947vs® 1195vs ©
mer~Cr(€0), (€S) (diphos) 2006w, 1924vs® 1200vs®
mer-W (C0) (€S) (diphos) 2013w, 1925vs® 1215vs®
mer-W(c0), (¢cS) (diars) 2010w, 1928m, 1919vs® 1213vsP
mer-W(C0) 5 (CS) (bipy) 200w, 1558w, 1516vs, 19980  1203ve®
Bu N[ mez- W (€0}, (65) {P(4-CICH,) ;31 20i2m, 1914vs®© 1175m°

aRecorded in n-hexane solution.
b , . .
Recorded in CS, solution.

CRecorded in CH2012 solution.
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Table 2. continued

Compound v(CO), cm-] v(CS), cm-]
W(c0),, (CS) (triphos) 19335, 1974s” 1197s, 1185m°
W(co) (cS) (diphos), 1838s° 1161s°€
[HW(C0) (€S) (diphos) ,1CF 450, 1958s° 12075
[ (2-CHyCehy) sPHITW(CO) 5 (CS)Br,] 2078w, 2028, 199259 12604
W(C0), (CS) (PPhy) ,Br, 2014m, 1959s° 1249sP
W(c0), (CS) (diphos)1, 2036s, 1972s° 12450
W(C0) (CS) (diphos) Br, 1929s° 12165

dRecorded in a KBr disk.

prepared from these complexes also exhibit infrared carbonyl absorptions
(Table 2) at higher average frequencies than those of the analogous

-

Cairbony 1 compiexes. Tha S stretching 2hsorptions of the comniexes range
from 1260 to 1160 cm-], and aie easily recognizable in most cases because
of the intensity and sharpness of the band. As expected, increasing the
number or donor strength of noncarbonyl substituent ligands causes the
CS absorption to shift to lower frequencies, parallel with the carbonyl
absorption shift.

The mass spectra of all of the thiocarbonyl compliexes investigated
with this technique have abundant parent ion peaks and the expected
fraagments due to loss of the individual iigands. In general, however,

fragments resulting from the loss of CS were of iow abundance, and the

P . .
MCS fragment could always be observed {with fragmentin
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energies). A mass spectrometric ion appearance potential study carried
out at this institution showed that the W-CS bond energy in w(CO)S(CS)
is approximately twice as large as the average W-CO bond energy.]28

The ]30 NMR spectra of the thiocarbonyl derivatives (Table 3) all
exhibit.a low-field thiocarbonyl carbon resonance; a low-field position
was also found for the CS carbon resonances of the two metal thiocarbonyls

]30 NMR.IOZ The position of this resonance changes,

previously studied by
although not greatly, on changing the metal ligands. There appears to
be no obvious correlation between the iigand properties and the direction

of this shift. The positions of the carbonyl carbon resonances are very

close to those of the carbonyl analogs.

C. Reactions at the Metal Center

1. Photochemical substitution

Photolytic dissociation of carbonyl ligands is a general method used
in metal carbonyi chemistry whereby another ligand may pe substituted Tor

29

1 . _— s .
the carbonyl. The photoiytic substitution of C8 has also been success-

81-83

ful in thiocarbonyi-containing compiexes. t was therefore expected
that the photolytic replacement of a carbonyi by another ligand would
provide a useful synthetic route to substituted derivatives of w(CO)s(CS)
and Cr(CO)s(CS). However, irradiation with a low-pressure Hg lamp of
THF solutions of W(C0)5(CS) in Vycor vessels, in the presence of PPh3 or

py, gave iittle evidence of reaction under conditions that cause substi-

tution with w(co)s. Soiutions containing very low concentrations of



69

Table 3. 3¢ NMR data

Compound 5(*3c0)2 s(13cs)®
cr(co)g -212.1
Cr(co)4(cs) ~211.4 -331.1
W(C0)¢ ~191.1
W(C0)(cS) -192.4 {cis), -189.3 (trans) -298.7
[ (PhyP) NILCIW(CO) ] -198.7° (cis), -201.6 (trans)
Et;,N 1W(C0) ] -197.8° (cis), -202.2 (trans)
Bu, N[ trans-C1W(c0), (CS)] -199.2 -287.3
Buy,N[ trans -BrW (€0),,(CS)] -198.5 -287.4
Buy, N[ trans-iw(co), (CS)] -196.5d -285.7
mgi-w(co)3(cs)(diars) -210.2 (trans to As), -201.9 (cis) -306.9
trans-IW(C0),CsCH; -188.8 -252.7
ggggg-IW(co)hcsc(o)CH3e -188.1, -186.7 (c=0) -233.9

w(co)sp(h-c1c6ﬁh)3

s1ab.0% (cig), -196.2% (rrans)

3y  ca-& \,

= o

-196.499 (cis), -197.9" (trans)

a

b

J]83w-]3C = ]29Hz.
C Looa
J!SQ 12 = (20Hz.
“W-""C
d
J, 128Hz.
.83w_13C

eRecorded at =30".

bHz.

[ta]
[
I

22Hz.

opm downfield from TMS.



70

N(CO)B(CS) (~40-2M), however did react, yielding some of the substituted
complexes, EEQEE-LW(CO)A(CS) (L=PPh3, ny), as well as other unidentified
complexes. Reasons for the lack of reaction of the more concentrated
solutions are not clear, but there is some formation of a deposit on the
glass surface in these reactions. This deposit may screen the wavelengths
required for carbonyl dissociation. The necessity of using small amounts
of starting materials and the fact that other products form .meams that

this process has little synthetic utility.

2. Thermal carbonyi substitution

As expected by analogy with the hexacarbonyl complexes, Cr(CO)S(CS)
and W(CO)S(CS) react with donor ligands at elevated temperatures to form
substituted complexes. However, the geometry of these compléxes could
not be predicted a priori since no similar thiocarbonyl complexes had
ever been prepared. The chromium and tungsten thiocarbonyl complexes
were found to react with ligands at lower temperatures than their hexa-
carbonyl analogs, and the products were found to be the M(CO)A(CS)L
complexes, of mainly trans geometry.

For example, Cr(CO)S(CS) in refluxing toluene (1100) reacts with

PPhy to yield a mixture of largely trans-Cr(C0),,(CS) (PPhy), along with

P H H 1z H wirnay (~QY 3 3 . 1209
some of the cis isomer. Likewise, w(uc,siub, in Xyiene at i3C0 is
substituted by PPh3 to vteld a similar mixture of isomers. Column
chromatography did not separate the isomers, and fractional crystallization

gave only a slightly greater proportion of the trans isomer in the crystals

than is present in an equilibrium mixture. Reactions performed in the



presence of excess phosphine and allowed to proceed after most of the
first substitution had occcurred showed scme evidence of forming
M(C0)3(CS)(PPh3)2 complexes. However, the main products were M(CO)S(PPhB)
and some M(CO)A(PPhB)Z’ even when no M(CO)6 was present in the starting
material. The M(C0)3(CS)(PPh3)2 may be an intermediate in the formation
of these complexes, since it only appears in small amounts and eventuaily
disappears.

The E:gg§;W(CO)4(CS)(py) complex is the only thiocarbonyl product
observed in the reaction of W(CG)S(CS) with pyridine at 1359 in Ry lene;
no cis isomer was detected. |t may be worth noting that, unlike

w(CO)S(CS) and W(CO)A(CS)(PPh3), which could not be separated from their

carbonyl analogs by column chromatography, w(CO)h(CS)(py) and w(CO)S(py)

did separate on the column. The v(CS) of this complex is also much lower
than in the previous two complexes. A reaction of w(CO)S(CS) with 2,2'-

L2
154 3

- k= B4 oo H H H
1Dy % surpricsingly yiel

inc isingly yielded no thiocarbonvi-conraining products, and
enly w(CO)A(bipy) was produced. The o-phenanthroline ligand gave similar
results. On the other hand, the bidentate diphos ligand reacts with
W(co)5(cs) at 130° or with Cr(C0)(CS) at 110° in xylene to yield the
mgL-M(CO)3(CS)(diphos) complexes. The geometry of these complexes was
determined from the fact that only two infrared carbonyl bands are seen,
and one is a weak, high-frequency band characteristic of an A, mode in-
volving two nearly-trans carbonyls. No M(Co)k(diphos) is detected in

these preparations, even after extended reaction times with excess ligand.
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The intermediate in these reactions, M(CO)A(CS)(diphos) (identified by
the simiiarity of its infrared spectrum to that of W(CO)A(CS)(PPh3)),
can be detected, but the second phesphorus atom coerdinates quite rapidly
under the conditions used. An analogous reaction carried out between
w(CO)S(CS) and diars gave large amounts of the w(CO)A(CS)(diars) compiex,
and the closing of the chelate ring was accomplished only be extended
heating. A reaction between W(CO)S(CS) and triphos yielded a trisubsti-
tuted complex, W(CO)Z(CS)(triphos), which is apparently a mixture of
isomers since two CS infrared absorptions are observed. Going to even
higher substitution, a mixture of w(CO)S(CS)(diphos) and equimolar diphos
when heated at 200° evolves CO and soon solidifies on formation of the
tetrasubstituted w(co)(CS)(diphos)z. The structure of this complex is
presumed to have the CO and CS groups mutually cis, based on the geometry
of the W(CO)3(CS)(diphos) precursor and the carbonyl analog,
W(CG)Z(diphcs)z.]09 Mc products resuiting from the ioss of CS could be
detected. A similar reaction was attempted between Cr(C0)3(CS)(diphos)
and the diphos ligand, but no further substitution was detected, perhaps
because of steric effects. Attempts to replace all five of the carbonyl
ligands in W(CO)S(CS) by reacting W(CO)Z(CS)(triphos) with diphos were
also not successtui.

Tetrahydrofuran sclutions of w(co)s(cs) and tetrabutyiammonium halides
react with gas evolution even at room temperature. The tetraethylammonium

halides do not react at such low temperatures, perhaps because of stronger
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jon-pair interaction. Sufficiently high temperatures to give a reaction
lead to decomposition. The products of the BuhNX reactions were deter-
mined by IR and ]3C NMR spectroscopy to be exclusively
BuuN[ggggg-XW(CO)h(CS)] (X=C1, Br, 1). Remarkably, the reaction of
g;ggg—(]3CO)W(CO)4(CS) (vide infra) with the halides showed that there
is a very high, if not complete, preference for the loss of the trans
carbonyl in this substitution process. To avoid exchange of the free
]3C0 with the relatively labile carbonyls in [XW(CO)A(CS)]- it was
to continually purge the reaction mixture with NZ’ A separate
experiment showed that the carbonyls in [IW(CO)A(CS)]- exchange with
]3C0 quite rapidly under the reaction conditions.

Several reactions were done in an attempt to substitute a carbonyl
in [Egggg-IW(CO)u(CS)]- with PPh3. At temperatures of about 100° in
dioxane solution, some carbonyl substitution was observed, but a large
amount of ijodide substitution (yielding W(CO)Q(CS)(PPh?)) was also seen.
However, the use of P(A-CIC6H4)3 instead of PPh3 led to the production
of mainiy [mgf-iW(C0)3(CS){P(M-CIC6H4)3}]-. This product was not isolated
but was characterized by its infrared spectrum and its reactions in situ.

Several attempts were made to prepare an arene complexfrcmnd(CO)S(CS)

and mesitylene {1,3,5-trimethylbenzene) by heatin
but only decomposition was observed. Why an arene compiex does not form
is unknown, since N(CO)6 does give such complexes under these conditions.

Since there seemed to be a great preference for the formation of

trans-substituted derivatives by the thermal substitution of the
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M(CO)S(CS) complexes, experiments were performed to determine whether
]360 exchange would preferentially label the trans site. At 100-112°
in decalin sclution, Cr(CO)S(CS) and w(CO)s(CS) do exchange with ]3C0,

but the enrichment is statistical between the cis and trans sites.

3. Preparation of complexes by silver ion abstraction of coordinated

halide ions

The abstraction of a halide ion from groupVI[XM(CO)_] complexes
5

has been effected by [Et30]BF4, Ag+, or A1C13.‘30 This reaction may
ligand to yield M(CO)SL

(The intermediate in these reactions is presumably a M(CO)S(Solvent)

be Tfoilowed by the addition of &

complexes.
complex.) Therefore, it was expected that the [XM(CO)A(CS)]- complexes
might also undergo halide abstraction and subsequent ligand substitution.
Indeed, the addition of Ag+ to solutions of [IW(CO)A(CS)]- followed by
addition of a ligand gives good yields of W(CO)A(CS)L complexes. More-
over  ail of the complexes thus formed are observed to have exclusively
a trans geometry. For example, the addition of PPh3 to an acetone solu-
tion of W(CO)A(CS)(acetone) yieids only ££§g§;W(CG)4(CS)(PPh3). This
contrasts with the thermal preparation, which yields a mixture of cis
and trans isomers. In fact, heating a toluene solution of trans-
1{c0),, (¢8) (PR} o i05° for a few minutes vields an idemtical! mixture of
isomers.

