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Hydrogen sulfide reacts with the complexes Pd,X,(u-dpm), (1) and the mixed-ligand complex Pd,Cl,(u-dpm)(u-dpmMe) under
ambient conditions to yield quantitatively H, and the corresponding A-frame, bridged-sulfide complexes such as Pd,X,(u-S)(u-
dpm), [X = Cl, Br, I; dpm = bis(diphenylphosphino)methane, dpmMe = 1,1-bis(diphenylphosphino)ethane]. The sulfide complexes
can be oxidized by using m-chloroperbenzoic acid or H,0, to the corresponding u-SO, derivatives via intermediate bridged-sulfoxide
(u-SO) species. The complex Pd,Cl,(u-SO)(u-dpm),, in which SO acts as a 2-electron donor, with the bonding at S being
pyramidal, crystallizes in the tetragonal space group P4, witha = b = 21.214 (1) A, ¢ = 14.457 (1) A, and Z = 4; the data were
refined to R = 0.069 on the basis of 2452 reflections with 7 2 2.5¢(1). Two detected isomers of Pd,Cl,(u-SO)(u-dpm)(u-dpmMe)
appear to result from differing orientations of the oxygen at the pyramidal sulfur atom. The spontaneous loss of SO, from the
u-80, species regenerates 1 and allows for the two-stage, catalytic process: H,S + 2“0” — H, + SO,. Mechanistic aspects of
the reaction of H,S with Pd,Cly(u-dpm), are briefly discussed. The complex PdCl,(dpm) reacts with H,S under basic conditions

to give Pdy(SH),(u-S) (u-dpm),.

Introduction

Research into interaction of H,S with transition-metal com-
plexes in solution is generally not well developed, despite the
industrial®* and biological*® importance of the gas. During our
studies on the use of the well-known dinuclear palladium(I)
complexes Pd,X,(u-dpm), (X = halides, dpm = Ph,PCH,PPh,)®
for the separation of syngas components,’ tests were made for
reactivity toward H,S. We discovered reaction 1,2 which involves
quantitative reduction of H,S to H, and S a related reaction,
reported more recently,’ is that shown in eq 2. The H, produced
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a,X=C1;b,X=Br;c,X=I;PﬁP=dpm
2Cp",Zr(CO), + 2H,S — [Cp/3Zr(u-S)], + 2H, + 4CO  (2)

Cp’ = ﬂs'CSHs or ns'C5Mes

from reactions of H,S with (hydrido)phosphine complexes of
Ru(ID),!° for example eq 3, is a consequence of the hydride content

RuH,(PPh;), + H,S — RuH(SH)(PPh,);, + H, + PPh, (3)

of the phosphine complexes, and the net reaction, ignoring a
labeling of the hydrogen atoms, is the more usual oxidative ad-
dition of H,S via cleavage of the S~H bond.>!®!!  Related
reactions, again involving ruthenium complexes, are shown in eq

(1) (a) University of British Columbia. (b) On leave from the Central
Research Institute for Chemistry, Hungary Academy of Sciences, Bu-
dapest, Hungary. (c) On leave from the Faculty of Chemistry, A.
Mickiewicz University, Poznan, Poland. (d) Experimental Officer,
Crystal Structure Service, University of British Columbia. (e) Pacific
Northwest Laboratory.

(2) (a) Sander, U. H, F.; Fischer, H.; Rothe, U.; Kola, R. Sulphur, Sulphur
Dioxide and Sulphuric Acid; More, A. 1., Ed.; The British Sulphur
Corp., Ltd.: London, 1984; pp 30-94. (b) Gates, B. C.; Katzer, J. R.;
Schmit, G. C. A. Chemistry of Catalytic Processes; McGraw-Hill: New
York, 1979; Chapter 5.

(3) Mueting, A. M.; Boyle, P.; Pignolet, L. H. Inorg. Chem. 1984, 23, 44
and references therein.

(4) Vahrenkamp, H. Angew. Chem., Int. Ed. Engl. 1975, 14, 322.

4 (P = PPh,)!! and $5,'2 where the net result is the reduction of
HS HS
Ru(CO);P; — RuH(SH)(CO),P, ——

Ru(SH),(CO),P, + H, (4)

ZRU(NH3)5(H28)2+ - ZRU(SH)(NH3)52+ + H2 (5)

two moles of H,S to H, and 2SH™. Reaction 5 was suggested
tentatively because the precursor H,S complex was not obtained
in a pure state;'? indeed, in this regard, the only other well-
characterized isolated H,S complex appears to be W(CO)(H,S),"
although 'H NMR spectroscopic evidence has been presented for
the species Pt(PPh;),(H,S) en route to formation of a more stable
(hydrido)(mercapto) complex.!* Equation 6, analogous to eq 1
and 2, has been invoked for a solid-state reaction to account for
the filling of vacant anionic sites by sulfur in WS, lattices?®

AW+ H,S T oWH £ ST 4 H,  (6)

The studies outlined above show that transition-metal com-
plex/H,S chemistry clearly has potential from the viewpoints of
H, recovery and inorganic synthesis, while the use of H,S for
organosulfur compounds has also been considered.? This paper
reports more fully on the reactions outlined in eq 1 and also on

(5) Manahan, S. E. Environmental Chemistry, 4th ed.; Willard Grant:
Boston, MA, 1984; p 104.

(6) All of the bidentate phosphine ligands within the dinuclear species
discussed are present in the bridging mode; for convenience, the u
symbol will be subsequently omitted.

(7) Lyke, S. E.; Lilga, M. A,; Nelson, D. A.; James, B.R.; Lee, C. L. Ind.
Eng. Chem. Prod. Res. Dev. 1986, 25, 517. Nelson, D. A.; Hallen, R,
T.; Lee, C. L.; James, B. R. Recent Developments in Separation Science;
Li, N., Calo, J. M., Eds.; CRC: Cleveland, OH, 1986; Vol. IX, p 1.
Lee, C. L.; James, B. R; Nelson, D. A,; Hallen, R. T. Organometallics
1984, 3, 1360.
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Y. Inorg. Chim. Acta 1988, 105, L9 (b) Osakada, K.; Yamamoto, T.;
Yamamoto, A. Inorg. Chim. Acta 1984, 90, LS.
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Inorg. Chim. Acta 1986, 121, L7.
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J. Chem. Res. Synop. 1971, 246.
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Bonati, E. Chem. Commun. 1967, 524. Ugo, R.; La Monica, G.; Cenini,
S.; Segre, A.; Conti, F. J. Chem. Soc. A 1971, 522.
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Reaction of H,S with Pd, Complexes

Table . NMR Spectroscopic Data for the Dinuclear Palladium x-S and
u-SO Complexes

no. complex S(*H)® SC'P)

28 Pd;Cly(u-S)(dpm), 2.79° (12.56, 3.50) 5.52
4.73¢ (12.56, 6.08)

2b  Pd,Br,(u-S)(dpm), 2.86° (12.63, 3.41) 5.96
4.81° (12.63, 6.02)

2¢c  Pd,I;(u-S)(dpm), 3.04° (13.50, 3.30) 6.04
4.92¢ (13.50, 5.73)

2d  Pdy(SH),(u-S)(dpm)y’ 3.14° (13.02, 3.47) 14.26
4.83¢ (13.02, 6.02)

4  Pd,Cly(u-S)(dpm)(dpmMe) 1.07¢ (8.00, 9.20) h

2.81/ (12.36, 10.57)

4.607 (12.36, 12.18)

5.48¢ (8.00, 7.10)

