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Palladium(ii) Complexes derived from the Potentially Chelating Ligands 
2,2,NN-Tetramethylpent-4-enylamine and 2,2-Dimethytpent-4-enyl 
Methyl Sulphide. Crystal Structures of Dichloro [2,2-d imet hyl pent- (€)- 
3-enyl methyl sulphide]palladium(ii) and Chloro[l-3-q-syn-l -(I ,I '-di- 
methyl -2'-met hylt hioet hyl)al lyl] pal lad i u m( 11) 

By Robert McCrindle,' Elmer C. Alyea,' George Ferguson,. Shelton A. Dias, Alan J. McAlees, and 
Masood Parvez, Guelph-Waterloo Centre for Graduate Work in Chemistry, Guelph Campus, Department of 
Chemistry, University of Guelph, Guelph, Ontario, Canada N1 G 2W1 

Reaction of PdX2*2PhCN (X = CI or Br) with 2,2,NN-tetramethylpent-4-enylamine (1 a) gives complexes (2) of 
stoicheiometry PdX2*(1 a) in which Pd-X has added to the olefinic bond to generate a seven-membered chelate ring. 
In contrast, 2,2-dimethylpent-4-enyl methyl sulphide (1 b) initially gives labile olefinic complexes, which readily 
rearrange to the derivatives (5a) and (5b) of 2,2-dimethylpent-(E)-3-enyl methyl sulphide (1 3). Variable- 
temperature l H  n.m.r. studies show that at low temperatures (5a) and (5b) exist in solution as pairs of epimers at 
sulphur, while heating leads first to equilibration of the epimers and then to labilisation of the metal-olefin bond. 
The x-ally1 species (6a) and (6b) have been prepared from (5a) and (5b). X-Ray structures of (5a) and (6a) are 
reported. Crystals of (5a) are monoclinic, space group P2Jn with Z = 4 in a unit cell of dimensions a = 8.365(2), 
b = 15.068(2), c = 9.595(1) A, and = 94.00(1)". Crystals of (6a) are monoclinic, space group P2,/c, with 
Z = 4 in a unit cell of dimensions a = 6.583, b = 12.462, c = 12.859(6) A, and p = 96.20(5)". Both structures 
have been solved by the heavy-atom method and refined by full-matrix least-squares calculations to R = 0.023 for 
2 414 reflections for (5a) and to R = 0.046 for 2 51 5 reflections for (6a). The five-membered chelate rings in (5a) 
and (6a) have C(2)-envelope conformations. In (5a) principal dimensions are Pd-CI 2.31 3 and 2.320(1), Pd-S 
2.269(1), and Pd-C 2.195 and 2.231 (3) A, and the interplanar angle between the PdC12S plane and the Pd- 
ethylenic carbon plane is 96.0". In (6a) dimensions are Pd-CI 2.381 ( l ) ,  Pd-S 2.364(1), Pd-C 2.089, 2.120, and 
2.1 73(5) A; the plane of the ally1 moiety forms a dihedral angle of 11 6.4' with the PdSCIC(5) plane. 

CONTINUING our studies1 of the complexes of aliphatic 
polydentate ligands which have quaternary carbon atoms 
in the backbone, we have prepared the potentially 
chelating olefinic ligands 2,2-NN-tetramethylpent-4- 
enylamine (la) and 2,2-dimethylpent-4-enyl methyl 
sulphide (lb) and examined their reactions with the 
bisfbenzonitrile) complexes of palladium(r1) chloride 
and bromide. Reports of complexes of palladium(I1) 
with potentially chelating ligands containing the pent-4- 
en-1-yl moiety are sparse 293 and in these complexes the 
double bond is free. However, chelated complexes are 
formed with o-allylphenyl arsines and phosphines and 
with 0-methyl N-allylthi~carbamate.~ In these cases, 
ring formation presumably involves a smaller loss of 
rotational entropy and, in addition, some of the bonds 
between the ligating moieties are shorter than in simple 
pentenyl systems. The present study was undertaken 
to determine if the ' gem-dialkyl effect ' 1$6 would be of 
sufficient magnitude to force chel a t' ion. 

RESULTS AND DISCUSSION 

The ligands, (la) and (lb), were prepared as outlined 
in the The sulphide ligand (lb) contained a 
significant amount of a by-product which gave 2 : 1 
complexes with PdC1, and PdBr, (see Experimental 
section); this by-product has been identified as 2,4,4- 
t rimet h yltet rah ydrot hiophen presumably formed (cf. 
ref. 9) from the mesylate precursor and sodium sulphide 
which, in turn, would result from the presence of higher 
sulphides in the dimethyl disulphide. A purer sample of 
(lb) was obtained, although in poorer yield, by using the 
tosylate rather than the mesylate, a change which 

apparently reduces the tendency for formation of this 
by-product. 

