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Abstract

Activity of [Pta(u-Sk(PPh)4] (1) towards 1,4-dichlorobutane, 1,2-dichloroethaaey’-dichloro-o-xylene anda-o'-
dichloroim-xylene and the catalytic role &fin the syntheses of organosulfur materials was studied by in situ electrospray mass
spectroscopy (ESMS). An intermediate JiRt-SGH4S)(PPR)4][PFe]2 (6) was isolated and characterized by single-crystal
X-ray crystallographic diffractometry. In all reactions studied,{R&S,} core is preserved, except for those involving excess
NaBH,. Treatment oB with excess NaBklleads to the formation of mononuclear complex {P§C4Hs)(PPH)].
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction plying 1 in a metal-mediated process for the synthesis
of organosulfur materialsScheme L
Ugo et al.[1] and Chatt and Mingof2] indepen- The sulfide centers it can be functionalized with

dently developed [Bf-Sk(PRs)4], which has turned  organic dihalides to giv@. We have recently reported
out to be one of the best known building blocks of that the selenium analogue df viz. [Ph(u-Sep-
homo-, hetero- and intermetallic sulfide aggregates to- (PPh)4] reacts with excess 1,4-dibromobutane to give
day[3]. The PPh derivative, [Pt(n-Sk(PPh)4] (1) 1,6-diselenacyclodeca@as a white powder, albeit in
has been much better studied, despite its ready decom-poor yields[7]. It would be valuable to develop a sim-
position in chlorinated solvenfd]. Under controlled  ilar process fod since many organosulfur compounds
conditions, such disintegration can be harnessed andare pharmacologically active. The catalytic valuelof
the sulfide becomes a key in the functionalization pro- could be realized if we can recognize a mechanism to
cess[5,6]. We intend to develop this concept by ap- return2 to 1 by releasing a useful organosulfur sub-
strate and the platinum moiety. Details of the forma-
mpondmg author. Tel:65-6874-2658: tion of 2 from 1, anq the intermediates and _forces in-
fax: +65-6779-1691. volved in regenerating from 2 are key questions that
E-mail address: andyhor@nus.edu.sg (T.S.A. Hor). need to be addressed. In this paper, we use electrospray
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Scheme 1. A metal-mediated catalytic-like and stoichiometric synthesis of organosulfur materials.

mass spectrometry (ESMS) to study the feasibility of tope distributed patterns. The/z values given are
these conversions and to determine the active inter- for the most intense peak in the envelopment in each
mediates involved. The development of ESMS as a case. ThelP NMR spectra were recorded at 25
rapid and convenient tool to probe the chemistrylof on a Bruker ACF 300 spectrometer at 121.50 MHz
with metal substrates has been discugs¢dnd many with 85% HsPOy as external reference.

successful ESMS-aided syntheses have been realized

[8,9]. 2.2. Materials
_ All dihalide substrates were obtained directly from
2. Experimental Aldrich. Solvents used were of analytical grade and
used as received. All reactions were performed under
2.1. Instrumentation pure dry nitrogen unless otherwise stated. Comfilex

was synthesized via metathesisad-[PtClo(PPh)>]

Solutions obtained from the reaction flask for with N&S9H,0 in benzene[2,10]. ESMS (100%
ESMS analysis were diluted 10 times in 100% MeOH MeOH): m/z = 1503 [M + H]*.
solution. Any suspension was filtered prior to dilu-
tion. Electrospray mass spectra were obtained with 2.2.1. Reaction of 1 with 1,4-dichlorobutane
a Finnigan/MAT LCQ mass spectrometer coupled Compoundl (40.0mg, 0.0266 mmol) was intro-
with TSP4000 HPLC system and the crystal 310 CE duced into degassed methanol (20 ml), followed by
system. The mobile phase is 100% MeOH pumped 1,4-dichlorobutane (0.40 ml, 465.4mg, 3.593 mmol,
at a flowrate of 0.4ml/min. Samples were injected 100-fold excess). The mixture changed to a yellow
via a Rheodyne valve fitted with a p3 sample solution after 24 h stirring under N A sample of
loop. The capillary temperature was 2@ and the the clear solution was analyzed by ESMS. Excess
capillary voltage was 11V. The capillary potential NH4PF (20.0mg, 0.1227 mmol) was added and
tip was 4500V, with nitrogen used both as a sheath the solution was stirred for 1h. Deionized water
(4134 Torr) and an auxiliary gas (1034 Torr). Peaks (50 ml) was added to give precipitation of a yellow
were assigned from thevz values and from the iso-  oil, which was extracted with §Hg followed by
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concentration in vacuo to give light-yellow powder
(Yield: 14.77 mg).

