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1. Introduction

Inner sphere two-electron redox processes as represente
by chalcogenido and imido transfer reactions constitute one
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of the fundamental reaction types of transition metal
chemistry. This reaction type is ubiquitous in biology and
also of tremendous significance in industrial homogeneous
catalysis. Transition metal mediated oxo transfer reactions
comprise by far the greatest number of these reactions and
have been the subject of several comprehensive reviews.
Within the past decade, imido group (nitrene) transfer
reactions, particularly in the context of olefin aziridination,
have also been investigated systematically and surveyed in
a recent papet.

Of the heavier chalcogens, the atom transfer reactions of
sulfur comprise a significant majority of the systems that
have been studied thoroughly. The steady growth that the
past 15 years has seen in the number of well-defined metal
sulfido complexes and metal-mediated sulfur atom transfer
reactions stems from the convergence of several distinct
interests. Some of the attention directed toward the synthesis
of metal sulfido compounds simply arises from an interest
in better understanding their structures, properties, and
intrinsic reactivities. To an extent, the relative paucity of such
molecules can be attributed to previous lack of a systematic
effort to prepare and study them.

.dl.l. Homogeneous Catalysis
One reason for the increased attention that has been given

T Telephone (504) 862-3562; fax (504) 865-5596; e-mail donahue@tulane.edu.to sulfur atom transfer reactions is interest on the part of
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organic chemists in developing synthetically useful organic 1.3. Sulfur Atom Transfer in the Context of
transformations. In this regard, recent work by Adam on the Petroleum Desulfurization
direct sulfidation of olefins,allenes®<and isonitrile&*with . o
homogeneous molybdenum catalysts is particularly note- The commercial desulfurization of petroleum feedstocks
worthy. An incentive for such studies is the tremendously IS another important arena in which sulfur atom transfer
greater cost-effectiveness promised by direct sulfur atom reactions, especially their thermodynamic aspects, are of
transfer to organic substrates witl, Svhich is by far the immediate relevance. This process has long been an essential
least expensive form of the element. It is also worthwhile to Part of the refining industry, and it generally involves a
simply have available another option in the synthetic toolbox heterogeneous system employing Ni- or Co-doped molyb-
for organic chemists seeking to prepare valuable functional denum sulfide held on an alumina supp@rlthough these
groups, such as the thiacyclopropane ring, under mild Systems are complex and have variable compositions, th.e
conditions. These kinds of metal-meditated sulfur atom Work of several research groups has underscored the likeli-
transfer reactions are completely analogous to metal- hood that _bonafide sulfqr atom transfer reaction_s are indeed
catalyzed oxygen atom transfer reactions, which have long oPerative in Iarge—sqale mdu;tnal hydrodesulfurlzatlons. For
been knowrs. instance, in his seminal studies upon thiophene desulfuriza-
tion,** Angelici has identified hydride and proton transfers

1.2. Sulfur Atom Transfer Reactions in Biology [(@) and (b) in Scheme 1] as plausible initial steps that afford,

In biology, metal sulfido ligation is known to occur at the Scheme 1. _P0§Sible Mechanism for Thiophene
active site of the oxidized form of molybdoenzymes in the Desulfurization

xanthine oxidase family and is known to be requisite for o+ H H H

enzyme functioff. Although not engaged in sulfur atom — ‘,‘S\Hs' ,H/—‘,, H Hb”
transfer in the normal functioning of the enzyme, xanthine = + | S S >~
oxidase is deactivated in the presence of CNhich I M@ nln nla ® |\|/| /

abstracts the sulfido ligand to produce SCNndeed, this
deactivation by sulfur atom transfer to Ché a distinctive l(c)
assay for molybdoenzymes in the xanthine oxidase family. S
These enzymes, which in the desulfo form are inactive, canU QS
afterward be reconstituted by the addition of sulfida. (&) ﬁ + /——\ ) / |
molybdoenzyme that may operate through bona fide sulfur M+ H;S \ | /N <

atom transfer is polysulfide reductase, which catalyzes Hz

reduction of polysulfide with evolution of 4 (reaction 1aj. * Step (d), as proposed by Angelici, is a sulfur atom abstraction by the
Other instances in which metal sulfido ligation and metal- g‘ﬁé‘iixgggﬁyw'th permission from ref 14a. Copyright 1988 American
mediated sulfur atom transfer may occur are among the '

tungstoenzymes, particularly as the organisms that make Usgfer an isomerization, agi S-bound 2,5-dihydrothiophene
of this metal are generally found in sulfur-rich environménts. - g0 cjes This intermediate then undergoes sulfur atom transfer
Much, however, remains to be learned about these systemsy, the metal surface to liberate butadiene and form metal
sulfide [(d) in Scheme 1}* Studies by Friend on Mo(110)
S(S)hS* + 2H" + 260 —— §(8),4S% + HS (1) crystal surfacé§ and by Rakowski Dubois with homoge-
neous dinuclear molybdenum systéfreiso have revealed
a0 s sulfur atom abstraction from 2,5-dihydrothiophene as well
%CHQS'/\Sms\/ — > %CH,S” + S04 (1b) as from small cyclic sulfides such as ethylene sulfide and
\ thietane to form the corresponding hydrocarbons (reactions
2a and 2b).

2-

% '/:S-r\CN 20 S+ SCN°  (1c)
CH,S + ) —_— Hy,S™ + N- 1c @

A
T LAY e

Other biological systems that may involve sulfur atom

transfer reactions, although they are not metal-mediated H o n S HoH

transfers, are the reactions catalyzed by the ubiquitous —|+<> X —+
mitochondrial enzyme rhodané$and other, related, en- N E N 5
zymes such as mercatopyruvate sulfurtransféfe®bodanese @‘M“'\-usym—@ ”""°"'\'~;syM°_©> (20)
catalyzes the in vitro transfer of a sulfur atom from thiosulfate BN \CHy \, HCS

to cyanide through the intermediacy of a persulfido cysteinate HsC Cs A

residue (reactions 1b and 1c). This reaction is believed to Me,S

be a physiological defense mechanism to cyanide exposure,

which occurs naturally at low levels in the metabolism of  The current technological challenge in this area lies in
cyanogenic glycosides. Although rhodanese may have aefficiently desulfurizing benzo- and dibenzothiophenes,
biological function in cyanide detoxification, it is a multi- especially those that bear sterically encumbering substituents,
functional enzyme that appears to play critical roles in protein and the need for new ideas and innovations in this area is
synthesis ranging from €S bond forming reactions to the ongoing. Government standards for the sulfur content in
catalytic formation of prosthetic groups such as taualfur refined petroleum are increasingly stringent and seek to
clusterst? minimize the environmental and health repercussions that
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attend the release of sulfur oxides into the atmosphere whenreaction types in main group and in purely organic systems

fossil fuels are burned. is included, because it serves to call attention to potentially
o . useful sulfur atom donors that are different from the reagents
1.4. Sulfur Vulcanization of Polyolefins typically employed by inorganic chemists and also because

it emphasizes the generality of these reaction types. Some
aspects of sulfur atom transfer and oxo-for-sulfido exchange,
for example, in thiirane synthesis and the preparation of
hiones with Lawesson’s reagent, are rather large subject

reas in themselves. In these cases, the most current and
comprehensive reviews are identified for the reader interested
in further information. Not addressed here is any consider-
ation of kinetics; that is, the information contained herein
may suggest that a certain atom transfer or exchange reaction
can occur but not necessarily thatwtill or in what time
frame. Other molecular properties such as redox potentials
and K, values can also offer predictive insight into the
feasibility of atom transfer reactions but are outside the focus
of this paper.

In their simplest conceptual form, sulfur atom transfer

r s
\ reactions and oxo-for-sulfido exchange reactions are depicted
in reactions 3 and 4, respectively. In reaction 3, the sulfur
M ST XM +Y™2s = X™25 +Y" (3)
X"0 + Y§S — X"S + YO (4)

E)iﬁ|l;/r3vr1{eriegisggrt]attri]%np%tgeeszuggrc\gfllggrgzgtjil?gr(gtg?r:yt?;egisr}z'r donor could be sulfur atom itself, in which case Y is absent.
This figure is modified from ref 18e with permission of the The te_rm c_)xo-for_-sulfldo exchange_u_pon Xis used_ln the
American Chemical Society. following discussion to refer specifically to reaction 4 as

written, in which an oxygen atom bound to X is replaced by

polymers with sulfide, disulfide, or polysulfide connectors & sulfur atom bound to X, X being the substrate of interest.
s0 as to form an elastomeric network. It is only when 1 For clarity, reaction 4 is written in only the forwa_lrd direction
in Figure 1, however, that sulfur atom transfer according to SO as to emphasize the point that oxo-for-sulfido exchange
the narrow definition adopted in this review (vide infra) can UpPon X means the transformation of XO to XS through the
be said to have occurred. The resulting networked polymer@gency of YS and not the reverse process. This review is
has greatly enhanced elasticity, tear strength, and fatigue lifelimited to molecular species X or XS that are formed by
compared to the material before cross-linking. Although a ©xidative addition or reductive elimination of sulfur atom
variety of cross-linkers have found use as vulcanization OF by pure chalcogenide exchange from the corresponding
agents, sulfur is still widely used for this purpose because XO species without change in oxidation state (or valence
of its cost-effectiveness and because it is amenable to a higistate) and without other structural reorganization.

degree of control in this very complex process. The interested NOt included in this review is any discussion of sulfur
reader is referred to more authoritative sources on this atom transfer to or from disulfide ¢5) or polysulfide (e.g.,
subjecti® S/27) ligands (reactions 5 and 6), inasmuch as these reactions

Placed in the light of these several broad-ranging interests,

The vulcanization of polyolefins with elemental sulfur, a
process of historical and commercial significance dating back
nearly 170 years, is also a system in which sulfur atom
transfer reactions are operative. This process, represente
pictorially in Figure 1, involves the cross-linking of linear

Crosslinks

XS X XS

a current review of thg existing body_of informati_on on sulfur N SN _~¥ /S\S

atom transfer reactions has obvious and timely value. \N:g ——> MY | —= M" | (5)
. R —— ) -—

Furthermore, the usefulness of the thermodynamic scale for \S/S

oxygen atom transfer reactions, which has been introduced X8 X X8 X

by Holm and Donahu® makes it clear that analogous tables X XS

of thermodynamic data for sulfur atom donors and acceptors M”‘S\S’Mn N 4 M”'S‘M" (6)

could have similarly broad utility. Related to the concept of
an atom transfer reactivity scale is the idea of an atom .
exchange scale, which is also presented and discussed her@® not involve redox changes at the metal center. Such
inasmuch as many metal sulfido complexes derive from the Processes have been classified by Woo as “secondary” atom
corresponding oxo complexes by chalcogenide eXchamge_transfersl,f although it is noted here that a different meaning
Certain aspects of metal sulfido chemistry have been dealthas been applied to that term by Hotha further restriction
with previously by otherdi?° and a limited sulfur atom placed upon the sulfido £S) chemistry discussed herein is

transfer scale has been presented for reactions conducted i limitation to systems with metal atom nuclearity of one or
toluene or benzene solutidh. two. The formation of metal sulfide clusters from low-valent

metal precursors and a source of sulfur atom can be viewed
- as occurring through sulfur atom transfer processes. How-
2. Definitions and Scope ever, because of some of the inherent complexities in
This paper addresses thermodynamic aspects of sulfursystematizing such reactions, they are not considered here.
atom transfer and oxo-for-sulfido exchange reactions chiefly  In the succeeding sections, many examples of transition
when they involve transition metals. Some discussion of thesemetal and main group element sulfid@(Bcompounds are
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listed in table form. These tables do not represent an exchange as opposed to chalcogen transfer. The terms
exhaustive catalogue of all known mono- and dinuclear
sulfido species, but rather only those formed through the  M"O,L, + XS—— M"0O,{SL,, + XO (13)
aforementioned atom transfer and chalogenide exchange
processes. Sulfido compounds may be prepared by a variety'transfer” and “exchange” refer specifically to the conceptu-
of other distinct methods, such as by the direct addition of ally different reaction types illustrated by reactions I2
sulfide?? by deprotonation of hydrosulfido ligand@®) by and 13, respectively, and are not used interchangeably. The
exchange of sulfide for 2 equiv of halidéand by internal defining distinction (cf. reactions 3 and 4) is that sulfur atom
redox rearrangement with sulfur-containing ligands such astransfer reactions involve oxidative addition of sulfur,
dithiolateg2or dithiocarbamate®¥® These reaction types fall whereas a chalcogenide exchange reaction involves no
outside the purview of this paper. oxidation state change at the metal center. Chalcogenide
Several distinct types of sulfur atom transfer reactions can exchange reactions are considered here because reactions of
be described. Type Imetal-mediatecsulfur atom transfer  this kind may also be organized onto a thermodynamic scale
reactions (reaction 7), are those in which the oxidation state that may offer some predictive insights.
of the metal is changed by 2 units. The number of supporting

ligands often is, but is not necessarily, the same, and other3, Taples of Thermodynamic Data
structural reorganization is minimal. This reaction type is

strictly analogous to theprimary oxygen atom transfer 3.1 Thermodynamic Tables for Sulfur Atom

reaction defined by Holr® A significant number of sulfur  Transfer

atom transfer reactions are of type I, and in most instances o o )

a= 0 in reaction 7In type Il sulfur atom transfer reactions ' he feasibility of and driving force for a given sulfur atom
(reaction 8), atom transfer is an incomplete intermetal transfer reaction may be assessed by organizing all of the
process. A binuclear species is formed in which sulfide available thermodynamic data for potential sulfur donors and
bridges two metal ions, each of which has undergone an acceptors onto a common scale. If the enthalpies of reaction
oxidation state change by 1 unit. Type Il sulfur atom transfer With sulfur for two different elements or molecules X and
reactions may be alternatively, and perhaps more usefully, Y are known in the same phase and at the same temperature
expressed by reaction 9 in which 2 equiv oflV, react with (reactions 14 and 15), then the difference between these
1 equiv of donor XS to form pM"™1—S—M""1 . Such

reactions may proceed by transient formation of &L, X(g) B S(g)—> XS(g) AHyxs (14)

which is a more reactive species than XS and quickly adds

to a second equivalent of My, If transfer of a sulfur atom Yo * S YS) AHyys (15)
between two transition metal complexes does not result in a XS *+ Y - X *+ YS( (16)
bridged species, then the reaction is said to be complete
(reaction 10), and the oxidation state change at each metal AH = AHyxys—AHxxs
site is by 2 units. Reaction 10 is a particular instance of 135 > S (17)
reaction 7 in which XS= M"2SL' ., 88(s) (@
AsHP (298.15) = 66.25%0.04 kcal/mol
MS Ly + XS— M™2S_ 4L, + X (7)  Typel
ML, + M™2SL,, —= ML, -S-M™L,, () reaction enthalpies is a measure of the propensity for sulfur
} Type ll atom transfer between X and Y (reaction 16). A key aspect
2 MLy + XS——= M™ Ly, -S-M™ Ly, + X (9) in the formulation of gas phase sulfur atom transfer couples,
ML, +MPM*2SL  —— MM™2SL +ML', (10) such as that shown in reaction 16, is the implicit use of
reaction 17, the formation of gaseous atomic sulfur from the
LoM*—M"Lyy + XS—— L M™1-8-M™L + X (71a) Typellia solid element, and its associated enthalpy of formatighi{

at 298.15 K) of 66.25 kcal/maF The reported uncertainty
for this number is+0.0426 This value of AH° for S(g) is
used explicitly in the determination of reaction enthalpies
AHxxs andAHyys (reactions 14 and 15), but it cancels when
the difference between two such reaction enthalpies is taken
A type Il sulfur atom transfer reaction (reactions 11) to form a sulfur atom transfer couple such as reaction 16.
involves the insertion of a sulfur atom into (11a) or across  Assuming the reaction enthalpy to be the dominant term
(11b) a metatmetal bond, the latter type being analogous in the expression for free energy chang& = AH — TAS
to the episulfidation of an olefin. Type Il reactions are which is useful at least as an approximation in the absence
distinctly different in that they combine features of both type of free energy data, thehG ~ AH and reaction 16 proceeds
| and type Il reactions. As in type | sulfur atom transfer from left to right if AHxxs > AHyys. Furthermore, if the
reactions, the nuclearity of the system does not change, butset of all elements and molecules X for which thermody-
the oxidation state change is by 1 unit, and the sulfide is in namic data on XS are available is arranged in line reactions
a bridging mode as in type Il reactions. Type IV sulfur atom such as 14 and 15 in order of decreasing (i.e., more negative)
transfer systems (reaction 12), which are comparatively lessAH, then the resulting table serves as a predictor for the
common, also combine aspects of reaction types | and Il. viability and direction of a wide range of possible sulfur atom
The oxidation state change is by 2 units, as in type | atom transfer reactions. In other words, a molecule Y of a couple
transfer reactions, but the nuclearity of the system changesfor which AHy,ys is more negative than the corresponding
as in a type Il reaction. couple AHyxs for X is thermodynamically competent to
Reaction 13 represents a distinctly different reaction type accept a sulfur atom from XS. If structural changes are small,
than those given by reactions-12, namely, chalcogenide then AH for reaction 16 in the gas phase amounts to the

LoM=M"Ly, + XS—> L ML+, +x  (11b) Typellib

s
2M'Ly+ 2XS—= | M™2 M2l +2X  (12) TypelV
Na”

s
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difference between corresponding—% and Y-S bond contain only a single entry in common, namely;P8, and
energies. The utility of such a table is that it enables one to reveal a difference in reaction enthalpies forzPH S —

see at a glance the sets of reagents that may be capable d?hsPS that is>72 kcal/mol between the two phases. The
effecting a particular sulfur atom transfer and those that are significantly less negative value for the solution phase is
not. Hence, a more judicious choice of reagent may be madelikely due to a large enthalpy of solvation for sulfur atom in
at the outset. going from the gas phase to a benzene or toluene solution.

Table 1 presents selected thermodynamic information for . '
sulfur atom donoracceptor reagents in the gas phase and, 3-2. Thermodynamic Data for Oxo-for-Sulfido
with one exception, is restricted to neutral species. TheseEXchange Reactions

data are largely assembled from the leading compilations of | addition to atom transfer reactions, another general
general thermodynamic data* although some of the table  method for the preparation of transition metal sulfido
entries are drawn from sources in the primary literafiré, complexes is by atom exchange, as represented in generic
some dealing specifically with sulfur compounds. The sulfur form in reaction 18. If enthalpies of formation for>0O(g)

atom transfer couples are arranged in order of decreasinggpg X—S(g) are available in the same phase and at the same
reaction enth'alpies (i.e., more negative reaction ef‘thalpies)temperature, theAHxoxs offers a measure of the propensity
for the reaction X(g)+ S(g) — XS(g). When available,  for X to undergo oxo-for-sulfido exchange. The reaction
AG**xs values and estimated uncertainties are included. gnthalpy for reaction 18 thereby provides a measure for the
TheseAG*%xs values are generally-6—8 kcal/mol less  gifference in dissociation energies betweer® and X-S

negative than the correspondidg**%xs values because ponds. A set of reaction couples such as 18 and 19, when
of the entropy decrease associated with forming one gaseous

product from two gaseous reactants. When values for a XOg) *+ Sigy— XSG+ O AHxoxs (18)
particular couple are available from more than one source,
they are usually, but not always, in close agreement. In the YOu) * S(g— YS) * O AHyons (19)

construction of Table 1, preference was given to sources thatyg . + yQ XO.n + YS )
offered bothAG and AH values for a particular couple or, © @ © © (20)
when only enthalpy data were accessible, to the more recent AH = AHyoys —AHxoxs

source. Table 1 emphasizes couples with main group
elements and with organic molecules most likely to be of
potential use as sulfur atom donors or acceptors. A number
of the couples listed, such as those for methanethiol,

dibenzothiophene, and thiophene, are intended to serve as_". . . .
variety of chalcogen exchange reactions in a fashion

reference points. -
i ) . completely analogous to the atom transfer reactivity scale

Figure 2 presents the gas phase enthalpies for phe I‘eaCtIOI]]ust described. IAHxoxs > AHyons (i.€., AHxoxs has a
X(9) + S(g)— XS(g) for all of the elements for which such  |egg negative value thakHyoys), then the driving force for
data are available. Many of the data summarized in Figure reaction 20 is in the forward direction. In other words, a
2 are also contained in Table 1. Many of the numbers in glecule Y for which the formation of ¥S from Y=0 is
Figure 2 have high uncertainties (e.g., those for Be and Mg) 3 more negative (exothermic) process than the same process
or are not based upon measured values at all but originatego;r molecule X will substitute sulfur in place of oxygen if
from estimated values fakH® at 298 K (e.g., thatfor Nb). v _0 and X-S are mixed (assuming kinetic considerations
The gaps and uncertainties in the data make difficult an g not intervene). Such a chalcogen atom exchange table
identification of overarching trends or insights into the data 5 the utility of permitting one to see the reagents most
beyond the observatio_n that, for the main group elements injyclined to exchange oxygen in favor of sulfur (and vice
groups 13-16, for which AsH(298) values are more ac- yersa) and therefore to select the reagent most suitable for
curately determined, the reaction enthalp_les for the reaqtlonthe purpose at hand. These couples are all determined with
X(g) + S(9) — XS(g) become less negative in proceeding the ajd of reactions 17 and 21, which are the enthalpies of
down a given main group column of the periodic table. This yanorization of elemental sulfur and of the dissociation of
trend is a plausible one because the light main group elementgpe O bond in the gas phase.
generally form the strongest bonds to all of the other  T5ple 5 assembles the available data for oxo-for-sulfido
elements. Less favorable overlap with the larger, more diffuse exchange reactions. It is noteworthy thaBFand C4S are
valence orbitals o_f the heavie_r gslements probably accountsyyo species that have an appreciable thermodynamic basis
fqr the decrease in exothermicity as one proceeds down asy, preferring sulfur over oxygen; that is, replacing sulfur
given column. with oxygen in these molecules is andothermigrocess.

