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ABSTRACT

The reactivity of the cyclopentadienylchromium tricarbonyl dimer
[CpCr(CO)s]. (Cp = CsHs, 1) toward several classes of organo-P-,
-S- and -N-compounds will be described. The organic substrates
include the following: (i) bis(diphenylthiophosphinyl)disulfane,
R2P(S)SSP(S)Ry; (ii) bis(thiophosphoryl)disulfane, (RO),P(S)SSP(S)-
(OR)y; (iii) tetraalkylthiuram disulfides, RoNC(S)SSC(S)NRy; (iv)
tetraalkyldiphosphine disulfides, R2P(S)P(S)R2; (v) dibenzothiazolyl
disulfide, (CsHaNSC),; and (vi) Lawesson’s reagent, (CH3OCgH4)2P2S4.
The primary products, namely, the complexes CpCr(CO)2(SPRy),
CpCr(CO)2(S2CNRy), CpCr(CO)2(SCSN(CsHa)), and
CpCr(C0O),(SPCsH4OCH3), containing the thiophosphinito, dithio-
carbamate, 2-mercaptobenzothiazole, and dithiophosphorane
ligands, respectively, arise from facile cleavage of the S—S, P—P,
and P—S bonds in the organic substrates. Further treatment of these
complexes with 1 under thermal activation results in cleavage of
C—X (X =N, S), P=S, and Cr—E (E = C, N, P, S) bonds,
accompanied by C—C and P—P bond formation in some cases,
generating a variety of organometallic compounds belonging to the
phosphido, phosphinidene, thiocarbenoid, dithiooxamide, ami-
nocarbyne, aminoalkenylacyl, and cuboidal types.

[. Introduction

There is continuing interest in 17- and 19-electron radical
species as intermediates in organo-transition-metal chem-
istry.! The classical method for generating metal carbonyl
radicals is the homolysis of metal-metal bonds under
thermal or photochemical activation (eq i).

M,L, = 2ML, (i)

A notably labile example is the cyclopentadienylchromium
tricarbonyl dimer [CpCr(CO)z], (Cp = CsHs, 1), in which
an unusually long Cr—Cr bond (3.281(1) A)? results in its
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facile dissociation into the 17-electron species CpCr(CO)s*
(1A, eq ii). This phenomenon has been substantiated by
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A {“co = S r @
% oC co x
1 1A

various studies via NMR,® ESR,* and electronic spectral®
and electrochemical® techniques. Extensive investigations
by Baird and co-workers have established that the high
reactivity of 1 derives from the presence of the metal-
centered radical species 1A, which readily abstracted
halogen from alkyl halides or underwent ligand substitu-
tion.” Indeed, we have observed extremely facile carbonyl
substitution by trimethyl phosphite;® this has prompted
us to exploit the dimer—monomer equilibrium? of 1 in
an investigation into its reactivity toward nonmetal—
nonmetal bonds in the homo- and hetero-polynuclear
molecules of the chalcogens (S and Se) and the pnicogens
(P, As, and Sb); the resulting rich chemistry has been
reviewed.® Clearly, the formation of polynuclear complexes
such as [(CpCr(CO)]sP10, Cp4Crs(CO)9P4E; (E =S, Se), and
[(CpCr(CO)3]4(Sh2S) in reactions with P4,1%b P,E; (E =S,
Se),1%¢=¢ and polymeric Sb,Ss,'°f respectively (Scheme 1),
has involved multiple bond cleavage in the nonmetal
polynuclear molecules by 1A, followed by fragment ag-
gregation. In an attempt to probe the generality of such
phenomena in the chemistry of 1, we have pursued similar
investigations with S—S, P—P, and S—P bonds in organic
substrates shown in Chart 1, including the reactivity of 1
toward various Cr—E (E = C, N, P, S) bonds in the primary
CpCr complexes formed. The findings form the subject
of this Account.

Il. S—S, P—P, and P—S Bond Cleavage

A. Reactions with Bis(thiophosphinyl)disulfanes and Bis-
(thiophosphoryl)disulfanes. [CpCr(CO)s], (1) reacts readily
with 1 mol equiv of R',P(S)SSP(S)R’,, yielding CpCr(CO),-
(S.PR';) (R" = Ph, 2a; R" = OPr, 2b) as the primary
products,**~*3 via an initial homolytic S—S bond cleavage
of the disulfanes by 1A, accompanied by an incumbent
coupling reaction (Scheme 2). Under thermolytic condi-
tions, complex 2a/2b undergoes degradation via loss of
CO ligands, sulfur atoms or both in the thiophosphinyl/
phosphoryl ligands with concomitant or subsequent
intermolecular association to form the thiophosphinito
complex CpCr(CO),(SPPh,) (5a), CpCr(S;PR’;), (R" = Ph,
3a; R' = O'Pr, 3b), the Cr=S=Cr compound Cp,Cr,(C0O),S
(6),°* and the cubane-like complex Cp4CrsS; (7), the
ultimate thermolytic derivative of 6° (Scheme 3). The 15-
electron complex 3b is thermally transformed into the
coordination complex 4b via Cp—Cr bond cleavage. This
phenomenon is uncommon in organometallic com-
pounds, although some examples have been reported,
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Scheme
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tetraalkylthiuram disulfides dibenzothiazolyl disulfide

mainly for dicyclopentadienyl metal complexes of the
early transition and early lanthanide metals and a few
monocyclopentadienyl metal complexes of group 6, Mn,
Fe, and Rh.*® Thiophosphinito complexes of the type of
5a are usually obtained from the reactions of secondary
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phosphane sulfides R,HP=S or their conjugate bases with
metal substrates, eq iii.'®

H(S)PR,

(iif)

M) +

B. Reactions with Tetraalkyldiphosphine Disulfides
RoP(S)P(S)R.. As previously found for the cleavage of P—P

MSPR,
Li(S)PR,
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Scheme 3
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bonds in P4 by 1,%1%P thermal activation at 60—90 °C is
required for the reaction of 1 with tetraalkyldiphosphine
disulfides R,P(S)P(S)R,, which yields the #»?-thiophos-
phinito complex CpCr(CO)»(SPR,) (R = Me, 8a; R = Et,
8b, Scheme 4) and desulfurized derivatives, namely, the
hydrido-phosphido-bridged complexes Cp,Crz(CO)4(u-H)-
(u-PRy) (9), the bis(u-phosphido) doubly metal—metal
bonded complex Cp,Cr,(CO),(u-PR,), (10), and the tri-
nuclear complex CpsCr3(CO),(S)(u-PR2) (11), which have
been isolated for R = Me, together with Cp,Cr,S, (7) as a
minor product. These are demonstrated to arise from the
thermal interaction of 8a and 1 (Scheme 4).17 Additionally,
it is shown that 9a is directly converted to 10a under
thermal conditions. [CpCr(CO),]. (Cr=Cr, 12) is also
observed to undergo a slow thermal reaction with Me,P-
(S)P(S)Me; to give 8a, 9a, 10a, 6, and CpCr(CO)3H (13),
together with minor amounts of 11a and 7. The structur-
ally characterized complex 11a, a phosphido-bridged tri-
homometal cluster of a group 6 element, adds to the
family of such species of which the butoxide-bridged and
nitrene-bridged analogues are known.!® The bridging
hydride in 9 probably originates from the Cp ligand via
thermal C—H bond activation, similar to the photochemi-
cal process demonstrated by Riera and Jeannin for [CpM-
(CO)s)2 (M = Mo, W).2® In fact, we have previously isolated
13 from reactions of 1 with P4X; (X =S, Se)'%¢ in deutero-
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Chart 2
[ (M) = metal fragment]

CH, CH, CH; CH, HyG CH;
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solvents, thus ruling out the solvent as source of the
hydridic hydrogen.

