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Chelate assisted oxidative addition of one equivalent of 2-phosphinothiols (2-(diphenylphosphino)-
ethanethiol 1, 1-(benzyloxy)-2-(diphenylphosphino)ethanethiol 2 and 2-(diphenylphosphino)-cyclohexanethiol 3)
to tetrakis(triphenylphosphine)platinum(0) gives the corresponding hydrido[2-(phosphino-kP)thiolato-
kSltriphenylphosphineplatinum(i) complexes 8-10. Temperature variable NMR studies show that these
complexes display a chemical equilibrium between the cis-P,P and trans-P,P geometries, strongly
displaced toward the trans-P,P configuration (70-90%). XRD studies carried out on crystals of 8 indicate
that although the two geometric isomers are present in solution, only the trans-P,P is obtained in the
solid state. These results differ from the cis-P,N geometry observed for the related hydrido[2-(amino-
kN)thiolato-«Sltriphenylphosphineplatinum(i) complexes 5-7 in solution. The crystal structures obtained
for these aminothiolate hydrides show that the cis-P,N configuration is the only one observed in the
solid state. Chelate assisted oxidative addition of one equivalent of 3-(diphenylphosphino)propanethiol 4

Received 22nd December 2016, to tetrakis(triphenylphosphine)platinum(0) gives the resultant hydrido[3-(phosphino-kP)thiolato-«S]-

Accepted 6th March 2017 triphenylphosphineplatinum(i) complex 11. This 3-phosphinothiolate hydride shows in solution only a
trans-P,P geometry but presents two chelate ring conformational isomers. Density functional theory

calculations have been used to explore the ligand-based stereoelectronic effects that are determinant in
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Introduction

Chelating diphosphines are the prevalent chiral bidentate
ligands for catalytic asymmetric transformations. Despite their
characteristic chirality, many of these diphosphines have two
donor atoms with similar electronic and steric properties
(e.g. DIOP, BINAP). To decrease the symmetry of the bidentate
ligand, diphosphines with different substituents at each phosphorus
have been synthesized (e.g. DIPAMP), and some chemical changes in
the phosphorus group have been introduced (e.ge BINAPHOS).
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the different diastereoisomerism observed in these platinum(i) hydrides (5-11).

Larger differentiation between the coordinating groups can be
achieved by using mixed-donor ligands, such as P-O, P-N, and
P-S donors." In this context, amino- and phosphinothiolates are
suitable candidates because they are asymmetric chelating
ligands with substantial electronic and steric differences between
the two donor atoms.” Thus, sulfur supports a formal negative
charge and, once bound to the metal, can act as a © donor owing
to the two nonbonding electron pairs on sulfur.® Moreover, the
thiolate group has only one substituent, the chain that con-
nects it to the amine or phosphine group. Conversely, nitrogen
and phosphorus are neutral and, once bound to the metal, do
not support any nonbonding electron pairs, acting as classical
¢ donor and ¢ donor/r acceptor, respectively.

Low symmetry hydrido[2-(amino-kN)ethanethiolato-xS]tri-
phenylphosphineplatinum(u) complexes (5-7) with potential
applications in selective catalysis could be obtained by oxida-
tive addition of 2-aminoethanethiols, some of them straight
from the chiral pool (cysteamine, methyl and ethyl ester-protected
natural r-cysteine derivatives) to a platinum(0) precursor.* These
complexes show four different donor atoms around metal and
become asymmetric for the natural chiral ligands because the
symmetry plane of the square-planar coordination is broken by
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the asymmetric carbon of the aminoacid. A similar synthetic
strategy has been used to obtain low symmetry hydrido-
(phosphinothiolate) complexes such as the hydrido[2-(diphenyl-
phosphino-kP)thiophenolate-kS] triphenylphosphineplatinum(i)®
and the hydrido[1-(diphenylphosphino-kP)butane-2-thiolato-kS]tri-
phenylphosphineplatinum(i)® complexes. The last one was
obtained in a mixture with triphenylphosphine. Despite the
promising properties of these complexes, no more low symmetry
platinum(u) hydrides with amino- or phosphinothiolate chelating
ligands have been described. The reduced attention given to this
class of complexes can be due, besides other reasons, to the lack
of knowledge on the ligand-based stereoelectronic effects that
determine the stereochemistry of these complexes. In this context,
the diastereochemistry of these complexes has particular impor-
tance, as different diastereomers should present different activity,
regioselectivity, and enantioselectivity in a given catalytic process.”

As part of a project on the synthesis of new amino- and
phosphinothiolato complexes of the group 10 metals and on
the analysis of the ligand-based stereoelectronic effects that are
determinants in the coordination conformations around the
metal,>®* "% we now report the preparation of new platinum(i)
hydride complexes (8-11) with 2-phosphinoethanethiolate ligands
(2-(diphenylphosphino)ethanethiolate dppet 8, 1-(benzyloxy)-2-
(diphenylphosphino)ethanethiolate bdppet 9, and 2-(diphenylphos-
phino)cyclohexanethiolate dppcyt 10) and a 3-phosphinothiolate
ligand (3-(diphenylphosphino)propanethiolate dpppt 11). We also
present, for the first time to our knowledge, the crystal structure
determined by the X-ray analysis of a platinum(u) hydride complex
with 2-phosphinoalkylthiolate ligand (8) and with 2-aminothiolate
ligands: cysteamine (5) and natural chiral ligands methyl (cysMe)
and ethyl (cysEt) ester-protected natural i-cysteine derivatives (6-7).
Moreover, DFT calculations are carried out to rationalize the
diastereoisomerism observed in platinum(u) hydrides with amino-
and phosphinothiolate ligands.

Results and discussion

The hydrido[(2-amino-kN)ethanethiolato-kS]triphenylphosphine-
platinum(u) complexes [Pt(H)(SCH,CH,NH,)(PPhs)] (5),
[Pt(H)((L)-SCH,CH(COOCH;)NH,)(PPh;)] (6), and [Pt(H)((L)-
SCH,CH(COOCH,CH;)NH,)(PPhy;)] (7) were prepared as previously
reported* and XRD studies were carried out on crystals obtained
from CH,Cl,-hexane (Fig. 1). Crystal data for the structures are
given in Table S1 (ESIT). Selected bond lengths and bond angles are
listed in Table 1.

The crystal structures reveal mononuclear square-planar
complexes with an SP-4-2 configuration (cis-N,P arrangements,
from this point forward cis) for all aminothiolate complexes 5-7
(Fig. 1(a) and (b)). This geometry is also the only one observed
in solution. This result differs from the trans-N,P geometry
(but also SP-4-2 configuration, from now on trans) observed for
the related chloride complexes (Table 2, entries 4 and 5).'* The
square-planar geometry is slightly distorted with an S-Pt-N
angle somewhat reduced from the idealized value of 90°. Quite
similar distortions from the idealized geometry are commonly
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(a)
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Fig.1 ORTEP view and atom-numbering scheme for (a) 5 (left) and 6
(right), (b) the two diastereomeric molecules (molecules A and B) observed
for 7 (left) and their chelate rings (right), and (c) 8. Thermal ellipsoids are
drawn at the 50% probability level. Non-relevant hydrogen atoms are
omitted to better appreciate the geometry of the complexes.

observed in platinum(u) complexes with chelated 2-amino-
ethanethiolate ligands (Table 2, entries 4 and 6-8)."**"> The
Pt-S distances are in the range observed for mononuclear
[2-(diphenylphosphino-kP)ethanethiolato-kS]triphenylphosphine™®
and [ethane-1,2-dithiolato-«>S",5*Jtriphenylphosphine'” platinum(n)
complexes with a ¢rans-P,S arrangement, but the Pt-P distances are
substantially lower (Table 2, entries 18-23), indicating a smaller
trans influence, and then a smaller chelate effect, of the thiolate
group of 2-aminothiolate ligands compared to those of
2-phosphinothiolate or 2-dithiolate ligands.