Addition of (la) to solutions of PdC4.2PhCN in a 
variety of solvents (benzene, dichloromethane, acetone, 
nitromethane, and benzonitrile) resulted in the precipit- 
ation of a product which is practically insoluble in non- 
co-ordinating solvents and which analysed for PdCl,* 
(la). Its lH n.m.r. spectrum in (CD,),SO (see [4a; 
L = dmso (dimethyl sulphoxide)] in Table 1) suggests a 
structure (2a) in which Pd-C1 has added across the 
olefinic bond. The presence of a single highly coupled 
proton a t  6 3.99 allows assignment of structure (2a) 
rather than the alternative (3). Proton n.m.r. spectra 
of the solutions remaining after precipitation of (2a) 
from dichloromethane, nitromethane, and benzonitrile 
showed essentially the same peak pattern as solutions of 
(2a) in dimethyl sulphoxide. The formation of an 
analogous seven-membered ring in the case of platinum(I1) 
has been reported.1° The absence of i.r. absorptions 
between 1 500 and 1 650 cm-l confirms that (2a) contains 
neither a free, nor a co-ordinated, double bond while a 
moderately strong band at  770 cm-l may be assigned to 
v(C-Cl). The insolubility of this complex in non- 
co-ordinating solvents precluded a determination of the 
relative molecular mass, although it is likely that it has 
the dimeric structure shown. Its ready solubility in 
dimethyl sulphoxide is presumably due to cleavage to 
monomeric species in this solvent. As anticipated, 
addition of 1 mol equivalent (per palladium atom) of 
pyridine, triphenylphosphine, OF methyldiphenylphos- 
phine to a suspension of (2a) in dichloromethane resulted 
in dissolution of the complex. Proton n.m.r. spectra of 
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2,2'-bipyridyl (bipy) resulted in clean regeneration of (la) 
with formation of PdCl,*bipy. Treatment of (2a) in 
dichloromethane-dimethyl sulphoxide with acetylacetone 
in the presence of anhydrous potassium carbonate also 
led to displacement of the olefinic ligand. 

Addition of (la) to a solution prepared by heating 
palladium(I1) bromide in benzonitrile resulted in the 
precipitation of a product, (2b), the lH n.m.r. [(4b), 

the material precipitated from these solutions by dilution 
with n-hexane indicated that cleaved products (4a) were 
formed (see for example lH n.m.r. of [4a; L = py (py = 
pyridine)] in Table 11. However, the spectra also 

H2C=CHCH2C(CH3)2CH20H 

( io j  
( v i )  1 

1 Ivil 

H2C=CHCH2C(CH3)2CH20502Me 

(11) 

H2C=CHCH2C(CH3),CH2SMe 

( lb)  
SCHEME Preparation of the ligands (la) and ( lb)  : (i) Na[HCO,] ; 

(22) dry; (zzi) ClCOCOCl-C,H,; (20) HNMe,; (v )  Li[AlH,] ; 
(vz) MeS0,Cl-C,H,CN ; (v i i )  Na-MeSSMe-P(NMe,),O. 

showed resonances arising from free ligand (la),  and 
attempts to recrystallise the precipitates led to de- 
composition and release of (1 a). 

Similar treatment of (Za) with 1 mol equivalent of 

( la> X = NMe2 
(1b)X =SMe 

(2a)X =CI 
(2b)X =Br 

( 3 )  

Table 13 and i.r. spectra of which confirm that it is 
analogous to the chloride discussed above. Addition of 
benzene to a solution of the complex in dimethyl 
sulphoxide gave a crystalline precipitate which analysed 
for (4b; L = dmso). The co-ordination of the dimethyl 
sulphoxide through sulphur is shownll by the presence 
of a very strong band in its i.r. spectrum at 1 091 cm-l 
while a strong band at  220 cm-l may be assigned to 
terminal Pd-Br trans to N rather than C. 

Reaction of (lb) with PdX2*2PhCN (X = C1 or Br) 
gave labile olefinic complexes rather than insoluble 
products of Pd-X addition analogous to those discussed 
above. Thus, PdC1,-2PhCN dissolved readily in CDC1, 
containing 1 mol equivalent of (lb). The lH n.m.r. 