The W(CO)A(CS)(solvent) (solvent=THF, acetone) intermediate provides

a route to complexes unobtainable by other routes. Thus, reactions with

2,2'~bipyridine yield 29544(C0)3(CS)(bipy) in good yields. The reaction
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is quite rapid and the presumed intermediate, W(CO)Q(CS)(bipy), cannot
be detected. This complex could not be prepared by the thermal reaction
of w(CO)S(CS)withbipy. Another diamine, tetramethylethylenediamine
(TMEDA) , reacts with the W(CO)A(CS)(solvent) intermediate to yield,
apparently, w(CO)h(CS)(TMEDA). Refluxing a THF solution of this complex
for two hr causes the formation of another complex, which is tentatively
identified as W(CO)B(CS)(TMEDA).

A very useful reaction of W(CO)A(CS)(solvent) is its reconversion
to w(cc)s(cs) by interaction with C0. Since the [:w(ce)h(cs)]' salt
may be easily purified, this reaétion provides a simple route to pure
w(CO)S(CS). The entire process is easily carried out on a large scale
and is much less time-consuming than other purification methods.

Attempts to form complexes by reactions between W(CO)A(CS)(solvent)
and toluene or thallium cyclopentadienide were unsuccessful. Likewise,
reactions between [lW(CO)Q(CS)]- and TICp did not give any new thio-
carbonyl complexes. The purity of the cyclopentadienide salt, however,
is questionable.

The in situ reaction of BUQN[EEEEIW(C0)3(CS){P(Q-C106H4)3}] with Ag+

and CO yielded largely Eig-w(co)h(CS)[P(Q-C!C6H4)3], The small amount of
trans product obseirved may have neen present in the @
addition of Ag+, as a result of a side reaction in the preparation of the
phosphine iodide complex. This is the only reaction found which produces
mainly a gig-M(CO)h(CS)L complex. Heating a solution of this complex to
105o for a few minutes gives a mixture of isomers containing mainly the

trans complex.
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The surprising result of the reaction of W(CO)A(CS)(acetone) with
]300 was that only E:ggg—(]3CO)W(C0)4(CS) was produced. This compound
was characterized by its infrared §pectrum (Figure 2), which is entirely
consistent with such a Chv complex. Carbon monoxide of 90% ]300 en-
richment was used in the preparation of the complex; thus a small amount
of W(IZCO)S(CS) was observed, but the mass spectrum confirmed that there
was only 10% of this product present. The cis isomer was not detectable
in the infrared spectrum. However, heating a xylene or decalin solution

. o eyap s .
cf the trans isomer to 100" for several hr gave an equilibrium mixture of

the cis and trans forms (Figure 2). No other products were observed

except trace amounts of w(lZCO)S(CS) and W(]3CO)2(]2C0)3(CS). From such

an equilibrium mixture ([cis]=4 [trans]) it was possible to determine the

extinction coefficients of all of the IR bands of the cis isomer

(Table 4).

L, Stereospecific ]3C0 enrichment studies

There are very few examples in the literature of reactions that
yieild metal carbony! complexes in which one bonding site is preferentially
labeled by an isotopically enriched carbonyl ligand,}s]-}33 particularly
when the labeling is close to being totally specific.i34-]35 The sur-

k|
cacticn of W(CO), (CS) (acetone) with '3C0

1
( 3

’

led to the stereospecific generation of trans- CO)W(CO)A(CS) stimuiated
a further investigation of this and similar reactions. It was believed
that the actual reacting species in soiutions of M(CO)s(solvent) and

M(CO)AL(solvent) compliexes were the coordinatively unsaturated species



Fig. 2. Carbonyl region of the infrared spectra of (A) W(CO)B(CS),

(8) trans-(l3C0)W(CO)4(CS), and (C) an equiiibrium mixture of

] -
cis- and trans-('3C0)W(CO)4(CS). Aiil solutions are 7.5 x 10 N

M in decalin. Band positions and extinction coefficients are

given in Table 4.
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Table 4. Positions and extinction coefficients of infrared carbonyl

bands of W(C0)5(CS), trans-('7C0)M(C0),,(CS), and cis-(?COIM(C0),,(CS)

- -1 -1

Compound Band Assignment Position, cm €, M cm
w('zco)s(cs) A](]) 2096 4200
A](z) 2007 6500

E 1989 35000

trans-('2coju(co) , (cs) a0 2051 1800
E 1989 - 35000

A](z) 1967 6500

glg-(lBCO)w(Co)k(CS) A’ 2089 3000
Al 2010 ~1000

Al 2005 6000

ari 1988 16606

Al 1957 10000

[M(CO)S] and [M(CO)AL], since the solvent ligand is only weakly bound.
Thus, a situation such as that shown in Eq. 15 was envisioned for the

reaction process of [XM(CO)S]- with Ag+ and L.

+
xn(co)s'__%%r.. [M(c0) ;] —t . M(co) gL (15)
-Ag {4

S}j-S

H(CG)S(S) (S=sclvent)
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The [M(CO)S] or [LM(CO)h] intermediates were presumed to be the same

. . , . . . _.136,1
intermediates as those which are apparently formed in photochemical 36,137

s138,139

and SNi thermal substitution of the group V! carbonvis. A study
of [M(CO)S] and [M(CO)kL] intermediates generated as in Eq. 15, it was
thought, might give information about the structure and properties of

these intermediates. For example, if it could be shown that the inter-

mediate which reacts with ]360 to give trans-('3C0)w(C0)4(C$) is actually

the free [w(co)u(cs)] species, it might be concluded that this pentaco-
ordinate structure has a square pyramidai geometry with the CS iigand at
the apex. No isomer of a trigonal bipyramidal geometry would be expected
to give the observed product with such high specificity.

Most investigations of pentacoordinate group VI complexes have been

140~ 143

low~temperature matrix spectroscopic studies. Both square pyr-

amidal and trigonal bipyramidal structures have been observed. Evidence

has been presented for a D, structure of [Cr(C0) 1 at low temperatures

which converts to a Chv structure on slight warming.lm’“F3 Square pyr-

amidal [W(CO):] is observed in a frozen hydrocarbon medium.luo The

initial conclusion that melting the glass gave a D3h structurem0 has

been suggested to be 5purious.144 Pearson has predicted that a square

pyramidal geometry is the most stabie configuration Tor a group Vi

145

EM{CO) o] complex. The substitution of a carbonyl in such a compiex by
5

another strong field ligand such as CS or a phosphine should not affect

the relative stabilities of the D3h and C,+v s'cructures.iurS Thus, informa-

bout the structure of an [M(Co)hL} complex should also be applicabie

.
tien

[J)

to that of [M{cO)_.].

-
2
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To determine whether the CS ligand is unique in directing the
specific introduction of ]360 into one position of a [M(CO)QL] moiety,
two simiiar reactions were investigated. By modifying the method of
Allen and Barre‘c‘t,]08 who prepared similar Cr and Mo complexes,
P(h-CIC6Hh)3 was stirred with EtuN[lw(CO)s] in dioxane at 100° for 1.5 hr
while N2 was bubbled through the solution. The major product was not
isolated, but the similarity of its IR spectrum to those reported for
similar complexes]08 supports its formulation as
EtL*NEC_ig—W(CO)L}I{P(Q-C1C6H4)3}]. Some w(CO)S[P(h-CicsHh)B,] 'was aiso formed
by iodide substitution. Reaction of this dioxane solution with Ag+ and
]300 yielded a mixture containing largely (]3C0)W(C0)4[P(h-C1C6H4)3] and
some of the unlabeled phosphine complex, which is presumably that formed

by iodide substitution. The 13

13

C NMR spectrum of the mixture showed that

the product of the ~“CO substitution is almost exclusively

,:S_IIBrn\l.r/rn\ FIotharie v Y 1 (£} ra 2)
ot \ VW T \vV J LY \ T waw /24 A\ YA
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A similar reaction was investigated with [(Ph3p)2N]

[EjngIW(CO)h(CNCy)], which was prepared according to the method of
13

Murdoch and Henzi.]46 The reaction of this complex with Ag+ and “CO

13c

gave, again, almost exclusively the gi§-13co-enriched product. The

NMR showed a very strong resonance at -194.0 ppm due to the cis carbonyis

and a barely observable peak at -196.2 ppm, where the trans carbonyl of

W(CO)CNCy is known to occur. Thus, the reaction of [trans-1w(c0),Cs}]"
i3

with Ag+ and “CO leads to a trans product, and reactions of

[_cﬁ-lw(co)u{P(L+-c1c6H4)3}J' and [cis-CIW(C0),(CNCY)]™ give cis products.



Fig. 3.

13

Carbonyl carbon resonances in the

13

C NMR spectra of
W(CO)S[P(Q-CIC6H4)3]. (A) CO-enriched sample prepared from
[ngfw(CO)hl{P(h-ClCeHh)B]]_, Ag+ and ]360. (B) 13CO-enriched
sample prepared from preferentially gjg_(]3co)-enriched
EW(CO)SCIJ-, Ag+ and P(M-C1C6H4)3. (C) Natural abundance ]3C
sample. The strong doublet is the cis carbonyi resonance;

the less intense doublet to the left is the trans resonance.

Positions and coupling constants are given in Table 3.
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These results could lead to two possible conclusions: first, the
reactions may proceed through intermediates in which stereochemical re-
arrangement is impossible, and thus the geometry of the precurscr is
maintained in the final product. This could involve, for example, a
stereochemically rigid square pyramidal intermediate, or a seven-co-
ordinate intermediate resulting from solvent or ligand association during
the substitution process. |t has previousiy been shown that
W(CO)S(aCetone) reacts with alkenes in a totally dissociative substitu-

147

tion process, so an S 2 attack by CO seems unlikely in view of its

N
low nucleophilicity. The possibility of a stereochemically rigid square
pyramidal intermediate seems unlikely, since both D3h and ckv structures
have been observed spectroscopically for the [M(CO)SJ species,]uo’lhl

and the barrier to interconversion through a Berry or ''reverse-Berry'

pseudorotationm8 is expected to be small. Monosubstitution should not
substantizlly aiter the barrier to reariangement, by anale

149

pentacoordinate systems. However, if the lifetime of the free penta-

coordinate complex (the time between ligand dissociation and ligand

association) is short relative to the time required for rearrangement,

then retention of geometry could be observed even though the five-

coordinate intermediate would not normally be ciassified as being *rigid'.
A second possible conciusion based on the results of the above

reactions is that a stereochemicaily nonrigid intermediate may form which

is free to rearrange, but maintains one geometry because of steric or
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electronic effects. The energy barrier to such rearrangements in

octahedral complexes is quite high,]50 and a process such as the
isomerization of a solvent-bound octahedral intermediate would not appear
to be favorable under the reaction conditions. A stereochemically non-
rigid square pyramidal system, however, could rearrange to the most
stable isomer. Recent studies have shown that electronegativityls] and
pi-bonding.ISZ effects are important in determining which isomers of
substituted square pyramidal structures are most stable.
Experiments were sought which would help distinguish among the
various possible reasons for the observed stereospecificity. One such
experiment was designed to ascertain whether the substituent ligand on
the [w(CO)AL] moiety was responsible for determining the stereochemistry

of the product. This experiment was done by labeling one position in

~

the reactant with ]3C0 instead of a noncarbonyl ligand, and was Based
on a reaction reported by Darensbourg, Darensbourg, and Dennenberg.153
They found that the reaction of preferentially labeled cis-
(!3C0)M0(C0)4(piperidine) with AsPh3 gave, in an SNl process,
(]3CO)M0(C0)h(AsPh3) with the labeled carbonyl statistically scrambled

between the cis and trans positions. |t was concluded that, under the

conditions used (380 in hexane}, the equatorial and axial carbonyls equil-
ibrate in a trigonai-bipyramidal or highly distorted square pyramidai
structure. To carry out a similar experiment, preferentially cis 13C0-
labeled [Clw(CO)S]' was prepared by stirring [(Ph3P)2N][Ciw(C0)5] under

about 1.5 atm of ]3C0 in CH2C12 for two hr. The enriched product was
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found by ]3C NMR to have approximately three times as much ]3C0 in the
cis positions as in the trans position, after the statistical correction.
This product was dissolved in acetone and the chloride ion was abstracted
with silver ion. The addition of a donor ligand then gives 13Co-enriched
W(C0)5L complexes. The W(CO)S[P(A-CIC6H4)3] complex thus obtained was

13

found by “C NMR to still possess preferential enrichment in the cis

positions. Although some scrambling had occurred, the doublet of the

trans-lBCO was still less than one-half as large as that in the natural

1
(]
Q.
[0

abundance spectrum (Figure 3). Enriched w(cc)schy imilarly
also showed retention of the preferential cis enrichment. However, the
use of excess CyNC caused formation of another product as well, believed
to be cis-W(C0), (CNCy),,. The appearance of this product points out the
- L 2
fact that although an S, 1 substitution involving prior loss of the sol-
N

vent molecule seems likely, an S,2 attack at the intermediate is also

N
possibie by these stronger nucleophiles. Such a process, as in Eq. 16,
could be responsible for the observed retention of geometry in the final,

product forming step.