The Pt-N distances are similar to those observed for com-
plexes with trans H-Ngp:'® and trans H-Ny,.'” arrangements but
larger than those obtained for complexes with trans H-Ng,>
geometries (Table 2, entries 9-14). For complex 7, the unit cell
comprises two diastereomeric molecules (A and B, Fig. 1(b) left).
The two molecules are different in the conformation adopted by
the chelate ring. In molecule A, this conformation places the
carboxylate substituent of the asymmetric carbon above the
molecular plane. In molecule B, the conformation of the chelate

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Table 1 Selected distances [A] and angles [deg] for cis 5-7 and trans 8
complexes

Species 5 6 7A/7B 8

Pt-S 2.301(3) 2.306(2)  2.328(3)/2.291(4)  2.355(2)
Pt-N 2.153(4) 2.129(8)  2.142(11)/2.176(10)

Pt-P(1) 2.2406(13)
Pt-P(2) 2.215(2) 2.213(2)  2.204(3)/2.228(3)  2.2757(14)
S-C(1) 1.825(5) 1.807(11) 1.827(12)/1.836(12) 1.832(6)
C(1)-C(2) 1.506(7)  1.53(2) 1.510(13)1.501(12)  1.527(9)
C(2)-N 1.473(7) 1.52(2) 1.481(11)/1.489(11)

C(2)-P(1) 1.832(6)
S-Pt-N 85.37(12) 84.0(2) 84.4(3)/84.0(3)

S-Pt-P(1) 86.64(5)
S-Pt-P(2) 175.41(4) 174.58(10) 173.6(2)/174.17(14) 97.89(6)
P(2)-Pt-N 99.01(12) 101.4(2)  101.7(3)/101.9(3)

P(2)-Pt-P(1) 175.35(5)
Pt-S-C(1) 98.16(17) 99.3 (3) 98.8 (4)/98.6(3) 105.9(2)
Pt-N-C(2) 113.2(3)  106.6(8) 108.3(6)/115.3(6)

Pt-P(1)-C(2) 108.3(2)
S-C(1)-C(2) 110.7(4) 113.3(9)  110.3(7)/111.9(6)  112.6(4)
C(1)-C(2)-N  110.4(4) 111.6(12) 108.4(7)/106.3(8)
C(1)-C(2)-P(1) 110.9(4)

ring locates this substituent below the molecular plane (Fig. 1(b)
right). As a result, the configuration of the platinum atom is different
in each molecule: molecule A can be designated as (Rp,Rc) and
molecule B as (Sp,R¢) according to the nomenclature developed for
square-planar m-allyl palladium complexes and also useful for
these complexes.”* The difference observed in the solid state
between these two molecules disappears in solution owing to the
R configuration of the asymmetric carbon that forces the chelate
ring to adopt a classic A conformation in order to locate the
carboxylate substituent in an equatorial position. The presence
of the two diastereomeric molecules in the solid state can also be
observed for complex 6 if the structure is refined in the chiral P1
space group. However, the crystal structure of this complex
refines better using a disordered model in the centrosymmetric
P1 space group.

Chelate assisted oxidative addition of one equivalent
of 2-(diphenylphosphino)ethanethiol (Hdppet, 1) to tetrakis(tri-
phenylphosphine)platinum(0) gives the corresponding hydrido[2-
(diphenylphosphino-kP)ethanethiolato-kS]triphenylphosphine-
platinum(u) complex ([Pt(H)(dppet)(PPh;)], 8, Scheme 1). Complex 8
is isolated as a white solid in 68% yield and purified by
recrystallization in dichloromethane/ether. A critical point of
this reaction is the stoichiometry. If Hdppet is added to default,
a mixture of 8 and the reactant complex is obtained making
impossible further separations. On the other hand, if an excess
of Hdppet is used, a mixture of 8 and the bischelate [Pt(dppet),]
is obtained,'**® which is also difficult to be separated especially
if the bischelate complex is present in high quantities. Complex
8 presents a satisfactory EA and has been characterized by IR and
NMR spectroscopy, as well as XRD.

The IR spectrum of complex 8 exhibits an intense »(PtH)
vibration at 2082 cm™ . In solution, complex 8 shows a chemical
equilibrium between the cis-P,P (SP-4-2-configuration, hereafter
named cis-8) and trans-P,P (SP-4-4 configuration, hereafter named
trans-8) geometries strongly displaced toward the trans-8
form (ca. 80%) as can be seen in the NMR spectra (Fig. 2).

4,13,22
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Equilibrium in solution between cis and trans geometries in
Pt(n) (phosphino)thiolato complexes are profusely described,
including hydrido(phosphino)thiolato complexes.>® The trans
nature of the major isomer agrees with the more thermo-
dynamically stable trans form in [PtH(SAr)(PPh;),] complexes.>*
The major isomer, trans-8, shows a temperature dependent
'"H NMR. At room temperature, the hydride resonance appears
as a broad doublet at § —7.31 (Ju_p & 9 Hz) with '*°Pt satellites
(Jee-ax = 969.7 Hz). When the sample is cooled to —60 °C, the
broad signal resolves into a doublet of doublets with character-
istic cis H-P coupling constants (*Jy_p = 16.8 and 9.7 Hz, Jpi_y =
977.9 Hz). In contrast, the "H NMR of cis-8 does not display the
same temperature dependence, showing at room and at low
temperatures the hydride resonance as a resolved doublet
of doublets, between ¢ —4.15 and —4.43, with a trans and a
cis typical H-P coupling constants (*Jyp = 186.2-182.8 and
22.9-22.0 Hz respectively) and '*°Pt satellites (Jpryy = 967.0-
937.8 Hz). Also the *'P{"H} NMR of isomer trans-8 shows to be
dependent on the temperature. At room temperature only two
broad doublets at § ca. 33 and 67 were observed, for PPh; and
PPh, groups respectively, with a distinctive trans P-P coupling
constant at about 393 Hz. At —60 °C, these signals transform into
sharp doublets at ¢ 33.03 and 66.71 (*/p_p = 392.8 Hz) with '*°Pt
satellites (Jp_pr = 2901.6 and 2953.9 Hz respectively).

XRD studies were carried out on crystals of 8 obtained from
CH,Cl,-hexane. Selected bond lengths and bond angles are
listed in Table 1. The crystal structure reveals a mononuclear
square-planar complex with a trans-P,P arrangement (SP-4-4
configuration, Fig. 1c) that contrasts with the trans-S,P geometry
observed for the related chloride complex.'® It should also be
considered that the pyridine or triphenylphosphine promoted cis
to trans isomerization on [PtH(SAr)(PPh;),] complexes indicates
that the trans isomer is thermodynamically the most stable.>”
Although the two geometric isomers of 8 are present in solution,
only one of them is observed in the solid state. Presumably,
lower solubility and greater concentration cause the crystal-
lization of trans-8 exclusively. In order to confirm this assump-
tion, solid 8 was dissolved at —78 °C, under a nitrogen
atmosphere, with precooled dichloromethane, and proton
NMR and 31-phosphorus NMR were recorded directly at —60 °C,
observing practically single trans-8 in solution. Only traces of cis-8
can be detected. After the temperature increases to room tempera-
ture, both cis-8 and trans-8 were perfectly visible in solution
(see Fig. S8, ESIf). In solid state, the phenyl groups of the
triphenylphosphine ligand appear disordered in two positions
each and the square-planar geometry of the complex is somewhat
distorted with a chelate angle slightly reduced from the idealized
value of 90°. Quite similar distortions from the idealized geometry
are also observed in other platinum(u) complexes with bidentate
2-phosphinoethanethiolato'®'®  and  2-phosphinophenolato®
ligands (Table 2, entries 16-18). The Pt-S distance is comparable
to the related 2-phosphinophenolato complex® but appreciably
longer than those observed for complexes with cyclic alkane-
thiolate ligands trans to triphenylphosphine'®'” (Table 2,
entries 16 and 18-23). Conversely, the Pt-S bond in trans-8 is
shorter than those presented by complexes with methanedithioate®®

