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Reaction Chemistry of Complexes Containing Pt�H, Pt�SH, or Pt�S
Fragments: From Their Apparent Simplicity to the Maze of Reactions
Underlying Their Interconversion

Fernando Novio, Pilar Gonz.lez-Duarte,* Agust2 Lled4s,* and Rub6n Mas-Ballest6[a]

Introduction

The removal of sulfur from petroleum feedstock is one of
the most extensively investigated industrial processes.[1]

Over the past decade, interest in this process has been
fueled by new legislation directed at reducing the current
sulfur levels of 300–500 ppm in gasoline and diesel,[2] and
also by the need to avoid poisoning of the precious metal-
based catalysts that are used in producing high octane gaso-
line. Hydrodesulfurization (HDS) is the commonly used

commercial process for removing sulfur from organosulfur
compounds that are present in petroleum distillates; this in-
volves a reaction with hydrogen gas (up to 200 atm pres-
sure) at temperatures of 300–450 8C over a heterogeneous
catalyst such as cobalt–molybdenum sulfide species support-
ed on alumina.[3] Interestingly, despite the widespread use of
HDS for many years, the mechanism of the reactions in-
volved is still a matter of debate. In order to understand
how the reactants are absorbed and react on the catalyst
surface under the conditions used for HDS, the study of the
reaction of thiophene and derivatives with homogeneous
transition-metal complexes has been considered a good
strategy.[4] Although model studies represent very different
situations to those used in the commercial HDS process, the
insights obtained have proven highly valuable, as summar-
ized by Angelici in an earlier review.[5] Complexes of plati-
num group metals have been particularly useful to this end,
showing very high HDS activity.[6]
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Outstanding features can be deduced from the various ap-
proaches developed to provide information about platinum-
mediated desulfurization of thiophene (T), benzothiophene
(BT) and dibenzothiophene (DBT) and related compounds.
These can be summarized as follows:

1) Essentially electron-rich Pt0 and also PtI complexes have
been assayed

2) The first step of the HDS reaction usually leads to the
insertion of platinum into the C�S bond and therefore to
the formation of a six-membered thiaplatinacycle of gen-
eral formula [Pt(h2-S,C-CaHbS)(P)2] (P=phosphane; for
T, a=b=4; for BT, a=8, b=6; for BDT, a=12, b=8).[7]

3) The presence of protonic acids causes degradation of the
thiaplatinacycle without achieving desulfurization of the
initially coordinated organosulfur ligand; thus, acids with
noncoordinating anions give rise to cleavage of the Pt�C
bond and yield dinuclear thiolate complexes of formula
[Pt2 ACHTUNGTRENNUNG(m-SR)2P4]

2+ , while the reaction with HCl cleaves
both the Pt�C and Pt�S bonds to afford the very stable

[PtCl2P2] species together with thiols and/or other sulfur-
containing organic compounds,[8]

4) In contrast, conversion of thiaplatinacycle over time[9] or
its further reaction with various hydrides[7a,d] causes
cleavage of the Pt-S-C linkage at the S�C bond thus
leading to the formation of dinuclear [Pt2ACHTUNGTRENNUNG(m-S)2P4]

[9] or
[Pt2 ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(P\P)2],[7d] or mononuclear [Pt(H)(SH)P2] spe-
cies,[7a] which evidently involve desulfurization of the or-
ganic ligand.

These platinum complexes, together with the cationic spe-
cies [Pt2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(P\P)2]+ that was characterized in our
lab as a result of the activation of the C�SACHTUNGTRENNUNG(thiolate) bond,[10]
find a parallel in Ni-mediated HDS studies in which [Ni2ACHTUNGTRENNUNG(m-
S)2ACHTUNGTRENNUNG(P\P)2], [Ni2ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(P\P)2], and [Ni2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(P\P)2]+
have been characterized.[11]

The nature of the platinum complexes obtained as a
result of the degradation of the thiaplatinacycles and subse-
quent desulfuration reactions attracted our attention, mainly
because some of these complexes were also formed either
within the cascade of reactions following the protonation of
the {Pt2 ACHTUNGTRENNUNG(m-S)2} core[12] or by S�C cleavage in the mononu-
clear thiolate complex [Pt(SR)2ACHTUNGTRENNUNG(P\P)].[10] Understanding the
rich chemistry of [Pt2ACHTUNGTRENNUNG(m-S)2 ACHTUNGTRENNUNG(P\P)2] complexes has been the
aim of our research for several years.[13] Now, taking advant-
age of the knowledge accumulated over this time, we have
studied how [Pt2ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(dppp)2] (dppp=1,3-bis(diphenylphos-
phanyl)propane) and other compounds that can be consid-
ered relevant to the HDS process, such as [Pt(H)(SH)-
ACHTUNGTRENNUNG(dppp)], [Pt(SH)2ACHTUNGTRENNUNG(dppp)], [Pt2ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(dppp)2] and [Pt2ACHTUNGTRENNUNG(m-H)-
ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(dppp)2]

+ , may be interrelated, taking the cationic bi-
nuclear trihydride complex [Pt2(H)2 ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(dppp)2]

+ as the
starting point. As shown in Scheme 1 the equilibria govern-
ing their mutual interconversion as well as the correspond-
ing reaction pathways have been analyzed. These results not
only show the remarkable diversity of the reactions under-
gone between complexes containing Pt�H, Pt�SH, and Pt�S
fragments and their strong dependence on the experimental
conditions, but also provide an adequate base for further ad-
dressing studies of platinum-mediated homogeneous hydro-
desulfurization reactions.

Results and Discussion

General description of the reactivity of complexes contain-
ing Pt�H, Pt�SH, and Pt�S fragments that are obtained
from [Pt2(H)2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(dppp)2]ClO4 : The set of complexes 2–5
that are obtained by the reaction of the binuclear trihydride
complex [Pt2(H)2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(dppp)2]ClO4 (1) with Na2S or NaHS
and subsequent treatment of the resulting species with pro-
tons, hydride, hydroxide, or hydrogen sulfide ions is shown
in Scheme 1. This also includes the network of reactions
that have been established between these complexes. Infor-
mation about the progress of each reaction was obtained
through monitoring the reactions as function of time by
means of NMR spectroscopy and mass spectrometry mea-

Abstract in Catalan: La import�ncia del plat� en les reacci-
ons del tiof� i llur derivats amb complexos de metalls de tran-
sici� en fase homog�nia, les quals es consideren models del
proc#s de hidrodesulfuraci�, ens ha dut a l$estudi de la qu�mi-
ca de complexos que contenen els fragments Pt�H, Pt�SH i
Pt�S. L$exploraci� de les reaccions que es desencadenen per
addici� de quantitats controlades de Na2S o NaSH a
[Pt2(H)2 ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(dppp)2]ClO4 (1) ha fet palesa la formaci� de
[Pt2 ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S) ACHTUNGTRENNUNG(dppp)2]ClO4 (2), [Pt(H)(SH)ACHTUNGTRENNUNG(dppp)] (3),
[Pt2 ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(dppp)2] (4), [Pt2ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(dppp)2] (5) i [Pt(SH)2-
ACHTUNGTRENNUNG(dppp)], on dppp representa 1,3-bis(difenilfosfanil)prop�. En
conseq0�ncia, els complexos 1, 2 i 5, aix� com els anterior-
ment descrits 3, 4 i [Pt(SH)2 ACHTUNGTRENNUNG(dppp)], han estat sintetitzats i
caracteritzats espectrosc2picament. Tamb# s$ha resolt l$estruc-
tura cristallina de 1 i 2. Els complexos 1–5 constitueixen l$es-
quelet b�sic del conjunt de reaccions que expliquen l$evoluci�
de 1 sota diferents condicions experimentals, com es mostra a
l$Esquema 1. Aparentment, els complexos 2 and 4 constituei-
xen els punts morts de la xarxa de reaccions. Ara b#, la seva
interconversi� rec�proca, mitjanÅant la substituci� d$un lli-
gand pont hidrur o sulfur en els respectius cores {PtACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-
S)Pt} i {Pt ACHTUNGTRENNUNG(m-S)2Pt}, permet el tancament del cicle de reacci-
ons que uneix als complexos 1–5. C�lculs te2rics donen
suport a l$exist�ncia de esp�cies intermedi�ries no detectades,
les quals s$han proposat per la conversi� de 1 a 2 i de 3 a 2, i
tamb# justifiquen el comportament fluxional de 1 en soluci�.
La naturalesa de les esp�cies intermedi�ries proposades est�
d$acord amb els resultats experimentals obtinguts en reacci-
ons an�logues amb reactius marcats isot2picament, les quals
han fet pal�s que 1 #s la font dels lligands hidrur presents en
els complexos 2 i 3. En conjunt, els nostres resultats mostren
que tant la formaci� dels complexos 1–5 com la seva evolu-
ci� en soluci� s�n fortament dependents de les condicions ex-
perimentals.
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ACHTUNGTRENNUNGsurements. These data made it possible not only to detect
and make a preliminary identification of a new complex, but
also to establish the optimal conditions for its synthesis,
which, in turn, enabled its full characterization. In general,
the disappearance of the starting complex was concomitant
with the formation of the product without detection of inter-

mediate species. Details of all these reactions, the theoreti-
cal studies that support the undetected intermediates pro-
posed and the results of comparable reactions carried out
with labeled reagents are discussed below. Main spectro-
scopic data of all platinum complexes are given in Table 1.
The various experimental conditions under which the reac-

Table 1. ESI MS and NMR[a] data for the platinum complexes involved in Scheme 1.

m/z
(calcd mass)

dACHTUNGTRENNUNG(31P)
ACHTUNGTRENNUNG[ppm]

d(1H)
ACHTUNGTRENNUNG[ppm]

1J ACHTUNGTRENNUNG(H,Pt)
[Hz]

2J ACHTUNGTRENNUNG(H,P)
[Hz]

2J ACHTUNGTRENNUNG(P,Pt)
[Hz]

1J ACHTUNGTRENNUNG(P,Pt)
[Hz]

J ACHTUNGTRENNUNG(P,P)
[Hz]

dACHTUNGTRENNUNG(195Pt)[b]

ACHTUNGTRENNUNG[ppm]
Ref.

