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The reactions of halogens at anionic, radical, and neutral bridge sulfur sites within M2S2 cores of various [M2- 
(NAr>2(S2P(OEt)2)2@-S)2@-02CMe)] compounds (M = Mo, W) produced covalent halosulfide ligands. Complexes 
containing the W2@-SX) unit were obtained for X = C1, Br, and I; trihalide polymers of [M2@-SX3)ln units were 
obtained for M = W or Mo and X = Br or I. These latter compounds engaged in depolymerization equilibria in 
solution. The derivative containing the structural unit [Mo~@-SI~)], undergoes photolysis in fluorescent light to 
12 and a disulfide of the type Mo2S-SMo2. Crystallography of the Wz@-SBr) product clearly revealed the discrete 
bromosulfide bridge ligand, p-SBr. Crystallography of the [Moz@-SI3)], product revealed SX3S3- ligands which 
interconnected the M02 structural units into one-dimensional polymer chains. Simple charge transfer interactions 
between metallosulfur sites of various derivatives and iodine were also observed. 

Introduction 

Halogenations of sulfur sites in organic and main group 
compounds have been known for a long time to produce isolable 
compounds which contain S-X bonds. Except for a few 
examples such as SFs, compounds with S-X bonds are 
generally reactive, and some have considerable utility. Organic 
sulfenyl halides, RSX, are well-developed examples which can 
be synthesized by various means and which display a variety 
of reactions.I-l2 These sulfenyl halides find importance as 
organic synthetic reagents, as precursors to fungicides, and as 
representatives of biological sulfenyl halides in organisms as 
diverse as tobacco mosaic virus and h ~ m a n s ? - ~ * ' ~ J ~  Haloge- 
nated, main group, sulfur compounds are exemplified by simple 
sulfur-halogen binary species which include neutral and ionic 
derivatives?-I6 although other main group examples are also 

In the organic sulfenyl halides and in many (but not all) main 
group compounds, the S-X bond is covalent and of nearly 
single bond order. The distinction is made between these S-X 
bonds and weaker interactions which can be extended to charge- 
transfer systems. The covalent vs charge transfer distinction is 
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not always clear, particularly in the cases of weak covalent and 
strong charge transfer situations. 

Halogenations of sulfur sites within metallosulfur compounds 
could give metallosulfenyl halides, M,(SX), which contain 
halosulfide ligands. These reactions and product types are 
virtually unknown despite the considerable chemistry which has 
evolved in recent years for sulfur-based reactivity in metallo- 
sulfur systems. Several metallosulfur compounds have been 
particularly well characterized for such rea~tivity. '~-*~ The 
metallosulfenyl halide complex M,(SX) is distinct from the 
many metal-halide-sulfide compounds M,(S),(X), which are 
known.28 

One of the sulfur-active metallosulfur systems which has been 
developed involves imidodithiophosphate-carboxylate deriva- 
tives of sulfidomolybdenum(V) compounds, typified by the 
anionic derivatives [MOZ(NA~)~(S~P(OE~)~)~@-S)~CU-O~CR)]-, 
1 (M = Mo), and the radicals [ M o ~ ( N A ~ ) z ( S Z P ( O E ~ ) ~ ) ~ ( ~ ~ - S ) ~ ~ -  
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02CR)]', 2 (M = Mo).29-33 (Abbreviations of organic groups 
are given in ref 34. In the structure diagrams shown, dithio- 
phosphate groups are omitted for clarity.) Anions 1 are potent 
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nucleophiles, while radicals 2 display sulfur-centered radical 
reactivity; these parallel thiolate RS- and thiyl RS', despite the 
very different bonding of dimolybdosulfur, M02@-S), and 
organosulfur, RS, sites. Recent investigations into sulfidotung- 
sten(V) dimer anions [WZ(NA~)Z(S~P(OE~)~>~~-S)~@-OZCR)I-, 
1 (M = W), have shown some parallels to the molybdenum 
a n a l ~ g . ~ ~ . ~ ~  Common products of the various reactions are of 
the general formula [M~(NA~)z(S~P(OE~)Z)~@-S)~-OZCR)@- 
SZ)], 3, and a considerable range of compounds has been 
characterized. 

Given the importance of organic sulfenyl halides and the 
capability of sulfur-site reactivity in metallosulfur complexes, 
halogenations of the sulfur sites of anions 1 and radicals 2 were 
investigated in an effort to produce and characterize halosulfide 
complexes of the general type M2@-SX). Although organic 
RSX derivatives are well-known, halogenation of sulfur sites 
within these complexes was a more risky venture and constituted 
a more extreme test of durability for the M2Sz core, considering 
that these dimers contain metals below their highest oxidation 
state and also contain co-ligands which are oxidizable. These 
reactions proved to be successful, however, and the character- 
ization of metallosulfenyl halides, 4(M,X), and trihalide poly- 
mers, 4(M,X3),, are described herein, along with charge transfer 
interactions also observed during the course of this study, 
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Experimental Section 
Reactions and manipulations were conducted open to air. N-Chloro- 

succinimide was recrystallized from CHCl@tOWpetroleum ether. 
Other commercial reagents were used as received. Syntheses of the 

(29) Noble, M. E. Znorg. Chem. 1986, 25, 33 11. 
(30) Noble, M. E. Inorg. Chem. 1987, 26, 877. 
(31) Lizano, A. C.; Noble, M. E. Inorg. Chem. 1988, 27, 747. 
(32) Lizano, A. C.; Munchhof, M. G.; Haub, E. K.; Noble, M. E. J .  Am. 

(33) Haub, E. K.; Lizano, A. C.; Noble, M. E. J. Am. Chem. SOC. 1992, 

(34) Abbreviations used in this paper: Me, methyl; Et, ethyl; Ar, aryl; Ph, 

(35 )  Sampson, M. L.; Richardson, J. F.; Noble, M. E. Inorg. Chem. 1992, 

(36) Sampson, M. L.; Richardson, J.  F.; Noble, M. E. Work in progress. 

Chem. SOC. 1991, 113, 9204. 

114, 2218. 

phenyl; To, p-tolyl; NXS, N-halosuccinimide; NHS, succinimide. 

31, 2726. 

tetramers [Mo(NTo)(S~P(OE~)~)S]~ and [W(NTO)(S~P(OE~)~)S]~,~~ of 
the bis-dimer disulfide [M~~(NT~)~(SZP(OE~)~)~S~(O~CM~)]~, 5,29 and 
of the ethanethiolate-bridged dimer [Moz(NTo)z(S?P(OE~)~)~S(O~CM~)- 
(SEt)], 3 (Z = have been previously reported. 31P{1H} and 'H 
NMR spectra were obtained on a Varian XL-300 spectrometer at 121 
and 300 MHz and are reported as downfield shifts from external 8 5 8  
H3P04 and internal Me4Si. Infrared data were obtained by diffuse 
reflectance on KBr powder mixtures using a Mattson Galaxy Series 
FTIR 5000 spectrometer. UV-vis spectra were obtained as CHC13 
solutions using a Hewlett-Packard 8452A diode array spectrophotom- 
eter. All extinction coefficients are apparent values and do not 
necessarily correspond to peak positions unless noted; solution cell 
pathlengths were 1.0 or 0.10 cm. 

Galbraith Laboratories, Inc. (Knoxville, TN) and Midwest Microlab 
(Indianapolis, IN) performed the elemental analyses. Results for Br 
and I analyses proved variable for compounds reported herein, even 
for repeat analyses of the same sample, even though C, H, and N results 
were excellent for the same sample. Despite the slight deviations from 
calculated values for Br and I, products were considered pure by the 
summation of data including spectroscopic characterization. 