Tables 2 and 3 list thermodynamic data for sulfur atom In contrast, most of the light main group elements such as
transfer couples in the solid and liquids states, respectively, hydrogen and boron and carbon have a strong preference
and are likewise assembled from standard reference sourcefor bonding oxygen over sulfur. Data are presented for
for thermodynamic dat&. %34 The information in Table 2  species in the gas phase because this state provides the most
may possibly be useful for heterogeneous systems or in high-direct assessment of intrinsic bond strength differences
temperature syntheses conducted in the solid phase. Thevithout the additional effect of solvation. Several of the
general order of entries in Tables 2 and 3 parallels that in entries in Table 5 may function as sulfur atom donors,
Table 1, because enthalpies of vaporization and sublimationaccording to the stoichiometry of any of the reactionsl?,
for a given species tend to cancel one another. Table 4or as oxo-for-sulfido exchange reagents, according to the
presents data measured by Hdff and Nolar° for couples stoichiometry of reaction 13, depending upon the particular
in aromatic hydrocarbon solution and includes entries for system to which XS is introduced. The most important and
several species not found in the other tables. Tables 1 and 4widely used of these “dual” reagents is$ for which X=

302(g)— O(g) AHais (21)

placed in order of decreasing (i.e., more negativel) then
grovides a basis for anticipating the direction of a wide
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Table 1. Gas Phase S Atom Transfer Thermodynamic Reactivity Scale: X(g) S(g) — XS(g)

Donahue

AG®%ys  AHZ%ys AG?%xs AH2% s
X XS (kcal/mol)  (kcal/mol) ref X XS (kcal/mol)  (kcal/mol) ref
| 1S -19 28, 39 S S —-71.7 27
2 — S
Br BrS 37 28, 39 U 717406 28,30
CHsCN CH;SCN —43.9 27 CO COSs —63.3 —-729+04 28
Cd Cds —41.1 —47.4 28 Sb Sbs 734 33
Zn Zns —42.6 —49.1 28 Bi BiS —67.9 —74.8 28
Hg HgS —44.2 —50.5 28 SiS Sig —65.1 —-75.1 28
H,S HS(S)H 51+ 7]!)b 35 Fe FeS —69.6 —76.4 28
Che Chsn . —aro a1t 2 ' S a4 11 2
4 3; —4fl. —o4. —0bo. =l
H3CCHz H3CSChH —47.4 —55.3 27 RBP RPS —68.1 —78.3 31
Br.S BnS; —473  -558 28 Te TeS f71.4p [-78.8pP 28
H2S HS, -494  -57.1 28 |:| s
{ ) —-81.1+ 0.5 28,30
HaCCHs HaCCHSH -50.1 573 27 D s
g\ ) —82.0+£ 0.7 28,30
Cl CIS —51.0 —57.8 28 F FS —74.9 —82.1+16 28
CeHs PhSH -59.1+ 0.5 28,30 D s
< ) —82.9+ 0.7 28,30
H,C=CH, CoHaS —-59.0+ 0.5 28,29 BS B2Ss —-76.5  —845 28
ch\ _ /H ch\ /S\ /H
LG /c—c\ —59.5+ 0.8 28,30 SCI Cl —76.8 —84.8 28
H;C H HsC
ShS; ShS, —49.6 —60.0 28 H HS —78.8 —85.0 28
H3CCH=CH, H /S\ /H
>c—c\ —60.0+£ 0.8 28,30 Al AIS —80.8 —88.0+£3.1 28
HyC
(CHg)sCH BUSH —60.3+ 0.5 28,30 CP CkPS -78.1  —882 31
HaC\ — HsC{ /S\ M
/C—C\ Lc—c —-61.4+ 0.8 28,30 Se SeS -481.1p [—88.5P 28
N\
HyC CH; H;C CH,
H H S
Se—c HOAM
y; —C\ —61.8+ 0.8 28,30 As AsS —82.0 —89.8 28
HsC CHy H3C CH,
H CH S
\c=c/ 3 H\ N\ /CH3
/ N C—C —62.6+ 0.8 28,30 RS FSSF —81.8 —-91.2 31
H,C H  HC H
H2Ss HoSy —62.9 28 BSs B2Ss —74.6 —92.9 28
H2S4 H,Ss —63.0 28 PBP PhPS —-93.5+ 2.9 28,36,37
H.S, H»Ss —63.1 28 BgP BrPS —84.1 —94.3 31
HsCSCH H3;CSSCH —55.0 —63.4 27 S ) —940 —101.7£0.2 28
Ss S —64.0 27 CsS Cs —-95.3 —105.3+6.2 28
H, S$—CH,
/C\ H.C—CH —64.5+0.6¢ 28,30 ALS AlLS, [-94.3p —105.5 28
HzC_CHZ 2 2
CHsSCI CH:SSCI [-654+ 3]° 35 Sn SnS —106 —112 28
PhSCI PhSSCI 65+ 3P 35 P PS —-106.0 —1129 28
S, Ss —65.6 27 OcCl 0oscCl -105.4 —116.2 32
Ss S, —65.6 27 N NS —109 —116+ 25 28
SCh CISSCI —57.3 —66.0+1.8 28 )
O-O ~117.1+£ 1.2 28,30
FS FS(S)F —56.8 —66.3 31 B BS —-111.9 -—1194 27
HCN HNCS —58.6 —67.5 32 @) SO —116.9P —124.6+£04 28
S S —69.3 27 Ab AlLS [-118.5p —127.5 28
‘BuSBu '‘BuSSBu —69.3+ 0.9 28,30 Ge GeS —-123.2 —-130.4 28
In InS —63.0 —69.4 28 Q SO —128.3 —137.1+0.1 28
Sy S —69.7 27 In In2S —143 27
Cl, Cl,S —62.6 —70.4+09 28 BS BS [—134p —143.2 28
CH:sNC CHsNCS —62.1 —70.9 27 Si Sis —138 —146 28
H> H>S —64.5 —-71.1 28 ID' (3
‘\ /7 —153+ 11° 28, 29, 38
Ht HS* —158.6 27
BH BSH —151.1 —160.0+45 28
C CS —162.3 —170.5+6.2 28

a AjH°(298) values for 1S(g) and BrS(g) are from ref 30 hese numbers are based upon estimatgtP values.c For these couplesiH®
(298.15 K) for S(g) is taken from ref 28 The AH°(298) value for SbS(g) is listed as44.40 kcal/mol in ref 34 but as’56 kcal in ref 33. The

latter value is preferred here because it is much more consistent with those of the surrounding elements (cf. Figure 2). The number from ref 34

appears to have a sign error, which, if simply taken as it is, produd&§4.1 kcal/mol as thé\Hxn(298)xs value for the couple Sh(g) S(g)—
SbS(g). In my opinion, this result is implausible.
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H He
-85.0
Li | Be Ne
81416 -120. |1 705+ 116+ | 12461 824
Na | M Al | Si P S| CI|Ar
-67+16 -8{.10: -146 | -112.9 |1 061..27: -57.8
K |Ca|Sc|Ti V |Cr{Mn|Fe|Co|Ni |Cu|Zn|Ga|Ge| As | Se | Br | Kr
-73'.% +| 113 -100.4| -106.9 | -78.2 -68.9 -76.4 | -82.3 -8&.?: -70.3 -49.1 -130.4| -89.8 | [-88.5]| -37
Rob|Sr| Y [2Zr Mo| Tc | Ru|Rh|Pd| Ag|Cd| In |Sn|Sb | Te| | | Xe
-729..55 +| -126.5 | -138.0| [-138] [-40.1]| -47.4 -69.4 -112 [-73] | [-78.8]] -19
Cs|Ba|La|Hf | Ta| W] Re| Os| Ir | Pt| Au H% TI | Pb| Bi | Po| At | Rn
-1 2030 o A4 -130. -99.2 | -50. -8‘1| g | -74.8
Fr [ Ra | Ac
Ce | Pr|Nd|Pm|Sm|Eu|Gd| Tb| Dy [ Ho| Er | Tm| Yb | Lu
-126.3 | -116.9| -112.7 -93.4 | -87.0 | -124.0| -121.4| -96.6 | -102.7| [-93.0]| [-83.2]| [-39.6]| -120.1
Th {Pa| U |[Np|Pu|]Am|Cm|Bk| Cf | Es| Fm|Md| No| Lr

Figure 2. AH(298) in kcal/mol for the gas phase reaction X{g}5(g)— XS(g). These numbers may be viewed as one way of expressing
“thiophilicities” of the elements. Numbers in brackets are derived from estinfate(R98) valuesA¢H(298) for SbS(g) is taken from ref
33, andA:H(298) for BrS(g) and 1S(g) are from ref 39. All other data that have been used are from ref 28.

+61

H He
+17.3%
+1.6
Li | Be B C N [ O Ne
+24+18 +51.5 |+86.8| +34.8 | -5.4: | -29.6
25.6 25.2 0.4
Na | Mg Al |Si| P|] S|CIl]|Ar
+14:22 +34.4* | +42.7 | +32.1 | +22.9+| +6.5
4.2 1.1 0.5
K |Ca|Sc |Ti V [Cr|{Mn|Fe|Co|[Ni |Cu|Zn|Ga|Ge| As|Se | Br | Kr
+172..14: +50. | +59.3 | +45.4 | +31.3 +z§3): +4.8 -3.3 +29.7 | +55.5 [*:})?‘-‘5] +20.
Rb|Sr| Y |Zr| Nb|Mo| Tc|Ru|Rh|[Pd|Ag|[Cd| In [Sn|Sb|[Te| I [ Xe
+21?é4: +53.3 | [+48.9] +19.5 | -42.7 | +14.4 +74 [i;':) :.""IG] +36
Cs|Ba|La|Hf | Ta] W] Re| Os| Ir | Pt | Au Hg TI | Pb| Bi | Po| At | Rn
+352..8 +| +51.0 +70.3 +13. -:_-g%
Fr | Ra | Ac
Ce|Pr|Nd|Pm|Sm|[Eu[Gd| To| Dy | Ho| Er | Tm] Yb | Lu
+65.3
Th{Pal U |[Np|Pu|Am|Cm|Bk| Cf | Es| Fm|Md| No| Lr

Figure 3. AH(298) in kcal/mol for the gas phase reaction XOfgB(g)— XS(g) + O(g). These numbers may viewed as an alternate way
of expressing “thiophilicities” of the elements. Numbers in brackets are derived from estili@t2P8) valuesA¢H(298) for SbS(g) is
taken from ref 33, and:H(298) for BrS(g) and 1S(g) are from ref 39. For=X In and U, the data used are taken from ref 27. All other
data that have been used in the calculation of tdd€298) values are taken from refs 28 and 31.

H, when it acts as pure sulfur atom donor, whereas=XO
H.O when it serves as an exchange reagent.

The utility of Table 5 is that it permits one to identify at

least an upper limit on the difference in strength of asrM
O bond versus an S bond, where M= a transition metal
or main group element. If reaction 13 is a spontaneous XO(g) + S(g) — XS(g) + O(g) for all of the elements for
process as written for a given chalcogenide exchange reagentwhich they can be formulated. Figure 3 incorporates infor-
for instance, XS= COS and XO= CO,, then the 53.5 kcal/
mol greater bond strength of the=<© bond in CQ versus
the G=S bond in Cgindicates that the MS is only weaker
than the corresponding#0 bond by an amount53.5 kcal/
mol. If reaction 13 proceeds in the reverse direction with whether these numbers constitute any useful index of
XO = H0, for instance, then a value of 45.5 kcal/mol is “thiophilicity.” One could argue that Figure 2 presents a
established as a lower limit on the difference between®]

and M=S bond strengths. In principle, with demonstrated
reactivity involving a broad enough set of chalcogenide
exchange reagents, upper and lower limits orF@M=S
bond strength differences could be reliably established.

Figure 3 presents the gas phase enthalpies for the reaction

mation from Table 5 but includes additional data as well.

As was the case with Figure 2, a high degree of uncertainty
and gaps in the data complicate the identification of trends.
A natural question posed by the data in Figures 2 and 3 is

measure of thiophilicity because the strength of the bond
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Table 2. S Atom Transfer Thermodynamic Reactivity Scale in the Solid Phase: X(c} S(c)— XS(c)

AG%xs AH?% s AG?%ys AHZ%ys

X XS (kcal/mol)  (kcal/mol) ref X XS (kcal/mol) (kcal/mol)  ref

S S
©£ j@ +14.8+0.8 30 Fe FeS) —24.4 —243+02 28

S
PhCHCH,Ph PhCHSCH:Ph +11.4+ 0.8 29 In InS —30.5 —-32.0 28
K2S4 K2Ss 0.2 27 TiS TiS —31.6 —32.3 28
K2Ss K2Ss 0.2 27  Cd @ form) Cds -37.3 —38.6 27
TIS TIS, [1.4] 0 28  Cd ¢ form) Cds —374 —38.7 27
K2S; K2S4 —0.6 27 Cr CrS —37.8 —37.2 28
PsSs PsSs -1.6 -1.8 34 LaS Lag —36.9 —38.0 28
PdS Pdg -1.7 -1.8 28 Si SiS +38.2F —38.4 28
PsSs PsS; —2.2 —2.6 34 LiH LiSH —38.5 27
MnS MnS -2.1 -2.9 28 CeS CeS —-37.9 —38.6 28
ReS ReS [—3.0F [—4.1F 28 Zn ZnS (wurtzite) —40.0 27
us, uS; —3.8 —4.1 28 NaH NaSH —43.2 27
TiS, TiS3 —4.0 —5.4 28 Zn ZnS (sphalerite) —47.8 —49.0 28
TaS TaS —4.3 —5.4 28 KH KSH —49.6 27
AS;S, As;Ss —-6.3 27 Ga Gas —48.9 —50.0 28
PtS PtS 5.7 —6.6 28 us us —50.0 —50.0 28

S

WS, WS [—6.6F [-80F 28 O-O ~51.2+1.2 30
MoS; MoS; —6.6 -8.0 28  Mn @ form) MnS (green, cr) —52.2 —-51.2 27
K>S, K2Ss —8.4 27 RbH RbSH —51.3 27
HfS; HfS; [—8.2]2 [—9.0p 28 Mn (y form) MnS (green, cr) —52.5 —51.6 27
SnS Sng —9.4 —10.9 28 CsH CsSH —52.7 27
7ZrS, 7ZrSs [—10.6F —12.0 28 ThS Ths —54.5 —55.1 28
K>S K>S, —12.3 27 Be BeS —55.7+£2.1 -56.0+2.1 28
TcS TcS -11.1 —12.5 28 Ti @) TiS —64.6 —65.0 28
Sis SiS [-12.6F —12.6 28 Ti B) TiS —65.7 —66.7 28
Cu Cus —12.9 —12.8 28 u us —75.7 —76.0 28
AgCN AgSCN —13.3 —13.9 27 Mg MgsS —816+1.0 —826+10 28
Ge GeS —14.9 —14.6+ 0.3 28 Th ThS —93.4 —94.5 28
Tl TIS [-14.6F [-15.0F 28 Eu EuS —-97.7 —100.0 28
FeS @) FeS (marcasite) —13.0 —15.7+ 0.7 28 Sm SmS —101.5 —103.0 28
FeS ¢) FeS (pyrite)  —13.9 —16.7+0.7 28 Pu PusS —103.9 —104.3 28
Ni NiS (precip) —18.5 27 Pr Prs —106.0 —108.0 28
Pd Pds —15.9 —16.9 28 Sc ScS $107.3p [—108.0F 28
Pt PtS —18.2 —19.5 28 Y YS [107.3F —108.0 28
Ni NisS (cr) —19.0 —19.6 27 Ce CeS —107.4 —109.1 28
Co (o form) CoS —19.8 27 Ba BaS —109.6+ 0.5 —-110.8+0.5 28
Co (5 form) CoS —-19.9 27 La LaS —109.9 —-111.0 28
KCN KSCN —18.1 —20.7 28 Ta TaS —-111 27
GeS Ges —22.0 —22.9 28 Nd NdS —109.0 —111.1 28
Sn (gray) SnS —235 —23.4 27 Sr SrS —110.6+ 4.1 —-112.0+4.1 28
Pb Pbs —23.1£05 —23.5+05 28 Cad) CaS —111.9 —113.1 28
Sn (white) SnS —235 —23.9 27 Caf) CaS —112.0 —113.4 28

a2 These values are based upon estimatgd® values.

formed in XS(g) by oxidative addition of S(g) to X(g) reflects significantly in moving down the column and suggests an
a greater or lesser affinity for sulfur. However, a more increasing affinity for sulfur relative to oxygen. The group
intuitive and perhaps more conventional idea of thiophilicity 13 elements, notwithstanding the missing datum for gallium,
could be formulated along the lines of the hasbft acid- reveal a similar trend and indicate that the oxo-for-sulfido
base concepts that have been advanced by Pe&r3his exchange process exothermicfor indium. According to
conceptualization of thiophilicity involves pairing “soft” this notion of interpreting thiophilicity as a preference for
bases such as?*Swith “soft” (or at least borderline soft)  sulfur over oxygen, the data in Table 5 and Figure 3 show
acids such as Pb without any change in redox states. In oxygen and fluorine themselves to be rather thiophilic
the language of hardsoft acid-base ideas, thiophilicity is  elements. These elements are not typically thought of as
not really an absolute, determinable number but rather athiophilic, but their high electronegativities probably enable
preferenceby some species for sulfur (or sulfide?$ vis- them to form stronger, more polarized bonds with sulfur than
avis something else, such as oxide’, OPolarizabilibity is with oxygen.
a property often correlated to the “softness” or “hardness” . - .
of a particular chemical speciés. 3.3. Bond Dissociation Energies

Some of the data contained in Figure 3 appear to be The reverse of reaction 14 is sulfur bond dissociation, and
consistent with the idea of “thiophilicity” expressed in the the associated reaction enthalpy is a bond dissociation energy
sense of hardsoft acid-base ideas. For example, the group (BDE). Table 6 presents sulfur bond dissociation energies
14 elements all show the XO(g) S(g) — XS(g) + O(9) for a range of organic and inorganic sulfides, and these data
process to be endothermic, but the endothermicity decreasefiave been determined several different ways as emphasized
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In the fourth column of Table 6 are-XS bond dissociation
energies determined through direct caloric measurement of

AG?8,ys  AHZB o AnnH(298) for X + S — XS. AxH(298) values obtained
X XS (keal/mol) (kcal/mol) ref by Chernick, Pedley, and Skinner were obtained in excess
CH:CN CHSCN +20.4 27,28 liquid phosphine and subsequently coupled to enthalpies of
PhPh PhSPh +10.9 28,30 vaporization for RP, RPS, and atomic sulfur and to the
cyclohexane hexamethylene sulfide +9.9% 28,30 . R 44|
CH=CHs CoHsSCHs 16 2830 enthalpy of solvation of EPS in liquid RP** In contrast,
CHsC(CHy),CHs  (CHs)sCCH:SH +5.5 28,30 Hoff and co-workers measureflx,H(298) values for BP
CHsCH,CH,CH;  CH3CH,CH,CH,SH +4.8 28,30 + S— R3PS in benzene or toluene solutiThey obtained
CH{CHSH HSCHCTLSH B A X—S bond dissociation energies by coupling these
6l16 . 3 .
HsC H HC. S, H AnnH(298) values toAfH(298) for S(g) and using the
>c=c< AN 127 2830 simplifying assumption thak,,H for X and XS have similar
H;C H Hee M values and therefore can be neglected because they offset
(CHa)sCH BuSH +2.2 28,30 one another. In turn, bond dissociation energies fagABS
H, M HO AN and PRSbS were obtained by measuremeni\gfH (298)
C=C L0 +1.8 28,30 for PhsASS + PhsP — PhsAs + PhPS and PiSbS+ PhP
HsC H HsC H — PhSb+ PhPS. Uncertainties in these numbers reported
e CloSs " C'ésa tie 27,28 by Hoff are of the order of-3 kcal/mol. Carbor-sulfur bond
Ne=c¢" HiC( /N M dissociation energies for the sulfides (thiones) of the mesityl
Al S e 28,30 and adamantyl substituted Arduengo carbenes were deter-
LS, s LS, 8 13 2708 mined by Hoff and Nolan in a similar manner through sulfur
oL, chs, 41 2728 atom abstraction reactions by these carbenes froppAd®h
H M H S H and PRSbS4 The fourth column of Table 6 also contains
,c=¢ >c/—\c/ +0.8 28,30 the few known values for transition metal sulfide bond
HsC CH;  H,C \cu3 dissociation energies that have been either measured calori-
H CHy H_ S  CHs metrically*® or at least estimatetd.
e=c >c/—c\ +0.3 28,30 For only one compound, namely #h have bond dis-
HsC H H3C H sociation energies been determined by all of the aforemen-
t b det d by all of the af
HoS, H2S; +0.3 27,28 tioned approaches. The values for the phosphesutfur
CHQSSCSHS CHf_iS;CH +t24 :[8-?: g gg bond dissociation energy in S by these experimental
oS HS, 1005 27 28 methods [93.5t 2.9 fromA;H(298) values and 8& 3 from
H2Ss H2Ss +0.08 27,28 AxnH measurements; see Table 6] are therefore the same
s within the given uncertainties. The somewhat lower value
O —0.7 28,30 obtained by computational estimate is attributed in part to
"BUSBU "BUSSBU 1.0 28,30 intrinsic limitations of the G3 method in dealing with sulfide
NiS NiS, 2.4 -1.4 28 bonds of this type.
‘BCISZ}SB tBCShng —27 *g-gﬁ 2288 20 The phosphorussulfur bond dissociation energies in
uSBu u u —b5. , : . : :
CHC(O)H CHC(O)SH 66 2728 phosphine sulfides generally correlate with el_ectron richness
\ / s as governed by the nature of the substituents on the
\J ¢ 7 —-10.2 28,30 phosphorus atom. ThusgfS, with highly electronegative
— fluorine atoms, has a bond dissociation enetg®0 kcal/
NaS N -144 —-139 28 ' . X . )
_1872 28 29 mol less than the phosphine sulfides with electron-rich alky
> a5 , I less than the phosph Ifides with elect h alkyl
I:I ¢ groups. A trend in olefin sulfide bond dissociation energies
Ni NS 192 —196 28 is more difficult to identify and likely reflects a competition
Pb PbS —210 -216 28 between two distinct effects. More electron-rich olefins, that

aFor these coupleg\sH° (298.15 K) for S(I)= 1.9 kJ/mol is taken

from ref 28.

is, those with more alkyl substituents, ought to favor
oxidative addition of sulfur and have the higher bond
dissociation energies, but at the same time increased sub-
stitution disfavors the addition of sulfur because of steric

by their placement in different columns. In the second crowding. The net result appears to be that the intermediate
column are numbers that have recently been produced aglegree of alkyl substitution found trans-2-butene produces
computational estimates by Jenks and co-workers using G3the greatest stabilization in the corresponding olefin sulfide.

(Gaussian 3) methodg.In the third column are numbers 4. Compounds Prepared by Sulfur Atom Transfer
that are the reverse of entries in Table 1 for the corresponding Réactions

XS molecule. These sulfur bond dissociation energies are Well-defined sulfur atom transfer reactions involving the
indirectly determined from independent experimental mea- ¢ o . . 9
ransition metals, main group elements in groups 13, and
surements OﬂfH.(ZQS) for X(g), XS(g), and S(g) and, as the f-block elements are collected in Table 7 and, where clas-
such, are experimentally determined numbers themselvesification is unambiguous, designated according to the reac-
The AnaH(298) for XS(g)— X(9) + S(g), which is the X-S tion types defined in reactions-12. The use of bold-faced
bond dissociation energy, is then simply takem\as(X) + type in the donoscceptorcolumn of Table 7 is intended to
AH(S) — AH(XS) at 298 K. The numbers determined by draw a clearer distinction for the instances of desulfurization
this approach are possibly the more accurate experimentalersus sulfurization. Complexes prepared by or desulfurized
numbers in Table 6 because they avoid the need to accounby type | sulfur atom transfer (reaction 7) are designated as
for solvation enthalpies. such in Table 7. Similarly, molecules prepared by secondary
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Table 4. Sulfur Atom Transfer Thermodynamic Scale in GHg or CsHsCH3 Solution: X(sol) + S(sol)— XS(sol)
AG*%xs AH?% s
X XS (kcal/mol) (kcal/mol) ref
PhsSb PhSbS 6 21
BzSSBz BzSSSBz -1.9 21
PhAs PhAsS -3.& 21
PhP PhPS —-21.5 21
MePhP MePhPS —23.8 21
Ad NN\ Ad i
NS Ad )K _Ad —24.14 40
— N\—/N )
Me,PhP MePhPS —26.0 21
MesP MePS —-27.1 21
BusP BwPS —28.9 21
CysP CysPS —30.9 21
Mes\N /\N _Mes )7\
\_ e N —~35.0¢ 40

a Determined indirectly fromA\,H for PheSbhS+ PhP — PhSbh+ PhPS.? Determined indirectly fromi\xH for BZSSSBz+ CysP — BzSSBz
+ CysPS.c Determined indirectly fromi\,H for PheAsS+ PhsP — PheAs + PhPS. 4 Determined indirectly frond\x,H for PheASS + X — PhAs
+ XS, X = carbene? Determined indirectly fromAnnH for PheAsS + X — PhAs + XS and fromAnnH for PheSbS+ X — PhsSb+ XS, X =

carbene.

o
cd *' *
(o
(b) (c)

size the value in testing more than one donor reagent if an
initial choice does not produce the desired sulfur atom
transfer or does not do so cleanly. In the following sections,
a variety of sulfur atom donors is discussed in an effort to
identify their relative advantages and disadvantages. Some
of these reagents are molecules that have been frequently
employed as sulfur atom donors, whereas others have not
been used at all. With regard to the potential usefulness of
these sulfur atom donors, some aspects of the following
discussion are speculative. The intent herein is merely to
suggest possibilities to the reader who is interested in
synthesis by sulfur atom transfer.

