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ABSTRACT: New platinum complexes of the type
cis-Pt(L)2Cl2 have been synthesized from five- and
six-membered cyclic phosphines, which were pre-
pared after deoxygenating a series of phosphine
oxides (3-phospholene oxides, phospholane oxides,
a 1,4-dihydrophosphinine oxide, and a 1,2,3,6-
tetrahydrophosphinine oxide). The complexes were
characterized by NMR and mass spectral data, and
their stereostructures were elucidated by B3LYP/6-
31G(d)-LANL2DZ ECP calculations. The phosphine
intermediates were characterized as the correspond-
ing phosphine-boranes. C© 2010 Wiley Periodicals, Inc.
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INTRODUCTION

Transition metal complexes incorporating P(III)-
ligands are of increasing importance due to their
applicability as catalysts in homogeneous catalytic
processes [1,2]. Owing to their practical impor-
tance, platinum complexes form a well-studied
segment within transition metal chemistry. How-
ever, relatively not much is known about platinum
complexes with P-heterocyclic ligands [3]. As
regard to cyclic phosphines, arylphospholes were
transformed to the related platinum complexes by
Kollár and Keglevich [4–6]. Pringle et al. described
the platinum complexes of a few phospholanes,
phosphorin’s, and phosphepanes [7], as well as
9-phosphabicyclononanes (Phobanes) [8] and
6-phospha-2,4,8-trioxaadamantanes [9]. Among
the bidentate heterocyclic P-ligands, DuPhos [10],
PennPhos [11], and BIPNOR [12] are well-known
representatives, from among which only DuPhos
has been applied in platinum complexes [13–15]. In
addition, 3-diphenylphosphino-1,2,3,6-tetrahydro-
posphinine and 3-diphenylphosphino-1,2,3,4,5,6-
hexahydrophosphinine served as bidentate
P-ligands in the corresponding cis chelate platinum
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complexes [16–19]. Recently, P-aryl, P-amino, and
P-alkoxy dibenzo[c.e][1,2]oxaphosphorines includ-
ing optically active derivatives were made available
by us and were converted to the corresponding
bis(dibenzooxaphosphorino)dichloroplatinum com-
plexes or related species [20–25]. These complexes
incorporated mainly phosphinites, phosphonites,
and phosphonous amides as P(III)-ligands.

In this paper, the discipline of platinum
complexes with cyclic phosphines is broad-
ened, and novel complexes of 3-phospholenes,
phospholanes, a 1,4-dihydrophosphinine, and a
1,2,3,6-tetrahydrophosphinine are described that
are potential catalysts in hydroformylations and
hydrogenations.

RESULTS AND DISCUSSION

The chosen P-heterocycles, 3-methyl- and 3,4-
dimethyl-1-phenyl-3-phospholene oxides (1a [26]
and 1b [27], respectively), 3-methyl- and 3,4-
dimethyl-1-phenylphospholane oxides (5a [28]
and 5b [29], respectively), 4-dichloromethylene-
3,5-dimethyl-1-phenyl-1,4-dihydrophosphinine ox-

ide 9 [30], and 5-methyl-1-phenyl-4-chloro-1,2,3,6-
tetrahydrophosphinine oxide 12 [31] were sub-
jected to a standard deoxygenation procedure by
trichlorosilane in the presence of pyridine in boil-
ing toluene [32]. With one exception (10), the phos-
phines so obtained, 2a, 2b, 6a, 6b, and 13 were
reacted with dimethylsulfide borane and identified
as the corresponding phosphine-boranes 3a, 3b, 7a,
7b, and 14, respectively. The phosphine boranes 3,
7, and 14 can be regarded to be precursors of the cor-
responding phosphines 2, 6, and 13, respectively. In
other experiments, the phosphines 2a, 2b, 6a, 6b,
10, and 13 were reacted with a half equivalent of
dichlorodibenzonitrileplatinum in toluene at 26◦C
to afford the corresponding platinum complexes 4a,
4b, 8a, 8b, 11, and 15, all incorporating two cyclic
phosphine moieties. The above reaction sequences
are shown in Schemes 1–4.