2.30' (12.80, 14.00, 8.00)  -0.67*
2.50° (12.80, 12.60, 5.80)  19.09
3.87 (12.60, 9.25)

4.68/ (12.60, 12.40)

(syn- or anti-)

3 Pd,Cly(u-SO)(dpm),

§  Pd,Cly(u-SO)(dpm)(dpmMe)
major isomer 1.06° (7.30, 9.86)

2.22(13.87,12.17, ~7.0/) n

3.72/ (13.87, 9.30)

5.438 (7.30, 15.02)

1.14¢ (8.47, 8.95)

2.45' (~11.5) n

4.27™ (~1.5)

4,70/ (12.26, 12.08)

%In CD,Cl, at 25 °C. & for the aliphatic protons of the w-diphosphine
ligand with respect to TMS; J values in hertz are given in parentheses (Jyy,
Jen)- 2In CD,Cl, at 25 °C. Shifts relative to external 85% H,PQ,, down-
field being positive; peaks are singlets, unless stated otherwise. ¢Doublet of
quintets (dqn) for each of two sets of methylene protons, 4§ = —1.60 qn
(Jpu = 5.47 Hz) for -SH ligand. For the complex Pd,CI(SH)(x-S)(dpm),
formed in situ in CDCI; (see text): & (multiplets) at —1.40 (SH), 2.9, and
~4.,80 (CH,). “Doublet of triplets (dt) for the CH; protons, /dt for one
methylene proton. 8Triplet of quartets (tq) for the CH proton. *AA’BB’
multiplet (cf. the corresponding spectrum for Pd,Cl,(dpm)(dpmMe) (Figure
6 in ref 16) and Figure 3 for complex 3). ‘Doublet of triplet of triplets for
one methylene proton. /Jyp long-range coupling to the two remote P atoms.
kK AA’BB’ multiplet with JMr = 89.9, JAB = JA’B’ = 359.3, JAB/ = JA’B =
-3.2, and Jgp = 24.79 Hz. ‘Multiplet for the CH proton. ™ Multiplet for
one methylene proton. ”"Complex; mixture of isomers yields two AA’BB’
patterns (see footnotes # and k).

minor isomer

the subsequent oxidation of 2a to the bridged-sulfoxide complex
Pd,Cl,(u-SO)(dpm), (3), which has been fully characterized both
spectroscopically and crystallographically. Oxidation of 2a to the
bridged-SO, derivative has been reported previously by Balch’s
group.!®*  The recently synthesized'® mixed-ligand complex
Pd,Cl,(dpm)(dpmMe) (dpmMe, representing monomethylated
dpm, = 1,1-bis(diphenylphosphino)ethane) also forms, via a re-
action akin to (1), a u-S derivative that is similarly oxidized, while
the monomer PdCl,(dpm)!” reacts with H,S in basic solution only
to yield Pd,(SH),(u-S)(dpm),.

Experimental Section

General Data, The palladium complexes Pd,X;(dpm), (X = Cl, Br,
1),'® Pd,Cl,(dpm)(dpmMe),'¢ and PdCl,(dpm)!? were prepared by pub-
lished procedures. Hydrogen sulfide (Matheson, C.P. grade), m-
chloroperbenzoic acid (Aldrich), and hydrogen peroxide (BDH, 30%)
were used as supplied. Dimethylacetamide (DMA) (Aldrich) was dis-
tilled and dried over CaH, prior to use. 'H (5-mm tubes, 400 MHz) and
3P (10-mm tubes, 32.44 MHz) NMR spectra were recorded at room
temperature (25 °C) on Bruker WH-400 and WP-80 FT instruments,
respectively; 3'P NMR shifts are given relative to external 85% H,PO,,
downfield being positive, while simulation of 'H and *'P spectra were
performed by using the iterative routine of a Bruker ASPECT 2000
NMR panIc program. IR spectra were recorded as Nujol mulls on a
Nicolet 50X FT spectrometer. UV /vis spectra were recorded on a
thermostated Perkin-Elmer 552A spectrophotometer using a specially
designed tonometer consisting of a 1-cm path length cell attached by a
side arm to a reservoir bulb and fitted with a Teflon stopcock and an

(15) Balch, A. L.; Benner, L. S.; Olmstead, M. M. Inorg. Chem. 1979, 18,
2996.

(16) Lee, C.L.; Yang, Y. P.; Rettig, S. J.; James, B. R.; Nelson, D. A ; Lilga,
M. Organometallics 1986, 5, 2220.

(17) Steffen, W. L.; Palenik, G. J. Inorg. Chem. 1976, 15, 2432,

(18) Benner, L. A.; Balch, A. L. J. Am. Chem. Soc. 1978, 100, 6099.
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O-ring joint for attachment to a vacuum line;!° CH,Cl, saturated with
H,S could be added from a gastight syringe via a septum.

The quoted reaction times in the synthetic procedures (reactions in-
volving H,S, H,0,, or m-chloroperbenzoic acid) were determined by
monitoring the reactions with TLC, particularly for the disappearance
of the starting Pd complex [Merck Kieselgel 60 F,s,4 plates, CH,Cl,/ethyl
acetate (6:1 v/v) as eluent]. Syntheses were carried out by using Schlenk
glassware in well-ventilated fume hoods.

Formation of Pd,(u-S) Complexes Using H,S. Pd,X,(u-S)(dpm); (2).
Pd,Cl,(dpm), (1a) (300 mg, 0.29 mmol) was dissolved in 40 mL of
CH,Cl,, and H,S was bubbled through the solution for 20 min at 20 °C;
the color changed from orange-red to brown with accompanying pre-
cipitation of a brown solid that was completed by gradual addition of 100
mlL ether. Filtering and vacuum-drying gave 300 mg (97%) of the known
complex Pd,Cl,(u-S)(dpm), (2a) as identified by 'H and *'P{'H} (see
Table I, which lists NMR spectroscopic data for all of the isolated com-
plexes). The corresponding bromide 2b was prepared in 87% yield by
treating a CH,Cl, solution of 1b with H,S overnight in a capped Schlenk
tube. Anal. Caled for CsHyP4Br,SPdy: C, 51.13; H, 3.78; S, 2.73.
Found: C, 51.16; H, 3.71; S, 2.85. Formation of the iodo complex
Pd,I,(u-S)(dpm), (2¢) from 1c and H,S is relatively slow and was only
about 25% complete after 24 h. Complex 2¢ could be isolated, however,
in high yields by stirring a solution of 2a (200 mg, 0.28 mmol in 30 mL
of CH,Cl,/10 mL of MeOH) with 10 mL saturated aqueous Nal for 20
min; reduction in volume by rotovap yielded brown crystals that were
collected, redissolved in 20 mL CH,Cl,, and reprecipitated with 50 mL
of MeOH,; yield, after filtering and drying, 227 mg (97%). Anal. Calcd
for C4H 4P I,SPd,: C, 47.34; H, 3.50; S, 2.53. Found: C, 47.48; H,
3.52; S, 2.66.

Pd,Cl,(u-S) (dpm) (dpmMe) (4). H,S was bubbled for 5 min through
30 mL of CH,CI, containing Pd,Cl,(dpm)(dpmMe) (250 mg, 0.23
mmol) in a Schlenk tube; the tube was then capped and the solution
stirred for 3 h at 20 °C. Addition of 40 mL of MeOH precipitated a
brown product that was filtered off, redissolved in 20 mL of CHC];, and
reprecipitated by addition of 40 mL of MeOH. Filtering and drying
under vacuum yielded 221 mg (87%). Anal. Caled for Cs5;H P,CL,SPd;:
C, 55.76; H, 4.22; S, 2.92. Found: C, 55.53; H, 4.05; S, 2.88.