% L N s N/
M M- - M
AN, A AN, (16)
s -
However, the geometry must aiso be maintained in the first step, the

halide ion removal. This process may be considered as the first-order
joss of an Ag-X ligand. Therefore, the addition of a solvent moliecuie

to the [M(CO)S] complex thus generated must be rapid enough to occur
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before the pentacoordinate complex can rearrange. This experiment shows
that an SN! ligand exchange may occur with retention of geometry of a
group V! M(CD)S complex; the Darensbourg experiment showed that it need
not.

In conclusion, the reason that retention of geometry of the
W(]:J'IZO)(CO)J+ moiety is observed appears to be that the lifetime of this
free intermediate in coordinating solvents is too short to allow it to

rearrange (Eq. 17).

\,L/ Ag* N ,L/ s . *\,L/
//l\\x- -agX | -$ //l\\s
(17)
AN e
* *
w \,&/

/I\ /l\l

This same reason may also explain the retention of the original geometry

of [W(CO)hL] intermediates. However, that the influence of the non-

carbonyl ligand in the latter complex may also stabiiize a certain

geometry cannot be discounted or proved with the present evidence.

5. Kinetic studies of isomerization and substitution reactions of
u(co);(cs)

The discovery that trans-(l3C0)W(C0)g(CS) isomerizes upon heating

in sofution to a mixture of the cis and trans iscmers prompted 2 thorough

study of this process. The barrier to intramolecular rearrangements in

150

octahedral complexes is very high, and its occurrence in nonchelate

complexes has only been studied in three classes of compounds:
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H MLy, (M=Fe, Ru; L=phosphine or phOSphite)lsh, M(CO)A(M'R (M=Ru, 0s;

3)2
MI=Si, Sn; R=CHs, ¢1) 3, and (60),C7 (PR;)LC (0CH;)CHy] (R=Et, cy). 156
Therefore, it was of interest to determine whether this isomerization
was actually intramolecular. Heating a decalin solution of trans-
(ISCO)W(CO)A(CS) at about 100° for a few hr gives an equilibrium mixture
of the cis and trans complexes. Only very little w(IZCO)S(CS) and
w(‘3co)2(‘2co)3(cs) is produced in these reactions. Performing the re-
action in lzco-saturated decalin under a IZCO atmosphere gives no
significant increase in w(]2C0)5(CS). These observations indicate that
the isomerization is not accompanied by C0 dissociation. A mechanism
involving CS dissociation can also be discounted; no w(CO)6 was ever
observed to form in these reactions.

In contrast to the reactions in decalin solution, isomerizations
carried out in 1, 4-dioxane at about 100° gave large amounts of
w(lZCO)S(CS) and H(]BCO) (CS) as products., indicating that CO
dissociaticn is occurring in this solvent. Dioxane has previously been
observed to greatly enhance “SNT” substitution rates of metai carbonyls;
this effect may be attributed to nucleophilic displacement of carbonyl

57 13

ligands by the dioxane. The isomerization and intermolecular ~CO

scrambiing appeared to appiroach egquilibrium at approximately ihe same
rate in this solvent. Furthermore, substitution reactions carried out

13

in dioxane solutions saturated with CO showed that the labeied CQ was

incorporated relatively rapidly into w(CO)S(Cs). An amalysis of the IR

spectra showed that the rate of formation of trans-(lBCO)W(Co)#(CS) under



these conditions was approximately four times the rate of formation of
the cis isomer. This experiment also shows that the rate of trans
exchange is faster than the rate of iscmerizetion in dioxane. The
rates of cis exchange and isomerization are similar, but a good comparison
was impossible because of infrared carbonyl band overlap.

A kinetic study of the isomerization of 35325-(]3C0)W(C0)4(CS) was
carried out in decalin solvent under N2 at temperatures from 80-100.5o

(Table 5).

Table 5. Kinetic data for the intramolecular isomerization of

trans-(]3C0)W(CO)4(CS) in decalin

Temperature ]03[complex], M 10 kbbs’ Sec-] Average kfa
80.0° 1.08 0.254
1.46 0.262
2.16 0,289 - .
o 2.07 x 07" sec”!
90.0 1.16 1.00
i.49 i.0i
2.08 1.00
3.05 % 10-5 sec-]
100.5° 0.54 3,28
1.08 3.33
1.35 3.33
1.35 3.26
2.70 3.28 b -1

2.60 x 107 sec

FAH* = 31.8 £ 1 kcal/mole; AS™ = 9.8 + 3 cal/deg mole.
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The rate of appearance of the 2005 cm-‘ band of the cis isomer was fol-
lowed in the infrared spectrum. As expected, the reaction was observed
to be first-order in the complex. The data were analyzed using the
McKay equation for isotopic exchangews’159 (for exchange between the

trans and cis positions). This equation gives Eq. 18,

. _A cis* o , .
in ["‘AJ(EE‘*’)le] = - 5/k Kt (18)

where A(cisx) is the absorbance of the cis isomer at time t, A(cis“)e is
the absorbance of the cis isomer when egquilibrium is reached
the rate of conversion of the trans to the cis isomer. Rearrangement of
the equation shows that a plot of -.Vn[A(cis“)e - A(cis )] vs. t gives

- 4 =, .
a line of slope 5/ ke (thus ke L/5 kbbs)

A preliminary investigation was also carried out on the isomerization

of trans-(lsco)w(co)hCNCH3 (prepared from trans-(‘3co)w(co)u(cs) and

CH_NH
2Pty

-

S
"

This isomerization was found to be considerably slower;
-1

n oW

K 1.0 x 10 ”sec

obs at 1120. It is not known whether this is also an

intramolecular process.

Several reactions were carried out at 100.5o in decalin to determine

]280 atmosphere was maintained

300

over an equiiibrium mixture of cis and trans-{ C-;K(CG)A(CS‘ and the

13

the rate of CO exchange of W(CO)S(CS). A
rate of disappearance of the ~“CO-enriched trans-isomer was follcwed.
Since the rate of CO exchange is slower than the rate of isomerization,

an equilibrium mixture of the cis and trans isomers was always maintained.

The values of kbbs obtained in these reactions were muitipiied by a factor
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of five to account for the fact that only one out of every five carbonyls
being replaced was labeled. This gave an approximate rate constant for
the CO exchange of 1 x 10-5 sec-], which is about t@enty times slower
than the rate of isomerization. This comparison provides further proof
that the isomerization process is actually intramolecular.

The gas-phase isomerization of Egggg—(IBCO)W(CO)A(CS) was also
studied. Vials of the solid complex (in amounts corresponding to
approximately 2 x 10-4 M gas-phase concentrations) were evacuated and
filled with ]250 (1L0 torr) at room temperature. After sealing, the
vials were heated in an oil bath at 100.50. The samples were withdrawn
at recorded times, immediately cooled, and the contents dissolved in a
measured quantity of decalin. No decomposition was detected, and only
a small amount of w(IZCO)S(CS) was observed in the samples. From a
comparison of the length of time required for the gas-phase samples to
reach the point at which two IR bands were of equal intensity (the 1967
en ! band of the trans isomer (decreasing) and the 1957 en”! band of the
cis isomer {increasing) ) and the time observed for parallel solution
samples to reach the identical point, it was determined that the gas-

phase reaction rate constant is related to the rate constant of the

1 -~ .. ® e o e mte T b,
10N iSOMETIiZation o

sc . This is znalogous to
comparing half-lives of first-crder reactions; the fractionai-iife in
this case is approximately one-half. Gas-phase reactions carried out
in a vacuum (no added CO) gave variabie amounts of decomposition. How-
ever, infrared analysis of the products showed that isomerization had

also occurred in these samples, and there was no formation of W(IZCO)S(CS).
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These gas-phase isomerizations prove that CO dissociation is not involved
in the isomerization process. Furthermore, the fact that the isomeriza-
tion rates are so similar in the gas phase and in solution indicates
that there is little solvent interaction during the process.

Several mechanisms have been proposed for the nondissociative

150,156,160

isomerization of octahedral complexes. These all involve
twisting the octahedron through a trigonal prismatic structure. However,
there is no experimental evidence to support any particular mechanism
for this isomerization. it was noted, though, that the AH* and AS*
values of the isomerization process are of the magnitude normally
associated with dissociation of a carbonyl from a group VI metal

complex.

To obtain kinetic data and activation parameters for the dissocia-
tion of CO from w(CO)E(CS), the reaction between this complex and tri-
yiphosghine was investigated. The disappearance of w(co)a(cs) was
followed in the IR spectrum (2096 cm-] band) in decalin solutions contain-
ing known concentrations of PP'n3 in at ieast a ten-fold excess. Reactions
were studied at temperatures of 120-146° (Table 6). Plots of kg

VS.
bs

[PPh3] gave intercepts and slopes corresponding to rate constants of the

phosphine~-independent {Eq. i3) and phosphine-dependent reactions (Eq. 20).

K, PPh3
W(C0) .{€S) ———[w(C0), (CS)] + CO ———=—= W (C0), (CS) (PPh,) (i9)
5 b fast b 3 '
kz[PPhBJ
w(co)s(cs)—————-—» w(ca)k(cs) (PP..3) + CO (20)
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Table 6. Kinetic data for the reaction of W(CO)S(CS) with PPh

3
in decalin
2 L -1 -
Temperature 10 x[PPhBJ,M 10°xk_, . » sec Rate constant
120.0° 2.302 1.39
3.031 1.45
3.863 1.5%
1,626 1.63
5.733 1.68
6.164 ].74
7.649 1.83
9.569 2.10
11.47 2.19 " R
k] = 1.17 x 10 sec
ky = 8.70 x 107 w7 sec”!
]35'00 2.882 6.38
3.844 6.68
4.889 7.02
5.733 7.26
7-695 7.75
9.542 8.22
11,50 .50 B B
ky = 5.60 x 107 sec”'
ky = 2.91 x 107 17! sec™
'”46.0G 3.885 18.1
5.771 19.1
5.77i1 19.2
7.687 20.5
9.584 21.7
11.54 23.0 3 .
k] = 1.54 x 10 7 sec
ky = 6.30 x 1072 M7 sec”
aAH]* = 32.80 = ! kcal/mole; AS]* = L.L =3 cal/deg mole. AHZ* -

uts
"~

24,1 £ 1 kcal/moie; AS, = -1i.7 = 3 cai/deg moie.
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Several results of this study are noteworthy. First, it is ap-
parent that the activation parameters for the carbonyl dissociation are
very close to those determined for the intramolecular isomerization;
they are equal within experimental error. This may be an indication
that there is a great deal of bond-breaking in the isomerization process
even though complete dissociation does not occur. In any event, it is
apparent that the energy barrier to intramoiecuiar isomerization of an
octahedral complex is indeed high. Secondly, extrapolation of an
Arrhenius nlot of the first-order carbonyl dissociation to 100.5° gives
a predicted rate constant at that temperature of 1.25 x lo-ssec“], in
excellent agreement with the approximate rate constant, 1 x 10-55ec-1,
determined by CO exchange. This confirms that the dissociation is

approximately twenty times slower than the isomerization.

Finally, it is interesting to compare the kinetic data from this
161

3.