The new phosphine boranes 3, 7, and 14 were
characterized by 31P, 13C, and 1H NMR spectroscopy.
The platinum complexes 4, 8, 11, and 15 were char-
acterized by 31P and 1H NMR as well as mass spectral
data. On the basis of the stereospecific J(195Pt-31P)
couplings of 3490–3602 Hz, the heterocyclic rings

+ Cl3SiH

110°C, 2 h

P

R CH3

O Ph
P

R CH3

Ph
5 6

PhMe

BH3
.SMe2

26°C

PhMe P

R CH3

Ph

7
H3B

(PhCN)2PtCl2

P

R CH3

Ph
P

R CH3

PhPt
Cl Cl

8

PhMe

1 2

34

5
C6H5N

R

H  (a)
Me (b)

..

1 2

34

5

SCHEME 2

Heteroatom Chemistry DOI 10.1002/hc



Platinum(II) Complexes Incorporating Five- and Six-Membered Cyclic Phosphine Ligands 65

P

Me Me

O Ph
P

Me Me

Ph

9 10

11

P

Me Me

Ph
P

Me Me

Ph
Pt

Cl Cl

+ Cl3SiH

110°C, 2 h

PhMe

(PhCN)2PtCl2

PhMe

C6H5N

Cl Cl Cl Cl Cl Cl Cl Cl

..
1 2

3
4

5

6

SCHEME 3

of the complexes are in the cis relationship to each
other. Earlier studies [5,6,20,22,23,25] well demon-
strated the selective formation of the corresponding
cis-PtP2Cl2 complexes, only in the case of consider-
able steric hindrance was the trans-PtP2Cl2 species
formed as the exclusive product [20,24]. This is in
full agreement with the thesis of Pringle et al. that
in solution the cis-PtP2Cl2 complexes are generally
more stable than the corresponding trans species.
This statement was supported by high-level quantum
chemical calculations [33]. In our cases, 31P NMR
analysis of the crude reaction mixtures revealed only
the presence of the cis complexes (4, 8, 11, and
15), the trans isomer was not present, not even in
traces. This observation together with, in most cases,
the high (81–96%) yield confirms the selective for-
mation of the cis complexes in the instance under
discussion.

The best structures of 4a-R,R, 4b, 8a-S,S, 8b,
11, and 15-S,S are described in Figs. 1–6. The
cis structures of the complexes are stabilized by
a π–π stacking and, where relevant (in the case
of complexes 4a, 4b, 11, and 15), by π ···HCP
weakly polar interactions. No classical H-bonds were
identified.

In the phospholene–platinum complex 4a, the
five-membered rings adopt an envelope-like confor-
mation with the P atom on the flap. The distance
between C(α) of one of the phenyl groups and C(β ′)
of the other phenyl group is 3.70 Å, supporting a
weak polar π–π interaction between the aromatic
rings. The carbon atom of the C(2)H2 moiety of the
hetero ring is 3.38 Å from the C(α′) atom of the corre-
sponding phenyl ring. In the phospholene–platinum
complex 4b, the distance between the C(2) and C(α′)
atoms is 4.11 Å. There is a slight symmetrical inter-
action between the π -system of the corresponding
phenyl ring and the carbon atom of the C(2)H2 moi-
ety of the hetero ring.

The hetero rings of phospholane–platinum com-
plex 8a adopt a deformed envelope conformation,
and the distance between the C(5) atom of the het-
ero ring and the C(α′) atom of the corresponding
phenyl group (as well as that of C(5′) and C(α)) is
4.00 Å. A similar distance of 3.99 Å is observed in
8b. The distance between the C(α) and C(β ′) atoms
is 3.61 Å, indicating a slight π–π interaction.