Preparative-scale photolysis was conducted in an apparatus consisting 
of four 20-W, 23-in., cool white fluorescent lamps. The lamps were 
arranged parallel and vertical, with the internal center of each lamp 
tube lying at the corners of a rectangle of dimensions 6.5 cm x 7.5 
cm. The solution to photolyze was held parallel to the lamps, with the 
solution center near midlength of the lamps. 
[W,(NTO),(S~P(OE~)Z)~S(OZCM~)(SCI)], 4(W,C1). N-Chlorosuc- 

cinimide (0.0242 g, 0.181 mmol) was added to a cold (-78 "C dry ice 
bath) solution of [W(NTO)(S~P(OE~)~)S]~  (0.1502 g, 0.0741 mmol), 
MeC02H (1 8 pL, 0.33 mmol), and Et3N (24 pL, 0.18 mmol) in CHC13 
(1 mL). After being stirred for 5 min, the solution was removed from 
the dry ice bath and was stripped on a rotary evaporator. As the solution 
slowly warmed during the evaporation, the color abruptly changed from 
dark red to light yellow-orange. At room temperature, the residue was 
slurried in MeOH, filtered, and dried. The solid was redissolved in 
CH2C12 (1 mL) and filtered. EtOH (4 mLj was added to the filtrate; 
the resulting slurry was filtered, and the solid was washed with EtOW 
H2O (2/1) and vacuum dried overnight to give an orange-red powder 
(0.1381 g, 84%). Anal. Calcd for W2C24H37N?O6P&C1: C, 26.0; H, 
3.4; N, 2.5; S, 17.0; C1, 3.2. Found: C, 25.8; H, 3.1; N, 2.4; S,  17.0; 
CI, 3.0. 31P NMR (ppm): 123.8; 2Jpw = 22 Hz, 3Jpw = 9 Hz. 'H 
NMR (ppm): 6.50 d, 6.41 d, To-H; 4.3-4.0 m, POCH,; 2.1 1 s, To- 
CH3; 1.36 t, 1.22 t, POCCH3; 1.35 s, 02CCH3. IR (cm-'): 1537 m, 
1458 s, 1007 vs, 968 s, 819 s, 797 m, 473 w. 
[WZ(NTO)Z(SZP(OE~)Z)ZS(OZCM~)(SB~)~, 4(W,Br). Brz (16 pL, 

0.31 mmol) was added to a chilled (icehalt bath) solution of [W(NTo)- 
(S2P(OEt)2)SI4 (0.1503 g, 0.0741 mmol), MeC02H (18pL, 0.33 mmol), 
and Et3N (24 p L ,  0.18 mmol) in CHC13 (2 mL). The solution was 
stirred while cold for 5 min and then stripped to dryness on a rotary 
evaporator. A modest color change from dark red to a lighter red 
occurred during evaporation as the solution slowly warmed. The 
residue was slurried in MeOH at room temperature, filtered, and dried. 
The solid was redissolved in CH2C12 (1 mL) and filtered. EtOH (4 
mL) was added to the filtrate to precipitate the product which was 
collected (filtration), washed with EtOH/H20 (2/1) and vacuum dried 
overnight to give an orange-red powder (0.1264 g, 72%). "P NMR 
(ppm): 122.4; 2 J p ~  = 22 Hz, 3Jpw = 8 Hz. 'H NMR (ppm): 6.51 d, 
6.42 d, To-H; 4.3-4.0 m, POCH2; 2.11 s, To-CH3; 1.36 s, 02CCH3; 
1.36 t, 1.22 t, POCCH,. IR (cm-I): 1535 m, 1458 s, 1007 vs, 968 s, 
819 s ,  770 m. 

An alternate reaction was as follows. N-Bromophthalimide (0.0402 
g, 0.178 mmol) was added to a cold (icelsalt bath) solution of [W(NTo)- 
(S2P(OEt)2)SI4 (0.1501 g, 0.0741 mmol), MeC02H (18 pL, 0.33 mmol), 
and Et3N (24 pL, 0.18 mmol) in CHC13 (1 mL). After cold stimng 
for 5 min, the solution was removed from the ice bath and then stripped 
(starting cold) to dryness on a rotary evaporator. The residue was 
slurried in MeOH at room temperature, filtered and dried. The solid 
was redissolved in CH2C12 (1 mL) and filtered. EtOH (4 mL) was 
added to the filtrate; the resulting slurry was filtered, and the precipitate 
was washed with EtOWH20 (2/1) and vacuum dried. Two additional 
recrystallizations from CH2ClJEtOWH20 yielded product (0.1195 g, 
71%) which still contained some impurities (-4%). 



Halogenation at a Sulfur Bridge 

[WZ(NT~)Z(SZP(OE~)~)ZS(OA!M~)(SI)], 4(W,I). A solution of 
[W(NTO)(S~P(OE~)~)S]~ (0.1503 g, 0.0741 mmol), MeCOpH (18 pL, 
0.33 mmol), and Et3N (24 pL, 0.18 mmol) in CHC13 (2 mL) was treated 
with 12 (0.0764 g, 0.30 mmol) and then stirred for 5 min. After rotary 
evaporation of the solution to dryness, the residue was slurried in 
MeOH, filtered, and dried. The solid was redissolved in CH2Cl2 (1 
mL) and the solution was filtered. Petroleum ether (6 mL) was added 
to the filtrate; the resulting precipitate was collected, washed with 
petroleum ether and vacuum dried overnight. The product was an 
orange powder (0.1651 g, 92%). Anal. Calcd for W~C24H37- 

N, 2.0; I, 11.6. 31P NMR (ppm): 119.7; 2 J p ~  = 21 Hz, 3 J p ~  - 8 Hz. 
lH NMR (ppm): 6.50 d, 6.42 d, To-H; 4.3-4.0 m, POCH2; 2.10 s, 
To-CH3; 1.40 s, 02CCH3; 1.37 t, 1.22 t, POCCH3. IR (cm-I): 1539 
m, 1454 s, 1009 vs, 964 s, 818 s, 793 m. 
[WZ(NT~)~(S~P(OE~)Z)ZS(OZCM~)(SI~)],,, 4(w,I3),. A solution of 

[W(NTo)(SpP(OEt)2)S]4 (0.1502 g, 0.0741 mmol), MeC02H (18 pL, 
0.33 mmol), and Et3N (24pL, 0.18 "01) in CH2Cl2 (2 mL) was treated 
with 12 (0.764 g, 3.0 mmol). Product precipitated as the solution was 
stirred for 10 min. The slurry was filtered, and the solid was washed 
(MeOH). This was redissolved in CHzCl2 (1 mL) and filtered. 
Petroleum ether (8 mL) was added to the filtrate and the resulting 
precipitate was collected (filtration), washed (petroleum ether), and 
vacuum dried overnight to give an orange powder (0.1893 g, 88%). 
Anal. Calcd for W2C24H37N20&%& C, 19.8; H, 2.6; N, 1.9; I, 26.2. 
Found: C, 19.5; H, 2.6; N, 2.0; I, 24.7. 31P NMR (ppm): 117.8; 2 J ~ ~  
= 22 Hz, 3 J ~ ~  - 6 Hz. 'H NMR (ppm): 6.52 s, To-H (all degenerate); 
4.3-4.0 m, POCHI; 2.12 s, To-CH3; 1.44 s, 02CCH3; 1.40 t, 1.22 t, 
POCCH3. IR (cm-'j: 1534 m, 1454 s, 1011 vs, 970 s, 818 s, 797 m. 
[Moz(NTo)z(S~P(OE~)Z)ZS(OZCM~)(SB~~)],,, 4(Mo,Br3),. A solu- 

tion of the bis-dimer disulfide [MO~(NT~)~(S~P(OE~)~)~S~(O~CM~)I~, 
5, (0.0590 g, 0.033 mmol) and 1.0% Brz/CHC13 (0.68 mL, 0.13 mmol) 
in CHCl3 (2 mL) was stirred for 10 min. The solution was then stripped 
on a rotary evaporator to remove excess Br2. The orange residue was 
dissolved in CH2Clp (0.5 mL). Petroleum ether (10 mL) was added 
slowly to precipitate product. The slurry was filtered; the product was 
washed (petroleum ether) and vacuum dried to give an orange powder 
(0.0596 g, 80%). Anal. Calcd for Mo2C24H37N206P~S6Br3: c ,  25.4; 
H, 3.3; N, 2.5; Br, 21.1. Found: C, 25.1; H, 3.1; N, 2.5; Br, 20.1. 31P 
NMR (ppm): 110.2. 'H NMR (ppm): 6.99 d, 6.62-d, To-H; 4.18 

POCCH3. IR (cm-I): 1520 m, 1451 s, 1008 vs, 970 s, 816 s, 799 s. 