These results show that desulfurization of a thiophos-
phinito ligand at a CpCr center provides a pathway to
u-phosphido complexes in fair yields. These complexes
have mainly been prepared from the reaction of metal
carbonyls with diphosphanes R,PPR,?°2 and phenyl phos-

phines PPh,H or PPhH,.20¢

C. Reactions with Lawesson’s Reagent [CH3;OCgH4PS;]..
The four-membered P—S bonded P,S; ring with doubly
bonded S substituents on P in the molecule of Lawesson’s
reagent, (p-methoxyphenyl)thionophosphine sulfide (LR,
see Scheme 5), presents a class of S- and P-containing
substrates very different from the S—S and P—P bonded
systems discussed above. Though an effective thionation
agent toward organic substrates,?> LR has been little
studied in transition metal chemistry. The limited number
of reactions of LR include some with (i) the carbonyl
complexes of Mo, Ti, and Fe??2¢ (ii) the group 10
compounds of types MCl,, MCIl>~, (PRs3),MCl,, and
Pt(C,H4)(PPh3),,%2979 and (iii) the group 14 complexes
M[N(SiMes),]2, M(BUtNCH,CH,NBuU!), and M[(SPAr).], (M
= Ge, Sn).??" In these reactions, the metal center has
coordinated to fragments from LR with linkages shown
in Chart 2.

The reaction of LR with an equimolar equivalent of 1
gives products markedly dependent on temperature, as
shown in Scheme 5.2% Thus the ambient-temperature
products are Cp,Cry(CO)s(SPAr) (14), Cp,Cr,(CO)s(S,PAr)
(15), and Cp,Cr,(S;P(O)Ar), (16), together with CpCr-
(CO)3H (13) and Cp,Cr,(CO),S (6), of which 14 and 15 are
not detected at high temperatures, which yields instead

Scheme 4
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\ /\ co \/ '\ Cr—cp .
K co K co \P/ 7 (12 %)
R R R N
9(23 %) 10 (12 %) ,
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Scheme 5
[ = =Cp/Cp*. Ar =-CcH4OCH;. Reaction conditions: (i) 4 h at ambient temperature; (ii) 2 h at 90 °C. N.D. = not detected. ]

Sy S
%Cr—Cr P\S/P\\ Ar
% oc cg S
1% LR
() (ii)
T 1
6 + 13 +
= = @\ S 16+
Vs L/%‘> /Q CFlP—Ar (36%) A1%)  (4%)
<L ;. —Cr, oc—Cr~ S\Cr I i
BT B e sl oy 5
| . < )
A . Co Ar P\S/Cr(y | ﬁ Ooc\ % HyC @s\ OCp
OC’;C\P/S + /l"‘\/ + /Cr{/ R
14 (5%) 15 (11%) ig*g%; OCH/P\ o \O Q \Cgo @ﬁﬁs
4% (N. 15* (51% o Ar ! 0
14* (N.D.) (51%) CHy HiC
+ [CpCr(CO),]5S  + CpCr(CO);H 17 (9%) cis-18 (14%) trans-18 (5%)
6 (8%) 13 (7%) 17*(N.D.)
6% (8%) 13* (6%)
Scheme 6
[Ar = C¢H40CH3, * = bond cleavage]
S .S S
N . o }
Ar—>R P—Ar <—— 2 | Ar—]
NN Ny
(i)J 2 [1A]

LR (i)
1A

\
2 Ar—P/C \CO
\

< N

=

oo
CO
CO

B -CO

dimerise
N

>
R

OC/Cr\ / /Cr 6 (0}
P W sl
oc | | !joco = /@ r—P\S/Cry
Ar 0C—Cr / ~Cr,
ocC P~g~ \ ‘CO 16
14 ocC lele)
Ar
15

the additional new products, CpCr(CO),(SP(H)Ar) (17),
[CpCr(CO),(SPAN)]: (cis-18), and its isomer trans-18.
The molecular structures of 14 and 15 suggest that they
both originate from a common intermediate, the radical
species B, shown in Scheme 6, formed via interaction of
1A and the “monomer” of LR, route i, or direct cleavage
of the P,S, central unit of LR by 1A, route ii. Subsequent
reactions involving decarbonylation and desulfurization,
with or without assistance from 1A, then generate the
complexes 14—16, as illustrated in Scheme 6.
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The low yields or absence of 14 and 15 from the
ambient and elevated temperature reactions, respectively,
is a result of their thermal lability. It is found that 14
thermally degrades or reacts with Sg or LR at ambient
temperature, giving cis-18, 6, and a trace amount of Cp;-
Cr4S, (7); it is also demonstrated that cis- or trans-18 can
be transformed back to 14 with 80% conversion by
interaction with 1. In addition, it is observed that cis- or
trans-18 in solution reached a 4:1 equilibrium mixture
after 40 min at 80 °C. These interconversions as presented
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Scheme 7
[(a)=2, Sg or LR]
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in Scheme 7, account for the variation of products with
reaction temperatures and the preponderance of isolated
cis-18 over trans-18.

It is probable that the formation of 18 is initiated by a
homolytic cleavage of a Cr—P bond in 14, generating 1A

and the phosphinothioylidene radical 14A, which then
undergoes P—P bond coupling to give 18 (Scheme 7). This
proposition is supported by (i) the reversal of the trans-
formation by addition of 1 and (ii) the ambient temper-
ature facilitation of the process by elemental sulfur or LR,
which as effective scavengers for 1A drives the reaction
toward formation of 18. The only other case of P—P
coupling in a reaction involving LR was reported by
Cowley and co-workers (Scheme 8).22

[CpCr(CO),].(Cr=Cr) (12), the decarbonylation product
of 1,% also reacts with LR at 80 °C, producing mainly 16,
17 and 6.

The products of thermolysis of 15/15* are in agreement
with the occurrence of homolytic cleavage, followed by
coupling reactions, proposed in Scheme 9; thus a Cr—P
bond scission “a”, route i, gives the P-centered radical
[16A] and the Cr-centered radical [CpCr(CO)s] (1A), while
P—S bond cleavage “b” together with Cr—S bond scission
“c”, route ii, yields the P-centered radical [15A] and the
S-centered radical [CpCr(C0O),S]. It is envisaged that
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Scheme 10
[Ar = -CgH4OCHj3. The Cr-Cr bonds in the cuboidal cores of 22 and 23 are omitted for clarity]
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coupling of the latter with 1A accompanied by loss of a
CO ligand, route iii, yields 6, while 16A abstracts an O from
a CO ligand, forming an O-based radical species, which
on dimerization, route iv, yields the eight-membered
metallacyclic complex 16. It is possible that 15A generates
14 and 19 (the latter only isolated for Cp*Cr) by coupling
with 1A (route v), 17 by abstraction of H from CpCr(CO)sH
(13), one of the products in this reaction, with expulsion
of 1A (route vi), and 18 by a P—P coupling reaction (route
vii).