TABLE 1 
Hydrogen-1 n.m.r. data (p.p.m., Hz observed) for ligands and complexes at  ambient temperature 

Compound Solvent C-Me N(S)-Me N(S)-CH, C(3)-H C(4)-H C(5)-H 
(la)" CDC1, 0.87 2.28 2.08 2.03 (2 H,d,bfl) 5.80 (m) 5.04 (2 H, m) 
(4a; L = dmso)c (CD,),SO 1.15, 1.19 2.85, 3.06 3.37 1.66 (m), 1.95 (m) 3.99 (m) 1.95 (m), 2.36 (ddd) 
(4a; L = py)" CDC1, 1.18, 1.20 2.97, 3.53 3.27 (ni) e e  4.27 (m) e 2.58 (ddf) 
(4b; L = dmso)" (CD,),SO 1.15, 1.18 2.79, 3.02 3.35 g g  4.06 (m) g 2.35 (ddd) 

CDC1, 0.95 2.05 2.38 2.03 (2 H, d,br*) 5.67 (m) 4.98 (2 H ,  m) 
CDCl, 1.26 2.38 2.78 (vbr) 2.30 (2 H, d,br*) 5.85 (m) 5.08 (d,bri), 5.28 (d,brj) PdCl,.( lb)" 

(5a)C ( i )k  CDC1, 1.30, 1.64 2.74 2.71 (dl), 2.81 (d') 5.70 (d') 5.61 (m) 2.09 (3 H, d*) 
(ii) 1.29, 2.00 2.59 2.35 (d;), 3.11 (d') 5.80 (di) 5.61 (m) 2.00 (3 H ,  d*) 

PdBr,*2 PhCN + (lb)' CDC1, 1.17 2.52 3.00 (br) 2.19 (2 H, d,br*) 5.80 (m) 5.17 (2 H, m) 
(5b)epn (i)k CDC1, 1.30, 1.59 2.63 2.75 (dl), 2.81 (d') 5.81 (dj) 5.64 (m) 2.18 (3 H, do) 

(ii) 1.27, 1.93 2.86 2.32 (di), 3.15 (d') 5.91 (d') 5.64 (m) 2.06 (3 H, do) 
CDCl, 1.07 2.08 2.48 P P  P 1.66 (3 H, m) 

3.03 (dd"), 4.00 (dda) CDC1, 1.29, 1.33 2.57 3.50 4.27 (d') 
(13)' 

CDC1, 1.32, 1.36 2.60 3.42 4.33 (d9) 5.64 (ni) 3.03 (dd'), 4.00 (ddl) 
(6aY 

CDC1, 1.15, 1.33 2.70 (d"), 3.27 (dd") ze) 1.93 (mz) 4.05 (m) 1.48 (2 H, dv) 
(Wb 
(1 2a)" 
(12b)" CDCl, 1.18, 1.31 3.05 (dz), 3.4@ (d,brz) w 1.93 (m *) 4.36 (m) 1.51 (2 H, dy) 

Pb)' 

5.68 (m) 

60 MHz. b J = 7.5 Hz. c 220 MHz. d J = 14.6 Hz. e Overlapping multiplet 1.68-2.33. J = 14.0, 5.8 Hz. Overlap- 
ping multiplet 1.86-2.11. ' J = 1 2  
Hz. J = 5 Hz. n At -40 "C. 0 J = 6 Hz. p Overlapping narrow multiplet 5.38-5.53. 9 J = 10.8 Hz. unti-H, J = 11.0, 
1.0 Hz. Partially obscured multiplet 
at ca. 1.5. 

* J = 7 Hz. j J = 15 Hz. 

t syn-H, J = 6.5, 1.0 Hz. 

1 J = 8 Hz. k (i) Major isomer, (ii) minor isomer in mixture. 

8 sya-H, J = 6.8, 0.9 Hz. " J = 11.3 Hz. 1) J = 11.3, 1.4 Hz. 
2 J = 12.0, 6.0, 1.4 Hz. y J = 6.3 Hz. J = 11.7 Hz. * J = 12.8, 6.6, 1.6 Hz. 
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spectrum of the resulting solution shows downfield 
shifts, relative to free-ligand values, of all resonances. 
Addition of hexane to this solution gave a pale yellow 
precipitate free of benzonitrile. The lH  n.m.r. spectrum 
of this material at  ambient temperature (Table 1) shows 
additional downfield shifts of all resonances, except 
those attributed to S-methyl and S-methylene protons 
although the overall change in shift for each resonance is 
still significantly smaller than those observed for 
authentic chelating olefin complexes of palladium( 11) 
(see for example ref. 1). Upon cooling, all the resonances 
broaden and split and as temperatures approach -40 "C 
the lines resharpen. The resulting spectrum is very 
complicated but particularly noteworthy are the olefinic 
resonances which cover a wider range of chemical shifts 
(6 4.5-6.8) than in a spectrum run at ambient tempera- 
ture ( 6  4.85-6.5). The changes in the spectrum upon 
cooling cannot be explained as arising solely from the 
freezing out of sulphur inversion but may also involve 
a reduction in the rate of equilibration of complexes 
containing free and co-ordinated olefin. Evidence for 
the presence of such species was provided by the i.r. 
spectrum of a solution t of this material in dichloro- 
methane which showed absorptions at  1 643 and 1552 
cm-l, the latter being the more intense. Attempts to 
purify this material either by crystallisation, or chroma- 
tography, converted it into a product whose lH n.m.r. 
(Table 1) and i.r. spectra (see Experimental section) 
establish its structure as (5a). Indeed the growth of 
resonances due to this isomerised product was observed 
when spectra of the precursor were run at  temperatures 
above ambient. The trans configuration of the olefinic 
bond in (5a) is also established by the X-ray analysis 
discussed below and by the absence of detectable 
amounts of cis isomer in the ligand displaced from (5a) 
with 2,2'-bipyridyl. Double bond isomerisation in a 
potentially chelating olefinic ligand has apparently not 
been reported for palladium. 