(a)
(o]
|
*' eoe
(e)

(d)
Figure 4. Examples of known arene epoxides: (a) naphthalene- 5. Sulfur Atom Donors
1,2-oxide#8 (b) phenanthrene-9,10-oxid&{c) chrysene-5,6-oxide; ) L .
(d) pyrene-4,5-oxidé! (e) anthracene-1,2,3,4-dioxie. A scarcity of strong sulfur atom donors is immediately
apparent from a cursory inspection of Tables4l In contrast
sulfur atom transfer processes are notated by II, tertiary to the gas phase table for oxygen atom transfer reagents,
processes are indicated by llla or lllb, and quaternary Table 1 contains no entry for which XS X + S is an
reactions are denoted IV. In each case, the reagents used a@xothermic process. This paucity of strong sulfur atom donors
sulfur atom donor or acceptor are also indicated. All ligand may be attributed in some degree to the readiness by which
abbreviations are fully defined in section 11. sulfur bonds with itself. Whereas molecules such a®i

In many cases, a variety of sulfur atom donors are BUOOBU, and Q are active, indeed often indiscriminate,
competent to effect the same reaction. In other instances,0XYgen atom donors, the analogous sulfur compounds do
for reasons that are not necessarily clear a priori, some (ornot have similar atom transfer ability. The electron lone-pair
even only one) sulfur atom donor agents will work to effect 0ne pair repulsions that activate peroxo species are mitigated
a particular sulfur atom transfer, but others will not. For PY the larger, more diffuse nature of the valence sulfur p
instance, Parkin has noted that th@nsWVS,(PMey),  atomic orbitals.
complex is cleanly prepared from W(PWgn2-CH,PMe)H Another reason for the scant number of strong sulfur atom
using HS, with concomitant evolution of # whereas  donors is that many reagents XS that are of conceivable use
elemental sulfur results in immediate and complete decom-tend to be too unstable toward elimination of elemental sulfur
position (reaction 22)7 Observations such as these empha- &nd formation of X. Sulfur analogues of species such as
trimethylamineN-oxide (MgNO), iodosyl benzene (Els-

PMe, 10), and the hypochlorite anion (OGlappear to be unknown
species, probably for this reason. A class of compounds that
. Sg MesPy,,, \PMe, H2S/CgHs . . . .
Decomposition <«——— gy oWiMez 27 B 2 is generally interesting as reagents for chalcogen transfer is
Mesp/ | \cH2 the family of arene chalcogenides. The strong driving force
PMes for chalcogen atom transfer arises from the formation of
S arene, a relatively innocent byproduct that is easily separated
Me3PI/:,.,\l/\|I'\_'.\\\\\PMe3 22) from other species. Although numerous arene epoxides are
Z 1IN knowrf®~52 (Figure 4) and many have even been structurally
Me;P ” PMe; . .
S characterized by X-ray crystallography, the corresponding
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Table 5. Oxo-for-Sulfido Exchange Thermodynamic Scale:
XO(g) + S(g)— XS(g) + O(9)

AGP% s AH? g
X0 XS (kcal/mol) (kcal/mol) ref
CcoO CS +86.3 +86.8 31
B20s B2Ss +65 27
MesSiOSiMe MesSiSSiMeg ~ 4610 31, 189
COSs CS +54.4 +54.4 31
CO, COSs +53.5 +54.3 31
F3PO RPS +51.5 +52.0 31
BO BS +51.0 +51.5 31
0OSO 0SS +47.7 +50.8 31
Al,O, Al.S, +48.7 +48.4 28
H,O H,S +45.5 +46.3 31
PhPO PhPS +41.9 31, 36, 37
Sio SiS +42.3 +42.7 31
In,O In,S +41.1 +42.1 28
ClPO CHPS +35.8 +36.2 31
NO NS +34.4 +34.8 31
AlO Als +34.0 +34.4+40 28
PO PS +31.8 +32.1 31
clos cls +30.9 d
GeO Ges +29.4 +29.7 28
RSO RSS +26.9 +27.4 31
H\C/O\ M ”\c/s\c/“
/ N / N +26.6 27,29
HyC H HyC H
HOAM HOANH
/C—C c—cC +24.7 +25.2 27
H H H H
BrsPO BrPS +22.9 +23.4 31
HO HS +17.0 +17.3+1.6 28
SnO SnS +14.2 +14.4 28
PbO PbS +7.7 +8.1+3.3 28
ClO CIS +6.1 +6.5 31
0O=0 S=0 —6.2 —-544+17 28
FO FS —29.8 —29.6 31
Cl,0 ClLS -32.1 —-32.4 31
InO InS —42.7 27
F0 RS —83.7 —83.4 31

aThis value is one-third the value of the couplg®(g) + 3S(g)— h .
B,Sx(g) + 30(g). The other entries in the table are for single chalcogen theé thermodynamic data presented in Table 1. The more
atom exchanges, so this couple must be “normalized” so as to be fittedmeaningful comparison between these allotropes, however,
into a meaningful position in the table. Data are not available for the s to view each $ species as a source of S atoms.
single atom exchange couples@®(g) + S(g)— B.0.S(g) + O(g) or
B20,S(g) + S(g) —~ B20S(g) + O(g) or BOS(g) + S(9) — B2S:(9)

+ O(g), but+65 kcal/mol could be taken as a rough estimate for the
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ature but are are too unstable to permit their isolation
(reaction 23).

= R Sn
s |© —’[%M (29)

5.1. Allotropes of Sulfur

The thermodynamic data in Table 1 involving-S5;
presumably all refer to cyclic species rather than to linear
or cage species. These data do not suggest any of these
species to be especially active sulfur atom donors, at least
not to weak acceptors. This fact notwithstanding, com-
mercially available elemental sulfur-@9% S) has found
frequent use as a sulfur atom donor agent, principally because
it is coupled to strong sulfur atom acceptors (vide infra). It
bears mention here that many other allotropes of sulfur have
been prepared, structurally authenticated by X-ray crystal-
lography, and characterized by other means. Of these
allotropes, which includeS* $7,%° So,%° S;0,%5257S,,,58 S,,,%9
313,58b° S14,80 ;5,61 818,55e,59d,62and 30,556"’59["623’635 is most
amenable to preparative scale synthé&sfdn general, these
species may be produced through kinetically controlled
syntheses of the type.B; + Cl,S, — 2HCI + Sy or Cpy-

It has been noted that¢Sand S are more reactive
allotropes of sulfur than isgSwith S; being quite prone to
decomposition even at ambient temperature. Bgtard S
are known to be in equilibrium with ¢Sin solution and
combined account for approximately 1.2% of total sulfur by
mass3* As single sulfur atom transfer agents that would result
in cyclic S-1 byproducts, §is weaker by 2.4 kcal/mol,
whereas %is stronger by 5.3 kcal/mol, tharg $ terms of

Considered in this “normalized” way, for instance,:@9
— 48S(qg) is more favorable enthalpically thans@$— 48S-

value of each of these reactions. Inasmuch as the nearest other couple€g) by 49.3 kcal/mol, which is consistent witl Being the
are + several kcal/mol, it is likely that the position for,8 in this

table is not out of place. This value is estimated from the difference
in approximate S+O and SiS bond strength energies given in ref
189. The difference betweexH:(298) for O(g) andAH¢(298) for S(g)
is taken into consideration for this estimaté\ “normalization” similar

to that described in footnote is performed here! Takacs, G. AJ.
Chem. Eng. Datd 978 23, 174.

Figure 5. Structure of GgS.

most stable Sallotrope. Cycloheptasulfur (and Slso) has
been observed to react with triarylphosphine to form the
corresponding phosphine sulfide at rates that&& greater
than that shown by gSwhereas the rate of reaction of IS
even faster still by a factor 0f10%.° In these systems, it is
quite likely that kinetic effects are contributing significantly
to the observed rates. Although it has not (as yet) been
synthesized and isolated, the fullerene sulfidgSqQFigure

5) has been suggested by semiempirical energy calculations
to be a stable species. Its formation according to the
stoichiometrynCso + S, — nCq0S is calculated to be more
favorable forn = 6 overn = 8 by 32.5 kcal/mof® Despite

its accessibility and these indications that its reactivity is
appreciably greater than that of, S does not appear to
have ever been used synthetically as a sulfur atom donor
agent.

5.2. Oxathiiranes, Dithiiranes, and Sulfines

Possible strong sulfur atom donors for which no thermo-
dynamic data are available are the oxathiiranes and dithi-

sulfur analogues are unknown due to their instabilities iranes, the general structures of which are given as (a) and
relative to those of the aromatic molecules and elemental (c), respectively, in Figure 6. Oxathiiranes as such are too
sulfur. Similarly, molecules such as 1,4-dihydro-1,4-thio- reactive to permit isolation but may be generated photolyti-

naphthalen® can be generated and detected at low temper- cally®” or thermally® from their isomeric form, the thione



4758 Chemical Reviews, 2006, Vol. 106, No. 11 Donahue
Table 6. Bond Dissociation Energies for the Gas Phase, XS(g} X(g) + S(g), in Kilocalories per Mole
XS computational estimate fromxH values fromAnH values ref
H3AsS 48.3 43
HS(S)H [61+ 7P 35
MeS(S)Me [53£ 4P 35
CIS 57.8 28

H\ /S\ /H
e 59.0+ 0.5 28, 29

H H

Hee S H
o] 595+ 0.8 28, 30

HyC
H S_ H
S 60.0+ 0.8 28,30

ch/ \H
HsC H
= 614+ 0.8 28, 30
H;C CH,

H S_ H

! 61.840.8 28, 30
HsC CH,4
H CH,
! 62.6:£0.8 28,30
HsC H
HiPS 63.7 43
S 65.6 27
FS(S)F 66.3 31
PhShS 67 21
PheAsS 68.443 70t 43,21

MezAsS 69.5 43

CH3NCS 70.9 27

O=C=S 72.9+ 0.4 28

S0 77.1 28
FsPS 78.3 31
S.Cl 84.8 28
HS 85.0 28
ClsPS 88.2 31

(EtO%PS 90.6 44
PhPS 82.443 93.5+ 2.98:36.37 88t 43, 28, 36, 37, 21
BrsPS 94.3 31,d

MePhPS 91 21

s
A"\N)J\N/Ad 91 40
\—/

Me,PhPS 93 21
MesPS 87.543 9471 43,21
PrPS 91.6 44
BusPS 91.5# 967 44,21
CysPS 98 21

s

Mes\N)KN/Mes 102 40

\—/
S 101.7+ 0.2 28
([R[ArN) sMo=S® 104.4+ 1.2 45
S=C=S 105.3+ 6.2 28
L3C|2WESf >105 46
0=S 124.6+ 0.4 28
SiS 146 28
Cs 170.5+ 6.2 28

aThese computational estimates are for the gas phasé@t®0v/alues are based on estimated numb&fhe reference given in footnotklists
BDEs of 100 and 68 kcal/mol forsPS and GIPS, respectively. These numbers are appreciably different from the numbers obtained from ref 31,
which is the source preferred here. Both sources have the same valugfetBf Lou, Y.-R. Handbook of Bond Dissociation Energies in Organic
CompoundsCRC Press: New York, 2003; p 286R = C(CDs),CHs, Ar = 3,5-GHzMe,. L = PMe; or PMePh.

Soxide or sulfine [(b) in Figure 6]. Sulfines are considerably of olefinic substrate also resulted in efficient sulfur atom
more stable than oxathiiranes, and the preparation andtransfer but through the agency of an intermediate different
characterization of a variety of examples have been de-from the expected oxathiirarfié Beyond the episulfidation
scribed®® Aryl-substituted oxathiiranes generated in situ by of olefins, the sulfur atom transfer capabilities of in situ
photolysis of sulfines have been shown to effectively transfer generated oxathiiranes do not appear to have been systemati-
a sulfur atom to olefins such as norbornene drahs cally investigated. It is unclear how much synthetic value
cyclooctene to produce the corresponding episuffideuri- they will have as general sulfur atom donor reagents in
ously, thermolysis of fluorenethiorfgoxide in the presence  reactions with other types of acceptors. Because any species
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Table 7. Metal and Organic Sulfides Prepared or Desulfurized by Sulfur Atom Transfer Reactions

xn

compound sulfur atom don@ceptor type ref
TiVS (TpTP)TiS (OEP)TV (#%-S,),2 PhPSP BUNCS® | abc
CS.°CysPS
Cp*.TiS(py) S I d
Ti IV([I-S)zTi v [(7’]5-C5H5)Ti(/A-S)]z(/,t-?’]slﬂs-clng)e S \Y f
[MeNC(N'Pr)].Ti(u-S)yTi[Me NC(N'Pr)], propylene sulfide vV g
zZrvs Cp*ZrS(py) S, HoSh SGH., T PhPS I j,137
CpEtZrS(py) S [ j
ZrV (u-S)zrv Cp*2ZI(SH)(u-S)Zr(SH)Cp*k H,S I 138
ZrV (u-S)(u-0)zr'"v Cp2Zr(u-S)(u-0)ZrCp S 1l m
ZrV (u-SyzrVv CpZr(u-ShZrCp, H.S \% 139
Cp2Zr(u-SyZrCp S \Y; n
Cp*oZr(u-S)ZrCp*; S IV 140
ZrV(u-S)Ir™ CpZr(u-N-'Bu)(u-S)IrCp* MesPS, S, H2S, cis- or trans-2- I o
butene sulfide, 2-methylpropene
sulfide, propylene sulfide,
ethylene sulfide
HfVS Cp*HfS(py) S I P
V!(u-S)V! [V(CO)s(dppe)b(u-S) SQ? /H,O/H" ;9 NapS/H"™ or H,S q,r
S (Por)VS (Por= OEP, TPP, TP, TpTP) S | st
(BzMesN)2[VS(SPh)] S v
(PhwP)Na[VS(edt)], (ELN)Na[VS(edt)]" S w
VvV (u-S)VV CpV(u-N-Bu)(u-S)VCp S I X
VWV (u-SpvV Cp*CIV(u-SyVCICp* Sg y
[[(Me3Si)N]2V]2(u-S) S z
VVE(u-SyVV(Sk (EuN) Na[(edt)V(E)@-SpV(S), (E= O, S) S w, aa
VVs (PhSIORVS S ab
(‘BBUO)RVS™ S 155
[N3N]JVS [NgN] = [(MesSINCH,CH,)sN]3~ S, ethylene sulfide | ad
[(MesSi),N].V(S)(ESIR) (E = Se, Te; propylene sulfide | ae
R = SiMes, Ph)
[(3,5-Me&Ph)N(Ad)LVS S I af
VV(Sk (MesNB2z),[V(S)x(S2)(SPh)] S aa ag
Nb'"" (u-SyNb" [Cp(CORNDb]o(u-S) H.S \Y, ah
Nb" (u-S)Nb"v [Cp2Nb]o(u-S) BUSH, [CpCr(Bu)].S \Y, ai
Nb" (u-S):Nb'v [Cp(COXNDb],(u-S) H,S ah
NbVS Cp*Nb(NAr)(S)(PMe) (Ar = 2,6-GH3Pr) S I aj
(N[Np]Ar)sNbS (Np= neopentyl, MesPS | ak
Ar = 3,5-Me&Ph)
TaV(u-S)Ta [Cp.Ta(Me)b(u-Sy ethylene sulfide, MgPS 1] am, an
Ta's CpTaS(Me}' ethylene sulfide, MgPS | am an
Cp.TaS(SMe)2° ethylene sulfide | am an
Cr''(u-S)Cr" [CpCr(COY].S NsS:Cl3,2P29 SO32~/H,SOff aq, r
S 1] ar, as
Cr" (u-S)Cr [CpCrl(u-S)u-SBu), BuSH Il at
CrV(u-SyCrV [(Cy2N)Crla(u-Sk, [(Ad(3,5-Me&Ph)NXLCrlo(u-Sy  Ss au
Mo (u-S)Mo" [(HB(3,5-Mepz)s)Mo(CO)]2(u-S) NsS;Cl3, 2P Sgaw av, aw
Mo (z-S)Mo" Mo(PMe3)sCl(u-Cl)(u-S)Mo(PMe).Cl, Me;P S%46a46bp P S46b (B SH 460 I ax, 46a, 46b
ethylene sulfide46®
Mo(PMe3)sCl(u-Cl)(u-S)Mo(PMe)Cl, MesPS, ethylene sulfide Il ax
Mo (u-S)W MoW (u-Cl)(u-S)Ck(PMes)s MV(S)Ch(PMe&s); (M = Mo, W) I 46b
Mo'v's (TpTP)MoS S, Cp:Ti(p%Ss), (TPTP)SNS | ay
MoSCh(PMes)s SGH4, PMes®? | ax, 46a, 46b
trans-Mo" (S), (synMeg[16]aneS)Mo(S). Ss, ‘BUSH | ba
(MesP)Mo(S) H,S I 136
(dppee)Mo(S). BzSSSBY I 132
(dppeXMo(S), BzSSSBY I 132
trans-Mo' (0)(S) (dppexMo(O)(S) SQ I bc
MoV (S)-MaV (S) Cp*Mo(S)(u-S)Mo(S)Cp* S bd
Mo (u-S)Mo"V [(Cp)Mo(u-S,CHy)(u-SMe)(-S)Mo(Cp)I+ SGH,, cis-stilbene sulfide, thietane, 16
2,5-dihydrothiophene
MoV (u-S)Mo' Cp*Mo(u-Sk(u-S)MoCp* S I bd
MoVS (N[R]Ar) sMo(S) (R= C(CDs).CHa, Ss, propylene sulfide, C§e SO I bg
Ar = 3,5-QH3M82)
MoYO(u-O,S)M0O  syn-andanti-CpMoO(u-O)(u-S)MoOCp from AsiSy bh
[CpMO(COY]2
anti-(MeCp)MoO-O)(u-S)MoO(MeCp) bh
MoVO(u-S)MoVO anti-CpMoO(u-S)MoOCp from [CpMo(COj], cyclohexene sulfide followed by bi, bj
air oxidation
MoVS(u-S)MoVO (R:NCS)Mo(S) ([-SyMo(O)(S,CNRy) PhgP, CN™ bk bl

R = Me, Et)



4760 Chemical Reviews, 2006, Vol. 106, No. 11 Donahue
Table 7. (Continued)
rxn
compound sulfur atom don@gceptor type ref
MoVSu-SyMoVS anti-Cp*MoY(S)(u-SyMoV(S)Cp* from S land Il bd
[Cp*(CO)Mo].
anti-Cp*MoV(S)u-SyMo"(S)Cp* from Ss bm
Cp*Mo(CO)H
anti-(MeCp)M0o’(S)u-S):MoY(S)(MeCp) Ss land Il bm
from [(MeCp)Mo(CO}].
MoVv'S [EtaN][M0S(O-p-CsHaX")(S:CMey),] PhsAsS, PRSbS (only for X = H)P" I bo
(X' = Me, OMe, H, Br, COMe, CN)
MoV'OS [(HB(3,5-Mexpz)s)MoOS (7 -SP(Pr)] propylene sulfideCN~ I bp
[(HB(3-Prpz)(5-Prpz))MoOS{*-S,PRy] propylene sulfide I 165
(R="TPr, Ph)
[(HB(3-Prpz})MoOS(OPh)] propylene sulfid&hsP, CN~ | bq
[MoOS(OSiPh)(Mesphen)] PhsP | br
[(Et2NCS),M0OS] RNC (R = various substituent), | 3,4
olefins, allenes (variousy
[((EtO).PS).M0OS] olefins and allenes (variousy I 3b, 3c
W (u-S)W! [(HB(3,5-Mepz)s)W(CO)]o(u-S) NsS:Cls?P av
W (u-S)W W(PMe&)sCl(u-Cl)(u-S)W(PMe).Cl, MesPS I 46b
wWVvs W(S)(PhCCPh)(ENEb), cyclohexene sulfide | bt
[(HB(3,5-Mepz)) WS(SCNED)] cyclohexene sulfide I bu
W(S)Ch(PMePh),L (L = PMePh, CO, MePhPS, OCS!BUNCS, ethylene [ 124, 125 b
CNBu, H,C=CH,) sulfide,'BuSH”
W(S)Ch(PMey)s MesPS, SGH4 [ 46a
[(HB(3,5-Mexpz)s) W'V S(CO)X] propylene sulfide | bw, bx
(X = halide orp*-S,PR,'"; R = Ph, OEt,
O'Pr, (—)-mentholate)
[(HB(3,5-Mepz)s) WV S(py)Cl] PPhg (S abstractionfrom I by, bz
[(HB(3,5-Mezpz)s)WVY' S,Cl] in py
[(HB(3,5-Mepz)y) WV S(7°—S,PPh)] PPhg (S abstractionfrom I by, bz
[(HB(3,5-Mexpz)s) W' S,(n-S:PPhy])
transW" (S), W(S)(MesP), H,S= [ 47
W (u-SpWY(S) Cp*W! (COY(u-S)WY(S) Cp* from S landIll  bd
[Cp*W(CO)2]2
W(S)-W"Y(S) Cp*W(S)(u-S)W(S)Cp* from [Cp*W(CO}] S bd
WVY(u-S)WY (‘BUCH,O)W(u-S)(u-OCHBUW(OCH,Bu);  Ss b cb
WY(S)u-SWY(S)  anti-Cp*W(S)u-S)W(S)Cp* from Ss I bd
Cp*WY(S)(u-SpW" (CORCp*
WVs [(HB(3,5-Mexpz)s)WVYSCh] PPh; (S abstractionfrom by
[(HB(3,5-Mezpz))WV'S,Cl] in
CHCI; followed by Cl atom
abstraction from CH.Cl,
wv's WSCL, (from W(CO) with hv) S,Cl, I cc
WSCl, PhsP | cd
[ELN][W(S)(OSiBuPh)(bdt),] BzSSSBz I 129
[ELN]IW(S)(OPh)(SCoMey),] BzSSSBz | 130
[EtN][W(S)(SCsHo—2,4,61Pr3)(S;CoMey),] BzSSSBz I 131
[ELN][WS(O-p-CeHaX')(S:CoMey)) PheAsS, PRSbS (only for X = H) I bo
(X' = Me, OMe, H, Br, COMe, CN)
[WS(OPh)(SCzMGz)z]lf PhsP | bo
cisWV'0S [(HB(3,5-Mexpz)s)WOS(72-S:P(Ph))] Sg, propylene sulfidé? PMe,Ph, PhaP"? I by, bz
[(HB(3,5-Mepz)s)WOS(-SP(O)(Phy)] internal S transfer from 7?-S;PPh, I by
followed by oxidation of
n*-SPPh ligand
cisWV!(S) [(HB(3,5-Mexpz)) WS,CI PhsP I by, bz
[(HB(3,5-Me&pz)s)WSy(57*-S,P(Ph))] propylene sulfidePhsP I by
[(HB(3,5-Mexpz)s)WSy(171-SP(O) (Phy)] internal S transfer from #2-S,PPh, I by
followed by oxidation of
n*-SPPh ligand
Mn'(z-S)RH [(CO)Mn(u-S)(dppmIRh(CO)] HS lla 143
Mn'" (u-S)Mn" [CPMN(COY],(u-S) ethylene sulfide Il ce, cf
[CPMN(COY]2(u-S) S I cg
[Cp*MN(CO)2(u-S) S I cg
Re' (u-S)Re' [CpRe(COY]2(u-S) S, COSh Il cg, ch
[Cp*Re(COY].(«-S) S Il cg, Ci
Re'" (u-S)Re! Rex(u-S)(u-X)X 3(CS)u-dppm), (X = Cl, Br), CcS 1l ]
Rex(u-S)(u-Br)Bry(CS)u-dpam) CS 1} cj
Re'S [ReVS(SC:R2)7]* (R = Me, Ph, MgSi) S/RC=CR I cl
Re"'O,S ReMeQS propylene sulfideRPhsP I 203
ReV" (u-SyReV" (ArN),MeRe-SyReMe(NAry Me,PhP, MePh,P, (MeO)3P, I cm

