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The structure of the ( l,3-butadiene)M (R2PC 2H 4P R 2) com pounds (M = Ni, Pd, Pt; R = Pr',
Bu', Cy) in the solid-state have been investigated by 13C and 31P CP/MAS N M R spectroscopy.
The bonding mode adopted by the diene is dependent upon the nature o f the metal: the palla
dium com pounds contain an ^2-diene molecule, the nickel compound where R is cyclohexyl
contains an ^4-diene molecule whereas the PKPC2H4PPH-stabilized platinum compound con
tains a platinacyclopentene ring. The crystal structures of (//2-l,3-C4H6)Pd(Cy2PC2H4PCy2)
and (/74- l,3-C4H 6)Ni(Cy2PC2H 4PCy2) have been confirmed by X-ray diffraction.

Introduction

In a recent publication we have discussed the re
sults of an investigation of the solid-state N M R
spectra of ^ 2-naphthalene-Ni com pounds and de
monstrated that the technique provides detailed
information on the dynamic behaviour o f these
systems which complement the results obtained
from solution N M R spectroscopic and X-ray dif
fraction studies [3], We have now extended this
technique to a series of 1,3-butadiene complexes of
palladium and to individual com pounds contain
ing nickel and platinum.
Our interest in the topic stems from investiga
tions of the mechanism of the palladium-catalyzed
reactions o f 1,3-dienes. In particular, we have sug
gested that the form ation o f l:l-adducts from the
reaction of dienes with nucleophiles such as m eth
anol or acetylacetone, which is catalyzed by pal
ladium com pounds containing basic, bidentate
P-donor ligands such as bis(diisopropylphosphino)ethane, involves the initial form ation o f an
(^ 2-diene)Pd-species (Scheme 1) whereby it has still
to be established whether neutral or anionic (^ 3-allyl)Pd-intermediates are involved [4-6],
The structure of these butadiene complexes in
solution has been the subject of a previous publica
tion [ 1] which confirmed that the butadiene mole
cule is bonded to the metal in an rj2-m anner and

that rapid exchange occurs between the complexed
and uncomplexed double bonds of the diene. The
low energy barrier for this process prevented us
from obtaining direct evidence for its mechanism
and for this reason we undertook the solid-state
N M R spectroscopic investigation described here.

The Structure of the
(1,3-Butadiene)Pd(R2PC2H4PR2) Compounds

The solid-state 13C and 31P N M R spectroscopic
data recorded with cross polarization (CP) and
magic angle spinning (MAS) for com pounds 1 - 3
(R = Pr', Bu', Cy) are listed in Table I and confirm
that the butadiene molecule is bonded to the metal

Table I. I3C and 3IP solid state N M R data for the
(rj2- 1,3-C4H6)Pd(R2PC 2H 4PR2) com pounds 1- 3 a.
Com pound
N M R data

1 (R = Pr')

2 (R = Bu')

3 (R = Cy)

0 C (\)
0C(2)

39.9
61.6
144.4
100.9
56.0
63.6
52

42.1
62.4
147.9
100.7
74.0
83.4
58

40.7
59.9
147.4
99.4
49.9
55.9
55

<5C(3)
SC(4)

<5(PA/b)
^ (P b a )
•/(P a ^ b)
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Scheme I . The mechanism of the [Pd(R2PC2H 4PR2)]-catalyzed reaction o f 1,3-butadiene with methanol [5].

atom in the ^2-manner observed previously in solu
tion.
Representative 31P and 13C solid state NM R
spectra with high power decoupling are shown in
Fig. 1. The 31P MAS N M R spectrum o f 3 (Fig. la)
is that o f the expected AB-spin system. The partial
13C CP/M AS N M R spectrum of 2 (Fig. lb) con
tains four signals for the butadiene molecule, two
of which (144 ppm and 101 ppm) are assigned to
the uncomplexed double bond and two (62 ppm
and 42 ppm) to the complexed double bond. The
observation of a residual adsorption for the
ethano-bridge of the bidentate ligand in experi
ments with interrupted proton decoupling (the socalled non-quaternary suppression or NQS experi
ment [7]) in the ,3C CP/M AS N M R spectra of 1 -3
indicate that the energy barrier for free oscillation
of this fragment is low.
A previous attem pt to confirm the >/2-bonding of
the butadiene molecule in 2 (R = Bu') by X-ray
diffraction was hindered by disorder in the diene
[1], However, we have now succeeded in solving
the crystal structure of 3 (R = Cy): the molecular
structure is shown as Fig. 2 and selected structural
param eters are listed in Table II. As can be seen in
Fig. 2 the diene is bonded to the palladium atom
through only one of its double bonds. The result
ing coordination about the metal atom is planar
with a maximum deviation of the atom s Pd, P(l),
P(2), C (l) and C(2) from their mean plane of

-

r J(P^ b)

(b)

Fig. 1. The solid state N M R spectra of
(72- l,3-C4H6)Pd(R2PC2H4PR2) compounds (a) 81.0 MHz
3IP MAS N M R spectrum o f 3 (R = Cy) at 300 K; (b)
50.3 M Hz 13C CP/M AS N M R spectrum of 2 (R = Bu')
at 250 K.

