
Organopalladium Complex Promoted Asymmetric Hetero
Diels-Alder Reactions between a Thiocarbonyl

Dienophile and a Phospha-Substituted Cyclic Diene

Ying Qin,1a Andrew J. P. White,1b David J. Williams,1b and Pak-Hing Leung*,1a

Departments of Chemistry, National University of Singapore, Kent Ridge, Singapore 119260,
and Imperial College, London, U.K. SW7 2AY

Received August 27, 2001

The asymmetric [4 + 2] hetero cycloaddition reaction between methyl cyanodithioformate
and 1-phenyl-3,4-dimethylphosphole has been achieved stereoselectively by use of the
organopalladium(II) complex derived from (S)-N,N-dimethyl-1-(1-naphthylamine) as the
chiral reaction template to produce the corresponding (+)-exo-syn-methylthio-substituted
phosphanorbornene P-S bidentate chelate. The generation of the chelating cycloadduct
involved an intramolecular cycloaddition mechanism in which both the cyclic diene and the
hetero dienophile were coordinated simultaneously to the chiral palladium template during
the course of the cycloaddition reaction.

Introduction

The utilization of hetero dienes and hetero dienophiles
in Diels-Alder reactions has received a great deal of
attention because of the hetero substituents, which play
important roles in the course of cycloaddition reactions
and facilitate further transformations of the cycload-
ducts.2 Recently, metal ions and metal complexes have
been used very successfully as reaction activators in
these hetero-cycloaddition reactions. In many cases,
these classic inorganic reaction promoters exert signifi-
cant control over the stereochemistry of the resulting
hetero-substituted cycloadducts.3 We are interested in
asymmetric versions of such cycloaddition reactions and
have recently reported a series of chiral palladium and
platinum complex promoted asymmetric Diels-Alder
reactions involving oxygen- and phosphorus-substituted
cyclic dienes.4 Here we report the novel asymmetric
hetero Diels-Alder reaction between the cyclic diene
1-phenyl-3,4-dimethylphosphole (DMPP) and the CdS

dienophile methyl cyanodithioformate in the presence
of the chiral palladium(II) complex derived from (S)-
N,N-dimethyl-1-(1-naphthylamine).

Results and Discussion

We have reported previously that the coordinated
DMPP in both complexes (SC)-1 and (SC)-2 behaves as
a typical cyclic diene toward reactive dienophiles.4 For
the intermolecular cycloaddition reactions, the cyclic
diene in the neutral complex (SC)-1 frequently exhibits
a higher reactivity than its counterpart in the complex
(SC)-2. However, no reaction was observed when (SC)-1
was treated with cyanodithioformate. In contrast, when
the perchlorato complex (SC)-2 was treated with the
CdS dienophile in dichloromethane at room tempera-
ture for 1 day, the chelating P-S cycloadduct (SC,SP)-3
was generated as the sole product in the hetero Diels-
Alder reaction (Scheme 1). Prior to isolation, the 31P
NMR spectrum (CDCl3) of the crude reaction product
exhibited a singlet at δ 115.0. No other 31P NMR signals
could be detected in this 202 MHz NMR spectrum, thus
indicating that the cycloaddition reaction had proceeded
in a stereospecific manner. The complex (SC,SP)-3 was
subsequently isolated as pale yellow prisms via silica
gel chromatography and recrystallization from dichlo-
romethane-hexane (42%): mp 187-190 °C, [R]D +129.0
(c 1.0, CH2Cl2). The molecular structure and absolute
configuration of (SC,SP)-3 was established by a single-
crystal X-ray structure determination, which revealed
that the configurations at P(1), C(22), C(25), and C(27)
are S, R, R, and R, respectively (Figure 1). Selected bond
distances and angles of the cycloadduct complex are
given in Table 1. The geometry at palladium is slightly
distorted square planar, the coordination plane being
planar to within only 0.11 Å, there being a ca. 7° twist
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between the N-Pd-C and S-Pd-P planes. The cis
angles at palladium within the two chelate rings are
79.8(2)° within the naphthylamine and 86.2(1)° within
the P-S heterocycle, respectively. The Pd-P distance
is typical at 2.241(2) Å, but the Pd-S bond is longer
than normal at 2.427(2) Å, a value very similar to that
observed in a related compound containing the same