(MeQ),PhP, (MeO)PhP,
(Pr)sP, dmpm, CN'Bu, CN"Bu
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compound sulfur atom don@gceptor type ref
Fe! ([l-S) Fe' [[(HC(CMeN(Z,SiPrz_CeHg))z] Fe]g(u-S) S ll cn
Fe'' (u-S)Fe" (salen)Feg-S)Fe(salen) SCpVV(S)Y Il co,y
(acen)Feg-S)Fe(acen) S Il cp
(n*-Megtaa)Fe-S)Fef*-Megtaa) S Il cq
Ru'(z-S)RU [Ruz(CO)(u-S)(u-dppm)] Ss (1 equiv), HS, propylene sulfide 1 144
Ru" (u-S)Ru" [(OEP)RuUb(u-S) ethylene sulfide, GS cr
Co'(u-S)Cd [Cox(CO)(u-CO)(u-S)(dppm}] ethylene sulfide 1} cs
Co'" (u-SyCa" (MesP)%Co(u-S)Co(PMe)s S \Y ct
Co'" (u-S)Cd" CpCofu-PMey)o(u-S)CoCp ) Ila cu
Rh!(u-S)Ré [RhRe(CO)(u-S)(dppm)] H,S 1l 145
Rh'(z-S)Rh [Rhz(CO)(u-S)(dppm}] H,S 1“6 ethylene sulfide 1} 146, cv
R (4-S)Rh!! [(triphos)Rhg-S),Rh(triphos)](PhB), H,S v 147
Ir'(u-S)Ir! [Ir2(COX(u-S)(dppm}] H.S _ I 146
Pd" (u-S)Pd' PhXo(u-S)u-dppm) (X = ClI, Br, I)*¥ S, 141 propylene sulfid&?! H,SM2 1} 141, 142
Pt!(u-S)Pt (PhP),Pt—S—Pt(CO)PPh cos 122,123
(n*-dppm)Pti-dppm)-S)Pt -dppm) COS»*oy S 1] cX, cy
Pt (u-S)M [(dppe)Pt(R)¢-S)M(CO)] (M = Mn, ethylene sulfide, propylene sulfide, Il cz
R = Me, Et, Np; M= Re, isobutylene sulfidegis- and
R = Me, Ety2 trans-2-butene sulfide
Al (u-S)AIM [(Me3sSi)CH)AI 2(u-S) Cs Ila db
Ga"s (HB(3,5'Buxpz)s)Gas S, (HB(3,5!Buypz)s)In(1?-Ss) I dc
Ga' (u-S)Ga" [((MesSi),CH):.GalL(u-S) EtPS 1l dd
((Me3Si),HC)Gaf-O.CCHg)a(u-S)- propylene sulfide Illa de
Ga(CH(SiMg)»)
Ga' (u-S)Ga [[HC(CMeN(2,6Pr,—CgHa3)).]Gal(u-S) S v df
In" (u-S)In™ [(Me3Si)CH)aIn]2(u-S) propylene sulfide I dg
C! (u-S)C S
W S b dh
Ss, SCl2 IlIb di
N—N ¥
ArO—C// \\N
\S/
Ar = p-CgHaX, Illb 151, 152
X =H, CHs, OCH;, CI, NG,
cyclohexene sulfide "BuLi, PhLi, "BuMgBr, BzMgBr | dk
cis- andtrans-2-butene sulfide PhLi, P(OEt); | di
ethylene sulfide, propylene sulfide P(and3pym I dn
1,1-difluoroethylene sulfide SO and3pym I do
1-butene sulfidegis- andtrans-2- S (D and3pPym dp
butene sulfide
isobutylene sulfide, vinylthiacyclopropane
(from 1,3-butadiene)
CcV=s HC(=S)COEt, (p-MeO—CgH4).C=S cyclohexene sulfide I dr
RiR,C=S, (R, R, = various) propylene sulfide I dt
S
I
R\N/C\N/R R = Mes, 1-adamantyl S, PhASS, PRSHS 40
\—_/
CV(u-S)S S—s
@ PhsP 72b
S —s—sit! (Mes)z?EISi(Mesa S, cyclohexene sulfid llib du, dv, dw
cis- ortrans[(‘Bu)(Mes)Sli;IS-Si[‘Bu)(Mes)] S, ethylene sulfidé b dv, dx
cis- ortrans[(‘Bu)(Tip)?i-_S-,Si[(Bu)(Tip)] Ss, propylene sulfide b dx
SiV (u-S)Siv Cp*2Si(u-S)SiCp*, Se v dy
Gevs [7%-{ (u-BuN)x(SiMeNBu);} |GeS S I dz
(Th)(Tip)GeS styrene sulfide | ea
(Tb)((MesSi),CH)GeS ) I eb
(7*-Megtaa)GeS 8°¢ (7*-Megtaa)SnS? I ec ed
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Table 7. (Continued)

Donahue

xn

compound sulfur atom don@ceptor type ref
[772—[2—(Me38i)2C]C5H4N]2GeS S | ee
[7*(CyNC(R)NCYy)][7*-(CyNC(R)NCy)]GeS styrene sulfide I ef
(R = Me, Bu)
[7*(CyNC(BU)NCy)][#*-(CyNC(Bu)NCy)]|GeS  (CyNCBuU)NCy)LSnS I eg
(Tbp)GeS SN | ei
GeV(u-S)Gev Et,
Ge\
@i /s S lNla e
Ge
Et,
(CoFs)3sGeSGe(6Fs)s S lla ekel
(CeFs)sGeSGeEt S llla  em
Ge'V(,u-S)HgGéV (C6F5)3GeSHgGe(€F5)3 S el
GeV (u-S)pGeY [((MeSi)N),Geb(u-S)" Ss v eo
SnVs (Tb)(Tip)SnS styrene sulfide I ep
(Por)Sr=S (Por=TPP, TnTP, TpTP, CpTi(7?%-S5)%9 (TPP)SnS | eg eres
TMP, OEP)
(n*-Megtaa)SnS & (7*-Megtaa)Gé' | ed
(CyNC(BU)NCy)%LSnS styrene sulfidg, | eg et
[*-(CYNC(BU)NCy)][n*
CyNC(‘Bu)NCy)]|Ge®d
SnV (u-S)Srv MesSnu-S)SnMe S lla eu
PhsSnu-S)SnPh, BzsSn(u-S)SnBz® MesShS, PBSbS lla 84
SnV (u-SySnV [(Th)(Mes)Sn]f-Sy[Sn(Tb)(Mes)], both styrene sulfide IV ep
cisandtransisomers
[(CaHeN)(MesSi)CH]Snu-S)Sn- Ss v ew
[(CQHGN)(Me3S|)CH]2
(CyNC(Me)NCy)pSn(u-S)Sn- styrene sulfide IV et
(CyNC(Me)NCy)
[((Me3Si)N)2Snb(u-S) S [\ eq ex
PbV (u-S)PBY ArsPb-S)PbAg (Ar = Ph,p-tolyl) PhsShS83 (p-tolyl) 3Sh S8 (CeFs)sShF° lla 85,86
Ph:Pb{-S)PbPh S lla ey
Pb"V (u-S)Pb"v [(Tip)(Tip)PbL(u-S) S v ez
P! (u-S)P" trans-(Me;Si);Cp-S-PC(SiMe)s Ss or MeSSMe b fa
trans-(Tbp)P-S-P(Ar) (Ar= S b fc, fd, fe, ff
Tbp, 2,4-Bl—6-MeGH,, or Mes)P
trans-(Tbp)P-S-P(Ar) (Ar= Ss b fg
2,44Bu;—6-MeO—CeH,)
trans(Bbt)I?—_,S-P(Bbt) Ss b fh
trans-(Cr(CO))PhP-S-P(Cr(CQ)Ph Ss b~ fi,fj
P'=P'" (S) (Thp)P=P(S)(Ar) (Ar= Tbp, Ss, P(NMe)3 ! fc, fe, ff
2,4-BU—6-MeGH,, or Mes)P
(Tbp)P(Sy=P(Ar) (Ar = 2,4Bu— Ss | fg
G-ME‘O—CGHz)
PVS (Tbp)P(S)H S | fe, fk
ArsPS, ARAr,PS S | fl
(Ar = Ph,p-tolyl, p-CI—CgHy;
Ary, Arp, = Ph,p-CI—C5H4)
Et:PS ethylene sulfide, propylene sulfide, | fm
chloropropylene sulfide
isobutylene sulfide, cyclohexene sulfide
"BusPS cis- andtrans-2-butene sulfide I fn
(EtO)PS cyclohexene sulfide | fm, fo
EtSSEt I fp
RSH (R= n-octyl, benzyl¥ | fr
BUSHs BusSBu' I fu
ethylene sulfide, propylene sulfide, | fu, fw
styrene sulfide, cyclohexene sulfide,
(XX'CH)CH-S-CH,
1
X = Cl, MeO/» EtO,"PrO,'PrO,"BuO, or
PhO and X=H; X = X' = OEt
HzC_S_CHg-CHcl | fx
I —
PhPS (MeNCS)S;, (PhCO)S;, (MexN-p-CsHa)2S,, | fy, fz
(1-CH/CS)2
cis- andtrans-2-butene sulfide, 1-butene sulfide | fn
cyclohexene sulfide, propylene sulfitle | fm, fo
H>C-S-CHCHCI | fx
[
SCh, S,Cl, | ga
5-ethoxy-1,2,3,4-thiatriazdle | 153
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rxn
compound sulfur atom don@gceptor type ref
N&S,05 (sodium thiosulfate) | gb
P4S10 | 103b
a-PsSy | 104, 105
a-PsSg | 105
a-PsS; | 106, 107
o-PsSs | 108
Ar3PS (Ar= various) NaS, (sodium polyulfide) | gc
PhPS, (MeO)PS Lawesson’s reagent | gd
P! (u-S)AS' trans(Megsi)3CI3|-_S-,AsC(Sng)3 S Ilb ge
trans(prle-_S-,As(pr) S Ilb of
[Cp(CO)(PhP)]FeAs-S-P(Tbp), Ss b ag
[Cp*(CO),]FeAs-S-P(Tbp),
[Cp*(CO)IFeP-S-As(Tbp),
PY(S)u-S)As [Cp*(CO)Fe]P(S)-S-As(Thp) S | gg
As' (u-S)As! trans(Me3Si)sCAs-S-AsC(SiMe)s S Ilb gh
trans-(Tbp)As-S-As(Thp) S Ilb gg
As'S PhAsS SC}, SClp | ga
PsSio | 81
5-ethoxy-1,2,3,4-thiatriazdle | 153
PhAS(S)-E-AsPh(E = O, S) S I gi
Sh'" (u-S)Sh" (Bbt)Sb-S),Sh(Bbt) S Ilb gj
Sk (u-S)Sy! R:Sbu-S)SbR (R = Me 99" Et 3« Pr gk PHK) S llla gk, gl, gm, gn
Sb's RsSbS (R= Et, "Pr,"Bu, Cy) S _ I 83
PhSbS 5-ethoxy-1,2,3,4-thiatriazéle | 153
(CéFs)3SbS S, ArgPb, (Ar = Ph, p-tolyl) I, Nla 86
MesSbS, PBSbhS RsSnSnR; (R = Ph, Bz Illa 84
Bi'' (u-S)Bi" R:Bi(u-S)BiR, (R = Me 8° "Pr P p-tolyl99) Ss llla go, gp, 99
Sm'" (u-S)smi" Cp*2(THF)Sm-S)Sm(THF)Cp3 PhPS I ar
Yb" (u-S)Yb'" (Cp*)2Yb(u-S)Yb(Cp*) PhPS, AsS;, COS Il 126
UV (u-S)uVv (MeGsHag)3U(u-S)U(MeGHa)3 COS, PBPS Il gs
(ArO)sU(u-S)U(OAr) (ArO~ = COS, PBPS, 3,9 SO I 127

2,6-ditert-butylphenoxide)

aWoo, L. K.; Hays, J. Alnorg. Chem1993 32, 2228.° Woo, L. K.; Hays, J. A.; Young, Jr., V. G.; Day, C. L.; Caron, C.; D’Souza, F.; Kadish,
K. M. Inorg. Chem.1993 32, 4186.¢ Thorman, J. L.; Young, Jr., V. G.; Boyd, P. D. W.; Guzei, I. A.; Woo, L.IKorg. Chem.2001, 40, 499.
dSweeney, Z. K.; Polse, J. L.; Andersen, R. A.; Bergman, R. G.; Kubinec, M. @Bm. Chem. Sod.997, 119, 4543.¢If loss of H,S from a
possible [§5-CsHs)Ti(u-H)]2(u-S)u-17:57°5-CioHs) intermediate is viewed as a two-electron reductive elimination at each metal center, then the
oxidative addition of two additional equivalents of S atom allow one to classify the reaction as a type IV sulfur atom transfer €oeess, T.;
Herrmann, W. A.; Ashworth, T. VOrganometallicsl986 5, 2514.9 Mullins, S. M.; Duncan, A. P.; Bergman, R. G.; ArnoldJdorg. Chem2001,
40, 6952." Excess HS produced CpZr(SH), as the final product.Ethylene sulfide produced Cg#rS(py) but only as one component in a
mixture of productsi Howard, W. A.; Parkin, GJ. Am. Chem. Sod.994 116 606.* This compound was originally formulated as £r(u-
SyZrCp*, in ref 139 but was subsequently shown to be a mewsadfido species! Classification of this molecule as resulting from a type 111 sulfur
atom transfer reaction assumes reductive elimination sfs@om Cpg,Zr(CHs)(u-O)Zr(CHs)Cp, followed by oxidative addition of elemental
sulfur. M Tainturier, G.; Gautheron, B.; Fahim, M. Organomet. Chen985 290, C4."Erker, G.; Mihlenbernd, T.; Benn, R.; Rufgka, A.;
Tainturier, G.; Gautheron, BOrganometallics1986 5, 1023.° Baranger, A. M.; Hanna, T. A.; Bergman, R. G. Am. Chem. Sod 995 117,
10041.p Howard, W. A.; Parkin, GJ. Organomet. Chenl994 472, C1.9 Schiemann, J.; Fhener, P.; Weiss, EAngew. Chem., Int. Ed. Engl.
1983 22, 980." Albrecht, N.; Hibener, P.; Behrens, U.; Weiss, Enem. Ber1985 118 4059.5 Poncet, J.-L.; Guilard, R.; Friant, P.; Goulon, J.
Polyhedron1983 2, 417.t Poncet, J. L.; Guilard, R.; Friant, P.; Goulon-Ginet, C.; GouloiNalw. J. Chim.1984 8, 583.Y Strictly speaking, these
systems do not involve pure sulfur atom transfer reactions because one of the reducing equivalents for S %o gonesSfrom excess thiolate.
v Nicholson, J. R.; Huffman, J. C.; Ho, D. M.; Christou, iBorg. Chem 1987, 26, 3030." Money, J. K.; Huffman, J. C.; Christou, Gorg. Chem.
1988 27, 507.%Billen, M.; Hornung, G.; Wolmerscheer, G.; Preuss, Z. Naturforsch.2003 58, 237.Y Floriani, C.; Gambarotta, S.; Chiesi-
Villa, A.; Guastini, C.J. Chem. Soc., Dalton Tran%987 2099.2 Moore, M.; Feghali, K.; Gambarotta, $iorg. Chem1997, 36, 2191.22 Money,
J. K.; Nicholson, J. R.; Huffman, J. C.; Christou, [Borg. Chem.1986 25, 4072.2> Chamberlain, M. M.; Jabs, G. A.; Wayland, B. B. Am.
Chem. Socl962 27, 3321.2 This system also does not involve a pure S atom transfer reaction because the oxidation state change from the starting
material, V(QBu),, is only one unit. The other reducing equivalent for the sulfur atom apparently originates from dispiaGsda® Cummins,
C. C.; Schrock, R. R.; Davis, W. Mnorg. Chem.1994 33, 1448.2¢Gerlach, C. P.; Arnold, Jnorg. Chem.1996 35, 5770.2 Ruppa, K. B. P.;
Desmangles, N.; Gambarotta, S.; Yap, G.; Rheingold, Anarg. Chem1997, 36, 1194.29 Sendlinger, S. C.; Nicholson, J. R.; Lobkovsky, E. B.;
Huffman, J. C.; Rehder, D.; Christou, Gorg. Chem1993 32, 204.3"Herrman, W. A.; Biersack, H.; Ziegler, M. L.; Balbach, B.Organomet.
Chem.1981, 206, C33.2 Skripkin, Y. V.; Eremenko, I. L.; Pasynskii, A. A.; Struchkov, Y. T.; Shklover, V.JEOrganomet. Chenl984 267,
285.4 Siemeling, U.; Gibson, V. CJ. Chem. Soc., Chem. Comma892 1670.2Figueroa, J. S.; Cummins, C. @. Am. Chem. So2003 125,
4020.2 These reactions occur under photolytic conditicfiroulx, G.; Bergman, R. G. Am. Chem. S02994 116, 7953.2" Proulx, G.; Bergman,
R. G. Organometallics1996 15, 133.2° Cp,Ta=S(SMe) is generated from a transient,T@(SMe) intermediate formed by migration of the Me
group in CpTa=S(Me) to the sulfido ligand® N3S;Cl; = trithiazyl chloride. See Jolly, W. L.; Maguire, K. D.; Martin, D. F.; Gano, J. E.; Woehrle,
R.; Yoshida, Clnorg. Synth.1967 9, 102.24Greenhough, T. J.; Kolthammer, B. W. S.; Legzdins, P.; Trotteinarg. Chem.1979 18, 3543.
arGoh, L. Y.; Hambley, T. W.; Robertson, G. B. Chem. Soc., Chem. Comm@83 1458.2El-Hinnawi, M. A.; EI-Quaseer, A. KJ. Organomet.
Chem.1985 296, 393.2 Pasynskii, A. A.; Eremenko, I. L.; Rakitin, Y. V.; Novotortsev, V. M.; Kalinnikov, V. T.; Aleksandrov, G. G.; Struchkov,
Y. T. J. Organomet. Chenl979 165 57.2 Reardon, D.; Kovacs, |.; Ruppa, K. B. P.; Feghali, K.; Gambarotta, S.; Petersgheth. Eur. J.
1997, 3, 1482.% Lichtenberger, D. L.; Hubbard, J. lnorg. Chem1984 23, 2718.2" Lincoln, S.; Soong, S.-L.; Koch, S. A.; Sato, M.; Enemark,
J. H.Inorg. Chem.1985 24, 1355.2Hall, K. A.; Critchlow, S. C.; Mayer, J. Mlnorg. Chem.1991, 30, 3593.% Berreau. L. M.; Young, Jr., V.
G.; Woo, L. K.Inorg. Chem.1995 34, 3485.22S atom abstraction from MoSgPMe;); by PMe; leads to the dinuclear species Mo(PMEI(u-
Cl)(u-S)Mo(PMe),Cl,. 2 Yoshida, T.; Adachi, T.; Matsumura, K.; Kawazu, K.; Baba,&em. Lett1991 1067.°> This reference also describes
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the synthesis and crystal structure of (dppee)Mo(O)(S), but the preparation involves use gfMA&QINaHS/dppee and does not appear to occur
by bona fide S atom transfe Lorenz, |.-P.; Walter, G.; Hiller, WChem. Ber199Q 123 979.%dBrunner, H.; Meier, W.; Wachter, J.; Guggolz,
E.; Zahn, T.; Ziegler, M. L.Organometallics1982 1, 1107.°¢Formation of MJd(S)(N[R]JAr); from CS is attended by the formation of
[Mo(N[R]Ar) 3]2(u-CS). " Formation of Md/(S)(N[R]Ar)s from SG is accompanied by the formation of 2 equiv of ¥0)(N[R]Ar)s. 9 Johnson,

A. R.; Davis, W. M.; Cummins, C. C.; Serron, S.; Nolan, S. P.; Musaev, D. G.; Morokuma, Km. Chem. S0d.998 120, 2071.°" Gorzellik,

M.; Bock, H.; Gang, L.; Nuber, B.; Ziegler, M. L1. Organomet. Chenl991, 412 95." Treichel, P. M.; Wilkes, G. Rlnorg. Chem.1966 5,
1182.% Stevenson, D. L.; Dahl, L. Fl. Am. Chem. Sod.967, 89, 3721.%The presence of NCSbyproduct, which confirmed the sulfur atom
transfer, was proven by treating the reaction mixture with 1% aqueous ferric chl¥md¢mnton, W. E.; McDonald, J. W.; Yamanouchi, K;
Enemark, J. HInorg. Chem1979 18, 1621.°™ Rakowski DuBois, M.; Dubois, D. L.; VanDerveer, M. C.; Haltiwanger, Rlrdrg. Chem1981,

20, 3064.°" These Md'S complexes are generated transiently in solution and are prone to internal reduction leadingA0,HWdoY]»(«-S)]?~

as the isolable specie®¥.Wang, J.-J.; Kryatova, O. P.; Rybak-Akimova, E. V.; Holm, R.Ikbrg. Chem2004 43, 8092.%° Eagle, A. A.; Laughlin,

L. J.; Young, C. G.; Tiekink, E. R. TI. Am. Chem. S0d992 114, 9195.°4 Smith, P. D.; Slizys, D. A.; George, G. N.; Young, C. & Am. Chem.
S0c.200Q 122, 2946.5 Thapper, A.; Donahue, J. P.; Musgrave, K. B.; Willer, M. W.; Nordlander, E.; Hedman, B.; Hodgson, K. O.; Holm, R. H.
Inorg. Chem1999 38, 4104."s These systems are catalytic, with@® a thiirane serving as sulfur source. Regeneration of oxidized catalyst appears
to involve the intermediacy of a M8O(5%-S;) complex. Because a sulfido {3 species is not the immediate product formed by sulfur atom
transfer to M&, the sulfur atom donors that constitute the other half of the catalytic cycle are not included in thé tdbieow, J. R.; Tonker,

T. L.; Templeton, J. LOrganometallics1985 4, 745.°“Young, C. G.; Bruck, M. A.; Enemark, J. Hnorg. Chem.1992 31, 593." Jang, S.;
Atagi, L. M.; Mayer, J. M.J. Am. Chem. S0d.99Q 112, 6413."* Thomas, S.; Tiekink, E. R. T.; Young, C. @rganometallics1996 15, 2428.