0.08(1) Ä. The C (l)-C (2 ) bond at 1.403(4) Ä ap
pears to be lengthened in com parison with the un
complexed double bond in the butadiene molecule
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as a result of the expected backbonding from the
metal. Each cyclohexyl ring adopts a chair confor
m ation and the rings are so arranged that three
atom s in each ring lie coplanar with their neigh
bouring phosphorous atom. Thus the seven atom s
C(7), C( 8 ), C(9), C(17), C(18), C(19) and P (l) as
well as C(19), C(20), C(21), C(25), C(26), C(27)
and P(2) each lie in a plane with a respective maxi
mum deviation of 0.12(1) Ä. One consequence of
this arrangem ent is that the cyclohexyl rings are ei
ther directed to or from the metal. In this com 
pound one ring on each phosphorus atom is direct
ed towards the metal and adjacent rings point in
opposite directions. It is worth noting here that in
the nickel complex 5, which contains the same diphosphine ligand, adjacent cyclohexyl rings on dif
ferent phosphorus atoms point in the same direc
tion (see below).
C15
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Table II. Selected structural param eters for
(r,2- 1,3-C4H 6)Pd(Cy2PC2H4PCy2) (3).
Bond length (Ä)

Bond angles (°)

P d - P ( l)
P d -P (2 )
P d - C ( l)
P d -C (2 )
P (D -C (5 )
P (2)-C (6)
C (l)-C (2 )
C (2)-C (3)
C (3)-C (4)
C(5)—C(6)

C ( 2 ) - P d - C ( l)
C (2 )-P d -P (2 )
C ( 2 ) - P d - P ( l)
C ( l) - P d - P ( 2 )
C (l)-P d -P (l)
P ( 2 ) - P d - P ( l)
C ( 5 ) - P ( l) - P d
C (6 )-P (2 )-P d
C ( 2 ) - C ( l) - P d
C ( 3 )-C (2 )-C (l)
C (3 )-C (2 )-P d
C ( l) - C ( 2 ) - P d
C (4 )-C (3 )-C (2 )
C(6)—C (5 )-P (l)
C (5 )-C (6 )-P (2 )

2.311(1)
2.301(1)
2.117(3)
2.143(2)
1.862(2)
1.860(2)
1.403(4)
1.455(3)
1.322(4)
1.533(3)

38.5(1)
155.2(1)
115.8(1)
116.8(1)
154.2(1)
88.9(1)
106.5(1)
106.5(1)
71.8(1)
121.9(2)
111.3(2)
69.8(1)
126.6(3)
113.5(2)
114.9(1)

ess is reversible and upon cooling to 250 K the
four original signals are observed. The suggestion
that this effect is the result o f an exchange between
the free- and complexed double bond is confirmed
by the two dimensional l3C CP/M AS m agnetiza
tion transfer spectrum [8] measured at 250 K
shown in Fig. 3: the cross peaks observed are the

-50

-100

Fig. 2. The molecular structure of
(n2- 1,3-C4H 6)Pd(Cy2PC2H4PCy2) (3).

50

100
Bu‘2

A simplification of the 13C CP/MAS N M R spec
trum o f 2 (R = Bu') occurs upon raising the tem
perature to 360 K and two broad signals are ob
served at ca. 105 ppm and ca. 70 ppm as the result
of averaging o f the chemical shifts for the two out
er C -atom s (C, and C4) and the two inner C-atoms
(C 2 and C 3) of the butadiene molecule. This proc-

V < )
Bu ‘2

Bu ' 2

—

/ ’j i - ' O
1 II

But2

Fig. 3. 2D 13C CP/M A S magnetization transfer spec
trum for (rj2- 1,3-C4H6)Pd(Bu2PC2H4PBu2) (2) (50.3 MHz,
250 K, prep, time 2 s, spin contact time 3 ms, mixing
time 2.5 s).
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Scheme 2. The mechanism o f the
double bond exchange process in
(>72-l,3-C 4H 6)Pd(R2PC2H 4P R 2) com 
pounds.