The lH n.m.r. spectrum of (5a) a t  ambient temperatures 
shows resonances attributable to two isomers differing 
only in their configuration at  sulphur. Upon heating, 
this spectrum shows changes due first (>50 "C) to the 
onset of rapid (on the n.m.r. time scale) inversion at  
sulphur and then (>90 "C) labilisation of the palladiurn- 
olefin bond. This situation is analogous to that cle- 
scribed earlier for the complex (5c; X = Cl). How- 
ever, two interesting observations can be made when the 
spectra of (5c; X = C1) and of (5a) are compared. First, 
palladium-olefin bond labilisation becomes rapid at  a 
lower temperature for the latter, presumably reflecting a 
weaker interaction. Second, the proportion of the 
minor sulphur epimer is significantly greater in (5a) 
[minor : major, 5 : 9 as compared with 2 : 7 in (5c; 
X = Cl)]. The second observation can be rationalised 

f A Nujol-mull spectrum of the solid showed bands at 1642 
and 1 522br cm-'. The latter band is probably due to (5a) (see 
below) formed during the mulling procedure since a 'H n.m.r. 
spectrum of the material recovered from the Nujol mull showed 
resonances ascribable t o  both the starting complex and the 
rearranged product (6a). 

in terms of chelate-ring geometries related to those 
proposed for (tic), the S-CH, proton resonance pattern 
for (5a) showing that the latter adopts similar conform- 
ations about the S-CH, bond to those of the former. 
In our earlier paper we suggested, on the basis of lH 
n.m.r. evidence, that the complexes (5c) adopt an 
envelope conformation in which the double bond is not 
perpendicular to the metal co-ordination plane, while 
the terminal olefinic carbon atom may lie closer to 
palladium than does the other one. If (5a) were to 
adopt a similar conformation, the vinylic methyl group 
would experience a substantial interaction with the cis- 
chlorine. This interaction could be relieved by rotation 
of the double bond back towards the perpendicular 
orientation and/or by bringing Pd closer to C(3) and 
away from C(4). Our X-ray study of (5a) shows that 
the chelate ring does adopt an envelope conformation 
and that C(3) is closer to P9 than C(4) by 0.036 A. 

(5a) R =Me.X = C I  
(5b) R =Me.X = Br 
( 5 c ) R = HI X = C I, 8 r, or I 

(6a) X = CI 
(6b) X = Br 

The crystal structure (Figure 1) contains discrete 
monomeric molecules (Figure 2) separated by normal van 
der Waals distances. The palladium atom is four- 
co-ordinate [Pd-Cl 2.313 and 2.320(1), Pd-S 2.269(1), 
and Pd-C 2.195 and 2.231(3) A] but is distorted from 
square-planar geometry. Thus, if one chooses the 
Pd-C1(1)-C1(2) moiety as a reference plane then S lies 
0.254 A below this plane and olefinic carbon atoms C(3) 
and C(4) are respectively 0.606 A below and 0.772 A 
above the plane. These distortions presumably help to 
ininimise intramolecular repulsions between (i) the 
ethylenic proton H(4) and both axial proton H(1a) 
[H(4) - - H(1a) 2.21 A] and the pseudo-equatorial S- 
methyl group [H(4) 9 * - H(61) 2.45 A], and (ii) terminal 
methyl group C(5) and Cl(1) [C(5) - - Cl(1) 3.237 A]. 