ACHTUNGTRENNUNG[PtCl2 ACHTUNGTRENNUNG(dppp)] 642.9
ACHTUNGTRENNUNG(643)[c]

�3.7 – – – – 3408 – �4505 [20]

1 1217.7
ACHTUNGTRENNUNG(1217)[d]

10.2 �3.67 458.8 40.0 173.6 2914 7.7 �4976[e] [15]

2 1248.3
ACHTUNGTRENNUNG(1248)[d]

�6.3 (P’)
�10.4 (P’’)

�5.23 552.5 69.4 (P’)
8.0 (P’’)

47 (P’)
28 (P’’)

3684 (P’)
2702 (P’’)

33,[f] 6[g]

65,[h] 0[i]
�5491 this work

3 640.9
ACHTUNGTRENNUNG(641)[j]

1.0 (P’)
4.0 (P’’)

�3.92 (H)
0.03 (SH)

936.8 195.1 (P’)
10.7 (P’’)

– 3068 (P’)
1747 (P’’)

23.0 �4889 [16b]

4 1279.7
ACHTUNGTRENNUNG(1279)

�0.1 – – – – 2615 – �4370.5 [20]

5 1248.3[k]

ACHTUNGTRENNUNG(1248)
�6.8 (P’)
�1.3 (P’’)

– – – 60 (P’)
28 (P’’)

3147 (P’)
2288 (P’’)

�28,[l] 6[m]

15,[n] 10[o]
�4315.5 this work

[Pt(SH)2ACHTUNGTRENNUNG(dppp)] 640.1
ACHTUNGTRENNUNG(640)[p]

�1.30 �1.00 – – – 2768 – �4791 [12b]

[a] Solvents in NMR measurements: 1, 2, 3 in CD3Cl; [PtCl2 ACHTUNGTRENNUNG(dppp)], 4, 5, [Pt(SH)2ACHTUNGTRENNUNG(dppp)] in [D6]DMSO. P’ and P’’ denote phosphorus atoms in cis or
trans position to sulfur, respectively. [b] 195Pt NMR data for all complexes is unreported. [c] Calcd mass for [PtCl ACHTUNGTRENNUNG(dppp)]+ ion. [d] Calcd mass for the
cation of the corresponding complex. [e] In CD2Cl2. [f]

2J ACHTUNGTRENNUNG(P’,P’’). [g] 3J ACHTUNGTRENNUNG(P’’,P’’). [h] 3J ACHTUNGTRENNUNG(P’,P’). [i] 3J ACHTUNGTRENNUNG(P’,P’’). [j] Calcd mass for [Pt(H)(SH) ACHTUNGTRENNUNG(dppp)]+ . [k] Con-
sistent with the reaction observed for 5 with HClO4, the species detected by ESI-MS corresponds to the cation of complex 2. [l] 2J ACHTUNGTRENNUNG(P’,P’’). [m] 3J ACHTUNGTRENNUNG(P’’,P’’).
[n] 3J ACHTUNGTRENNUNG(P’,P’). [o] 3J ACHTUNGTRENNUNG(P’,P’’). [p] Calcd mass for [Pt(SH) ACHTUNGTRENNUNG(dppp)]+ .

Scheme 1. Reactions pathways from 1 to 2–5 and corresponding interconversion reactions. All platinum complexes have been isolated and characterized.
The nature of the undetected intermediate species Int1 and Int2 is based on theoretical calculations and it is consistent with the reactions carried out
with labeled reagents.
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tions were monitored by NMR spectroscopy and mass spec-
trometry are shown in Table 2. Analogous information for
the reactions involving deuterated compounds is summar-
ized in Table 3.

Complex 1 was synthesized in high yields by using a one-
pot reaction procedure that involves the mixing of [PtCl2-
ACHTUNGTRENNUNG(dppp)2] and NaBH4 at a 1:2 molar ratio in ethanol at room
temperature and the subsequent addition of NaClO4. The
same procedure with NaBD4 at a 1:4 molar ratio afforded
the deuterated analogue 1d in 72% yield. On the basis of
1H and 2H NMR data complex 1d encloses an isotopic mix-
ture of the {PtD3Pt}, {PtD2HPt}, and {PtDH2Pt} fragments in
75:15:10 molar ratios (see Experimental Section). This data
shows that the resulting stoichiometry for the core of 1d is

{Pt2D2.65H0.35}, or that the deuterium to hydrogen content in
this complex is 88:12.

The synthetic procedure we followed to obtain 1 has al-
ready been reported for the [Pt2(H)3ACHTUNGTRENNUNG(dcype)2]X (dcype=1,2-

bis(dicyclohexylphosphanyl)-
ethane; X=BF4, Cl, OH, and
BPh4) analogues,[14] and affords
much better yields than the two
synthetic alternatives used to
obtain [Pt2(H)3 ACHTUNGTRENNUNG(dppp)2]BF4,

[15]

which includes the same di-
phosphane ligand as 1. Addi-
tion of the sodium salts of
BF4

�, BPh4
�, or PF6

� instead of
ClO4

� led us to unsatisfactory
yields, and that of Cl� reversed
the reaction by causing forma-
tion of the starting complex
[PtCl2ACHTUNGTRENNUNG(dppp)]. The X-ray struc-
ture of the binuclear trihydrido
cation of 1 and the theoretical
calculations that account for its
fluxional behavior in solution
are described in the next sec-
tion.

The reaction of 1 with Na2S·9H2O at a 1:2 molar ratio in
benzene solution (Table 2), or alternatively with anhydrous
Na2S in the presence of D2O (Table 3), affords 2 in high
yield, the X-ray structure of which, described below, has en-
abled identification of the unusual {Pt ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)Pt} core. To
ascertain the source of the bridging hydrogen ligand in 2,
complex 1 was replaced by 1d in the reaction with anhy-
drous Na2S (Table 3). On the basis of NMR data, the prod-
uct thus obtained includes a {Pt ACHTUNGTRENNUNG(m-D) ACHTUNGTRENNUNG(m-S)Pt} core and cor-
responds to the deuterated analogue [D]2d, which remains
unaffected after addition of water. These results show that
the {Pt2H3} core in complex 1 is the only source of the bridg-
ing hydride ligand in the {Pt ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)Pt} core of 2. Despite
its remarkable stability in the solid phase and in solution
even in the presence of acids or bases, the only precedents
of this core reduce to [Pt2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(dppe)2]

+ (dppe=1,2-
bis(diphenylphosphanyl)ethane)[10] and [Ni2 ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)-
ACHTUNGTRENNUNG(dippe)2]

+ (dippe=1,2-bis(diisopropylphosphanyl)-
ethane).[11] However, the formation of [Pt2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)-
ACHTUNGTRENNUNG(dppe)2]

+ was due to the result of a serendipitous prepara-
tion and the presence of the bridging sulfide was attributed
to the S�C bond cleavage of the aminothiolate ligand in the
starting complex [Pt ACHTUNGTRENNUNG(SC5H9NMe)2ACHTUNGTRENNUNG(dppe)]. On the one hand,
the synthesis reported here for 2 provides a reproducible
method to obtain the {Pt ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)Pt} core with phosphine
terminal ligands. On the other hand, the corresponding spec-
troscopic parameters enable identification of the formation
of such a core as the result of reactions that may involve ac-
tivation of the S�C bond.

Another method for obtaining 2 from 1 is reaction with
NaSH at a 1:1 molar ratio. Monitoring of this reaction by
31P and 1H NMR spectroscopy gave no evidence of inter-

Table 2. Reaction conditions and complex species formed throughout different processes at room temperature
as deduced by NMR and ESI MS data.

Reagents Solvent Molar
ratio[a]

Time [h][b] Yield
[%]

Identified
species

1 + Na2S·9H2O C6H6 1:2 6 85 2
1 + NaSH C6H6 1:1 8 70 2

1:15 3 75 3
2 + NaSH C6H6

[c] 1:2 12 45 4
C6H6 1:10 12 71 3 + [Pt(SH)2 ACHTUNGTRENNUNG(dppp)]

2 + HClO4
[d] CH3CN 1:1 no reaction

1:20 no reaction
3 + HClO4

[d] CH3CN 1:1 1 80 2
1:10 0.25 68 2

3 + NaOH[e] CH3CN 1:1 2 72 2
3 + NaOH[f] CH3CN 1:10 2 70 4
3 + [Pt(SH)2 ACHTUNGTRENNUNG(dppp)] C6H6

[c] 1:1 12 63 4
4 + NaBH4 EtOH abs. 1:4 6 85 5
5 + HClO4

[d] CH3CN
[g] 1:1.5 2 74 2

[a] Platinum complex to reagent molar ratio. [b] Reaction time for maximum yield. [c] Reflux temperature.
[d] 12m HClO4. [e] 2m NaOH. [f] 4m NaOH. [g] The same results are obtained in EtOH solvent.

Table 3. Ancillary reactions with deuterated reagents monitored by 31P,
1H, and 2H NMR: experimental conditions and corresponding products.

Reagents[a] Solvent Molar
ratio[b]

Time
[h][c]

Identified
species

Yield[d]

[%]

1d + Na2S C6H6 1:2 6 [D]2d 86
1 + Na2S + D2O C6H6 1:2 6 pure 2 0
1d + NaSH C6H6 1:1 8 [D]2d 78

1:15 3 [D]3d 82
3d + HClO4

[e] CH3CN 1:1 1 [D]2d 79
1:10 0.25 [D]2d 71

3d + NaOH[f] CH3CN 1:1 2 [D]2d 80
2d + H2O CH3CN 1:20 no reaction
2 + D2O CH3CN 1:20 no reaction

[a] Details of the synthesis of 1d–3d as well as their main 1H and
2H NMR features are given in the Experimental Section. All reactions
were performed at room temperature. [b] Platinum complex to reagent
molar ratio. [c] Reaction time for complete disappearance of the starting
platinum complex. [d] The percentage of moles of deuterated species
with respect to the sum of deuterated and non deuterated compound. In
all reactions the deuterium transferred from the reagent to the product is
within the range of 87–98%. [e] 12m HClO4. [f] 2m NaOH.
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mediate species and thus formation of known mononuclear
complexes such as 3 and/or [Pt(SH)2 ACHTUNGTRENNUNG(dppp)]

[12a] was discard-
ed. On this basis, it seems reasonable to propose the path-
way shown in Scheme 1, the first step of which would consist
of the substitution of a bridging hydride in 1 by the hydro-
gensulfide anion. Then, the intermediate [Pt2(H)2 ACHTUNGTRENNUNG(m-SH)-
ACHTUNGTRENNUNG(dppp)2]

+ (Int1) thus formed would convert rapidly into 2.
This could occur by means of an intramolecular acid–base
reaction between one remaining terminal hydride ligand
and the proton of the SH� group. On the one hand, this pro-
posal is consistent with the results obtained in the reaction
of 1d with NaSH at a 1:1 molar ratio. This reaction affords
2d (Table 3) and thus shows that the {Pt2H3} core and not
the hydrogensulfide anion is the source of the bridging hy-
drogen ligand in 2. On the other hand, thermodynamic via-
bility of this proposal has been corroborated by the theoreti-
cal calculations discussed below.

Interestingly, if complex 1 is treated with excess NaSH, in-
stead of a 1:1 molar ratio, the reaction affords 3 in high
yield, a mononuclear platinum(II) complex, which, on the
basis of NMR data, contains the {Pt(SH)(H)} fragment. It is
also remarkable that the reaction of 1d with excess NaSH
yields the [D]3d analogue that contains the {Pt(SH)(D)}
fragment (Table 3). Under inert atmosphere complex 3 is
highly stable not only in the solid phase, but also in benzene
at reflux temperature. This stability indicates that although
both H� and SH� ligands are bound to the same platinum
atom they do not undergo the intramolecular acid–base re-
action that could lead to 4 by the mechanism proposed
above for the conversion of the intermediate [Pt2(H)2ACHTUNGTRENNUNG(m-
SH) ACHTUNGTRENNUNG(dppp)2]ClO4 species. Notwithstanding this stability, our
attempts to obtain single crystals of 3 were unsuccessful.
This is consistent with the fact that while complexes of the
same formula have been synthesized as a result of the oxida-
tive–addition reaction of SH2

[16] or thiophene[7a] to zero-
valent platinum compounds or by the reaction of chloro
complexes of PtII with NaSH,[17] their X-ray structures are
unreported. Under open atmosphere, the monitoring of sol-
utions of 3 by 31P NMR spectroscopy and ESI MS shows the
slow appearance of the dinuclear complex 2.

The stability of 3 under inert atmosphere contrasts with
the richness of its chemistry in the presence of acids or
bases, which probably stems from the amphoteric behavior
of the SH ligand bound to platinum. Thus, 3 reacts with
both HClO4 and NaOH, and in the latter case, depending
on the complex to base molar ratio, the reaction affords dif-
ferent products.