Pd,(SH),(u-S)(dpm), (2d). (a) To 25 mL of CH,Cl, containing 1a
(300 mg, 0.29 mmol) was added 20 mL of MeOH/H,0 (1:1 v/v) con-
taining 500 mg of NaSH (8.9 mmol), and the mixture was stirred for
1 h at 20 °C, when the color rapidly changed from orange-red to brown.
A further 25 mL of MeOH/H,0 was then added, and the CH,Cl, was
removed by evaporation. The resulting brown solid was collected, dis-
solved in CH,Cl, and precipitated by addition of ether (twice). Drying
under vacuum yielded 250 mg (81%) of 2d. Anal. Calcd for
CsoH4sPsS;Pdy: C, 55.61; H, 4.29; S, 8.91. Found: C, 54.49; H, 4.30;
S, 8.29.

(b) The monomer PdCl,(dpm) (600 mg, 0.57 mmol) was added to 20
mL of C¢H, containing Et;N (0.5 mL, 3.6 mmol), and H,S was bubbled
through the mixture for 1 h at 20 °C, the initial yellow suspension rapidly
turning red-brown. The mixture of solids (containing Et;NHCI) was
collected, washed successively with C;Hg and hexane, and then stirred
for 3 hin 10 mL of H,O/CH,Cl, (1:1 v/v); the organic layer was then
separated and the product precipitated by addition of ether. The mix-
ed-solvent procedure was repeated twice to give finally 260 mg (42%) of
2d. The monomer is unreactive toward H,S in the absence of a base.

(c) PdCl,(dpm) (300 mg, 0.29 mmol) was dissolved in 40 mL of
CH,Cl, and stirred for 1 h at 20 °C with 15 mL of H,0/MeOH (2:1
v/v) containing NaSH (600 mg, 10.7 mmol). A further 50 mL of
H,0/MeOH was then added, and the CH,Cl, was removed by evapo-
ration. The resulting brown solid was collected, dissolved in CH,Cl,, and
precipitated by addition of ether (twice); yield 140 mg (46%).

(d) Complex 2d could be obtained also from Pd,Cl,(u-S)(dpm), (2a)
by using either (i) the identical procedure described above in part ¢, when
300 mg 2a yielded 200 mg of 2d (66%), or (ii) an H,S/NEt, procedure
similar to that described in part b, when 200 mg of 2a yielded 110 mg
of 2d (55%).

Detection of H, Generated from H,S. A Carle Analytical gas chro-
matograph (Model 311) in the thermal conductivity mode was used in
conjunction with a 12-ft Porapak Q column (Waters Associates, Inc.,
80-100 mesh); injector and column temperatures were maintained at 30
°C, while a He gas stream flowed at 20 psi. DMA, because of its low
vapor pressure at 30 °C, proved to be a convenient solvent for studying
the H, production from reaction 1. Calibration was effected by first
saturating with H,S at 1 atm a previously evacuated 50-mL Schlenk tube
containing 10 mL of DMA; 10 mL of H, and 1 mL of CO, (as internal
standard) were injected via a serum cap into the gas phase of the tube,
and the solvent was then stirred for !/, h. The average integration area

(19) Stynes, D. V.; James, B. R. J. Am. Chem. Soc. 1974, 96, 2733.
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Table II. Crystallographic Data®

Besenyei et al.

Table III. Final Positional (Fractional X104, Pd X10%) and Isotropic
Thermal Parameters (A2 X 10%) with Estimated Standard Deviations
in Parentheses®

compd (#-SO)(u-dpm),Pd,Cl,»xCH,Cl,y(C,H;),0
formula C4H4,C1,0P,Pd,S-xCH,Cl,:yC,H,,0
fw 1100.56 + solvent
cryst syst tetragonal
space group P4,
a, 21.214 (1)
¢, 14.457 (1)
v, A3 6506.2 (7)
V4 4
Dearear 8/cm® 1.363%
F(000) 2679.7°
w(Mo K,), cm™ 10.2¢
cryst dimens, mm 0.18 X 0.20 X 0.54
transmissn factors 0.820-0.852
scan type w26
scan range, deg in w 0.60 + 0.35 tan ¢
scan speed, deg/min 0.91-10.06
data colled +h,+k,+1
26,45, deg 50
no. of unique reflcns 5942
no. of reflens with 7 2452
22.5q¢(0)
no. of variables 283
R 0.069
R, 0.071
GOF 2.166

mean A/o (final cycle) 0.04
max A/o (final cycle) 0.83
residual density, e/A’>  -2.3 to +1.7 (both near Pd atoms)

9Temperature 22 °C, Enraf-Nonius CAD4-F diffractometer, Mo
Ka radiation (Ag,, = 0.70930, Ag,, = 0.71359 A), graphite mono-
chromator, takeoff angle 2.7°, aperture (2.0 + tan ) X 4.0 mm at a
distance of 173 mm from the crystal, scan range extended by 25% on
both sides for background measurement, ¢(/) = § + 2B + [0.04(S -
B)1? (S = scan count, B = normalized background count), function
minimized Tw(|F,| - |Fd)? where w = 1/(F), R = S(|Fy| - [Fl/
TIF, Ry = (Zw(F| = |F)*/ZwIF )72, and GOF = (Lw(F,| -
|F)?/(m — n))/2. Values given for R, R,, and GOF are based on
those reflections with 7 = 2.5¢(J). ® These numbers, calculated with x
= 2.76 and y = 0, represent minimum values for the respective pa-
rameters.

on the GC for CO,:H, in the gas phase was 3.47 (five runs). To study
reaction 1, Pd,Cl,(dpm), (500 mg, 0.475 mmol) was suspended in 10 mL
of DMA in the same Schlenk tube, and the system was evacuated, prior
to saturation with H,S (1 atm) and addition of 1 mL of CO,. Sampling
of the gas phase after !/, h of stirring gave an average CO,:H, = 3.30
(five runs), which thus corresponds to 10.51 mL of H,. The theoretical
amount of liberated H, for a quantitative reaction at 25 °C for 500 mg
la is 11.61 mL, and thus the yield in H, is about 90%. As measured,
this estimation is independent of the solubility of H, in DMA; in any case,
this reported solubility (1.76 X 10~ M atm™ at 25 °C)® shows that the
amount of H, in the solution phase will be negligible (<1%). The re-
action as monitored by 'H or *'P NMR showed complete conversion of,
for example, 1a to 2a.

Oxidation of Bridged-Sulfide Complexes to the Bridged-Sulfoxide
Derivatives. Pd,Cl,(u-SO)(dpm), (3). (a) Complex 2a (400 mg, 0.37
mmol) was dissolved in 40 mL of CH,Cl,, and 40 mL of 30% aqueous
H,0, and 10 mL of MeOH were added. The mixture was vigorously
stirred at room temperature for 2 h, after which time the orange CH,Cl,
layer was removed and concentrated to 10 mL. Addition of 50 mL of
MeOH precipitated an orange solid that was filtered off and vacuum
dried; yield 385 mg (95%). Anal. Caled for Cs;,HyOP,C1,SPd,: C,
54.57; H, 4.03; S, 2.91; O, 1.45. Found: C, 54.51; H, 4.06; S, 2.75; O,
1.52. »(SO) = 985 cm™.

(b) Complex 2a (308 mg, 0.284 mmol) was dissolved in 40 mL of
CH,Cl, at =20 °C, and a similarly cooled CH,Cl, solution (5 mL) of
m-chloroperbenzoic acid (59 mg, 0.29 mmol) was added with stirring
over a period of 10 min. The solution was stirred for a further 5 min,
warmed to room temperature, and concentrated to 10 mL by rotovap;
addition of 100 mL of ether precipitated the pure orange product that
was collected and vacuum dried; yield 270 mg (86%).