The further reaction of the 52-arylthioxophosphane
product CpCr(CO),(SP(H)Ar) (17) with 1 under thermolytic
conditions led to the isolation of the hydrido-phosphido-
bridged complex Cp,Cry(CO)4(H)(P(H)Ar) (20), Cp2Cryp-
(CO)2(P(H)Ar), (21), the phosphinidene cuboidal com-
plexes Cp4Cr,S3(PAr) (22) and Cp4Cr,S,(PAr), (23), CpCr-
(CO)sH (13), and Cp4CrsS, (7) (Scheme 10).2%°

The formation of the products can again be rationalized
by pathways arising from the thiophilicity and homolytic
bond cleavage ability of 1A (Scheme 11). In this case, an
initial radical cleavage of M—S and P—S bonds in 17 (route
i) generates a P- and Cr-centered diradical 17A and a
S-centered radical 17B. Compound 17A either dimerizes,
couples with 1A, or interacts with CpCr(CO)sH (13) to give
the observed products.

. C—X (X =
Coupling
This report so far has shown the effectiveness of 1A in
the cleavage of S—S, P—P, and P—S bonds. The S- and
N-containing organic substrates such as thiuram disulfides
and benzothiazoles provide situations for a study of the
reactivity of 1A toward C—S and C—N bonds in the organic
substrate in both its free and coordinated states.

A. Reaction with Tetraalkylthiuram Disulfides. Al-
though the coordination chemistry of dithiocarbamate, R,-

S) Bond Cleavage and C—C
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[(M)= CpCr(CO), metal fragment; R = CgH4OCH;; a, b= bond scissions]

V)| 1A

CpaCry(CO)4S
‘ 6
CpyCrySy
7

(iv) \13

CpCr(CO)3H 16 +

65 i

H
’ ;@
A

21 20

NCS; ~, derived from tetraalkylthiuram disulfide with both
main group and transition metals is well established,?® its
organometallic chemistry is limited.?’—30

The facile reaction of 1 with tetraalkylthiuram disulfides
yields a product mixture, the profile of which is variant
with temperature. At temperatures below ambient, the
usual homolytic reaction of 1A produces the monodentate
complex CpCr(CO)3(7-S,CNRy) (24), which readily decar-
bonylates at ambient temperature to give CpCr(CO),(n?-
S,CNR,) (25) in high yield (Scheme 12). At elevated
temperatures, the reaction leads to the isolation of 25 in
reduced yield, together with a thiocarbenoid complex,
CpCr(CO)2(#*-SCNRy) (26), a thiocarboxamido dicubane-
like cluster, CpsCrsSg(1?,7*-SCNRy), (27), a dithiocarbamate
dicubane, CpgsCrgSs(772,17*-S.CNR,), (28), the coordination
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Scheme 12

[ a,R=Me; b, R =Et; c, R ="Pr.

# the six Cr-Cr bonds in each of the cuboidal cores are omitted for clarity]
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compound Cr(5>—S,CNRy)3 (29), Cp,Cr,(CO)4S (6), and
Cp4Cr,S, (7).3120 A similar product composition is obtained
from thermolytic degradation of 25.31°

In the presence of [CpCr(CO)s], (1), the thermolysis of
25b gives additional products in low yields, namely, a
chromium carbyne complex, CpCr(CO),(CNEt,) (30b), and

an aminoacyl complex, CpCr(CO)(?-C,0-C(O)C(NEty)-
CH(NEt,)) (31b, Scheme 13).3%¢

An independent reaction shows that the carbyne
complex 30a derives from thermal desulfurization of
thiocarbenoid complex 26a with 1, which yields the
aminocarbyne cuboidal cluster Cp4Cr,S,(CO)(CNMey) (32a)
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Scheme 14
[The Cr-Cr bonds in the cuboidal core of 32a are omitted for clarity]
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as the major product, together with 7 and [CpCr(CO),].-
(Cr=Cr) (12) (Scheme 14).

In an unprecedented reaction, complex 1 “cleaves” the
chelate rings in Cr(S,CNEt,); (29b) under thermolytic
conditions, effecting a transfer of dithiocarbamate ligands
to CpCr moieties to give a mixture of complexes 26b, 27b,
30b, and 7 (Scheme 15).

The products profile of these three reactions shows that
while the cleavage of one sulfur atom from 25 is a
thermally achievable process, double desulfurization re-
quires assistance from 1A. As in previous cases, the
isolation of 7 in substantial amounts provides evidence
for the initial formation of the precursor complex [CpCr-

(CO),].S (6), a finding congruent with the observed
thiophilicity of 1A. The thermal conversion of 25 to the
double cubane-like complexes 27 and 28 containing (1°-
CpCr)sCrSy is a new reactivity feature not observed in the
synthesis of the Mo or W analogues of 24 under thermal
and photochemical conditions, respectively.2%30

The significant feature of 27 is the presence of a
dithiooxamide ligand (DTO = Et,NC(S)=C(S)NEt,), which
links the two cubane-like cores with #?,7* bonding mode,
in addition to a weak M—M bond (3.101 A) between the
two “cubanes”. The formation of the DTO ligand has
involved a single C—S bond cleavage of each of two
dithiocarbamate (DTC) ligands with C—C coupling of the
resulting moieties. The cuboidal units in 28 are doubly
bridged by two dithiocarbamate ligands, each bonding in
a n*-S,7%-S,S' coordination mode, and do not involve any
M—M bonding. In both these double cubane-like mol-
ecules, dissociation of a 7°-Cp ligand has occurred at one
Cr corner to accommodate the bridging ligands. Such Cp
ligand dissociation seems to be facile in these CpCr
systems.