[Moz(NTo)z(SZP(OE~)Z)~S(OZCM~)(SI~)~,, 4(Mo,I3),. A solution 
of the bis-dimer disulfide [Mo~(NTo)~(S~P(OE~)~)~S~(O~CM~)]~, 5, 
(0.1081 g, 0.0603 mmol) and 12 (0.0614 g, 0.24 mmol) in CHC13 (2.0 
mL) was photolyzed in an NMR tube for 20 h. The resulting slurry 
was filtered; the solid product was rinsed lightly with CHC13, and 
vacuum dried ovemight to give an orange powder (0.1108 g, 72%). 
31P NMR (ppm): 109.3. 'H NMR (ppm): 6.85 d, 6.57 d, To-H; 4.19 

POCCH3. IR (cm-I): 1532 m, 1449 s, 1009 vs, 966 s, 816 s, 793 m. 
[WZ(NT~)Z(S$(OE~)Z)ZS(OZCM~)(SE~)], 3 (Z = Et). The synthesis 

parallels those of related  derivative^.^^,^^ To a solution of [W(NTo)- 
(SpP(OEt)2)S]4 (0.1506 g, 0.0741 mmol), MeC02H (18 pL, 0.33 mmol), 
and Et3N (24 pL, 0.18 mmol) in CHC13 (2 mL) was added EtBr (11 
pL, 1.5 mmol). After 20 min of stirring, the solution was stripped to 
dryness on a rotary evaporator. The resulting residue was dissolved 
in THF and filtered; the filtrate was treated with 2/1 MeOH/H20. The 
slurry was filtered, and the precipitate was washed with 4/1 MeOW 
H20 and then vacuum-dried overnight to give a yellow crystalline 
product (0.097 g, 59%). Anal. Calcd for W Z C ~ ~ & ~ N ~ O & S ~ :  c ,  28.4; 
H, 3.8; N, 2.5. Found: C, 27.8; H, 4.1; N, 2.4. 31P NMR (ppm): 
127.5, 2 J ~ ~  = 23 Hz, 3 J ~ ~  = 11 Hz; 127.2 (minor invertomer), 2 J p ~  = 
23 Hz, 3 J p ~  = 10 Hz. 'H NMR (ppm; minor invertomer peaks are in 
parentheses where discernible): 6.57 d, 6.47 d, (6.36 d), To-H; 4.3- 
4.0 m, POCH2; 3.24 q, (2.25 q), SCH2; 2.13 s, (2.08 s), To-CH3; 1.83 
t, SCCH3; 1.4-1.1 m, POCCH3 + 02CCH3. IR (cm-I): 1532 m, 1445 
s, 1007 vs, 965 s, 822 s, 783 m. 

Derivations Using UV-Vis Spectral Data. Support for the 
equilibrium described in the Results was derived from W-vis  spectral 

Np06P2S6I: c, 24.1; H, 3.1; N, 2.3; I, 10.6. Found: c ,  24.1; H, 3.0; 

dq, 4.02 dq, POCHp; 2.14 S ,  To-CH~; 1.39 S ,  02CCH3; 1.37 t, 1.20 t, 

dq, 4.04 dq, POCH2; 2.13 S, To-CH~; 1.40 S, 02CCH3; 1.37 t, 1.21 t, 
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data as follows. For the three equilibrium species of eq 12 (in Results), 
the total absorbance at a specific wavelength is given by eq 1, where 

A410 - ('B.410 + 'C,410} 

A,,, iEB,510 + 'C.510) 

-- (3) 

compounds A = [Mo2S13Jn, B = MozSI, and C = I?. In the case of 
[Mo~SI~],, the parameters are per Mop unit: CA is the total concentration 
of M02 units in polymer chains, and E A  is the extinction coefficient per 
Mo2 unit in the polymer chain. (An assumption in these methods is 
that all polymers and oligomers have the same spectral features per 
M o ~  unit.) At sufficiently high dilution, depolymerization is favored, 
the concentration of [Mo~SI~] , ,  becomes negligible and EACA << E B C B ;  

the absorbance (eq 1) is then due to Mo2SI and I2 only. (This was 
valid since E A  was within the same order of magnitude as E B  at the 
selected wavelengths.) Also, for the experimental conditions for eq 
12, cB = cc . These considerations lead to eq 2. An absorbance ratio 
at 410 and 510 nm is defined and calculated as per eq 3 for different 
solution concentrations. 

For the equilibrium of eq 13 (in Results), only two species, [Mop- 
SI31, and Mo2S13, are in solution and the total absorbance is given by 
eq 4, where A = [Mo~SI~] , ,  and D = Mo2S13. At high dilution, E A C A  

<< EDCD; absorbance is due to M02SI3 only, and the absorbance ratio at 
410 and 510 nm reduces to eq 5. 

- 'D,410 

A,,, 'D.510 

UV-vis spectral parameters of nine [Mo~(NTo)~(S~P(OE~)~)~S(O~- 
CMe)(SZ)] derivatives, 3, have been previously reported;32 the spectral 
parameters of these compounds were similar regardless of the func- 
tionality of Z (Z = R, SR, or NH2). Since the values were similar 
regardless of Z and since Mo2SI and Mo2SI3 are structurally equivalent 
to such compounds 3, values of €410 (5900-7450 cm-l M-'j and €510 

(1340-1500 cm-I M-I) from those prior derivatives were considered 
representative of the corresponding E values for Mo2SI (B) in eq 3 and 
for MOzSI3 (D) in eq 5. The E values for I2 ( E C  in eqs 1-3) were 
separately measured to be 42 cm-' M-' at 410 nm and 938 cm-' M-] 
at 510 nm. Values for A41dA510 in eqs 3 and 5 were then calculated 
using the I2 data and the values for the prior compounds 3: these ratios 
averaged 2.8 (a = 0.3; range, 2.4-3.2) for eq 3 and 4.7 (a = 0.4; 
range, 3.9-5.3) for eq 5. These values were cleanly separated since 
the contribution from 12 was trivial to the numerator but substantial to 
the denominator of eq 3, thereby decreasing the ratio significantly. 

The observed values of A41dA51o for actual solutions of [Mo~SI~] ,  
progressed smoothly from 3.7 at 1.00 x 
F (which was the lowest concentration which could be reliably 
measured). Dilution clearly tended toward the value for eq 3 involving 
free 12. 

Photolysis Study. The photolysis of [Mo~(NTo)~(S~P(OE~)~)~S(O~- 
CMe)(SI3)]. 4(Mo,I& was studied using 7.07 mg of the compound in 
1.0 mL of CDC13 in an NMR tube. This was photolyzed in a light 
box using a 22-W, %in., circular fluorescent lamp as previously 
described.32 NMR spectra were obtained at various photolysis time 
intervals. The reverse photolysis from the bis-dimer disulfide 
[MO~(NTO)~(S~P(OE~)~)~S~(~~CM~)]~, 5, and 12 was conducted using 
equivalent quantities as for [MOZ(NTO)~(S~P(OE~)~)~S(O~CM~)(SI~~],, 
and the same light source. 