naphthylamine auxiliary and the P-S bidentate species
Ph2PCH2CH2SMe (average 2.40 Å).5 The angles at
phosphorus range between 82.1(3) and 126.8(2)°, the
latter being associated with Pd-P-C(21). The angles
at S, S(26), and C(25) within the six-membered chelate
ring are all contracted significantly from normal values.
The six-membered (P-S)-Pd chelate ring has a twist
conformation, Pd-P-S-C(27) being planar to within
0.11 Å with S(26) and C(25) lying 1.85 and 1.36 Å,
respectively, above this plane. It should be noted that
the coordinated sulfur atom in (SC,SP)-3 is a stereogenic
center with an R absolute configuration. The R rather
than S stereochemistry for this sulfur center can be
attributed to the unfavorable steric congestion that
would otherwise arise between the S-Me and the
neighboring N-Me2 groups.

Treatment of (SC,SP)-3 with excess aqueous potassium
cyanide liberated the optically pure hetero cycloadduct
(RP)-4 as an air-sensitive colorless oil in 70% yield: [R]D
+10.0 (c 0.5, CH2Cl2). The 31P NMR spectrum of the free
ligand in CDCl3 exhibits a singlet at δ 91.1. This low
field signal confirms that the exo-syn stereochemical
relationship is retained. It is noteworthy that the
apparent inversion of configuration that takes place at
the phosphorus stereogenic center when the cycloadduct
is liberated from the metal is merely the consequence
of the Cahn-Ingold-Prelog (CIP) sequence rules.6 Ow-
ing to the air sensitivity and the configurational insta-
bility of the noncoordinated bridgehead phosphorus
atom, the liberated (RP)-4 cannot be stored in its pure
form. For storage purposes, it was necessary to reco-
ordinate the optically active ligand immediately to
selected metal ions to form stable metal complexes.

From a mechanistic standpoint, the formation of
complex (SC,SP)-3 requires both DMPP and cyanodithio-
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Scheme 1

Figure 1. Molecular structure and absolute stereochem-
istry of the complex (SC,SP)-3.

Table 1. Selected Bond Lengths (Å) and Angles
(deg) for the Complex (SC,SP)-3

Pd-S 2.427(2) Pd-P 2.241(2)
Pd-C(1) 2.014(6) Pd-N(12) 2.121(6)
S-C(27) 1.844(7) P-C(25) 1.859(7)
C(25)-S(26) 1.840(7) S(26)-C(27) 1.842(8)
C(27)-C(30) 1.465(10) C(30)-N(30) 1.138(10)

C(1)-Pd-N(12) 79.8(2) C(1)-Pd-P 97.5(2)
N(12)-Pd-P 175.2(2) C(1)-Pd-S 173.1(2)
N(12)-Pd-S 96.9(2) P-Pd-S 86.2(1)
Pd-S-C(27) 98.2(2) Pd-P-C(25) 118.1(2)
S(26)-C(25)-P 101.4(3) C(25)-S(26)-C(27) 92.2(3)
S(26)-C(27)-S 104.0(3) C(27)-C(30)-N(30) 176.3(11)
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formate to coordinate simultaneously to the cationic
palladium template during the course of the intramo-
lecular hetero cycloaddition reaction. It should be noted
that there are two potential sulfur donors within the
reacting dienophile but that the cycloaddition reaction
proceeds only when the thioether sulfur is coordinated
to the palladium. Sterically, however, the coordination
of the CdS sulfur to Pd would be preferred. Thus, it is
clear that the CdSfPd bond must be kinetically
unstable to allow the competing thioether-SfPd coor-
dination. Being a more bulky monodentate donor,
however, it has been established that such a thioether-
SfPd bond is also kinetically unstable. Nevertheless,
this labile thioether-SfPd bond is crucial for the
activation of the hetero cycloaddition reaction. Thus, in
complex (SC)-1 where one of the coordination sites is
blocked by a relatively stable and inert chloro ligand,7
DMPP failed to undergo the cycloaddition reaction.