The reaction of 3 with HClO4 in acetonitrile yields 2
quantitatively. Monitoring this reaction by 1H and 31P NMR
spectroscopy, we were unable to detect any intermediate
species. However, the reactions of 3d with HClO4 at 1:1 and
1:10 molar ratio afforded 2d (Table 3), which is consistent
with the protonation of the SH group and its subsequent
leaving as an SH2 compound. These results and theoretical
calculations showing that in 3 the hydrogensulfide ligand is
more basic than the hydride together with other theoretical
data described below are consistent with the three-step

pathway depicted in Scheme 1. The first involves the proto-
nation of the SH ligand in 3 to give the unknown [Pt(H)-
ACHTUNGTRENNUNG(SH2)ACHTUNGTRENNUNG(dppp)]

+ ion (Int2), then this species rapidly dimerizes
with the remaining unprotonated fraction of 3 to afford the
intermediate [Pt2(H)2ACHTUNGTRENNUNG(m-SH)ACHTUNGTRENNUNG(dppp)2]ClO4 (Int1) complex,
which eventually converts into 2. The first two steps are cor-
roborated by the reaction of 3 with HCl instead of HClO4.
Therefore, the slow addition of one equivalent of HCl to 3
enables identification of the already known [PtCl(H) ACHTUNGTRENNUNG(dppp)]
complex[18] as an intermediate species in the reaction that
eventually leads to 2. Formation of [PtCl(H) ACHTUNGTRENNUNG(dppp)] can be
attributed to the binding properties of the chloride ion,
which, unlike ClO4

�, causes the replacement of SH2 in the
[Pt(H) ACHTUNGTRENNUNG(SH2)ACHTUNGTRENNUNG(dppp)]

+ cation. The subsequent conversion of
[PtCl(H) ACHTUNGTRENNUNG(dppp)] could take place in accordance with the re-
ported reaction between [PtCl(H) ACHTUNGTRENNUNG(PEt3)2] and [Pt(H)(SH)-
ACHTUNGTRENNUNG(PEt3)2], which affords [(PEt3)2Pt(H)ACHTUNGTRENNUNG(m-SH)(H)Pt ACHTUNGTRENNUNG(PEt3)2]

+ .[19]

The reason why this last complex has been isolated, while
its dppp analogue has been undetected, and presumably
converts into 2 with the concomitant release of H2, must be
related to the different nature of the phosphane ligands. In
contrast to the slow reaction with moderate amounts of
HCl, the fast addition of excess HCl to 3 immediately leads
to the starting [PtCl2ACHTUNGTRENNUNG(dppp)] complex.

The reaction of 3 with NaOH in acetonitrile shows excep-
tional features as it leads to 2 if performed at a 1:1 molar
ratio, but to 4 with excess NaOH (1:10), in both cases with
high yields (about 70%). The monitoring of these reactions
by NMR spectroscopy and ESI MS provides no evidence of
intermediate species, but shows that the disappearance of 3
is concomitant with the formation of either 2 or 4, depend-
ing on the reaction conditions. The spectroscopic data of the
former is described in this work and those of the latter, al-
ready obtained by the reaction of [PtCl2ACHTUNGTRENNUNG(dppp)] with
Na2S·9H2O, have been reported elsewhere.[20] On the basis
of DFT calculations the proposed reaction pathways from 3
to either 2 or 4 are shown in Scheme 2. The first step, which
involves deprotonation of the SH ligand in 3, is common in
both pathways. From this stage there are two possibilities. In
one, the intermediate [Pt(H)(S) ACHTUNGTRENNUNG(dppp)]� species reacts with
itself, which occurs in the reaction where excess of NaOH is
present. In the other pathway the [Pt(H)(S) ACHTUNGTRENNUNG(dppp)]� species
reacts with 3 as in this case the amount of base added has
enabled deprotonation of only a fraction of the initial com-
plex. The reaction of two [Pt(H)(S) ACHTUNGTRENNUNG(dppp)]� species to yield
4 probably involves the nucleophilic attack of each sulfide
ligand to the platinum center of the other species, which
causes displacement of the two initially bound hydride
anions. In contrast, the formation of 2 would involve the nu-
cleophilic attack of the sulfide ligand in [Pt(H)(S) ACHTUNGTRENNUNG(dppp)]�

to the platinum center in 3, this being followed by the leav-
ing of one hydrogensulfide and one hydride anion.

To obtain 4, an alternative procedure to the addition of
excess NaOH to 3 is the reaction of this complex with
[Pt(SH)2ACHTUNGTRENNUNG(dppp)] in benzene at reflux temperature. The syn-
thesis and X-ray structural characterization of compound 4,
which we identified within the set of reactions following the
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protonation of the {Pt2S2} core, have already been repor-
ted.[12b] Significantly, analogue complexes such as cis-
[Pt(SH)2ACHTUNGTRENNUNG(PPh3)2] have been described as homogeneous cata-
lysts in model studies for the Claus process,[21] in which the
SH2 generated in HDS reacts with SO2 over alumina at
300 8C to give sulfur and water.

A perspective view of the reactions described up to this
point could easily suggest that complexes 2 and 4 are the
dead ends of the system studied. Within this context, the
mutual interconversion of the {Pt ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)Pt} and {Pt ACHTUNGTRENNUNG(m-
S)2Pt} cores posed us with a challenge. Exploration of the
chemistry involved in the replacement of one bridging hy-
dride or sulfide ligand in the dinuclear complexes 2 and 4,
respectively, provided unprecedented results and enabled
the closure of an otherwise open cycle.

Treatment of 2 with slight excess of NaSH (1:2 molar
ratio) in benzene at room temperature gives no reaction,
but yields 4 quantitatively if the mixture is heated at reflux
temperature. To elucidate the influence of the amount of
NaSH and temperature in this reaction, 2 was treated with a
great excess of NaSH in benzene at room temperature and
the reaction monitored by 1H and 31P NMR spectroscopy.
This data provided evidence for the complete conversion of
2 into an equimolar mixture of 3 and [Pt(SH)2ACHTUNGTRENNUNG(dppp)].
Heating the resulting solution at reflux temperature yielded
4, as expected on the basis of the data obtained in the syn-
thesis of 4 from 3 and [Pt(SH)2ACHTUNGTRENNUNG(dppp)].

Analogously to the evolution from 2 to 4, the reverse re-
action also occurs in two steps, as the reaction of 4 with
excess NaBH4 in absolute ethanol at room temperature af-
fords the unreported dinuclear complex 5 with very high
yield. Its relatively low stability over time, even under inert
atmosphere, probably accounts for the difficulties encoun-
tered for obtaining single crystals. Consistently, not one X-
ray structure of complexes of formula [Pt2ACHTUNGTRENNUNG(m-S)L4], L=phos-
phane, has been reported. Complex 5 has been spectroscopi-
cally characterized and its NMR parameters are consistent
with data in the literature as discussed below. In addition,
closely related species have been obtained in model studies
of HDS with nickel and platinum complexes.[11,7d] Overall,
the use of NaBH4 made it possible to establish an unprece-
dented path in order to achieve the reductive desulfurization

of a {Pt2S2} core and therefore the formation of a Pt�Pt
bonded {Pt2

IS} triangle, the only precedent for which refers
to the reaction of [Pt2ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(PPh3)4] with CO.[22] However, 4
did not react with CO at various temperatures and pres-
sures, possibly because the bidentate phosphane ligands do
not facilitate the coordination of CO to platinum as terminal
ligand, as proposed in the mechanism for the reduction of
[Pt2ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(PPh3)4]. Concerning the synthesis of 5, the evolu-
tion from {Pt2S2} to a {Pt2S} core by reaction with NaBH4 is
remarkable as this reagent usually causes either reduction of
PtII to Pt0,[23] or cluster degradation, as shown in its reaction
with {M3S2} aggregates to afford {M3S} clusters.[24] On this
basis, it appears that the bidentate chelating dppp ligand
plays a significant role in the specificity of the reducing
agent to yield 5 as well as in the stabilization of PtI in this
complex.

In a subsequent step, the addition of HClO4 to 5 in either
ethanol or acetonitrile afforded 2, which was easily identi-
fied on the basis of the NMR and ESI MS data given in
Table 1. This synthetic procedure has precedents in the reac-
tion of [Ni2ACHTUNGTRENNUNG(m-S) ACHTUNGTRENNUNG(dippe)2] with HPF6 that affords [Ni2ACHTUNGTRENNUNG(m-H)-
ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(dippe)2]

+ ,[11] already mentioned as one of the few ex-
amples of complexes with a {M2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)} core.

Spectroscopic and structural characterization of complexes
1–5 : All reactions depicted in Scheme 1 were monitored by
means of multinuclear NMR (1H, 31P, 195Pt) spectroscopy
and ESI mass spectrometry (MS). Owing to the unique
31P{1H} NMR spectral features of the complexes involved,
this technique was the main tool used to detect their forma-
tion. However, full characterization of the species identified
by using this technique requires knowledge of additional
structural and spectroscopic data. To this end, the synthesis
and spectroscopic characterization of complexes 1–5, [PtCl2-
ACHTUNGTRENNUNG(dppp)] and [Pt(SH)2ACHTUNGTRENNUNG(dppp)] were undertaken. Those of 2
and 5 together with the 195Pt NMR parameters for all the
complexes are unprecedented. These are given in Table 1
and are discussed below. However, the same cationic com-
plex as that found in 1 had already been reported as the tet-
rafluoroborate salt.[15] Spectroscopic data for compounds
1,[15] 3,[16b] 4,[20] [PtCl2 ACHTUNGTRENNUNG(dppp)]

[20] and [Pt(SH)2 ACHTUNGTRENNUNG(dppp)]
[12b] were

fully consistent with previously reported data for these com-

Scheme 2. Reaction pathways proposed for the reaction of 3 with NaOH at 1:1 (A) and 1:10 (B) molar ratio.
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plexes. Concerning the structural parameters in the solid
phase, the X-ray structures of 1 and 2 are described below
and that of 4,[20] [PtCl2ACHTUNGTRENNUNG(dppp)]

[25] and [Pt(SH)2 ACHTUNGTRENNUNG(dppp)]
[12b] are

already known. The main NMR and ESI-MS parameters for
complexes 1–5, [PtCl2ACHTUNGTRENNUNG(dppp)] and [Pt(SH)2ACHTUNGTRENNUNG(dppp)] are sum-
marized in Table 1.

Regarding complex 1, it is worth noting that the high sym-
metry observed in the proton, phosphorus, and platinum
NMR spectra is not consistent with the crystal structure.
This apparent discrepancy is the result of a fluxional behav-
ior for bridging and terminal hydrido ligands in the [Pt2(H)2-
ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(dppp)2]

+ ion, as already reported.[15] Both, the crystal
structure of 1 and the theoretical calculations that account
for this dynamic process are discussed below.