Pd,C1,(u-SO)(dpm) (dpmMe) (5). m-Chloroperbenzoic acid (62 mg,
0.30 mmol) in 15 mL of CH,Cl,, cooled at 0 °C, was added dropwise
over !/, h into a CH,Cl, solution (40 mL) of 4 (300 mg, 0.277 mmol),

(20) Thorburn, I. S. Ph.D. Dissertation, University of British Columbia,
1985.

atom X X z Ugq o1 Uy
Pd(1) 49113 (10) 21882 (10) 78000 36
Pd(2) 56995 (10) 11180 (9) 67175 (20) 37
CI(1) 3948 (3) 2791 (3) 7848 (6) 55
Cl(2) 5713 (4) 464 (3) 5370 (6) 62
S 5843 (4) 1689 (3) 8035 (5) 47
P(1) 5475 (3) 2972 (3) 7009 (5) 37
P(2) 6141 (4) 1946 (3) 5870 (5) 41
P(3) 4394 (4) 1351 (3) 8512 (5) 38
P4) 5245 (3) 338 (3) 7643 (5) 37
Cl(3) 7128 (10) 2690 (13) 10393 (21) 350
Ci(4) 5906 (7) 2683 (8) 10747 (15) 238
ClI(5)2 7684 (18) 1193 (18) 8014 (26) 352
Cl(6)? 7763 (16) 815 (33) 9698 (27) 539
Cl(7)? 8032 (19) 1697 (14) 2298 (19) 305
CI(8)* 7566 (14) 2912 (26) 2950 (35) 460
Cl(9)® 7941 (37) =560 (23) 5199 (38) 395
Cl(10)® 8825 (24) ~-321 (25) 4807 (73) 499
C(1) 6210 (11) 2693 (11) 6474 (14) 29
C(2) 4854 (11) 652 (12) 8701 (16) 35
o1y 6419 (14) 2049 (14) 8164 (21) 42 (9)
o(1)°® 5925 (18) 1401 (18) 8852 (29) 47 (12)
C(3) 6461 (22) 2728 (20) 9838 (31) 125 (16)

C(4)y 7412 (33) 785 (30)
C(la) 5754 (8) 3568 (7)
C(22) 5366 (7) 3723 (8)
C(3a) 5554 (9) 4185 (9)
C(4a) 6129 (10) 4491 (8)
C(52) 6516 (7) 4335 (9)
C(6a) 6329 (8) 3874 (9)
C(1b) 5090 (9) 3401 (8)
C(2b) 4519 (9) 3193 (7)
C(3b) 4265 (7) 3485 (10)
C(4b) 4581 (9) 3985 (9)
C(5b)  S153(9) 4193 (7)
C(6b) 5407 (7) 3901 (9)

8936 (55) 126 (25)
7838 (12) 36 (7)
8581 (14) 49 (8)
9208 (11) 77 (10)
9092 (13) 80 (11)
8349 (15) 66 (10)
7722 (12) 48 (8)
6089 (11) 41 (8)
5727 (13) 46 (8)
4949 (14) 80 (12)
4533 (11) 64 (9)
4895 (14) 64 (10)
5673 (14) 56 (9)

C(lc) 6944 (10) 1812 (16) 5506 (24) 102 (13)
C(2¢) 7446 (17) 2129 (11) 5915 (18) 106 (14)
C(3¢) 8063 (13) 1967 (15) 5688 (22) 134 (17)
C(4c) 8177 (12) 1488 (17) 5052 (25) 131 (16)
C(5¢) 7675 (20) 1171 (13) 4642 (21) 244 (29)
C(6c) 7058 (16) 1333 (15) 4869 (24) 208 (26)

c(1d) 5721 (9) 2158 (9)
C(2d) 5134 (9) 1894 (8)
Cc(3d) 4795 (7) 2087 (10)
C(4d) 5043 (10) 2544 (10)
C(5d) 5630 (11) 2808 (8)
cled) 5969 (1) 2615 (10)
C(le) 3702 (8) 1069 (9)
C(2e) 3365 (10) 569 (9)
C(3e) 2865 (9) 303 (8)
C(4e) 2702 (8) 537 (11)
C(5€) 3039 (11) 1037 (11)
C(6e) 3539 (9) 1303 (8)
c(f 4136 (10) 1551 (9)
c(2h 3545 (9) 1823(9)  9775(13) 75 (11)
C(3f) 3350 (7) 2006 (%) 10654 (17) 73 (11)
c(4h) 3746 (11) 1916 (10) 11411 (12) 82 (11)
C(5f) 4337 (10) 1643 (10) 11289 (13) 80 (11)
c(66) 4532 (7) 1461 (8) 10409 (17) 62 (9)
C(lg) 5837 (8)  -180(8) 8112 (15) 50 (9)
C(2g) 6333 (1) -319(9) 7516 (12) 67 (10)
C(3g) 6820 (9)  -711(11) 7808 (17) 93 (11)
C(4g) 6811 (9)  —964 (9) 8696 (18) 89 (12)
C(5g) 6315 (11)  -825 (10) 9292 (13) 83 (11)
C(6g) 5828 (9)  -433 (10) 9000 (14) 70 (10)
C(lth) 4675 (7)  -183(8)  7177(13)  38(9)

4830 (12) 49 (8)
4643 (13) 54 (9)
3869 (15) 73 (10)
3282 (12) 67 (10)
3468 (14) - 90 (12)
4243 (16) 67 (10)
7950 (14) 54 (9)
8330 (12) 69 (10)
7844 (17) 75 (10)
6976 (17) 97 (13)
6596 (12) 88 (11)
7083 (15) 61 (9)
9653 (12) 46 (8)

C(2h)  4516(9)  -723(9) 7671 (11) 53 (8)
C(3h) 4050 (9) -~1125(7) 7338 (15) 75 (11)
C(4h) 3743 (8)  -987 (9) 6511 (16) 74 (11)
C(5h) 3902 (9)  -447(11) 6018 (11) 83 (11)
C(6h) 4368 (10)  —45(7) 6351 (13)  S3(9)

2C(1a)-C(6h) are the carbon atoms of phenyl rings refined as rigid
groups. Usperscripts refer to the following occupancy factors: a, 0.66;
b, 0.44; ¢ 0.56.
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Table IV. Bond Lengths (A) with Estimated Standard Deviations in
Parentheses

Pd(1)-Cl(1)  2411(7)  P(1)-C(1b) 1.81 (2)
Pd(1)-S 2268 (8)  P(1)-C(1) 1.84 (2)
Pd(1)-P(1) 2346 (7)  P(2)-C(lc) 1.80 (2)
Pd(1)-P(3) 2328 (7)  P(2)-C(ld) 1.81 (2)
Pd(2)-CI(2) 2393 (8)  P(Q)-C(1) 1.82 (2)
Pd(2)-S 2277(8)  P(3)-C(le) 1.78 (2)
Pd(2)-P(2) 2337 (8)  P(3)-C(If 1.79 (2)
Pd(2)-P(4) 2337(7)  P(3)-C(2) 1.80 (3)
S-0(1) 1.45 (3) P(4)-C(1g) 1.80 (2)
S-0(1) 1.34 (4) P(4)-C(1h) 1.77 (2)
P(1)-C(la) 1.84 (2) P(4)-C(2) 1.86 (2)