It is interesting to note that the thioether-SfPd bond
in cycloadduct complex (SC,SP)-3 remains kinetically
labile in solution. Such dynamic properties of the SfPd
bonding can be clearly revealed by the two-dimensional
1H ROESY NMR studies.8 In this NMR investigation,
the characteristic orientation of the chiral organopal-
ladium-naphthylamine unit is used as the spectroscopic
reference. It is well established that, both in the solid
state and in solution, the chiral (S)-metalated naphthy-
lamine ring invariably adapts the static λ ring confor-
mation in solution.9 Thus, the NMe groups and the
protruding naphthylamine proton at C(2) are particu-
larly sensitive to the stereochemical features of their
neighboring donor atoms. Figure 2 shows the ROESY
NMR spectrum of (SC,SP)-3 in CDCl3. The naphthy-
lamine auxiliary shows all the expected inter-chelate
NOE interactions with the P-S bidentate cycloadduct.8
For example, the protruding naphthylamine proton at
C(2) contacts clearly with the proton at C(25) of the rigid
phosphanorbornene unit (signal O). This NOE contact
between the two chelating ligands is indeed expected,
as the two protons involved are located on the same side
of the square-planar complex. Interestingly, the C(2)
proton shows a similar closeness with the proton at
C(22), which is located on the opposite side of the
phosphanorbornene skeleton (signal J). Due to the
absolute stereochemical orientation of the two chiral
ligands, the C(2) and C(22) protons are located on the
opposite sides of the square-planar complex and they
are sterically separated by the PPh moiety. Thus, the
strong NOE contact between these two protons could

only be possible when the Pd-P bond is indeed free to
rotate. Evidently, the SfPd bond in complex (SC,SP)-3
is kinetically labile in solution. It is noteworthy that the
SMe group also shows strong NOE contacts with both
protons at C(22) and C(25) (signals I and N). These NOE
contacts, however, could be due to the same kinetic
instability of the SfPd bond or the low inversion barrier
of the coordinated chiral sulfur donor,5,10 or both.

The above spectroscopic investigations illustrate that
the SfPd coordination is important to the activation
of cyanodithioformate toward the exo-cycloaddition
reaction, although it does not contribute significantly
to the kinetic stability of the resulting P-S bidentate
chelate. Interestingly, when the labile cyanodithiofor-
mate dienophile was replaced with the powerful ligand
N,N-dimethyl(diphenylphosphino)thioacrylamide, the
analogous CdS activation did not occur under similar
reaction conditions.11 The formation of the chiral cy-
cloadduct complex (SC,SP)-3 represents what we believe
to be the first example of a phospha-substituted cyclic
diene being involved in the asymmetric [4 + 2] cycload-
dition reaction with a hetero CdX dienophile. Investiga-

(7) Dunina, V. V.; Golovan, E. B.; Qulyukina, N. S.; Buyevich, A. V.
Tetrahedron: Asymmetry 1995, 6, 2731.
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Mok, K. F.; White, A. J. P.; Williams, D. J.; Rees, N. H.; McFarlane,
W. J. Chem. Soc., Dalton Trans. 1998, 1639. Aw, B.-H.; Hor, A. T. S.;
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Wild, S. B. Tetrahedron 1997, 53, 4083. He, G.; Loh, S. K.; Vittal, J.
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Figure 2. Two-dimensional 1H ROESY NMR spectrum of
the complex (SC,SP)-3 in CDCl3 (b, CH2Cl2; 2, H2O). All
off-diagonal peaks are of negative intensity. Selected NOE
contacts: A, H11-Me13; B, H11-Me15; C, H11-Me14; D,
H11-H8; E, Me13-Me14; F, Me14-Me15; G, H22-Me28;
H, H22-Me29; I, H22-Me31; J, H22-H2; K, H22-Ph21;
L, H25-Me28; M, H25-Me29; N, H25-Me31; O, H25-
H2; P, H25-Ph21; Q, Me14-Me31; R, Me15-Me31; S,
Me13-Me28; T, Me13-Me29; U, Me28-Me29; V, Me29-
Ph21.
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tions on Diels-Alder reactions involving other hetero-
substituted dienes and dienophiles are currently in
progress.

Experimental Section

Reactions involving air-sensitive compounds were performed
under a positive pressure of purified nitrogen. NMR spectra
were recorded at 25 °C on Bruker ACF300 and AMX500
spectrometers. The phase-sensitive 1H ROESY NMR experi-
ments were acquired into a 1024 × 512 matrix with a 250 ms
spin locking time and a spin lock field strength such that γB1/
2π ) 5000 Hz and then transformed into 1024 × 1024 points
using a sine bell weighting function in both dimensions.
Optical rotations were measured on the specified solution in
a 1 dm cell at 25 °C with a Perkin-Elmer 341 polarimeter.
Elemental analyses were performed by the Elemental Analysis
Laboratory of the Department of Chemistry at the National
University of Singapore.