New J. Chem., 2017, 41, 3015-3028 | 3017
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Table 2 Distances [A] and chelate angles [deg] for some structurally characterized platinum complexes
Entry  Complex Pt-S Pt-N Pt-P(1) Pt-P(2) Chelate angle  Ref.
1 cis-[PtH(SCH,CH,NH,)(PPh;)] (5) 2.301(3) 2.153(4) 2.215(2) 85.37(12) This work
2 cis-[PtH(SCH,CH(CO,Me)NH,)(PPh;)] (6) 2.307(2) 2.114(38) 2.213(2) 83.6(2) This work
3 cis-[PtH(SCH,CH(CO,Et)NH,)(PPh;)] (7) 2.328(3) 2.142(11) 2.204(3) 84.4(3) This work
4 trans-[PtCl(SCH,CH(Me)NMe,)PMe,Ph] 2.235(2) 2.130(9) 2.247(2) 88.6(2) 14a
5 trans-[PtCl(2-SC5H,N)(PBu')] 2.331(2) 2.094(6) 2.3146(18)  69.14(18) 14b
6 [Pts(SCH,CH,NH,)5]Br, 2.276(5) 2.08(2) 86.5(5) 15a
2.278(5) 2.08(2) 87.5(5)
2.293(5) 2.08(1) 85.8(4)
2.305(5) 2.10(1) 84.7(5)
7 trans-[PtCl(SCH,CH(CO,H)NH,)], 2.279(2) 2.071(6) 87.5(2) 15b
8 trans-[Pt(SC(Me),CH(CO,H)NH,),] 2.298 2.043 85.96 15¢
9 [PtH(C5F)(Me,NCH,CH,NMe,)] 2.155(10)  trans H 82.4(3) 18
10 trans-[PtH(PhHNNC;Hg)(PPh;),|BF, 2.166(6) 19a
11 trans-[PtH(L;-kN)(PPh;),]* 2.148 19b
12 trans-[PtH(L,-kN) (PPh;),]° 2.120(16) 19¢
13 trans-[PtH(MeCN) (PCy;,),]BPh, 2.079 20a
14 trans-[PtH(N(C(CN),),)(PPh;),] 2.066 20b
15 trans-[PtH(SCH,CH,PPh,)(PPh;)] (8) 2.355(2) 2.240(2) 2.275(3) 86.63(5) This work
16 trans-[PtH(SCgH,-2-PPh,)(PPh,)] 2.357(3) 2.243(3) 2.278(3) 86.9(1) 5
17 trans-[Pt(Ls),] 2.3138(9) 2.2620(9) 86.37(3) 10
3.3386(9) 2.2787(9) 85.94(3)
18 cis-[PtCl(SCH,CH,PPh,)(PPh;)] 2.319(3) 2.215(4) 2.281(4) 86.34 16
19 [Pt(SCH,CH,S)(PPhs),] 2.327 2.280 87.71 17a
2.312 2.295
20 [Pt(cyclohepta-3,5-diene-1,2-dithiolate)(PPh;),]  2.339(4) 2.275(3) 88.96(13) 17b
2.308(4) 2.296(3)
21 [Pt(cis-cyclooctane-1,2-dithiolato)(PPh;),] 2.3136(9) 2.2826(9) 86.63(10) 17¢
2.309(5) 2.2750(9)
22 [Pt(trans-cyclooctane-1,2-dithiolato)(PPh;),] 2.3025(10) 2.2888(10)  87.39(3) 17¢
2.3185(10) 2.2748(10)
23 [Pt(SCH(CH,OH)CH,S)(PPh;),] 2.385 2.272 85.77 17d
2.350 2.293
24 trans-[PtH(HCS,)(PCys),] 2.401 2.306 26
2.313
25 trans-[PtH((PhCHS,),NCS,)(PCys),] 2.403 2.288 27
2.308
26 [Pt;H;(u-CH3C(CH,S);)(PPh;)5] 2.382 trans H 2.221 28
2.386 trans H 2.231
2.387 trans H 2.240
27 [Pt(L4)(Cy,PCH,CH,PCy,)(PPh,)]HCO;* 2.313 2.331 85.2 29a
2.356
28 [Pt(CHNMe,-kC)(Ph,PCH,CH,Ph,)(PPh;)]PF 2.3164(12)  2.3503 84.09(5) 29h
2.3303(13)
29 [PtCl(7,8-(PPh,),-7,8C,ByH,,)(PPh;)] 2.287(2) 2.345(2) 85.55(7) 29¢
2.237(2)

%L, = 3-methylisoxazole-4,5-dione-4- 1x1mat0
isopropyl-5- methylcyclohexanethlolate L, = 1-cyclohexenyl.

CHoCly, 1t H S PhsP. S

PUPPhs)] + M~ ppp, P )= R
-3 PPhy PhsP” P H P

Ph, Phy

1 68% cis-8 trans-8

Scheme 1 Hydrido[2-(diphenylphosphino-kP)ethanethiolato-kS]triphenyl-
phosphineplatinum(i) (8) by chelate assisted oxidative addition of one
equivalent of 2-(diphenylphosphino)ethanethiol (Hdppet, 1) to a platinum(0)
complex.

and dibenzylcarbamodithioate*” trans to hydride (Table 2, entries 24
and 25). The Pt-S distance is also slightly smaller than those found
in complexes with bridging p-alkanethiolate trans to a hydride
ligand (Table 2, entry 26).%® The Pt-PPh; distance is analogous to
that of the hydrido(2-phosphinophenolate)platinum(i) complex’
but smaller than those observed in neutral and cationic com-
plexes with a PPh; ligand trans to a phosphorus of a chelated

3018 | New J. Chem., 2017, 41, 3015-3028

b1, = cis[Pt(CeFs)o(C = C-2-C5H;3N-kC)(PPh,)]. ©

L; = (1R,2S,5R)-1-((diphenylphosphino)methyl)-2-

H-NMR v Temperature 3P{'H}-NMR
TN

TR )\ ) 293K \WM

— MJJ'L il Aoz L, e U

20 4.0 6.0 -8.0 8y 90 70 50 30 10 3

Fig. 2 Hydride region of *H NMR (left) and 3P{IH} NMR (right) of
hydrido[2-(diphenylphosphino-kP)ethanethiolato-«S]triphenylphosphine-
platinum(i) (8) at room temperature (up) and at —60 °C (down).

1,2-ethanediphosphine (Table 2, entries 16 and 27-29),*°
suggesting a lower chelate effect of the 2-phosphinothiolate

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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ligands compared to these diphosphines. However, also the
Pt-PPh, bond lengths in 2-phosphinothiolate complexes are
slightly smaller than those measured for the phosphorous of
the chelated ligand in diphosphine complexes (Table 2, entries
16 and 27-29).”°

The observed structural preferences, cis for aminothiolato
complexes 5-7 and ¢rans for the phosphinothiolato complex 8,
could be interpreted, in simple terms, on the basis of the
antisymbiosis rule.”® Thus, the ligand with a greater trans
influence, the hydride, is placed ¢rans to the one with a smaller
trans influence, amino for aminothiolato complexes 5-7 and
thiolato for phosphinothiolato complex 8. More detailed
information can be extracted from the DFT calculations on
complexes 5-8. The optimization of the two geometric isomers
of 2-aminothiolate complexes 5-7 gives as a result a favorable
energy difference, of at least 3.2 kcal mol ™", for the cis isomer
(3.2, 3.5, and 3.4 kcal mol™" for 5-7 respectively). For
2-phosphinothiolate complex 8 the difference between the
two stereoisomers is lower, indeed the trans isomer becomes
slightly more stabilized by 1.0 kcal mol *. For aminothiolato
complexes 5-7, covalent bonding interactions (antisymbiotic
effects) which promote the cis isomer should be considerable,
and predominant over the effect of the maximum hardness
principle®! that favors the trans one, although the differences of
chemical hardness are small (Ay = 0.9-2.0 keal mol™"). In these
compounds, the geometric isomers seem to not present large
steric differences resulting in a total significant energetic
preference for the cis isomer. For phosphinothiolato complex
8, both hardness and antisymbiotic effect favor the trans
isomer. The effect of the maximum hardness principle is
stronger (A = 2.5 kcal mol "), but the trans arrangement of
the two strong c-donor phosphine ligands should lead to a very
weak antisymbiotic effect. Moreover, in this case, the steric
repulsion between bulky ligands (partially cancelled by disper-
sion) favors also the trans isomer that becomes somewhat more
stable than the cis one. These results are in agreement with an
equilibrium between the two geometric isomers displaced
towards the cis isomer for 2-aminothiolate complexes 5-7 and
towards the ¢rans isomer for phosphinothiolate complex 8. To
point out that when the solvent correction was introduced, the
energetic preference for the cis arrangement increases by
around 1.0-1.1 kcal mol ™", for aminothiolato complexes 5-7,
bringing the computational results into much better agreement
with the experimental observation: only the cis isomer is
present in solution. The large dipole moment of the cis isomer
provides larger solvation energy in comparison with the non-
polar trans isomer,** whereas for phosphinothiolato complex 8,

View Article Online

Paper

the solvation effects reduce the energetic preference for the
trans isomer by 0.2 keal mol ™, allowing the existence of the two
geometric isomers in solution. These results absolutely agree
with the experimental observations.