Extrapolation of the Arrhenius plot for the first-order reaction.of

reaction with that of the analogous reaction of w(CO)6 and PPh

W(CG)S(CS) to !65.70, the temperature at which the N(CO)G reaction was
performed, shows that W(CO)S(CS) reacts by this process approximately 80
times faster than w(co)s. A similar comparison of the second-order proc-
gsses shows that W(C0)_(CS) reacts about 200 times faster than w(co)é

by the phosphine-dependent route. Therefore, nct oniy does W(CG)S(CS)
undergo CO substitution markedly faster than its carbonyl analog, but
there aliso seems to be a preferential increase in the k2 term over the

k1 rate constant.
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Another kinetic study was carried out on the reaction between
W(co)s(cs) and BuhN! (Table 7).

Table 7. Kinetic data for the reaction of W(CG)S(CS) with BukNI

in chlorobenzene

Temperature IGZx[i-] Hf5<kbbs Rate constants®
38.2° 3.604 2.34
L 4y2 2.86
5.%2¢ 2.3¢
6.821 L oL
8.211 5.10
10.49 6.45 . 5
k] =3 x 10 sec
k, = 5.87 x 1073 M7 sec™!
18,2° 2.694 4,81
3.252 5.60
5.407 8.93
8.146 10.3
10.80 17.2
7 . T . in=2 =°,.°1
l\] \¥4 e -~ PR
k, = 1.53 1672 17T sec!
58.2° 3,285 1.8
4.369 19.1
5.431 23.4
6.802 29.2 »
8.1 L 2 \
79 ’ k. Z1.e x 107 gec”!
' ; ec
k, = 4.05 x 1072 17! sec”!
a

AHZ* = 19.0 = 1 kcal/mole; ASZ* = ~8.0 £ 3 cal/deg mole.
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This study was of interest because of the observation that there is a
high preference for the loss of the trans carbonyl. This selectivity
suggested.that perhaps the halide ion attacks the carbon atom of the
trans carbonyl in the substitution process. The reactions were per-
formed in chlorobenzene soiutions containing known concentrations of
Buth in at least a ten-fold excess. Plots of kobS vs. [1 ] show that
the reaction is almost totally associative; very small iodide-independent
terms are seen. These results 2re similar to those found for the re-

L4 ]27

. ’ Y et 123~ H H T
actions of w\C0;6 with nailides. it is interesting tc note that by

S
extrapolating the Arrhenius plot of the w(CO)S(CS) reaction to 1200,

where the analogous w(co)6 reaction was performed, it was found that

3

w(CO)S(CS) should react more than 10° times faster with | than does

w(co)6.

The values of the enthalpy and entropy of activation do not allow

[

n unequivocal assignment of the site of attack (W atom or trans-carbonyl
carbon), but the values are reasonably close to those reported for a
similar reaction; the activation parametérs of the w(co)e-sr' reaction,iz7
in which the site of attack is believed to be the metal, are AH* =

26.5 kcal/mole; AS* = -0.3 cal/deg mole. Thus, it seems likely that the
jiodide ion adds to the metal atom in the transition sSiate oFf its reaction
with W(CO)S(CS). The 55953-(}3c0)w(co)4(cs) experiment (in which it was
shown that the trans (0 is specifically lost with iodide substitution)

requires that the seven-coordinate intermediate formed in such an attack

must largely maintain the mutualiy trans arrangement of the CS and the
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unique CO. This is necessary to prevent scrambling of the tranms,
labilized carbonyl with the others before it has left the complex.

€. Oxidative addition reactions to tungsten thiocarbonyl and related

complexes

Tungsten hexacarbonyl reacts at low temperatures with halogens in
chlorinated solvents to produce the unstable W(11) halocarbonyls,
[W(CO)AXZJ.}62 These complexes then react with donor iigands to yieid
seven~-coordinate w(C0)3L2X2 complexes, which are stable and well-
characterized.]63 in a similar reaction, w(CO)s(CS) was found to react
with gas evolution at about -40° in CH2C12 or CHCI3.with Br,. Pre-
sumably the product is [W(C0)3(CS)Br2], but no attempt was made to

isolate this complex. However, the addition of PPh, to these solutions

3
at room temperature causes the immediate liberation of CO and formation
of w(CO)z(CS)(PPh3)zBr2. The analogous tricarbonyl complex,

W(€0) (PPhs),Br, upon heating to 40° in CH,C1, for 2-3 hr loses CO and
forms a six-coordinate complex, \ol((to)z(PP!wB)ZBrz.}62 The steric require-
ments of the phosphine ligand are presumably the reason for the tendency
to revert to a hexacoordinate complex.i63 This coordinatively unsaturafed
species may also be readily reconverted to the seven-coordinate compiex

by exposure to CC. it was expectad that W{C0),[CS)(PPh \-er might also
undergo carbonyl loss. However, this was never observed, even on heating
at 60° in chloroform for many hours. The complex simply decomposed slowly

to yield insoluble, non-carbonyl-containing products. it was reported

that w(CO)3[P(3‘toiy1)2],Br,, which contains a highly sterically hindered
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phosphine, was even less stable than the triphenylphosphine derivative,
and yieided the corresponding six-coordinate decarbonylated complex at
temperatures little above room temperature.]64 Therefore, a similar
preparation was carried out using [W(C0)3(CS)Br2] and P(3-to]y!)3.
From the similarity of the IR spectrum of the product to that of
w(CO)z(CS)(PPh3)zBr2, it was determined that the product was the anal-
ogous tritolylphosphine compiex. Heating this complex in CHCl3 for
several hr also did not cause any new compounds to form. A synthesis
using a phosphine with even higher steric hindrance, P(Z—tc!y!)3, did
not yield an analogous complex (vide infra).

The result that the W(CO) (CS)L ry complexes do not lose CO even
though the W(CO)3L Br complexes easily do so is surprising in view
of the kinetic studies of carbonyl loss from w(CO)S(CS). There may be
two reasons that decarbonylation is not observed for the W(l1) thio-
carbony! complexes. First, the different oxidation state of the metal
will certainly cause a difference in the W-CO bond strengths in
W(C0)5(CS) and w(CO)Z(CS)(PPh3)zBr2. it is aiso expected that M-CO pi
back-bonding will be less important and 6C-M ¢ bonding will be more im-
portant in the W(11) complexes. The stronger n~acidity of CS relative

to CO shouid make the W atom in W{{G) (CS;{P Pn3)25r2 {1

to form this decarbonylated product) a considerably stronger Lewis acid

~

“pe .
t

it were possib!

than in the w(co) (p Ph3)2 complex. This effect would make the addition
of a Lewis base, such as C0, a more favorable process. Thus, the reverse

of this reaction, the loss of CO, would be less favorable.
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A second possible cause for the stability of the

x

(CG)Z(CS)(PPh3)28r2 complex may invelve the structure of this comnlex

0

nd the analogous tricarbony! complex. If a carbonyl is specifically
lost from one coordination site in the carbonyl complex, it is possible
that CS occupies specifically that position in the thiocarbonyl complex.
If this is the case, then thiocarbonyl dissociation would be necessary
to form a six-coordinate complex. However, CS dissociation has always
been observed to be much less favorable than C0O dissociation in an anal-
ogous complex. There is some iiterature evidence which supports tnis
possibility. The crystal structure of a complex closely related to
w(c0)3(PP'h3)zBr2 has béen determined. The seven-coordinate complex

165,166

w(c0)3(dam)28r2 (dam = bis [diphenylarsinomethane]) has one car-
bony! in a unique site, capping a face of the octahedron. Only one end
of each potentially bidentate arsenic ligand is coordinated to the W
atom.

m\\jﬁéég

Br /T\:Co

The carbonyl infrared spectra of this complex and the PPh, analog are

quite simiiar, in support of an iscstructurai assignment
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Table 8. Carbonyl infrared spectra of some tungsten (Il) carbonyl halides

Compound Medium v(Co) Reference
W(CO)B(PPh3)ZBr2 nujol 2015m, 1940s, 1900m 162
W(C0)3(dam)zBr2 nujol 2027s, 1948s, 1911s 166
W(CQ)Z(CS)(PPh3)ZBr2 CHZC]2 20i4m, 1959s
W(CO)Z(PPhB)zBr2 nujol 1955w, 1870s 162

The infrared spectra, when compared to the spectrum of
W(CO)Z(CS)(PPh3)ZBr2, also suggest that the CS ligand may occupy the
capping position. There is no evidence, however, that it is specifically
the capping carbonyl which dissociates from W(C0)3(PPh3)zBr2.

A reaction performed between the [W(CO)3(CS)Br2] intermediate and

the very bulky P{2-tclyl), ligand in CH CI_ solution did not lead to a
o - -~

phosphine-substituted complex. Instead an ionic complex with high
bromine content was isolated in a 45% yield. This was shown by {R spec-

troscopy (vD_H at 2350 in KBr) and elemental analyses to be [(Z-tolyl)BPH]

[W(co),(cS)Br_1. The mechanism of formation of this product is unknown,
3

3
i

but it seems likeiy that the CH2C12 soivent is the source of the proten.

Analogous [W(CO)4X3]- complexes have been prepared either by oxidizing

the [W(C0) X1  anions with ha!ogens]67
5

halide salts,l68

or by reacting [w(CO)AXZ] with
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Excess diphos reacts with [w(CO)B(CS)Brz] to yield a complex which
is apparently w(CO)(CS)(diphos)zBrz. Presumabiy, the compiex is seven-
coordinate, which implies that one of the diphos iigands is acting as a
monodentate ligand. A conductivity measurement showed that the complex
is in fact molecular; both bromine atoms are thus coordinated to the metal

169

as in the dicarbonyl analog. The complex could not be made to crystal-
l1ize; only powder-like precipitates could be isolated, and the elemental
analyses of this material were very poor.

The oxidation of w(CO)B(CS)(diphos) with I2 gives a complex identi-
fied as W(CO)Z(CS)(diphos)lz, which also could only be obtained as a
powdery precipitate. Reactions of w(CO)(CS)(diphos)2 with excess Iy
appear to be more complex. Experiments with varying quantities of iodine
showed that two equivalents of | are necessary for all of the
w(CO)(CS)(diphos)2 to react. However, the initial product was quite
unstable, 2nd was oniy isolated in 3 crystaiiine state in very small
amount from one reaction. Other attempts to isolate the product were
unsuccessful. The crystals obtained from the one reaction, however,
analyzed for carbon and hydrogen as [W(CO)(CS)(diphos)zl]l3. An infrared
analysis of other products formed in these reactions and of the decomposi-
tion products formed from the initial complex showed that in both cases .
the major IR peaks were attributable to W(CO)Z(CS)(diphos)iz. Therefore,
it seems likely that any CO which is reieased by decomposition is trapped
by the [W(CO)(CS)(diphos)zi}i (13) to form this complex. Carbonyl ab-

straction is aiso a possibiiity which could account for the rapid reaction.
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Another product observed in small amounts in these reactions has an (R
spectrum very similar to that of W(CO)(CS)(diphos)zBrz. This suggests
that small amounts of W(CO)(CS)(diphos)zl2 may be present. A possible

reaction sequence which would lead to these products is shown in Eq. 21

P
4
(P = monodentate diphos).

W (co) (CS) (diphos)z———-> tw(co) (cs) (diphos)zl]l (or l3) _—

d co

W(C0) (CS) {diphos) (P ) i,—ros— W{C0), (CS) (diphos) 1, (21)
(
-p

This reaction of W(CO)(CS)(diphos)2 with |, may be contrasted with
the reported reaction of W(CO)Z(diphos)2 with |2']70 In the latter
reaction only one equivalent of | is reduced, and a stable W(I) complex,
[W(CO)Z(diphos)2]|3, is isolated in good yields as the only product.
Presumabiy a W(i) species is an intermediate in the oxidation of
w(CO)(CS)(diphos)2 by I. A complex such as [w(co)(CS)(diphos)z]+ would
be expected to have a higher metal acidity as compared to the dicarbonyl
analog, because of the greater m-acidity of CS. This property may allow

the complex to coordinate I-, giving a seven-coordinate complex which

The oxidative addition of other reagents to w(CO)(CS)(diphos)2 was
studied in connection with reactions taking place at the thiocarbonyl
sulfur atom (vide infra). The two most nucleophilic sites in this

molecule are the metal atom and the sulfur atom, and addition to one or
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the other is possible, depending on the particular electrophile. Com-
parative reactions were aiso done with w(co)z(dzp os)z, since these
reactions had been studied little previcusly.

Both W(CO)(CS)(diphos)2 and ‘vI(CO)z(diphos)2 react with trifluoro~
methanesulfonic acid to yield stable metal-protonated complexes. That
the metal is the site of protonation is confirmed by the NMR spectra
of the products, which both exhibit a high-field metal hydride resonance.
The position of the resonance in the thiocarbonyl complex (2.79 ppm
upfieid from TMS), however, is shifted considerably downfield from the
resonance in the dicarbonyl analog (4.91 ppm upfield from TMS). This is
some evidence that the thiocarbonyl complex may have lower metal electron
density than the carbonyl complex.