The interplanar angle between the best Pd-Cl,-S 
plane and the Pd-C(3)-C(4) plane is 96.0" and the 
S-Pd-C(3)-C(4) torsion angle is 98.5". The five- 
membered chelate ring Pd-S-C(l)-C(Z)-C(3) is close to a 
C(2)-envelope conformation with C(2) 0.663 A below the 
plane through Pd,S,C(l), and C(3) and the C(3)-Pd-S- 
C(1) torsion angle is -4.1". This conformation is 
remarkably similar to that found l2 in di-p-chloro- 
bis [3- (dimet h ylam ino) - 1 -f ormyl-2,2-dimet hylprop yl- 
CNJdipalladium. The remaining molecular dimensions 
(Table 2) are not significantly different from expected 
values. 

These X-ray results appear to lend credibility to our 
earlier conclusions concerning the conformations of the 
(5a) epimeric pair, the major epimer corresponding to the 
solid-state structure. The greater proportion of minor 
epimer found for (5a) a s  compared with (5c; X = Cl) may 
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be rationalised as follows. Rotation of the double bond 
closer to the normal with respect to the average co- 
ordination plane in order to reduce the compression 
between C(5) and Cl(1) is accompanied in the major 

I 

complex (6b). Infrared and lH n.m.r. data for these 
complexes are recorded (Experimental section and 
Table 1 respectively). 

At  ambient temperature the lH n.m.r. spectrum of 

FIGURE 1 Stereoview of the crystal structure of (5a) 

isomer of (5a) by the development of interactions 
between H(4) and both the S-methyl group and H(1a). 
Similar rotation in the minor isomer of (5a) leads to the 
development of only the H(4), H(1a) interaction and to 

FIGURE 2 The molecule (5a) with the numbering scheme 

some relief of the interaction between the pseudo-axial 
C-methyl and S-methyl groups. 

Reaction of PdBr2*2PhCN with (lb) in CDC1, afforded 
a solution, the lH n.m.r. spectrum of which is analogous 
to that obtained for the chloride under the same condi- 
tions. The solvent was evaporated and attempts were 
made to purify the residue by crystallisation. These 
led only to recovery of the complex (5b), which contains 
isomerised ligand. Chromatography of the initial 
residue also failed to yield pure PdBr,*( lb) giving instead 
(5b) and additionally, on occasions when (5b) was left 
for long periods on the plates before recovery, the x-ally1 

(5b) is broadened due to relatively slow inversion at  
sulphur and upon cooling resonances due to the two 
possible sulphur epimers are resolved. The S-methylene 
resonance pattern again suggests pseudo-equatorial and 
pseudo-axial S-methyl orientations in the major and 
minor isomers respectively. Integration gives an isomer 

TABLE 2 

Interatomic distances (A) and angles (") for (5a) 
(a) Bond lengths 
Pd-Cl( 1) 
Pd-Cl( 2) 
Pd-S 
Pd-C ( 3) 
Pd-C(4) 
S-CP) 
S-CW 
(b) Angles 
C1( l)-Pd-C1(2) 
C1( 1)-Pd-S 
C1( 1 )-Pd-C( 3) 
C1( l)-Pd-C(4) 
C1(2)-Pd-S 
C1 (2)-Pd-C (3) 
Cl(2)-Pd-C(4) 
S-Pd-C (3) 
S-Pd-C (4) 
C (3)-Pd-C (4) 
Pd-S-C( 1) 
Pd-S-C(6) 
C ( 1 )-S-C (6) 

2.313( 1) 
2.320(1) 
2.269(1) 
2.195(3) 
2.23 l(3) 
1.8 14( 3) 
1.805(4) 

91.3(1) 
173.0( 1) 
85.9(1) 
93.5(1) 
85.9(1) 

162x4 1) 
159.2( 1) 
85.5( 1) 
91.4(1) 
36.3(1) 

101.8( 1) 
108.3(1) 
1 02,3 (2) 

s-C( 1 )-c (2) 
C(l)-C(2)-C(3) 
C( 1)-c (2)-C( 7) 
C(l)-C(2)-C@) 
C(3)-C(2)-C(7) 
C(3)-CM-C(8) 
C(7)-C(2)-C(8) 

c (2)-C( 3)-c (4) 

c (3)-c (4)-c (5) 

Pd-C(3)-C( 2) 
Pd-C (3) -C (4) 

Pd-C (4)-C (3) 
Pd-C(4)-C(5) 

(c) Non-bonded distances 
Pd * * - C(5) 3.164 H(4) . * H(l1) 
Cl(1) * * * C(5) 3.237 H(4) * - * H(61) 
C(1) - - * C(4) 2.940 

1.529(5) 
1.53 2 (4) 
1.546(5) 
1.530( 5) 
1.380(5) 
1.495(5) 