In 11, the 1,4-dihydrophosphinine ring is non-
planar. The calculations predict a boat-like phospha-
cyclohexadiene ring. The presence of the two methyl
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FIGURE 1 Stereostructure of 4a-R,R calculated by B3LYP/6-
31G(d) (basis set of Pt is LANL2DZ). Selected geometries:
Pt–Cl1 2.421, Pt–P1 2.300, P1–C(Ph) 1.842, P1–C2 1.865,
C2–C3 1.517, C3–C4 1.341, C4–C5 1.510, C5–P1 1.858,
Cl1–Pt–P1 84.12, P1–C2–C3 104.25, C2–C3–C4 116.26,
C3–C4–C5 118.10, C4–C5–P1 103.81, Cl1–Pt–P1–C(Ph)
−166.38, Pt–P1–C2–C3 −137.42, P1–C2–C3–C4 12.20,
P1–C2–C3–CH3 −169.79.

substituents results in a repulsive effect in the struc-
ture. The distance of 3.21 Å between the carbon atom
of the CH unit and the C(β ′) suggests a π ···HCP in-
teraction between the carbon atom of the CH unit
and the phenyl ring.

Tetrahydrophosphinine–platinum complex 15
exhibits a deformed (slightly twisted) boat confor-
mation for the six-membered hetero rings. On the

FIGURE 2 Stereostructure of 4b calculated by B3LYP/6-
31G(d) (basis set of Pt is LANL2DZ). Selected geometries:
Pt–Cl1 2.416, Pt–P1 2.293, P1–C(Ph) 1.834, P1–C2 1.867,
C2–C3 1.518, C3–C4 1.348, C4–C5 1.515, C5–P1 1.859,
Cl1–Pt–P1 85.53, P1–C2–C3 106.00, C2–C3-C4 116.49,
C3–C4–C5 116.92, C4–C5–P1 106.10, Cl1–Pt–P1–C(Ph)
83.28, Pt–P1–C2–C3 131.71, P1–C2–C3–C4–6.79, P1–C2–
C3–CH3 −174.32.

FIGURE 3 Stereostructure of 8a-S,S calculated by B3LYP/6-
31G(d) (basis set of Pt is LANL2DZ). Selected geometries:
Pt–Cl1 2.419, Pt–P1 2.300, P1–C(Ph) 1.837, P1–C2 1.866,
C2–C3 1.542, C3–C4 1.541, C4–C5 1.541, C5–P1 1.876,
Cl1–Pt-P1 86.75, P1–C2–C3 105.98, C2–C3–C4 106.34,
C3–C4–C5 107.78, C4–C5–P1 106.16, Cl1–Pt–P1–C(Ph)
−84.20, Pt–P1–C2–C3 105.60, P1–C2–C3–C4 39.41, P1–
C2–C3–CH3 164.27.

basis of the distance of 3.79 Å between the C(3) and
C(α′) atoms, a stabilizing π ···H2C interaction could
be observed between the phenyl ring and the corre-
sponding six-membered hetero ring.

FIGURE 4 Stereostructure of 8b calculated by B3LYP/6-
31G(d) (basis set of Pt is LANL2DZ). Selected geometries:
Pt–Cl1 2.419, Pt–P1 2.300, P1–C(Ph) 1.837, P1–C2 1.870,
C2–C3 1.520, C3–C4 1.548, C4–C5 1.546, C5–P1 1.865,
Cl–Pt–P1 86.88, P1–C2–C3 106.03, C2–C3–C4 106.78,
C3–C4–C5 106.61, C4–C5–P1 107.02, Cl1–Pt–P1–C(Ph)
−84.07, Pt–P1–C2–C3 105.50, P1–C2–C3–C4 39.64, P1–
C2–C3–CH3 165.13.
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FIGURE 5 Stereostructure of 11 calculated by B3LYP/6-
31G(d) (basis set of Pt is LANL2DZ). Selected geometries:
Pt–Cl1 2.420, Pt–P1 2.303, P1–C(Ph) 1.842, P1–C2 1.814,
C2–C3 1.345, C3–C4 1.499, C4–C5 1.499, C5–C6 1.348,
C6–P1 1.815, C(Cl2)–C4 1.353, Cl1–Pt–P1 87.74, P1–C2–
C3 123.09, C2–C3–C4 119.47, C3–C4–C5 116.07, C4–C5–
C6 119.66, C5–C6–P1 123.12, Cl1–Pt–P1–C(Ph) −87.72,
Pt–P1–C2–C3 −146.81, P1–C2–C3–C4 −6.00, C2–C3–C4–
C5 43.05, P1–C2–C3–CH3 169.51.