The geometries of these complexes may also be determined from the
NMR spectra. Both metal hydride resonances are split into a triplet
of triplets by counling through the metal to two sets of two equivalent
phosphorus atoms. This suggests a structure in which the phosphorus atoms
are all in one plane with the proton coordinating through an octahedra

face. Which faces are protonated has not been established.

"\lﬂ’

P//l\\p
5
The structure of the isoelectronic complex HTa(CO) (Me PCHZCHZPMeZ)2
71
has recently been determined,]" and a similar protonated complex of

i72

mo lybdenum, [HMo(CO) (Me PCH,CH PMez)Z]HCIZ, has been reported. The
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proton NMR spectra of both complexes exhibit high-field metal hydride res-
onances, and each is split into a triplet of triplets. The fact that the
Mo and W complexes exhibit trans geometries is surprising, since the un-

protonated complexes have cis configurations. However, Bond has also
observed this isomerization during the electrochemical oxidation of

w(CO)Z(diphos)zand presents molecular orbital-based arguments to explain

the rearrangement.]73

The W(CO)Z(diphos)2 and w(CO)(CS)(diphos)2 comp lexes are also

protonated by HC1, as shown by the infrared spectia. However

s, the low

stability of the presumed [HW(CO)(CS)(diphos)ZJHCI2 complex prevented
its purification; crystallization in the absence of excess HCl always
led to the formation of some w(CO)(CS)(diphos)z. The complex was also
easily deprotonated by cyclohexylamine, although the dicarbonyl analog
could not be deprotonated similarly. This is another indication of low

on density on the metal caused by the strong w-acceptor capacity

Both W(CO)(CS)(diphos)2 and w(CO)Z(diphos)2 react with BC13 in

solution to yield complexes which analyze approximately as

W(CO)(CS)(diphos)z'BCI and w(co)z(diphos)z'BC13. The elemental analyses

3

were not very satisfactory; repiroducibiiity and accuracy weire iow. Both

complexes are !:1 electrolytes in nitrobenzene, which suggests that in

this solution the complexes dissociate to M-BC12+ and C1-. The thio-

carbonyl complex loses BCI3 on recrystallization without excess boron

halide althcugh the dicarbonyl analog does not. As was also observed in
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the IR spectra of the metal-protonated thiocarbonyl complexes, the fre-
quency of the CS stretching absorption has increased by more than 40cm-].
This is one indication that addition to the metal has occurred.

Although CH3503F and [EtBO]BF4 attack w(CO)(CS)(diphos)2 at the
sulfur atom (vide infra), they add to the metal atom in w(CO)z(diphos)z.
Both reagents react slowly with the complex, and the reactions appear
to give analogous products. Only the ethylated complex,
[W(CU)Z(diPhOS)Z(CZHS)]BFh, was characterized. A similar complex,
[Ho(o-phenanthro}iﬁe)(PPh3)2(C0) .]74

A reaction of W(CO)Z(diphos)2 with AgBF, gives a paramagnetic w(l)
complex, [w(CO)Z(diphos)z]BFq. This complex could also be prepared from

the reported [w(CO)Z(diphos)2]l3]70

by treatment with AgBFh.

The reaction of w(CO)(CS)(diphos)2 with several ‘other reagents
appears to give oxidation or oxidative addition products, although they
were not characterized. Thus,. reactions with NOPF6 and tetracyancethylene
yield solutions which exhibit high~frequency v(C0) and v(CS) absorptions
in their infrared spectra. The reaction of W(CG)(CS)(diphos)z with excess
AgBFh involves an oxidation, since silver metal is plated out in the
process. A diamagnetic complex is produced but it could not be isolated
in a pure form. The T NMR spectrum of the mixture exhibits two
resonances (89.7 and 153.5 ppm above CFCIB), so it seems possible that

fluorine abstraction from BFg has occurred, possibly to form

[W(CO)(CS)(diphos)zF]BFu.
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D. Reactions at the Thiocarbonyl Sulfur Atom
There have been several examples reported in the iiterature of
metal carbonyl complexes in which a terminal carbonyl ligand bonds

175-182

through the oxygen to a Lewis acid. The complexes which form
these adducts have carbonyl ligands possessing high electron density, as
evidenced by low CO stretching frequencies. Because of the lower
electronegativity of sulfur as compared to oxygen, it was expected that
thiocarbonyls might also react with Lewis acids, perhaps even more
readily than do analogous carbonyls. Therefore, many attempts were made
to react w(CO)S(CS) and w(CO)A(CS)(PPhS) with a variety of Lewis acids,
including BF3, B,Hg , HoCl,, [EtBOJBFh’ MeSOBF, and HC1. No new products
or changes in the infrared spectra were observed. Likewise,
W(CO)3(CS)(diphos), which is expected t; have higher sulfur electron
density, did not react with MeSOBF or HgClz. Although w(C0)3(CS)(bipy)
=d wieny $ni

- - s . - o - .t .. - -
an "\VV,Z(CS)(tr:thS) do react with HaCl., and MeSC,.F or [Et OIBF, , the

2 [AR4 e
e

Z > 3
reactions appear to be complex and may involve oxidation or oxidative
addition to the metal; these reactions were not thoroughly investigated.

However, N(CO)(CS)(diphos)z, which has the lowest CS stretching
frequency yet reported for a terminal thiocarbonyl complex and thus
should have high sulfur electron density, does react with a variety of
Lewis acids to form suifur-bound adducts. Mercuric chloride or mercuric

iodide in CHZCIZ cause the compiex, which is oniy siightly soluble in

CHZCIZ, to dissolve rapidiy. infrared spectira of these solutions show
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that the carbonyl band has shifted to higher frequency by about 40 cm-]

(Table 9).

Table 9. infrared CO and CS absorption positions of W(CO)(CS)(dEphos)2

and its Lewis acid adducts in CH2C12 solution

Compound v{CO), cm v(CS), cm
W(CO)(CS)(diphos)2 1838 1161
Tw{co) (cs) (dsphes)zu}c=3so3 1958 1207
W(C0) (diphos) ,~CS-HgC1, 1885 ~1100
W(co) (diphos) ,~CS-Hgl, 1872 ~1100
[ {w(co) (diphos) ,CS},AgIBF, 1869 1106
W(C0) (diphos) ,~CS-W(CO) 2062w, 1925vs, 1878m ~1100
[w(co) (diphos) Z(CSCH3)]F503 1898 ~1095
[W(CO)(diphos)z(CSCZHS)]BFL} 1898 ~1095

In contrast, complexes in which addition to the metal has occurred

(by H+, BCI3, etc.) show carbonyl shifts to higher frequency of more than
100 cm-]. Furthermore, the CS stretching mode has apparently shifted to
lower frequencies upon reaction with the mercuric halides. No new bands
are detectable for 200 cm-] above the 1161 cm-] positicn cf the original
band, but a strong diphos ligand absorption at about 1095 cm-] hias e~
come more intense, indicating that the CS band overlaps at this position

(Figure &4).



Fig. 4. Carbonyl and thiocarbonyl regions of the infrared spectra
of (A) w(co)(CS) (diphos)z, (B) (diphos)z(CO)N-CS-HgC]z,
and (C) [(diphos)z(co)w(CSCHB)]SOBF. All spectra recorded
in KBr disks.
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Shoulders are discernable on the high-frequency side of this composite
band, which suggests that the CS stretching frequencies of the mercuric
halide adducts occur at about 1100 cm-]. This represents a lowering
by about 60 cm-] from its position in W(CO)(CS)(diphos)z. Metal
carbonyis which are adducted through oxygen to a Lewis acid also show
decreases in their stretching frequencies.

Both the HgCl2 and Hgl2 adducts are isolable in high yieids as
stable, crystalline solids. No decomposition to the starting complex is
observed either in scluticn or in the solid state, However; the addition
of PPh3 to their solutions gives rapid regeneration of the starting com-
plex. The adducts are poor conductors in nitrobenzene, indicating little
or no ionic dissociation. Thus, all of the available evidence points to
their formulation as (diphos)z(co)w-CS—-HgX2 complexes. By way of con-
trast, the carbonyl complex w(CO)Z(diphos)2 reacts with mercuric halides
to form ionic EW(CO)Z(diphes)zHgX]HgX3 connp]exes.]83

Methylmercuric chloride was found not to react with
W(CO)(CS)(diphos)z, apparently because the Hg atom is less electrophilic

than in the dihalides. The addition of AgBFh to a mixture of CH,HgCl and

3
w(CO)(CS)(diphos)2 did not lead to any new complexes.

Siiver ion alone, however, 9oes raact instantly with
w(CO)(CS)(diphos)z. A stoichiometric study showed that only one-haif
mole of Ag+ is required per mole of the complex. The product is not

the result of an oxidation, since no siiver metai is produced and

addition of PPh3 to the soiution gives back the starting complex.
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Conversion to the W(CO)(CS)(diphos)2 complex is also observed within

a few minutes when an infrared spectrum of a CH2C12 solution of the
material is recorded in a NaCl cell. These reactions apparently occur
because of coordination of PPh3 and chloride ion to the silver ion. A
crystalline product is isolable from the 2:1 w(CO)(CS)(diphos)z-Ag+
reactions which has an infrared spectrum similar to those of the HgX,
adducts. This complex, however, shows a definite peak at 1106 cm-!
which is assigned to the CS stretch. The stoichiometry of the reaction,
the eiemental anaiyses and the molar conductivity of the complex indicate
a composition of [{(diphos)Z(CO)W-CS}ZAg]BFu. in contrast,
w(CO)Z(diphos)2 reacts with AgBF, in any proportions in an oxidation-
reduction process (vide supra).

A novel complex, (diphos)z(CO)w-CS-W(CO)S, was synthesized by re-
acting W(CO)(CS)(diphos)2 with W(CO)S(acetone). The complex undergoes
noticeable decomposition in the solid state after several days, and its
reaction in soluticn with PPh3 is quite rapid, yielding W(CO)(CS)(diphos)2
and w(CO)S(PPh3). Nevertheless, it can be isolated as a crystalline
solid. An X-ray crystal structure determination was attempted using one
of the crystals. A triclinic crystal habit was observed with unit cell

3 ~ JI‘)I‘Q -~
12.0, and 12.5 A, and angles ¢

parameters a, b, and ¢ of 13.7,

\D

[ and
s S

V4]

7 of 95.4, 116.1, and 8].70. Two molecules were computed per unit cell.
Both tungsten atoms of the molecule were found by a Patterson synthesis,
and all other nonhydrogen atoms were located in the three-dimensional

electron density map. Refinement to an R factor of about 17.5 showed
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that the two tungsten atoms are separated by approximately 5.2 R, and

a sulfur atom is placed between them at a distance of about 2.6 R from
the w(co)s portion and about 3.5 R from the other W atom. The WSW angle
was approximately 115 to 120°. The CS carbon atom was located, but its
position did not refine. All attempts to refine the positions to give a
lower R factor were unsuccessful, and other phenyl carbon atoms seemed
to appear in the electron density map. It is possible that some dis-
order is present in the crystal, or that other isomers of the complex
are present in smaii amounts.

Methyl fluorosulfonate and [Et30]BF4 react very rapidly with
W(CO)(CS)(qiphos)Z. Although these reagents add to the metal in
w(CO)z(diphos)z, in this reaction they alkylate the sulfur atom. These
S-alkylthiocarbonylium complexes form crystalline solids which may be
recrystallized many times with no decomposition. In fact, the complexes

do not react with PPh,; theydo; however; react very slowly with n-BuNH,

...... viS?2

-

to yield w(CO)(CS)(diphos)z. An X-ray crystal structure determination
was also attempted on [(diphos)Z(CO)W(CSCZHE)]BFA. The monociinic crys=-
tals had unit cell parameters a, b, and c of 11.9, 20.4, and 12.9 R}
with B=109.7°. Two molecules were observed per unit cell. Although the
atoms couid be iocated, refinement below about R=i7 was again not pos=-
sible; disorder or isomerism may also be the cause in this instance.