1 08.9 (2) 
109.8 (3) 
108.8( 3) 
112.5(3) 
106.3( 3) 
110.0(3) 
109.2( 3) 
108.2 (2) 
73.3 (2) 

125.1 (3) 
70.4( 2) 

1 14.8( 2) 
123.8( 3) 

2.21 
2.45 

ratio of 5 : 2, a value which accords with earlier indications 
that in this type of complex the contribution of the 
minor isomer to the equilibrium is enhanced on going 
from iodide to bromide to chloride and from complexes 
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of 2'2-dimethylbut-3-enyl methyl sulphide to complexes 
of 2,2-dimet hylpent- (E)-3-enyl methyl sulphide (see 
above). As found for the complexes of the former, (5c), 
both inversion at  sulphur and labilisation of the Pd-olefin 
bond become rapid on the n.m.r. time scale a t  lower 
temperatures for the bromide than the chloride. Thus, 
for (5b), broadening and collapse due to acceleration of 

/Me 
H 5 

Me 
1 H Me 

(4) 

Me Br 

Me$---+ H 

3 '  H '  
I 
H A Me 

( b )  

FIGURE 3 Possible solution conformations of (6b) 

these two processes occurs in the ranges 1 0 4 0  and 
60-90 "C respectively. 

The resonance pattern of the vinylic protons in the lH 
n.ii1.r. spectrum of (6b) indicates that the -C(CH,),CH,- 
SCH, fragment adopts the syn configuration, as is found 
for (Ga) in the solid state (see below). In CDC1, two 
resonances are observed for the C-methyl groups as 
expected. However, both the S-methylene and the 
S-methyl resonances are sharp singlets a t  ambient tem- 
perature although their shift positions indicate that the 
sulphur atom is co-ordinated to palladium. When a 
CD2C1, solution of (6b) was cooled to -90 "C the S- 
methylene resonance split into an AB quartet (J  ea. 
11.5 Hz) but no other significant change occurred in the 
spectrum. Unless the chemical shifts of these methylene 
protons have different temperature dependencies then a 
single species has been frozen out. In either case the 
conformation about the S-methylene carbon atorn is 
probably similar to that ascribed to the major isomers of 
(5c; X = Cl), (5a), and (5b), namely with the S-methyl 
bond intersecting the neighbouring methylene H-C-H 
bond angle. The solid-state conformations of this moiety 
in (5a) and (Ga) are compared below. A study of mole- 
cular models indicates that if (6b) is monomeric [see 
discussion o f  (6a) below] two possible solution con- 
formations jIiigures 3(a) and 3 ( b ) ]  may be drawn which 
fulfil this requirement. Of these, the one shown in 
Figure 3(a) should be preferred since i t  lacks the eclipsing 
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interaction between Pd-Br and the S-methyl group 
present in the other one. The lack of an observable 
long-range coupling1 between the C(3)-H and the 
pseudo-equatorial S-methylene proton even in the low- 
temperature spectrum supports this conclusion. 

No x-ally1 product was obtained during the purification 
of (5a) by chromatography. However, addition of 1 
equivalent of triethylamine to PdC12*2PhCN and (lb) in 
acetone afforded (6a) in good yield. I ts  lH n.m.r. 
spectrum (Table 1) shows a similar temperature depen- 
dence to that described for (6b). A strong band in the 
i.r. spectrum at  277 cm-l indicates the presence of 
terminal Pd-C1 while the mass spectrum contains a 
group of strong peaks corresponding to the various iso- 
topic compositions expected for the monomeric species 
(6a). However, in the latter spectrum a group of very 
weak peaks at m/e values corresponding to dimeric 
species could be discerned.13 This, along with the l H  
n.m.r. and i.r. evidence that sulphur is co-ordinated and 
chlorine terminal, led us to consider a ligand-bridged 
dimeric structure rather than the monomeric chelate (6a). 
Indeed, a dimeric structure appeared reasonable in the 
light of the suggestion l4 that relatively strain-free 
chelating x-allylic complexes are to be expected from 
ligands of the type (7) only when n = 2 or 3. The 
temperature dependence of the l H  n.m.r. spectrum 
might then have been explained as resulting from dimer- 
monomer or perhaps ligand-bridged dimer-halogen- 
bridged dimer equilibria. However, our X-ray analysis 
shows unequivocally that the crystal structure (Figure 4) 
contains discrete monomeric species (Figure 5) separated 
by normal van der Waals distances; molecular dimen- 
sions are in Table 3. In addition to the allyl-metal 
interactions the complex (6a) contains a simple five- 
membered chelate ring which adopts a C(2)-envelope 
conformation [torsion angle C( 1)-S-Pd-C(3) 8.7", C(2) 
0.653 A from the plane of C(l)-S-Pd-C(3)]. Further, 
C(2) is displaced 0.306 A from the allyl plane towards the 
Pd atom. Such a displacement is a feature common l4 
to alkyl allyl complexes and in the case of (6a) doubtless 