The chiral palladium complexes (SC)-1 and (SC)-2 were
prepared as previously described.4

{(S)-1-[1-(Dimethylamino)ethyl]-2-naphthyl-C2,N}-
{(1r,4r,5R,7S)-2,3-dimethyl-5-(r-methylsulfanyl-â-cyano)-
7-phenyl-6-thia-7-phosphabicyclo[2.2.1]hept-2-ene-S5,P7}-
palladium(II) Perchlorate ((SC,SP)-3). A solution of the
perchlorato complex (SC)-2 (0.17 g, 0.28 mmol) in dichlo-
romethane (30 mL) was treated with excess methyl cyan-
odithioformate (0.08 g, 0.68 mmol) at room temperature for 1
day. Removal of the solvent under reduced pressure gave a
reddish oil. The crude product was purified by silica gel column
chromatography with dichloromethane-acetone as eluent (9/
1, v/v) and then crystallized from dichloromethane-hexane (5/
1, v/v) to give (SC,SP)-3 as pale yellow prisms: mp 187-190
°C dec; [R]D +129.0 (c 0.5, CH2Cl2); yield 0.084 g (42%). Anal.
Calcd for C29H32ClN2O4PPdS2: C, 49.1; H, 4.5; N, 4.0; S, 9.0.
Found: C, 49.1; H, 4.6; N, 3.8; S, 9.1. 1H NMR (CDCl3): δ 1.74
(s, 3H, CdCMe), 1.98 (d, 3H, 3JHH ) 6.4 Hz, CHMe), 2.13 (s,
3H, CdCMe), 2.76 (s, 3H, NMe), 2.99 (s, 3H, NMe), 3.20 (s,
3H, SMe), 4.35 (qn, 1H, 3JHH ) 4JPH ) 6.0 Hz, CHMe), 4.70 (s,
1H, PCH), 4.82 (s, 1H, PCH), 6.71-7.81 (m, 11H, aromatics).
31P NMR (CDCl3): δ 115.0 (s, 1P).

Liberation of (1r,4r,5R,7R)-2,3-Dimethyl-5-(r-methyl-
sulfanyl-â-cyano)-7-phenyl-6-thia-7-phosphabicyclo[2.2.1]-
hept-2-ene ((Rp)-4). A solution of complex (SC,SP)-3 (0.09 g,
0.13 mmol) in dichloromethane (10 mL) was stirred vigorously
with excess potassium cyanide (0.82 g, 12.6 mmol) in water (2
mL) at room temperature for 5 h. The organic layer was
separated, washed consecutively with water and dilute sulfuric
acid (0.5 M), and dried over MgSO4. Upon the removal of
solvent, the free ligand (Rp)-4 was obtained as a highly air-

sensitive colorless viscous oil: yield 0.027 g (70%); [R]D +10.0
(c 0.5, CH2Cl2). 31P NMR (CDCl3): δ 91.1 (s, 1P).

Crystal Structure Determination of (Sc,Sp)-3. A clear
yellow prism of dimensions 0.83 × 0.73 × 0.60 mm obtained
from a dichloromethane-hexane solution of complex (SC,SP)-3
was used. Crystallographic details are given in Table 2. Data
were measured on a Siemens P4/PC diffractometer with Mo
KR radiation (λ ) 0.710 73 Å; graphite monochromator) using
ω scans. The structure was solved by direct methods, and all
the major occupancy non-hydrogen atoms were refined aniso-
tropically. Semiempirical absorption corrections were applied,
and refinements by full-matrix least squares were based on
the SHELXL PC program system.12 All non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were introduced
at fixed distances from carbon and nitrogen atoms and were
assigned fixed thermal parameters.
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Supporting Information Available: For (SC,SP)-3, tables
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ments, Madison, WI, 1994.

Table 2. Crystallographic Data for the Complex
(SC,SP)-3

formula C29H32N2O4ClPS2Pd‚CH2Cl2
fw 794.4
space group P212121
cryst syst orthorhombic
a/Å 10.924(2)
b/Å 13.396(1)
c/Å 24.209(4)
V/Å3 3542.7(8)
Z 4
T/K 293(2)
Fcalcd/g cm-3 1.489
λ/Å 0.710 73
µ/cm-1 9.5
Flack params +0.04(5)
R1 (obsd data)a 0.037
wR2 (obsd data)b 0.083

a R1 ) ∑||Fo| - |Fc||/∑|Fo|. b wR2 ) {∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]}1/2,

w-1 ) σ2(Fo)2 + (aP)2 + bP.
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