To get more insight into the bonding of the ligands in
complexes 5 and 8, an energy decomposition analysis (EDA)
was carried out. The aim of the EDA is to break the binding
energy (BE) into deformation energy (AEg.) and interaction
energy (AEin). This last attractive term can also be split into a
Pauli repulsion term (AEp,,;), an orbital interaction term
(AEom), and an electrostatic term (AEejsar)- AEorp is related to
the covalent character of the bond, whereas AE.. is more
connected with the ionic character of the bond. The deforma-
tion energy is the difference between the energy of the
optimized fragments and the energy of the fragments at the
geometry they have in the complex. The EDA of the molecules
has been done for three different fragmentation schemes
(see Table S3 and ESIT for further details). Table 3 gives the
EDA of the binding energy between the fragments H-Pt-PPh;
and the corresponding bidentate thiolato ligand to form com-
plexes 5 and 8 in cis and trans configurations. The results
support the experimental observations because cis-5 and
trans-8 present higher BE values. The deformation energies
are relatively high because the position of the ligands in a free
metal fragment has to change significantly to achieve the
geometry that the ligands have in the final complex. Further-
more, the electrostatic term is also remarkable, surely due to
the charged fragments. The larger stability of the cis-5 as
compared to trans-5 is found to be the result of lower deforma-
tion energies, whereas the higher stability of trans-8 with
respect to cis-8 is due to better orbital interaction and electro-
static stabilizing interactions.

Concerning the behavior shown in solution by the two geo-
metric isomers of complexes 5-8, only one of the geometric isomers
of 8 shows a temperature dependent NMR spectrum. The tempera-
ture dependent NMR presented by some 2-phosphinothiolato
platinum(u) hydrides was previously assigned to a rapid exchange
between coordinated and free PPh;, present in excess.>® After
several recrystallization processes of product 8, the solution
does not contain free PPh;, although the presence of traces
cannot be ruled out. In fact, a fast dissociation equilibrium of
PPh; from trans-[PtH(SAr)(PPh;),] complexes was observed at
room temperature,> suggesting that similar dissociation equi-
librium can be operative in complex trans-8 (up in Scheme 2),
being the cause of the temperature dependence of the NMR of
this complex. The same dissociation equilibrium for the minor
isomer cis-8 should be slower attending to the smaller trans

Table 3 Energy decomposition analysis (EDA) of the binding energy of H-Pt—PPhs and the bidentate thiolato fragments to yield cis and trans
conformations for complexes 5 and 8. Frag? is the fragment containing the metal species. Energies are given in kcal mol™

Complex AEpauii AE,; APEestat AEin: AEgeftra AEgettr ABqet BE

cis-5 287.6 —202.7 —341.3 —256.5 3.2 23.3 26.5 —230.0
trans-5 295.3 —207.6 —346.6 —258.9 4.4 27.2 31.5 —227.4
cis-8 286.0 —189.8 —326.8 —230.6 6.8 24.2 31.0 —199.6
trans-8 290.4 —206.1 —331.9 —247.6 6.4 39.0 45.5 —202.1
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Scheme 2 cis/trans equilibrium via dissociative (up) and associative
(down) mechanisms for 8.

effect of the thiolate ligand relative to the phosphine one,
generating a temperature independent NMR spectrum for this
isomer. The same reasoning about the trans effect difference
between an amine and a phosphine ligand can be used to
explain the no observation of the dissociative equilibrium for
complexes 5-7.* The proposed dissociation equilibrium for 8
may end up in the cis/trans isomerization via a dissociative
mechanism through a 14 electron intermediate. Although
experimental evidence of cis/trans isomerization via dissociative
mechanisms for some square planar complexes of Pt(n) exists,*®
usually this route is discarded in front of the more widely
accepted associative mechanism (down in Scheme 2).>* How-
ever, in order to generate the necessary nucleophile (PPh;) for
the cis/trans isomerization via the associative mechanism, the
dissociation equilibrium should be ever operative. If the PPh;
dissociation does not occur or is too slow, as in 2-aminothiolate
complexes 5-7, the isomerization via the associative route is
also impossible. In a previous theoretical study on the axial
bonding capabilities of square planar d® complexes, those
complexes proved to be able to act as electrophiles because of
the presence of an empty d orbital (usually accepted the d,.).
The coordination of a fifth ligand with o-donor properties
requires the pyramidalization of the structure to create an
empty orbital with a suitable geometry (usually accepted a
p.—d,2 hybrid), and the electrophilicity of the complex depends
basically on its capacity to distort the initial square planar
structure.® Although the calculated electrophilicities of the cis
isomers of 5-8 (129.1, 124.9, 123.0, 136.3 kcal mol™') are
greater than those of the t¢rans ones (110.6, 111.5, 111.6,
120.3 keal mol '), the pyramidalization of the structure is steri-
cally favored for trans-8 in comparison to cis-8 with a cis arrange-
ment between the two voluminous phosphine groups. Therefore,
an associative equilibrium would also be faster for the trans
isomer of 8, and could generate a temperature dependent NMR
spectrum for this isomer. Similar behavior differences between cis
and trans isomers have been observed for other platinum(u)
complexes.*® The association equilibrium for 5-7 is not favored
because of their smaller electrophilicities. Thus, the latter com-
plexes have a smaller tendency to coordinate with the fifth ligand
necessary to generate the isomer via an associative mechanism.
Actually, all attempts to optimize complexes 5-7 with an incoming
coordinated fifth ligand, ie. a triphenylphosphine ligand, failed.
For complex 8, the new inserted ligand cannot be coordinated to
the metal either, but at about 3.5 A a sort of adduct is formed (see
Fig. S7, ESIT). Anyway, this indicates that the associative mecha-
nism is not easier even for the 2-phosphinothiolate complexes.

3020 | New J. Chem., 2017, 41, 3015-3028

View Article Online

NJC

The geometrical analysis of the isomers of compounds 5-8
shows that, in all cases, the Pt-S bond distance increases when
going from the cis to the trans isomer (see Table S6, ESIt), and
that for the 2-phosphinothiolate complex 8, this bond is slightly
weaker with respect to the same isomer of 2-aminothiolate
complexes 5-7. The Pt-H bond distance is similar for all the
trans isomers. This distance is longer for the ¢rans isomers
of 2-aminothiolate complexes 5-7 and for the cis isomer of
2-phosphinothiolate complex 8. The opposite behavior is
observed for the Pt-P(2) bond. On the other hand, the Pt-N
or Pt-P(1) bond distances are longer for the cis isomer, regardless
of the chelate ligand. All these results are in agreement with the
trans influence series: H- > PRPh, > SR~ > NRH,. The Pt-P(1)
bond distances in 2-phosphinothiolate complex 8 are much
longer than the Pt-N ones in 2-aminothiolato complexes 5-7,
providing more space for the two phenyl units attached to the
phosphorus atom of the 2-phosphinothiolato ligand. This is
especially important for cis-8 where the steric repulsions among
the phenyl rings of the two phosphine groups are stronger than
those in the trans isomer.*” With regard to the bond angles,
the cis isomers present larger chelate angles (S-Pt-N for 5-7 and
S-Pt-P(1) for 8), and thus the compact packing of the bidentate
ligand is higher for the ¢rans isomers, and this is particularly
important for complex 8 because of the steric hindrance of
the two phenyl groups attached to the phosphorous of the
2-phosphinothiolato ligand. In this way, the higher packing
of the 2-phosphinothiolate ligand in trans-8 provides more
space for the other ligands. For example, in the trans isomers,
the P(2)-Pt-P(1) angle of 8 is appreciably lower than the
P(2)-Pt-N of 5-7, while in the cis isomers these angles
are similar. Moreover, the steric maps*®*° in Fig. 3 for
both isomers of complex 8 reveal that the trans conformation
suffers less sterical hindrance because it avoids the sterical
hindrance between both phosphine moieties. The corres-
ponding percentages of buried volume, %Vg,;, are 49.7 and
50.5% for cis-8 and trans-8 systems,*° respectively. The detailed
hindered region defined by the interaction between the two
phosphine groups in the cis conformation is clearly demon-
strated by the steric maps.