result of an exchange between the inner and outer
C-atoms. The intensities o f the diagonal and cross
peaks and the mixing time can be used to estimate
the energy barrier or free enthalpy (AG *) for this
process [9] and a value o f 51 kJ m ol -1 is found (see
Experimental). The 31P MAS spectrum of 2 re
mains that of an AB-spin system over the same
tem perature range suggesting that the interme
diates involved in the process have structures in
which the P-atoms do not exchange. These obser
vations are consistent with the mechanism shown
in Scheme 2 which is identical to that proposed
earlier for the exchange in solution and involves
the intermediacy of r/2- and ^4-bonded single-cw
butadiene molecules.
Interestingly, no exchange is observed at 300 K
for 1 (R = Pr') suggesting that the strength of the
Pd-diene bond decreases with increasing size of the
substituents at phosphorous.
Further inform ation on the exchange mecha
nism has been obtained by studying the related
isoprene com pound
(tj2- C H 2: C H C M e: C H 2)Pd(Pr^PC 2H 4PPr0
(4).
The 31P and l3C CP/M AS spectra at 300 K indicate
the presence of two com pounds in the ratio 3:1.
The 31P N M R spectrum o f each isomer is that of
an AB-spin system whereby it is probable that
line broadening as the result o f dipolar coupling
has caused loss of the P,P-coupling: 4a , <S(PA)
52.8, <5(Pb) 61.6; 4b <S(PA) 56.5, <5(PB) 67.7. A com 
parison of the ,3C N M R data with those for

(rj2- 1,3-C 4H 6)Pd(Pr^PC 2H 4PPr£) (1) and related cyclopentadienyl-stabilized nickel com pounds of
known structure [ 10], suggests that in both com 
pounds 4 a and 4 b the metal atom is bonded to the
least substituted double bond of the isoprene m ol
ecule. The data are collected together in Table III
and the chemical shifts indicate convincingly that
the methyl-substituted double bond does not inter
act directly with the palladium atom. This is un
derlined by a l3C NQS experiment which estab
lished that the signal at 151.3 ppm (main com po
nent) and 148.0 (minor component) originate from
a quaternary (i.e. M e-substituted) C-atom while
their chemical shift is clearly that of the C-atom of
an uncomplexed double bond.
We suggest that the two components have the
structures 4 a and 4 b and differ in the single-trans
or single-c/s arrangement of the ^-b o n d e d iso
prene molecule, whereby the m ajor com ponent is
assigned to the single-fra«.? isomer on the basis of
the more satisfactory correlation with the ,3C shift
difference data (AS) for the related nickel com 
pounds (Table III).

P r ‘2
P
I__Pd

I__Pd
P
P r '2

4a

4b

( 1)
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Com pound

e

f

g

h

4a
(main comp.)

4b
(minor comp.)

Entry

1

2

3

4

5

6

<S(C.)
d'(C2)
<5(C3)

50.6
75.7
144.2
111.0
-

46.9
76.3
147.9
111.0
- 3 .7 b
0.6
3.7
0.0

51.7
90.6
147.6
108.3
4.8'
14.3
-0 .3
-2 .7

39.9
61.6
144.4
100.9
-

36.7
62.7
151.3
101.3
- 3 .2 d
1.1
5.9
0.4

34.7
58.4
148.0
97.3
- 5 .2 d
-3 .2
3.6
-3 .0

S(C4)
AÖ(C,)
AÖ(C,)
AS(CI)
AÖ(C4)

a numbering scheme

I3

R

Y -
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Table III. I3C N M R data for
the diene fragment o f selected
Ni and Pd-compoundsa.

compared to entry 1, ccompared to entry 2,

m

^compared to entry 4.

e —h

III

^

A

II— Nl

J L
II— Ni

Me

.c P

if— Ni
Me

ii

F
II — pd

|

S Me
P rS

An alternative suggestion that the two com po
nents differ in the arrangem ent o f the ethanobridge of the bidentate ligand has been ruled out
by an NQS-experiment which indicates that the
C 2H 4-fragment is oscillating freely.
F urther evidence for the form ulation of the two
isomers as 4 a and 4 b comes from the 2D l3C
CP/M AS magnetization transfer spectrum: the ob
servation o f cross peaks between each pair of sig
nals stemming from the two isomers clearly shows
that intermolecular exchange is occurring between
the diene C-atoms o f the m ajor and m inor isomers;
partial relaxation o f the signals during the mixing
time lead to an unsatisfactory signal-to-noise ratio
and prevents accurate calculation o f the energy
barrier for the exchange process but an approxi
mate value of ca. 70 kJ m ol -1 can be derived from
the coalescence tem perature (ca. 360 K).
The observed exchange between 4 a and 4 b is
convincing evidence that a species containing an
>72-bonded single-c« diene molecule is indeed in
volved as an interm ediate in the mechanism shown
in Scheme 2.