The complex 30 belongs to the rare group of aminocar-
byne chromium complexes, the first example of which was
isolated by Filippou and co-workers from a multiple-step
synthesis from Cr(C0O)e.22 The intermediate formation of
a carbenoid species R,NC: is indicated by the presence
of alkene and alkenyl acyl moieties in the structural
composition of 27b and 31b, respectively, suggestive of
carbene dimerization as found in the formation of the
DTO ligand discussed above. The carbyne moiety R,NC=
is evident in the structures of 30b and 32a. The thermal
instability of 31b in solution (t;, ca. 1.5 h at 110 °C)
accounts for its extremely low isolated yield, and it was

Scheme 15
[The Cr-Cr bonds in the cuboidal core of 27b are omitted for clarity]
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CpeCrsSs(i,11-SCNEt)s (27b)
[Cr=Cr =3.101, C(1A)-C(2A) = 1.41(3), Cr(1A)-S(9A) = 2.364(7), Cr(1A)-S(10A)
=2.469(7), Cr(5A)-S(9A) = 2.331(7), Cr(5A)-S(10A) = 2.340(8),
Cr(1A)-C(1A) = 2.32(3) and Cr{1A)-C(1A) = 2.45(2) A]

CpsCrsSs(17, 77"-S2CNER), (28b)

[Cr(1) ... Cr(5) = 3.853(7), Cr(5)-S(9) = 2.495(9), Cr(5)-S(11) = 2.443(10), Cr(1)-
$(9) = 2.581(10), Cr(1)-8(10) = 2.505(9), Cr(1)-S(12) = 2.441(9), Cr(5)-8(10) =
2.552(10) A]

not possible to detect its immediate precursor. However,
it is likely that the insertion of CO into the Cr—C bond
involved ligated CO, since these thermal degradations
were found to be suppressed in an atmosphere of CO.
The profile of the product composition shows that with
respect to sulfur cleavage, the reaction pathways fall into
three categories (Scheme 16) in which (i) the dithiocar-
bamate (DTC) ligand remains intact, as in the DTC-
bridged cubane 28 and the coordination compound
Cr''(DTC); 29, (ii) the DTC ligand has undergone mono-
sulfur cleavage, producing species of types | and Il, as
found in the thiocarbenoid complex 26 and the dithio-
oxamide dicuboidal compound 27, and (iii) the DTC
ligand has suffered double sulfur cleavage, generating

CpCr(CO),(777-C,0-C(O)C(NEt,)CH-(NEt,)) (31b)
[C(1)-C(2) = 1.378(4), C(1)-C(33) = 1.415(4), C(2)-N(2) = 1.320(3), C(1)-N(1)
=1.439(3), C-N in the amino side chains 1.472(4)-1.486(4) A]

Scheme 16
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species of types IlI-V, as found in the chromium—

aminocarbyne complex 30, the alkenylacyl compound 31,
and the aminocarbyne cubane-like complex 32a, respec-
tively.

B. Reaction with Benzothiazole. The attractive features
of thiazolyl disulfides for this study are the presence of a
homolytically cleavable S—S bond and a heterocyclic
component often encountered in many bioactive mol-
ecules.®® Since mechanisms of ring-opening and closure
of heterocycles in biomolecules are of current active
interest,%¢ our intention was to examine the role of 1/1A
in probable ring-cleavage reactions in a thiazole ligated
to CpCr.

The instantaneous reaction of 1 with 1 mol equiv of
2,2'-dibenzothiazolyl disulfide at ambient temperature
gives CpCr(CO),(SCSN(CsH4)) (33) in high yield. The
further reaction of 33 with 1 under thermolytic conditions
produces [Cp,Cry(CO)2(=CNS(CeHa))]2 (34), CpsCrsSs(SN-
(CsHa))(SNC2(CsHa)) (35), CpeCrsSa(OH)(SN(CeHa))2(SNC,-
(CeHa))2 (36), 2,2'-bibenzothiazole, (C¢H4NSC), (37), and
Cp4CrsS, (7) (Scheme 17).34 In contrast, in the absence of
1, 33 and 35 are thermolyzed to noncharacterizable
compounds, while 34 remains unchanged.

The molecular structure of 34 possesses a crystal-
lographic center of symmetry at the midpoint of the Cr-
(1)—Cr(1A) bond. A salient feature is the chair configura-
tion in the central portion of the molecule with the planar
four-membered Cr,S; ring forming the “seat”, wherein lies
the Cr—Cr bond. The Cr(2)—C(12) distance of 1.733(7) A
compares favorably with the values of 1.735(4)—1.745(3)
A in the half-sandwich aminocarbyne complexes CpCr-
(CNR2)(BUNC)2X (X = Br, 'BUNC)%?® and in CpCr(CO),-
(CNMe,) (30a) (1.740(2) A).

A significant feature in 35 is the Cr,S,CN cube, wherein
three of the Cr corners are still attached to #°-Cp rings,
while the fourth corner (Cr(6)) is capped by a dichro-
mium-trisulfur moiety, Cr(2)Cr(3)S(1)S(2)S(3) where S(1)
is a component of the benzothiolatonitrido unit, which
thus edge-bridges Cr(6) and the N(1) corner of the cube.
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Scheme 17
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The us-bonding S(4) is linked to Cr(3), Cr(4), Cr(5), and bridge of this double “cubane” has no precedent among
Cr(6). The carbido C(1) corner of the cube is singly bonded the numerous cubane and double-cubane compounds,
to C(2), a component atom of a benzothiazole unit. which have been extensively studied by Holm, Coucou-
The molecular structure of 36 consists of double vanis, and Sykes.%
cubane moieties (Cr,S,CN) quadruply bridged by a weak The structural composition of 34—37 supports their
Cr—Cr bond, a hydroxo ligand, and the thiolato sulfur formation from moieties, either discrete or quasi-associ-
atoms of two benzothiolatonitrido units, the N atom of ated, arising from the sequential cleavage by 1A of C—S,

each of which constitutes one of the corners of each cube.
The C atom in the cube is linked to a benzothiazole unit.
The nature of the components of the cubes and of the

CpsCrsSa(SN(CsHa))(SNCa(CsHa)) (35)

[Cp2Cra(CO)A=CNS(CsHy))12(34) [C(1)}-C(2) = 1.465(4) A; in the cube, Cr—Cr = 2.7065(6)-2.8972(7), and Cr-S =
[Cr(1)-Cr(1A) = 3.070(1) A, Cr(2)=C(12) = 1.733(7) A, 2.2389(9)-2.3315(9); in the Cr1S;, tetracycle, Cr(2)-8(2) = 2.2699(9), Cr(2)-S(3) =
Cr-CO = 1.843(10), 1.810(11), Cr(1)-S(1) = 2.340(2), Cr(1)-S(1A) = 2.374(2), 2.3057(9), Cr(3)-8(2) = 2.2910(9), Cr(3)-S(3) = 2.2850(9); Cr(2)-Cr(3) = 2.9137(7),
Cr(1)}-N(1) = 2.016(6), C(1)-S(1) = 1.790(8), C(1}-C(6) = 1.396(11), C(12)-N(1) = Cr(6)-Cr(2) = 2.8264(7), Cr{6)-Cr(3) = 2.7933(7) , Cr(6)-S(1) = 2.3737(9) .Cr(6)-
1.290(9) A] S(2) = 2.4681(9), Cr(6)-5(3) =2.4225(9) A]
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CpsCrsS4(OH)(SN(CgHs))2(SNCx(CsHy)) (36)
[Cr=Cr=3.079(1), 3.087(1) A in the two independent molecules in the unit cell
C(1)-C(2) = 1.454(10), C(15)-C(16) = 1.423(10), Cr(1)-0(1) = 2.085(5), Cr(5}-0(1)
=2.079(4), Cr(1)-S(1) = 2.414(2), Cr(1)-S(5) = 2.562(2), S(1)-Cr(5) = 2.568(2),
Cr(5)-8(5) = 2.413(2), in the cube, Cr-Cr = 2.6611(17)-2.8211(18), Cr-S =
2.233(2)-2.273(3) A

Cr—S, Cr—N, and C—N bonds in 33, as proposed in
Scheme 18; thus, 34 is a Cr—Cr bonded dimer of the
product arising from the interaction of CpCr(CO), with a
SCrN chelate of moiety 35A, while 35 and 36 both
originate from the interaction of CpCr(CO), with the
moieties, 34B, 34C, and 35B with loss of Cp and CO
ligands. The isolation of 7, the ultimate thermolysis
product of [CpCr(CO),],S,° indicated again the S-abstrac-
tion role of 1A in an initial step in the process, and the
isolation of 2,2'-bibenzothiazole 37 provides evidence for
a subsequent Cr—N bond cleavage to yield the precursor
benzothiazole radical, 34C, which subsequently under-
went C—C coupling.