Fig. 3 Steric maps for cis-8 (left) and trans-8 (right). The isocontour
curves are given in A. Pt is located in the centre, and all the four ligands
in the same plane, the 2-phosphinothiolato ligand is displayed with the left
position (P atom) and down position (S atom). The PPhz group is up for
cis-8 and right for trans-8. The systems are oriented with the two Pt free
coordination positions on the z axis. The two maps at the top are
computed with a radius of the sphere equal to 3.5 A.
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It is well-known that modifications in the chelate ring of the
phosphinothiolate ligand can produce significant changes in
the coordination conformation around the metal and in the
nuclearity of the complexes.'®™**?? Accordingly, three modifica-
tions were introduced in the former phosphinothiol ligand
intending to explore the parameters that affect the cis/trans
equilibrium observed for 8: introduction of a substituent in
the chelate ring by using 1-(benzyloxy)-2-(diphenylphosphino)-
ethanethiol (Hbdppet, 2), inclusion of the chelate ring carbons
in a cyclic structure by means of 2-(diphenylphosphino)cyclo-
hexanethiol (Hdppcyt, 3) and enlargement of the chelate ring by
using 3-(diphenylphosphino)propanethiol (Hdpppt, 4). Phos-
phinothiols 2'* and 4*" were synthetized as previously reported
and racemic 3 was prepared from cyclohexene oxide in a low
yield two-step synthesis**** and has been structurally charac-
terized in solution by NMR spectroscopy (see the Experimental
section and the ESI¥).

Hydrido[(diphenylphosphino-kP)alkanethiolato-kS]triphenyl-
phosphinoplatinum(u) complexes 9-11 were prepared by chelate
assisted oxidative addition®"** of one equivalent of the corres-
ponding phosphinothiol ligand (2-4) to tetrakis(triphenyl-
phosphine)platinum(0) in moderate yields and were characterized
by IR and NMR spectroscopy.

For isomer trans-9, the hydride resonance does not resolve
at low temperature because of the rapid exchange between
coordinated and free PPh; present in solution. As in complex 8,
the minor isomer cis-9 shows a temperature independent NMR
spectrum in the whole range studied.

The same cis/trans equilibrium in solution is observed for
complex 10 (ca. 70% trans-10). As for the previous phosphino-
thiolate complexes, the major isomer of 10 shows temperature
dependent NMR spectra that resolve at —40 °C (Fig. S5, ESIT).
Once more, the minor isomer cis-10 has a different behavior
showing, in whole temperature range studied, a temperature
independent NMR spectrum.

Complexes 9 and 10 were also analyzed computationally.
For complex 9, the use of the two enantiomers of ligand 2 was
studied. The optimization of any geometric isomer of 9 results
in the adoption of a different chelate ring conformation for
each enantiomer of the ligand (4 for the R enantiomer and ¢
for the S enantiomer). In this way, the axial position of the
chelate ring substituent is avoided, and two enantiomers
appear for each geometric isomer.'"> Obviously, the energy
of each pair of enantiomers is calculated to be the same and the
trans isomer is slightly more stable than the cis one by a difference
of only 0.2 kcal mol ", which confirms the more displaced equili-
brium to the trans isomer, observed experimentally. For complex 10,
only an enantiomer of the ligand was used for the optimization of
the geometric isomers, resulting in a more stable cis form in the gas
phase by only 0.3 kecal mol . This result is in part in disagreement
with the experimental observations that point out that the trans
conformation should be favored slightly, but suggests that the
isomeric equilibrium must be less displaced to the trans form than
in complex 9, as has been experimentally observed.

The NMR analysis of complex 11 also shows the presence
of two different molecules in solution, but in this case both
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Fig. 4 Hydride region of *H NMR (left) and *'P{*H} NMR (right) of
hydrido[3-(diphenylphosphino-kP)propanethiolato-«kSltriphenylphosphine-
platinum(i) (11) at room temperature (up) and at low temperature (down).

display temperature dependent NMR spectra (Fig. 4). In the
hydride region of the 'H NMR spectrum at room temperature,
two broad bands can be observed at very near chemical
displacement 6 —8.66 and —8.95 with *°°Pt satellites and an
integral ratio of ca. 1:2 respectively. When the solution is
cooled to —60 °C, the broad signals transform into a doublet
of doublets each. All the H-P coupling constants have char-
acteristic values for cis coupling, 15.8 and 10.8 Hz for the major
isomer and 14.8 and 11.0 Hz for the minor isomer, suggesting a
trans-P,P arrangement (SP-4-4 configuration) for both products
in solution. Also the *'P{"H} NMR of compound 11 shows to
be dependent on the temperature. At room temperature only
broad doublets with '*°Pt satellites can be observed for both
molecules and both phosphine groups. At —60 °C, these signals
resolve in sharper doublets at 6 33.18 (PPh,) and 7.63 (PPhs;) for
the major isomer and at 6 33.59 (PPh,) and 7.09 (PPh;) for the
minor isomer. The P-P coupling constant values of 388.2 and
290.2 Hz confirm the trans-P,P arrangement of both products.
The experimental observations are in agreement with the presence
in solution of two complexes with the same configuration around
the metal: SP-4-4 or trans-P,P geometry and a very similar hydride
cis to the two phosphorus donor atoms. As a result, the difference
between the two complexes can only reside in the chelate ring
conformation.

It is well-known that the six membered chelate rings can
basically adopt three conformations: chair, skew-boat, and boat
(Scheme 3). The boat conformation is usually energetically not
preferred because its unfavorable torsion arrangement,** and
the chair and skew-boat conformations coexist in complexes
with six membered chelated diamines*>*® and diphosphines.*”
In the absence of other factors, as chiral carbons in the chelate

Ph3P,,.,.PMS: N\ ph3p,,,0pt‘.“\s‘
HV tVP HV /\>

M

Ph Ph 2

2 2 Ph3Pu Pt..\\8§
v 'P

PhsPmpyS Ph3Papy48 H Ph
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Scheme 3 Conformations for six membered chelate rings of complex 11:
(a) chair, (b) skew-boat, and (c) boat.
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ring, the chair conformation is normally slightly more stable
than the skew-boat one, because the latter has additional
torsional strain energy (ca. 1.6 kcal mol ' in diamines), result-
ing principally from the flattening of the chelate ring.*®
In solution, the two achiral forms possible for a chair conforma-
tion of a six membered chelated diamine habitually interconvert
quickly through a skew-boat conformation intermediate. This
skew-boat conformation exists in two chiral forms and numerous
unsymmetrical geometries, and the equilibrium between the
different conformations is too quick to allow the observation of
the independent conformations by NMR.** These conformational
interconversions in six membered chelated diamines are so fast
because the activation energy is very low, lower than that for
cyclohexane (5.6 vs. 10.7 kcal mol*).** For six membered chelated
diphosphines, the conformational interconversions are slower,
allowing the observation of the different conformational isomers
by temperature variable NMR techniques.*>*°

Probably, these differences between diamines and diphos-
phines are related, among other parameters, to the different
bonding to the metal. The ability of the interconversion
between the conformers depends on the torsional barrier
around the M-donor atom bond.** Therefore, the torsional
barrier about the M-P bond, with some partial double bond
character, must be greater than that of the single M-N bond. In
this context, also the M-S bond can show some partial double
bond character because of the additional n-donor ability of the
thiolate ligand with two lone pairs in the donor atom. With the
aim of eliminating this n-donor capacity of the thiolate moiety,
two equivalents of a Lewis acid, SnCl,, were added to an NMR
solution of complex 11 at room temperature. The replacement
of the two formerly broad bands in the hydride region by
a single and resolved hydride resonance at ¢ 9.77 with only
cis-H-P coupling constants was observed (Fig. 5). Accordingly,
and taking into account that the two chair conformations of
complex 11 are enantiomers due to the four different ligands
around the metal atom, the two isomers observed in its solu-
tions could be assigned each one to a chair and a skew-boat
conformation of the chelate ring (Scheme 3).

To better understand these experimental results, complex 11
was analyzed computationally. Given that the cis isomer is at
roughly 3-4 kcal mol™" less favored, the calculation of the
different conformations was done only for the ¢rans isomer
(Fig. 6). For this isomer, the three potential forms coexist with a
preference for the chair and skew-boat conformations. From
the skew-boat, there is a barrier of 2.1 kecal mol * that links this
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Fig. 5 Hydride region of *H NMR of hydrido[3-(diphenylphosphino-«P)-
propanethiolato-«Sltriphenylphosphineplatinum(i) (11) at room tempera-
ture after the addition of two equivalents of SnCl,.
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Fig. 6 Interconversion between the boat (left), skew-boat (middle), and

chair (right) conformations of trans-11 (energies in kcal mol™, phenyl
groups are substituted by green balls for the sake of clarity).

isomer to the chair isomer, whereas the barrier to reach the
boat from the skew-boat is 3.2 kcal mol . Even though the
latter barrier is relatively low, the thermodynamics will not
favor the boat conformation that is 2.2 kcal mol " higher in
energy than the chair conformation.