Charge Transfer Studies. The primary studies were conducted 
using [Mo~(NTo)~(S~P(OE~)~)~S(O~CM~)(SE~)] 3 (Z = Et) and varying 
I2 ratios. For each sample, [MO~(NT~)~(S~P(OE~)~)ZS(O~CM~)(SE~)] 
(0.0324 mmol), 0.0394 M 12 in CDCl3, and additional CDC13 were 

F to 3.2 at 1.00 x 
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Table 1. Crystallographic Data Table 2. Selected Bond Lengths (A) 

Lee et al. 

space group 
a, A 
b, A 
c, A 
a, deg 
A deg 
Y 1 deg 

v, A 3  

/I, A 
Bcaicd, g 
p,  cm-I 
transm coeff 

(mirdmax) 
octants 
no. of reflcns 

measd 
no. of reflcns 

with I > 3a(Z) 
A(@), e A-3 
R“ 
RWb 
agreement est 

T, “C 

Z 

P i  (No. 2) 
14.03 l(3) 
14.564(3) 
11.091(3) 
105.75 (2) 
108.75(2) 
105.14(2) 

1909.8 
2 
0.710 73 (Mo Ka) 
2.00 
76.2 
0.568/ 0.999 

f h ,  -k ,  f l  
7026 

2 3 ~  

6727 

0.57 
0.034 
0.037 
0.055 

M02C24H37N206P2S613 
1276.50 

10.870(3) 
21.308(5) 
18.900(5) 

P21/~  (NO. 14) 

99.1 l(2) 

2 3 ~ )  
4322.2 
4 
0.710 73 (Mo Ka) 
1.96 
30.7 
0.923/1.000 

-h, -k, kl 
8261 

5281 

0.87 
0.038 
0.041 
0.021 

combined so as to provide the desired quantity of 12 and a total solution 
volume of 1.0 d. 

Crystallography. The crystal data and experimental details are 
given in Table 1. Data were collected on an Enraf-Nonius CAD4 
automated diffractometer with Mo Ka radiation (graphite monochro- 
mator), using the 0-28 scan technique; computations utilized the Enraf- 
Nonius VAX/MolEN programs.37 Three representative reflections were 
measured every 60 min; their intensities remained constant within 
experimental error. Lorentz and polarization corrections were applied 
to the data. Scattering and anomalous dispersion factors were taken 
from ref 38. 

For 4(W,Br), a red-orange, cut, block crystal from CHC13Ii-PrOH 
measuring 0.40 x 0.40 x 0.46 mm was used for data collection. Cell 
constants and an orientation matrix were obtained from least-squares 
refinement of 25 reflections. An empirical absorption correction 
(li, data) was applied. 

The structure was solved using the Patterson method, which revealed 
the positions of the two tungsten atoms. The remaining atoms were 
located in succeeding difference Fourier syntheses. One ethoxy group 
and one ethyl group of separate dithiophosphates were disordered: 
0(3)-C(17)-C(18) was modeled as two 0-C-C groups in the ratio 
of 0.6:0.4; C(23)-C(24) was modeled as two C-C groups in the ratio 
of 0.6:0.4. Hydrogen atoms were located and added to the structure 
factor calculations but their parameters were not refined. The structure 
was refined in full-matrix least-squares, minimizing ~ w ( l F o I  - IFCl)’ 
where w = [u2(F) + (0.010F)2 + 0.61-I. Selected results are given in 
Tables 2 and 3, and the structure is shown in Figure 1. 

Crystals of 4(Mo,I3). were obtained by layering n-C12H26 (2 mL) 
onto a solution of 4(Mo,I3), (6.1 mg) and 12 (5.3 mg) in C&Cl 
(1 mL) and allowing 3 days for diffusion while it was kept in a black 
box. A red plate crystal measuring 0.08 x 0.18 x 0.22 mm was used 
for data collection. Cell constants and an orientation matrix were 
obtained from least-squares refinement of 25 reflections. An empirical 
absorption correction (v data) was applied. 

The structure was solved by direct methods which revealed the 
positions of the two molybdenum and the three iodine atoms. The 
remaining atoms were located in succeeding difference Fourier 
syntheses. Several dithiophosphate ethyl groups were disordered: two 

(37) MolEN, An Interactive Structure Solution Procedure; Enraf-Nonius: 

( 3 8 )  International Tables for  X-Ray Clystallography; Kynoch: Birming- 
Delft, The Netherlands, 1990. 

ham, England, 1974; Vol. IV, Tables 2.2B, 2.3.1. 

2.8315(6) 
2.417(3) 
2.35 l(3) 
2.504(3) 
2.536(3) 
2.187(4) 
1.743(5) 
2.427(3) 
2.350(3) 
2.495(3) 
2.542(3) 
2.177(4) 
1.753(5) 
1.999(5) 
1.977(5) 
1.991(5) 
1.997(5) 
1.24(1) 
1.246(9) 
1.390(8) 
1.3 83( 7) 
2.209(2) 

Table 3. Selected Bond Angles (deg) 

2.878(1) 
2.442(2) 
2.413(2) 
2.501(3) 
2.5 17(3) 
2.159(5) 
1.733(6) 
2.438(2) 
2.4 13(2) 
2.504(3) 
2.515(3) 
2.160(5) 
1.748(6) 
2.004(4) 
2.006(4) 
1.997(4) 
1.995(4) 
1.280(9) 
1.25(1) 
1.374(9) 
1.370(9) 

3.1584(7) 
2.498(2) 
3.0363(8) 
2.544(2) 

S( l)-M(l)-S(2) 
S(1)-M( I)-S(4) 
S(2)-M( l)-S(3) 
S(3)-M( 1)-S(4) 
O( 1)-M( 1)-N( 1) 
M(2)-M( 1)-O( 1) 
M(2)-M( 1)-N( 1) 
S( 1 ) -M( 2) - S( 2) 
S( l)-M(2)-S(6) 
S(2)-M(2)-S(5) 
S(5)-M(2)-S(6) 
0(2)-M(2)-N(2) 
M( I)-M(2)-0(2) 
M(l)-M(2)-N(2) 
M( 1)-S( 1)-M(2) 
M( 1) - S( 2) -M(2) 
M(l)-S(3)-P( 1) 
M( 1)-S(4)-P( 1) 
M(2)-S(5)-P(2) 
M(2)-S(6)-P(2) 
S(3)-P( 1)-s(4) 
S ( 5 )  -P(2) - S(6) 
M(1)-0( I)-C(15) 
M(2)-0(2)-C( 15) 
M( 1)-N( 1)-C( 1) 
M(2)-N(2)-C(8) 
O( 1)-C( 15)-0(2) 
W(1)-S( 1)-Br 
W(2)-S( 1)-Br 
Mo( 1)-S(1)-I( 1) 
M0(2)S( 1)-I( 1) 
Mo( 1) - S(2) -I(3) 
Mo(2)-S(2)-1(3) 
S( 1)-I( 1)-1(2) 
S(2)-1(3)-1(2) 
I( 1)-I(2)-I(3) 

4(W.Br) 
107.32(9) 
87.9( 1) 
84.8(1) 
78.0( 1) 

173.0(3) 
81.2(2) 
99.3(2) 

107.02(9) 
89.65(9) 
83.1(1) 
78.5(1) 

17 1.4(3) 
82.3(2) 
98.0(3) 
71.54(7) 
74.08(8) 
88.1(2) 
87.7(2) 
87.9(1) 
86.5(1) 

105.9(2) 
106.1 (2) 
126.5 (4) 
125.5(5) 
178.4(7) 
176.6(7) 
124.7(5) 
112.83(8) 
114.68(9) 

4(Mo,Wn 
107.09(8) 
88.18(8) 
84.14(8) 
79.09(8) 

176.1(2) 
80.7( 1) 
96.8(2) 

107.20(8) 
87.90(8) 
84.20(7) 
79.28(8) 

178.0(2) 
81.9(1) 
98.1(2) 
72.30(6) 
73.23(6) 
87.8( 1) 
87.3( 1) 
87.0(1) 
86.8( 1) 

105.7(2) 
106.6(2) 
127.4(5) 
126.6(5) 
174.0(6) 
176.5(5) 
123.4(6) 

115.38(9) 
115.84(9) 
114.89(8) 
115.02(8) 
171.65(5) 
172.56(4) 
83.89(2) 

C(17) sites (0.8:0.2), three C(18) sites (0.6:0.2:0.2), two C(19) sites 
(0.6:0.4), two C(20) sites (0.6:0.4), and two C(24) sites (0.6:0.4) were 
modeled in the ratios shown parenthetically. Hydrogen atoms were 
located and added to the structure factor calculations but their 
parameters were not refined. The structure was refined in full-matrix 
least-squares, minimizing Cw(lFol - IFc])’ where w = [a2(F) + 
(0.010F)2 + O . I ] - ’ .  Selected results are in Tables 2 and 3, and the 
structure is shown in Figures 2 and 3. 
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the radicals MozS', 2, their genesis in situ was via photolysis 
of the bis-dimer disulfide compound Mo~S-SMOZ, 5 (eq 6); 

2 
5 

Figure 1. ORTEP view of [WZ(NTO)Z(SZP(OE~)~)~S(O~CM~)(SB~)], 
4(W,Br). 