The exposure of H(CO)(CS)(dEphos)2 to S0,, either in solution or in
the solid state, causes an immediate color change from yeilow to dark

brown. Bubbling N2 through the solution, subjecting the solid to a2 high
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vacuum, or allowing either to stand in air for several hours brings
back the yeliow color of the unchanged complex. The infrared spectrum
of an SOz-saturated sclution shows a large amount of W(CO)(CS)(diphos)2
but a shoulder is evident on the v(CO) band at 1950 cm-], a shift of
about 10 cm-] to higher frequency. This small shift is indicative of a
weak interaction at the thiocarbonyl sulfur, which is consistent with
the facile reversibility of 502 absorption. An attempt was made to
trap the SO2 adduct by reaction with MeSO3F, but only

~ A

[(diphos%}CO)W(CSCH3)JbO3F seemed to be produced. Although sC, has been
observed to bond to the metal in several organometallic comple><f.=,s,91+’]8’+
it seems unlikely the metal is the site of coordination in this complex
because of the IR spectrum. Furthermore, w(CO)z(diphos)z, which
appears to have higher metal electron density, does not react with 502.
Sulfur trioxide does not appear to react with W(CO)(CS)(diphos)z.
Ancther thiocarbonvl compiex which was expected to have high electron
density on the sulfur is the [IW(CO)Q(CS)]- ion. Therefore, reactions
of several electrophiles were performed with this compiex. Contact
with SO2 causes this complex also to darken rapidly, and the change is
rapidly reversible. The action of [Et30]BF4 on the complex in the pres-
ence of FPh3 yields two products in approximately eguai amounis. One is
Egggng(CO)u(CS)(PPhB), presumably formed by the abstraction of | by
the [Et30]+ ion, similar to the Ag+ reaction (vide supra). The second
product is also formed by reaction with [Et30]+ in the absence of PPh,.

3

A very similar complex is produced by the addition of MeSO3F to
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[IW(CO)A(CS)]-, and this product was isolated in 15-20% crude yields.
The compiex is air-sensitive in solution, but is more stable in the
soiid state, and was fully characterized. Only a singlet is observed
in the proton NMR spectrum of the complex, and an abundant mass spec-
trum parent ion is observed which corresponds to IW(CO)A(CS)(CH3)+.
The infrared evidence establishes that the alkylation has occurred at
the sulfur, since the thiocarbonyl CS stretch has been lowered in this
complex by nearly 80 cm-] from the starting complex, although the v(CO)
absorptions have shifted to higher frequencies. The carbonyil infrared

spectrum and the 13

C NMR data show that this IW(CO)Q(CSCH3) complex
has a trans geometry, as does the starting complex.

The EIW(CO)A(CS)]- complex also reacts with trifluoroacetic
anhydride to give a complex with a similar infrared carbonyl spectrum.
The thiocarbonyl region is unfortunately obscured by C-F absorptions.
Ail of the starting materiz! is consumed when reacted in CHZC]Z solution
with (CF3C0)20, as indicated by the IR spectrum. However, removal of
the solvent under reduced pressure also causes regeneration of the
starting complex, presumably by removal of the trifluoroacetic anhydride
(Eq. 22).

0 0 o
E-O-E-CF3 E= IW(co)ucsECF

Bul,rN[ :w(co)b’(CS)] + CF +

3 3

suuu[cs3c02] (22)

The acvylated complex could be isolated when the reaction was performed in

a pentane suspension, since tne triflucruacetete Sart producy 5 inscluble
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in this solution. The complex formed is rather unstabie, and the yellow
crystals obtained by cooling a pentane solution to -80° darken even on
standing in the mother liguor at this temperature. An elemental analysis
was not attempted, but the exact mass of the parent ion in the high reso-
lution mass spectrum supports the assigned fogmula. Fragment ions were
seen as a result of the loss of CF3CO and CF3ESC, as well as those due
to carbonyl dissociation.

A similar reaction between [lw(ce)h(cs)] and acetic anhydride was
attempted, but there was no evidence of any reaction. However, in the
presence of BF3 a reaction does take place (Eq. 23), and a 15-20% yield

00 0

1 n 1}
BuhN[IW(CO)h(CS)] + CH3 COCCHB'BFB-————*-IW(CO)ACSCCH

+

3
BuuN[CH3C0-BF3] (23)

of the crude product could be isolated. The neutral S-acetylthio-

carbonylium compiex has a thiocarbonyi stietching abscrption In its IR

—

spectrum which has been lowered by more than 100 cm = relative to that

of the sta ise of BF_ in this reaction presumably en-

BF

hances the electrophiiic character of the acetic anhydride and prevents

..‘
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O
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the reverse reaction from occurring. Although the trifluoroacetic an-
hydride reaction was not attempted in the presence of BF3, it is pre~-
sumed that a simi]aa effect would be 8bserved in its reaction.

Both !H(CQ)hCSECF3 and IW(CO)ACSECH3 have infrared carbonyl spectra

indicative of Tour carbonyls in 2 Ch structure, except that the strong

v

E mode is split into a doubiet and a weak B] absorption band appears.
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The IR spectrum of the ethylthiocarbonylium complex, IW(CO)QCSCZHS, also
exhibits this splitting and B] band, but the methyl analog does not.

These

(]

ffects suggest that there is a distortion of the local Cziv sym-
metry of the carbonyl ligands caused by the thiocarbonylium ligand.]85
That the distortion is a steric rather than an electronic effect is
suggested by the fact that the methylthiocarbonylium compliex does not
exhibit either splitting of the sharp E mode or a B] band. Similar
effects have been observed in complexes of the type R-Mn(CO)5 in which
185 This

large substituents are bent back toward the carbony! ligands
apparent distortion of the carbonyl geometry by steric interaction with
the thiocarbonylium ligands gives information about the structure of

the ligand. A linear C-S-C bond would seem to prohibit such interaction
by placing the alkyl or acyl groups too far from the carbonyls. However,

a bent C-S-C linkage brings an atom separated from the sulfur by three

bonds quite close to the carbonyl plane.

(o] o

$ 0 ¢
i-W-C-S- . - C-

| C\c d “lv C S\c—

C x’ C ’ =0

o o X-C

bonds from the suifur, and shows no such interaciion. Adducts of
W(CO)(CS)(diphos)2 with alkyl cations presumably also have bent C-S-C
bonds, and the metal-containing Lewis acids probably bond in this

fashion also. Metal carbonyl-Lewis acid adducts have been observed

to form bent carbonyl=-acid bonds;wé’]77 the angies observed are in the

range of 140-160°,
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0-Alkylcarbonylium and O-acylcarbonylium analogs of these sulfur-
bound complexes are unknown. This fact indicates that the sulfur atom
of a thiocarbonyl complex is indeed a stronger nucleophile than the
oxygen atom of an analogous carbonyl.

The S-alkyl- and S-acylthiocarbonylium complexes are formally
analogous to the ‘'carbyne' ligands in group VI metal complexes prepared

i86-188

by Fischer and co-workers (Eq. 24). It is certain, however,

’
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that there is considerable n-bonding between the metal-bound carbon and

the -SR substituent (Eq. 25). For example, the CS stretching frequency
- +
M=C~SR e M=C=SR (25)

in these complexes is much higher than is observed in alky! sulfide

189

complexes, which have a C~S single bond. A similar n-bonding effect

is probably also important in some of the ‘carbyne'’ complexes of Eq. 24,

when R is, for example, -NR',, -C=C-R", -C(H)ZCR"', and -Ph. Infrared
2 2

and ]30 NMR data obtained for the S-alkyl- and S-acylthiocarbonylium

compliexes are iisted in Tabie iC.

-1

or comparison, values measured for
some of the ''carbyne!' compiexes are aiso given.

The fact that the v(CO) frequencies of the thiocarbonylium complexes
occur at relatively high frequencies as compared to those of the carbyne

complexes indicates that the thiocarbonyiium ligand has a very strong



Table 10. Infrared and ]3C NMR data for X(CO)AW-C-R comp texes

infrared carbonyl peaks, cm"]a ]3C NMR datab Reference
X R A E 6(co) 5(C)
[ ~SCH, 2115 2033 -188.8°  -252.7°
| -SC, M, 2115 2037, 2029¢
| -SCC (0) CH, 212¢ 2049, 2040¢ -188.1¢  -233.9°
l -S0C (0) CF, 2137 2057, 2052¢
Br -CHy 2125 2038 -192.7°  -288.1° 18
| ~CHy -191.7%  -286.3° 186

%Recorded in n-pentane or n-hexane
bppm downfield from TMS.

cRecorded in DCCI

d

e
. Recorded in 02CCIZ.

3

A B, band is also observed.

1

solutions, unless specified otherwise.

gLt



Table 10. continued

infrared carbonyl peaks, cm"]a l3C NMR datab Reference
X R A E 5(c0) 8(c)
| ~Ph 2119 2037 186
[ -NEt, 2101 1988¢ -192.3%  -234.6° 187
Br -C = C-Ph 2101 2045 -191.0¢ -230.5° 188
Br -C () ZC (Ph)NMe, 2101 19889 f -194.3°  -283.7° 188

611

f
Recorded in CH2C12.



120

13

electron-withdrawing ability. This is also reflected in the “C NMR
spectra of the complexes. Studies of ]3C NMR spectra of metal complexes
have shown that the carbonyl resonances shift to higher field with

decreasing electron density.]90’19]

The carbonyls in the thiocarbonylium
complexes do indeed exhibit unusually high-field resonances. These peaks
occur at even higher field than the resonances in W(C0)6 (-191.1 ppm)

and w(co)s(cs) (-192.4, -189.3 ppm).

E. Reactions at the Thiocarbonyl Carbon Atom

1. Reactions with amines

95

Because of the earlier work of Busettoet al.,”” it was expected that
group'Vl thiocarbony! ccmplexes might be reactive toward nucleophiles.
In fact, all three of the M(CO)E(CS) complexes (M=Cr, Mo, W) were found

to react very rapidly with methylamine to yield the methyl isocyanide

comp lexes , M(CO)SCNCH3 (Eq. 26). This reaction differs from that of

M(CO)S(CS) + RNHZ-——*-M(C0)5CNR + HZS (or RNHZ'HZS) (26)

3
However, small amounts of [CpFe(CO)ZCNCH3]+ have also been observed in

192

- ]
[CpFe(CO)Z(CS)J+ with CH,NH,, which gives mainiy CpFe(CO)Z—é-NHCH3.95

the iron reaction.
The reactions of W(CO)S(CS) with several other primary amines were

observed to give analogous products. Thus isocyanide complexes were

formed on reaction with cyclohexylamine, benzylamine, and n-butylamine.

A much slower reaction was observed with the highiy hindered t-butyiamine.
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A reaction with glycine methylester, HZNCHZCOZCH3, proceeded to the
expected (CO)SWCNCHZCOZCH3 product. Even the glycinate anion,
HZNCHZCOZ-’ appeared to form the isocyanide product, which was isolated
in the protonated form after addition of acid. As expected, trans-

(2
(2

CO)W(CO)Q(CS) reacts with primary amines to give the trans-
CO)W(CO)QCNR complexes; the stereochemistry at the metal center is
unchanged.

Hydrazine and aniline, however, do not react with w(CO)S(CS) or
(CG)S(CS). Ammonia alsc does not react; the thiocarbonyl comnlexes
may be dissolved in liquid NH3 and recovered unchanged. Addition of -
sodium or sodium amide to these solutions did not produce any isolable
or recognizable products.

Secondary amines also react with w(CO)S(CS) in a process which in-

volves rearrangement, to give thioformamide complexes in 20-40% yields

(Eq. 27). ldentical products could be prepared by the photochemical

w(co)s(cs) + R NH— (co)sw ~ Ssc-NR, (27)

substitution of a carbonyl in W(CO)6 by a thioformamide. Aziridine
{ethyleneimine) reacts differently, and a v(CN) band indicative of an
isocyanide complex is observed in the infrared spectrum of the product
mixture. Although attempts to isolate the product in a pure form were
unsuccessful, the mass spectrum supports its formulation as

(CG)SWCNCHZCHZSH. Tertiary amines, including pyridine, triethylamine,
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and DABCO, did not cause any changes in the IR spectrum of W(CO)S(CS)
over long periods of time.