Table V. Bond Angles (deg) with Estimated Standard Deviations in
Parentheses

CI(1)-Pd(1)-S 169.0 3) C(la)-P(1)-C(1) 1029 (9)
ClI(1)-Pd(1)-P(1)  94.0 (3) C(1b)-P(1)-C(1)  103.6 (8)
CI(1)-Pd(1)-P(3)  89.6 (3) Pd(2)-P(2)-C(lc) 114.4 (11)
S-Pd(1)-P(1) 87.7 (3) Pd(2)-P(2)-C(1d) 115.2 (6)
S-Pd(1)-P(3) 89.3 (3) Pd(2)-P(2)-C(1)  115.9 (8)
P(1)-Pd(1)-P(3) 1754 (3) C(1c)-P(2)-C(1d) 105.2 (12)
CI(2)-Pd(2)-S 1711 (3)  C(1c)-P(2)-C(1)  101.6 (13)
CI(2)-Pd(2)-P(2) 90.2 (3) C(1d)-P(2)-C(l) 102.8 (9)
CI(2)-Pd(2)-P(4)  93.5(3) Pd(1)-P(3)-C(le) 116.3 (6)
S-Pd(2)-P(2) 89.1 (3) Pd(1)-P(3)-C(1f) 111.8 (6)
S-Pd(2)-P(4) 87.3(3) Pd(1)-P(3)-C(2) 116.1 (8)
P(2)-Pd(2)-P(4) 176.2(3) C(1e)-P(3)-C(1f) 104.4 (9)
Pd(1)-S-Pd(2) 90.4 (3) C(1e)-P(3)-C(2) 103.9 (11)
Pd(1)-S-0O(1) 120.4 (12) C(1H)-P(3)-C(2) 10238 (12)

Pd(1)-S-0O(1") 117(2)  Pd(2)-P(4)-C(1g) 111.0 (6)
Pd(2)-S-O(1) 120.0 (13) Pd(2)-P(4)-C(1h) 120.4 (6)
Pd(2)-S-0O(1) 121 (2)  Pd(2)-P(4)-C(2) 113.6 (8)
0(1)-S-0(1") 91(2)  C(1g)-P(4)-C(1h) 103.8 (8)

Pd(1)-P(1)-C(1a) 109.5(5) C(1g)-P(4)-C(2) 102.7 (12)
Pd(1)-P(1)-C(1b) 119.0 () C(1h)-P(4)-C(2) 103.4 (10)
Pd(1)-P(1)-C(1) " 1142 (8) P(1)-C(1)-P(2)  114.5 (13)
C(1a)-P(1)-C(1b) 106.2 (7) P(3)-C(2)-P(4)  114.3 (13)

also at 0 °C. The resulting solution was stirred for !/, h and reduced
in volume to 30 mL by rotovap; addition of 50 mL of MeOH gave 211
mg of an orange product. Reducing the volume of the mother liquor to
about 20 mL led to precipitation of a further 65 mg of product. Re-
dissolving both fractions in 30 mL of CH,Cl, and reprecipitation via
addition of 50 mL of MeOH gave 250 mg of collected, dried product.
Anal. Caled for C5H,sOP,CL,SPd,: C, 54.96; H, 4.16; S, 2.88; O, 1.44,
Found: C, 54.74; H, 4.16; S, 2.90; O, 1.60. »(SO) = 984 cm™.

Regeneration of Pd,Cl,(dpm), (1a) from Pd,Cl,(u-S)(dpm), (2a) or
Pd,Cl,(4-SO)(dpm), (3). The bridged-sulfide complex 2a (108 mg, 0.1
mmol) was dissolved in 50 mL of CH,Cl, at =20 °C, and 5 mL of
CH,Cl, containing m-chloroperbenzoic acid (56 mg, 0.28 mmol), also
cooled to —20 °C, added rapidly. The resulting solution was stirred at
the low temperature for 15 min, when hydrazine (2 mg, 0.06 mmol) in
1 mL CH,Cl, was added. After 5 min the cooling bath was removed,
and the violet solution containing the bridged-SO, complex!’ was refluxed
for 5 min to remove the SO,. The solution was concentrated under
vacuum to 10 mL; addition of 100 mL of ether precipitated red-orange
Pd,Cly(dpm), that was collected and vacuum dried (80 mg, 76% yield),
the product being identified by UV /vis, 'H NMR, and *'P NMR spec-
troscopy.!®'® This same complex was isolated in 83% yield from the u-SO
complex 3 by using a similar m-chloroperbenzoic acid /hydrazine treat-
ment but with only 1.2 equiv of the oxidant. The mixed complex
Pd,Cl,(dpm)(dpmMe) could be recovered in high yield from 4 or 5 by
the same peracid oxidation procedures. Treatment of 2a with ozone at
—-60 °C generated the u-SO, complex directly, but when it was warmed
to 20 °C decomposition occurred to give some PdCl,(dpm) and other
unidentified products. Use of other oxidants such as OCI™ or Pb(OCO-
CHj;), at 20 °C did not lead to recovery of 1a from 2a. Attempts to
regenerate la by reacting 2a with PPh, (a known method for removing
coordinated chalcogen atoms as SPPh,21:22) were unsuccessful: a slow
reaction at 20 °C destroyed much of 2a, and 1a was never obtained in
>20% yield.

X-ray Crystallographic Analysis of Pd,Cl,(u-SO)(dpm),x CH,Cl,-y-
(C,H;);0 (3). A single crystal of the compound was prepared by placing
a test tube containing 10 mL of a saturated CH,Cl, solution of the
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complex in a closed vessel (400 mL) containing 100 mL of anhydrous
diethyl ether; orange-red crystals were formed after 2 days, but they
deteriorated rapidly when removed from the solution, even when mounted
wet in Lindemann glass capillary tubes. Satisfactory crystal stability was
finally achieved by encapsulating a crystal in an epoxy while it was still
in solution. Crystallographic data are presented in Table II.

The final unit-cell parameters were obtained by least squares on 2(sin
8) /X values for 25 reflections (with 2 = 20-25°) measured with Mo Ko,
radiation. The intensities of three check reflections, monitored each hour
of X-ray exposure time throughout the data collection, showed only small
random variations. The data were corrected for absorption by using the
Gaussian integration method.?? .

The systematic absences (00/, / = 4n) and the Laue symmetry (4/m)
indicated the space group P4, or the enantiomorphic P4;. The coordi-
nates of the Pd, Cl, P, and S atoms of the Pd,Cl,(u-SO)(dpm), molecule
were determined from the Patterson function, and the refinement was
initiated in space group P4,. The remaining non-hydrogen atoms in-
cluded in the calculations were positioned from subsequent difference
maps. Phenyl rings were refined as rigid groups (Dg; symmetry, C-C
= 1.392 A). The key atom in this structure, the oxygen atom of the u-SO
ligand, was found to be disordered over two sites. A more serious disorder
problem was encountered with lattice-held solvent molecules of CH,Cl,
and diethyl ether. Similar problems were noted for the isomorphous
structures of Pd,Cl,(u-CO)(u-dam), (dam = Ph,AsCH,AsPh,)?* and
Pd,Cl,(u-S)(dpm),'* (2a). Four separate CH,Cl, sites were identified,
one of which is fully occupied or nearly so. The carbon atoms of two of
the CH,Cl, molecules were also located (C(3) and C(4)). Regions
believed to be occupied by disordered diethyl ether molecules could not
be satisfactorily modeled. Occupancy factors for the disordered u-SO
oxygen atoms and the CH,Cl, solvate molecules were initially estimated
from relative Fourier peak heights and were subsequently adjusted to give
consistent thermal parameters. Occupancy factors for CH,Cl, molecules
are relative to that of the molecule containing CI(3), Cl(4), and C(3),
which was assumed to be a fully occupied site.