Figure 2. ORTEP view of one repeat unit of [Mo2(NTo)2(SZP(OEt)2)*- 
S(02CMe)(S13)In, 4(Mo,I3),. 

W 

Figure 3. ORTEP view of the polymer chain of [Moz(NTo)*- 
(SZP(OE~)~) ,S(OZCM~)(SI~)~~,  4(Mo,Is).. The ethyl groups of dithio- 
phosphate ligands are omitted for clarity. 

Results 

For simplicity, [MZ(NTO)Z(SZP(OE~)Z)~SZ(OZCM~)] dimer 
groups are designated M2S, wherein the S represents one sulfur 
bridge. Abbreviations for organic groups have been footnoted." 

Direct halogenation of sulfur sites within Mo(V) and W(V) 
dimers was investigated via a number of pathways. Reactions 
involving the dimer anions MzS-, 1, proceeded readily although 
not always cleanly. The anions are typically generated in situ 
by reactions of tetrameric [M(NTo)(SzP(OEt)z)S]4 with acetate, 
herein provided by M ~ C O ~ W E B N . ~ ~  For reactions involving 

the fluorescent-light induced photohomolysis of Mo2S-SMoz 
has been previously c h a r a c t e r i ~ e d . ~ ~ ~ ~ ~  While photolysis proved 
necessary for halogenation using 12, it became apparent that 
MozS-SMo2 reacted directly with Br2 without photolysis. 

Standard halogenation reagents were employed in the current 
studies, including the elements X2 (eqs 7, 8, and lO),N- 

1 4(M,x) 

v 
5 

n 

1 4(M,X) 

halosuccinimides (NXS, eq 9), and, N-bromophthalimide (analo- 
gous to eq 9). For synthetic preparations, the most useful 
method for each product is given in the Experimental Section, 
along with several alternate methods which did not fare as well. 
Other combinations were also examined but generally provided 
poor results for synthetic applications; for example, direct 
chlorination of WzS- using C12 gave WzSCl but in poor yield. 
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In many of the reactions, the disulfides M2S-SM2 were 
common byproducts; this was somewhat expected based on eq 
11 (above), which parallels the substitution reactions of organic 
sulfenyl halides (RSX) with thiolates (RS-) to give disulfides 
(RSSR).'.3,5-7 

Products which were isolated included W2SC1, W2SBr, Wz- 
SI, [W2SI3],, [Mo2SBr3In, and [Mo2S131n. In addition, spectro- 
scopic evidence suggested the successful formation of [W2SBr3In 
and Mo2SC1, but these could not be isolated as cleanly 
characterizable, stable solids. Although W2SX products were 
isolable, no molybdenum monohalide Mo2SX could be isolated 
despite various methods and numerous efforts. Most such 
efforts were directed at Mo2S1, but its isolation was thwarted 
by its equilibrium with [Mo~SI~] ,  and the very poor solubility 
of the latter. Attempts to avoid [Mo2S131n by using limiting 
iodine equivalents also failed to obtain isolable Mo2SI due to 
complications from other by-products, including Mo2S-SMo2 
(cf., eq 11). 

All isolated products were characterized by NMR spectros- 
copy, IR spectroscopy, and elemental analysis or X-ray crystal- 
lography. The 'H and 31P NMR spectra displayed all appro- 
priate resonances and peaks.29,31.39,40 31P NMR spectra also 
showed 31P-183W couplings for the tungsten derivatives, 
assignable to 2 J p ~  (21-22 Hz) and 3 J p ~  (6-9 Hz). Although 
compounds of type 3 had frequently shown sulfur inversion 
isomers in solution, only W2SI displayed evidence for such. 
(The invertomers are portrayed in the structure diagrams for 3 
and are labelled distal or proximal based on the orientation of 
the sulfur substituent relative to the arylimido groups.) Due to 
overlap in the spectra for WzSI, the invertomer ratio (distaY 
proximal) could at best be estimated as -10. IR spectra of the 
various products showed ligand absorptions typical for 
derivatives containing the [M~(NTO)~(S~P(OE~)~)~S~(O~CM~)] 
c ~ r e . ~ ~ . ~ ~ . ~ ~ . ~ ~  In addition, v(SC1) was clearly observed for W2- 
SCl at 473 cm-' which corresponded with reported S-C1 
stretching f r e q u e n ~ i e s . ] ~ . ' ~ ~ ~ ' - ~ ~  Definitive assignment of v(SBr) 
was precluded by the presence of other bands in the 450-400 
cm-' region and the inability to collect data below 400 cm-' 
using the instrument on hand; reported values for v(SBr) extend 
from 455-385 cm-'.42-48 v(S1) bands are typically below 400 
cm- I 41 -41 and were therefore out of the range of data collection. 

The various products exhibit two very different structural 
types. X-ray crystallography was used to definitively establish 
the structures of one product of each type, and these results are 
detailed below. The M2SX products, 4(M,X), are discrete 
complexes possessing a simple halosulfide bridge, p-SX; these 
possess a structure which is similar to those of previous 
derivatives 3. The [M2SX31n compounds, 4(M,X3),, are one- 
dimensional polymers containing SX3S inter-dimer links to give 
... M2S-X-X-X-SM2S-X-X-X-S ... chains. 

Dissociation Equilibrium. Despite the polymeric nature of 
solid [Mo~SI~],,, dissociative processes appeared operative in 
CHCl3 solution. This was readily demonstrated by UV-vis 
spectroscopy. (Solution molecular weight determinations might 

Lee et al. 

(39) Noble, M. E. Inorg. Chem. 1990, 29, 1337. 
(40) Haub, E. K.; Richardson. J. F.; Noble, M. E. Inorg. Chem. 1992, 3 / ,  

(41) Bielefeldt, D.; Willner, H. Spectrochim. Acta 1980, 36A, 989. 
(42) Minkwitz, R.; Lekies, R.; Radiinz, A,; Oberhammer, H. Z. Anorg. Allg. 

(43) Minkwitz, R.; Lelues, R. Z. Anorg. Allg. Chem. 1985, 527, 161. 
(44) Minkwitz, R.; Nass, U.; Preut. H. Z. Anorg. A&. Chem. 1986, 538, 

(45) Minkwitz, R.; Nowicki, J. Inorg. Chem. 1990, 29, 2361. 
(46) Minkwitz, R.; Lekies, R.: Lennhoff, D.; Sawatzki, J.; Kadel, J.; 

(47) Minkwitz, R.; Komath, A.; Preut, H. Z. Anorg. Allg. Chem. 1993, 

(48) Della VCdova. C. 0.; Mack, H.-G. Inorg. Chem. 1993, 32, 948. 

4926. 

Chem. 1985, 531, 3 1 and references therein. 

143. 

Oberhammer, H. Inorg. Chem. 1990, 29, 2587. 