The 1H, 31P, and 195Pt NMR features of 2 provide relevant
information about its structure in solution and compare well
with those reported for the analogues [Pt2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)-
ACHTUNGTRENNUNG(dppe)2]

+ [10] and [Pt2 ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-CO) ACHTUNGTRENNUNG(P\P)2]+ (P\P=dppe,
dppp, dppb; dppb=1,4-bis(diphenylphosphanyl)butane),[26]

the latter at low temperature. The 1H, 1H ACHTUNGTRENNUNG{31P} and 31P{1H}
spectra are depicted in Figures 1 and 2. The 1HACHTUNGTRENNUNG{31P} spec-

trum in the high-field region (Figure 1a) displays a pseudo-
quintet structure centered at �5.22 ppm arising from cou-
pling 1J ACHTUNGTRENNUNG(H,Pt) (552 Hz) to two equivalent Pt atoms. This un-
ambiguously demonstrates the presence of a bridging hydro-
gen atom between two PtP2 units. In the 1H spectrum (Fig-
ure 1b) each of these signals is split into a triplet of triplets,
owing to the coupling of this hydrogen atom with the phos-
phorus nuclei located in trans (P’) and cis (P’’) positions (2J-
ACHTUNGTRENNUNG(H,P’)=69 Hz, 2J ACHTUNGTRENNUNG(H,P’’)=8 Hz). The two non-equivalent
sets of phosphorus nuclei become evident in the 31P{1H}
spectrum (Figure 2a), which displays an unsymmetrical
second-order pattern characteristic of bimetallic species con-
taining two {PtII ACHTUNGTRENNUNG(P\P)} moieties. It therefore shows two dis-
tinct signals centered at d=�6.3 (1JACHTUNGTRENNUNG(P’,Pt)=3684 Hz) and
d=�10.4 ppm (1J ACHTUNGTRENNUNG(P’’,Pt)=2702 Hz), respectively, and ob-
served as an apparent doublet of doublets. However, full in-
terpretation of this spectrum requires consideration of J-
ACHTUNGTRENNUNG(P,Pt) and JACHTUNGTRENNUNG(P,P) couplings through the platinum-platinum
axis.[26] On this basis, the values 2JACHTUNGTRENNUNG(P’,Pt)=47, 2J ACHTUNGTRENNUNG(P’’,Pt)=28,

2J ACHTUNGTRENNUNG(P’,P’’)=33, 3J ACHTUNGTRENNUNG(P’,P’)=65 and 3J ACHTUNGTRENNUNG(P’’,P’’)=6 Hz were ob-
tained. The good match between the experimental and simu-
lated spectra is shown in Figure 2b. The difference between
the two 1J ACHTUNGTRENNUNG(P,Pt) and the two 2J ACHTUNGTRENNUNG(P,Pt) provides evidence of
the distinct trans influence of the bridging ligands, S2� and
H�. 1H,1H NOE and 31P,1H HMBC experiments meant we
could establish that the bridging hydride is located in cis po-
sition with respect to P’’ and therefore that the trans influ-
ence follows the order: S2�>H�. On this basis, the highest
1J ACHTUNGTRENNUNG(P,Pt) and 2J ACHTUNGTRENNUNG(P,Pt) values were assigned to the couplings
with the phosphorus atoms cis to sulfur as shown in Table 1.
As expected, the NMR parameters found for 2 are similar
to those reported for the [Pt2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S) ACHTUNGTRENNUNG(dppe)2]

+ [10] ana-
logue, but are significantly different from those for [Pt2ACHTUNGTRENNUNG(m-
H) ACHTUNGTRENNUNG(m-CO) ACHTUNGTRENNUNG(dppp)2]

+ .[26] Comparison of the 1JACHTUNGTRENNUNG(P’’,Pt) values
in the three complexes is consistent with the following order
of trans influence for the bridging ligands: CO>S2�>H�, as
the 1J ACHTUNGTRENNUNG(P’’,Pt) value in 2 is greater than in the CO analogue.
The presence of the hydride bridge in 2 is confirmed in the
195Pt spectrum and corroborated by X-ray data in the solid
phase. Concerning variable-temperature (VT) NMR data
for 2, all features remained unaltered throughout the tem-
perature range �70 to +120 8C, which provides evidence for
the stereochemical rigidity of the {Pt ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)Pt} core in
contrast to the dynamic properties shown by complexes [Pt2-
ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-CO) ACHTUNGTRENNUNG(P\P)2]+ (P\P=dppe, dppp, dppb) in solu-
tion.[26]

The structural information obtained from NMR data for 2
is consistent with the ESI MS spectrum with a major peak
at m/z=1248.3, which corresponds to the molecular weight
of the [Pt2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(dppp)2]

+ ion. Overall, NMR and MS
data are clearly indicative of its presence in solution with a
similar structure to that found for the [Pt2 ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)-
ACHTUNGTRENNUNG(dppp)2]

+ ion in the solid phase by X-ray diffraction.
While the spectroscopic data that makes it possible to

identify complexes 3 and 4 are reported elsewhere,[16b,20]

characterization of complex 5 is unprecedented. This com-
plex displays a very similar 31P{1H} spectrum (Figure 3a) to
that observed for bimetallic complexes containing the {PtI2S}
core,[27] the pattern of which is typical of a second-order

Figure 1. 1H NMR high-field region for 2 in CDCl3 solvent: a) 1H ACHTUNGTRENNUNG{31P}
and b) 1H NMR.

Figure 2. 31P{H} NMR spectra of 2 : a) experimental spectrum in CDCl3
and b) the corresponding computer simulation.
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spectrum. Therefore, the two distinct resonances for the
phosphorus nuclei in 5 are observed as apparent doublets
centered at d=�1.3 (1J ACHTUNGTRENNUNG(P,Pt)=2260 Hz) and �6.8 ppm (1J-
ACHTUNGTRENNUNG(P,Pt)=3161 Hz). These data, together with 2JACHTUNGTRENNUNG(P,P) and the
sets of 3J ACHTUNGTRENNUNG(P,P) and 2JACHTUNGTRENNUNG(P,Pt) couplings found for 2 (Table 1) as
initial values in the computer program, enabled a good sim-
ulation of the 31P{1H} spectrum of 5 (Figure 3b). According
to this simulation, 3J ACHTUNGTRENNUNG(P’,P’) and 3J ACHTUNGTRENNUNG(P’,P’’) in 5 have a positive
sign, while 2J ACHTUNGTRENNUNG(P’,P’’) has a negative sign; and the signs of
these three coupling constants are independent of those of
the remaining couplings. The two different values found for
1J ACHTUNGTRENNUNG(P,Pt) and 2J ACHTUNGTRENNUNG(P,Pt) clearly indicate a different trans envi-
ronment for each of the two sets of equivalent phosphorus
nuclei, P’ and P’’. The assignment of the highest J values to
the P�Pt bond involving the phosphorus nuclei trans to
sulfur, 1J ACHTUNGTRENNUNG(P’’,Pt)=3161 and 2JACHTUNGTRENNUNG(P’’,Pt)=60 Hz (Table 1), is
based on data in the literature for related compounds.[27]

Additional 195Pt NMR data not only corroborate the pres-
ence of the {PtI2S} core, but also the absence of hydride ions
as terminal or bridging ligands, which is fully confirmed in
the 1H and HMBC Pt,H NMR spectra. The lack of terminal
hydride ligands in the solid complex 5 is consistent with the
absence of a broad absorption around 2000 cm�1 in the in-
frared spectrum. ESI-MS under acidic conditions (see Ex-
perimental Section) shows a major peak at m/z=1248.3,
which is exactly the same value as that observed for com-
plex 2. This observation is fully consistent with the reactivity
of 5 with protic acids, which gives 2. Overall, the whole set
of spectroscopic data lead us to propose that complex 5 cor-
responds to a PtI species of formula [Pt2 ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(dppp)2] with a
single sulfide bridge and a Pt�Pt bond. Interestingly, this
bridging sulfide moiety is a common structural feature of
homogeneous desulfurization products previously found for
thiophene and benzothiophene substrates.[7d,11]

To further characterize complexes 1–5, [PtCl2 ACHTUNGTRENNUNG(dppp)] and
[Pt(SH)2ACHTUNGTRENNUNG(dppp)], and therefore corroborate the interpreta-
tion of 1H and 31P NMR spectra, a study was made of their
195Pt NMR parameters, including Pt�H correlation experi-
ments for 1–3 and [Pt(SH)2ACHTUNGTRENNUNG(dppp)] (Table 1).

The 195Pt{1H} NMR spectra of complexes [PtCl2 ACHTUNGTRENNUNG(dppp)]
and [Pt(SH)2 ACHTUNGTRENNUNG(dppp)] share common features as both display
a triplet centered at d=�4505 and �4791 ppm, respectively,
due to the coupling of platinum with two equivalent phos-
phorus nuclei. For the latter complex, this pattern converts
into a triplet of triplets in the non-H-decoupled 195Pt spec-
trum owing to couplings 2J(H(SH),Pt)=48.5 Hz, thus con-
firming the binding of two SH groups to platinum. The dinu-
clear complexes 1 and 4 are symmetrical and therefore the
two platinum as well as the four phosphorus nuclei are
chemically equivalent. Accordingly, the triplet signal in the
195Pt{1H} NMR spectra, centered at d=�4976 (1) and
�4370 ppm (4), is due to the 1JACHTUNGTRENNUNG(Pt,P) coupling of each plati-
num with two phosphorus nuclei. In the non-H-decoupled
195Pt spectrum of 1, all the peaks observed in the 195Pt{H}
spectrum split into quartets (1JPt,H=459 Hz), which makes it
possible to unequivocally establish that the number of equi-
librating hydrido ligands is three. For both 1 and 4, the pat-
tern of the 195Pt spectra compares well with the respectively
related [Pt2(H)3ACHTUNGTRENNUNG(dppe)2]

+ [15] and [Pt2ACHTUNGTRENNUNG(m-SR)2 ACHTUNGTRENNUNG(dppe)2]
[28] com-

plexes.
The 195Pt{H} NMR spectrum of the unsymmetrical mono-

nuclear complex 3 is simple and well defined, displaying a
doublet of doublets owing to coupling of platinum with two
non-equivalent phosphorus nuclei. The non-H-decoupled
195Pt spectrum exhibits a 16-line pattern arising from
2J(H(SH),Pt)=63.4 Hz and 1JACHTUNGTRENNUNG(H,Pt) couplings (Table 1).
These values are fully consistent with those obtained from
the corresponding 1H and 31P spectra, which are given in
Table 1. Complexes 2 and 5 show a similar 195Pt{H} NMR
spectrum; in both cases the resonance of the two equivalent
platinum atoms (d=�5491 (2), �4315 ppm (5)) is split by
coupling to the phosphorus either in trans or cis positions to
the sulfide ligand. As a result of this coupling, the spectrum
has four peaks that are observed as a doublet of doublets.
However, the broadness of the signals do not enable corrob-
oration of the 2J ACHTUNGTRENNUNG(P,Pt) values obtained for 2 and 5 from the
corresponding 31P{H} NMR spectrum. The 1J ACHTUNGTRENNUNG(H,Pt) coupling
observed in the non-H-decoupled 195Pt spectrum of 2 unam-
biguously confirms the presence of a hydrido bridge, as it
exhibits eight peaks of equal intensity corresponding to a
doublet of double doublets. The 1JACHTUNGTRENNUNG(H,Pt) value is consistent
with that calculated from the 1H and 1H ACHTUNGTRENNUNG{31P} spectra of 2
and also with previously reported data for [Pt2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)-
ACHTUNGTRENNUNG(dppe)2]

+ .[10]

Overall, the chemical shift values found for platinum in
complexes 1–5, [PtCl2ACHTUNGTRENNUNG(dppp)] and [Pt(SH)2ACHTUNGTRENNUNG(dppp)] (Table 1)
suggest that they can be organized into three groups. Thus,
dinuclear platinum complexes with only sulfide ions as
bridging ligands exhibit the highest values (d��4350 ppm).
These are followed by the mononuclear complexes contain-
ing Cl, SH and/or H as terminal ligands (�4900�d�
�4500 ppm). The smallest values are shown by the dinuclear
complexes with hydride ions as bridging ligands (d�
�4950 ppm). It is worth noting the similarity between the
chemical shift values found for complexes 4 (�4370.5 ppm)
and 5 (�4315.5 ppm) despite the different oxidation state of

Figure 3. 31P{H} NMR spectra of (5); a) experimental spectrum in
[D6]DMSO; b) the corresponding computer simulated spectrum.
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the platinum atoms, which is consistent with values in the
literature.[10,26]

Molecular structures

Crystal Structure of [(dppp)Pt(H)2ACHTUNGTRENNUNG(m-H)Pt ACHTUNGTRENNUNG(dppp)]ClO4 (1):
The structure of 1 consists of dinuclear [(dppp)Pt(H)2 ACHTUNGTRENNUNG(m-
H)Pt ACHTUNGTRENNUNG(dppp)]+ ions (Figure 4) and ClO4

� counterions held
together by electrostatic interactions, and solvent molecules.
Selected bond angles and distances are given in Table 4. The
good quality of the crystal made it possible to unequivocally

locate the hydride ligands. The overall geometry of the
Pt2H3 core in 1 compares well with that previously found by
neutron diffraction studies for the [Pt2H3ACHTUNGTRENNUNG(dppe)2]

+ ana-
logue.[29] The main difference between the structures con-
taining dppp or dppe arises from the diverse values of the
bite angles, which are characteristic of each diphosphane
ligand. To compensate for the increase in the P-Pt-P angles
in 1 (94.5 and 95.58) with respect to its dppe analogue (86.1,
86.28), the H-Pt-H angles involving the two central hydride
ligands decrease significantly (for 1: 69.1 and 87.28 ; for its
dppe analogue: 75.53 and 91.558) with the concomitant
shortening of the H···H distance (for 1: 2.21 T; for its dppe
analogue: 2.40 T).