FIGURE 6 Stereostructure of 15 calculated by B3LYP/6-
31G(d) (basis set of Pt is LANL2DZ). Selected geometries:
Pt–Cl1 2.417, Pt–P1 2.309, P1–C(Ph) 1.833, P1–C2 1.848,
C2–C3 1.540, C3–C4 1.511, C4–C5 1.341, C5–C6 1.522,
C6–P1 1.848, C5–CH3 1.506, Cl1–Pt–P1 87.96, P1–C2–C3
110.14, C2–C3–C4 115.38, C3–C4–C5 128.66, C4–C5–C6
121.76, C5–C6–P1 114.07, Cl1–Pt–P1–C(Ph) −91.23, Pt–
P1–C6–C5 73.06, P1–C2–C3–C4 −46.64, C2–C3–C4–C5
13.48, P1–C6–C5–CH3 −153.18.

In the case of the 3-phospholene ligand 2a, the
corresponding trans-PtP2Cl2 complex was also calcu-
lated. In agreement with the observation of Pringle
et al. [33], DFT calculations (see below) should that,
in the gas phase, the trans complex (4a′) is by
3.15 kcal/mol more stable as compared with the cis
one. However, in toluene solution (when the rela-
tive dielectric constant is 2.38), the cis isomer (4a),
formed exclusively in synthesis, was found to be by
5.0 kcal/mol more favored as compared with the
trans species (4a′) according for PMG calculation
[34]. This must be due to the effect of solvation
that may overcome the electrostatic trans prefer-
ence [33]. Our experiments showed that in solution,
the cis isomer could not be isomerized to the trans
form.

On the basis of our earlier experiences, the
stereostructures and geometrical data of the plat-
inum complexes may be adequately described by
the B3LYP/6-31G(d)-LANL2DZ ECP calculations
applied. The calculated data and stereostructure
of a related platinum complex [cis-bis(ethoxy-
dibenzooxaphosphorino)PtCl2] [22] were well vali-
dated by the X-ray measurement carried out later
on a suitable single crystal of the methoxy analogue
[35]. Another example of validation also confirmed
this [16,36].

As the optically active (RP) form of 3-methyl-
1-phenyl-3-phospholene oxide (1a-R) was available
by resolution using TADDOL derivatives [37,38],
it was also converted to the corresponding ho-
mochiral platinum complex (4a-R,R). The solubil-
ity properties of this species (4a-R,R) were more
unfavorable than those of the racemate of 4a.

P
Ph

P

Me

Ph Pt
ClCl

4a-RR

Me

In summary, simple cyclic phosphines, such
as phospholenes, phospholanes, a 1,4-dihydro-
phosphinine, and a 1,2,3,6-tetrahydrophosphinine
were converted to the corresponding phosphine bo-
ranes and platinum complexes that were character-
ized by spectral data. As regard to the geometry,
always the cis platinum complexes were formed
selectively. Their stereostructure was elucidated
by quantum chemical calculations. The platinum
complexes prepared are potential catalysts in
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homogeneous catalytic reactions, such as hydro-
genations and hydroformylations.

EXPERIMENTAL

The 31P, 13C, 1H, and 11B NMR spectra were taken on
a Bruker DRX-500 spectrometer operating at 202.4,
125.7, 500, and 160.4 MHz, respectively. The cou-
plings are given in hertz. Mass spectrometry was
performed on a ZAB-2SEQ instrument.

Phospholene oxides 1a and 1b were prepared as
described earlier [26,27]. Phospholane oxides 5a and
5b were synthesized by the catalytic hydrogenation
of compounds 1a and 1b [28,29].