Conclusions

A new family of potentially catalytic platinum(u) hydrides
bearing phosphinothiolato ligands (8-11) were synthetized.
2-Phosphinothiolato complexes (8-10) display a chemical equili-
brium between the cis-P,P and trans-P,P geometries, strongly
displaced towards the trans-P,P configuration, whereas the
corresponding complexes with aminothiolato ligands (5-7)
showed the inverse stability trend, with the absence of trans
isomers. The X-ray characterization of a platinum(u) hydride
complex with 2-phosphinothiolate ligand (8) and also with
2-aminothiolate ligands (5-7) is reported for the first time.
Density functional theory was used to calculate the energy
differences between the cis-trans diastereomers of the above
Pt() complexes, and the results were in agreement with the
experimentally observed cis/trans ratios. We found that the
preference for the cis or ¢rans isomer is the result of a delicate
balance between higher steric repulsions in the cis isomers as
indicated by steric maps and electronic effects, especially those
due to trans substituents. DFT calculations are also applied to
understand the different behaviour in solution shown between the
cis and trans diastereomers of the phosphinothiolato platinum(u)
hydrides and between the phosphinothiolato and aminothiolato
complexes. 3-Phosphinothiolato platinum(u)hydride (11) appeared
as a single geometric isomer, trans, but as two conformational
diastereomers because of the six membered chelate ring. Also this
surprising result was confirmed by DFT.

Experimental section
General considerations

Reactions were performed under nitrogen using standard tech-
niques. Solvents were dried, distilled under nitrogen, kept over
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molecular sieves, and deaerated prior to use. Pt(PPhs), was prepared
by established procedures.>® Aminothiolate complexes [Pt(H)-
(SCH,CH,NH,)(PPhs]] (5), [Pt(H)(L)-SCH,CH(COOCH;)NH,)(PPh;)]
(6) and [Pt(H)((L)-SCH,CH(COOCH,CH;)NH,)(PPh;)] (7) were
prepared as previously reported and recrystallized from CH,Cl,/
hexane.” The syntheses of 2-(diphenylphosphino)ethanethiol
(Hdppet, 1),>* 1-(benzyloxy)-2-(diphenylphosphino)ethanethiol
(Hbdppet, 2)'" and 3-diphenylphosphinoropanethiol (Hdpppt, 4)
have been previously described. Microdistillation procedures
were performed on a Buchi GK-R-51 instrument. The C, H, and
S analyses were carried out using a Carlo Erba microanalyzer.
Infrared spectra (range 4000-400 cm ') were recorded using
KBr pellets on a Nicolet 205 spectrophotometer. Deuterated
solvents for NMR measurements were dried over molecular sieves.
NMR spectra were obtained on a Bruker DPX-200 operating at
200.13 MHz for 'H, 50.32 MHz for **C and 80.01 MHz for *'P, or on
a Varian Gemini 300 operating at 300.00 MHz for 'H, 75.43 MHz
for *C and 121.44 MHz for *'P. NMR data are given in the § scale
and are referred to internal TMS for 'H and "*C and to external
H,PO, (85%) for *'P.

Preparation of 2-(diphenylphosphino)cyclohexanethiol
(Hdppcyt, 3)

Step 1. Thiourea (6.222 g, 81.7 mmol) was suspended in a 5/1
mixture of ethanol/deionized water (32 mL) and commercial
cyclohexene oxide (2.06 mL, 20.4 mmol) was added with
stirring. The mixture was stirred at room temperature for
90 h. Deionized water (15 mL) and ether (15 mL) were added
to the reaction mixture. The aqueous phase was extracted with
diethyl ether (3 x 10 mL). The organic phase was washed
with deionized water (15 mL), dried with magnesium sulfate,
filtered, and evaporated to dryness at low temperature. Purifi-
cation of the crude product by distillation under vacuum
(125-130 °C, 0.1 Torr) afforded 477 mg (21%) of cyclohexene
sulfide of purity >97% by NMR. Data for cyclohexene sulfide:
'H NMR (CDCl;, 200.13 MHz, 293 K): 1.26 (2H, m, H; axial);
1.51 (2H, m, H; equatorial); 2.14 (4H, m, H,); 3.22 (2H, m, H,).
BC{"H} NMR (CDCl;, 50.32 MHz, 293 K): 19.34 (CH,, C3); 25.73
(CH,, C,); 36.93(CH, C,).

Step 2. A solution of cyclohexene sulfide (390 mg, 3.4 mmol)
in THF (10 mL) was slowly added to an ice-cold solution of
commercial potassium diphenylphosphide (0.5 M in tetra-
hydrofuran, 6.9 mL, 3.5 mmol) with stirring. The reaction
mixture was then vigorously stirred at room temperature. After
30 min, deoxygenated methanol (1 mL), deoxygenated saturated
ammonium chloride aqueous solution (10 mL), deoxygenated
deionized water (15 mL) and ether (15 mL) were consecutively
added to the reaction mixture. The aqueous phase was extracted
with diethyl ether (3 x 15 mL). The organic phase was washed
with water (15 mL), dried with magnesium sulfate, filtered and
evaporated to dryness. Purification of the crude product by
distillation under vacuum (215-220 °C, 0.1 Torr) afforded
200 mg (21%) of 2-(diphenylphosphino)cyclohexanethiol. Data
for Hdppeyt (3): IR: 3053, 2926, 2854, 2538, 1480, 745, 697.
'H NMR (CDCl;, 200.13 MHz, 293 K): 0.7-2.0 (7H, m), 2.18
(1H, d, J = 5.3 Hz, SH); 2.25 (1H, m, H,); 2.40 (1H, td, ] = 8.4 Hz,
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J=8.4 Hz, ] = 3.5 Hz, H, axial); 2.88 (1H, m, H,); 7-8 (10H, PPh,).
BC{'H} NMR (CDCl;, 50.32 MHz, 293 K): 24.49 (s, CH,, Cs);
24.98 (ps. d, Jop < 3 Hz, CH,, C,); 26.36 (s, CH,, Cj); 35.89
(d, Jop = 6.8 Hz, CH,, Cg); 40.68 (d, Jop = 19.1 Hz, CH, G,);
43.16 (d, Jop = 14.4 Hz, CH, C,); 128-135 (PPh,). *'P{'H} NMR
(CD,Cl,, 81.01 MHz, 293 K): *'P{"H} NMR (CDCl;, 81.01 MHz,
293 K): —5.75 (PPhy).

The yields were low, but as the reagents are easily available,
the procedure is still convenient.

Preparation of [Pt(H)(dppet)(PPh;)] (8), hydrido[2-(diphenyl-
phosphino-kP)ethanethiolato-kS]triphenylphosphineplatinum(u)

The platinum(0) complex Pt(PPh;), (350 mg, 0.28 mmol) was
dissolved in dichloromethane (ca. 10 mL) to give a clear yellow
solution. Upon slow addition of Hdppet (2-(diphenylphosphino)-
ethanethiol, 76 mg, 0.28 mmol, neat) to the stirred solution, its
color turned lighter. The mixture was allowed to react for 15 min,
the solvent was evaporated in vacuo down to 1-2 mL, and ethylic
ether (1-2 mL) was slowly added to precipitate a white micro-
crystalline solid. The product was separated by filtration, washed
with Et,0 and dried under a current of nitrogen and under
vacuum. Yield: 132 mg (68%). Completely dry complex 8 was
stable in air, soluble in dichloromethane and only sparingly
soluble in chloroform, and insoluble in ether and hexane. Data
for 8: elem. anal. for C;,H;3,P,PtS, found (calcd), C, 53.8 (54.6); H,
4.3 (4.3); S, 4.8 (4.6). IR: 3047, 3006, 2924, 2852, 2082, 1430, 1099,
747,700, 510. *H NMR (CD,Cl,, 200.13 MHz, 293 K): cis-8: —4.43
(1H, dd, Ji;_p = 186.2 Hz, Jy;_p = 22.9 Hz, Ji_p = 937.8 Hz); 2.2-3.0
(4H, m); 7-8 (25H, m). trans-8: —7.31 (1H, br d, Jyp = 8.8 Hz,
Jrpe = 969.7 Hz); 2.2-3.0 (4H, m); 7-8 (25H, m). "H NMR (CD,Cl,,
200.13 MHz, 213 K): cis-8: —4.15 (1H, dd, Jy;_p = 182.8 Hz, Ji;p =
22.0 Hz, Jy_p: = 967.0 Hz); 2.1-3.0 (4H, m); 7-8 (25H, m). trans-8:
—7.31(1H, dd, Ji;_p = 16.8 Hz, Jyy_p = 9.7 Hz, Jy1_p; = 977.9 Hz); 2.1~
3.0 (4H, m); 7-8 (25H, m). *C{'"H} NMR (CD,Cl,, 50.32 MHz,
293 K): 25.44 (d, CH,S, Jop = 10.1 Hz); 41.47 (d, CH,P, Jcp =
39.3 Hz); 126-136 (PPh,R, PPh;). *'P{'"H} NMR (CD,Cl,, 81.01
MHz, 293 K): cis-8: 24.47 (d, PPh;, Jpp = 10.1 Hz, Jpp =
3097.9 Hz); 64.22 (d, PPh,R, Jp_p = 10.1 Hz, Jp_p, = 1945.9 Hz).
trans-8: ca. 33 (br d, PPh;, Jp_p = 392.8 Hz); ca. 67 (br d, PPh,R,
Je_p = 392.8 Hz). *'P{*"H} NMR (CD,Cl,, 81.01 MHz, 213 K): cis-8:
24.53 (d, PPhg, Jp_p = 10.3 Hz, Jp_p¢ = 3100.1 Hz); 64.12 (d, PPh,R,
Jo-p = 10.3 Hz, Jp_p = 1964.9 Hz). trans-8: 33.03 (d, PPhs, Jp_p =
392.8 Hz, Jp_pe = 2953.9 Hz); 66.71 (d, PPh,R, Jp_p = 392.8 Hz,
Jo-pe = 2901.6 Hz). After several recrystallization processes pro-
duct 8 showed the same spectroscopic properties.