In the final stages of full-matrix least-squares refinement, the Pd, C|,
P, S, and carbon atoms C(1) and C(2) were refined with anisotropic
thermal parameters, and atoms O(1), O(1’), C(3), and C(4) were refined
with isotropic thermal parameters. The hydrogen atoms of the Pd,Cl,-
(u-SO)(dpm), complex were fixed in idealized positions (C(sp?)-H =
0.97, C(sp®)-H = 0.98 A). Neutral-atom scattering factors and anom-
alous scattering corrections for Pd, Cl, P, and S were taken from ref 25.
Parallel refinements were carried out in the enantiomorphic space groups
P4, and P4,, the latter giving slightly better agreement factors (R and
R, ratios of 1.006 and 1.007, respectively).

Final atomic coordinates and equivalent isotropic (U, = one-third of
the trace of diagonalized U) or isotropic thermal parameters are given
in Table III. Selected bond lengths and angles appear in Tables IV and
V, respectively. Calculated hydrogen atom parameters, anisotropic
thermal parameters, intraannular torsion angles, and measured and
calculated structure factors (Tables SI-SIV) are included as supple-
mentary material.

Results and Discussion

p-S Complexes. Complex Pd,Cl,(u-S)(dpm), (2a) was syn-
thesized previously in up to 55% yield by treating Pd,Cl,(dpm),
(1a) with elemental sulfur or propylene sulfide.!> As shown in
the present work, use of H,S generates 2a and the corresponding
bromide 2b in almost quantitative yields, while the iodide 2c is
more conveniently prepared from 2a via halide exchange. In the
'H NMR spectra of 2a-2¢ (Table I), the methylene resonances
appear as AB doublets with additional coupling to four equivalent
P atoms.!’

Complex 1a is seen to rapidly and quantitatively desulfurize
H,S, which is of key interest in the area of hydrode-
sulfurization,262 and in this regard we found that solutions of

(21) Pandey, K. K. Spectrochim. Acta, Part A 1983, 394, 925.
(22) Schmid, G.; Ritter, G. .Angew. Chem., Int. Ed. Engl. 1975, 14, 645;
Chem. Ber. 1975, 103, 3008,

(23) The computer programs used include locally written programs for data
processing and locally modified versions of the following: ORFLS, full-
matrix least squares, and ORFFE, function and errors, by W. R. Busing,
K. O. Martin, and H. A. Levy; FORDAP, Patterson and Fourier syntheses,
by A. Zalkin; ORTEP 11, illustrations, by C. K. Johnson; AGNOST, ab-
sorption corrections, by J. A, Ibers.

(24) Coiton, R.; McCormick, M. J.; Pannan, C. D. J. Chem. Soc., Chem.
Commun. 1977, 823.

(25) International Tables for X-Ray Crystallography; Kynoch: Birming-
ham, England, 1974; Vol. IV, pp 99-102, 149.

(26) Spies, G. H.; Angelici, R. J. J. Am. Chem. Soc. 1988, 107, 5569, and
references therein.

(27) Rakowski Dubois, M.; Van Derveer, M. C.; Dubois, D. L.; Haltiwanger,
R. C.; Miller, W. K. J. Am. Chem. Soc. 1980, 102, 7456.
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Figure 1. Stereoview of the Pd,Cl,(u-SO)(dpm), molecule (3). 50% probability thermal ellipsoids are shown. Both positions of the disordered p¢-SO

oxygen atoms are also shown.

T
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Figure 2. '"H NMR spectrum of Pd,Cl,(¢-SO)(dpm), (3) for the four
methylene protons (CD,Cl,, 25 °C). Upper spectrum shows same region,
with broad-band 3P decoupling. The simulated spectra (data in Table
1) are identical.

1a up to 70 °C were unreactive toward EtSH, thiophene, and
tetrahydrothiophene, and also the x-S complex 2a did not react
with 1 atm of H; in refluxing benzene (i.e. reaction 1 is irre-
versible).

The mixed-ligand complex Pd,Cl,(dpm)(dpmMe), of interest
in immobilizing Pd, centers on polymers,'é similarly reacts
quantitatively with H,S to form the u-S species 4 (Table I). In
principle, 4 can exist as two possible isomers with the sulfide bridge
and methyl group on the same (syn) or opposite (anti) sides of
the Pd—C-Pd plane; the 'H NMR, however, reveals just four
resonances for the methyl, methine, and inequivalent CH, protons,
as in the precursor mixed-ligand complex,'® and thus only one
isomer is formed. The inequivalence of the trans P atoms rules
out any virtual coupling, and the splitting patterns in the 'H NMR
are as expected.!®?® The 3P{!H} NMR spectrum of 4 (and of
the u-SO derivatives 3 (cf. Figure 3) and §, Table I) is in accord
with an AA’BB’ system with large trans coupling.

The mechanistic aspects of the net sulfur abstraction from H,S,
reaction 1, have yet to be elucidated. Preliminary kinetic data
on the conveniently studied bromide system, readily ascertained
by UV /vis spectrophotometry by monitoring the loss of 1b at an
absorption maximum (425 nm),’ reveal a first-order dependence
on both Pd, and H,S concentrations,? which implies direct attack
by H,S rather than SH™ (the latter also displaces the chloride

(28) Besenyei, G.; Lee, C. L.; James, B. R. J. Chem. Soc., Chem. Commun.
1986, 1750.
(29) Barnabas, A. F.; James, B. R., work in progress.

.
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Figure 3. (A) *'P{!H} NMR spectrum of Pd,Cl,(u-SO)(dpm); (3). (B)
Simulated spectrum (data in Table I).

ligands of 2a to give 2d (see below)). Oxidative-addition-type
reactions for the Pd,X,(dpm), complexes, in which the metal-
metal bond acts as a nucleophile, are well substantiated,*® and
a process depicted in eq 7 seems plausible. The first stage involves

H2S AHHS -H2

[ | .
X—Pd—Pd—X —= Pd Pd —
| x| I Ny
1

a net oxidative addition, and the second stage could be viewed
as deprotonation of the coordinated SH-, the proton then reacting
with coordinated hydride to generate Hj; alternatively, the SH™
and/or H- in the intermediate could bridge the palladium atoms.
The reactivity trend (X = ClI > Br > I) is opposite to that normally
encountered and expected, at least for oxidative addition of gas
molecules to metal centers, where more basic ancillary ligands
promote reaction,?! although the reverse sequence has been ob-
served in at least one reaction series that involved addition of
substituted aryl iodides to Vaska’s complex.’> Within 1, the
metal-metal bond strength is expected to increase in the order

(30) Puddephatt, R. J. Chem. Soc. Rev. 1983, 12, 99.

(31) Vaska, L. Acc. Chem. Res. 1968, 1, 335. Collman, J. P.; Roper, W.R.
Adv. Organomet. Chem. 1968, 7, 54. Halpern, J. Pure Appl. Chem.
1969, 20, 59.

(32) Mureinik, R. J.; Weitzberg, M.; Blum, J. Inorg. Chem. 1979, 18, 915.



Reaction of H,S with Pd, Complexes

I < Br < CI'® (i.c. the reverse of the trans effects of the halides?),
and thus the H,S reactivity trend also is not dominated by dif-
ferences in the Pd—-Pd bond strength.