General Procedure for the Hydrogenation
Reactions

The hydrogenation of the corresponding phospho-
lene oxides 1a and 1b (5.2 mmol) was carried out
under 12.5 bar at 60◦C in the presence of Pd/C cata-
lyst (0.40 g) in methanol (30 mL).

Compound 5a: 31P NMR (CDCl3) δ 60.6; δP [lit 28]
56.0.

Compound 5b: 31P NMR (CDCl3) δ 59.1 (for the
major isomer); δP [lit 29] 59.4.

Dihydrophosphinine oxide 9 and tetrahy-
drophosphinine oxide 12 were available from earlier
studies [30,31].

General Procedure for the Deoxygenation of
Phosphine Oxides 1, 5, 9, and 12

0.50 mL (3.9 mmol) of trichlorosilane and 0.67 mL
(8.1 mmol) of pyridine were added to 2.7 mmol of
the corresponding phosphine oxides (1, 5, 9, and 12)
in 40 mL of degassed toluene, and the mixture was
stirred at the boiling point for 2 h under nitrogen.
The precipitated material was removed by filtration
under nitrogen, and the filtrate was concentrated in
vacuum to give the corresponding phosphines (2, 6,
10, and 13) that were characterized as their borane
complexes (see below).

General Procedure for the Preparation of Borane
Complexes 3, 7, and 14

To the 20 mL toluene solution of 4.3 mmol of the
corresponding phosphine (2, 6, and 13), 6.5 mmol
(3.3 mL) of 2 M tetrahydrofuran solution of
dimethylsulfide borane at 26◦C was added under ni-
trogen, and the mixture was stirred for 24 h. Then
5 mL of water was added and the mixture was
stirred for 5 min. The precipitated boric acid was re-

moved by filtration, and the organic phase was dried
(Na2SO4). Chromatography (silica gel, 3% methanol
in chloroform) of the crude product obtained after
evaporation of the volatile components gave 3, 7,
and 14.

Compound 3a-R: Yield: 91%. 31P NMR (CDCl3)
δ 28.4 (broad); δP [lit 39] (dmso) 33.3.

Compound 3b: Yield: 89%. 31P NMR (CDCl3)
δ 16.1 (broad); δP [lit 29] 21.8.

Compound 7a: Yield: 89%. 31P NMR (CDCl3)
δ 30.6 (broad); δP [lit 40] 30.8.

Compound 7b: Yield: 79%. 31P NMR (CDCl3)
δ 28.2 (for the major isomer); δP [lit 29] 28.9.

Compound 14: Yield: 96%. 31P NMR (CDCl3)
δ −0.14 (broad); 1H NMR (CDCl3) δ 1.66–1.88 (broad,
3H, BH3), 1.99 (s, 3H, CH3), 2.12 (q, J1 = 7.1, J2 =
7.2, 2H, C(3)H2), 2.55 (q, J1 = 12.5, J2 = 16.9, 1H,
C(2)HaHb), 2.66 (d, J = 9.4, 2H, C(6)H2), 2.76 (q,
J1 = 16.6, J2 = 16.3, 1H, C(2)HaHb), 7.44–7.70 (m,
5H, Ar).

General Procedure for the Preparation
Pt-complexes 4, 4a-R, 8, 11, and 15

To 0.21 mmol of the corresponding phosphine 2, 6,
10, and 13 in 10 mL of toluene, 0.05 g (0.10 mmol)
of dichlorodibenzonitrileplatinum was added under
nitrogen. The mixture was stirred at 26◦C for 3 h
under nitrogen, whereupon the complex gradually
precipitated. The solid product was separated by fil-
tration. 5 mL of pentane was added to the mother
liquor to promote further precipitation, and the flask
was placed in the refrigerator for several hours. The
newer crystal fraction was collected by filtration.