The substituted complex w(CO)h(CS)(PPhB) reacts much more slowly
with primary amines. A mixture of the cis and trans isomers in a
hexane solution saturated with CH3NH2 was allowed to stand for about
five hr. At this time all of the cis isomer had been converted to the

cis isocyanide complex, but only a small amount of the trans isomer had

reacted. The reaction between W(CO)A(CS)[P(A—CIC6H4)3] and CH3NH2,

; rapid. After 15 min in 2 hexane sclution
saturated with the amine, all of the cis isomer had reacted. One day
later most of the trans isomer had also reacted. A very slow reaction
occurred between EEEEE-W(CO)A(CS)(py) and CH3NH2, and it did not produce
an isocyanide complex. No reaction took place between methylamine and
W(C0)3(CS)(diphos), Cr(CO)B(CS)(diphos), or W(CO)(CS)(diphos)z. These
experiments show that increasing the electron density on the thio-
carbonyl ligand by substituting donor ligands for carbonyls greatly lowers
the tendency of the TS to undergo nucleophilic attack. Fuirthermore, the
CS stretching frequency gives some indication of the ligand electron

density, and thus, reactivity. Similar correlations between the CO
193,194

”»

stretching frequency and reactivity have been Obseirved.
A kinetic study of the reaction of amines with W(CO)S(CS) was under-

taken to gain information about the mechanism of this process. The

reactions were carried out in n-hexane solution at 25.00 using at least

a ten-fold excess of the: amine. Primary monoamines react according to an
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overall third-order rate expression (Eq. 28),

rate = k][W(CO)S(CS)][amine]2 . (28)

For example, the data for the reaction between W(CO)S(CS) and cyclo-
hexylamine are shown in Table 11. A plot of 4n kobs vs. gnlamine] gives

a straight line of slope 2.00 showing that the amine concentration appears
in the rate equation with an exponent of 2. Furthermore, a plot of kobs/

[amine] vs. [amine] (Figure 5) shows that there is no reaction first-

order in amine. A straight line of slope k with a zero intercept is seen.

Table 11. Kinetic data for the reaction between W(CO)S(CS) and

cyclohexylamine at 25.0o in n-hexane

lOz;c[cyclohexylamine], M 10}+ x K pe? sec”!
3.053 0.555
5.075 1.5%
7.05! 2.95
9.081 5.00
11.11 7.60
13.12 10.8
ke6. 1x10™2M %sec™!




Plot of kobs/[amine] vs. [amine] for the reaction w(CO)S(CS) +
cyclohexylamine at 25.0° in n-hexane. The slope gives the
rate constant of the term second-order in [aminel; the zero

intercept shows that there is no term first-order in [amine].
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The rate constants of the various amines appear to decrease with

decreasing basicity and increasing steric bulk of the amine (Table 12).

Table 12. Rate constants of reactions between W(CO)S(CS) and amines

at 25° in n-hexane
Amine k],a M-2 sec-]

N,N-dimethyl-1,3-diaminopropane 1.9 x 10-I M-1 sec-] (£ 5%)
n-butylamine 1.35 x 107"

piperidine 1.1 x 107!

cyclohexylamine 6.1 x IO-2

benzylamine 5.1 x 10-2

diethylamine 3.65 x 1073

t-butyliamine 1.4 x io-h (£10%)

a . .

Each rate constant is the average of values cbtained from at least
domadaw 2 I
“uviucr L

three runs. Except as noted, ail reactions are SeCond

ineridine also exhibit second-

order dependence and give rate constants similar to those of primary

amines, even though the products of these reactions differ from those

of the primary amine reactions.

The diamine 1,1-dimethyi-1,3-

diaminopropane showed a first-order dependence; the tertiary amine end

of the molecule is presumably also involved in the reaction.

The temperature dependence ¢f ¢

reaction of n-butvlamine with

W(CO)S(CS) was aiso investigated, and the activation parameters were
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determined for this reaction (Table 13).

Table 13. Data for the reaction of w(CO)S(CS) with n-BuNH, at different

2
temperatures
2 L -1 -2 -1°
Temperature 10° x [n-BuNHz] 107 x k., sec kjs M7 sec
25.0° 1.75 2.92
13.07 3.75
13.77 L.08
15.64 5.64 .
1.35 x 10 °
35.0° 7.178 1.67
8.548 2.58
9.521 3.10
11.92 5.00
14.82 7.63 -1
2.15 x 10
45.0° 6.808 2.25
8.384 3.33
9.877 k.25
12.73 8.00 iy
3,05 x 10
SAH" = 7.0 = 1 keal/mole; AS" = -39.0 + 3 cai/deg moie.

The kinetics of the reactions between cis- and trans-W(CO)h(CS)(PPhB)
with n-butylamine were also studied. The cis isomer (Table 14) reacts
approximately 200 times more slowly than does w(CO)S(CS). The trans
isomer reacts even more siowly, approximately 100 times slower than the
cis derivative. This reaction does not appear to involve the prior

isomerization to:.the cis isomer; a different product is observed.
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Table 4. Kinetic data for the reactions of cis and trans-

W(CG)A(CS)(PPh3) with n-butylamine at 25.0° in n-hexane

a b
[n-butylaminel, M 104 X K pe (cis), sec”! 106><k0bs(trans),sec-l

0.5188 1.58

0.5460 1.80

0.6821 2.82

0.8205 4.00 L Lh

1.103 7.01 7.94

2 (cis) = 6.0 x 107" £ 0.2 M2 sec”!

6 -1

bk(trans) = 6.6 x 100 2 0.4 M2 sec

The rate equation (Eq. 28) of these reactions shows that two amine
molecules are involved in the transition state although only one amine
is incorporated in the product. This suggests that one of the amines
is involved in the transition state as a catalvst. To show that this is
a general-base catalyzed reaction, various amines were again reacted with
N(CO)S(CS), this time in the presence of pyridine as a base catalyst.
The r

~
e

quation for these reactions comprised two terms (Ea. 29):
rate = kl[w(CO)S(CS)][amine]2 + kZ[W(CO)S(CS)][amine}[pyridine]. {(29)

Since k] had aiready been determined for these amines, kz could also be

calculated (Table 15).
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Table 15. Rate constants for the pyridine-catalyzed reaction of

w(CO)S(CS) with amines

Amine k M-z sec-]a k,/k

2’ 1" 72

n~butylamine 1.5 x ]0-] (£ 10%) 0.91
benzylamine _7.0 X 10'2 0.73
cyclohexylamine 5.7 x 1072 1.08
diethylamine 3.8 x 10-3 0.96
t-butylamine 1.8 x 107 (x 20%) 0.78

3Rate constants are averages from at least three runs at different
pyridine concentrations.

The ratios of the rate constants, kl/kz’ are found to be almost
invariant, even though the rate constants themselves vary by a factor
sorthy s the fact that 2 secondary amine.
diethvlamine, fits well in this series. Thus it seems likely that pri-
mary and secondary amines go through the same transition state.

Pyridine appears to be a quite efficient catalyst for this reaction,
slightly better in most cases than the amine itself. To determine the
catalytic ability of other bases, a series of reactions was performed
using cyclohexylamine and a selection of catalysts (Table 16). This
series of reactions shows that remarkably weak bases such as tetra-

hydrofuran and ethvl ether are catalyticaliy active. \Indeed, the K5

- .12 .
vaiues of the catalysts span a range of about i0 ~, but the rates of
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reaction vary by less than a factor of 102. This points out that if

the catalyst is acting as a base (proton acceptor), then the transfer

of the proton to the catalyst is only partially complete in the transi-

tion state.

ship observed in other acid-and base-catalyzed reactions.

This conclusion is based on the empirical Bronsted relation-

195

Table 16. Rate constants for base-catalyzed reactions of W(C0}5(CS)

with cyclohexylamine

Catalyst K k .

a 29 sec
tributylphosphine 2.3 x ]0-9 1.3 x 10-] (£ 10%)
h-picoline 9.6 x 1077 1.0 x lo'lb
DABCO ~ x 1071 8.0 x 1072
cyclohexylamine 2.2 x 10-1] 6.2 x 10-2
pyridine 5.6 x T 5.7 x 1072
2-picoline 1.1 x 1078 k.9 x 1072
s _bhisbnsl T i s a oA L II\-2
L’uu\.‘y Saine .5 x 1wy DeJ A 1V
triethylphosphite kx 107 3.0 x 1072
3-bromopyridine 1.45 x 107> 2.2 x 1072
2,6-iutidine 2.0 x 1077 2.2 x 1072
tetrahydrofuran i x 10 2 1.9 x 10-2
benzyldimethylamine '|.2><10-9 1.5x1§2
triethylamine 9.8 x 10712 3.3 x 10-3
diethyl ether b x 10° 1.5 x 107
a

Each rate constant
different concentrations.

is an average from at least three runs at

[
“This value is obtained after correcting for the presence of two

active sites.
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Steric hindrance of the basic site appears to be an important
factor in determining catalytic ability. Thus, a methyl! group in the
L4-position on a pyridine ring {4=picoline) enhances the catalytic ability
as compared to pyridine, but a methyl group in the 2-position (2-picoline)
Towers the activity. Methylation of both 2-positions (2,6-1utidine)
lowers the activity still further. Triethylamine, a strong base con-
taining a highly sterically hindered lone pair, is a much poorer catalyst
than DABCO, a bicyclic analog.

Reactions carried out in the presence of octanoic acid were de-
celerated to the extent predicted if an equimolar quantity of the amine
had been converted to a nonactive form. Addition of methanol to several
reactions also retarded the rate, but to a smaller extent. Thus, the
rate-determining step is base-catalyzed but acid-inhibited.

A kinetic study of a somewhat similar reaction, the aminolysis of

a chromium methoxycarbsne complex (Eg. 20)
(< )Cr—C, e (ol ) I o T+ cuoH (3 0)
s \ + RNH, - sCr=C + CHy

This reaction was found to be catalyzed by both acids and bases. A

transition state of the form

OCH.. RHN-H--B
’ 3 ‘ i
(€OICr=C "4 RNH, + B + HA ——— (CO)Cr-C-OCH, GD
3 .
H.C HA
3

97

was postulated. This methoxycarbene comp]exl
]98’]99 have

and other similar carbene

comp lexes been observed to form fairly stable ylide compiexes
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of the type
,OCH, _ 9,
(CO)SCr—C\CH + B ————— (CO),Cr=C —B (32)
3 CH,

in the presence of a phosphine or tertiary amine. Thus, it is known
that nucleophilic addition to the carbene carbon is a favorable process
which could be involved in the initial step of the aminolysis.

A transition state similar to that proposed for the carbene aminol-
ysis (Eq. 31) could be drawm for the thiccarbenyl reaction. However,
the fact that this reaction is acid-inhibited rules such a structure
out and suggests that little negative charge has accumulated on the
sulfur up to the transition state. A structure of the transition state

which is consistent with the evidence is

HRN-H--B
- ———- -C=
(co)sw CS + RNH, + B (co)w-C s .

(33)
The fact that no interaction between phosphines or tertiary amines and
the thiocarbonyl can be observed suggests that a somewhat higher nucieo-
philicity than that possessed by a free amine is necessary for addition

- h
fRe

~se

1
tt

hiocarbonvl to take place. The nucleophilicity of a primary or
secondary amine, however, may be increased by hydrogen-bonding with an-

196

other base. All available evidence indicates, therefore, that the
rate-determining step in the reaction of W(CO)S(CS) with primary and

secondary amines is the attack of a hydrogen-bonded amine compiex
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RR'N — H--B at the thiocarbonyl carbon atom. Such hydrogen-bonded amine
complexes have been spectroscopically observed in non-polar solvents
such as heptane, acetonitrile, and carbon tetrachloride.zoo-202 Equilib-
rium constants have been measuredzo3 for a process of the form

(aminecamine) + 2 py ==——= 2 (py-amine). (34)
Moreover, even such weak bases as diethyl ether are observed to form
hydrogen bonds with amine protons.202 The relatively low enthalpy of
activation of the reaction between n-butylamine and W(CO)S(CS) (7 kcal/
moie) may aiso be accounted for by this model; the AH of the pre-equilib-
rium involving hydrogen bonding is included in the value determined for
AH*. This hydrogen-bonding AH is negative (3 to 7 kcal)}oa-and there=-
fore lowers the AH* accordingly. Very similar activation parameters
(AH* = 3.4 kcal/mole; AS = -45.6 cal/deg mole) were observed for the
amine-catalyzed term of the CH3NH2 aminolysis of phenyl acetate.zo5

A possible mechanism for the formation of an Isocyanide by the
reaction of a primary amine with w(CO)S(CS) is shown in Eq. 35. This
must be regarded as speculative, since kinetics give information only up

to the rate-determining step.