The Structure of
(1,3-Butadiene)Ni(Cy2PC 2H4PCy2) (5)

A solid-state N M R spectroscopic investigation
o f the title com pound was undertaken to comple
ment previous [ 1] results obtained in solution.
The 31P CP/M AS N M R spectrum measured at
230 K is shown in Fig. 4 a and consists o f two pairs
o f signals of equal intensity and having a half
width o f ca. 200 Hz. On the basis of the solution
spectrum [ 1], these signals are assigned to two
AB-spin systems whereby hom onuclear dipolar
coupling is probably responsible for line broaden
ing with loss o f the /(P ,P ) coupling constants. This
results suggests that two isomers are present in
which the butadiene molecule is bonded to the
metal such that the two P-atoms of the bidentate
ligand are magnetically inequivalent. The small
difference in the chemical shifts of the isomers sug
gests that they must have very similar structures.
A partial 13C CP/M AS N M R spectrum meas
ured at 230 K is shown in Fig. 4b. Two groups of
signals are observed at 4 4 -5 0 and 7 7 -8 8 ppm
suggesting that all four C-atoms of the butadiene
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molecule are bonded to the nickel atom (the non
bonded C-atoms in (>72-l, 3 -C4H 6)Pd(Cy 2PC 2H 4PCy2)
give rise to signals at 147.4 ppm and 99.2 ppm);
the signals at higher field are assigned to the ter
minal C-atoms and those at lower field to the inner
C-atoms. The observation of eight signals (that at
44.7 ppm, which is of double intensity, is assumed
to be degenerate) for the four butadiene C-atoms
is further evidence for the presence of two isomers.
An NQS-experiment causes the complete suppres
sion of the signal for the P-bonded C H 2-groups
which not only confirms their assignment but also
establishes that the C 2H4-group bridging the two
P-atom s is rigid. This result should be contrasted
to that for (^ 2-l,3-butadiene)Pd(Pr 2PC 2H 4PPr2) (1)
in which the P-atoms are bonded to the less sterically demanding isopropyl group and for which
the observation o f a significant residual signal for
the P-bonded C H 2-groups suggests that the C 2H 4bridge is oscillating freely.

5a

5b

Bond length (Ä)

Bond length (A)

N i—C(3)
N i—C(4)
N i-C (5 )
N i- C ( 6)
C (3)-C (4)
C(4)—C(5)
C (5)-C (6)

2.22(3)
2.04(2)
2.01(2)
2. 11(2)
1.36(4)
1.38(2)
1.40(3)

Ni —C(30)
N i—C(40)
N i-C (50)
N i-C (60)
C (30)-C (40)
C (40)-C (50)
C(50)-C (60)

(a)

1 , 1 ’,4 ,4 '

(b)

Fig. 4. CP/M AS N M R spectra of
(74- l , 3-C4H 6)Ni(Cy2PC 2H 4PCy2) (5) (a) 31P N M R spec
trum at 121.5 M Hz and 230 K (* one half of the spinning
side bands); (b) l3C N M R spectrum at 75.5 MHz and
230 K.

Table IV. Selected structural parameters
for (72-l ,3-C4H 6)Ni(Cy2PC2H 4PCy2) (5).
2.16(3)
2.047(9)
2.04(2)
2.16(1)
1.36(3)
1.46(2)
1.41(2)

2.146(1)
2.143(1)
1.862(3)
1.859(3)
1.859(3)
1.850(3)
1.861(3)
1.867(3)
1.533(4)

N i- P ( l)
N i-P (2 )
P ( l) - C ( l)
P ( l) - C ( ll)
P( 1)—C(2 1)
P(2)-C (2)
P(2)-C (31)
P(2)-C (41)
C (l)-C (2 )

Bond angles(°)

Bond angles (°)
C (6 )-N i-C (5 )
C (5 )-N i-C (4 )
C (4 )-N i-C (3 )
C (5 )-C (4 )-C (3 )
C (6 )-C (5 )-C (4 )

Cy;

39.7(8)
40.0(6)
37(1)
123(2)
120(2)

C (60)-N i —C(50)
C (5 0 )-N i-C (4 0 )
C (4 0 )-N i-C (3 0 )
C (50)-C (40)-C (30)
C (60)-C (50)-C (40)

P(2)—N i—P(l)
C ( l) - P ( l) - N i
C ( 2 1 ) - P ( l) - C ( ll)
C (4 1 )-P (2 )-C (3 1)
C (2 )-P (2 )-N i
C ( 2 ) -C (l) - P ( l)
C (l)-C (2 )-P (2 )

92.7(1)
107.0(1)
101.3(1)
101.4(1)
106.4(1)
111.3(2)
112.8(2)