619, 877. 

have assisted this analysis but these were precluded by very 
poor solubilities.) For W-vis  spectra of solutions in the 
concentration range of 1.00 x to 1.00 x F, plots of 
absorbance vs concentration were obtained from 430 to 500 
nm at 10-nm intervals and showed obvious nonlinearity. (For 
purpose of W-v i s  discussions, concentrations are in terms of 
M02 units regardless of chain length; likewise, E values are per 
M02 unit regardless of chain length.) The spectrum of the most 
dilute solution bore semblance to spectra of a variety of M02- 
SZ compounds, 3: published UV-vis spectral parameters of 
nine such derivatives were similar regardless of the nature of Z 
(Z = R, SR, NH2).32 This comparison suggested that at low 
concentration of [Mo~SI~],, depolymerization occurred and 
produced single, discrete Mo2S1, units of a structure similar to 
those of 3. At a high concentration of 1 .OO x F, however, 
the W-vis  spectrum of [Mo~SI~],  clearly differed from those 
of discrete Mo2SZ compounds, showing increased absorption 
in general, and an additional band appearing near 460 nm. 

While indicative of a depolymerization process, these results 
per se did not identify the equilibrium as that of eq 12 or 
13,which differ in the identity of the ultimate, singular MO~SI, 

product. It was possible, however, to distinguish between the 
two possibilities by an analysis of absorbance ratios at 410 and 
510 nm ( A ~ ~ O / A ~ I O ) .  These wavelengths approximate the peak 
positions in the various Mo2SZ compounds;32 furthermore, I2 
has little absorbance at 410 nm ( E  = 42 cm-I M-I) but 
appreciable absorbance at 510 nm ( E  = 938 cm-' M-I). These 
considerations allowed the distinction to be made based on the 
derivations given in the Experimental Section. Using data for 
the previously published compounds Mo~SZ, 3,32 the calculated 
absorbance ratios A41dA510 for a hypothetical solution of 
equimolar, noninteracting, Mo2SZ + I2 averaged 2.8; this 
scenario represented the right side of eq 12. The A41dA510 
average was 4.7 as calculated for a MozSZ-type compound 
alone, representing the right side of eq 13. For actual solutions 
of [Mo~SI~],, A41dA510 was 3.7 for concentrations of 1.00 x 

F. 
This showed that, upon dilution, A41dA510 tended toward the 
value for eq 12 and not eq 13, thereby indicating that Mo2SI + 
12 were the ultimate species upon dilution. 

Charge Transfer Equilibrium. While covalent halosulfide 
ligands represented one outcome from the halogenation reac- 
tions, it became apparent that the less reactive bridge sulfide 
sites were capable of charge transfer donation to a halogen 
acceptor. This was more closely investigated using the ethaneth- 
iolate-bridged compound MozSEt, 3 (Z = Et). 

The 31P NMR spectroscopic results of the interaction of M02- 
SEt and various equivalents of 12 were striking; the spectra are 
shown in Figure 4. Very small quantities of I2 produced drastic 
effects. For Mo2SEt by itself, the distal invertomer appeared 
at 115.2 ppm and the proximal invertomer at 115.0 ppm. With 
a scant 0.1 equiv of 12, the distal peak position jumped upfield 

F; this ratio decreased smoothly to 3.2 at 1.00 x 
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Table 4. Selected Comparative Distances (A) and Angles (deg) 
prior 3” 4(W,Br) 4(Mo,k), 

C 
/ 

d 

e 

I I I I 
115 112 ppm 

Figure 4. 31P NMR spectra of [Moz(NTo)2(S2P(OEt)2)2S(O2CMe)- 
(SEt)], 3 (Z = Et), with varying amounts of 12: (a) none; (b) 0.1 equiv; 
(c) 0.2 equiv; (d) 0.4 equiv; (e) 0.6 equiv; (f) 0.8 equiv; (8) 1.0 equiv. 

to 114.3 ppm, while the proximal resonance moved more 
modestly to 114.7 ppm; the result was a crossover of the two 
peak positions. At 0.2 and again at 0.4 equiv of 12, both 
resonances were shifting substantially upfield. By 0.6 equiv, 
however, the shifting of the distal invertomer had slowed relative 
to that of the proximal invertomer, resulting in fortuitous 
coincidence at 112.3 ppm. Crossover reoccurred with further 
12, as the proximal resonance outpaced the distal resonance 
upfield. Overall, the results indicated a very favorable charge 
transfer interaction, with a stronger interaction attributable to 
the distal invertomer. The invertomer ratios (distaUproxima1) 
also changed during this process, increasing with increasing I2 
content: with no added 12, the invertomer ratio was 1.3; this 
increased to 4.8 with 1.0 equiv of 12. The ratio 4.8D.3 required 
that the charge transfer equilibrium was -3.7 times greater for 
the distal than for the proximal isomer. ‘H NMR spectra also 
showed shifting of resonances and corroborated the 31P NMR 
results, but the shiftings were not as dramatic. 

The higher quantities of 12  yielded small changes in peak 
position; with excess 12, some shifting continued, and additional 
equilibria (e.g., other donor sites or polyiodo interactions&) were 
likely. 

Other derivatives also showed charge transfer behavior. The 
bis-dimer disulfide M o ~ S - S M O ~ , ~ ,  shifted from 115.8 (distal) 
and 115.3 ppm (proximal) to 113.7 and 113.5 ppm in the 
presence of 1.1 equiv of 12. The invertomer ratio increased from 
0.13 to 0.4. (This study was conducted under red light 
conditions29 to avoid photohomolysis, eq 6, of Mo2S-SMo2.) 
The tungsten ethanethiolate derivative WzSEt shifted from 127.5 
ppm (proximal) and 127.2 ppm (distal) to 127.0 and 126.2 ppm 
at 0.25 equiv 12; the invertomer ratio changed from 0.88 to 1.0. 
The availability of both Mo2SEt and WzSEt allowed a compara- 
tive study to determine the relative abilities of the two metal 

M-M 

S (  1 ). * 3(2)  

M-S(1) 

M-S(2) 

M(l)-S(3) and 

M(l)-S(4) and 
M(2)-S(6) 

~ ( 2 ) - ~ ( 5 )  

M-N 

M-0 

Distances 
2.8283(6)-2.8336(4) 
2.8318 
3.855(2)-3.864(2) 
3.859 
2.43 1( 1)-2.45 1( 1) 
2.442 
2.338( 1)-2.35 1( 1) 
2.346 
2.504( 1)-2.520( 1) 
2.513 
2.550( 1)-2.567(2) 
2.555 
1.721(4)- 1.737(4) 
1.729 
2.17 1 (4)-2.202(2) 
2.188 

Angles 
S(l)-M-S(2) 107.00(5)-107.67(5) 

M(l)-S(l)-M(2) 70.731(4)-71.02(3) 
107.42 

70.90 
M(l)-S(2)-M(2) 74.02(3)-74.38(3) 

74.26 
Sum of angles at 295.8(2)-296.3(1) 

tricoordinate S 296.0 

174.0 
M-N-C 169.2(2)- 178.8(4) 

2.8315(6) 

3.840(5) 

2.417(3) 
2.427(3) 
2.35 l(3) 
2.350(3) 
2.504(3) 
2.495(3) 
2.536(3) 
2.542(3) 
1.743(5) 
1.753(5) 
2.187(4) 
2.177(4) 

2.878( 1) 

3.906(4) 

2.442(2) 
2.438(2) 
2.413(2) 
2.413(2) 
2.501(3) 
2.504(3) 
2.517(3) 
2.5 15(3) 
1.733(6) 
1.748(6) 
2.159(5) 
2.160(5) 

107.32(9) 107.09(8) 
107.02(9) 107.20(8) 
71.54(7) 72.30(6) 

74.08(8) 73.23(6) 

299.0(1) 303.5(1) 
303.1( 1) 

178.4(7) 174.0(6) 
176.6(7) 176.5(5) 

The specific compounds are listed in the Results. The range is 
given; below that is the average. 

derivatives to charge transfer to iodine. A separate solution of 
Mo2SEt + 0.25 I2 was prepared in CDCl3 and the 31P NMR 
spectrum was obtained; the quantities matched those of the 
above W2SEt + 0.25 IZ sample. The solutions were then mixed 
quantitatively, and 31P NMR data were again obtained. The 
spectra showed that, after mixing, WzSEt shifted slightly upfield, 
while MozSEt shifted slightly downfield. Thus, W2SEt expe- 
rienced an increased charge transfer interaction at the expense 
of Mo2SEt; in a competitive situation, W2SEt was the better 
charge transfer donor. 