To account for the structure of the highly unsymmetrical
{Pt2H3} core in 1 it could be considered as resulting from the
contribution of the three connectivity models depicted in
Scheme 3. Their examination reveals that the coordination
geometry for one of the platinum centers (Pt2) can be de-
scribed as square-planar (maximum deviation from planarity
0.09 T) with two hydride ligands showing short Pt2�H dis-
tances (1.58 and 1.64 T). Differences between the models
proposed arise from consideration of how many hydride li-
gands coordinated to Pt2 are also bound to the second plati-
num center, the so-called Pt1.

The {Pt2H3} core in model A can be described as a donor–
acceptor complex in which the [(dppp)ACHTUNGTRENNUNG(Pt2)H2] moiety acts
as a hydride donor towards an acceptor [(dppp) ACHTUNGTRENNUNG(Pt1)H]+

ion. According to this model, the geometry of Pt1 should be
considered T-shaped (P-Pt1-H angle of 176.58), with a very
short Pt1�H distance indicating that this hydrogen atom be-
haves like a purely terminal hydride ligand (1.56 T). How-
ever, the hydrides belonging to the [(dppp) ACHTUNGTRENNUNG(Pt2)H2] moiety
are at significantly long distances (2.07 T and 1.84 T) with
respect to Pt1. These large values suggest a weak nonbond-
ing interaction between Pt1 and the supposedly bridging hy-
dride ligands, and therefore, for the significance of model A.

However, if we consider that
these distances are compatible
with two Pt1�H bonds, the
structure could be described as
being formed by a [(dppp)-
ACHTUNGTRENNUNG(Pt1)H3] moiety with a very dis-
torted trigonal bipyramidal co-
ordination geometry (t=
0.56)[30] that shares two hydride
ligands with the square-planar
[(dppp)ACHTUNGTRENNUNG(Pt2)H2] fragment
(model B). In contrast, if the
Pt1�H distance of 1.84 T is in-
terpreted as a bonding distance,
but 2.07 T is considered too
long for a chemical bond, the
structure of the {Pt2H3} aggre-
gate should be described on the
basis of model C. In this case,
one bridging hydride ligand
connects two square-planar

Figure 4. Structure of the cation in complex 1 with 50% probability dis-
placement ellipsoids and selected atoms labels. H atoms are omitted
except for those in the {PtH ACHTUNGTRENNUNG(m-H)PtH} core.

Table 4. Selected bond lengths [T] and angles [8] for complex 1. In brackets are the calculated values for 1 t.

P1�Pt1 2.313(4) ACHTUNGTRENNUNG[2.416] Pt1�H3 1.84(3) ACHTUNGTRENNUNG[1.799]
P2�Pt1 2.222(4) ACHTUNGTRENNUNG[2.279] Pt1�Pt2 2.70983(14) ACHTUNGTRENNUNG[2.850]
P3�Pt2 2.269(4) ACHTUNGTRENNUNG[2.387] Pt2�H2 1.58(4) ACHTUNGTRENNUNG[1.608]
P4�Pt2 2.250(4) ACHTUNGTRENNUNG[2.308] Pt2�H3 1.64(3) ACHTUNGTRENNUNG[1.711]
Pt1�H1 1.56(3) ACHTUNGTRENNUNG[1.584] H2···H3 2.215 ACHTUNGTRENNUNG[2.359]
Pt1�H2 2.07(4) ACHTUNGTRENNUNG[2.337]

H1-Pt1-H2 88.4(16) ACHTUNGTRENNUNG[87.7] P1-Pt1-Pt2 104.673(11) ACHTUNGTRENNUNG[98.9]
H1-Pt1-H3 86.5(16) ACHTUNGTRENNUNG[87.2] H2-Pt2-H3 87.2(17) ACHTUNGTRENNUNG[90.6]
H1-Pt1-P2 84.00(13) ACHTUNGTRENNUNG[85.3] H2-Pt2-P3 175.0(13) ACHTUNGTRENNUNG[177.8]
H1-Pt1-P1 176.5(13) ACHTUNGTRENNUNG[179.9] H2-Pt2-P4 88.8(13) ACHTUNGTRENNUNG[88.3]
H1-Pt1-Pt2 76.5(13) ACHTUNGTRENNUNG[81.0] H2-Pt2-Pt1 49.4(13) ACHTUNGTRENNUNG[55.1]
H2-Pt1-H3 69.1(14) ACHTUNGTRENNUNG[68.1] H3-Pt2-P3 88.8(12) ACHTUNGTRENNUNG[87.3]
H2-Pt1-P2 139.0(10) ACHTUNGTRENNUNG[132.9] H3-Pt2-P4 172.7(12) ACHTUNGTRENNUNG[177.6]
H2-Pt1-P1 90.8(10) ACHTUNGTRENNUNG[92.2] H3-Pt2-Pt1 41.5(12) ACHTUNGTRENNUNG[36.8]
H2-Pt1-Pt2 35.5(10) ACHTUNGTRENNUNG[34.3] P3-Pt2-P4 95.454(16) ACHTUNGTRENNUNG[93.9]
H3-Pt1-P2 149.7(10) ACHTUNGTRENNUNG[157.2] P3-Pt2-Pt1 125.78(11) ACHTUNGTRENNUNG[122.7]
H3-Pt1-P1 96.4(10) ACHTUNGTRENNUNG[92.8] P4-Pt2-Pt1 136.639(11) ACHTUNGTRENNUNG[142.5]
H3-Pt1-Pt2 36.3(11) ACHTUNGTRENNUNG[34.7] Pt2-H3-Pt1 102.23 ACHTUNGTRENNUNG[108.6]
P2-Pt1-P1 94.50(16) ACHTUNGTRENNUNG[94.7] Pt2-H2-Pt1 95.44 ACHTUNGTRENNUNG[90.6]
P2-Pt1-Pt2 159.355(12) ACHTUNGTRENNUNG[161.3]
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platinum centers, the respective coordination planes of
which are almost perpendicular on the basis of the 83.48
angle that forms between the P1-Pt1-P2 and P3-Pt2-P4
planes (Figure 4). Notwithstanding this description, a high
distortion is observed in the square-planar coordination ge-
ometry around Pt1 as, considering the mean plane formed
by P1, P2, Pt1, H1, and H3 atoms, the maximum deviation
from planarity is 0.47 T.

None of the three models alone completely matches the
observed structure, which, consequently, should be described
as arising from the contribution of the three proposed struc-
tural types. However, DFT calculations performed in the 1 t
model of 1 suggest that model C could be the most accurate
way to describe complex 1.

Crystal Structure of [(dppp)PtACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)Pt ACHTUNGTRENNUNG(dppp)]ClO4 (2):
Crystals of 2 are cubic and consist of discrete [(dppp)PtACHTUNGTRENNUNG(m-
H) ACHTUNGTRENNUNG(m-S)Pt ACHTUNGTRENNUNG(dppp)]+ ions and disordered ClO4

� counterions
that fill the holes generated by the cations in the unit cell.
Due to disorder problems these counterions were not been
directly observed in the crystal structure. However, the pres-
ence of ClO4

� ions in 2 is consistent with the reaction proce-
dure and elemental analysis as well as with the intense
broad band at 1100 cm�1 in the infrared spectrum. The over-
all geometry of the cation and the system used in labeling
the principal atoms are shown in Figure 5. Selected bond
distances and angles are presented in Table 5.

The dinuclear [(dppp)PtACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)Pt ACHTUNGTRENNUNG(dppp)]+ ion has
crystallographic C2 symmetry, the rotation axis passing
through the bridging sulfide and hydride ions. The latter
could be directly located and successfully refined in the X-
ray experiment. The main framework of this species can be
described as being formed by a central {Pt ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)Pt}
core with an exactly planar, dihedral angle between the two
PtHS planes q=1808 ; the metal centers complete their coor-
dination environment with chelating dppp ligands. As a
result, two symmetry-related PtP2C3 rings with a distorted
chair conformation are fused to the central core. The dispo-
sition of the two phosphorus atoms that belong to the same
dppp ligand together with the bridging sulfide and hydride
ions determine a slightly distorted square-planar configura-
tion about each platinum atom, deviations from planarity
being less than 0.04 T. Other main structural features refer
to the Pt�Pt distance of 2.825 T, which is indicative of
metal–metal interactions, and to the angle of 95.168 formed
by the diphosphine ligand with the platinum atom, both
values being consistent with data in the literature for related
compounds.[20,31,32]

The structural parameters ob-
served for [(dppp)PtACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-
S)Pt ACHTUNGTRENNUNG(dppp)]+ agree well with
those reported for the closely
related [(dppe)Pt ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)Pt-
ACHTUNGTRENNUNG(dppe)]+ [32] and [(dppp)Pt ACHTUNGTRENNUNG(m-

S)2Pt ACHTUNGTRENNUNG(dppp)]
[20] complexes. Comparison of the geometries of

the {Pt ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)Pt} core in the two former species shows
that the nature of the terminal diphosphane ligand mainly
affects the bond distances and angles that involve the bridg-
ing hydride ion. Therefore, the Pt�H bond distance is about
0.16 T shorter and the Pt-H-Pt’ angle 14.78 greater in
[(dppp)Pt ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)Pt ACHTUNGTRENNUNG(dppp)]+ , this being concomitant with
a slight lengthening in the Pt�Pt separation. Besides, while
the {Pt ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)Pt} core is strictly planar in 2, the dihedral
angle between the two PtHS planes is 177.68 for the dppe
analogue.

Comparison between complexes [(dppp)Pt ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)Pt-
ACHTUNGTRENNUNG(dppp)]+ and [(dppp)Pt ACHTUNGTRENNUNG(m-S)2PtACHTUNGTRENNUNG(dppp)] also shows signifi-
cant features. Therefore, the most remarkable effect accom-

Scheme 3. Structural models contributing to the structure of complex 1.

Figure 5. Structure of the cation in complex 2 with 50% probability dis-
placement ellipsoids and selected atoms labels. H atoms are omitted,
except for the bridging hydride.