38.9(7)
41.9(6)
38(1)
116(2)
121( 1)
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The structure shown in Fig. 4 and 5 is consist
ent with the data. The nickel atom lies in a tetra
hedral environment and is bonded to the two
P-atoms o f the ligand and the double bonds of a
single-cw butadiene molecule. The five-membered
ring formed by the bidentate ligand and the met
al atom is twisted and rigid and as a result the
two terminal C-atoms and two inner C-atoms of
the butadiene molecule are magnetically inequiv
alent. Differences in the geometry of the
P-bonded cyclohexyl rings account for the pres
ence o f two isomers having similar but different
structures. A geometry similar to that discussed
here has been established by X-ray diffraction for
(rj4-C H 2: C H C H : C H C 0 2M e)Ni(Cy 2PC 2H 4PCy2)
which has ,3C and 31P N M R chemical shifts similar
to those observed for 5 [11].
The conclusions drawn from the N M R spec
troscopic data for 5 have been confirmed and aug
mented by a crystal structure determ ination. The
molecular structure is shown in Fig. 5 and selected
structural param eters are listed in Table IV. 5 crys
tallizes in the monoclinic space group P 2 Jn with
four molecules in the unit cell. Each o f the four
molecules contains an >z4-bonded butadiene mole
cule which is disordered in two positions (50:50).
A ttem pts to resolve the disorder by refining the
structure in the space groups P 2 , and P n were un
successful and led to similarly disordered mole
cules. It is not possible to determine from the dif

fraction data whether this is a real effect resulting
from a random statistical disorder o f the buta
diene groups throughout the crystal or whether
this is due to the fact that the model is heavily
dominated by the centrosymmetric P 2 ,/« part of
the structure. Refinement in the centrosymmetric
space group gave R = 0.047 ( R w = 0.052) for 4574
reflections and with 334 parameters. The individu
al carbon atom s of the butadiene ligands in the dis
ordered model could be resolved and assigned to
their respective butadiene ligands based on dis
tance and angle criteria. The arrangement o f the
butadiene ligands relative to the rest of the mole
cule are shown for clarity in the Figs. 5 a and 5 b.
The Ni(Cy 2PC 2H 4PCy2)-fragment of the molecule,
and in particular the PCH 2C H 2P-fragment,
showed no disorder. Fig. 5 c shows a side-on view
and emphasizes the difference in the arrangem ent
of the cyclohexyl rings on each side of the mole
cule. From these three Figures it is clear that the
two isomers cannot be superimposed nor are they
related by a m irror plane and that they m ust there
fore necessarily have different N M R spectra.
There are thus two different molecules present in
the crystal both of which contain structurally identi
cal (;/4-l,3-C 4H6)Ni and Ni(Cy 2PC 2H 4PCy 2)-fragments and which differ solely in their m utual ar
rangement. As a result of the disorder o f the buta
diene, the associated structural param eters for this
moiety are relatively inaccurate. The nickel atom

Com pound

3

5

Formula
Mw
space group
«(Ä )
M Ä)
c( A)

C30H 54P2Pd
582.8

C30H 54P .N 1
535.4
P 2,//i
12.745(1)
16.697(2)
14.417(1)
103.63(1)
2981.5
1.19
20.48
4
0.71069
12720 (±h, ±k, +1)
0.63
6118
4574
334
0.047
0.052
0.29

ßC )

V (A3)
dcalc(gCm' 3)
//(cm ')
Z
A(A)
Measured reflections
s>nÖ/Ämax
Independent reflections
Observed reflections
Refined parameters

R
/?w
q (max),

e/A 3

P2\/n
10.155(1)
15.935(2)
18.875(2)
93.04(1)
3049.9
1.27
7.16
4
0.71069
14261 (±h, ±k, + 1)
0.65
6882
5307
460
0.024
0.028
0.34
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Table V. Crystal structure determination
of 3 and 5.
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and the bidentate ligand on the other hand are well
defined and form a puckered five-membered ring
with C (l) and C(2) lying 0.21 A above and 0.30 Ä
below the P (l)-N i-P (2 )-p la n e . Additional asym
metry is introduced into the molecule by the a r
rangement of the cyclohexyl rings with respect to
this plane: all four rings have a chair conform ation
but two (rings C (21)-C (26) and C (31)-C(36); de
picted as down in Figs. 5 a and 5 b) are directed
away from the metal atom and two (rings C (41)C(46) and C (11) —C( 16); depicted as up in Figs. 5 a
and 5 b) are directed towards the metal atom. Ei
ther o f these two effects is sufficient to account for
the magnetic inequivalence of the terminal and in

ner C-atoms in the butadiene molecule but they
are not sufficient to account for the existence of
two isomers. However, the crystal structure estab
lished that this is the result of the slightly different
geometries adopted by adjacent cyclohexyl rings
attached to the neighbouring P-atom s associated
with the puckering o f the N i - P ( l ) - C ( l ) - C ( 2 ) P(2)-ring. This can be clearly seen from the differ
ence in the angles which P -C (C y ) generates with
the P (l)-P (2 ) vector ( P ( 2 ) - P ( l) - C ( l 1) 134.9(1)°
whereas P (l)-P (2 )-C (4 1 ) 121.4(1)°; P ( 2 ) - P ( l) C(21)
123.5(1)°
whereas
P (l)-P (2 )-C (3 1 )
136.7(1)°) and is presum ably a response to differ
ences in the environments o f the rings.