Photochemical Aspects. The preferred synthesis of [Mo~-  
SI31, incorporates the photohomolysis, eq 6, of the bis-dimer 
disulfide M o ~ S - S M O ~ , ~ ,  to produce radicals Mo~S’, 2;30332 these 
then react (at least initially) with 12. Thus, synthesis of [Mo~-  
SI3],, via eq 10 is fluorescent light induced. 

[Mo~SI~],  itself also proved to be moderately photosensitive. 
Photolysis of [Mo~SI~],  gave an equilibrium mixture of 67% 
[Mo~SI~],  and 33% Mo~S-SMOZ, with both species charge- 
transfer shifted due to the 12 content. The equilibration was 
complete after 2 h photolysis, but was not complete after 1 h. 
Proof of the photoequilibrium was handily obtained by illumina- 
tion of a corresponding solution of MozS-SMo2 + 312, which 
gave the same mixture after 2 h. Thus, eq 10 is a fully reversible 
photoequilibrium for X = I; its utility in the synthesis of [Moz- 
SI31, derives from the very poor solubility of this product and 
its precipitation from solution under the synthetic conditions 
employed. 

Crystal Structures. The structures of W2SBr and of [Mor 
S4], are shown in Figures 1-3. Metrical results are given in 
Tables 2 and 3. 

The overall structure for W2SBr is very similar to those 
previously reported for several molybdenum derivatives MOZ- 
SZ, 3. Relevant comparisons are given in Table 4, which 
includes ranges and averages for prior derivatives MoZSSEt 3 
(Z = SEt),49 Mo2SNH2 3 (Z = NH2),4O and, MozSN=CHCMe3 

(49) Noble, M. E.; Williams, D. E. Inorg. Chem. 1988, 27, 749 
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3 (Z = N=CHCMe3).40 In all cases, the imido linkages are 
linear and the acetates bridge symmetrically. The M2S2 cores 
show distinctly longer M-S bonds to tricoordinate bridge S( 1) 
than to dicoordinate bridge S(2). Bonds to dithiophosphates 
are inversely influenced by these different sulfur bridge bonds: 
M-S(dithiophosphate) bonds (M( l)-S(3), M(2)-S(5)) which 
are trans to the longer bridge bonds are themselves shorter, 
compared to M-S(dithioph0sphate) bonds (M( l)-S(4), M(2)- 
S(6)) which are trans to the shorter bridge bonds. M2S2 cores 
are planar; the current W2SBr shows a dihedral angle of 
177(1)O between WS2 planes. 

In addition to the overall features, specific structural details 
for the dimer portion of WzSBr are also very similar to those 
for the prior molybdenum compounds and differences are 
modest. Even the W(l)-W(2) bond length is within the range 
of Mo-Mo bond lengths. The W-S(I) bond lengths are short 
compared to average Mo-S(1) bond lengths in the previous 
molybdenum compounds, although the W-S(1) values are near 
the short end of that range; the modest W-S(1) contraction is 
supported by a diminished S(l).** S(2) diagonal distance and a 
slightly wider M( 1)-S( 1)-M(2) bond angle. Comparing 
M-S(dithiophosphate) bond lengths, those in W2SBr are shorter 
or at the short end of the range compared to those in Mo2SZ. 
W-N bond lengths are longer than the average for those in 
Mo~SZ, but they are statistically near the long end of the range. 
The sum of the angles at S( 1) is slightly larger for W2SBr, which 
is a steric effect40 due to the bulky halogen. 

An essential feature of W2SBr is the bromosulfide bridge unit. 
The S-Br bond length is 2.209 (2) A, which is near the sum of 
the covalent radii (2.18 A50 ). Comparative structural data for 
other S-Br compounds is extremely limited, even when 
including organic and main group derivatives. For two- or three- 
coordinate sulfur compounds, S-Br structural data have been 
reported wherein S is also bonded to C, Si, N, 0, or another S. 
For the few which appear to contain discrete S-Br bonds, those 
bond lengths are in the range of 2.162(6)-2.255(5) A.42-44,48.51-53 
(Some of these were gas phase measurements.) The range 
broadens considerably to 2.136(5)-2.449(3) 8, for those com- 
pounds which also contain charge transfer, ionic, or other 
contributory influences on the S-Br bond length.17s54-61 For 
WzSBr, there are no significant intermolecular interactions; the 
B r  - Br distance is 3.77 A, which approximates twice the van 
der Waals radius (1.8562 or 1.95 AS0). 

The structure of [Mo~SI~],  is substantially different from that 
of W2SBr and from those of the prior molybdenum derivatives, 
3. This is true of the M02 dimer portion itself and of the 
polymeric nature of the S-I-I-I-S link; these two results are 
presented separately. 
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Some of the differences in the dimer portion are a conse- 
quence of converting from a M@-S)@-SZ) structure as in 3 
(and also as in W2SBr) to a M2@-SZ)2 structure; the latter 
ideally possesses an additional, vertical, mirror plane containing 
M2N202 and other atoms. The individual dimer cores in [Mo~: 
SIJ, approach such a symmetric (C2") unit, but curiously they 
retain a portion of the inequivalence of the M@-S)@-SZ) 
structure. This can be seen by the results in Table 4. The Mo- 
S( l)  bond lengths of [MO~SI~],  are very similar to values from 
previous structures of type 3. Mo-S(2) bond lengths, however, 
are much longer in [MO~SI~],; these values approach the Mo- 
S( l )  bond lengths but do not achieve equivalence. The residual 
inequivalence is manifested also in other parameters such as 
the Mo-S(dithiophosphate) bonds, the bond lengths within the 
S-I-I-I-S linkage, and, the Mo( I)-S(l)-Mo(2) and Mo- 
(1)-S(2)-Mo(2) angles. 

There are several structural features of [Mo~SI~], which differ 
from the prior derivatives and which are not related to symmetry 
planes. For example, the Mo-Mo bond is distinctly longer, 
and, Mo-0 bonds are short but statistically near the prior range. 
The longer Mo-Mo bond and the lengthening of Mo-S(2) 
bonds gives a larger Mo2S2 core which is also reflected in the 
S(I)... S(2) diagonal distance. The M02S2 core remains reason- 
ably planar, with MoS2 planes at 174". As observed for W2- 
SBr, the sunis of the angles at tricoordinate sulfur bridges (now 
S(1) and S(2)) are slightly larger than the values of prior 
derivatives 3, consistent with a steric effect of the bulky halogen. 