AKin to the steps suggested in (7), a recent communication
describing addition of H,S to Pty(u;-CO)(u-dpm);?*, presents
evidence for an intermediate containing a HPt;(u;-SH) moiety
(with a terminal hydride), deprotonation then yielding the isolated
product PtyH(x3-S)(u-dpm);*. The liberated proton in this case
does not generate H,, which likely reflects the stronger Pt—-H bond
compared to the postulated Pd-H bond in reaction 7. The
platinum work modeled certain features of the reaction of H,S
with a Pt(111) surface, which, however, yields H, as well as a
sulfide coat containing Pt;(u;-S) units.

We do not believe that the methylene protons of the coordinated
dpm ligand play any role in these H,S reactions. The CH, group
can be deprotonated, but this requires strong bases;!%* we have
found that Pd,Cl,(dpm), in CD,Cl,/CD;OD undergoes H/D
exchange at the methylene protons (monitored by ‘H NMR), but
the exchange at 20 °C is extremely slow (¢,,, ~ 100 h).

The formation of the sulfur bridge within Pd,(SH),(u-S)(dpm),
(2d) in high yield when made from 1a by treatment with NaSH,
or H,S/Et;N, could proceed via (i) elimination of H,S from
terminally bound SH™ at each Pd or via (ii) a bridged SH-~ group
with subsequent proton loss as considered above (H,S would then
be generated from free SH™). There is ample precedence for bridge
sulfide formation from two terminal SH- ligands* (and see below).
Formation of 2d from the monomer PdCl,(dpm) in 40~50% yield,
as described in the Experimental Section, clearly requires basic
conditions (H,S/Et;N or SH™ as reagent), and must proceed via
H,S elimination from two monomeric Pd-SH moieties. Products
from reaction of monomeric Pd complexes with H,S (sometimes
under basic conditions) are more typically monomers with terminal
SH- ligands,?” ! but trinuclear, u-S species have been isolated.?42
Of note, reaction of PdCl,(dpe), where dpe = 1,2-bis(diphenyl-
phosphino)ethane, readily forms Pd(SH),(dpe);*** presumably
the tendency of dpm to bridge®® promotes formation of Pd,-
(SH),(u-S)(dpm), via the nondetected Pd(SH),(dpm).

The 'H NMR spectrum of 2d (Table I) reveals the coordinated,
terminal SH ligands at § —1.60 with coupling to the four P atoms.
The same complex can be obtained also from Pd,Cl,(u-S)(dpm),
by ligand exchange with NaSH. It should be noted that an
attempted measurement of the 'H NMR spectrum of 2d in some
CDCl; samples revealed decomposition of the species into
Pd,Cl,(u-S)(dpm), and a species considered to be Pd,CI(SH)-
(u-S)(dpm),; the latter complex has not been isolated, but the 'H
NMR (Table I, footnote d) reveals CH, resonances typical of those
for a u-S species and a triplet at § ~1.40 attributable to a single
terminal SH ligand. The decomposition results from the presence
of acid, presumably HCI, in some vials of CDCl,, because H,S
(6 0.80 s) is generated also.

Of interest, some allylcyclopentadienylpalladium monomers
react with H,S at ~78 °C to generate dimeric allyls containing
bridged SH™ ligands with loss of cyclopentadiene; at —60 °C,
hydrogen transfer from the u-SH ligands leads to the formation

(33) Appleton, T. G.; Clark, H. C.; Manzer, L. E. Coord. Chem. Rev. 1973,
10, 335.

(34) Jennings, M. C.; Payne, N. C.; Puddephatt, R. J. J. Chem. Soc., Chem.
Commun. 1986, 1809.

(35) Hayek, K.; Glassl, H.; Gutmann, A.; Leonlard, H.; Prutton, M.; Tear,
S. P.; Welton-Cook, M. R. Surf. Sci. 1985, 152/153, 419.

(36) Shaver, A,; Lai, R. D.; Bird, P.; Wickramasinghe, W. Can. J. Chem.
1985, 63, 2555 and references therein.

(37) Sadanani, N. D.; Kapoor, P. N.; Kapoor, R. N. J. Coord. Chem. 1985,
14, 79.

(38) Ghilardi, C. A.; Midollini, S.; Nuzzi, F.; Orlandini, A. Transition Met.
Chem. (Weinheim, Ger.) 1983, 8, 73.

(39) Schmidt, M.; Hoffmann, G. G.; Holler, R. Inorg. Chim. Acta 1979, 32,
L19.

(40) Schmidt, M.; Hoffmann, G. G. Z. Naturforsch., B: Anorg. Chem., Org.
Chem. 1978, 33B, 1334; Z. Anorg. Allg. Chem. 1980, 464, 209.

(41) Kreutzer, B.; Kreutzer, P.; Beck, W. Z. Naturforsch., B: Anorg. Chem.,
Org. Chem. 1972, 278, 461.

(42) Werner, H.; Bertleff, W.; Schubert, U. Inorg. Chim. Acta 1980, 43, 199,
and references therein.
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of olefin and “PdS”.# In this overall reaction, exemplied in eq
8, the H, of the H,S is consumed in hydrogenation of ancillary

3 HS
PdCp(n*-C;Hs) .

1/, [Pdy(n*-CyHe)s(u-SH);] ——%» PdS (8)

ligands rather than being liberated as in our Pd, systems, but
mechanistic similarities via hydrido(mercapto) intermediates (cf.
eq 7) are readily envisaged.

Oxygenation of the u-S Complexes, and the u-SO Derivatives.
The u-S complexes 2a—c and 4 are readily oxygenated at the
bridging sulfur by using H,O, or m-chloroperbenzoic acid. Use
of aqueous H,0, in excess at 20 °C generates only u-SO species
(e.g. 3 and 5) with no further oxygen incorporation—this is true
for the present work and the literature reports on a Fe,(us-S)
moiety;* more generally, for the production of u-SO species from
u-S precursors (see below), other oxidants have been used stoi-
chiometrically, sometimes at low temperatures. The perbenzoic
acid even at low temperatures can readily oxidize the Pd,(u-S)
moieties through to the u-SO, derivative, and indeed Balch et al.!*
had failed to detect the plausible x-SO intermediate during such
an oxidation. Further, in order to get effective regeneration of,
for example, 1a from 2a via the u-SO, complex (for potential use
in catalysis), we found it necessary to destroy excess peracid with
hydrazine at low temperature, because at room temperature the
oxidant reacts with the “u-SO, system” to give some PdCl,(dpm)
as well as several unidentified species. This process likely involves
equilibrium 9,!° because it is known that 1a is readily oxidized.

Pd,(u-SO,) = Pd, + SO, ()]
1a

For example, even at —50 °C, the perbenzoic acid reacts rapidly
with 1a to give the u-oxo derivative, but this decomposes at am-
bient conditions.?® The problem involved in regenerating 1a from
2a via oxidation is resolved by protecting 1a as the u-SO, species
by shifting equilibrium 9 to the left by use of low temperatures.
The alternative procedure of performing room-temperature oxi-
dation of the u-S complex under 1 atm SO, can be used, but the
oxidant is simultaneously consumed by the SO,; e.g., a stoichio-
metric oxidation with the peracid under these conditions gave
about a 50% conversion to the u-SO derivative. The solution
regeneration of 1a from 2a via the u-SO, species had been alluded
to by Balch et al.,'* but we considered it worthwhile to establish
a procedure to recover 1a as a solid to reveal the quantitative
aspects of the various conversions. There seems little doubt that
a two-stage process effecting catalysis of reaction 10 could be
realized:

H,S + 2“0” — H, + SO, (10)