2.2.2. Reaction of 1 with 1,2-dichloroethane
By using a similar procedure as Bection 2.2.1
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stirring for 3 h, a sample of the solution was analyzed
by ESMS.

2.3. Crystal structure determinations

excess 1,2-dichloroethane (0.30ml, 375.9mg, 3.799  The data collection was performed on a Bruker

mmol, 100-fold excess) and 40.0 mg (0.0266 mmol)
of compoundl gave a yellow suspension. A sample
of it was filtered and analyzed by ESMS.

2.2.3. Yynthesis of [Pta(u-SCoH4)(PPh3)a] [PFe] 2
(6)

Compoundl (40.0mg, 0.0266 mmol) was intro-
duced into degassed methanol (10 ml), followed by
addition of 1,2-dichloroethane (0.30ml, 100-fold
excess). The mixture readily changed from a light

AXS APEX diffractometer, equipped with a CCD
area-detector using Modradiation ¢ = 0.71073 A).
The software SMART[11] was used for collecting
frames of data, indexing reflections, and the deter-
mination of lattice parameters, SAINL1] for inte-
gration of intensity of reflections and scaling, SAD-
ABS [12] for empirical absorption correction, and
SHELXTL [13] for space group and structure deter-
mination, refinements, graphics, and structure report-
ing. Hydrogen atoms were not located. The structure

orange to yellow suspension. The suspension Was\yas refined by full-matrix least squares BA with

then refluxed overnight underoNat 60°C to give a
clear light-yellow solution. Excess NyfFs (30.0 mg,
0.184 mmol) was added, readily turning the solution
into a white suspension. After stirring for another
2h, 50ml of deionized water was added to induce
the precipitation. The solid was obtained using vac-
uum suction filtration and washed with 200 ml of
deionized water and 100 ml of diethyl ether to yield
a light-yellow powder (Yield: 43.14mg). The solid
was dissolved in chloroform and layered with hexane,
and white crystals suitable for X-ray analysis were
obtained.

2.2.4. Reaction of 1 with a-o/-dichloro-o-xylene

By using a similar procedure as$ection 2.2.1ex-
cessa-a’-dichloro-o-xylene (468.6 mg, 2.676 mmol,
100-fold excess) and 40.0 mg (0.0266 mmol) of com-
poundl1 gave a yellow solution after 10 min. After
stirring for 3 h, a sample was analyzed by ESMS. Ex-
cess NHPFs (20.0mg, 0.122 mmol) was added and
the solution was stirred for 1 h. Deionized water of
50 ml was added to induce the precipitation. The white
precipitate (26.76 mg) obtained using vacuum suction
filtration was washed with 100 ml of deionized water
and 30 ml of diethyl ether.

2.2.5. Reaction of 1 with a-o/-dichloro-m-xylene

By using a similar procedure as$ection 2.2.1ex-
cessa-a’-dichlorom-xylene (465.8 mg, 2.661 mmol,
100-fold excess) and 40.0 mg (0.0266 mmol) of com-
pound 1l gave a yellow solution after 10 min. After

anisotropic thermal parameters for non-hydrogen
atoms. A summary of parameters for the data collec-
tions and refinements is given fable 1 One of the
PR~ ions and the solvate (CHg)l are disordered.
The quality of the data does not merit a detailed

Table 1
Selected crystallographic data for Bt-S,CoHa)(PPh)4]3t-
[PFe]2-:6CHCkL-H,0

6-6CHCL-H,0

Formula GoH72Cl1gF12PsPHS,0

fw 2555.92

Crystal size (mrf) 0.20 x 0.18 x 0.04

Crystal system Monoclinic

Space group P2(1)lc

a (A 18.544(3)

b (A) 18.300(3)

c (A) 28.376(4)

a (%) 90

B () 99.964(4)

y () 90

V (A3) 9484(2)

VA 4

w (mm=1) 3.667

T (K) 223(2)