Table 5. Selected bond lengths [T] and angles [8] for complex 2.

Pt�Pt’[a] 2.825(10) Pt�P1 2.270(3)
Pt�S 2.288(3) Pt�P2 2.280(3)
Pt�H1 1.74(10) S···H1 2.837

Pt-S-Pt’[a] 76.23(12) P1-Pt-Pt’[a] 144.00(8)
Pt-H1-Pt’[a] 107.44 P2-Pt-S 172.60(11)
P1-Pt-P2 95.16(13) P2-Pt-H1 85(4)
P1-Pt-S 92.24(10) P2-Pt-Pt’[a] 120.72(9)
P1-Pt-H1 176.7(18) S-Pt-H1 88(4)

[a] Symmetry code: 1=2�x, y, 1=2�z.
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panying the replacement of a bridging S by H in the {Pt ACHTUNGTRENNUNG(m-
X) ACHTUNGTRENNUNG(m-S)Pt} core is that it is hinged for X=S (q=134.88)
with a platinum–platinum distance of 3.235 T, but exactly
planar for X=H (q=1808), for which this distance becomes
0.41 T shorter. To make the planarity of the ring compatible
with the shortening of the Pt�Pt distance, the Pt-S-Pt angle
in 2 decreases up to 76.238, compared with 87.528 in
[(dppp)Pt ACHTUNGTRENNUNG(m-S)2PtACHTUNGTRENNUNG(dppp)]. However, the Pt�S bond length
in 2, 2.29 T, is only slightly shorter than the average Pt�S
distance in [(dppp)PtACHTUNGTRENNUNG(m-S)2Pt ACHTUNGTRENNUNG(dppp)], 2.34 T. Analogously,
the bite angle of the diphosphane ligand and the Pt�P dis-
tances are not significantly affected by the nature of X, S, or
H in the mentioned core. The difference between the two
Pt�P bond lengths in 2 (P trans to m-S, 2.280 T; P trans to m-
H 2.270 T) is small but consistent with a trans-influence fol-
lowing the order: m-S>m-H. The 1J ACHTUNGTRENNUNG(Pt,P) couplings found
for 2 in solution, 2707 for Pt�Ptrans toS and 3752 Hz for Pt�
Ptrans toH are also consistent with this ordering.

Theoretical study : Theoretical calculations have been per-
formed in order to evaluate the feasibility of the processes
described above. In calculations, the current dppp ligand has
been modeled by H2P ACHTUNGTRENNUNG(CH2)3PH2 (dhpp). Calculated model
species are labeled by adding a t to the number of the
parent compound. In addition to determining the relative
stabilities of the species proposed and thus obtaining the en-
ergetic picture of the aforementioned reactions, this study
provides an insight into the structural features of the com-
pounds involved. Some of the proposed intermediates have
not been detected. Moreover, all the species bear hydrido li-
gands, and the intrinsic difficulty of using X-ray methods to
accurately locate hydrogen atoms is well known. In contrast,
quantum mechanical calculations have proven to be a cost-
effective high-quality technique for precise location of hy-
dride positions.[33] Overall, the theoretical study was made in
order to contribute to the search for an answer to the fol-
lowing questions, which are difficult to address from an ex-
perimental point of view: 1) structure and fluxional behavior
of [Pt2(H)2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(dppp)2]

+ (1); 2) structure of [Pt2(H)2ACHTUNGTRENNUNG(m-
SH) ACHTUNGTRENNUNG(dppp)2]

+ (Int1); 3) preferred protonation site in
[Pt(H)(SH) ACHTUNGTRENNUNG(dppp)] (3); and 4) thermodynamic feasibility of
the proposed pathways for the reaction from 3 to 2.

Structure and fluxional behavior of [Pt2(H)2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(dppp)2]
+ :

Trihydride cations [Pt2(H)3ACHTUNGTRENNUNG(P\P)2]+ have been widely inves-
tigated.[34] In solution they show fluxional behavior on the
NMR timescale over a wide temperature range, and conse-
quently only one resonance is observed for the hydrides in
the 1H NMR spectrum. However, in the solid state two dis-
tinct types of structures have been observed with either a
{(H)PtACHTUNGTRENNUNG(m-H)2Pt} or a {(H)Pt ACHTUNGTRENNUNG(m-H)Pt(H)} core, both depicted
in Scheme 3, labeled B and C, respectively.

One terminal and two bridging hydride ligands have been
found in the solid state structures of [Pt2(H)3ACHTUNGTRENNUNG(dppe)2]

+ [29]

(neutron diffraction) and [Pt2(H)3ACHTUNGTRENNUNG{(Ph2PC5H4)2Fe}2]
+ .[35] In

contrast, the presence of one bridging and two terminal hy-
drides has been noted in the structures of [Pt2(H)3 ACHTUNGTRENNUNG(dtbpp)2]

+

,[36] [Pt2(H)3ACHTUNGTRENNUNG(butaphos)2]
+ ,[37] and [Pt2(H)3ACHTUNGTRENNUNG(dcype)2]

+ .[14] As
described in this work, the X-ray diffraction of 1 made it
possible to determine the structure of this complex, includ-
ing the direct location of the hydrogen atoms. Overall, the
structure of 1 is consistent with that reported in neutron dif-
fraction studies for its dppe-containing analogue. Before
commenting on the theoretical result, we should stress that
factors such as the bite angle of the chelating ligands, the
steric demand of the substituents on the phosphorous atoms
and even more subtle factors such as crystal-packing forces
could be responsible for the existence of different struc-
tures.[14] Calculations have been performed in a simplified
model (dhpp instead of the actual dppp) in gas phase, which
therefore does not consider the full subtlety of real systems.
However, a joint analysis of the structural and energetic the-
oretical results and comparison with the experimental re-
sults can help to describe the bonding scheme on [Pt2(H)3-
ACHTUNGTRENNUNG(dppe)2]

+ . The calculated structure of 1 t is shown in
Figure 6. Selected bond angles are given in Table 4 for com-

parison with the experimental values of 1. Despite the sim-
plifications, a relatively good agreement with the X-ray data
is found in the optimized bond angles, suggesting that the
model retains the main bonding features of 1. Regarding the
bond lengths in 1 t, one central hydride (H3) shows two Pt�
H distances (1.799 and 1.711 T) within the usual range for a
Pt�H bridging bond, while the Pt�H distances for the other
central hydride H2 (1.608 and 2.337 T) are consistent with
the existence of only one Pt�H bond. The presence of the
three hydride ligands with different trans influence is reflect-
ed in the very different Pt�P bond lengths, ranging from
2.279 T and 2.308 T for the P trans to H3 to 2.387 and
2.416 T for the P trans to H2 and H1, respectively. Never-
theless a significant discrepancy with the X-ray data is found
on the Pt1�H2 distance (exptl: 2.07 T, calcd: 2.337 T).

Although, overall, the optimized geometry of 1 t seems to
fit better with a type C structure (see Scheme 3), it remains
unclear whether there is a bonding interaction between H2
and Pt1. This question has been theoretically analyzed from
an energetic point of view. In our calculations we varied the
Pt1···H2 distance between 2.05 and 2.65 T by intervals of

Figure 6. Optimized geometry of [Pt2(H)2 ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(dhpp)2]
+ (1t) with distan-

ces in T.
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0.1 T. At each fixed value of this distance the remaining
geometrical parameters were optimized. An extremely flat
potential energy curve was eventually obtained, showing
that Pt1�H2 stretching has a very low energy cost (less than
0.2 kcalmol�1). These results support the non-existence of a
bond between the Pt1 and H2 atoms and thus the presence
of only one bridging hydride. The striking difference in the
Pt1�H2 distance between the experimental and calculated
structures can also be explained. With such a small energy
change for Pt1�H2 stretching, this distance could be affect-
ed by crystal packing effects in the experimental system.

Inelastic neutron spectroscopy (INS) was used to investi-
gate the vibrational modes of hydride ligands in [Pt2(H)3-
ACHTUNGTRENNUNG(P\P)2]+ complexes.[14] The different disposition of the H li-
gands around the Pt centers in structures B and C causes re-
markable differences in the vibrational spectra. The stretch-
ing frequency for a terminal Pt�H group is expected to be
in the region of 1900–2100 cm�1, while the modes involving
the m-bridging H may be described in terms of symmetric
and antisymmetric M-H-M stretching modes in the region of
1000–1400 cm�1.[14] The calculated Pt�H frequencies fully
agree with the ascription of a type C structure to 1 t. For the
Pt�H stretching vibration that involves the non-bridging hy-
drides H1 and H2 two frequencies at 2119 cm�1 (Pt1�H1)
and 1996 cm�1 (Pt2�H2) are obtained. The symmetric and
anti-symmetric Pt-H3-Pt vibrational modes appear at 1240
and 1529 cm�1, respectively.

Considering the X-ray structure of 1 and the set of calcu-
lations performed in the model complex 1 t, complex 1 can
be considered to be formed by two square-planar {Pt(H)2-
ACHTUNGTRENNUNG(dppp)} fragments that share the H3 hydride ligand. The di-
hedral angle between the planes defined by each metal
center and its four ligands is about 908, in agreement with
the conformation detected in related cations.

Although the fast exchange of the hydride ligands in the
{Pt2H3} fragment, as shown by the equivalence of the three
hydrides in the NMR spectra of [Pt2(H)3ACHTUNGTRENNUNG(P\P)2]+ com-
plexes, is a well known phenomenon, the mechanism of the
process remained unclear. Our computational study has
shown that this phenomenon can be understood as a combi-
nation of the two dynamic processes depicted in Schemes 4
and 5.

The fluxional process depicted in Scheme 4 accounts for
the equivalence of the bridging and non-bridging central hy-
drides Ha and Hb. A set of calculations decreasing the
Ptb···Hb distance from 2.05 T to 1.75 T and optimizing all
the geometrical parameters at each fixed value of the
Ptb···Hb distance has been carried out. Taking the energy
values at the Ptb···Hb distance of 2.05, 1.95, 1.85, and 1.75 T,
the energy variation is negligi-
ble, less than 0.3 kcalmol�1. It
has been observed that the for-
mation of the Ptb···Hb bond is
concomitant with the breaking
of the Ptb···Ha bond. Therefore,
the dynamic process shown in
Scheme 4 easily occurs with an

almost inexistent energy barrier.
In addition to the above process (Scheme 4), the dynamic

process shown in Scheme 5 is also a major contributor to
the observed equivalence of all the hydride ligands of com-
plex 1 in solution. This process consists of successive rota-
tions along the Pt�Ha bonds. The thermodynamic feasibility
of this process is confirmed by the low value (2.5 kcalmol�1)
of the energy difference between the two possible conforma-
tions (1a and 1b, Scheme 5) of complex 1 t. The small in-
crease in energy when going to structure 1b in which no
bonding interaction of Hb with Ptb can be at work offers fur-
ther proof of the very weak interaction between Hb and Ptb
in 1a. The Pt�Pt bond is very weakly affected by the rota-
tion. The Pt···Pt distance in 1b is 2.932 T, only 0.08 T
longer than in 1a. The Pt�Pt interaction does not appear to
be affected by this rotation, which contributes to the low
energy cost of the process.