b)

Fig. 5. The molecular structure of (>74- l ,3-C4H6)Ni(Cy^PC: H4PCy2) (5): (a) and (b) the two isomers present in the unit
cell; (c) a view along the P/P-axis showing the arrangement of the cyclohexyl rings.
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Raising the temperature of the sample leads to a
simplification of the solid-state N M R spectra: at
360 K the ,3C CP/M AS NM R spectrum consists
o f three broad signals at ca. 46, 80 and 85 ppm
while at 360 K the 31P CP/MAS N M R spectrum
shows one very broad signal at ca. 66 ppm. Both
processes are fully reversible indicating that they
reflect an exchange process whose energy barrier is
estimated from the coalescence tem perature to be
ca. 62 kJ m ol“1. Rapid decomposition of the com 
pound occurs if the sample is heated above 360 K.
The simplest explanation for the observed ef
fects is that they are the result of exchange between
the two isomers. In analogy to the results discussed
earlier for the palladium compounds, we suggest
the mechanism shown in Scheme 3 involving the
intermediacy of an (^2-l,3-butadiene)Ni-species in
which the butadiene maintains its single-c/s geom
etry.
p

5a

p

5b

Scheme 3. The exchange mechanism for the isomeriza
tion o f 5.

The Structure of
(1,3-Butadiene)Pt(R2PC2H4PR2) Complexes

O ur earlier investigation of the solution N M R
spectrum of the ( l , 3 -C 4H 6)Pt(R 2PC 2H 4PR 2) com
pounds showed that their structure is dependent
upon the nature of the P-bonded R-group [1] and
this result is confirmed by the solid-state N M R
spectra discussed below.
The Cy 2PC 2H 4PCy2- and PriPC 2H 4PPr^-stabilized com pounds were prepared and their 31P and
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13C CP/M AS N M R spectra studied at 300 K. The
species containing cyclohexyl groups has a struc
ture (6 ) similar to the related palladium com
pounds with an >72-bonded butadiene molecule
(<5(Pa) 71.0, <5(Pb) 73.4, 7(PA,PB) 67, /( P A,Pt) 3220,
/( P B,Pt) 3160; <5(C2) 45.5, <5(C3) 149.0, <5(C4) 99.5,
<5(C,) not detected, 7(C 2,Pt) < 40) while the isopro
pyl analogue contains a platinacyclopentene ring
(7) in which the butadiene molecule is bonded in a
//V -m a n n e r: <5(PA) 71.5, <5(PB) 73.0, /( P A,PB) ca.
Cy 2
p.

<)
px

Pr ‘ 2
Pv

O0
Pr ‘ 2

C y2

6

7

65, /( P A,Pt) 1835, / ( P B,Pt) 1847; <S(C,/C2) 31.2/
33.0, <S(C3/C 4) 140.0/141.2, /(C ,P t) ca. 600. Diag
nostic in these spectra is the value of the Pt,P-coupling constant: values o f 2900-3300 Hz are ob
served for related zerovalent-platinum compounds
such as (/72- l , 3 -cyclohexadiene)Pt(Cy 2PC 2H 4PCy2)
and 1800-2000 Hz for related divalent-platinum
species such as (^ 1-C 3H 5)2Pt(M e 2PC 2H 4PM e2) [12].
The inequivalence o f the P-atoms and C-atoms
of the metallacyclopentene ring in the solid state
N M R -spectra of 7 contrasts with the results ob
tained in solution and probably has its origin in the
adoption of an asymmetric structure in the solid as
the result o f twisting o f the platinacyclopentene
ring. An alternative involving a twisted conform a
tion for the five membered ring formed by the metal
atom and the bidentate ligand of the type dis
cussed above for (v4-l,3-C 4H 6)Ni(Cy 2PC 2H 4PCy2)
(5) is ruled out by the observation of a residual sig
nal for the ethano-bridge o f the chelating ligand in
the NQS-spectrum which indicates that this frag
ment is oscillating freely while the suggestion that
the symmetry in the crystal is lower than that of
the individual molecules, i.e. the unit cell contains
two symmetrical molecules which have different
chemical environments [13], would be expected to
generate more signals in the 31P and 13C N M R
spectra than are actually observed.