6 range () 1.65-22.50

Index ranges -19<h <19
-19<k< 19
—-26 <1 <30

No. of reflections collected 42490

No. of unique reflections 12380

R1 (I > 20(1)) 0.1094

wR2 (all data) 0.2939




270 SH. Chong et al./Journal of Molecular Catalysis A: Chemical 204-205 (2003) 267-277

discussion of the bond data. However, there is little turns to a clear solution. The observed ion isotope

doubt on the identity of the molecular structure. distribution is compared with simulated isotope pat-
terns of the identified species. The presence of peaks
due to1 would be interpreted as a non- or incom-

3. Results and discussion plete reaction. All systems in general give mono-
and di-cationic sulfur-derivatized complexes due to
3.1. General conditions in the use of ESMSin nucleophilic attack at one or both of the two C—ClI
screening reactions between [Pta(1-S)2(PPhg)a] 1 sites. The dinucleafP%S,} core is preserved in all
and organic dihalides cases. Addition of a strong reducing agent, NaBél

the di-cationic sulfur-derivatized complexes however,

[Ptz2(n-Sed(PPhs)4] reacts with organic dihalides cleaves the Pt—S bonds and leads to disintegration of
such as 1,2-dichloroethane, 1,4-dichlorobutane and the core.
a-a’-dichloro-o-xylene to yield stable di-cationic
selenolato product$8,9]. These bifunctional sub- 3.1.1. Reactivity of 1 with aliphatic dihalides
strates are expected to activate the sulfide centers of Reaction between excess 1,4-dichlorobutane and
1 en route to organosulfur precursors. Positive-mode 1 in MeOH at RT gives rise to a clear yellow so-
ESMS was employed to monitor the progress of re- lution, which indicates facile formation of ionic
actions. To maintain consistency, the same detection products. The ES mass spectrum of this solu-
conditions are applied to all systems under study. tion, after 24-h, is shown inFig. 1 It consists
Analysis takes place as soon as the reaction mixture of peaks atm/z = 1594 (major) and 780 (minor)

[Pto(u-S)(U-SC4HsCD)(PPh3)a]" (4)
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Fig. 1. Positive ion electrospray mass spectrum of a solution o{}[P8)(PPh)4] (1) with 1,4-dichlorobutane in MeOH after 24 h of
reaction.



SH. Chong et al./Journal of Molecular Catalysis A: Chemical 204205 (2003) 267-277 271

corresponding to  [Bfw-S)(u-SCiHgCl)(PPh)4] T (YJpp = 2907 Hz)) and4 (multiplets at 2989 Hz
(4) and [P(u-S,C4Hsg)(PPh)4]%+ (5), respectively.  (*Jpepay = 3218Hz andiJprppz = 2608Hz).
This demonstrates a clear step-wise alkylation and The phosphinedrans to the electron-withdrawing
that both sulfur sites are susceptible to attack. Frag- n-S-C4HgClI ligand should give rise to the higher
mentation of PPhligands from4 is minimal. lth—p(l) value (3218 Hz).
Using a similar dihalide but with a shorter alkyl
mk chain length, viz. 1,2-dichloroethane under similar
cl s conditions gave a yellow suspension, whose mass
/_/_/ M spectrum Fig. 3) shows strong signals pertaining to
J S S the starting materiall (m'z = 1503 for [L + H]™;
SN ><1 1241 for [L+ H — (PPR)]*: and 979 for 1 + H
ot p //Pt Pt\\PPh PhSP//Pt Pt\\PPh — (PPh)2] "), which are absent ifFigs. 1 and 2
Pilsp Pph33 Ph.P PPh, The di-cationic species [Rin-SpCoHa)(PPhy)4]%+
@ ®) (6) can be detected as a weaker signainét = 766.
After 24h, the ES mass spectrum of the reaction
A yellow oil could be obtained from the solution mixture shows the signal atVz = 766 ) is more
upon metathesis with NHPFs. In MeOH, this oil intense but the starting materials are still prominent.
gave a spectrum that is predominarilyFig. 2). Its After 72h, the di-cation6 became the dominant
3P NMR spectrum is consistent with the formation species. This prolonged reaction time also led to
of 5 (a singlet at 2612 Hz with the associated satellite a new peak at/z = 1304 fig. 4), attributed to

779.0
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260 7
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c 55
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<< 50 o
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2 40 3
B 45 =
[) 3
T 40 5  780.8
35 3
30 3
25 3
20 5
153 1594.8
10 = 1592.7 | 1595.8
ERRICY 668.9 1702.8
E | 303.9 4838 5386 39 |786.0 10209 1107.8 1207.6 1331.0 1581.9 f 1864.6 1961.2
- | { { | | 1 I N S S
200 400 600 800 1000 1200 1400 1600 1800 2000

m/z

Fig. 2. Positive ion electrospray mass spectrum of the yellow oil obtained after solutibmvith 1,4-dichlorobutane in MeOH had been
metathesized.
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Fig. 3. Positive ion electrospray mass spectrum of a mixturg wfth 1,2-dichloroethane in MeOH. Time taken for reaction: 24 h (RT).