Scheme 18
[ (M)=CpCr(CO),. §=bond cleavage]
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[V. Summary

The 17-electron organometallic radical CpCr(CO)z* (1A)
displays a remarkable capability in the scission of S—S,
P—P, and P—S bonds in organic substrates, forming
radical-coupled products containing cyclopentadienyl
chromium. By virtue of its high reactivity as a radical
species and an avid thiophile, 1A further effects efficient

cleavage of C—N, C-S, P—S, Cr—E (E = C, N, P, and S),
bonds in the CpCr complexes, generating radical species,
which aggregate to yield a variety of new compounds,
incorporating C—C and P—P bond formation in some
cases. These findings suggest that fruitful results may be
obtained from further investigations of the reactivity of
1/1A toward radical or radical-like species from main
group or transition metal compounds, particularly those
containing sulfur ligands.
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our other co-workers, whose names are cited in the references, for
their intellectual and experimental contributions.

References

(1) See, for instance: (a) Hoff, C. D. Thermodynamic and kinetic
studies of stable low valent transition metal radical complexes.
Coord. Chem. Rev. 2000, 206—207, 451—467. (b) Torraca, K. E;
McElwee-White, L. Ligand-centered reactivity of organometallic
radicals. Coord. Chem. Rev. 2000, 206—207, 469—491. (c) Tyler,
D. R. Mechanistic aspects of organometallic radical reactions.
Prog. Inorg. Chem. 1988, 36, 125—194. (d) Kochi, J. K. Organo-
metallic Mechanisms and Catalysis; Academic Press: New York,
1978. (e) Halpern, J. Free radical mechanisms in organometallic
and bioorganometallic chemistry. Pure Appl. Chem. 1986, 58,
575—584. (f) Stiegman, A. E.; Tyler, D. R. Reactivity of seventeen-
and nineteen-valence electron complexes in organometallic
chemistry. Comments Inorg. Chem. 1986, 5, 215—245.

Adams, R. D.; Collins, D. E.; Cotton, F. A. Unusual structural and
magnetic resonance properties of dicyclopentadienylhexacarbo-
nyldichromium. J. Am. Chem. Soc. 1974, 96, 749—754.

(a) Goh, L. Y.; Lim, Y. Y. Determination of metal—metal bond
energies in [CpCr(CO),L], complexes [L = CO, P(OMe)z] by NMR.
J. Organomet. Chem. 1991, 402, 209—214. (b) Goh, L. Y.; Khoo,
S. K.; Lim, Y. Y. Equilibrium studies on metal-metal bond
dissociation in the [(CsMes)Cr(CO)s], dimer by use of NMR
spectroscopy. J. Organomet. Chem. 1990, 399, 115-123. (c)
Woska, D. C.; Ni, Y.; Wayland, B. B. Thermodynamic and activa-
tion parameters for dissociation of [CpCr(CO)s], and [Cp*Cr(CO)s)»
into paramagnetic monomers from *H NMR shift and line width
measurements. /Inorg. Chem. 1999, 38, 4135—4138.

(a) Madach, T.; Vahrenkamp, H. The radical Cp(CO)3Cr in solution.
Z. Naturforsch. B 1978, 33b, 1301—1303. (b) Morton, J. R.; Preston,
K. F.; Cooley, N. A,; Baird, M. C.; Krusic, P. J.; McLain, S. J. The
electron spin resonance spectra of cyclopentadienyltriscarbon-
ylchromium and cyclopentadienylbiscarbonyl(triphenylphosphine)-
chromium in single crystals of their manganese analogues. J.
Chem. Soc., Faraday Trans. 1987, 83, 3535—3540.

McLain, S. J. Equilibrium between [CpCr(CO)sz], and CpCr(CO)s.
Thermodynamics of chromium—chromium single-bond cleavage.
J. Am. Chem. Soc. 1988, 110, 643—644.

(a) Watkins, W. C.; Jaeger, T.; Kidd, C. E.; Fortier, S.; Baird, M. C,;
Kiss, G.; Roper, G. C.; Hoff, C. D. An investigation of the homolytic
dissociation of [1°-CsMesCr(CO)3], and related complexes. The
role of ligand substitution on the solution thermochemistry of
metal—metal bond cleavage. J. Am. Chem. Soc. 1992, 114, 907—
914. (b) O’Callaghan, K. A. E.; Brown, S. J.; Page, J. A; Baird, M.
C.; Richards, T. C.; Geiger, W. E. Cyclic voltammetric study of the
metal-centered radicals {7°-CsHsCr(CO),L} (L = CO, PMes, PMe,-
Ph, PMePh,, PPh3) and {°-CsMesCr(CO)3}. Organometallics 1991,
10, 3119-3122. (c) Richards, T. C.; Geiger, W. E.; Baird, M. C.
Measurement of fast dimerization rates by cyclic voltammetry:
comparison of the 17e radicals (5°-CsRs)Cr(CO)3 (R = H, CH3) at
low temperatures. Organometallics 1994, 13, 4494—4500.

(a) Baird, M. C. Seventeen-electron metal-centered radicals. Chem.
Rev. 1988, 88, 1217—1227 and references therein. (b) Huber, T.
A.; Macartney, D. H.; Baird, M. C. Kinetics and mechanisms of
halogen abstraction reactions of the 17-electron, metal-centered
radical CpCr(CO); with organic halides. Organometallics 1995, 14,
592-602. (c) Watkins, W. C.; Macartney, D. H.; Baird, M. C.
Mechanism of carbon monoxide substitution reactions of the
seventeen electron complex (1°-CsHs)Cr(CO)s. J. Organomet.
Chem. 1989, 377, C52—C54.

@

—

@

=

(4

=

G

-

(6

=

@

-

VOL. 37, NO. 3, 2004 / ACCOUNTS OF CHEMICAL RESEARCH 197



®

©

-

(10)

(11)

(12)

(13)

(14

(15)

(16)

Homolytic Cleavage and Aggregation Processes Weng and Goh

Goh, L. Y.; D’Aniello, M. J., Jr.; Slater, S.; Muetterties, E. L,
Tavanaiepour, |.; Chang, M. I.; Fredrich, M. F.; Daz, V. W. Metal
clusters in catalysis. 20. The chemistry of bis[;°-cyclopentadienyl-
(tricarbonyl)chromium. /norg. Chem. 1979, 18, 192—197.