> Thomas, S.; Tiekink, E. R. T.; Young, C. Giorg. Chem2006 45, 352.% Eagle, A. A.; Gable, R. W.; Thomas, S.; Sproules, S. A.; Young, C.
G. Polyhedron2004 23, 385.°2Eagle, A. A.; Tiekink, E. R. T.; George, G. N.; Young, C. l@org. Chem2001, 40, 4563.¢® Reference 47b also
describes the preparation of Y{S)(Se)(MgP), from H,S and W} Se(H)(MesP),, but because ne-2 change in oxidation state at the metal centers
occurs, this system does fit the description of a sulfur atom transfer rea®®ollinger, J. C.; Chisholm, M. H.; Click, D. R.; Folting, K.; Hadad,
C. M.; Tiedtke, D. B.; Wilson, P. JI. Chem. Soc., Dalton Tran2001, 2074.°¢ Hughes, D. L.; Lane, J. D.; Richards, R.1L.Chem. Soc., Dalton
Trans.1991, 1627.% Drew, M. G. B.; Page, E. M.; Rice, D. Al. Chem. Soc., Dalton Tran%983 61. ¢ Lorenz, |.-P.; Messelhser, J.; Hiller,
W.; Conrad, M.J. Organomet. Chen1986 316, 121.% Beuter, G.; Drobnik, S.; Lorenz, |.-P.; Lubik, £hem. Ber1992 125 2363.% Herberhold,

M.; Schmidkonz, B.J. Organomet. Cheni988 358 301.¢"Herberhold, M.; Reiner, D.; Ackermann, K.; Thewalt, U.; Debaerdemaekez, T.
Naturforsch., B: Chem. Sc1984 39, 1199.¢ Herberhold, M.; Schmidkonz, B.; Thewalt, U.; Razavi, A.; Sliiiharn, H.; Herrmann, W. A.; Hecht,

C. J. Organomet. Chend.986 299 213.9 Qi, J.-S.; Schrier, P. W.; Fanwick, P. E.; Walton, R.1Aorg. Chem.1992 31, 258.In this system,
addition of 1 equiv of R&CR to ReG™ produces a [RESK(SC:R,)]* intermediate to which elemental sulfur adds in a two-electron oxidation
addition process. Subsequent addition of a second equivalent of RCCR across two terminal sulfide ligands effects a second two-electron reduction
to give [R&/S(SC2R)]*". @ Goodman, J. T.; Inomata, S.; Rauchfuss, TJBAm. Chem. Sod.996 118 11674.°"Wang, W.-D.; Guzei, I. A.;
Espenson, J. Hnorg. Chem2002 41, 4780.°" Vela, J.; Stoian, S.; Flaschenriem, C. J.7ik, E.; Holland, P. LJ. Am. Chem. So004 126,
4522.¢° Floriani, C.; Fachinetti, GGazz. Chim. Ital1973 103 1317.° Corazza, F.; Floriani, C.; Zehnder, NIl. Chem. Soc., Dalton Tran$987,
709.¢4Berno, P.; Floriani, C.; Chiesi-Villa, A.; Guastini, @. Chem. Soc., Dalton Tran989 551.¢ Yee, G. T.; Noll, B. C.; Williams, D. K. C.;
Sellers, S. Plnorg. Chem.1997, 36, 2904.¢sHeyke, O.; Beuter, G.; Lorenz, |.-B. Chem. Soc., Dalton Tran$992 2405.¢ Klein, H.-F.; Gass,
M.; Koch, U.; Eisenmann, B.; Sc¢fex, H. Z. Naturforsch., B: Chem. Sc1988 43, 830.¢ Hofman, W.; Werner, HAngew. Chem., Int. Ed. Engl.
1981, 20, 1014.% Neher, A.; Heyke, O.; Lorenz, I.-RZ. Anorg. Allg. Chem1989 578 185.°" Reference 141 deals with only the Rahbm)(u-
S)CL compound & Hadj-Bagheri, N.; Puddephatt, R.J.Chem. Soc., Chem. Commuf87, 1269.% Hadj-Bagheri, N.; Puddephatt, R.ldorg.
Chem.1989 28, 2384.¢?Komiya, S.; Muroi, S.; Furuya, M.; Hirano, M. Am. Chem. So@00Q 122, 170. For R= Np and M= Mn, evidence
supports a concerted mechanism. For all other complexes, intermediates are isolated that implicate heterdpiRetbond dissociation,
coordination of thiirane to a [(dppe)Pt(R)tation, and §2 attack by [M(COJ]~. % Uhl, W.; Vester, A.; Hiller, W.J. Organomet. Cheni1.993
443, 9. % Kuchta, M. C.; Parkin, GJ. Chem. Soc., Dalton Tran998 2279.9¢ Uhl, W.; Gerding, R.; Hahn, I.; Pohl, S.; Saak, Wolyhedron
1996 15, 3987.9 Uhl, W.; Cuypers, L.; Spies, T.; Weller, F.; Harbrecht, B.; Conrad, M.; Greiner, A.; Puchner, M.; WendorffZJArorg. Allg.
Chem.2003 629 1124.9"Hardman, N. J.; Power, P. Fhorg. Chem 2001, 40, 2474.99 Uhl, W.; Graupner, R.; Reuter, H. Organomet. Chem.
1996 523 227.9"Nakayama, J.; Ito, Y.; Mizumura, Aulfur Lett.1992 14, 247.9 Sugihara, Y.; Noda, K.; Nakayama,Tetrahedron Lett200Q

41, 8913.9 The sulfur atom donor ability of this reagent type is driven by the liberation,of'NBordwell, F. G.; Andersen, H. M.; Pitt, B. M.
Am. Chem. Sod.954 76, 10829 Neureiter, N. P.; Bordwell, F. Gl. Am. Chem. Sod.959 81, 578.9™ Singlet and triplet sulfur are generated via
photodissociation of COS" Strausz, O. P.; Gunning, H. B. Am. Chem. Sod.962 84, 4080.% Wiebe, H. A.; Knight, A. R.; Strausz, O. P.;
Gunning, H. E.J. Am. Chem. Sod965 87, 1443.9 Sidhu, K. S.; Lown, E. M.; Strausz, O. P.; Gunning, HJEAm. Chem. Sod.966 88, 254.
daThe carbene to which the sulfur atom is transferred is generated thermally via a diazoniutfrHsgh, Y.; Watanabe, M.; Inoue, S.; Oae,JS.
Am. Chem. Sod.975 97, 2553.9 The carbenes to which the sulfur atom is transferred are generated photolytically as transient $pezaski,

J. P.; Wood, P. D.; Gadosy, T. A.; Lusztyk, J.; Warkentin].JAm. Chem. S04.998 120, 8681.% Michalczyk, M. J.; West, R.; Michl, 1. Chem.
Soc., Chem. Commufm984 1525.% West, R.; De Young, D. J.; Haller, K. J. Am. Chem. Sod.985 107, 4942.9* Mangette, J. E.; Powell, D.
R.; West, RJ. Chem. Soc., Chem. Comma893 1348.% Mangette, J. E.; Powell, D. R.; West, Rrganometallics1995 14, 3551.% Jutzi, P.;
Mohrke, A.; Muler, A.; Bogge, H.Angew. Chem., Int. Ed. Engl989 28, 1518.92Veith, M.; Becker, S.; Huch, VAngew. Chem1989 101,
1287;Angew. Chem., Int. Ed. Endl989 28, 1237.%@Tokitoh, N.; Matsumoto, T.; Manmaru, K.; Okazaki, R.Am. Chem. S0d.993 115 8855.

eb Matsumoto, T.; Tokitoh, N.; Okazaki, R. Am. Chem. Sod.999 121, 8811.¢°Kuchta, M. C.; Parkin, GJ. Chem. Soc., Chem. Comma894
1351.¢4Kuchta, M. C.; Parkin, GJ. Am. Chem. Sod994 116, 8372.¢¢Ossig, G.; Meller, A.; Bianeke, C.; Mler, O.; Sclifer, M.; Herbst-
Irmer, R.Organometallics1997, 16, 2116.¢'Foley, S. R.; Bensimon, C.; Richeson, D.B.Am. Chem. Sod.997 119 10359.¢9Foley, S. R;
Richeson, D. SChem. Commur200Q 1391.¢"The germathione generated by sulfur atom transfer is a transient species that quickly reacts with
one C-H bond of one of the pendaf@u groups.® Lange, L.; Meyer, B.; du Mont, W.-WJ. Organomet. Chend.987, 329, C17.¢ Komoriya, H.;
Kako, M.; Nakadaira, Y.; Mochida, KOrganometallics1996 15, 2014.¢<Bochkarev, M. N.; Razuvaev, G. A.; Vyazankin, N. S.; Semenov, O. Y.
J. Organomet. Cheni974 74, C4.¢ Bochkarev, M. N.; Maiorova, L. P.; Vyazankin, N. S.; Razuvaev, GJAOrganomet. Chenl974 82, 65.
emBochkarev, M. N.; Vyazankin, N. S.; Bochkarev, L. N.; Razuvaev, GJ.AOrganomet. Chenl976 110, 149.®" The reference given in footnote
eo formulates this sulfide a¥,[Ge{ N(SiMes),} 2(1-S)]n, but it is most likely a dimere° Hitchcock, P. B.; Jasim, H. A.; Lappert, M. F.; Leung,
W.-P.; Rai, A. K.; Taylor, R. EPolyhedron1991, 10, 1203.¢P Tokitoh, N.; Saito, M.; Okazaki, RI. Am. Chem. S0d.993 115 2065.% Guilard,

R.; Ratti, C.; Barbe, J.-M.; Dubois, D.; Kadish, K. NMhorg. Chem.1991, 30, 1537.¢" Berreau, L. M.; Woo, L. KJ. Am. Chem. S0d.995 117,
1314.2sThe reference given in footnotr deals only with the TPP andpTP complexes® Zhou, Y.; Richeson, D. Sl. Am. Chem. S0d.996

118 10850.2UKraus, C. A.; Sessions, W. \J. Am. Chem. S0&925 47, 2361.% BzsSnSnBz is sulfurized by MgSbhS but not by P§$bS.®"Leung,
W.-P.; Kwok, W.-H.; Law, L. T. C.; Zhou, Z.-Y.; Mak, T. C. WChem. CommuriL996 505.¢*Hitchcock, P. B.; Jang, E.; Lappert, M. .Chem.
Soc., Dalton Trans1995 3179.%Krebs, A. W.; Henry, M. CJ. Org. Chem1963 28, 1911.%2Kano, N.; Shibata, K.; Tokitoh, N.; Okazaki, R.
Organometallics1999 18, 2999.% Escudie, J.; Couret, C.; Ranaivonjatovo, H.; Satge, J.; Jatthakphorus Sulfut983 17, 221.% The references
given in footnotesgc andfd concern only the symmetrically substituted bis(Tbp) compoffridoshifuji, M.; Shibayama, K.; Inamoto, N.; Hirotsu,
K.; Higuchi, T. J. Chem. Soc., Chem. Commui®83 862. Yoshifuji, M.; Ando, K.; Shibayama, K.; Inamoto, N.; Hirotsu, K.; Higuchi, T.
Angew. Chem., Int. Ed. Endl983 22, 418." Yoshifuji, M.; Shibayama, K.; Shima, I.; Inamoto, Rhosphorus Sulfut983 18, 11. Yoshifuji,

M.; Shibayama, K.; Inamoto, NHeterocycles1984 22, 681.% Yoshifuji, M.; An, D.-L.; Toyota, K.; Yasunami, MChem. Lett.1993 2069.
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Table 7. (Continued)

Continuation of References for Table 7.

fh Sasamori, T.; Takeda, N.; Tokitoh, N. Phys. Org. Chen2003 16, 450.f Borm, J.; Huttner, G.; Orama, O.; Zsolnai, L. Organomet. Chem.
1985 282 53.% Borm, J.; Huttner, G.; Orama, @. Organomet. Cheni.986 306, 29.  Yoshifuji, M.; Shibayama, K.; Toyota, K.; Inamoto, N.
Tetrahedron Lett1983 24, 4227." Bartlett, P. D.; Meguerian, GI. Am. Chem. S0d.956 78, 3710.™ Culvenor, C. C. J.; Davies, W.; Heath, N.
S.J. Chem. Socl949 282.M Denney, D. B.; Boskin, M. JJ. Am. Chem. Sod.96Q 82, 4736.% Davis, R. E.J. Org. Chem1958 23, 1767.
o Jacobsen, H. I.; Harvey, R. G.; Jensen, E.JVAm. Chem. Sod955 77, 6064.% Thiol desulfurization in this system is catalyzed by UV
radiation.” Hoffmann, F. W.; Ess, R. J.; Simmons, T. C.; Hanzel, R1.3Am. Chem. Sod956 78, 6416.% Desulfurization is catalyzed by 2 mol
% azobisisobutyronitrile® Desulfurization is catalyzed by 2 mol ®uOOBu.  Walling, C.; Rabinowitz, RJ. Am. Chem. S0d.957, 79, 5326.

f Schuetz, R. D.; Jacobs, R. [l. Org. Chem1958 23, 1799." Schuetz, R. D.; Jacobs, R. 1. Org. Chem1961, 26, 3467.% Dittmer, D. C;
Kotin, S. M. J. Org. Chem1967, 32, 2009." Schimberg, A.Chem. Ber1935 68, 163.% Schimberg, A.; Barakat, M. ZJ. Chem. Soc1949 892.
92 Glidewell, C.J. Organomet. Chenl976 116, 199.9 Shcherbaov, V. |.; Grigor'eva, I. K.; Sarycheva, N. A.; Razuvaev, GQViAtalloorg. Khim.
198§ 1, 700.9¢ Miranda, R.; Salas, I.; MondrageJ.; Velasco, LSynth. Commuril992 22, 1077.9¢ Shabana, R.; El-Kateb, A. A.; Osman, F. H.
Chem. Ind. (London)l984 15, 553.9 Escudie, J.; Couret, C.; Ranaivonjatovo, H.; Wolf, J.7®trahedron Lett1983 24, 3625.9 Smit, C. N.;
Nemansky, M.; Bickelhaupt, Phosphorus Sulfur Relat. Elert987, 30, 806.99 Weber, L.; Sonnenberg, hem. Ber1989 122, 1809.9" Couret,
C.; Escudie, J.; Madaule, Y.; Ranaivonjatovo, H.; Wolf, J¥&trahedron Lett1983 24, 2769.9 Silaghi-Dumitrescu, L.; Gibbons, M. N.; Silaghi-
Dumitrescu, |.; Zukerman-Schpector, J.; Haiduc, |.; Sowerby, Dl.®Organomet. Cheni996 517, 101.9 Sasamori, T.; Mieda, E.; Takeda, N.;
Tokitoh, N. Chem. Lett2004 33, 104.9% Breunig, H. J.; Jawad, HZ. Naturforsch., B: Chem. Sc1982 37, 1104.9 Haaland, A.; Sokolov, V. |;
Volden, H. V.; Breunig, H. J.; Denker, M.; Rter, R.Z. Naturforsch., B: Chem. Sci997, 52, 296.9™Haaland, A.; Shorokhov, D. J.; Volden, H.
V.; Breunig, H. J.; Denker, M.; Rader, R.Z. Naturforsch., B: Chem. Sci998 53, 381.9"Breunig, H. J.; Lork, E.; Reler, R.; Becker, G.; Mundt,
0.; Schwarz, WZ. Anorg. Allg. Chem200Q 626, 1595.9° Wieber, M.; Sauer, 1Z. Naturforsch., B: Chem. Sc1984 39, 887.9 Breunig, H. J.;
Muller, D. Z. Naturforsch., B: Chem. Sc1986 41, 1129.99Wieber, M.; Sauer, IZ. Naturforsch., B: Chem. Sc1987, 42, 695.9" Evans, W. J.;
Rabe, G. W.; Ziller, J. W.; Doedens, R.Idorg. Chem1994 33, 2719.9SBrennan, J. G.; Andersen, R. A.; Zalkin, lhorg. Chem1986 25, 1761.
9tUse of $ or SO is accompanied by the formation of other, unidentified species.

6 S, 6‘S
- St / sS—sS S 5/
SN S =Ry = 1-Ad S
>/ | = But, Ry = 1-Ad )l\
R1 R2 R R2 R1 But R, =Ph R1 Rz
(b) ( ) o
Oxathurane Thione S-oxide | T | Thione s-
or sulfine Dithiirane sulfide

Figure 6. lllustration of the oxathiirane, sulfine, dithiirane, and thiod®eulfide structures.

that would be a good sulfur atom acceptor from an oxathi- inaccessibility due to the multiple-step synthéée&-'8
irane would likely also be a good oxygen atom acceptor, through which they are prepared (Scheme 2).
oxygen atom transfer from an oxithiirane might be competi- .
tive with, or conceivably even preferred to, the desired sulfur 5.3. RsES Compounds (E = P, As, Sh)
atom transfer. Sulfur atom transfer reactions between triarylpnictogen
Dithiiranes [(c) in Figure 6], although relatively scarce and sulfides RES (E= P, As, Sb) and triaryl- or trialkylpnic-
unusual molecules, are considerably more amenable totogens RE are processes that are readily rationalized by
isolation and application as potential sulfur atom donor the relative basicities of the pnictogen centers. Thus, phos-
reagents. In contrast, thiocarborfysulfides [(d) in Figure phines are rapid and clean acceptors of sulfur atom from
6] are highly reactive isomeric forms of dithiiranes, which RsAsS and BSbS complexes, whereagA$ compounds are
are too unstable to permit isolation but which have been themselves in turn facile acceptors of a sulfur atom from
trapped in 1,3-dipolar cycloaddition reactions with an ap- RsSbS’® Sulfur atom transfer between phosphine compounds
propriate electrophil& The current body of knowledge on  or between arsine compounds occurs in the direction that
dithiiranes, thiocarbony$-sulfides, and related compounds favors placement of sulfur on the more alkyl substituted, and

has been recently reviewés. therefore more electron rich, pnictogen center. These reac-
Several examples of dithiiranes have now been well- tions typically exhibit clean second-order kinetics consistent
characterized spectroscopicdfy’* and by X-ray crystal- with the bimolecular mechanism that is presumed to be
lography“2d(Figure 6). These molecules are lightly orange- operative in these atom transféfsRecent thermochemical
colored due to a h— o* (S—S, S-C) transition at 438 measurements by Héffon the reactions of elemental sulfur

455 nm. When stabilized by the presence of bulky alkyl with a variety of phosphines in benzene or toluene solutions
substituents such atert-butyl and 1-adamantyl groups, have verified earlier measurements by Chernick, Pedley, and
dithiiranes may be handled at ambient temperature in the Skinnef4?and established a range of reaction enthalpies for
open air and be purified by column chromatography. With RsP + S— R3PS that extends from30.9 kcal/mol for CyP

less sterically protecting groups, dithiiranes are susceptibleto —21.5 kcal/mol for PEP (Table 4! Associated PS bond

to decomposition to elemental sulfur and the corresponding dissociation energies trend in the same manner (Table 6) and
thione when subjected to chromatography on silficapart range from 98 to 88 kcal/mol. Thermodynamic data fosEh
from one report of the desulfurization of a dithirane by + S — PhES (E= As, Sb) were derived indirectly from
PhsP,2the S atom donor ability of these molecules has not calorimetric measurements of sulfur transfer reactions to
been systematically examined. The sulfur atom donor activity PhsP. The value obtained for BBbS indicates that elimina-

of dithiiranes is likely to be quite high, and although they tion of sulfur is an approximately thermoneutral process in
are not commercially available molecules, they represent benzene or toluene solutions (Table 4).

intriguing possibilities as potent but clean sulfur atom donor  Although sulfur atom transfer from B&bS too-P,S, has
reagents. Their principal disadvantage is their relative been reported to produce new phosphorus sulfige,%s,
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Scheme 2. lllustration of the Multistep Synthesis of Di(1-adamantyl)dithiirane Starting from Commercially Available
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aFor step 1, cf. ref 76; for steps 2 and 3, ref 77; for step 4, ref 78; for step 5, ref 74d.

0-P4Ss, ande-P,S5)8° that have not been accessible by thermal
reactions of the elements or by sulfur atom abstractions with
phosphines, others have noted that facile decomposition of
PhSbS to PESb and elemental sulfur in solution limits the
utility of this compound as a synthetic reagent and greatly
complicates kinetics studies. The sulfur extruded appears to
be singlet disulfur resulting from a bimolecular dispropor-
tionation proces8! Evidence for the presence of transient
singlet $ arises from spectroscopic detection of 3,6-dihydro-
4,5-dimethyl-1,2-dithiin when solutions of FE3bS are in-
troduced to 2,3-dimethylbutadiene (reaction 24).

2 Ph3SbS —»

PhsSb - S--..S...SbPhg (24)

A variety of other RSbS compounds are known, including
MezShS8 Et;ShS8 "PrShS82 "Bu;ShS82 and CyShS8 Of
these, MgSbS warrants particular mention because it is a
crystalline compound that is easily prepared and very
amenable to purification and handling. The greater electron
richness of methyl versus phenyl substitution probably
renders MegSbhS somewhat less prone to spontaneous extru-
sion of elemental sulfur, possibly placing it closer to;Ph
AsS in terms of its stability. EBbS has been found to be
competent to insert a sulfur atom into the metaletal bond
in R3M—MR’3 (R=Me, R =PhorBz, M=Sn#*R=R’
=Ph,M=Sn#*R=R =Ph,M=Pb¥®R=CeF;, R =
Ph, M = Pb#& R = CgFs, R = p-CsHsCHz, M = PIF9)
compounds (reaction 25), which generally placeSHs

RsM-MR’; R%M-S-MR’;
+ R3SbS + R3Sb

(M = Sn, Pb) (25)

compounds abovesgBn—S—SnR; reagents in terms of sulfur
donor reactivity. The reactions illustrated in reaction 25 are
of type llla as defined in reaction 11a. Interestingly, no sulfur
atom transfer is observed to occur whenjSleS is treated
with PhsM—MPhg species where M= Si or Ge®*

5.4. Bis(tri- n-butylstannyl)sulfide, "BusSnSSn"Bus
Bis(tri-n-butylstannyl)sulfide, known also as Harpp’s

Scheme 3. Examples of the Use of Harpp’'s Reagént

N ~
o) o) o)
! .
c
P e P s Sen
n |
cl Bu3SnSSn"Buj
—
s > CHOl; < —S~—sg
o o) o)
N—CI 2 "Bu3SnCl EEN_S_N¢
Y J N\ \ 4
aSee ref 93.

an attractive candidate as a sulfur atom donor. It is com-
mercially available and inexpensi¥e.The Sn-S bond
dissociation energy is probably quite modest, although
specific thermodynamic information on tin compounds is
quite limited. The putative byproduct from sulfur atom
donation,"BusSn—SmBus, is unlikely to pose complications
by further acting as an oxidizing agent or as a ligand if used
as a sulfur atom donor in a transition metal systém.
Hexabutyldistannane should in most instances be readily
separable from the desired sulfided product by extraction
with an alkane solvent. Other hexaalkyldistannylsulfides are
known® readily prepared according to literature methods,
and offer some degree of tunability from the sulfur atom
donor capacity ofBusSnSSABus.