[Pto(u-S,CoH4)(PPR)3CII T (7), whose formation o+ I+
suggests that phosphine dissociation and entry of [\ [\
chloride into the molecular core would represent S__S S_S

a possible side reaction in the proposed catalytic P/NH P/NPt
methodology. At higher temperatures, the reaction ph3p7 \\pph3 PhSP// \\c1
proceeds faster, as supported by the absenc& of  Ph}P PPh, Ph,P PPh,

in the spectrum of the clear yellow solution ob- 6) 7

tained after heating the reaction mixture under reflux

for 24 h. A light-yellow powder was obtained after

metathesis with NgPFs. 3P NMR analysis, with a  3.1.2. Reactivity of 1 with xylene dihalides

singlet at 1883 HzY{(Jpp = 3098 Hz), suggested it Reactions using aromatic and/or bulkier dihalides
to be [Ph(u-S2CaoHa)(PPh)4]%T (6). Single-crystal such asx-a’-dichloro-o-xylene anda-o/-dichloro-m-
crystallographic diffraction analysis confirmed a xylene proceed much more rapidly; they tend to give
diplatinum core bridged by an ethanedithiolato clear solutions at RT within 30 min. After treatment
(-SCH.CH2S—-) group Fig. 5 Tables 1 and P of a-a’-dichloro-o-xylene with 1 for 3h at RT, the
This marks the first step in the catalytic-like cycle resulting solution in the ES mass spectrum gave an
(Scheme } in which sulfide is functionalized to intense peak atn/z = 1379 ig. 6), inferring the
give a dithiolato moiety. The stability and activity formation of [Pp(u-S,CHCsH4CH,)(PPR)3CIT

of this moiety is a subject of our on-going investi- (8), which is analogous t@. The expected di-cation
gations. [Ptz(}L-SQCH2C5H4CH2)(PP|"3)4]2+ (9) (m'z =804)

t
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Fig. 4. Positive ion electrospray mass spectrum of a mixturg with 1,2-dichloroethane in MeOH after 72 h reaction at RT.

is also prominent, and this species can be isolated asdichloromxylene and, as expected, gives predom-
a white precipitate by metathesis with PR, How- inantly the monocation [R{w-S)(u-SCHCgHy-
ever, unlike6, there are two sets of phosphines (from CH,CI)(PPh)4]* (10) (m/z = 1642), and some frag-
31p NMR analysis), which arise from unsymmetrical mentations Fig. 7). Such substrates would be more
disposition of the xylene moiety. Similar behavior has suitable for organo(mono)sulfur syntheses whereas

been discussed in the selenium analoffje the dithiolato complexes could be more suitable for
(di)sulfur macrocycles. These latter compounds are
_‘ + —|2+ the target of our current study.
+
CH,CI 1
CH, CH, CHZ/CHZ
S S S._S
/ >\ LN\ CH,
Pt Pt s L - T |
Ph,P” / \Cl  PnP / \ PPh, S__S
Ph,P PPh,  PhpP PPh, 22\
Pt Pt
~
®) © Pnp”/ N\ PPh,
Ph,P PPh,

A substrate that is not suitable to serve as an

overhead bridge between the sulfur centersy-is'- a0



274 SH. Chong et al./Journal of Molecular Catalysis A: Chemical 204-205 (2003) 267-277
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Fig. 5. ORTEP plot of the cation of the molecular structure op(R1S,CoH4)(PPh)4][PFs]2-6CHCL-H,O with 50% probability thermal
ellipsoid (anions and solvate are removed for clarity).