Compound 4a: Yield: 92%. 31P NMR (CDCl3)
δ 16.37 (JPt−P = 3512) and 16.44 (JPt−P = 3512) (1:1)
for the homo- and heterochiral forms; 1H NMR
(CDCl3) δ 1.75 and 1.76 (6H, CH3), 2.64–2.87 (m,
4H, CH2), 3.05–3.44 (m, 4H, CH2), 5.46 (d, J = 22.3,
CH ), 7.34–8.02 (m, 10H, Ar); FAB, [M–Cl]+

found =
581.0853, C22H26ClP2Pt requires 581.0825 for the 35Cl
and the 194 Pt isotopes.

Compound 4a-R: Yield: 95%. 31P NMR (CDCl3)
δ 16.9 (JPt−P = 3490); 1H NMR (CDCl3) δ 1.74 (broad,
6H, CH3), 2.65–2.85 (m, 4H, CH2), 3.10 (dm, 2JPH =
17.5, 2H, CH2), 3.40 (dm, 2JPH = 17.5, 2H, CH2), 5.46
(d, J = 22.3, 2H, CH ), 7.34–8.02 (m, 10H, Ar).

Compound 4b: Yield: 90%. 31P NMR (CDCl3)
δ 5.8 (JPt−P = 3520); 1H NMR (CDCl3) δ 1.63 (s,
12H, CH3), 2.65–2.83 (m, 4H, CH2), 3.18–3.39 (m,
4H, CH2), 7.30–7.84 (m, 10H, Ar); FAB, [M–Cl]+

found

= 609.1142, C24H30ClP2Pt requires 609.1138 for the
35Cl and the 194Pt isotopes.

Compound 8a: Yield: 91%. 31P NMR (CDCl3)
δ 15.9 (JPt−P = 3520), 16.0 (JPt−P = 3520) (1:1); 1H

Heteroatom Chemistry DOI 10.1002/hc
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NMR (CDCl3) δ 1.01 (broad, d, 2JPH = 5.6, 6H, CH3),
1.34–2.48 (m, 12H, CH2), 7.29–7.74 (m, 10H, Ar);
FAB, [M–Cl]+

found = 585.1148, C22H30ClP2Pt requires
585.1138 for the 35Cl and the 194Pt isotopes.

Compound 8b: Yield: 81%. 31P NMR (CDCl3)
δ 14.5 (JPt−P = 3512); 1H NMR (CDCl3) δ 0.72 (d, JHH =
5.6, 12H, CH3), 2.04–2.47 (m, 12H, CH2, CH), 7.35–
7.85 (m, 10H, Ar); FAB, [M–Cl]+

found = 613.1474,
C22H34ClP2Pt requires 613.1451 for the 35Cl and the
194Pt isotopes.

Compound 11: Yield: 96%. 31P NMR (CDCl3)
δ −25.3 (JPt−P = 3602); 1H NMR (CDCl3) δ 2.33 (s,
12H, C3 CH3), 6.28 (d, 2JPH = 18.1, 4H, CH ), 7.21–
7.86 (m, 10H, Ar); FAB, [M–Cl]+

found = 792.9614,
C28H26Cl5P2Pt requires 792.9579 for the 35Cl isotopes
and for the 194Pt isotope.

Compound 15: Yield: 30%. 31P NMR (CDCl3)
δ −14.7 (JPt−P = 3567); 1H NMR (CDCl3) δ 1.55 (s,
6H, CH3), 1.98–3.24 (m, 12H, CH2), 7.34–7.65 (m,
10H, Ar).

CALCULATIONS

Stereostructures of selected examples of the plat-
inum complexes were evaluated by the B3LYP/6-
31G(d) and in respect of the platinum atom, by
the LANL2DZ ECP methods implemented in Gaus-
sian’03 [41]. The force matrices of the optimized
structures were found to be positive definite. The
most favorable structures of complexes 4a, 4b, 8a,
8b, 11, and 15 together with the relevant geometrical
data are shown in Figs. 1–6, respectively. Semiem-
pirical calculations were performed by the PMG
method [34] implemented in MOPAC 2009. 30 struc-
tures were analyzed and described by the software
MOLDEN [42].
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