Goh, L. Y. Polyatomic molecules and aggregates of main group
15/16 elements in organochromium chemistry. Coord. Chem. Rev.
1999, 185—186, 257—276 and references therein.

(a) Goh, L. Y.; Wong, R. C. S;; Sinn, E. A new type of polycyclo-
phosphidochromium cluster, [(Cp)Cr(CO),]sP1o (Cp = 7°-CsHs).
First observation of polycyclic P-to-M coordination. J. Chem. Soc.,
Chem. Commun. 1990, 1484—1485. (b) Goh, L. Y.; Wong, R. C.
S.; Sinn, E. Novel polycyclic phosphane-to-metal coordination.
Reaction of [CpCr(CO);], with elemental phosphorus and structure
and paramagnetism of the odd-electron complex [CpCr(CO)2]sP1o.
Organometallics 1993, 12, 888—894. (c) Goh, L. Y.; Chen, W.;
Wong, R. C. S. Novel opening of P,S; cages with an organome-
tallic radical: synthesis and structure of [CpsCrs(CO)o(P4S3)].
Angew. Chem., Int. Ed. Engl. 1993, 32, 1728—1729. (d) Goh, L. Y.;
Chen, W.; Wong, R. C. S.; Karaghiosoff, K. A tetrachromium
complex from the cage-opening of P,S; by cyclopentadienylchro-
mium tricarbonyl. Synthesis, X-ray crystal structure, and thermal
degradation of Cp4Crs(CO)e(P4S3). CpCr(CO)sH as a byproduct.
Organometallics 1995, 14, 3886—3896. (e) Goh, L. Y.; Chen, W.;
Wong, R. C. S. Tetranuclear complexes from the reaction of
tetraphosphorus triselenide with cyclopentadienylchromium tri-
carbonyl dimer. Synthesis, thermal degradation, and X-ray crystal
structures of Cp4Cr4(CO)g(P4Ses)-1/2CsHg and CpsCry(CO)s(P2Se?).
Organometallics 1999, 18, 306—314. (f) Goh, L. Y.; Chen, W.;
Wong, R. C. S. A facile reaction of Sb,S3; with [CpCr(CO)s].:
formation of a novel tetrachromium complex [CpCr(CO)3]4(Sb2S).
Chem. Commun. 1999, 1481—1482.

Goh, L. Y.; Leong, W. K.; Leung, P.-H.; Weng, Z.; Haiduc, I.
Chemistry of cyclopentadienyl tricarbonylchromium dimer. Cleav-
age of bis(thiophosphinyl)disulfanes and bis(thiophosphoryl)-
disulfanes. Syntheses of CpCr(CO)2(S2PPhy) and CpCr(S;PPhy),.
X-ray crystal structure of CpCr(S;PPh,),. J. Organomet. Chem.
2000, 607, 64—71.

Goh, L. Y.; Weng, Z.; Leong, W. K,; Haidug, |.; Lo, K. M.; Wong, R.
C. S. Chemistry of cyclopentadienyl tricarbonylchromium dimer.
Cleavage of bis(thiophosphoryl)disulfanes. Syntheses and X-ray
crystal structures of CpCr(CO),(S,P(OR),), CpCr(S2P(OR).)2 and Cr-
(S2P(OR)2)3 (R = Pr). J. Organomet. Chem. 2001, 631, 67—75.
Haiduc, I.; Goh, L. Y. Reactions of bis(thiophosphoryl)disulfanes
and bis(thiophosphinyl)disulfanes with metal species: an alterna-
tive, convenient route to metal complex and organometallic
dithiophosphates and dithiophosphinates. Coord. Chem. Rev.
2002, 224, 151—-170.

Greenhough, T. J.; Kolthammer, B. W.; Legzdins, P.; Trotter, J.
Crystal and molecular structures of bis[(5°-cyclopentadienyl)-
dicarbonylchromium]sulfide, a novel organometallic complex
possessing a Cr=S=Cr linkage. /Inorg. Chem. 1979, 18, 3543—3548.
(a) McCleverty, J. A.; James, T. A. Transition-metal dithiolene
complexes. XVII. Cleavage of the ring from z-cyclopentadienyl-
metal complexes by 1,2-dithiolato- and dithiocarbamato-ligands.
J. Chem. Soc. A 1970, 3318—3321. (b) Kubas, G. J.; Kiss, G.; Hoff,
C. D. Solution calorimetric, equilibrium, and synthetic studies of
oxidative addition/reductive elimination of cyclopentadiene de-
rivatives, CsRsH (R = H, Me, indenyl), to/from the metal complexes
M(CO)3(RCN)3/(57°>-CsRs)M(CO)3H (M = chromium, molybdenum,
tungsten). Organometallics 1991, 10, 2870—2876. (c) Spreer, L.
0.; Shah, I. Evidence for a novel n-bonded aquoorganochromium-
(1) ion, (17°-CsHs)Cr(OHy),2*. Inorg. Chem. 1981, 20, 4025—4027.
(d) Di Marino, S. D.; Sostero, S.; Traverso, O.; Kemp, T. J.;
Rehorek, D. Spin trapping of a rhodium-centered radical in the
photolysis of 5-pentamethylcyclopentadienylrhodium dicarbo-
nyl. Inorg. Chim. Acta 1989, 165, 13—14. (e) Paneque, M.; Maitlis,
P. M. Loss of pentamethylcyclopentadiene from pentamethylcy-
clopentadienylrhodium hydride complexes. J. Chem. Soc., Chem.
Commun. 1989, 105—106.

See, for instance: (a) Walther, B. The coordination chemistry of
secondary phosphine chalcogenides and their conjugate bases.
Coord. Chem. Rev. 1984, 60, 67—105 and references therein. (b)
Forniés, J.; Martinez, F.; Navarro, R.; Urriolabeitia, E. P.; Welch,
A. J. Different coordination modes of the ligand diphenyldithio-
phosphinite complexes of palladium(ll) and platinum(ll). Crystal
structures of [{ Pd(u-SPPh;)(CeFs)(PPhs)} 2] and [Pd(SPPh,)(PPhs),]-
ClO4-CH,Cl,. J. Chem. Soc., Dalton Trans. 1993, 2147—-2152. (c)
Gelmini, L.; Stephan, D. W. Synthesis, characterization, and
chemistry of titanium(lV), titanium(lll), zirconium(1V), and hafnium-
(IV) complexes of phosphine sulfides and selenides. The crystal
and molecular structures of Cp,Ti(SPCy,),, Cp2Ti(S2PCy,), and Cp,-
Ti(Se2PPhy). Organometallics 1987, 6, 1515—1522.

198 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 37, NO. 3, 2004

n

(18)

(19)

(20

~

(21)

(22)

(23)

Goh, L. Y,; Weng, Z.; Leong, W. K.; Vittal, J. J.; Haiduc, I. An
organometallic radical route to bis(phosphido)- and hydrido-
phosphido-bridged metal—metal-bonded complexes of cyclopen-
tadienylchromium via desulfurization of thiophosphinito ligands.
Organometallics 2002, 21, 5287—5291.