Bis(tri-n-butylstannyl)sulfide has found scant use thus far
as a sulfur atom donor or chalcogenide exchange reagent in
inorganic or organometallic systems. It has been used as a
source of sulfur in the preparation of the cuboidal tungsten
sulfide, [W(NTol)(SP(OEt})S]s (NTol = N-tolylimido),®°
although the complexity and low yield of the preparation
leave it unclear as to whetheBusSnSSfBu; is a source of
either sulfur atom or sulfide,?S. Depending upon reaction
conditions and stoichiometry]Bus;SnSSABu; has been
demonstrated to be highly effective in transforming primary
alkyl halides to thiol& or to dialkyl sulfides’ In the presence
of acyl chlorides, sulfenyl chlorides (RSCI), Nrchlorosuc-
cinamide as substrates, corresponding diacyl sulfides, organic
dialkyl trisulfides, and bis(dialkylaminocarbonyl) sulfides are
similarly formed (Scheme 3. With these systems, the net
reaction is effectively halide-for-sulfide exchange between

reagent, has several particular attributes that render it to be"BusSnSSfBu; and the organic chloride. This point suggests
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Figure 7. Known sulfides of phosphorus.

that the ability of"BusSnSSfBuU; to engage in bona fide atom ~ Scheme 4. Sulfur Atom Abstraction Reactions from &S,
transfer may be improved in the presence of halogen so asMolecules by PhP
to form a thermodynamically stable tin halide product and $

thereby drive the liberation of atomic sulfur (reaction 26). P PP PSP PP Phspes
?S/ ? g |:|>.S '!. M
"BuzSn-S-Sn"Bus + I, —— "S" + 2"Bu,Snl (26) s7hls TIPSy ST LS Ss i i
S// ~—g yS S//P\SPhaP Ph3P=SS//P\S
S > 1
On balance, the currently available information tBus- Sp4s10 a-P4Se ,FLS_S/;': Fl'-T~s/Fl’
SnSSABu; indicates that it may offer wider utility as a sulfur sz/p\s/ Py
atom donor reagent than has been thus far demonstrated.
a-P433 5-P4S1
5.5. Phosphorus Sulfides, P 4S, SN SO enp Phap=sp\/s\P Sonp prpes P\/S\P\
Numerous sulfides of phosphorus are known, well char- /\S\ s N Swp-/-S N L Swp-]-S
acterized, and available either commercially or through clear s\P//Ps S pt-S S-S
preparative proquures. All phosphorus sulfides are of the aPyS; /P4Ss PS5
general composition43, (n = 3—10) and conceptually may o o
be derived from the Ptetrahedron through sulfur atom S/ \gs PhP Ph3P=sS/ \QS
oxidative addition to a phosphorus lone electron pair to form \ L/ \ L/
a terminal thiophosphoryl group €/5) and/or insertion into PPN Pg—P
a P—P single bond? For sulfides wheren = 4—9, more a-P4Ss BPS,

than one isomer may be prepared or at least detected

spectroscopically (Figure 7). Those phosphorus sulfides thatand Scheme 4) so that structural reorganization is minimized.
are available directly from melt reactions of the elements in Nevertheless, these data offer at least an approximate idea
the proper ratios are;,B;,°>% o-P,S;,°59"%%and BS;0.%597:9° of where the sulfur atom couples connecting structurally
Small quantities ofs-P4+Ss have also been identified in and related RS, species might occur. It has been suggested that
isolated from phosphorussulfur meltst®® Another long- sulfur-binding energies decrease igSPcompounds as the
known and well-characterized phosphorus sulfide is proportion of sulfur increasé$?It is unfortunate that a lack
0-P4S5,%5:97:101which is obtained photochemically from €S of thermochemical data on thee® and RSy phosphorus
solutions of RS; and elemental sulfur with catalytic traces sulfides prevents couples involving these higher sulfides from

of I,. being formulated.
From the scant thermodynamic data that have been A point that further adduces the potential fonSP
obtained either experimentaif?* or computationally?? compounds to serve as sulfur atom donor agents is the fact

indications are that phosphorus sulfides are potentially usefulthat many of the other known,8, species are derived from
sulfur atom donors. The couplesIAs) — PsSe(s) + “S7(s) o-PsSs, a-PsS;, and RSy by sulfur atom abstraction with
and BSs(s) — PsSs(s) + “S”(s) are exothermic processes phosphines. By this synthetic approac+P,S; may be
(Table 2) and among the few available that apparently favor obtained from ES;0,1% 0-P4S; from a-P;Sgt% through the
sulfur atom donation. Unfortunately, it is unclear which of intermediacy ofa-PsSs,'% 5-P,S61% and -P,Ss 197 from
the various isomers of48;, P,Ss, and RSs correspond to o-PsS;, and B-PsS, from o-P,Ss (Scheme 43% Even a
the data presented in the original sources. The only plausiblerelatively modest sulfur atom acceptor such agABhmay
couples are obviously those that interconvert topologically be readily oxidized to P#AsS by sulfur atom transfer from
similar P,S1/P4S, species (e.gq-PsS//5-P4Ss in Figure 7 P4S;0.81
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One significant advantage to the use g&f8 and RS; as Scheme 5. Synthetic Routes to Sulfur Diimides

sulfur atom donor agents is their commercial availabil?fy, R
but it should be noted that they are typically formulated AN 5
incorrectly as BSs and BS; species. Conceivable disadvan- NH, | NN
tages to their use are issues of solubility, which may render N=s=N
the reaction system to be heterogeneous rather than homo{” | % ©/ Naroueness |
geneous, and their potential for forming MS,?", disulfide) K e A K
products in reactions with transition metal complexes. R @ R ® R
R
5.6. Sulfur Diimides R-NHZRj—C,'B*u> /N=S=N/ % R-NH,
. . R
A class of molecules with potential usefulness as sulfur ©

atom donor agents is the family of molecules known as  “See text for literature citations.
dialkyl and diaryl sulfur diimides, RN=S=N—R (R = . . . . .
alkyl, aryl) (Figure 8). When these intriguing molecules were diimides is the possibility of achieving some tunability to

their reactivity by appropriate variation of the R group. One
disadvantage to their use is that, in sulfur atom transfer to

Q s /@ metal complexes, the diazene byproduct could persist as an
\ 4 unwanted ligand.
©/ @ 5.7. Carbonyl Sulfide, COS

The transition metal chemistry of COS consists predomi-

(@) (b) nantly of the formation of M-;2-COS species, the formation
3 of dithiocarbonate ligand (CQ%) via reductive dispropor-
O\ tionation, and insertion into metaligand bonds:8 In metal
N=N complexes with phosphine ligands, the formation ofijan

COS carbonyl sulfide adduct is often attended by sulfur atom

abstraction by displaced phosphine (reactions29) 11912
(c)

PPh; PPh;

Figure 8. Structures of diphenyl sulfur diimide (a), diphenyl l \CO co

diazene N-sulfide (azothiobenzene) (b), and diphenyl diazene ppp— g, cos oc—~Ru. + PhyPS  (27) 119

N-oxide (azoxybenzene) (c). oo Petroleum ether \co °

) . . o . PPh3 PPhy

first synthesized and studied, they were misidentified by <=

some researchers as their structural isomers, the diazene & cos & + MesPS (28) 120
_ 1 10 i H —_—

N-sulfides1® (Figure 8). It was not until a later structural Me3P/ \PM83 Me3P/ o

characterization by X-ray crystallograghithat their correct
identity was clearly established. The initial formulation of  nNicoyPphs); + cos %» Ni(CO)(PPhs), + PhPS  (29) 12!
these molecules as diazeNesulfides was not unreasonable

A PhaP PPhg

because the oxygen analogue of this molecule type, the cos S/ 12212
. X - 2 Pt(Phg); ————— Pt Pt (30) ==

diazeneN-oxide (Figure 8), was a known molecule type and petroleum ether N

because they were observed to undergo facile desulfurization, o _3?;3,, PhsP Y

either on basic alumid#® or in the presence of metallic PMePh, ITI PMePh,

zinc 191120 afford the corresponding diazenes. Notwith-  py yiep— w"—pniepn, — %S c—YW—co (31) 124,128

standing the erroneous stereochemical conclusions to whiche yenp i thMer/ |

they led, these observations of facile desulfurization suggest a -2 PMePh, cl

the possibility of applying these sulfur diimides as sulfur

atom donor agents. Nevertheless, carbonyl sulfide has in a variety of instances

A conspicuous advantage to these molecules is their readybeen observed to act as a sulfur atom donor to transition
availability (in gram quantities) by several synthetic routes, metal centers in reactions of types | and Il. Carbonyl sulfide

as illustrated in Scheme 5. Diaryl sulfur diimides may be is a considerably better sulfur atom donor thar, G®ing
synthesized directly from elemental sulfur and the corre- to the ~30 kcal/mol greater stability of €0 versus &S

sponding aniline through the mediation of mercuric aceta- as the byproduct, the latter of which is not an isolable
mide'2113although this method appears to work best with molecule. The first study in which COS was found to act as
electron-donating para substituents. Reductive coupling of a sulfur atom transfer agent involved its reaction with Pt-
N-sulfinyl amine by sodium metal in refluxing tolugffg-112.114 (PPh)s,22 a reaction that is of the secondary type (reaction

has also been reported to produce sulfur diimides, which can30). Identification of the product as a dinucleaisulfido

either be vacuum distilled or purified with column chroma- species was later established by structural characterization

tography silica get'? PhenylN-sulfinyl amine is not only by X-ray crystallography?? Carbonyl sulfide has also been
available commerciallf® but can also be readily prepared found to react by primary atom transfer with"\Blomplexes

from the anilinium chloride and thionyl chloridé® A third to afford species to which the CO byproduct is also bound
route to R-N=S=N—R compounds involves treating pri- (reaction 31)}24'?5In other instances, COS is observed to

mary amine with either SE(R = Bu)!'’ or SK, (R = Ph) cleanly transfer sulfur atom with complete elimination of
in Me3N as solvent!* A further advantage to the use of sulfur CO, as with CpsYb" and (ArO}U"'(THF), which react by
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type 1l atom transfer to produce the corresponding
Cp*Yb"—S—YDb"' Cp*, 26 and (ArO}U"Y —S—UV(OAr), 127
dinuclear species, respectively (reactions 32 and 33). Al-

1eq. COS
—_—
hexane
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may generally be reversed by a strong sulfur atom acceptor
such as P§P. However, the interconversions illustrated by
reactions 38 and 39 are reactions of the type depicted in reac-

though it has not been widely used as a sulfur atom donor tion 5 and are not oxidative addition or reductive elimination

agent, COS does have the convenience of being a gas, whictatom transfer processes as defined in reactions27 _
can be used in excess and readily swept away. Although Advantages to the use of BzZSSSBz are its commercial

commercially available, it may also be generated conve-
niently and inexpensively in the laboratddj Disadvantages

availability, the fact that it is easily preparé®,and its
stability as a solid in the open air, which makes it convenient

to the use of COS include the possible formation of undesired in applications in which stoichiometric precision is essential.

(7?-COS) products and binding of CO to theé™S product.

5.8. Dibenzyl Trisulfide

Dibenzyl trisulfide has been determined by measurement

of reaction enthalpies to be a relatively good sulfur atom
transfer agent that falls between R8BS and SPISbS in
donor strengt! It has been used by Holm in the preparation
of a series of W'S complexes in couples of the typeM-

[S] — WVIS (reactions 3436)'2° 13! as well as by Cotton

in the synthesis ofrans-(dppe}Mo'V'S, (reaction 37) and

"

s VlVIV s BzSSSBz

C S/ \S I MeCN

joll u
]
Y%
S B:IIS:CSNBZ HaC (35)1%
HC—\ S/ \S —CHs HsC
HyC CH,
| -
S
o V|VI'Y"'S BzSSSBz  H,C (36131
HiC— S/ \SICH;; MeCN Hi
HaC CHs
N
Ph lrLI
Ph Pho S
Ph \ Ph
t\p ,,.Mg_”.‘.PfaPh 2BzSSSBz Ph\_\p, HIV g oh
4 / P, IV 0 \-
Ph™~pe | NP Ph toluene Ph‘t /MO\ J (37)132
) X 2 NG
Ph N Ph

Ph Ph

trans-(dppee)Mo'V'S, complexes3?In a number of instances,

A potential disadvantage to the use of BzSSSBz is the
formation of BzSSBz byproduct, which might undergo

further oxidative addition to the intended product to form

thiolate ligated species.

5.9. Hydrogen Sulfide, H ,S

H,S is not commonly employed as a sulfur ata@nor
reagent, presumably because of the inconveniences associated
with working quantitatively with a corrosive gas, which also
has a highly offensive odor. When8l functions as a bona
fide sulfur atom donor, an equivalent of gas is generated
as byproduct. Mononuclear systems that show well-defined
reactivity with hydrogen sulfide are the cyclometalated
phosphine complexes M(PMg(1>-CH,PMe)H of molyb-
denuni®® and tungsteti described by Parkin, which oxida-
tively add 2 equiv of HS and eliminate 2 equiv of Hto
form the correspondingransM'VS,(PMes), complexes
(reactions 40 and 41). In the tungsten system, a bis-

PMe; PMej

S
Me;Py,, | ", "
e3P, MesP, Nlilév wPMe; (40)136

MesPry,, | .\PMe; 'PM&3, La\PMeg  H,S

H—Mo —_— -
LN ~ ; MesP™ I
MezP PMes =T Meap/| CH, H, 3! g PMes
PMe; PMe;
H,S / CeHe
86% yield
PMe; HoPMes S
Me3: vlv ...... 7,Me3 H,S Me;P:...\WK.-\SH CoHo MeaP"".,\I,\I,'Y---"PMES N
= —
Ve P/ I \CHZ pentane  MesP” / \\SH Me3p/||\PMe3
: H Py, s

(hydrosulfide) bis(hydrido) intermediate was isolated and
identified analytically and spectroscopically by comparison
with its deutero counterpart. Formation of Was confirmed
by conducting the reaction in the presence of 2 equiv of the
oxametallacyle W(PMg4Hz(572-OCsH.), which functions as
a hydrogen trap’

Primary sulfur atom transfer byJ3 to Cp*%Zr(CO), has
also been observed but only under conditions of substoi-

BzSSSBz has been applied in the transformation of terminal chiometric BS in the presence of pyridif& (reaction 42a).

or bridging sulfide ligands into the corresponding disulfide
ligands ($?7) (reactions 38 and 39§3134a conversion that

In the absence of pyridine and in the presence of limiting
H.,S (3 equiv) the monosulfido complex [(Cgr(SH)](u-
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; \IV
| HsS ZrisN
; \|| ..... C’o %26;37
r\c‘o
\ﬁ (42b)1%8
m

=

ot

Excess H,S

; \|\/_"\\SH (42)
3 / y’
—S—Zr HaS
; HS.?:Z_HZ +4CO

@\

S,
\ /Zr
s So % @
S) may be isolatéd® (reaction 42b), a compound that was
previously formulated as the bisS) dimer, [Cp%Zr](u-
S).1? With the less sterically crowded ¢r(CO), system,
reaction with HS does lead to the formation of [e4].-
(u-S), a product that was characterized structurally by X-ray
crystallography (reaction 43¥° It bears mention that al-

though [Cp%Zr].(u-S), does not result from reaction between
Cp*Zr(CO), and HS, presumably because of steric con-

+2H, + 4CO (43)'®

(44)140

HC CH
H,C=CH,

siderations, its formation by alternate routes is not necessarily

precluded. Although they did not confirm its identity with a

crystal structure, Thiele and Beckhaus have reported the

synthesis of [Cp3Zr],(«-S), from Cp*,Zr(CH=CH,), using
elemental sulfur (reaction 44%°

Most other instances of sulfur atom transfer involvingsH
fall under the type Il classification (reactions 11) because
reductive elimination of Kl is facilitated in dinuclear

Donahue

Balch had noted that the-sulfido ligand could be oxidized
by MCPBA tou-S0;,, which readily dissociates to regenerate
the starting Pg(dppe}Cl, complex. This reactivity scheme
thus provides a conceptual basis for a catalytic cycle of
reduction of HS to H. Since the studies done by James, a
number of related dinucleasrbis(phosphine) complexes of
late transition metals have been observed to accept the sulfur
atom from HS and eliminate K These systems include
zerovalent MNRE? Ruw,'** RhRe!*® Rh,46 and Ip,14
complexes with bridging dppe ligands. An interesting and
unusual example of reversible elimination/addition oftél

a dinuclear big{-S) complex is the [(triphos)RKu-S)yRh" -
(triphos)F" system, which is formed in a type IV reaction
from (triphos)RhCI(HCCH,) and 2 equiv of HS (eq 46).*”

5.10. 5-Aryloxy-1,2,3,4-thiatriazoles

Molecules with potential usefulness as clean, powerful
sulfur atom donors are 5-aryloxy-1,2,3,4-thiatriazoles. These
molecules are readily prepared by reaction of aryloxide with
thiophosgen®® and subsequent treatment of the resulting
O-arylthionochloroformate with azid® (Scheme 6). These

Scheme 6. Synthesis of 5-Aryloxy-1,2,3,4-thiatriazolgs

S /N\\

CI \\
C\s

N

OH 0
1)NaOH,20°C  # NaNs
—_—
2) Cl,C=S, | acetone, 0 C
CHCl3, 0°C, 3 h \\R 30 min

aSee refs 148, 149, and 151.

complexes where each metal center can bear a hydride ligand-aryloxythiatriazoles undergo thermolysis under mild condi-

The most thoroughly studied such system is that of Pd
(dppeXXz (X = CI~, Br~, I7), which is most reactive when
= CI~ (reaction 45). The sulfido-bridged compound:(2el

Ha
Ph Ph H,S Ph Ph
/ ’ N /
ph>P/\P\Ph % F‘h/T FrPh
‘ | S, 45)142
Cl—Pd—Pd—C ————————> /Pd Pd (45)
| >/ o | e
_—P P— 2MCPBA pp—FP P—
Ph—P~_ - —Ph PR/~ \_Ph
Ph Ph S0, Ph Ph
pPh T (BPha)
N
Ph_Ph CIH H Ph Ph H T PQ//F’h/\CH
,,,,, | R Pea,... |Ill WS, ||]|‘.\\P\/\/ 2H
/__E)f Rh. HaS  _RhI _Rh i ——
AP TNaeen, /\/P/. 7 |\P -
HC_ 7/ H H ¢ Y AN 2
e R, Newr R, " Hopn Ph
b N
ph\Ph ] (BPha)
Ph ph
e Rh/,,\“"\
LT TN ST iy
P
T\ Ph/\ph
pifh

S)(u-dppe}Cl, was first prepared by Balch by oxidative
addition of elemental sulfur or abstraction of sulfur from
propylene sulfidé*! Subsequently, James discovered facile
formation of Pd(u-S)u-dppe}Cl, from H,S as well and
undertook a thorough study of the kinetics of this reactin.

tions to liberate aryl cyanate and, ultimately, elemental sulfur
and dinitrogen. The irreversible formation of dinitrogen gas
provides the strong thermodynamic impetus for sulfur atom
donation. Vacuum flash pyrolysis experiments and matrix
isolation of the labile species formed have identified dini-
trogen sulfide, NS, as the reactive intermediate that donates
sulfur atom in the presence of a suitable substi®te.

Aryloxy-1,2,3,4-thiatriazoles have been found to produce
modest yields of the corresponding olefin sulfides when
reacted with norbornene arihns-cycloocteng?-15?Reac-
tivity with triphenylpnictogens, PJE (E = P, As, Sb) to
produce triphenylpnictogen sulfide was somewhat cleaner
and higher yielding®? Although these sulfur atom donors
do not appear to have been used in any other instances as
sulfur atom donors, they do have the advantages of being
readily accessible on a preparative scale, of being stable when
stored at low temperature, and of forming relatively benign,
easily separated byproducts (Ar&8l and N,) after atom
transfer. Furthermore, their reactivity can be tuned to some
degree by appropriate variation of the para substituents on
the aryl ring'>! Other types of 1,2,3,4-thiatriazoles, such as
5-alkyl- and 5-amino-substituted variants, have been de-
scribed and reviewed elsewhépé.

6. Compounds Prepared by Oxo-for-Sulfido
Exchange Reactions

Oxo-for-sulfido exchange is a second method for the
synthesis of molecular sulfides and is arguably of greater
historical and general significance than sulfur atom transfer
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reactions. If oxo-for-sulfido exchange reactions are consid- Indeed, the first thiovanadyl V=S compounds were pre-
ered to include organic systems, such as the synthesis ofpared from corresponding oxo homologues witsHreac-
thiiranes from epoxides and the conversion of ketones andtions 47 and 4838159 Similarly, the first mononuclear
aldehydes into the corresponding thiones, then the numberMoV=S % TcV=S 6! and R&'=S'%? complexes were pre-
of specific examples of chalcogenide exchange reactionspared and isolated with 5 as the chalcogen exchange
would appreciably exceed the number of instances in which reagent (reactions 49 and 50). Other types ef®1com-
sulfur atom transfer has been described. Indeed, for the twoplexes prepared with this reagent include’’is 163 Mo'V=
cases just mentioned, chalcogen exchange remains thes64165MoV'OS186 WVIQS 67170 WVIS, 167171 \WVIQS;,,156
preferred preparative route to these types of compounds,and R&=S'®! (reactions 49, 5353, and 55-60). In one
many of which are biologically relevant or synthetically

useful. In general, these oxo-for-sulfido exchange reactions @ Ercess 8,5, ) \ﬁ,

——

work because light main group elements such as carbon and ;7/0/ %"O\QCH@N'NMUO“/ \O\Q
. =N N=, c=N N,
phosphorus generally form appreciably stronger bonds to =%, oS

(47)158

oxygen than to sulfur in isostructrual compounds. Thus I ae Iy .

. . A eq.BS; sV, "
chalcogen exchange is a thermodynamically favorably 'z NiTed  agwrm, it G 8
process. Table 8 summarizes known instances of oxo-for- wé T e W o e

sulfido exchange alpng with the exchange reagent used and 4\‘/ o 4\( s
the corresponding literature reference. Ol Ty 5, Ol Tl (49yte0.181

M _—
/O N// \CI O deonygensted Gl / O N// \CI (M = Mo, 10 T¢, 16" Re61)
N N

7. Oxo-for-Sulfido Exchange Reagents HB///)N@_ HBL//”J@”)_
7.1. Lawesson’s Reagent, [2,4-Bis- il I, o
(p-methoxyphenyl)-1,3-dithiaphosphetane- \P/R\x e RN
2,4'd|SU|f|de] R\R R\R E:m:vo{?gﬂ;

Although it has been almost exclusively under the domain o ~
of organic chemistry, the most convenient, versatile, and /\N<~S'--,1Lv§§/" B,
; S > CH,Cly/ Ny /3 d

probably most effective oxo-for-sulfido exchange reagentis — s~ |‘§
[2,4-bisp-methoxyphenyl)-1,3-dithiaphosphetane-2,4-disul- S

fide], which is commonly known as Lawesson’s reagent. N~

Lawesson’s reagent enjoys the advantages of being com- S ~ o5 ~
mercially available and inexpensive. Its ready solubility in A S SN <S\N{)\S>/N 51y
common organic solvents renders it effective under mild TN 7 NG 7
conditions (e.g., ambient temperature, short reaction times) e S 18% S
compared to heterogeneous reagents such ;8. Bhe N~ N~
mechanism through which Lawesson’s reagent is known to { {

operate involves dissociation to the highly reactive dithio- /(6( 0 ﬂ s

phosphorus ylid, which then reacts with carbonyl substrate =~ w" "~»BL[;V-‘\S-§C:NRZ m f/-»&'#-m&%:m (52)1¢
(Scheme 7). The thiooxaphosphetane intermediate that forms / o[ ¢ / CND,N/N/ 57 Rz e, e 7o
then decomposes to liberate thioketone and phosphorylua//fN/'@'} HB/Z’)“@f

byproduct in a manner completely analogous to the Wittig (\e\

reaction. This mechanism very likely extends to other types SN0 . (5(\\ﬁ o
of substrates such as phosphoryl and metal oxo groups. To NN S, B8 NS/ grtes
O,N/ / N N, DvoHCet, / o\ / Ner N\u
YO

date, the only instances in the literature in which Lawesson’s / N

reagent has been used to prepare a metal sulfido moiety from =N HB’/\/V/\N@ 47-50% yield
the corresponding metal oxo group are the syntheses of \y)\)

(‘BuOxV=0%5 and (Bugtach)MS] (M = Mo, W).1%¢ R=ProrPh
Lawesson’s reagent should find wider application in the (\8\

E‘D,N/ M'V_.u\CI B2S3 No (54)165
S Dry CH,Cly /N,
N

o
future among synthetic inorganic chemists and will likely ’}/\c'
prove to be effective in cases whergSBor Me;SiSSiMe Lﬁ:,
have been previously used. An extensive body of literature e @‘<
on applications of Lawesson’s reagent in thiocarbonyl )
synthesis has been built over the past 40 years, and furthefnstance, BS; has been reported to convert nonenolizable
discussion is beyond the focus of this review. The interested kKetones to corresponding thion8$A notable case in which

reader is referred to several leading reviéis. B>S; fails to react in an exchange reaction is with [HB(3-
'Prpz}]MoVOCL, an observation that is attributed to the steric
7.2. Boron Trisulfide, B ,S; shielding of the M8=O0 group that is presented by the three

isopropyl substituents on the pyrazole rings (reaction'$4).
The usefulness of £ as an oxo-for-sulfido exchange The lessened crowding found in the [HB&pz)(5-Prpz)]-

reagent is suggested by its placement in Table 5, which callsMoVOCl, isomer is sufficient to permit the exchange reaction
attention to the fact that boron is significantly more oxophilic to occur (reaction 53).
than thiophilic. The exchange ability that is suggested from  An advantage to the use of,8% is the fact that the
the thermodynamic data has been amply demonstrated byB,0,S:-n byproducts are generally insoluble and conve-
the conversion of a variety of O fragments in a variety  niently removed by filtration or column chromatography. A
of oxidation states into the corresponding=l8 moiety. disadvantage to the use 0f® is the possible formation of
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Table 8. Metal and Organic Sulfides Prepared by Oxo-for-Sulfido Exchange Reactions