W Q  \ 'u / x  
Pd 

x /  \s- 
CH. y C H 2 

ye 
(7) 

favours the formation of the chelated x-ally1 system. 
The conformations of the chelate rings in (5a) and (6a) are 
similar, the major differences being in the Pd-C(3)-C(2) 
angle [increased by 7.5" in 6(a)] and the Pd-S (increased 
by 0.095 h;) and S-C(l) (increased by 0.030 A) bond 
lengths. The orientations of the pseudo-equatorial S- 
methyl group in (5a) and (6a) are also very similar and 
the S-methyl bond intersects the neighbouring methylene 
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z 
FIGURE 4 Stereoview of the crystal structure of (6a) 

TABLE 3 

Interatomic distances (A) and angles (") for (6a) 

Table 31 is similar to that reported l5 for other x-ally1 
systems. Thus the Pd, S, C1, and C(5) atoms form a 
planar system (maximum deviation 0.003 A) with C(3) (a) Bond l emths  " 

Pd-Cl 
Pd-S 
Pd-C (3) 
Pd-C( 4) 
Pd-C (5) 

S-C (6) 
s-C( 1) 

(b) Angles 
C1-Pd-S 
Cl-Pd-C(3) 
Cl-Pd-C(4) 
C1-Pd-C( 5) 
S-Pd-C( 3) 
S-Pd-C(4) 
S-Pd-C (5) 
C( 3)-Pd-C (4) 
C (3)-Pd-C( 5) 
C( 4)-Pd-C( 5) 
Pd-S-C ( 1) 
Pd-S-C( 6) 
C (1 )-S-C (6) 
s-c ( 1)-c (2) 

2.381(1) c(l)-C(2) 1.530(8) 
2.364( 1) C( 2)-C( 3) 1.530(7) 
2.089 (5) 1.51 7( 8) 
2.120( 6) ~ [ ~ ~ ~ { ~ ~  1.515(8) 
2.1 73 (5) C(3)-C( 4) 1.407 (7) 
1.845(6) C(4)-C(5) 1.430(8) 
1.797(6) 

100.5( 1) 
167.0( 2) 
1 42.9 (2) 
107.2 (2) 
84.1 (1) 

1 1 4.3 ( 2) 
152.3( 2) 
3 9.0( 2) 
68.8(2) 
38.9 (2 )  
98.3(2) 

110.4(2) 
101.2( 3) 
109.9(4) 

C( l)-C(2)-C(3) 
c ( 1)-C( 2)-C( 7) 
c ( 1 )-C M-c ( 8) 
C(3)<(2)-C(7) 
C (3)-C (2)-C (8) 
C ( 7 ) X  (2)-C (8) 
Pd-C(3)-C( 2) 
Pd-C (3) -C (4) 

Pd-C(4)-C( 3) 
Pd-C (4)-C( 5) 

Pd-C (5)-C (4) 

c (2)-c (3)-c (4) 

C(3)-C(4)-C(5) 

106.2 (4) 
107.6 (5) 
11 1 .O( 5) 
1 09.4 (5) 
11 2.4( 5) 
110.0(5) 
115.8(8) 
7 1.7 (3) 

125.6( 5) 
69.3(2) 
72.6( 3) 

1 16.4( 5) 
68.5( 8) 

FIGURE 5 The molecule (6a) with the  numbering scheme 

H-C-H bond angle [Me-S-C(1)-H torsion angles in (5a) 
are 22 and -96'; in (6a) the corresponding values are 
29 and -90'1. 

The co-ordination about palladium [with Pd-C(3) 
2.089(5), Pd-C(4) 2.120(6), and Pd-C(5) 2.173(5) A; 

0.447 A above and C(4) 0.426 A below this plane while 
the plane of the allyl moiety forms a dihedral angle of 
116.4' with the Pd-S-Cl-C(S) plane. The rotation of 
the allyl system to bring C(5) into the co-ordination 
plane might suggest a significant contribution of a 
localised (I-X form [C(5) a-bonded] to the ground-state 
structure. Similar distortions in unsymmetrical x- 
allyl complexes have been taken u to suggest contribu- 
tions from localised ~ - - x  structures. In  (6a), such a 
situation would call for C(3)-C(4) [1.407(7) A] having 
more double bond character than C(4)-C(5) [1.430(8) A] 
and indeed the difference in the bond lengths lies in this 
direction: Unfortunately, i t  is not possible to evaluate 
this suggestion further on the basis of the Pd-C dis- 
tances because of trans influences and the unsymmetrical 
substitution of the allyl system. It should be noted 
that in (6a) the Pd-C bond with greater (I character lies 
trafis to the ligaiid atom of higher tvans influence. This 
contrasts with the situation for previously reported un- 
symmetrical x-ally1 complexes of Pd. 