(a)Nefedov, S. E.; Pasynskii, A. A.; Eremenko, I. L.; Orazszkhatov,
B.; Ellert, O. G.; Novotortsev, V. M.; Struchkov, Yu. T.; Yanovsky,
A. . Antiferromagnetic complexes with metal—metal bonds. XXII.
Synthesis, molecular structure, and magnetic properties of the
salt [CpsCrs(us-O)(u-OCMes)s] "[CpPMo(CO)3]~ with a trinuclear
cyclopentadienyl-oxo-tert-butoxide cluster cation. J. Organomet.
Chem. 1990, 385, 277—284. (b) Eremenko, I. L.; Pasynskii, A. A.;
Vas’utinskaya, E. A.; Katugin, A. S.; Nefedov, S. E.; Ellert, O. G;
Novotortsev, V. M.; Shestakov, A. F.; Yanovsky, A. |.; Struchkov,
Yu. T. Antiferromagnetic complexes with metal—metal bonds.
XXIV. Bi- and trinuclear cyclopentadienyl clusters of chromium
with nitrene bridges. J. Organomet. Chem. 1991, 411, 193—205.
Alvarez, M. A.; Garcia, M. E.; Riera, V.; Ruiz, M. A.; Bois, C.;
Jeannin, Y. C—H cleavages in the photoreactions of [M5(17°-CsHs),-
(CO)s] (M = Mo, W): isolation and characterization of the
V-shaped trinuclear clusters [MaM'(u-7,17°-CsHa)(17°-CsHs)2(CO)g]
(M, M" = Mo or W). J. Am. Chem. Soc. 1995, 117, 1324—1335.
(a) Adatia, T.; McPartlin, M.; Mays, M. J.; Morris, M. J.; Raithby,
P. R. Chemistry of phosphido-bridged dimolybdenum complexes.
Part 3. Reinvestigation of the reaction between [Moy(7-CsHs),-
(CO)6] and P2Phy; X-ray structure of bis(u-diphenylphosphido)-
bis[carbonyl(;-cyclopentadienyl)molybdenum], u-carbonylbis(u-
diphenylphosphido)bis[(u-cyclopentadienyl)molybdenum], and
trans-carbonylbis(7-cyclopentadienyl)bis(u-diphenylphosphido)-
oxodimolybdenum. J. Chem. Soc., Dalton Trans. 1989, 1555—1564
and references therein. (b) Henrick, K.; McPartlin, M.; Horton, A.
D.; Mays, M. J. Chemistry of phosphido-bridged dimolybdenum
complexes. Part 1. High-yield synthesis of [M0,(17%-CsHs)2(u-H)(u-
PPh,)(CO)4] and its reactions with organophosphorus ligands:
X-ray crystal structure of tricarbonylbis(n-cyclopentadienyl)-u-
diphenylphosphido-u-hydrido(trimethyl phosphite)dimolybdenu-
m(ll). J. Chem. Soc., Dalton Trans. 1988, 1083—1088. (c) lggo, J.
A.; Mays, M. J.; Raithby, P. R. Substitution and insertion reactions
of the binuclear manganese u-hydride complex [Mz(u-H)(u-PPhy)-
(CO)g]: crystal structures of the complexes [Mny(u—o:172-CH:CHy)-
(u-PPh2)(CO)7] and [Mnz(u-H)(u-PPh2)(CO)s(CNCMe3),]. J. Chem.
Soc., Dalton Trans. 1983, 205—215.

(a) Cherkasov, R. A.; Kutyrev, G. A.; Pudovik, A. N. Organothio-
phosphorus reagents in organic synthesis. Tetrahedron 1985, 41,
2567—2624. (b) Cava, M. P.; Levinson, M. I. Thionation reactions
of Lawesson’s reagents. Tetrahedron 1985, 41, 5061—5087.

(a) Alper, H.; Einstein, F. W. B.; Petrignani, J.-F.; Willis, A. C.
Binuclear phosphinothioylidene complexes. Organometallics 1983,
2, 1422—-1426. (b) Zank, G. A.; Rauchfuss, T. B. Thiophosphoryl
complexes of bis(cyclopentadienyl)titanium. 1. Synthesis, inter-
conversions, and structures. Organometallics 1984, 3, 1191—1199.
(c) Kruger, G. J,; Lotz, S.; Linford, L.; Van Dyk, M.; Raubenheimer,
H. G. Sulfur-containing metal complexes. XXIII. Synthesis of new
complexes containing the Fe,(CO)sS; butterfly unit. Crystal and
molecular structure of [Fe,(CO)e{ u-S2P(CsHsOMe-p)Fe(CO)4}], de-
termined from two different crystal modifications. J. Organomet.
Chem. 1985, 280, 241—251. (d) Aragoni, M. C.; Arca, M.; Demartin,
F.; Devillanova, F. A.; Graiff, C.; Isaia, F.; Lippolis, V.; Tiripicchio,
A.; Verani, G. Ring-opening of Lawesson’s reagent: new synthe-
ses of phosphono- and amidophosphono-dithioato complexes—
structural and CP-MAS 3P NMR characterization of [p-CH3;OPh-
(X)PS2]2M (X = MeO, PrNH; M = Ni(ll), Pd(ll), and Pt(ll)). Eur. J.
Inorg. Chem. 2000, 2239—2244. (e) Wood, P. T.; Woollins, J. D.
The preparation of M(PR3)2(S2(S)PCe¢HsOMe) (M = nickel, pal-
ladium, platinum) from Lawesson’s reagent. Transition Met.
Chem. 1987, 12, 403—405. (f) Jones, R.; Williams, D. J.; Wood, P.
T.; Woollins, J. D. Oxidative addition reaction between Lawes-
son’s reagent and ethenebis(triphenylphosphine)platinum: the
preparation and X-ray structure of [Pt{ (S,P(S)(CsHsOMe)} (PPhs),].
Polyhedron 1987, 6, 539—542. (g) Arca, M.; Cornia, A.; Devillanova,
F. A.; Fabretti, A. C.; Isaia, F.; Lippolis, V.; Verani, G. New
perspectives in phosphonodithioate coordination chemistry. Syn-
thesis and X-ray crystal structure of trans-bis-[O-ethyl(4-meth-
oxyphenyl)phosphonodithioato] nickel(ll). Inorg. Chim. Acta 1997,
262, 81—84. (h) Carmalt, C. J.; Clyburne, J. A. C.; Cowley, A. H,;
Lomeli, V.; McBurnett, B. G. Germylene and stannylene cleavage
of Lawesson’s reagent. Chem. Commun. 1998, 243—244.

(a) Weng, Z.; Leong, W. K; Vittal, J. J.; Goh, L. Y. Complexes from
ring opening of Lawesson’s Reagent and phosphorus—phospho-
rus coupling. Organometallics 2003, 22, 1645—1656. (b) Weng,
Z.; Leong, W. K; Vittal, J. J.; Goh, L. Y. Phosphinidene- and
phosphido-bridged complexes from a n?-arylthioxophosphine
cyclopentadienylchromium complex. Organometallics 2003, 22,
1657—-1662.