Experimental

The (l,3-butadiene)Pd-com pounds 1 - 3 were
prepared by reacting (^ 3-C 3H 5)2Pd or (>/3-
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2-M eC 3H4)2Pd with the diene and a bidentate li
gand [1]. (l,3-Cyclooctadiene)Pd(Pr 2PC 2H 4PPr2)
was prepared similarly and reacted with isoprene
at - 8 0 °C to give (l,3-isoprene)Pd(PrtPC 2H 4PPr9
(4). The nickel and platinum com pounds ( 5 - 7 )
were prepared by reacting the appropriate bis( 1,5cyclooctadiene)metal species with the bidentate li
gand and butadiene [ 1].
The solid state N M R spectra were recorded us
ing the standard accessories to Bruker AM 200
und MSL 300 spectrometers. The com pound to be
measured was transferred to a 7 mm double bear
ing, zirconium oxide rotor in an inert atm osphere
and, where necessary, at low tem perature using a
custom-built apparatus [14], Spinning rates were

between 3000 and 6000 Hz. The 13C N M R spectra
were recorded using high power proton decou
pling and magic angle spinning to reduce line
width. Sensitivity enhancement was produced by
cross polarization using an optimal contact time of
2 to 3 ms. The dipolar dephasing experiments were
recorded with an interrupted proton decoupling of
40 to 70 //s. The delay used in the determination of
the oscillation of the bridging ethano-group in the
bidentate phosphine ligands was set at 60 //s. The
absolute l3C chemical shifts (±0.1 ppm) are rela
tive to the methylene carbon atoms of adam antane
(<Stms(C H 2) 38.4). The two-dimensional magneti
zation transfer experiments involving 1 and 4 were
performed by collecting 64 and 512 FIDs respec-

Table VI. Atomic fractional coordinates for 3.

Table VII. Atomic fractional coordinates for 5.

Atom

X

y

z

Atom

Pd
P (l)
P(2)
C (l)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C (ll)
C( 12)
C( 13)
C( 14)
C( 15)
C(16)
C(17)
C( 18)
C( 19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)

0.7231(1)
0.8074(1)
0.9184(1)
0.5742(3)
0.5236(2)
0.4318(2)
0.3574(3)
0.9634(2)
1.0321(2)
0.7131(2)
0.6522(3)
0.5633(3)
0.6374(3)
0.6996(3)
0.7866(3)
0.8529(2)
0.7300(3)
0.7608(4)
0.8652(3)
0.9865(3)
0.9563(3)
0.9152(2)
0.8414(3)
0.8297(3)
0.7668(3)
0.8415(3)
0.8515(3)
1.0192(2)
1.0251(2)
1.0984(2)
1.2358(2)
1.2316(3)
1.1582(2)

0.3113(1)
0.4432(1)
0.2779(1)
0.2179(2)
0.2899(1)
0.3460(2)
0.4042(2)
0.4524(1)
0.3681(1)
0.5369(1)
0.5220(2)
0.5948(2)
0.6776(2)
0.6933(2)
0.6199(2)
0.4716(1)
0.4717(2)
0.4940(2)
0.4365(2)
0.4362(3)
0.4130(2)
0.2652(1)
0.3385(2)
0.3282(2)
0.2450(2)
0.1722(2)
0.1817(2)
0.1874(1)
0.1858(2)
0.1089(2)
0.1034(2)
0.1040(2)
0.1814(2)

0.3485(1)
0.3277(1)
0.4101(1)
0.3434(2)
0.3087(1)
0.3419(1)
0.3098(2)
0.3841(1)
0.3989(1)
0.3548(1)
0.4258(1)
0.4455(2)
0.4468(1)
0.3770(2)
0.3560(1)
0.2369(1)
0.1863(1)
0.1103(2)
0.0829(1)
0.1325(2)
0.2082(1)
0.5078(1)
0.5401(1)
0.6203(1)
0.6381(1)
0.6074(1)
0.5269(1)
0.3827(1)
0.3017(1)
0.2766(1)
0.3118(1)
0.3920(1)
0.4179(1)

N i(l)
P (l)
P(2)
C (l)
C(2)
C(3)
C(4)
C(5)
C(6)
C(30)
C(40)
C(50)
C(60)
C (11)
C( 12)
C( 13)
C(14)
C( 15)
C(16)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C (31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)