Structure of [Pt2(H)2ACHTUNGTRENNUNG(m-SH) ACHTUNGTRENNUNG(dppp)2]
+ : We have proposed

that the formation of 2 by reaction of 1 with NaSH at 1:1
molar ratio takes place via an undetected intermediate com-
plex, [Pt2(H)2ACHTUNGTRENNUNG(m-SH)ACHTUNGTRENNUNG(dppp)2]

+ (Int1). To make a structural
proposal for this intermediate, DFT calculations were car-
ried out considering that there are two possible arrange-
ments for this species, one entailing a bridging SH group
(Int1SH-b) and the other a bridging hydride (Int1H-b). The op-
timized structures are shown in Figure 7. The Pt�Pt distance
varies notably by changing the bridging ligand, being much
longer in the m-SH (3.677 T) than in the m-H isomer
(2.980 T). The m-SH isomer is notably more stable than the
hydrido-bridged one, as Int1SH-b lies 11.3 kcalmol�1 below
Int1H-b. Even if [Pt2(H) ACHTUNGTRENNUNG(m-H)(SH) ACHTUNGTRENNUNG(dppp)2]

+ were initially
formed by the substitution of a terminal hydride in 1 by the
hydrogensulfide anion, it could easily convert into the more
stable [Pt2(H)2 ACHTUNGTRENNUNG(m-SH)ACHTUNGTRENNUNG(dppp)2]

+ form. As shown in Figure 7,
the Int1SH-b species displays a remarkable structural feature,
probably relevant for its subsequent reactivity. The structure
of Int1SH-b can be described as two square-planar platinum
units sharing a bridging SH ligand. The coordination planes
of the two square-planar units are almost parallel. With this

Scheme 4. Mechanism underlying the equivalence of the bridging hydride
ligands.

Scheme 5. Mechanism underlying the equivalence of the bridging and terminal hydride ligands.
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spatial arrangement the Pt�H and S�H bonds are aligned so
that a four-sided ring defined by the Pt-H-H-S atoms is
formed. This disposition places a proton and a hydride ion
in close spatial vicinity, thus setting the system ready to give
rise to the formation of H2.

Preferred protonation site in [Pt(H)(SH)ACHTUNGTRENNUNG(dppp)] (3): Our
mechanistic proposal for the formation of 2 by addition of
HClO4 to 3 involves as a first step the protonation of the
latter species, in which the SH and H ligands are potential
protonation sites. Therefore, two isomers can be envisaged
for the protonated intermediate Int2, depending on whether
the SH (Int2SH-H) or H (Int2H-H) is protonated. The opti-
mized structures are shown in Figure 8. The Int2SH-H species
is 19.4 kcalmol�1 more stable than Int2H-H, providing evi-
dence that the SH group is considerably more basic than the
hydride ligand. Accordingly, it is reasonable to formulate
Int2 as [Pt(H) ACHTUNGTRENNUNG(SH2)ACHTUNGTRENNUNG(dppp)]

+ .
Comparison of the optimized structure of the protonated

intermediates with that of the parent complex 3 t reveals
two structural features of these two isomers. On the one
hand, the H-protonated species has a dihydrogen ligand, as
proved by the short H�H distance (0.787 T). On the other,
the protonation of the SH ligand causes considerable weak-
ening of the Pt�S bond, as shown by the lengthening of the
Pt�S distance from 2.381 T in 3 to 2.457 T in Int2SH-H. Con-

sistently, an easy SH2 release from [Pt(H) ACHTUNGTRENNUNG(SH2)ACHTUNGTRENNUNG(dppp)]
+ can

be expected.

Thermodynamic feasibility of the proposed pathway for the
reaction from 3 to 2 : DFT calculations were performed in
order to discuss the thermodynamic feasibility of the path-
way depicted in Scheme 1 for the formation of 2 from 3 in
acidic medium. Calculated values of the reaction energies
are collected in Table 6.

The proposed pathway for the reaction from 3 to 2 in-

volves three steps. Following protonation of 3, the second
step involves the condensation of the protonated species
[Pt(H) ACHTUNGTRENNUNG(SH2)ACHTUNGTRENNUNG(dppp)]

+ with an additional molecule of 3,
which is accompanied by the release of SH2 (reaction A in
Table 6) and the formation of the [Pt2(H)2ACHTUNGTRENNUNG(m-SH) ACHTUNGTRENNUNG(dppp)2]

+

intermediate (Int1SH-b). This is a highly exothermic process
(DE=�27.4 kcalmol�1). The third step (reaction B) is an in-
tramolecular reaction in the Int1SH-b species that consists of
the formation of H2 from a hydride ligand and the proton of
the SH group. We have already commented that the spatial
arrangement of the proton and the hydride in Int1SH-b
(Figure 7) should facilitate this reaction. The release of the

Figure 7. Optimized geometries for the m-SH (Int1SH-b) and m-H isomers
(Int1H-b) of [Pt2(H)2(SH) ACHTUNGTRENNUNG(dhpp)2]

+ .

Figure 8. Optimized geometries of [Pt(H)(SH) ACHTUNGTRENNUNG(dhpp)] 3 t and correspond-
ing S-protonated (Int2SH-H) and H-protonated (Int2H-H) derivatives.

Table 6. Reaction energies [kcalmol�1] for the 3!2 process.

Reaction DE

A �27.4

B +6.5
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H2 molecule enables the remaining terminal hydride to shift
to a bridging position and thus give rise to the {Pt ACHTUNGTRENNUNG(m-S) ACHTUNGTRENNUNG(m-
H)Pt} core in 2 (Figure 9). Interestingly, the optimized struc-

ture of [Pt2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S) ACHTUNGTRENNUNG(dhpp)2]
+ (2 t) is fully consistent with

the geometric parameters obtained from X-ray data. The
Pt�P distances, although not very different, follow the same
trend than those determined by X-ray (Pt�P trans to m-S>
Pt�P trans to m-H) and are consistent with a trans influence
following the trend m-S>m-H.

The reversal of the reaction of H2 formation from S�H
and Pt�H is the heterolytic splitting of H�H bond by means
of a transition-metal bonded to an S ligand. This reaction is
well documented in the literature.[38] Reaction B is slightly
endothermic (+6.5 kcalmol�1). However, this value is large-
ly compensated by the exothermicity of reaction A. Overall,
the proposed pathway from 3 to 2 through intermediate
Int1SH-b is highly favored on thermodynamic grounds (DE=

�20.9 kcalmol�1).
We have also invoked the role of the intermediate Int1SH-b

in the conversion of 1 to 2 by reaction of the former with
NaSH. Once Int1SH-b is formed, the release of H2 leads to 2,
as already proposed as the third step in the reaction from 3
to 2 (reaction B in Table 6). Although this process is slightly
endothermic, it could be favored by the liberation of H2.

Conclusions

The set of reactions investigated in this work provides solid
evidence that behind the apparent simplicity of platinum
complexes containing Pt�H, Pt�SH, or Pt�S fragments, they
have an outstanding chemistry. This can be attributed to a
combination of several factors that are put to work at the
same time. A perspective view of the reactions depicted in
Scheme 1 indicates that the strong tendency of sulfide and
hydrogensulfide ligands to bind to platinum, the ability of
the sulfide ion to bridge two platinum centers, and the am-
photeric behavior of the hydrogen sulfide group in the Pt�
SH fragment are key aspects of the observed reactivity. Fur-
thermore, the ability of the hydride ligand in the Pt�H frag-
ment to act as a base capable of forming H2 by reaction
with the proton of the SH group accounts for the conver-
sion: from 1 to 2 and from 2 to 4, by addition of NaSH;

from 3 to 2 by addition of HClO4; and from 3 to 4 by addi-
tion of [Pt ACHTUNGTRENNUNG(dppp)(SH)2]. Interestingly, while the conversion
of the {Pt ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)Pt} core in 2 into {Pt ACHTUNGTRENNUNG(m-S)2Pt} in 4 is
easily achieved by addition of excess NaSH, the reverse re-
action, which implies the replacement of a sulfide with a hy-
dride ligand, requires previous formation of 5, an unprece-
dented dinuclear complex containing a Pt�Pt bonded {Pt2

I-
ACHTUNGTRENNUNG(m-S)} core, which was unreported.

Our previous studies of the chemistry of [Pt2ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(P\P)2]
complexes showed the exceptional ability of the {Pt2S2} core
to react with virtually any electron-acceptor species.[13] The
reactions described here extend the richness of this chemis-
try. They also show that the formation and further evolution
of platinum complexes containing Pt�H, Pt�SH, or Pt�S
fragments is highly dependent on the reaction conditions
such as acid–base properties and solution temperature, and
thus, prediction of their exact nature in solution should not
be considered obvious. Within the context of this reactivity,
the reported findings may be relevant in the study of plati-
num-mediated homogeneous hydrodesulfurization processes.
Research in this direction is being pursued by our group.

Experimental Section

Materials and methods : All reactions were carried out at room tempera-
ture under an atmosphere of pure dinitrogen, and conventionally dried
and degassed solvents were used throughout. These were Purex Analyti-
cal Grade from SDS. Metal complexes of formula [PtCl2ACHTUNGTRENNUNG(dppp)] and
[Pt(SH)2ACHTUNGTRENNUNG(dppp)] were prepared in accordance with published meth-
ods.[39,12b] Complexes [Pt(H)(SH) ACHTUNGTRENNUNG(dppp)] (3), [Pt2(H)3 ACHTUNGTRENNUNG(dppp)2]

+ , and
[(dppp)Pt ACHTUNGTRENNUNG(m-S)2Pt ACHTUNGTRENNUNG(dppp)] (4) were obtained by alternative procedur-
es.[16b,15,20] Commercial Na2S, Na2S·9H2O, NaBH4, and NaBD4 compounds
were used without further purification. NaSH was obtained from com-
mercial NaSH·xH2O by keeping it under vacuum overnight. Elemental
Analyses were performed on a Carlo-Erba CHNS EA-1108 analyzer. IR
spectra were recorded on a Perkin–Elmer FT-2000 spectrophotometer
using KBr pellets (s= strong, m=medium, br=broad band). 1H, 1H ACHTUNGTRENNUNG{31P},
31P, 31P{1H} 195Pt, and 195Pt{1H} NMR spectra as well as the 195Pt,1H and
31P,1H HMBC (heteronuclear multiple-bond correlation) and 1H,1H NOE
(nuclear Overhauser effect) experiments were performed from samples
in (CD3)2SO or CDCl3 at room temperature, unless otherwise indicated,
with a Bruker Avance DRX-360 spectrometer operating at 360.13 MHz
for 1H, 145.79 MHz for 31P and 77.42 MHz for 195Pt. 1H chemical shifts
are relative to SiMe4,

31P chemical shifts to external 85% H3PO4 and
195Pt chemical shifts are relative to external 1m Na2 ACHTUNGTRENNUNG[PtCl6] in D2O.
2H NMR experiments were performed from samples in CDCl3/CHCl3
mixtures at room temperature with a Bruker Avance 500 operating at
76.75 MHz. 2H NMR chemical shifts are relative to CDCl3.

31P{1H} NMR
spectra were simulated on a Pentium-200 computer using the gNMR
V4.0.1 program.[40] The ESI-MS measurements were performed on a VG
Quattro Micromass Instrument. Experimental conditions were as follows:
10 mL of sample was injected at 15 mLmin�1; capillary-counter electrode
voltage, 4.5 kV; lens-counter electrode voltage 1.0 kV; cone potential,
55 V; source temperature, 90 8C; m/z range, 300–1600. The carrier was a
1:1 mixture of acetonitrile and water containing formic acid (1–20%).
ESI-MS and NMR data for complexes 1–5 synthesized in this work are
given in Table 1.