The u-SO complexes 3 and § are particularly novel because
they contain pyramidal S, the first time such geometry has been
documented within a dimetallic sulfoxide. The crystal structure
of Pd,Cl,(u-SO)(dpm), consists of well-separated molecules of
3, CH,Cl,, and Et,0. The A-frame structure of 3 (Figure 1) is
very similar to those determined for Pd,Cl,(u-S)(dpm), (2a) and
Pd,Cl,(u-SO,)(dpm),,!’ the former being isomorphous with 3.
Common features of the three molecules include boat confor-
mations for the six-membered Pd,P,CS chelate rings and tetra-
hedral distortion of the square-planar coordination geometry at
each metal center. Ligand atoms lie alternately above and below
the mean coordination plane, being displaced 0.14 A at Pd(1) and
0.10 A at Pd(2). The angle between normals to the PdP,CIS mean
planes is 79.6°, and the Pd-~Pd distance is 3.225 (4) A. The mean
Pd-S distance (2.273 (5) A) lies between the corresponding values

(43) Bogdanovic, B.; Rubach, M.; Seevogel, K. Z. Naturforsch., B: Anorg.
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of 2.238 (4) and 2.298 (1) A observed-respectively for the u-SO,
and u-S complexes,!® while the mean Pd—P distance (2.337 (7)
A) is also intermediate between the values for the u-SO, and u-S
analogues (2.351 (8) and 2.316 (13) A, respectively). The mean
Pd-Cl distance (2.402 (9) A) is slightly longer than those of the
#-SO, and u-S complexes (2.381 (1) and 2.372 (12) A, respec-
tively).

The bridgehead Pd-S—Pd angle of 90.4 (3)° is essentially the
same as that in the x-S structure (90.3 (2)°) but is smaller than
the values of 98.4 (4)° and 91.9 (4)° given for the two crystal-
lographically independent molecules of the u-SO, compound. Of
major interest, however, the sulfur atom within 3 is sp® hybridized,
the coordination being pyramidal with a mean bond angle of
109.9° at S. In [MnCp(CO),],(u-SO), the only other u,-SO
compound that has been structurally characterized,*s the sulfur
atom has a trigonal planar, sp-hybridized, geometry, and the u-SO
ligand is thus considered to act as a 4-electron donor. The py-
ramidal geometry within 3 implies that here u-SO acts as a
2-electron donor. Consistent with the differences in geometry,
where the S—O bond will have more double bond character in the
sp2-hybridized system, »(SO) is found at higher wavenumbers for
the Mn system® (1037 vs. 985 cm™). The disordered oxygen atom
in 3 gives considerable uncertainty in the mean S-O distance of
1.40 (6) A. The S—O distances in the Mn system and in
Pd,Cl,(u-SO,)(dpm), which has four IR bands in the 1028-
1165-cm™ »(SO) region,'s are 1.504 (4) and 1.47 (2) A, re-
spectively.

Of interest, the Mn complex was stated* to exist in an isomeric
form containing a 2-electron donor u-SO moiety: the u-SO of
the structurally characterized isomer was derived by thermolysis
of thiirane S-oxide, while the previously synthesized isomer (not
structurally characterized) had been made via air oxidation of
{MnCp(CO),]5(u-S).* However, the two “isomers” give es-
sentially the same IR data in the »(SO) region (10374° and 1045
cm~!4)_ and the only evidence that we can discern is differences
in IR relative intensities in the »(CO) region, which we consider
to be inconclusive.

To our knowledge, the Pd and Mn bridged-SO complexes are
the only structurally characterized “dimetallic sulfoxides”, and
they clearly represent two markedly different types of u-SO
bonding modes.

It should be noted that the Pd,X,(u-S)(dpm), complexes and
the mixed diphosphine analogue 4 are quite stable in solution
toward O,, and the only reported examples of O, oxidation of
coordinated sulfur to sulfoxide appears to be with [MnCp-
(C0O),1,(u-S) (as noted above)* and Mn(n°-CsMes)(CO),(S,).¥
Such oxidations have more generally utilized H,0,* or m-
chloroperbenzoic acid?'*® (as in the present work) or 10,2, where
a range of sulfur-bound sulfur-oxygen moieties (for example
#3-SO, u,-SO, 72-S,0, 72-S,0,, and »'-SO) has been identified.
Sulfoxide complexes have been synthesized also via thermolabile
molecules such as thiirane S-oxide*>*>° or epithiostilbene S-
oxide,*! the products containing either 72-S,0,, '-S0, or u,-SO
fragments. In all of the reported SO complexes,?! 224446484951
except the Pd,(u-SO) complexes 3 and 5 described in the present
work, »(SO) is found in the 1020~1107-cm™ range, which indicates
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double-bond character. The recorded S—-O bond lengths within
SO*454 or §,0,?? metal complexes are in the range 1.213-1.504
A, although there is considerable uncertainty in some of these;
for example, the quoted 1.213 (19) and 1.438 (14) A values for
the S—O distances within Ir(dpe),(#*-S,0,)* are said to become
1.355 and 1.501 A after correction for thermal librations.2 The
bond length in free SO, as determined by microwave spectroscopy,
is 1,48 A 52 Tt appears at this stage that for the various bonding
modes of the SO fragment, a »(SO) value below 1000 cm™ (as
for 3 and 5) is a sufficient criterion for a 3c2e system, e.g.:

o 0] o o
I I I I
’_,S§ ¢S§ ‘73: /S.
4cde 3c4de 3c2e 2c2e
44 45 49
Fea(CO)eS(pa-SO) MnyCpp(CON 4 -SOY 3,5 IrCKSOXPR3)2

The 'H NMR spectrum of the u-SO complex 3 (Table I) is
much more complicated than that of the precursor u-S species
2a, because the four CH, protons, as well as the four P atoms,
are now inequivalent (Table I, Figure 2); furthermore, two of the
protons are coupled only to the adjacent P atoms, while the other
two are coupled also to the remote P atoms via long-range effects.
The u-SO of the mixed ligand complex (5) reveals eight resonances
for the aliphatic protons, indicating the presence of two stereo-
isomers formed from 4, which itself is either a syn or anti isomer
(see above). These further isomers must result from differences
in the orientation of the oxygen atom attached to the sulfur; this
requires the S atom to be sp® hybridized (pyramidal), as in the
structurally characterized complex 3. The NMR integrations
reveal an isomer ratio of 7:3. The resonances for the isomers are
readily assigned (Table I), with again one of the two methylene
protons showing coupling to remote P nuclei (as in 3).

Worth noting also is that the stepwise conversions from the
precursor dimers (1) to the u-S, u-SO, and u-SO, species, and
subsequent regeneration of 1 via SO, loss, are readily monitored
by solution electronic spectroscopy (as noted by Balch et al.,!s
but without access to the u-SO species). Species such as 1 are
reddish orange; e.g., 1a (CH,Cl,) shows A\, (nm) (e M cm™))
at 416 (7550), 347 (16000), and 293 (25900).7'* The u-S
complexes are brown and have absorption maxima in the 485-
470-, 350-325-, and 280-nm regions;'* e.g., the new complex 4
(CH,Cl,) shows Ap,, (nm) (¢ (M cm™)) at 483 (1000), 327
(20460), and 278 (36900). The u-SO complexes are orange; e.g.,
5 (CH,Cl,) shows A, (nm) (e (M~ cm™)) at 440 (14 450), 389
(5780), 310 sh (20700), and 263 (31120). The u-SO, species
are violet and are characterized by a band in the 510-530-nm
region (¢ ~ 8000 M~! ¢m™).!)* Finally, the binding energy of the
S 2py,, state in Pd,Cl,(u-SO)(dpm), as determined by ESCA*
is, as expected, intermediate between the values reported by Balch’s
group for the u-S and u-SO, species.**
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