Donahue

compound oxo-for-sulfido exchange reagent ref
TiV=S (n*-Megtaa) TE=S H,S/EN,2 COS192b CS,192h a, 192
VIV=S (acen)\=S B,S;,1%8:159Me;SiSSiMe! 76 158, 159, 176
(salen)\=S B.S; 158
[(edtpV=SP~ Me;SiSSiMe 175
VV=S (‘BuO)RV=S Lawesson’s reagent 155
[VVOLSs—]3 (NH4)3[VVOSs— %~ (x = 1-3)° H,S/NH,OH d, e
\YAZAES (NH2)3[VS4] H>S/NH,OH e f,ghi
NbV=S (ENCS,)sNb=S MeSiSSiMe,176:177B,S;163 163, 176, 177
(C7H502)sNb=S (CG/HsO, = tropolonato anion) MgSISSiMe 178
[BusN]s[NbW504S] MesSiSSiMe 179
[BusN]4[PW1,0359NbS] MeSiSSiMe 180
TaV=S [BusN]3[TaWs01S] MesSiSSiMe 179
[BusN]4[PW11059TaS] MeSiSSiMe 180
Mo'V=S [(HB(3,5-M&pz))MoS(*-S,CNRy] B.S; 164
(R = Me, Et,"Pr,"Bu)
[(HB(3-Prpzy(5-Prpz))MoS§*S,PR)] (R = 'Pr, Ph)  BS; 165
MoV=S [(HB(3,5-Mexpz))MoSC}] B,Ss 160
MoVO(u-0,S)MaO (RZNCSZ)M?(O(/ﬁ-O)(u-S)MoO(SCNRz) H,S1 PS¢ ik |
(R=Et}:knpr)
(PLPS)MoO(u-O)(u-S)MoO(SPPr,) H,S in CICH,.CH,CI, 80°C k
MoVO(u-S)MoVO (EeNCS)MoO(u-SpMoO(SCNEL) H,S in CICH,CH,CI, H,S/HClin CHCE¢  j, k
("BuzNCS)M0oO(u-S),MoO(SCN"Buy) PsSio m
[(cysteinate)MoQg-SHMoO(cysteinatefj H.S n, o
(histidine)MoOf-Sy,MoO(histidine) HS n,p
[M0,0,S,(edta)f~ H.S (o]
MovYO(u-O,NR)MoVS  (MeCp)MoO-O)(u-NPh)MoS(MeCp) HS q
MoVO(u-S)MoVsS (ReNCSR)M0oO(u-SpMoS(SCNRy) (R, = H.S k,r
Mez,f Etz,k'r (CHg)s,r nBUzr)
syn(MeCp)Mo(O)u-SypMo(S)(MeCp)s MesSiSSiMe 181
anti-(MeCp)Mo(O){u-SpMo(S)(MeCpj
MoVS(u-SyMo"S anti-(MeCp)Mo(S)f:-SyMo(S)(MeCpy MesSiSSiMe 181
(R:NCS)MoS(u-S)pMoS(SCNRy) PsSio ik t,u
(R = EtJ*PrtnButviBul)
MoV'0S Cp*MoOS(CHSiMes) H,S/CS v
MoOS(RNO), (R = Et, CH,Ph) HS in GHe/Na:SO, w, X
MoOS(GH1oNO); (CsH10NO = piperidineN-oxido) H,SY B,S51%6, MesSiSSiMe!s? y, 166, 182
MoOS(EtNO), MesSiSSiMe 182
[MoV'O3S)- Nag[M005S] .22 K,[MoO3SP KOH/H,S aa, ab
[EtsN]2[M0O3S] (PhC)PR/HS™ 186
MoV'O,S [Et4N][MOOzS(OS|PI3)] PhsSiSH 186
[MoV'0,S;]% K2[M00,S;],22 [NH4].[M00,S;] from H,S/NH,OH in H,O aa, ac, ad, ag
Na,MoQ @aaac-af af, ag
[NR4]2[M002$2] (R =H, Et) from M0702467’ag
MoV'Ss, M0S,(R:NO), (R = Et, CH,Ph) HS in GHe/ NaeSQO, w, X, yah
M0S,(CsH1oNO), (CsH1oNO = piperidineN-oxide) HSY B,S56 MesSiSSiMe!s? y, 166, 182
MOSz(EtzNO)g MegsiSSiMQ 182
MoV'S; [PhyP][(MesSiO)MoS] Me;sSiSSiMe 183
[(Butstach)MoS] Lawesson'’s reagent 156
[MoV'OS;)%~ Cs[Mo0S;] H.S ag, ai
[RaN]2[MoOS;] (R = H, Et), from Na[MoO,] H>S/NH;OH in H,O ag
[EtzNHz]z[MOOSg] from H2MOO4 st/EENHz in Hzo aj
[MoV'S,]2~ K2 [MoS,] H,>S/KOH in H,O aa
[RaN]2[M0S,] from [MoO4)%~ (R = H2S/NH,OH in H,O aa, ac, ad,
Haa,ac,adaf,ag,ak,al Etag,am) af, ag’ ak,
al, am
WVI=S [EtaN][W(S)(OSiBUPhy)(bdt)] MesSiSSiMe 129
cisWV'OS [(HB(3,5-Meypz))WOSCI] BSs, PsSi0t%” 167, 168
Cp*WOSR (R= Me, CH;SiMes) H,S/CS," B,Sy/CS,*6° v, 169
WOSL (L = N,N'-dimethylN,N'-bis(2-thiophen- B.S; 170
olate)ethylenediamine)
WOS(GH310NO), (CsH10NO = piperidineN-oxido) B.S; an
cisWV!(S), [W(S)(sap)] (sap= 2-(salicylideneamino)phenolate) MESSiMe 184
[W(S)(5-t-Busap)(DMF)] (5t-Busap= 2-(5+-Bu- MesSiSSiMe 184
salicylideneamino)phenolate)
[W(S)(ssp)] (ssp= 2-(salicylideneamino)- MesSiSSiMe 184
benzenethiolate)
[(HB(3,5-Mexpz))W(SHCI] B2Ss, P1S10t7 167, 168
[(HB(3,5-Mexpz))W(SH(1*-SP(Ph})] B,S; 167,171
W(S)L (L = N,N'-dimethylN,N'-bis(2- B.S; 170
thiophenolate)ethylenediamine)
Cp*W(S)R (R= Me, CH;SiMe;) B,S/CS, 169
W(S)(R:NO), (R = Et, Bz; RNO = B.Ss an

piperidineN-oxido)
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compound oxo-for-sulfido exchange reagent ref
[\NvI 035]2_ Kz[WO3S] 20 [Et4N] 2[WO3S]]'86 H,S 20 (Pth)PFB/HS_ 186 ao, 186
WV'OS, [(Butstach)WO(S}] B,S; 156
[\NVIOzsz]z_ Kz[WOzSQ],aO [NH4]2[WOZSZ]’ag,ao,ap HzS/N H,OH in H,O ag, ao, ap
[EtaN]2[WO2S;]29 from [WO,) 2
WVY(S) [Et2N][(CH3)sCCHW(S)] Me;SiSSiMe 185
[(Butstach)W(S)] Lawesson’s reagent 156
[WV'OS5)%~ Ko[WOSg],2° [RaN][WOS;] (R = H, Et)9 H,S/NH,OH in H,O ag, ao
[\NvI S4] 2- Nag[VVS4],aO Kz[WS4],aO [NH4]2[V\/S4],ag'ao st/N H40H in Hzo ag, ao
[Et4N]2[WS4]ag from WO~
TcvV=S [(HB(3,5-Meypz))TcSCH] B,S; 161
Re''=S Re(S)I(RG=CR), (R = Me, Et) B,S;, HS™ 162
Re(S)(Et)(MeGCMe)> B,Ss 162
ReV=S [(HB(3,5-Mexpz))ReSC]| B.S; 161
[(CeH4S(CH:S))ReSMe(PPY)] P4S10 as
[(CeH2S(CH.S))ReSMe(py)] S0 as
Re'O(u-SpRe'O anti-Cp*ReOf-S)ReOCp* Cs at
Re"!(u-0,S)R¢” synRe(u-O)(u-S)Ox(CH,CMes)4 H.S au
Re! (u-S)Re! syn, anti-Re(u-S)0,(CH,CMes)4 H.S au
[ReVI' O5S] M*[ReQ;S] (M* = TI+ aanK + avax H.S av, aw, ax, ay
RbJr’az/,ax,ay CS# azx,ax)
[NH4][ReOsS] H2S av
[EtzN][ReOsS] Me;SiSSiMe 186
[ReV's))~ [ReS]~ H.S az ba
[BusN]J[ReS] from ReO; H>S/NH,OH in H,O/KOH f
Fe' (u-S)Fe" [Fe(salen)s MeSiSSiMeg 187
Fe' (u-S)Fe! [Fe(54Busalen)}S Me&SiSSiMe 188
Fe'l (u-S)Fe" [ClFe(-SyFeCh]?~ Me;sSiSSiMe 176
C'" (u-S)C R.C-S-CR —SCNPP H,;NC(S)NH, PP HC(S)NMe,b© bb, bc
L Me bd, be
/ bd be n
@:N>= R,PS™ (R =Ph, "Bu)
S
S
CV=s RCES)R (R, R = various) Lawesson’s reagent 157
RC(ES)R (RC=O)R = nonenolizable ketone,  B,S;, Si$ 172
2-pyrone, or 4-pyrone)
RCES)R (R, R = various) BCHCysSnSSnCy*f 89c
CVSH ArSH EtNC(S)CI 193
PhCSH HS/H,SO,,9 Lawesson’s reagetib bg, bh, bi
Ri1R:RsCSH (R, Ry, Rs = aryl, alkyl, H) Lawesson’s reagent bh, bi
PV'S PhPS Lawesson’s reagent bj
(RO)XP(S)H (R= Me, Et) Lawesson’s reagent bj
RRR"PS BS; bk
As (u-S)Ad" S\ H,S bl, bm
Aé. .ASi
As'S PheAsS Lawesson’s reagefitMe;SiSSiMe bj, bn
Sb's MesShS HS 82
PhSbS Lawesson'’s reagent bj

2Goedken, V. L.; Ladd, J. AJ. Chem. Soc., Chem. Commu®82 142.° The (7*-Mestaa)Ti=S that initially forms from the reaction off-

Mestaa)T=O with CS reacts with a second equivalent of C® yield (7*-Mestaa)Ti(?-[S;]-CSs) as the ultimate product.These mixed
oxothiovanadates salts were generated in solution and observed spectroscopically but were not‘iRaatate, A. C.; Mller, A.; Diemann, E.
Z. Anorg. Allg. Chem197Q 373 258.¢ Harrison, A. T.; Howarth, O. WJ. Chem. Soc., Dalton Tran$986 1405. Do, Y.; Simhon, E. D.; Holm,
R. H. Inorg. Chem.1985 24, 4635.9 Kriiss, G.; Ohnmais, KChem. Ber189Q 23, 2547." Kriiss, G.; Ohnmais, KJustus Liebigs Ann. Chem.
1891, 263 39./ Kriss, G.Z. Anorg. Chem1893 3, 264.1 Newton, W. E.; Chen, G. J.-J.; McDonald, J. W.Am. Chem. Sod.976 98, 5387.
kSchultz, F. A.; Oftt, V. R.; Rolison, D. S.; Bravard, D. C.; McDonald, J. W.; Newton, Winftg. Chem.1978 17, 1758.! Dirand-Colin, J.;
Ricard, L.; Weiss, RInorg. Chim. Actal976 18, L21. ™ Winograd, R.; Spivack, B.; Dori, Zryst. Struct. Commuri976 5, 373." Spivack, B.;
Dori, Z. Chem. CommurL97Q 1716.° Ott, V. R.; Swieter, D. S.; Schultz, F. Anorg. Chem1977, 16, 2538.P Spivack, B.; Gaughan, A. P.; Dori,
Z.J. Am. Chem. Sod971, 93, 5265.9 Fletcher, J.; Hogarth, G.; Tocher, D. A. Organomet. Chenml991, 405 207." Newton, W. E.; McDonald,
J. W.; Yamanouchi, K.; Enemark, J. thorg. Chem.1979 18, 1621.5 These compounds were detected spectroscopically but not isolated when
generated by this methotiSakurai, T.; Okabe, H; Isoyama, Bull. Jpn. Pet. Inst1971, 13, 243.Y Spivack, B.; Dori, Z.; Stiefel, E. Ilnorg. Nucl.
Chem. Lett1975 11, 501.v Faller, J. W.; Ma, Y Organometallics1989 8, 609." Hofer, E.; Holzbach, W.; Wieghardt, Kkngew. Chem., Int. Ed.
Engl. 1981 20, 282.* Gheller, S. F.; Hambley, T. W.; Traill, P. R.; Brownlee, R. T. C.; O’Connor, M. J.; Snow, M. R.; Wedd, Au&. J. Chem.
1982 35, 2183.Y Wieghardt, K.; Hahn, M.; Weiss, J.; Swiridoff, ViL. Anorg. Allg. Chem1982 492, 164.% The formation of these bis(dialkyl-
N-oxido)MoOS and -Mog species from MgSiSSiMe was observed by®Mo NMR. Reaction products were not isolatéaKriss, G.Justus
Liebigs Ann. Cheml884 225, 1. 2 Miiller, A.; Dornfeld, H.; Schulze, H.; Sharma, R. Z. Anorg. Allg. Chem198Q 468, 193.2°Moore, F. W.;
Larson, M. L.Inorg. Chem1967, 6, 998.29 Harmer, M. A.; Sykes, A. Glnorg. Chem198Q 19, 2881.2¢Kutzler, F. W.; Scott, R. A.; Berg, J. M,;
Hodgson, K. O.; Doniach, S.; Cramer, S. P.; Chang, CJHAm. Chem. Sod.981 103 6083.2 Brule, J. E.; Hayden, Y. T.; Callahan, K. P.;
Edwards, J. OGazz. Chim. 1tal1988 118 93.2¢ McDonald, J. W.; Friesen, G. D.; Rosenhein, L. D.; Newton, Winerg. Chim. Actal983 72,
205.2 The reference given in footnotedescribes preparation of the=R Et compound but not the R Bz compound? Krebs, B.; Miler, A.;
Kindler, E. Z. Naturforsch., B: Chem. Scl97Q 25, 222.% Ansari, M. A.; Chandrasekaran, J.; Sarkar/iirg. Chim. Actal987, 133 133.
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Table 8. (Continued)

Continuation of References for Table 8.

akHandbook of Preparatie Inorganic ChemistryBrauer, G., Ed.; Academic Press: New York, 1965; Vol? &Bchder, H.; Schier, G.; Weiss,

A. Z. Natursforsch., B: Chem. Sdi964 19, 76.3™Kanatzidis, M. G.; Coucouvanis, [Acta Crystallogr., Sect. @983 39, 835.2"McDonell, A.

C.; Vasudevan, S. G.; O’Connor, M. J.; Wedd, A. 8ust. J. Chem1985 38, 1017.2° Corleis, E.Justus Liebigs Ann. Cheri886 232, 244.

ar Gonschorek, W.; Hahn, T.; Mier, A. Z. Kristallogr. 1973 138 380.29Use of HS will generate the sulfido compound but is attended by the
formation of other species due to further reaction wi#8H" This compound was observed spectroscopically at low temperature but not isolated
due to it thermal sensitivity?s Jacob, J.; Guzei, I. A.; Espenson, J.lHorg. Chem1999 38, 3266.2 Herrmann, W. A.; Jung, K. A.; Herdtweck,

E. Chem. Ber1989 122, 2041.2 Cai, S.; Hoffman, D. M.; Wierda, D. Alnorg. Chem.1991, 30, 827.% Feit, W.Z. Anorg. Allg. Chem193],

199 262.2% Mdiller, A.; Krebs, B.Z. Anorg. Allg. Chem1966 342 182.2*Krebs, B.; Miler, A.; Beyer, H.Z. Anorg. Allg. Chem1968 362 44.

& Krebs, B.; Kindler, E.Z. Anorg. Allg. Chem1969 368 293.22Miiller, A.; Krebs, B.; Diemann, EZ. Anorg. Allg. Chem1967, 353 259.
bapDjemann, E.; Mller, A. Z. Naturforsch., B: Chem. Scl976 31, 1287.° Sander, M.Chem. Re. 1966 66, 297 and references cited therein.

be Takido, T.; Kobayashi, Y.; Itabashi, KSynthesisl986 779.%d Calq, V.; Lopez, L.; Marchese, L.; Pesce, G.Chem. Soc., Chem. Commun.
1975 621.°¢Chan, T. H.; Finkenbine, J. R. Am. Chem. Sod.972 94, 2880.° This system functions by generating in situ a very active form of
B,Ss. "9 Senning, A.Sulfur Lett.1991, 12, 183.°" Nishio, T.J. Chem. Soc., Chem. Commaf889 205." Nishio, T.J. Chem. Soc., Perkin Trans.

| 1993 1113.% Shabana, R.; El-Kateb, A. A.; Osman, F. @hem. Ind. (London}1984 15, 553.% Maryanoff, B. E.; Tang, R.; Mislow, KJ.
Chem. Soc., Chem. Commu®.73 273.% Allen, D. W.; Coppola, J. C.; Kennard, O.; Mann, F. G.; Motherwell, W. D. S.; Watson, 0. Ghem.

Soc. C197Q 810.bmKennard, O.; Wampler, D. L; Coppola, J. C.; Motherwell, W. D. S.; Mann, F. G.; Watson, D. G.; MacGillavry, C. H.; Stam,
C. H.; Benci, P.J. Chem. Soc. @971, 1511.°"Wang, J.-J.; Kryatova, O. P.; Rybak-Akimova, E. V.; Holm, R.lhbrg. Chem 2004 43, 8092.

Scheme 7. Structure of Lawesson’s Reagent and Mechanism for the Oxo-for-Sulfido Exchange Reaction

s -
S
\Y D ~ ) >~ -
MeO@—P R OMe 2 >= OMe <—> OMe
Y
\s/ \\S S/ S}
Lawesson's Reagent R!

R S 1
R +/—\| ﬁ_{r | R SN
>=o + LR—> o—ﬁ~©—0Me—> 0—FP OMe ——> >=S Ny OMe

aReprinted with permission from Jesberger, M.; Davis, T. P.; Barne8yinthesi2003 1929-1958. Copyright 2003 Georg Thieme Verlag, Stuttgart,
Germany.

undesired disulfide &~ or tetrasulfide $ species (reactions amenable to purification by column chromatography, these

51, 58, and 61) rather than terminal sulfido complexes by disulfide or tetrasulfide species may be separated if they con-

pure chalcogenide exchange. In cases when the products arstitute only minor byproducts. A further disadvantage to the
use of BS; is the fact that it no longer appears to be sold

N ﬁw ~7 _es X i - comme(cially, aIth'ough !iterature procedpres describing its
R MO oo N\,..;hﬂgt.,.,..../,‘/’\i %9 synthesis are readily availabifel’3Other main group sulfides
con o0 that are commercially available and inexpensive, such as
0 s s SIS, AlLS;, PsSs, PsSi0, and AsS;, may presumably be sub-
4/?2{ }\)N%" e f/?_”(//\l'vif’ . ’ﬁg}\!'v“is (56)167168 stituted for BS; in many oxo-for-sulfido exchange reactions.
ON ol DYk On [ e ON [ N o ] o
HB%_ W HB%_ 7.3. Hexamethyldisilathiane, Me 3SiSSiMe3
. The ability of hexamethyldisilathiane (M®8iSSiMe),
9~., .mﬁw : . QN,, s : (s Wr}:‘pdh is alsfc; commofnly rell‘fgéred tohas bis_(trimethlylsi!)él)—
SIS | Ns—Fopy CP oIS SO | Ns—Rem sulfide, to effect oxo-for-sulfido exchange in metal oxides
HB///CI:I)::/N o HB/’//M:/N Ph appears to have been first noted by Lebedev et al. in 1474,
PO JO— This versatile reagent has since been used to transform
ﬁ terminal oxo ligands into corresponding sulfido ligands in a
g nBsyes, Q\M. . Q\,’w T e variety of metal complexes. Well-defined examples include
O/g\R Yooty 0P| SR s7| R VIVS 175,176 NpVS 176-180 TaVS 179,180 \|gVS 181 \|gVIOS 182
° R-Me CHSMes MoVIS, 182 MoVIS, 188 WVIS129 \WVIS, 184 \\WVIS, 185 gng
Q [Re"'OsS]'~ 1% (reactions 62-74). In at least one system,
ool Too  vesrerms well ol S Me;SiSSiMe has been found to exchange bridging oxide
[:“;vlv\io P Yoot men— New2® EN";VIVV!\fs (59)1™0 for sulfide as well (reaction 75¥7-188Hexamethyldisilathiane
HCT/ s el il N has been observed to operate by initial silylation of terminal
©/ @ oxo ligand to form a trimethylsilyloxy species, an intermedi-
8% 10% ate that in one instance has been isolated and charactéfzed.
B B’ Subsequent steps are less clear but may involve a second
s NCFL (o silylation with concomitant nucleophilic displacement of Me
BUTTIN s TBu _NExcessBSsIMeCN/ddays | Bu'T TN W B . . . .
AN 2)Puried by chromatography P SiOSiMeg by the MgSiS™ anion. In cases when the=%D
[¢] ol e] o/”\s . . . . .
[ S group is sufficiently protected by sterically encumbering
,\j’l\ ,\N/B”/‘ ligands, such as in [HB(3rpzxMoYOCl,], chalcogenide
N TSN . N~ T— (61)1% .
N Y exchange may not occur (reaction 3%).
g SN In general, MgSiSSiMeg appears to be effective in

s chalcogenide exchange reactions wherevgs; Bs useful.
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O\/ /\ \ /0 Dry MeCN °§/ lo\\ =0 o
—
V/ O /o/ =o (66)
o= \\(1/ / \0
o
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Il
M= Nb, Ta
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[PW;1059M"=O0]* e [PW110gMV=S]* (67)180
M =Nb, Ta
VRIS //v Me;SiSSiMe; in CDCly
JoSgeMe 50°C
[e]
é\ &5, // ﬁ S, /
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Its efficacy arises from the substantially greater thermody-
namic stabilization offered by the SO bond as compared
to the S-S bond. From estimates of relative bond strengths
(~88 kcal/mol for Si-O vs ~54 kcal/mol for Si-S)18° the
MesSiSSiMe(g) + O(g) — MesSiOSiMey(g) + S(g) couple
can be placed at —61 kcal/mol. The position of this couple
is consistent with the fact that M8iSiMe; is the strongest
of known oxygen atom acceptors in couples of the type X
+ O — XO and outdoes RR by a full 25 kcal/mol®
Unfortunately, experimentally determined thermochemical
data for MgSiSSiMg are unavailable owing to the technical
difficulties inherent to combustion calorimetry measurements
upon compounds containing both silicon and sulfr.

An advantage to the use of M&SSiMeg as chalcogen
exchange reagent is its commercial availability, although it
is quite easy to synthesize on a preparative s¢alEhe fact
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panied by the formation of disulfide or tetrasulfide byprod-
ucts. Both MgSiSSiMeg (if used in excess) and the Me
SiOSiMg resulting from chalcogenide exchange are readily
removed either by applying a vacuum or by washing with
an appropriate organic solvent. The principal disadvantage
to the use of MgSiSSiMeg is its highly offensive odor. In
this regard, P¥BiSH or other, less volatile, silylthiols or thio-
ethers may serve as convenient alternatives t¢i&SiMe

in chalcogenide exchange reactions (reaction'¥6).

[e]
R \ 2L R MesSisSiMe;
\N\‘;M‘:'\‘!"N/ dry DMF
7 N o S
R O o R R \ /48 R MegSiSSiMe; R \\//S R
SgoeMo?, o dry DMF Mo, 182
ANNING N‘ 04 \I'N\ 9
R” O (o} R R o (o}
R = Et, Ry= CgHyo
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o o —| (BugN), o’
/\M \ M//VI 1) 7 Me;SiSSiMe; in MeCN N! v (70)183
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o o] S
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o W4 s =/
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SiPT3I EtN
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Vi
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(76)186

7.4. COS, CS,, and RoNC(S)CI

The only documented instance in which COS or, B8s
been observed to act as chalcogenide exchange agent is in
reaction with MgtaaTIV=0 (Scheme 8}?? These reactions
proceed throughy?-monothio- orz?-dithiocarbonate inter-
mediates, which, although not isolated, are consistent with

that it is a liquid at standard temperature and pressure andthe products isolated in reactions of MeaTiV=0 with a

freely miscible with common organic solvents enables it to

variety of other electrophiles. The reaction with COS

be used in homogeneous solution. Consequently, it generallyillustrated in Scheme 8 produces ¢@s detected spectro-
reacts appreciably more rapidly and under milder conditions scopically. These reactions derive their thermodynamic

than BS;. Unlike B,S;, its use does not appear to be accom-

impetus from the superior strength of the=O bond versus
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Scheme 8. Exchange of Oxo Ligand for Sulfido Ligand in MgtaaTi'V=02

0)
II

N}\/\N

Cos
o /

aSee ref 192.