Evolution of complexes 1–5 under various experimental conditions as
well as the optimal conditions for their synthesis was obtained by moni-
toring the corresponding reactions by means of 1H and 31P NMR spec-
troscopy. These results are summarized in Table 2. The general procedure
consisted of adding controlled amounts of the reagent to a solution of

Figure 9. Optimized geometry of [Pt2 ACHTUNGTRENNUNG(m-H)ACHTUNGTRENNUNG(m-S) ACHTUNGTRENNUNG(dhpp)2]
+ .
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the corresponding pure compound (50 mg) in solvent (10 mL). At differ-
ent times, usually every 20 min, aliquots were taken from the mother so-
lution, and were evaporated to dryness, and the 1H and 31P NMR spectra
in [D6]DMSO or CDCl3 were recorded. These showed that, except for
the reaction of 2 with excess NaSH that leads to an equimolar mixture of
two platinum complexes, the disappearance of the starting platinum com-
plex is concomitant with the formation of a new platinum species, which
does not undergo further conversion. However, the reaction times in-
volved for a maximum yield vary, ranging from 1 to 12 h. On the basis of
all these data, the synthetic procedures selected are described below.

Caution : Although no problem has been encountered in this work, all per-
chlorate compounds are potentially explosive, and should be handled in
small quantities and with great care!

Synthesis of [(dppp)Pt(H)2 ACHTUNGTRENNUNG(m-H)Pt ACHTUNGTRENNUNG(dppp)]ClO4 (1): Solid [PtCl2 ACHTUNGTRENNUNG(dppp)]
(500 mg, 0.74 mmol) was added to a solution of NaBH4 (56 mg,
1.48 mmol) in absolute ethanol (100 mL) and the mixture was stirred at
room temperature for 4 h. Addition of NaClO4 (45 mg, 0.37 mmol)
caused precipitation of an off-white solid. This was collected by filtration,
washed with ethanol and diethyl ether, and vacuum dried. Yield 85%; el-
emental analysis calcd (%) for C54H55ClO4P4Pt2: C 49.23, H 4.21; found:
C 49.12, H 4.13; IR: ñ=2033 (m; Pt�H); 1094 cm�1 (s, br; ClO4). Diffu-
sion of diethyl ether into a solution of the solid complex in acetonitrile
afforded colorless crystals suitable for X-ray diffraction.

The deuterated analogue 1d was obtained by the same procedure with
[PtCl2 ACHTUNGTRENNUNG(dppp)] and NaBD4 at a 1:4 molar ratio. On the one hand, the
2H NMR spectrum of 1d is fully consistent with the deuteration of the
{Pt2H3} core: 2H NMR (CDCl3 + CHCl3) d=�3.65 ppm (t 2J ACHTUNGTRENNUNG(D,P)<
10 Hz, 1J ACHTUNGTRENNUNG(H,Pt)=71 Hz). On the other, the 1H NMR spectrum in the
high-field region gives evidence of the presence of {PtD2HPt} (d=
�3.62 ppm (qq, 2J ACHTUNGTRENNUNG(H,P)=40.2 Hz, 1J ACHTUNGTRENNUNG(H,Pt)=460.6 Hz), {PtDH2Pt} (d=
�3.65 ppm (qq, 2J ACHTUNGTRENNUNG(H,P)=39.9 Hz, 1J ACHTUNGTRENNUNG(H,Pt)=459.0 Hz) and {PtH3Pt} (d,
2J ACHTUNGTRENNUNG(H,P) and 1J ACHTUNGTRENNUNG(H,Pt) values are given in Table 1). These results and ESI-
MS data show that complex 1d is an isotopic mixture of the trideuteride,
hydridodideuteride, dihydridodeuteride, and trihydrido complexes. The
three former species are in 75:15:10 molar ratios, while there is a negligi-
ble amount of the latter (<1%). The relative amounts are deduced from
the integration of the signals of the hydrido ligands with respect to the
protons of the aliphatic CH2 groups in the phosphane ligands. The pres-
ence of all different isotopomers in the cation of 1d has already been re-
ported.[41]

Synthesis of [(dppp)Pt ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)Pt ACHTUNGTRENNUNG(dppp)]ClO4 (2): Complex 1 (200 mg,
0.15 mmol) was added to a solution of Na2S·9H2O (88 mg, 0.36 mmol) in
benzene (50 mL) and the mixture was stirred at room temperature for
6 h. The excess Na2S·9H2O was filtered off. Concentration of the result-
ing solution to about 5 mL and addition of diethyl ether yielded a
yellow-orange solid. This was washed with diethyl ether and vacuum
dried. Yield 85%; elemental analysis calcd (%) for C54H53ClO4P4Pt2S: C
48.13, H 3.96, S 2.38; found: C 48.01, H 3.82, S 2.49; IR: n=1094 cm�1 (s,
br; ClO4). Recrystallization of this compound in benzene gave yellow
crystals suitable for X-ray diffraction.

The deuterated analogue 2d was obtained in about 75% yield by replac-
ing 1 with 1d in the above procedure with Na2S at a 1:2 molar ratio. On
the basis of 1H and 2H NMR data, 2d consists of a mixture of the {Pt ACHTUNGTRENNUNG(m-
D) ACHTUNGTRENNUNG(m-S)} and {Pt ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-S)} cores at an approximate 86:14 molar ratio.
2H NMR (CDCl3 + CHCl3) d=�5.17 ppm (t, 2J ACHTUNGTRENNUNG(D,P ACHTUNGTRENNUNG(cis))<5 Hz; 2J ACHTUNGTRENNUNG(D,P-
ACHTUNGTRENNUNG(trans))=10.5 Hz; with satellites, 1J ACHTUNGTRENNUNG(D,Pt)=43.1 Hz).

Synthesis of [Pt(H)(SH) ACHTUNGTRENNUNG(dppp)] (3): Complex 1 (200 mg, 0.15 mmol) was
added to a solution of NaSH (126 mg, 2.25 mmol) in benzene (50 mL)
and the mixture was stirred at room temperature for 3 h. The remaining
solid residue was filtered off and the solution was concentrated to about
5 mL. Addition of diethyl ether yielded a yellow solid. This was washed
with diethyl ether and vacuum dried. Yield 75%; elemental analysis
calcd (%) for C27H28P2PtS: C 50.54, H 4.40, S 5.00; found: C 50.49, H
4.36, S 5.12.

The deuterated analogue 3d was obtained in about 71% yield by replac-
ing 1 with 1d in the above procedure. On the basis of 1H and 2H NMR
data 3d consists of a mixture of the two {Pt(D)(SH)} and {Pt(H)(SH)}
fragments at an approximate 82:18 molar ratio. 2H NMR (CDCl3 +

CHCl3, d): �3.93 ppm (td, 2J ACHTUNGTRENNUNG(D,P ACHTUNGTRENNUNG(cis))<5 Hz; 2J ACHTUNGTRENNUNG(D,P ACHTUNGTRENNUNG(trans))=29.5 Hz;
1J ACHTUNGTRENNUNG(D,Pt)=145 Hz).

Synthesis of [(dppp)Pt ACHTUNGTRENNUNG(m-S)Pt ACHTUNGTRENNUNG(dppp)] (5): Complex 4 (200 mg,
0.16 mmol) was added to an solution of NaBH4 (24 mg, 0.64 mmol) in ab-
solute ethanol (50 mL) and the mixture was stirred at room temperature
for 6 h. The resultant solution was filtered through Celite and the filtrate
evaporated to dryness. The solid residue was extracted with a few millili-
ters of benzene. The crude product was precipitated from the benzene so-
lution by addition of diethyl ether. The yellow solid thus obtained was
collected by filtration, washed with diethyl ether and vacuum dried.
Yield 85%; elemental analysis calcd (%) for C54H52P4Pt2S: C 52.00, H
4.20, S 2.57; found: C 51.92, H 4.22, S 2.60. Attempts to obtain crystals
suitable for X-ray diffraction were unsuccessful.

X-ray crystallographic characterization : A summary of crystal data, data
collection, and refinement parameters for the structural analysis of com-
plexes 1 and 2 is given in Table 7. Measurements of diffraction intensity

data were collected on a Bruker SMART CCD-1000 area-detector dif-
fractometer with graphite-monochromated MoKa radiation (l=
0.71073 T). Absorption correction was carried out by semiempirical
methods based on redundant and symmetry-equivalent reflections with
the aid of the SADABS program.[42] Cell parameters were obtained from
a least-squares fit on the observed setting angles of all significant intensi-
ty reflections. The structures were resolved by direct methods and refined
by full-matrix least-squares based on F2, with the aid of SHELX-97 soft-
ware.[43] All non-hydrogen atoms were anisotropically refined. Hydrogen
atoms, except for hydride ligands, were included at geometrically calcu-
lated positions with thermal parameters derived from the parent atoms.
In compound 2 the solvent and anion molecules appear to be highly dis-
ordered thus making it difficult to model its position and distribution reli-
ably. Therefore, the SQUEEZE function was used to eliminate the con-
tribution of the electron density in the disordered solvent region from
the measured intensity data and therefore the solvent-free data was em-
ployed in the final refinement. The contribution of the disordered anions
to the diffraction pattern was incorporated in the model using PLATON/
SQUEEZE.[44] A total of 1178 e� were found in several voids with a total
volume of 3003 T3. The total amount of charge approximately accounts
for the remaining 24 ClO4

� ions disordered in the unit cell (24V50 e�=

Table 7. Crystallographic data for complexes 1 and 2.

1·0.5 ACHTUNGTRENNUNG(C4H10O) 2

formula C54H55ClO4P4Pt2·0.5C4H10O C54H53ClO4P4Pt2S
[a]

Mr 1354.6 1347.5
crystal system monoclinic cubic
space group P21/n I4̄3d
a [T] 17.1193(8) 31.1962(16)
b [T] 17.9197(9) 31.1962(16)
c [T] 17.1544(8) 31.1962(16)
a [8] 90 90
b [8] 102.027(2) 90
g [8] 90 90
V [T3] 5147.0(4) 30360(2)
T [K] 100.0(1) 120(1)
Z 4 24
1calcd [gcm

�3] 1.742 1.638
m [mm�1] 5.653 5.725
reflns collected 31887 78467
unique reflns (Rint) 26229 (0.0703) 4326 (0.084)
parameters/restraints 818/0 277/72
goodness-of-fit on F2 1.079 1.094
R1, wR2 [I>2s(I)] 0.0244, 0.0512 0.0437, 0.0994
R1, wR2 (all data) 0.0386, 0.057 0.0635, 0.1118
largest diff. peak/hole
[eT�3]

1.38/�1.387 0.652/�0.859

[a] The ClO4
� ions show disorder (see text).

Chem. Eur. J. 2007, 13, 1047 – 1063 L 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1061

FULL PAPERPlatinum Chemistry

www.chemeurj.org


1200 e�) needed to counterbalance the positive charge of the complex.
Molecular graphics are represented by Ortep-3 for Windows.

CCDC-606465 (1) and CCDC-606466 (2) contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Computational details : Calculations were performed with the GAUSSI-
AN 98 series of programs.[45] Density functional theory (DFT) was ap-
plied with the B3LYP functional.[46] Effective core potentials (ECP) were
used to represent the innermost electrons of the platinum atom as well as
the electron core of P and S atoms.[47] The basis set for Pt was that associ-
ated with the pseudopotential, with a standard double-z LANL2DZ con-
traction.[45] The basis set for the P and S atoms was that associated with
the pseudopotential, with a standard double-z LANL2DZ contraction[45]

supplemented with a set of d-polarization functions.[48] A 6–31G basis set
was used for C and the H bound to P or C atoms.[49] For H atoms bound
to the Pt and S atoms or in H2 molecule, a 6–31G ACHTUNGTRENNUNG(d,p) basis set was
used.[50]
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