X
0.2064(1)
0.1560(1)
0.0443(1)
0.0090(2)
-0.0448(2)
0.318(3)
0.298(2)
0.314(1)
0.349(2)
0.296(3)
0.3553(7)
0.364(1)
0.308(1)
0.2109(2)
0.3254(3)
0.3737(3)
0.3707(3)
0.2575(3)
0.2091(3)
0.1686(2)
0.1194(3)
0.1453(3)
0.1103(3)
0.1540(3)
0.1280(3)
-0.0139(3)
0.0093(3)
-0.0287(4)
-0.1463(3)
-0.1713(3)
-0.1339(3)
0.0028(2)
0.0438(3)
0.0180(3)
0.0607(3)
0.0175(3)
0.0415(3)

y
0.2245(1)
0.1183(1)
0.2549(1)
0.1059(2)
0.1864(2)
0.296(2)
0.326(1)
0.283(1)
0.203(1)
0.321(2)
0.2529(7)
0.221( 1)
0.258(1)
0.0181(2)
0.0074(2)
-0.0730(2)
-0.0859(2)
-0.0779(2)
0.0032(2)
0.1175(2)
0.1917(2)
0.1956(2)
0.1216(2)
0.0472(2)
0.0424(2)
0.3551(2)
0.3821(2)
0.4680(2)
0.4788(2)
0.4515(2)
0.3658(2)
0.2415(2)
0.3101(2)
0.2980(2)
0.2195(3)
0.1510(2)
0.1611(2)

z
0.4377(1)
0.3553(1)
0.4419(1)
0.3473(2)
0.3578(2)
0.373(3)
0.455(1)
0.539(1)
0.543(2)
0.395(3)
0.4166(9)
0.513(1)
0.575(1)
0.3969(2)
0.3838(2)
0.4203(3)
0.5238(3)
0.5367(2)
0.5013(2)
0.2294(2)
0.1750(3)
0.0777(3)
0.0194(3)
0.0721(3)
0.1701(2)
0.4032(2)
0.3089(3)
0.2848(3)
0.2836(3)
0.3760(3)
0.4006(3)
0.5568(2)
0.6256(2)
0.7223(2)
0.7666(3)
0.7004(3)
0.6026(2)
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tively for 10200 Hz spectral width. Individual
cross peaks were assigned from unsymmetrized
cross plots and symmetrization was carried out
only for the final presentation. The 31P spectra
were recorded on both spectrometers while the
cross polarization experiment was carried out ex
clusively with the MSL 300 spectrometer. The 31P
chemical shifts (± lp p m ) were relativ to H 3P 0 4
(<50) as an external standard.

Crystal structure determ ination of 3 and 5: ex
perimental details are given in Table V while
atomic coordinates are listed in Tables VI and VII.

[1] Part 5, see R. Benn, P. W. Jolly, T. Joswig, R. Mynott, and K. P. Schick, Z. Naturforsch. 41b, 680
(1986).
[2] Part of the doctoral thesis submitted to the Universi
tät Gesamthochschule Siegen (1990).
[3] R. Benn, R. Mynott, I. Topalovic, and F. Scott, Organometallics 8, 2299 (1989).
[4] T. Joswig, Ph. D. Thesis, Ruhr-Universität Bochum
(1984).
[5] P. W. Jolly, Angew. Chem. 97, 279 (1985).
[6] P. W. Jolly and N. Kokel, Synthesis 1990, 771.
[7] The dipolar dephasing experiment may be used to
identify the unprotonated C-atoms as well as those
fragments o f the molecule which show (rapid) fluxional behaviour having a low energy barrier; see
J. S. Opella and M. H. Frey, J. Am. Chem. Soc. 101,
5854(1979).
[8] a) D. Sutter and R. R. Ernst, Phys. Rev. B: Condens. M atter 25, 6038 (1982);

b) N. M. Szeverenyi, M. J. Sullivan, and G. E. Maciel, J. Magn. Reson. 47,462 (1982).
[9] R. R. Ernst, G. Bodenhausen, A. W okaun, in Prin
ciples o f N uclear Magnetic Resonance in One and
Two-Dimensions, p. 492, Clarendon, Oxford (1987).
[10] H. Lehmkuhl, F. Danowski, R. Benn, A. Rufinska,
G. Schroth, and R. M ynott, J. Organomet. Chem.
254, C ll (1983).
[11] H. M. Büch, P. Binger, R. G oddard, and C. Krüger,
J. Chem. Soc. Chem. Commun. 1983, 648.
[12] Unpublished data from the N M R-library o f the
MPI für Kohlenforschung.
[13] C. A. Fyfe, in Solid State N M R for Chemists, CFCPress, Guelph, p. 284 (1983); A. Sebald and R. K.
H arris, Organometallics 9, 2096 (1990) have recent
ly discussed this effect for Pb2A r6-species.
[14] H. G rondey, Ph. D. Thesis, University of Siegen
(1988).

F urther details of the crystal structure investigation
are available on request from the Fachinformationszentrum Karlsruhe, Gesellschaft für wissenschaftlich-tech
nische Inform ation m bH , D-7514 Eggenstein-Leopoldshafen. on quoting the depository number CSD 55200,
the name of the authors, and the journal citation.