§
N-H--B slow (COLW c,N-H + fast
(CO)SW-CS * R—.E‘ 5 \S_ BH {oroton tronsfex
X (35)
N-H £
/ ast
(CO)SW"C\ —————- (CO)SW-CNR + st

S—-H
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The last step of the process, the conversion of the aminothio-

carbene to the isocyanide, couid be acid- and/or base-catalyzed. Evi-

dence exists, however, that it need not be. The carbene complex in Eq. 36
O\E CH o
i 80° i
N-Cy
!
H

loses acetaldehyde when heated fo 80° in the solid state under vacuum,

in the absence of acid or base.206 The aminothiocarbene intermediate

proposed above might be expected to be even less stabie. In fact, it

it does form, its decomposition is very r;pid since it was never detected.
According to the mechanism proposed in Eq. 35, it is apparent that

éecondary amines could react similarly up to the stage where the amino-

thiocarbene complex is formed. The product finally isolated from these

reactions in yields of 20-40% is the thioformamide compiex,

»

1D A -~
A Y W mny Oy
-

AW R v W ST A )
Jam T OTwanny

(CO)SW - NHR2,is also produced. Even though the disappearance of
W(C0).(CS) is rapid on contact with secondary amines, the appearance of
the thioformamide complex is very slow, which suggests that an inter-
mediate forms in large quantities. Attempts to isolate this intermediate
were not very successful; only an unstabie gummy soiid couid be obtained
which decomposed in several hours to yield some of the thiofcrmamide

- compiex. However, a partial characterization of the intermediate was
possible. Reactions between equimolar W(CO)S(CS) and piperidine in

hexane rapidly gave a precipitate of this substance, but only about half
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of the W(CO)S(CS) was consumed. A 2:1 molar ratio of the amine to
w(CO)S(CS) was required for all of the N(CO)S(CS) to react. An in-
vestigation of a reaction between W(CO)S(CS) and equimolar piperidine
with excess DABCO as a catalyst gave evidence that both piperidine and
DABCO were incorporated in the intermediate which forms. The ratio of
areas of the broad resonance of the 3- and L-carbon alkyl protons (r 8.25)
to the sharp singlet (v7.10) observed for the DABCO protons shows that
the two bases are present in approximateiy a 1:1 molar ratio. (The
protons on the Z-carbons of the piperidine ring appear as & broad d
at about 76.2. No other resonances were observed.) Extraction of the
residue with hexane after evaporating this sample did not yield any

free DABCO. The fact that only one sharp peak is observed for the DABCO
protons, shifted downfield 0.15 ppm from the position in the free base,
suggests that there is a rapid exchange of this base in solution. This
was confirmed by adding excess DABCO to a solution of the intermediate;
an upfield shift of the peak was observed. Addition of more DABCO caused
a further shift. The chemical shift of the DABCO protons was unchanged
when the base was added to a solution of (C0)5w-S=C(H)N(CH3)2.

This evidence suggests that an intermediate is formed which includes
two amine moiecuies, one of which is invoived in a rapic cdissociation=-
assocciation process in solution. Since there are several exampies in the
literature of the addition of phosphines or tertiary amines to similar
197-135

carbene complexes, it seems very probabie that the intermediate

in this reaction is an aminothiocarbene complex in equilibrium with a
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base-coordinated form (Eq. 37). A rearrangement to coordination through
sulfur accompanied by proton transfer would lead to the observed product.
Such a rearrangement would seem to be more favorable in the base-coordi-
nated ylide complex than in the free carbene because of the greater

eiectron density on carbon and sulfur and possibly a lower strength of the

W-C bond.
SH
/SH - | +
(cow-¢ + B T=——= (COW-C—B —————
NR2 NR,
- s—H = (37)
'V
(co)w-c=s8 ——— (COlW-Sx.NR, + B
NR, 4

A quite similar reaction of an ylide complex has been reported
which involves metal migration to phosphorus accompanied by proton

transferl97 (Eq. 38).

: +
OCH; 5y (CH3lpTH
(co)SCr—c_‘m + HP] o T (CO)SCr-s-OCH3 E——
M3 : Crig
- €H)y -~ (38)
p=H
| \ 7 i He B
(CO);Cr ~C=OCH, ——————> (CO)Cr—P-C-OCH,
eN J [
3 HL CHg

2. Reactions of W(CO).(CS) with other nucleophiles
Py

Many attempts were mede to add & vaiiety of nucieophiles to
W(CO)s(CS). Although it had been found that many amines react readily,
H,0 or alcohols were observed not to react. Reactions of W(CO)S(CS)

with ethoxide ion do apparently involve nucleophilic attack at the
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thiocarbonyl. Attempts to characterize the product by reaction with
[Et30]8F4 gave severa! products, none of which was isolated or identified.

Methanethiol, propylene oxide, triphenylphosphine oxide, Ph P=CC12,

3
and cyclohexylcarbodiimide showed no evidence of reaction. It seems
apparent that, although the thiocarbonyl function in W(CO)S(CS) is more
susceptible to nucleophilic attack than the carbonyl groups in W(Co)e,
quite strong nucleophiles are still required to effect addition.

Stronger nucleophiles which do react with W(CO)6 also react, as

}. Thus,
1

110

zide i
azice 1o0n,

which reacts with W(C0), to yield [w(co)snco]', forms [w(co)SNcs]' on

reaction with w(CO)S(CS). Presumably a process similar to that proposed

in the carbonyl reaction is involved (Eq. 39). An identical complex was

.-
- 1 -N -
(CO) W-CS + N, — (C0) M-C_ n ——== W(CO).-NCS (39)
5 3 5 lez 5

orepared by the reaction of NCS~ with w(co)é, as reported in the litera-

207

ture. The reaction of trans-('3C0)W(CO)h(CS) with N2~ appears to

occur with retention of the specific trans label.
The addition of methyllithium to w(CO)S(CS) followed by introduction

of MeSOBF was expected to give an alkylthiocarbene by analogy with the
08

. 2 . .
reaction of W(C0)6. However, severai products were Tormed in low

vields and only one of these, (CO)SW-S(CH was isolated. The

20

mechanism for the Tormation of this product is unknown.
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Amide ions also react at the thiocarbonyl group, but products could
not be isoiated. Lithium dimethylamide followed by NeSO3F, for example,
yieids several unidentified products in small amounts. Some reactions
with 1ithium n-butylamide gave (CO)5WCN(n-Bu); others gave other prod-
ucts and little if any of this compound. Phenylphosphide (PhPH )
appeared to react similariy to MeZN-; addition of MeSO3F to the phenyl-
phosphide reaction mixture gave several unidentified products. In gen-
eral, these reactions with strong nucleophiles give several products
in low yields which could not be crystallized. Intermediates which are

anticipated in these reactions (Eq. 40) may rearrange to give other

S
(CO)H-Cs + N — (co)sw - c( (N =nucieophile) (40)
N

products because of the proximity to the metal of the highly charged,

nucieophiliic suifide ioii.

M
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V. CONCLUSIONS

The chromium and tungsten M(CO)S(CS) complexes are the most
versatile thiocarbonyl complexes yet studied. Their stability, soiu-
bility, and volatility allow them to be studied by a variety of spectro-
scopic and chemical methods, and the relative simplicity of their structures
permits the aid of theoretical methods in the interpretation of these
studies. 1In addition to exhibiting unusual properties themselves, these
compiexes yield a variety of substituted derivatives which show a range
of properties.

The high stability of the metal-thiocarbony! bond is evident in
both mass spectroscopic and iigand substitution studies. For example,
W(CO)S(CS) undergoes replacement of four carbonyl ligands by diphos with
no evidence of thiocarbonyl displacement. The few substitution reactions
which do give prodiucis resulting froem thiocarbonyl replacement do not
appear to be simple processes, and the products may arise Trom decComposi-
tion of the original thiocarbonyi=-containing products.

Alil of the reactions of the thiocarbony! complexes are consistent
with the CS being a stronger w-acceptor iigand than CO0. The metal atom
in these compiexes thus behaves as if it has less electiron density than
in an analogous carbonyl complex. For example, the donor ligands studied
add to W(CO)S(CS) at a2 rate 102 to IO3 times faster than to w(co)6. The
reactions of w(cc)(cs)(diphcs)z with Lewis acids and the properties of

the adducts aiso show tnat the metal has less avzilable zlectron dens

‘s Lt

ame

ty
than in the corresponding w(co)z(diphos)2 carbonyi compiex. Although CS
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has been calculated to be a better o donor than CO, the behavior of its
complexes indicates that the electron-withdrawing effect predominates.
Some of these results also may be interpretable in terms of a destabili-
zation of metal orbitals as proposed by Lichtenberger.]03

Reactions at the suifur of substituted thiocarbonyl complexes point
out the higher nucleophilicity of the sulfur atom relative to that of
oxygen in analogous carbonyl complexes. Many reagents which have not
been observed to interact with carbonyl oxygen atoms do bond to the sul-
fur of appropriate thiocarbonyi compiexes. ThisS wouid seem o be &
result of both the greater ability of the CS ligand to withdraw electron
density from the metal and the lower electronegativity and greater polar-
izability of the sulfur atom as compared to oxygen.

Nucleophilic addition to the tniocarbonyl carbon is more favorable
in the cases studied than is addition to analogous carbonyls. The lower
electronegativity of sulfur shouid allow the carbon in the CS ligand to
maintain a higher electron density than in a CO ligand; a dipolar struc=-
ture such as M-C-5 thus wouid seem to contribute iittie to the actuai
electronic structure of the ligand complex. Calculations have predicted,
in fact, that the CS carbon has less positive charge than the carbon in

. ..
in 1tTts

P
-
W

i . 103 . ceenal - -
an analogous carbonyi. ~ The greater susceptibiiity of €
comnlexes to nucleophilic attack may be due to a reiatively low energy
of its lowest unoccupied molecular orbital. This orbital is presumably

derived from the low-energy CS n* orbital, which is concentrated mainly

on the carbon atom.
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The preparation and study of these thiocarbonyl complexes has

brought to light some previcusly uncbserved properties and reactions of

-~

metal thiocarbenyls. he thiocarbonvl ligand in its complexes is very
different from the carbonyl ligand. The properties of the metal atom
and other ligands in the compiexes are aiso changed somewhat from the

corresponding carbonyl complexes, although in most cases these differences

are quantitative rather than qualitative.
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Vi. SUGGESTIONS FOR FURTHER RESEARCH

This research uncovered many areas in which further study is
warranted. Some of these were investigated preliminarily; others have
come to light in hindsight.

The reaction of strongly nucleophilic metal carbonyl anions with
CS2 and an aeid appears to have potential, yet unrealized, for pro-
ducing a variety of metal thiocarbonyl complexes. These reactions
would be significant since there are few processes known which form a
metal~thiocarbonyl bond.

Many of the reactions of W(CO)S(CS) which were investigated are also
expected of Cr(CO)S(CS), but few were actually carried out. A further
study of Cr(CO)S(CS) would be important because theoretical calculations
can be performed on first-row transition metal complexes much more
easily than on second- and third-row complexes.

Some further work may aiso be possibie witn Ho(CG}S(CS). The high
reactivity of this complex apperently makes its isclation difficult, but
many of its derivatives should be more stable. Improved reaction con-
ditions for its preparation may be found; perhaps lowering the temperature
wouid reduce its decomposition. It may also be possible to obtain
Na[C!Mo(CO)Q(CS)] from the preparations.

A study of the cis-trans isomerism of M(CO)M(CS)(L) comp lexes may
give information about the bonding properties of certain ligands. It

appears that non-pi-bonding l!igands such as amines and halide ions form
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exclusively ggggg-M(CO)h(CS)(L) complexes, but phosphines, which have
pi-acceptor capacity, give cis iscmers as well. A determination of the
cis-trans equilibrium constants for a variety of ligands may show which
ligand properties are involved in determining the stabilities of the
isomers. A correlation between the equilibrium constants and pi-acceptor
capacity of the ligands may be found. A unique property of this system
is that steric effects presumably have a minimal effect, so that only
electronic effects will be observed. The mechanism of isomerization,
which appears to be intramoiecuiar, couid aiso be investigated.
Thiocarbonyl complexes containing a cyclopentadienyl or poly-
pyrazolylborate ligand should be preparabie from the M(CO)A(CS)(solvent)
intermediates. By analogy with the known carbonyl systems, a wide
variety of derivatives should be obtainable from such complexes.
Finally, a further investigation of the M(CO)S(solvent) and

Mice)

i, {L) (sclvent) intermediates generated by halide ion abstraction
should also be fruitful. These complexes were found to react with

ligands to give products which largeily retain the geometry of the haiide
precursor. Further studies could be done to determine the effects of
varying conditions such as the temperature, solvent, ligands, and metal.
These reactions are significant since they may be used to prepare productis
preferentially substituted in one position by isotopicaliy iabeied carbon

monoxide. There have been very few such products previously prepared.
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