The S-I-I-I-S ligands (S(l)-I( 1)-1(2)-1(3)-S(2')) link 
the dimers into a one-dimensional polymer. This unit itself is 
an unusual structural feature. A number of sulfur-iodine chain 
compounds have been crystallographically characterized; many 
of these contain SI, (x > 1) or SIYS units involving S-I and 
1-1 bonds of varying lengths and strengths, ranging from charge 
transfer distances to nearly single For the iodo 
chains in these, however, x and y are usually even-numbered; 
this would correspond to a formalism of S(I2),/2 or S(I2)).12S, 
although some S-I-S compounds are known for monovalent 
i ~ d i n e ( I ) . ~ ' - ~ ~  Despite the dearth of odd-y S1,S structures, the 
S13S3- link can be considered isoelectronic and isostructural to 
the 15- ion, for which several crystal structures have been 
r e p ~ r t e d . ~ ~ - ~ *  
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Halogenation at a Sulfur Bridge 

The S-I bond lengths in [Mo2S131n of 2.498(2) and 2.544(2) 
A are longer than the sum of covalent radii (2.37 A50). S-I 
bond lengths to terminal iodines are known down to 2.30 A in 
sulfur-iodine binary cations.I4 The S-I bond length in Ph3- 
CSI is 2.406 (4) A, although there are intermolecular contacts 
in that structure.79 Some thione-iodine complexes contain 
considerably covalent S-I bonds;66 S-I bond lengths in those 
compounds extend to 2.487(3) A. The 1-1 bond lengths in 
[Mo2SI3ln of 3.1584(7) and 3.0363(8) 8, are longer than twice 
the iodine covalent radius (sum 2.66 A50); these are, however, 
within the ranges for 15- ions75-78 and for SI$ compounds with 
appreciably covalent S-I bonds.66 Overall, the bond lengths 
in the S-I-I-I-S unit show inequivalence, with the longer 
S-I bond associated with the shorter 1-1 bond and vice versa. 
This inverse bond length relationship parallels a pattern 
established for other compounds containing SI, or SIP  unit^,^,^,^ 
and the values for [MozSI~],, do indeed fit the curve previously 
reported for S-I vs 1-1 bond lengths.@ The bond angles within 
the S-I-I-I-S linkage also parallel the pattern for SI, and 
SI$ compounds and for Is- ions: the central 1-1-1 angle is 
nearly perpendicular (83.89 (2)”), while S-1-1 angles are nearly 
linear (171.65 (5)” and 172.65 (4)”). 

The S-I-I-I-S unit is planar with displacements of 0.01 
8, or less. This plane is perpendicular to the Mo& plane. 

Discussion 

The reactions and interactions of halogens with metallosulfur 
sites as described herein proved to be rather diverse, with 
products ranging from discrete metallosulfenyl halides, MzSX, 
to charge transfer systems, Xy SMzSZ, with these two extremes 
bridged by the SXXXS chains of the [MzSX~], derivatives. 

The metallosulfenyl halides, MzSX, show reasonable parallel 
to organic sulfenyl halides, RSX. The order of apparent 
stabilities is somewhat reversed: for RSC1, RSBr, and RSI,195-7312 
the chlorides are best established and most readily isolable; 
isolable RSI derivatives are rare, and disproportionation (to 
RSSR + 12) is much more common. Of the present MzSX, 
only tungsten derivatives could be isolated, and WzSCl was the 
least stable. The ability to isolate W2SI may be a steric result: 
many of the few isolable RSI compounds contain bulky R 
groups, the significance of which has been addressed mecha- 
ni~tically.~ 

The charge transfer interactions studied herein involve the 
“back-bridge” sulfur site of M2SZ compounds to give I-I. SMq- 
SZ. The back-bridge sulfide is a site of modest reactivity in 
these and related  compound^.^^.^^ The current studies revealed 
a clear preference for the distal invertomer to act as charge 
transfer donor relative to the proximal invertomer. This result 
is explained by structural differences between distal and 
proximal isomers in MozSZ derivatives: the MozSz core is 
planar in distal isomers, but in the proximal isomer, the 
tricoordinate sulfur bridge @-SZ) drops well out of the plane 
(by more than 0.2 A).40 The planarity in the distal isomer 
implies n contributions from both the sulfide back-bridge and 
the tricoordinate sulfur bridge sites. In the proximal isomer, 
the n contribution from tricoordinate sulfur is diminished; this 
places greater demand on the back-bridge sulfide site and leaves 
less electron density for charge transfer donation. 

The interactions of XZ with the bis-dimer disulfide MozS- 
SMo2 provided an interesting comparison. For X = I, charge 
transfer occurred to give 1-1. SMo2S -SMoz interactions, 
possibly in equilibrium with some 1-1.. SMOZS-SMO~S- * I- 
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I; this was a thermal process. In light, I2 + MozS-SMo2 gave 
iodosulfide product via radicals Mo2S’. For the more aggressive 
Brz, however, direct halogenation occurred in the dark to give 
bromosulfide product. Mechanistically, this process may 
involve attack of Br2 on the back-bridge sulfide site, facilitated 
by an initial charge transfer interaction, Br-Br * SMo2S-SMoz. 
Direct attack of Br2 on the S-S linkage of MozS-SMOZ is 
unlikely, since this disulfide bond is buried and is unavailable 
to direct attack by disulfide reagents.30 

The trihalides [M2SX3ln represent a link between the covalent 
M2SX structure and the simple charge transfer system 
X-X SMzSZ. The one-dimensional polymer chain can be 
considered to contain a contribution from a structure such as 
* SMzS-X X-X SMzS-X. - X-X. This is evident in the 
inequivalent and alternating bond lengths revealed in the crystal 
structure of [Mo2SI3In, and, it is also supportive of, and 
supported by, the dissociative equilibrium (eq 12) to give MOZ- 
SI + 12. The dissociation of eq 12 is actually a limiting case: 
MozSI + 12  was shown to be the ultimate equilibrium species 
at high dilution. This does not eliminate Mo2SI3 as a component 
species which also equilibrates to MozSI + 12. There are 
actually two possibilities for such a MozSI3-type compound: a 
covalent sulfenyl triiodide, MOz@-SI3), or a charge transfer 
interaction of the type I-I- SMo2SI. The charge transfer 
scenario parallels the behavior of the other Mo2SZ compounds; 
a sulfenyl triiodide is more speculative, although RS13 com- 
pounds have been considered in protein sulfenyl iodide studies.I2 

While some of the chemistry described herein has consider- 
able parallel with organic sulfur and with main group sulfur 
chemistry, there is little transition metal precedent. A greater 
generality can perhaps be anticipated, however: for example, 
reactions of metallosulfur complexes with XZ have been 
frequently reported.24~72~81-90 These can involve halosulfide 
intermediates although ultimate products may not contain SX 
bonds. The possible intermediacy of a halosulfide ligand was 
specifically mentioned in a few  case^.^^^^^ One SI and SBr 
ligand has been specifically proposed in [ ( C S M ~ S ) Z C ~ ~ S ~ X ~ ]  
compounds, but these could not be crystallographically char- 
a ~ t e r i z e d ; ~ ~  the reported descriptions of the related “(CsMe5)2- 
MozS412)’ also suggests the SI The present crystal 
structure of the W2SBr complex 4(W,Br) definitively establishes 
this ligand type. The present crystal structure of [Mo2SI3ln 4- 
(Mo,13),, illustrates another possible product in these reactions. 
The crystal structure of a complex between 12 and another imido- 
sulfidomolybdenum(V) complex has also been reported;87 that 
structure contained a very long 3 . 1  bond of 2.720(1) A and 
was a simple charge transfer interaction. Interestingly, it also 
fits the curve previously reported for organic S-I vs 1-1 

although it lies more to the charge transfer region 
of the curve than the present, more covalent [MozS131n. These 
S-VI-I relationships are therefore very general and clearly 
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demonstrate that the elements S and I themselves control these 
structures regardless of organosulfur or metallosulfur framework. 

Some metal compounds have been reported wherein halogen 
weakly binds more than one sulfur: these include a Co-S(R)- 
I-S(R)-Co complex which contains dicoordinate i~dine(I) '~ 
and several triangulo M03 complexes which contain x-(s2)3 
 interaction^.^'-^^ These represent examples in addition to [Mor 
SI& which involve sulfur-halogen structural modes which lie 
between simple charge transfer and strongly covalent metallo- 
sulfenyl halide systems. 

A complication facing studies of metallosulfenyl halides is 
the possibility for light sensitivity. The present [Mo2S131n was 
only modestly sensitive to fluorescent light, compared to MwS- 
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SMo2 or Mo2S-SR derivatives; some of these latter compounds 
are very sensitive to normal room lighting and their solutions 
must be handled under red light.30$32 Organic sulfenyl halides, 
RSX, are photosensitive, although these typically require W 
(some near-UV) i r r a d i a t i ~ n . ~ ~ ? ~ ~  
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