(24

(25)

(26)

@

(28)

Homolytic Cleavage and Aggregation Processes Weng and Goh

Rauchfuss, T. B.; Zank, G. A. Mechanistic studies on the thiation
of carbonyls by Lawesson’s reagent: the role of a 3-coordinate
phosphorus(V) species. Tetrahedron Lett. 1986, 27, 3445—3448.
Hackett, P.; O’Neill, P. S.; Manning, A. R. Structure and reactions
of bis[tricarbonyl(sr-cyclopentadienyl)chromium]. J. Chem. Soc.,
Dalton Trans. 1974, 1625—1627.

See, for instance: (a) Coucouvanis, D. The chemistry of the
dithioacid and 1,1-dithiolate complexes, 1968—1977. Prog. Inorg.
Chem. 1979, 26, 301—469. (b) Willemse, J.; Cras, J. A.; Steggerda,
J. J.; Keijzers, C. P. Dithiocarbamates of transition group elements
in “unusual” oxidation states. Struct. Bonding (Berlin) 1976, 28,
83—126.

(a) Cotton, F. A.; McCleverty, J. A. Dimethyl- and diethyldithio-
carbamate complexes of some metal carbonyl compounds. /norg.
Chem. 1964, 3, 1398-1402. (b) O’Connor, C.; Gilbert, J. D;
Wilkinson, G. Unidentate dithiocarbamate complexes of rhodium
and iron: dithiocarbamate and dithiocarbonate complexes of
ruthenium. J. Chem. Soc. (A) 1969, 84—87.

Roman, E.; Catheline, D.; Astruc, D. Insertion of CS, and CSe; into
metal-amido bonds. Mono- versus bidentate dithiocarbamates
formed by reactions of CS, + NHR, with {CpM(CO)n}2 (M = Fe, n
= 2; M = Mo, n = 3). J. Organomet. Chem. 1982, 236, 229—236.

(29) Abrahamson, H. B.; Freeman, M. L.; Hossain, M. B.; Van der Helm,

(30)

@1

D. Synthesis, structure, and reactivity of tricarbonyl(;°-cyclopen-
tadienyl)(1-dimethylcarbamodithioato)tungsten. Inorg. Chem.
1984, 23, 2286—2293.

Alper, H.; Einstein, F. W. B.; Hartstock, F. W.; Jones, R. H.
Molybdenum—molybdenum and phosphorus—phosphorus or
sulfur—sulfur bond cleavage reactions of organic substrates with
compounds containing a metal—metal triple bond. Organome-
tallics 1987, 6, 829—833.

(a) Goh, L. Y.; Weng, Z.; Leong, W. K.; Leung, P. H. C—S bond
cleavage and C—C coupling in cyclopentadienylchromium com-
plexes to give the first dithiooxamide-bridged and doubly dithio-
carbamate-bridged double cubanes: [CpeCrsSs{(C(S)NEt,)2}] and
[CpsCrsSs(S2CNEL,),]. Angew. Chem. 2001, 40, 3236—3239. (b)
Goh, L. Y.; Weng, Z.; Leong, W. K.; Leung, P. H. Synthetic and
structural study of cyclopentadienylchromium dithiocarbamate
complexes and their thermolytic derivatives. Organometallics
2002, 21, 4398—4407. (c) Goh, L. Y.; Weng, Z.; Hor, A. T. S,; Leong,
W. K. Organometallic radical-initiated carbon—sulfur bond cleav-
age and carbon—carbon coupling in dithiocarbamate and thio-
carbenoid cyclopentadienylchromium complexes. Organometal-
lics 2002, 21, 4408—4414.

(32)

(33)

(34)

(35)

(a) Filippou, A. C.; Wanniger, K.; Mehnert, C. Half-sandwich
aminocarbyne complexes of chromium. J. Organomet. Chem.
1993, 461, 99—109. (b) Filippou, A. C.; Lungwitz, B.; Wanninger,
K. M. A.; Herdtweck, E. Aminocarbyne complexes of chromium
in a high oxidation state—synthesis, structure and reactivity.
Angew. Chem., Int. Ed. Engl. 1995, 34, 924—927.

(a) Breydo, L.; Zang, H.; Mitra, K.; Gates, K. S. Thiol-independent
DNA alkylation by Leinamycin. J. Am. Chem. Soc. 2001, 123,
2060—2061. (b) Kelleher, N. L.; Hendrickson, C. L.; Walsh, C. T.
Posttranslational heterocyclization of Cysteine and Serine resi-
dues in the antibiotic Microcin B17: distributivity and direction-
ality. Biochemistry 1999, 38, 15623—15630. (c) Baures, P. W.
Heterocyclic HIV-1 protease inhibitors. Org. Lett. 1999, 1, 249—
252. (d) Groutas, W. C.; Kuang, R.; Ruan, S.; Epp, J. B.; Venkat-
araman, R.; Truong, T. M. Potent and specific inhibition of human
leukocyte elastase, cathepsin G and proteinase 3 by sulfone
derivatives employing the 1,2,5-thiadiazolidin-3-one 1,1-dioxide
scaffold. Bioorg. Med. Chem. 1998, 6, 661—671. (e) Thomas, M;
Guillaume, D.; Fourrey, J.-L.; Clivio P. Further insight in the
photochemistry of DNA: structure of a 2-imidazolone (5—4)
pyrimidone adduct derived from the mutagenic pyrimidine (6—
4) pyrimidone photolesion by UV irradiation. J. Am. Chem. Soc.
2002, 124, 2400—2401 and references therein.

Goh, L. Y.; Weng, Z.; Leong, W. K.; Vittal. J. J. Organometallic
radical-initiated cleavage of the metal chelate and thiazole rings
in a cyclopentadienylchromium complex. J. Am. Chem. Soc. 2002,
124, 8804—8805.

See, for instance: (a) Goh, C.; Nivorozhkin, A.; Yoo, S. J;
Bominaar, E. L.; Munck, E.; Holm, R. H. The mixed-valence double-
cubanoid cluster [FegSi12(ButNC)i2]: synthesis, structure, and
exchange coupling of a new structural array of four Fe(lll) sites.
Inorg. Chem. 1998, 37, 2926—2932 and references therein. (b)
Challen, P. R.; Koo, S.-M.; Dunham, W. R.; Coucouvanis, D. New
u2-Sp-coupled, singly bridged double cubane with the [(FesSa-
Cl3),Sls- core. The stepwise synthesis and structural characteriza-
tion of (n-BusN)2(Ph4P)2[(FesS4Cls)2S]. J. Am. Chem. Soc. 1990,
112, 2455—2456 and references therein. (c) Hernandez-Molina, R.;
Fedin, V. P.; Sokolov, M. N.; Saysell, D. M.; Sykes, A. G.
Preparation and properties of Group 13 (Ga, In, Tl) heterometallic
single and corner-shared double cube derivatives of [M03S,-
(H20)o]** and related studies. Inorg. Chem. 1998, 37, 4328—4334
and references therein.

ARO30003R

VOL. 37, NO. 3, 2004 / ACCOUNTS OF CHEMICAL RESEARCH 199