Scheme 9. NewmanKwart Rearrangement Reaction (R=
Me or Et)?

and tetrasulfide ligands without change in the oxidation state
of the metal center, another distinctly different class of
ligand-centered sulfur atom transfer reaction may be identi-
I fied and defined by multielectron change induced at the metal
center. The term “ligand-centered” is applicable because at
all times the sulfur atom does not have a direct bond to the
metal atom. These ligand-centered transfers are reactions of
the type in which a multiply bonded terminal nitrido,
phosphido, or carbido ligand is transformed into the corre-
sponding thionitrosyl, thiophosphoryl, or thiocarbonyl ligand

O “OH 0 (reaction 77). This reaction type is noteworthy in several
S -——— PR
f S NR;
O,CNR XS X S S'
2CNR2 N Il l
aSee ref 193. IIl /, N «<— N (77)
M | x4 |} x-a

the G=S bond and identify an upper limit of 54.5 kcal/mol
(Table 5) for the difference in strength between the=Oi
bond versus the S bond in MgtaaTiV=E (E= O or S).
Other transition metal oxo complexes of sufficient nucleo-
philicity to react with COS or CSmight very well undergo
similar chalcogenide exchange reactions.

respects. From a historical viewpoint, it is significant in that
it was by this method that thionitrosyl complexes were first
prepared by Chatt and Dilwort}1°7 (reactions 78-80). It

A reaction protocol that is generally useful for transform- ﬁi
ing aromatic alcohols into the corresponding thiols bears a

conceptual similarity to the reactions of COS and, @8h
MegtaaTiV=0 in that it is driven (at least in part) by the
formation of a strong &0 bond. Reported independently
by Newman and Kwatt*2and commonly referred to as
the Newman-Kwart rearrangemenit? this reaction involves
treatment of a phenolate anion withN-dialkylthiocarba-

R

Sg or propylene sulfide
R MeCN, A

/
"|\03 N -
N—< o\?’ R BusP s*
R Y

s* MR
. o

S,Cl,

S, ||| N
N_< 0\?/ R

(78)196

Oily, ill-defined products'®”

Sgor

propylene sulfide 1/, eq. S,Cl,

moyl chloride (alkyl= Me, Et) to form a phenyl dialkyl- Clon., FL”v ,,,, PMosPh
thionocarbamoyl species (Scheme 9). A thermally induced PhMe,P™ | PMe,Ph
rearrangement exchanges oxygen and sulfur, and subsequent ci Il
base hydrolysis liberates the thiophenolate anion. This

reaction type is particularly useful for the design of elaborated

thiolate ligands for transition metal catiot¥8 One limitation,

however, of this reaction type is that it does not appear to

work with alkyl-substituted alcohols, probably because the o reaction
transition state through which it proceeds derives appreciable
stabilization from the adjacent arene ring. cl

Clu,,, 11 .PMe,Ph
PhMe,P™” | ““PMe,Ph

Cl

( )197

S
il
11, eq. S,Cl, N _—
Dry CH,Cl, Clun, ols NS (80)197
8. Ligand-Centered Sulfur Atom Transfer o] =S
Reactions °

In contrast to atom transfer reactions of the types illustrated remains a synthetic approach to thionitrosyl complexes with
in reactions 5 and 6, which interconvert sulfido, disulfido, some general usefulness. These reactions are also unusual
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Table 9. Thionitrosyl, Thiophosphoryl, and Thiocarbonyl Complexes Prepared or Desulfurized by Sulfur Atom Transfer Reactions

compound sulfur atom donaceptor ref
Mo"NS (R2:NCS)3sMo—NS [R: = Mey, Ety, (CHy)4] Sg, propylene sulfide’BusP 196, 197a
[(dppeyMoX(NS)] (X = Ng, Br) propylene sulfide b
(TPP)Mo-NS c
W'NS [(dppedWN3(NS)] propylene sulfide b
Tc'NS mer(Me;,PhPXTcCl(NS) SCl; (1 equiv) d, e
L3TcCIx(NS) (L = pyridine, 4-picoline, 3,5-lutidine) NES,04) f
[(phen}TcCINS)][PR] S:Clz g
Tc"NS (MezPhP)(MePhPO)TcCINSY S,Cl, (excess)Me,PhP e
[TCCl4NS)] SCl; j
LTcCIx(NS) SCl, k
[L = anion ofN-(N""-morpholinylthiocarbonyl)benzamidine]
Tc'""NS (Etz:NCS),TcClL(NS) SCl,, SOCh I
(EtNCS),TcBr(NS) SOBs m
RENS mer[(R2R'PEReCL(NS)] (R= Me or Et, R = Ph; R=Ph, R = Me) SCl, (Y2 equiv) n, 197
mer(Me,PhP}ReCh(NSY S.Cly p
mer[(R.R'P:ReBrCI(NS)] (R= Me or Et, R = Ph; R=Ph, R = Me)? S,Cl, (Y, equiv) n, 197
trans[(dppe}Re(NS)CI|CI S,Cl; (excess) n, 197
[Re(NS)(NCS)(Me.PhP}] MesSi—NCS S
[(Me-PhP}ELNCS)ReCI(NS)] SCl, t
ReE'NS [(R:R'PRReCE(NS)] (R= Me or Et, R = Ph; R=Ph, R = Me)" S,Cl, (excess) 197
mer[(Me,PhP}ReCE(NS)]° S,Cl, p
[(R:R'PLReCK(NS)] (R= R = Ph; R=Ph, R ="Pry S,Cl, (¥, equiv) 197
cis-[PhP][ReCL(NS)py], trans[PhyP][ReCL(NS)py] SCl, j
Os'NS [(PheAS),0sXCI(NS)] (X = Br or Cl) SCl, (Y2 equiv) n, 197
mer[(Me,PhP}OsCE(NS)¥ S,Cl, (Y, equiv) n, 197
[(bipy)OsXCI(NS)] (X = Br or CI) SCl, (Y2 equiv) n, 197
[(py)20sCK(NS)] SCl, (Y equiv) 197
trans[PhuP][OsCL(NS)py)], trans[Hpy][OsCl(NS)py] SCl, j
[PhyPL[Os(NS)(NCSg] (from [PhyP][OsNCL]) (PhyP)(SCN) in ageous acetoie y
trans[Os(tpy)Ck(NS)](SCN) CSIN; 2 aa
Mo"-PS [(Mes)(Bu)N]sMo(PS) S, cyclohexene sulfide 198
RU'-CS [(CysP):RU(CS)C}] Se, [X2MoH[ 7%-CMex(NAr')]] 200

X = N[-Pr]Ar', Ar' = 3,5-MeCeHs

aHursthouse, M. B.; Motevalli, MJ. Chem. Soc., Dalton Tran$979 1362.° Bevan, P. C.; Chatt, J.; Dilworth, J. R.; Henderson, R. A.; Leigh,
G. J.J. Chem. Soc., Dalton Tran982 821.¢Kim, J. C.; Lee, B. M.; Shin, J. Polyhedron1995 14, 2145.9 Kaden, L.; Lorenz, B.; Kirmse, R.;
Stach, J.; Abram, UZ. Chem.1985 25, 29.¢Kaden, L.; Lorenz, B.; Kirmse, R.; Stach, J.; Behm, H.; Beurskens, P. T.; Abrammokyj. Chim.
Acta 199Q 169 43.fLu, J.; Clarke, M. Jlnorg. Chem.199Q 29, 4123.9 Lu, J.; Clarke, M. JJ. Chem. Soc., Dalton, Tran$992 1243." This
compound was earlier misidentified as (&PYTcCl(NS) in the reference given in footnotikand in Abram, U.; Kirmse, R.; Kder, K.; Lorenz,
B.; Kaden, L.Inorg. Chim. Actal987 129 15.' This Tc compound was too unstable to isolate and could only be observed spectroscopically.
I Reinel, M.; Haher, T.; Abram, U.; Kirmse, RZ. Anorg. Allg. Chem2003 629, 853.X Abram, U.; Hartung, J.; Beyer, L.; Kirmse, R.;'Ker,
K. Z. Chem.1987, 27, 101.' Baldas, J.; Bonnyman, J.; Mackay, M. F.; Williams, G.Aust. J. Chem1984 37, 751.™Baldas, J.; Colmanet, S.
F.; Williams, G. A. Aust. J. Chem1991], 44, 1125."Bishop, M. W.; Chatt, J.; Dilworth, J. RChem. Communl1975 780.° The Re starting
material in this instance was [(MehP}ReNCI(Rtcb)], where Rtcb = the anion ofN-(N,N-dialkylthiocarbamoyl)benzamidine) Abram, U.; Ritter,
S.Z. Anorg. Allg. Chem1994 620, 1233.9 These rhenium thionitrosyl compounds are formed from the correspondisRREReBR(N)] complexes.
" The dppe ligands are in a trans configuration as well the thionitrosyl andigzinds.s Hubener, R.; Abram, U.; Strde, J.Inorg. Chim. Acta
1994 216, 223.tRitter, S.; Abram, UZ. Anorg. Allg. Chem1996 622 965." These [(RR'P);ReCk(NS)] complexes were prepared from the
corresponding six-coordinate [{RP):ReCL(N)] complexes? These [(RR'P)ReCk(NS)] compounds were formed from five-coordinate
[(R2R'P)ReCL(N)] precursors? 3P NMR suggests ransdisposition of the phosphine ligands and therefoneemconfiguration for the chloride
ligands.* This compound was also prepared in low yield from Osi¢&3Ph), with (PlyP)NCS and KNCS in aqueous acetoh&/right, M. J.;
Griffith, W. P. Trans. Met. Cheml982 7, 53.2CS, and Ny~ react to form a 5-thio-1,2,3,4-thiatriazolato ring anion, which decomposes to generate
an equivalent of sulfur atom, dinitrogen, and thiocyanate arffobemadis, K. D.; Meyer, T. J.; White, P. $iorg. Chem.1998 37, 3610.

in that they are attended by a four-electron reduction, at least s

in a formal sense, at the metal center! The thionitrosyl ligand /< 0 ) P e

is generally formulated as a thionitrosonium cation {INS N/MoV»' ------- N o /< /Nlo'.'........N (8
Such dramatic multielectron reorganizations are quite rare N7 s N NN

for such an ostensibly simple reaction. Furthermore, the/@ = /@\ -

sulfur transfer is in many instances fully reversible; that is,

strong sulfur atom acceptors such as trialkyl phosphines can
abstract the sulfur atom to regenerate the parent nitrido ) il

C
compound. o five . o e
. . __RU 8 _Ru~_ . Cy 199

Table 9 summarizes known examples of type I ligand-  cy=P—J“ R y<7—i’ oy P TR (62)
centered sulfur atom transfer reactions involving terminal ¢y ¢ Cy H Oy C c

. . . . (XaMO)(n-S)
nitrido, phosphido, and carbido ligands. Only one example oo 2 XMl oo
of sulfur atom transfer to a terminal phosphido ligand occurs x N

in the literature (reaction 8%), principally because of the
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rarity of terminal phosphido complexes in general. An
example of a«*>-PS ligand produced by the reaction of an in
situ generateg3-phosphido ligand with sulfur has also been
described?® The first instance of sulfur atom transfer to a

Donahue

Both the disulfide- and sulfide-bridged complexes in Scheme
10, the latter of which appears to be the active sulfur atom
donor species, were isolated and characterized by elemental
analysis. Further insights into the working of this interesting

terminal carbido ligand has been recently reported by system must await additional structural and spectroscopic
Johnsorf® The reverse process, desulfurization of thiocar- characterization of these ruthenium compounds.

( 8 3)202

bonyl ligand with a suitable sulfur atom acceptor, has been A brief paper describing thiirane metathesis using
suggested to be a possible synthetic route of some generalityRhp(OAc), as catalyst and propylene sulfide as sulfur source
for the synthesis of metal complexes bearing a terminal was described by Kendall and Simpkins (reaction’83)he
carbido ligandf®
Also listed in Table 9 are the sulfur atom donors that were
employed in the atom transfer reaction. It bears comment
that, depending on the particular nitrido complex in question ~ / 1 mol %
and its nucleophilicity, certain sulfur atom donors are Rh,(OAC), S
effective and others not at all. For instance, whereas P or
elemental sulfur and olefin sulfides are able to cleanly add toluene, 110 °C, 22
sulfur atom to terminal nitrido ligands in RCS;)sMo=N
complexes (reaction 78), these same reagents do not work
with Re or Os complexes (reactions 79 and 80). Conversely,
whereas &I, and SCj are able to effect sulfur atom transfer  substrates they examined were norbornene and norborna-
to terminal nitrido ligands in Re and Os compounds, these diene, which were transformed to the corresponding olefin
same sulfur atom donor agents result in messy, ill-defined sulfides in 39 and 40% yields, respectively. The scope of
products in the Mo system. These observations emphasizehis reaction and the mechanism by which it operates remain
the point that it is generally worthwhile to test a different unclear, although it is well-known that RDAc), behaves
sulfur atom donor if one’s initial choice does not result in  essentially as a Lewis acid and catalyzes a variety of organic
clean atom transfer. Also noteworthy is the variety of sulfur transformationg23
atom donors that are collected in Table 9 for such an The most recent and significant work in the area of
apparently narrow reaction type. catalytic sulfur atom transfer reactivity is that reported by

. Adam and co-workers using a molybdenum catalyst with
9. Catalytic Sulfur Atom Transfer Systems either dithiocarbamate or dithiophosphinate supporting

The first report of catalytic sulfur atom transfer was by ligands®# In 2001, Adam reported that (lCS;),MoV'O-

Khan and Siddiqui using a monoprotonated EDTA ruthenium (%-S;) is competent to catalytically transfer a sulfur atom
complex in a mixed aqueous ethanol syst&mThese to a variety of olefinic substrates, with elemental sulfur acting
researchers observed turnovers~of/mol of catalyst/h at  as sulfur donor to regenerate active catalyst. This system is
80 °C with cyclohexene as substrate. Although the turnover believed to proceed through a MOS intermediate, which
numbers observed are quite modest and the reaction condidelivers its sulfur atom to substrate in a distinct, separate
tions fairly vigorous, the significant point about their work step (Scheme 11). Adam extended his work to include
is that cyclohexene is a particularly sluggish substrate. Other )
researcher® however, have reported an inability to repro- Sc¢heme 11. Catalytic Cycle for Sulfur Atom Transfer to
duce these results, and subsequent publications by Siddiqu lefins, Allenes, and Isonitriles through the Mediation of a
and Khan that elaborate on their initial work have not yet
appeared.
The catalytic scheme proposed by Khan and Siddiqui
(Scheme 10) involves a sequential cycling through Ru

Et,NCS;),Mo"Y O/(Et,NCS;),M0oV'OS,; Catalyst (References 3
and 47

E
m
w

su

S)RUY, RuV(u-S)RUY, and monomeric Rli species, the Et,N /C\s s/C\NEt ' SCNR
last of which is then reoxidized by elemental sulfur to Sgor
regenerate the disulfide-bridged 'Ru-S;)RuY complex.
Scheme 10. Khan and Siddiqui’s Ruthenium Catalytic
System for the Sulfidation of Cyclohexeng&
Voge— 1]
LRuV-S—RuVL + O —> 2LRu"+ OS V|||/ N S V'||/
Et,N— c\ / | \ Et,N— c\\/ I\
s 1/4 SB \ / \ (
S-S \ NEt
. NEt
LRu"Y \Ru'VL 2 s S ?

_—, = C=—,

J 1\, l>= , SCNR

a Adapted from ref 3b with permission from the American Chemical
Society.

CO,H
/\/NI/ o

-0,C catalytic sulfuration of a range of isonitriteand allenes®<
Optimal catalytic efficiencies were reported with dieth-

aSee ref 200. yldithiophosphate, (EtQPS!™, as supporting ligand and
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propylene sulfide as sulfur source, but in this case the cannot be used as a definitive assay for terminal sulfido

catalysis does not appear to involve a W9%-S;) species
in the oxidative half of the catalytic cycle.

Catalytic desulfurization of thiiranes substrates has also

been reported by Espens#fiStarting from MeReg which
undergoes a slow activation by fhthat is presumably an
oxygen atom abstraction reaction, a highly reactive’ Re

ligation with tungsten as it has been with the molybdo-
enzymes.

10. Summary and Conclusions

This review is intended as a resource for persons interested

species is generated that quickly and stereospecificallyin the synthesis of new, interesting molecular sulfides, both
excises sulfur from olefin sulfides (Scheme 12). Phosphine organic and inorganic. The approach to this goal has been

Scheme 12. Catalytic Desulfurization of Thiiranes by a
Methyl Rhenium Oxo Complex

|
Re
S
| o
S
a Adapted from ref 204 with permission from the Royal Society of
Chemistry.

Me
Slow st | 2
ow step v
O=PPh R /A
3 O¢ e§0
Me PPh3
| y S=PPh,
Re. -
= /
o~ || o
0 PPh, Me
H,S | Vil
|

=
O/

in turn removes sulfur from the R product to form
phosphine sulfide and regenerate the activ& Reecies.
Strong evidence for the involvement of terminal sulfido
ligation in the catalytic cycle is found in the observation that
treating a MeRe@solution with HS, which would exchange
an oxo for a terminal sulfido ligand, greatly reduces the
induction period. Although this catalytic system for thiirane
desulfurization is not one of special synthetic value, it is
certainly relevant and interesting in the context of catalytic
hydrodesulfurization of petroleum feedstocks.

Another, rather different, system for metal-mediated de-
sulfurization of thiirane and transfer of the sulfur atom to
phosphine was described by Young and co-workgrdsing
[HB(3,5-Meypz)]WS,X complexes with variable X (X=
Cl~, PhO, PhS), they identified X= CI~ to be the optimal

to organize sulfur atom donor/acceptor reagents onto a
reactivity scale that identifies, at least in thermodynamic
terms, the relative strengths of potential donors and acceptors.
This review has also attempted to call attention to sulfur atom
donor agents that are potentially very useful but somewhat
outside the usual repertoire of reagents that are employed.
Chief among these are hexasulfug)(Slialkyl dithiiranes,
sulfur diimides, bis(trin-butylstannyl)sulfide, and 5-aryloxy-
1,2,3,4-thiatriazoles. Similarly, oxo-for-sulfido exchange
reagents such as $i$hSiSH, or Lawesson’s reagent (for
inorganic synthesis) have been little used but may be cleaner,
milder, more selective, or more convenient alternatives in
chalcogenide exchange reactions thaS;®r Me;SiSSiMe.

The absence of many of these potentially useful reagents
from the thermodynamic scales (Tablesg) identifies areas
where experimental thermochemistry can contribute useful
new information. The determination of standard molar
enthalpies of formation for dialkyl dithiiranes (and also for
thiones and thioaldehydes), for sulfur diimides, and for
5-aryloxy-1,2,3,4-thiatriazoles would be most helpful in
quantifying their sulfur atom donor activity. Other areas of
sulfide chemistry also represent opportunites for research.
For instance, terminal sulfido complexes of ruthenium and
osmium do not appear to be known, probably in part because
no determined effort has been directed toward synthesizing
such compounds. Terminal sulfido complexes of manganese
and chromium are also unknown but pose greater synthetic
challenges owing to the lesser stability of these first-row
metals in the NY oxidation state that would be minimally
required to support a terminal sulfido ligand. Organic sulfides
such as @S and acenaphthalene sulfide have not yet been
prepared and isolated but perhaps could be with the right

system. In the presence of 0.10 mol equiv of tungsten choice of sulfur atom donor and reaction conditions. Catalytic

catalyst, 95% conversion of g and propylene sulfide to

sulfur atom transfer systems that extend and improve upon

PhPS and propylene was observed spectroscopically overth® pioneering work of Adam, for instance, by activating
a three-day period (Scheme 13). The identity of the active, SUggish substrates such as cyclohexene or by performing

Scheme 13. Sulfur Atom Transfer from Propylene Sulfide to
PhsP Catalyzed by [(HB(3,5-Mepz);)WV'S,Cl]2

@N( m\lj/v.ésphsp><%ips @ .._\‘,S\./'y.—Solv
Vo Veodh

—

/&

reduced W species was not firmly established but may

aSee ref 171.

plausibly be formulated as a monosolvated complex resulting ipy
from abstraction of sulfide ligand by phosphine followed by

coordination of solvent molecule. Significantly, no sulfur
atom abstraction was observed in this system wiENC.

This observation demonstrates that reactivity with cyanide CpEt*

enantioselective sulfur atom transfer to prochiral molecules,
are also wide open areas for new chemical research.

11. Abbreviations

acen N,N'-ethylenebis(acetylacetonylideniminato)-
(2)
Ad adamantyl
Ar aryl
Bbt 2,6-bis[bis(trimethylsilyl)methyl]-4-[tris(trimeth-
ylsilyl)methyl]phenyl, 2,6-[CH(SiMg);]—4-
[C(SiMez)3]-CeH2
bdt benzene-1,2-dithiolated
Bu iso-butyl, —=CH,CH(CHg)2
Butstach 1,3,5-tritert-butyl-1,3,5-triazacyclohexane
benzyl, PhCh—
2,2-bipyridine

cyclopentadienyl(®), CsHs™
tert-butylcyclopentadienyl(%), '‘Bu-CsH,™
pentamethylcyclopentadienyk), MesCs™
ethyltetramethylcyclopentadienyi)}, EtMe,Cs~

Cp
Cp*
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Cy cyclohexyl
dmpm bis(dimethylphosphino)methane, JREH,PMe,
dpam bis(diphenylarsino)methane ,RECH,AsPh,
dppe 1,2-bis(diphenylphosphino)ethane,AREBH,CH,-
PPh
dppee 1,2<is-(diphenylphosphino)ethyleneis-PhPCH=
CHPPh
dppm bis(diphenylphospino)methane ,P&H,PPh
edt ethane-1,2-dithiolate?
edta ethylenediaminetetraacetate(4
[HB(pz)3] hydridotris(pyrazol-1-yl)borate(%)
[HB(3,54Bu,-  hydridotris(3,5-ditert-butylpyrazol-1-yl)borate-
pz)] (1-)
[HB(3,5-Me,-  hydridotris(3,5-dimethylpyrazol-1-yl)borate-
pz)] (1-)

[HB(3-Prpz}]
[HB(3-Prpz)-

hydridotris(3-isopropylpyrazol-1-yl)borate{)
hydridobis(3-isopropylpyrazol-1-yl)(5-isopropyl-

(5-Prpz)] pyrazol-1-yl)borate(%)
Megphen 3,4,7,8-tetramethyl-1,10-phenanthroline
Mestaa tetramethyldibenzotetraaza[14]annulerg(2
Megtaa octamethyldibenzotetraaza[14]annuleng(2
synMeg[16]- 3,3,7,7,11,11,15,15-octamethyl-1,5,9,13-tetrathia-
aneg cyclohexadecane
MCPBA metachloroperoxybenzoic acid
Mes mesityl, 2,4,6-trimethylphenyl
Np neopentyl, (Ch)sCCH,—
OEP octaethylporphyrinate
phen 1,10-phenanthroline
por porphyrinate(2)
iPr isopropyl,—CH(CH),
"Pr n-propyl, —CH,CH,CHjs
py pyridine
salen 1,2-bis(salicylideneaminato)ethane)2
tacn 1,4,7-triazacyclononane
Th 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl
Thp 2,4,6-tritert-butyl)phenyl
Tip 2,4,6-tri{so-propyl)phenyl
TMP tetramesitylporphyrinate(2)
TPP tetraphenylporphyrinate{2
TmTP tetram-tolyl)porphyrinate(2-)
TpTP tetrap-tolyl)porphyrinate(2-)
tpy 2,2:6',2"-terpyridine
triphos MeC(CHPPh);
X halide F, CI-, Br, I~
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