Preparation of [Pt(H)(bdppet)(PPhs;)] (9), hydrido[1-(benzyloxy)-
2-(diphenylphosphino-kP)ethanethiolato-kS]triphenylphosphino-
platinum(n)

To a solution of Pt(PPh;), (200 mg, 0.16 mmol) in dichloro-
methane (5 mL) a solution of Hbdppet (1-(benzyloxy)-2-(diphenyl-
phosphino)ethanethiol, 59 mg, 0.16 mmol) in 2 ml of dichloro-
methane was slowly added with stirring. The mixture was allowed
to react for 15 min, the solvent was evaporated in a vacuum down
to 1 mL, and ethylic ether (1-2 mL) was slowly added to precipitate
a white microcrystalline solid. The product was separated by
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filtration, washed with Et,O and dried under a current of nitrogen
and under vacuum. Yield: 102 mg of a mixture of complex 9 with
free PPh;. Completely dry complex 9 was stable in air, soluble in
dichloromethane and chloroform, and insoluble in ether and
hexane. Data for 9: IR: 2059. 'H NMR (CD,Cl,, 200.13 MHz,
300 K): cis-9: —4.45 (dd, Jip = 186.1 Hz, Jiyp = 22.0 Hz, Jgp =
964.6 Hz). trans-9: —7.46 (s, Jipe = 978.6 Hz). '"H NMR (CD,Cl,,
200.13 MHz, 213 K): cis-9: —4.21 (dd, Jip = 184.1 Hz, Jyp =
22.0 Hz, Jiz_pe = 956.6 Hz). trans-9: —7.33 (br d, Jyp = 6.0 Hz, Ji1_pc
988.6 Hz). >'P{"H} NMR (CD,Cl,, 81.01 MHz, 300 K): cis-9: 23.93
(d, PPh;, Jpp = 10.8 Hz, Jppx = 3120.8 Hz); 56.53 (d, PPh,R,
Je-p = 10.8 Hz, Jp_p = 1891.2 Hz). trans-9: ca. 59 (br, PPh,R,
Jope & 2845 Hz). *'P{'"H} NMR (CD,Cl,, 81.01 MHz, 193 K): cis-9:
23.88 (d, PPhs, Jpp = 10.7 Hz, Jp_p, = 3125.6 Hz); ca. 59 (PPh,R,
Je-pe & 2051 Hz). trans-9: 32.89 (d, PPhy, Jp_p = 384.2 Hz, Jp_p =
2889.9 Hz); 60.46 (d, PPh,R, Jp_p = 384.1 Hz, Jp_p = 2819.5 Hz).

Preparation of [Pt(H)(dppcyt)(PPh;)] (10), hydrido[2-(diphenyl-
phosphino-«kP)cyclohexanethiolato-kS]triphenylphosphine-
platinum(u)

Complex 10 was prepared as described for complex 9 using
48 mg (0.16 mmol) of Hdppceyt (2-(diphenylphosphino)cyclo-
hexanethiol). Yield: 78 mg (64%). Completely dry complex 10
was stable in air, sparingly soluble in dichloromethane, slightly
soluble in chloroform, and insoluble in ether and hexane. Data
for 10: elem. anal. for C3sH36P,PtS, found (caled), C, 56.8 (57.1);
H, 4.5 (4.8); S, 4.4 (4.2). IR: 3045, 2941, 2850, 2080, 1431, 752,
695. 'H NMR (CD,Cl,, 200.13 MHz, 293 K): cis-10: —4.88
(1H, dd, Jip = 190.3 Hz, Jyp = 23.8 Hz, Jiyp = 977.2 Hz);
0.5-2.5 (10H, m); 6.5-8.0 (25H, m). trans-10: —7.67 (1H, br d,
Jip = 9.4 Hz, Ji1_pc = 986.2 Hz); 0.5-2.5 (10H, m); 6.5-8.0 (25H,
m). 'H NMR (CD,Cl,, 200.13 MHz, 233 K): cis-10: —4.84 (1H, dd,
Jup = 180.7 Hz, Jup = 23.2 Hz, Jyp = 970.2 Hz); 0.5-2.5
(10H, m); 6.5-8.0 (25H, m). trans-10: —7.66 (1H, dd, Jyp =
18.0 Hz, Jy_p = 10.2 Hz, Jiy_pe = 998.6 Hz); 0.5-2.5 (10H, m);
6.5-8.0 (25H, m). *'P{"H} NMR (CD,Cl,, 81.01 MHz, 293 K):
cis-10: 26.27 (d, PPhy, Jp_p = 10.8 Hz, Jp_p. = 3106.3 Hz); 61.73
(d, PPhyR, Jp_p = 10.8 Hz, Jp_p, = 1908.1 Hz). trans-10: ca. 33
(br d, PPhg, Jp_p = 383 Hz); ca. 60 (br d, PPh,R, Jp_p & 383 Hz).
*1p{'H} NMR (CD,Cl,, 81.01 MHz, 233 K): cis-10: 26.31 (d, PPh,
Jp-p = 11.0 Hz, Jp_p = 3108.4 Hz); 61.43 (d, PPh,R, Jp_p = 11.0 Hz,
Je-pe = 1923.9 Hz). trans-10: 33.84 (d, PPh;, Jp_» = 385.0 Hz,
Je-pe = 2877.1 Hz); 59.92 (d, PPh,R, Jpp» = 385.0 Hz,
Jo-pe = 2783.5 Hz).

Preparation of [Pt(H)(dpppt)(PPh;)] (11), Hydrido[3-(diphenyl-
phosphino-kP)propanethiolato-kS]triphenylphosphineplatinum(u)
Complex 11 is prepared as described for complex 8 using 73 mg
(0.16 mmol) of Hdpppt (3-(diphenylphosphino)propanethiol).
Yield: 143 mg (72%). Completely dry complex 10 was stable in
air, sparingly soluble in dichloromethane, slightly soluble in
chloroform, and insoluble in ether and hexane. Data for 11:
elem. anal. for C33H3,P,PtS, found (caled), C, 54.6 (55.2); H,
4.2 (4.5); S, 5.3 (4.5). IR: 3048, 2901, 2078, 2054, 1434, 1099,
692, 519. "H NMR (CD,Cl,, 300.00 MHz, 293 K): major isomer:
—8.66 (1H, br, Jype &~ 925 Hz); 1-3 (6H, m); 7-8. (25H, m).
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Minor isomer: —8.95 (1H, br, Jy_p. & 945 Hz); 1-3 (6H, m); 7-8
(25H, m). "H NMR (CD,Cl,, 300.00 MHz, 213 K): major isomer:
—8.58 (1H, dd, Jyp = 15.8 Hz, Jizp = 10.8 Hz, Jiz_p = 930.0 Hz);
1.2-2.8 (6H, m); 7-8 (25H, m). minor isomer: —8.90 (1H, dd,
Jip = 14.8 Hz, Jy;_p = 11.0 Hz, Ji;_p = 950 Hz); 1.2-2.8 (6H, m);
7-8 (25H, m). *'P{'"H} NMR (CD,Cl,, 121.44 MHz, 293 K): major
isomer: ca. 9.4 (br d, PPhs, Jpp & 396 Hz, Jp_pr & 3010 Hz);
ca. 32.1 (br d, PPh,R, Jp.p ~ 397 Hz, Jp_pe & 2923 Hz). Minor
isomer: ca. 8.8 (br d, PPhg, Jp_p & 396 Hz); ca. 33.8 (br d, PPh,R,
Je_p & 395 Hz). *'"P{'H} NMR (CD,Cl,, 121.44 MHz, 213 K):
major isomer: 7.63 (d, PPhs, Jp_p = 388.4 Hz, Jp_p, = 2937.0 Hz);
33.18 (d, PPh,R, Jpp = 388.4 Hz, Jpp = 2885.0 Hz). Minor
isomer: 7.09 (d, PPhs, Jp_p = 390.3 Hz, Jp_p, = 2871.0 Hz); 33.59
(d, PPh,R, Jp_p = 390.3 Hz, Jp_p = 2796.9 Hz).