[Pt2(n-S,CH,CeHsCH,)(PPh3)sCl]" (8)
1379.1

-
o
o

1382.0
[Pto(u-So,CHoCeHsCHo)(PPh3)s ™" (9)
804.0

1378.0

©
o 40

30
25
20
15
10

1384.0

1639.9

750 2 1376.0
1081.0 1605.6 |1685.6
806.6 946.1 1342.3 1403.8 1973.9

202.8 339.3 519.1 J, l J 1752.0
0 172, 9. ,d...ll..d_un..x chidond. .....u.l.. _.».L..._HL;.J.M.:L-LMJI\L&J Jnlll it il it o Mullum.d.l.llhm.l.umn Ludh oo el v e b, el 4|
200 400 600 800 1000 1200 1400 1600 1800 2000

m/z

Lo b b b et b o ] e e e e Bl

Fig. 6. Positive ion electrospray mass spectrum of a mixturé wfith a-o’-dichloro-o-xylene in MeOH upon 3 h reaction.
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[Ptz(u-S)(U-SCH,CeH4CH,Cl)(PPh3)s]" (10)
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Fig. 7. Positive ion electrospray mass spectrum of a mixturgé with a-o’-dichlorom-xylene in MeOH upon 3 h reaction.
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Scheme 2. Disintegration of thePbS,} core in [Ph(u-S2C2H4)(PPR)4]%+ (6) under excess NaBH
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3.1.3. Organosulfur materials Table 2
We have yet to detect free organosulfur macrocy- Selected bond lengths (A) and angley for [Pta(i-S2C2Ha)-
cles in the reaction mixtures. As this is an objective (PPR)JJ™" [PFe]2-6CHCE-H20

of our approach, we should investigate the strength 6:6CHCE-H>0
of the Pt-S bonds in di-cationi2. In the presence  gond lengths

of excess NaBh [Pt(-SpCsHg)(PPh)4]%T (5) Pt(1)-P(1) 2.294(6)
(RT, 4h) disintegrates to [Pt(PRIPPhCgsH4)]™" :Zt(i)—g(i) 2-;;‘31(2)

i t(1)- .

(_111)2(9ng = 718) (major) and 4-(PPh)-SI* (m/z ptﬁli_sizi 2.35256;
= ) (minor) Gcheme P However, when Pt(2)-S(1) 2.359(6)
[Pta(n-S2C2oH4)(PPH)4]%+ (6) is treated with excess P1(2)-S(2) 2.375(6)
NaBH; (RT, 24 h), Pt-S cleavage and formation of  s(1)-c(1) 1.83(2)
[Ptm-S2CaHg)(PPR)] (12) (m/iz = 812) is evident S(2-C(2) 1.88(2)

(Fig. 8. Its formation is encouraging as it could Bond angles

. : Pt(1)-S(2)-Pt(2 87.4(2
provide a pathway for the [Pt(PBfa] moiety to be ptﬁzg_s&;_péﬁ a7 38
re-cycled cheme Jand in doing so, generate anew gy py2)-s(2) 76.9(2)
dithiolato complex that can be used for the synthesis p(2)-pt(1)-P(1) 99.1(2)
of organo(di)sulfur substrates. P(1)-Pt(1)-S(1) 89.5(2)

P(1)-Pt(1)-S(2) 166.6(2)
P(2)-Pt(1)-S(1) 169.8(2)
P(2)-Pt(1)-S(2) 94.1(2)
C(1)-S(1)-Pt(1) 94.5(8)
C(1)-S(1)-Pt(2) 96.7(9)
[6 - (PPhy)T
12691
100—:
953
%03 [Pt{u-8,C, He)(PPhy)] 12
35—; 8120
80
753 6
= 1271.0
703 7653 1268.1
853
E
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Fig. 8. Positive ion electrospray mass spectrum of a mixture of P5,CoH4)(PPh)4]%+ (6) with NaBH,; in MeOH after 24 h reactions.
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4. Conclusion

The catalytic cycle proposed earlier is decep-
tively simple. Recent results suggested that for
[Pt2(pn-Sk(PPh)4] (1) to have a significant catalytic
impact, we need to promote its subsequent alkylation,
and balance it with controlled Pt—S cleavage. We are
encouraged by the variation in terms of single alky-
lation (versus double alkylation), monocation (versus
di-cation) formation, and the preservation (versus dis-
integration) of the{PtS;} core. The use of ESMS

allowed us to observe these parallel and sometimes

conflicting processes in solution. With an assortment
of organic dihalides at hand, we are now able to study

the subtle effects that the organic overhead can impart
to these processes. In doing so, we are one step closer

to exploiting this metal-mediated methodology in the
design and synthesis of organosulfur substrates.
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