Single crystal X-ray diffraction

White crystals of complexes 5-8 were obtained after different
trials by slow evaporation of CH,Cl,-hexane solutions. Crystal
structure determinations were carried out using a Siemens P4
diffractometer equipped with a SMARTCCD-1000 area detector,
a MACScience Co rotating anode with Mo Ko radiation, a
graphite monochromator, and a Siemens LT2 low-temperature
device (T'= —120 °C). The measurements were made in the range
2.14-31.54° (5), 1.58-31.56° (6), 1.57-31.51° (7) and 2.22-31.53°
(8) for 6. Full-sphere data collection was carried out using ®
and ¢ scans. Programs used: Data collection using Smart,*?
data reduction using Saint> and absorption correction using
SADABS.* Crystal structure solution for 5-8 was achieved using
direct methods, as implemented in SHELXTL>® and visualized
using the XP program. Missing atoms were subsequently located
from difference Fourier syntheses and added to the atom list.
Least squares refinement on F> using all measured intensities
was carried out using the program SHELXTL.>” All non-hydrogen
atoms were refined including anisotropic displacement para-
meters. Hydrogen atoms were invariably placed in geometrically
optimized positions and forced to ride on the atom to which they
are attached. Crystallographic data and structure refinement
parameters are presented in Table S1 (ESIt), and selected
distances and angles are presented in Table 1.

Comments to the structures. In structure 6 the ester group is
partially disordered in two orientations with a ratio of 52:48.
The structure shows pseudo-symmetry and was refined in the
space groups P1 and P1. Refinement in the space group P1
applying a disorder model in the chiral atom (C2) was pre-
ferred. The R1 value was lowered by doing this from 7.39% to
6.06%. If the platinum atom is considered as chiral, the two
disordered orientations would correspond to diastereoisomers.
Structure 7 shows a similar behavior to structure 6 but in this
case, although pseudo-symmetry is observed, the space group
P1 was preferred. The asymmetric unit contains two indepen-
dent molecules which would correspond to diastereoisomers.
In structure 8 a high electron density was localized at 1.44 A
from the platinum atom and 0.95 A from the sulfur atom which
could not be refined properly since it does not correspond
to logical localization. Attempts to refine a disordered model
were not successful. Taking into account that in general high
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electron densities in the surrounding of heavy atoms are
common it was assumed that the presence of this electron
density was reinforced by problems in the crystal quality
(maybe a second small crystal present) and with difficulties
during the absorption correction.

Theoretical background

To analyze the electrophilicity of the optimized complexes, we have
calculated the electrophilicity index defined by Parr et al. as:*®

12

(1)257

where 1 and n are the chemical potential and the molecular
hardness, respectively. In the framework of the conceptual Density
Functional Theory (DFT), the chemical potential (¢) and molecular
hardness (i7) can be numerically calculated as:

= %(SL +én)

n= %(’SL - 8]‘[)7

where ¢y and ¢, are the energies of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), respectively.

Computational details

All DFT static calculations were performed using the Gaussian
set of programs.®® The electronic configuration of the molecular
systems was described with the standard split-valence basis set
with a polarization function of Ahlrichs and co-workers for C, N, P,
0, S and H (SVP keyword in Gaussian09).°° For Pt we used
the small-core, quasi-relativistic Stuttgart/Dresden effective core
potential, with an associated valence basis set contracted (standard
SDD keywords in Gaussian09).°" The geometry optimizations were
carried out without symmetry constraints, and the characterization
of the located stationary points was performed by analytical
frequency calculations. The B3LYP-D3 functional was employed
in geometry optimizations and frequency calculations.®>®* Gibbs
energies, AG, were built through single point energy calculations
on the B3LYP-D3/SVP geometries using the MO06 functional®
and the triple-{ valence plus polarization on main group atoms
(TZVP keyword in Gaussian). Solvent effects were included with the
PCM model using CH,Cl, as the solvent.®® To these M06/TZVP
electronic energies in solvent, zero point energy and thermal and
entropic corrections were included from the gas phase frequency
calculations at the B3LYP-D3/SVP level of theory.

To validate the computational method a geometry optimiza-
tion of the X-ray data of the complex cis-7 was made. The results
show a good agreement between the experimental and theore-
tical data as can be seen in Table S2 (ESIt). The experimental
and theoretical bond lengths and angles differ by less than
0.069 A and 2.5°, respectively. And the standard deviation for
the distances is 0.038 A, and for the angles 1.2°, which confirms
the validity of the chosen computational method. The opti-
mized geometries of the stereoisomers of complexes 5-11 can
be seen in Fig. S6 (other methods from a benchmark study are
also included in the ESIt).%®
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We have also carried out energy decomposition analyses
(EDAs).*” In these EDAs, the total binding energy (BE) has
been divided into deformation energy and interaction energy
(BE = AEger + AE;y). The deformation energy (AEqes) is the
energy needed to modify the geometry of the ground state free
fragments to attain the geometry that they have in the inter-
mediate. The interaction energy (AE;,) is the energy released
when the two singlet free deformed fragments are brought to
the position that they have in the intermediate, and it has been,
in turn, split into electrostatic, Pauli repulsion, and orbital
interaction terms (AEin: = AEeistat + AEpauli + AEyi). The term
AE. 5o corresponds to the classical electrostatic interaction
between the unperturbed charge distributions of the prepared
fragments and is usually attractive. The Pauli repulsion term,
AEp,ui, comprises the destabilizing interactions between occupied
orbitals and is responsible for the steric repulsion. The orbital
interaction term, AE,;, accounts for bond pair formation (inter-
action between single occupied orbitals in the two fragments),
charge transfer (interaction between occupied orbitals on one
moiety with unoccupied orbitals of the other, including the
HOMO-LUMO interactions) and polarization (empty occupied
orbital mixing on one fragment due to the presence of another
fragment).®® The reported EDA calculations have been carried out
by using the Amsterdam density functional (ADF) package devel-
oped by Baerends and coworkers® and vectorized by Ravenek.”®
The numerical integration scheme employed has been that of te
Velde and Baerends.”" An uncontracted triple-¢ basis set has been
used for describing the orbitals of platinum. For C, N, P, O, S and
H atoms double-g basis sets have been employed. Both basis sets
have been augmented by an extra polarization function.”” A set of
auxiliary s, p, d, f, and g functions, centered in all nuclei, has been
introduced in order to fit the molecular density and Coulomb
potential accurately in each SCF cycle.”® Relativistic effects have
been included in the energy calculations and geometry optimiza-
tions using the ZORA method.”* Geometries and energies have
been evaluated using a generalized gradient approximation (GGA)
that includes the GGA exchange correction of Becke’® and the GGA
correlation correction of Perdew.”® The 2014 release of the ADF
package has been used for all EDA calculations.””

Experimentally, it is found that mononuclear species 5-11
are diamagnetic. For this reason, optimizations were carried
out for neutral closed-shell singlet ground state structures.
However, since it has been found that the triplet state is close
in energy to the singlet or even it can be more stable we have
checked for all compounds the relative stability of both states
by optimizing the triplet state. In all cases, the triplet state
geometry presents a higher energy, indicating that the singlet
state is the most favorable. The difference between these two
states is never lower than 8 kcal mol ™.

%V Vgur calculations

The buried volume calculations were performed using the
SambVca package developed by Cavallo et al*®*® The radius
of the sphere around the metal center was set to 3.5 A, while
for the atoms we adopted the Bondi radii scaled by 1.17, and
a mesh of 0.1 A was used to scan the sphere for buried voxels.
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The steric maps were evaluated using a development version of
the SambVca package.*®
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