The lH n.m.r. data discussed above are compatible 
with (6a) [and (6b)l having similar structures in both 
solution and solid states. The observation of geminal 
coupling (Table 1) for the C(5) protons is consistent with 
the conclusion that the Pd-C(5) bond has some (I 

c11 arac ter. 

EXPERIMENTAL 

General details have been reported.' Proton n.m.r. data 
for ligands and complexes are collected in Table 1 and 
physical and analytical data for complexes in Table 4. 

Ligands.-Ligands were prepared by the routes outlined 
in the Scheme. Amide (9) [36.0 g, b.p. 98-102 "C (water 
pump)] was prepared from 2,2-dimethylpent-4-enoic acid 
(8) (39.4 g) and reduced with lithium aluminium hydride 
(8.8 g) to ( la )  L19.5 g, b.p. 145 "C (760 mmHg)].* The 
mesylate (11) [19.2 g, b.p. 98-99 "C (0.003 mmHg)] of the 
alcohol (10) (16.8 g) was added to the mixture obtained by 
reaction of sodium (2.4 g) with dimethyl disulphide (4.95 g) 

* Throughout this paper: 1 mmHg x13.6  x 9.8 Pa. 
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in hexamethylphosphoramide (70 cm3). After heating at 
100 "C for 16 h the mixture was distilled to minimum volume 
at the water pump. The distillate was poured into water 
(700 cm3) and the resulting mixture extracted with pentane. 
Distillation of the pentane extract afforded impure ( lb)  
[7.0 g, b.p. 68-69 "C (water pump)]. This contained (lH 
n.m.r.) a small amount of (10) and 2,4,4-trimethyltetra- 
hydrothiophen. The former was removed by heating over 
sodium and redistilling. 

Complexes of ( la )  .-Addition of a solution of ( la )  (283 mg, 
2 mmol) in dichloromethane (10 cm3) to  a solution of bis- 
(benzonitrile)dichloropalladium(II) (767 mg, 2 mmol) in the 
same solvent (50 cm3) gave an orange solution from which a 

methane-acetone, 97 : 3) of the residue afforded the x-ally1 
complex, (6a) ( 194 mg) . 

A sdution of lithium bromide (191 mg, 2.20 mmol) in 
acetone (10 cm3) was added to  a solution of PdC12.2PhCN 
(384 nig, 1.00 mmol) and ( lb)  (144 mg, 1.00 mmol) in the 
same solvent (10 cm3). Evaporation of the acetone gave 
the crude palladium complex, PdBr,-( lb) , which dissolved 
readily in CDCl, (see lH  n.m.r. in Table 1 ) .  [A solution 
giving an identical lH n.m.r. spectrum was obtained by 
dissolving PdBr2*2PhCN (1 mmol) in CDC1, (2 cm3) con- 
taining (lb) ( 1  ~nmol).]  Chromatography of the crude 
PdBr,*(lb) complex over silica gel (10 g) and successive 
elution with dichloromethane containing acetone (0,2,5, and 

TABLE 4 

Analytical and physical data for the complexes 
Analysis (yo) 

Colour 
Yellow 
Yellow 
Yellow 
Orange 
Yellow 
Orange-red 
Orange-red 
Yellow 

M.p.* 
153-155 
118-120 
200-202 
104- 105 
160-162 
187-1 88 
146-1 47 
168-1 7 1 

,-- 

r- 
C 

33.7 
27.45 
29.95 
38.0 
33.65 
23.1 
31.8 
29.15 

Found 
* 
H N7 ' 

6.25 4.35 
5.35 2.85 
5.25 
6.15 
5.4 
4.1 
5.7 
4.85 

Calc. 
~ 

C 
33.95 
27.2 
29.9 
38.4 
33.7 
23.4 
31.9 
29.15 

H 
6.0 
5.2 
5.0 
6.45 
5.3 
3.95 
5.35 
4.6 

N 
4.4 
2.9 

* Uncorrected, O C ,  with decomposition. 

dark brown gum (169 mg) soon precipitated. Tlie super- 
natant solution was decanted and upon standing a yellow 
solid (2a) (426 mg) gradually separated. A lH n.m.r. 
spectrum of the gum in (CD,),SO was very similar to tha t  of 
the yellow solicl. Addition of ( l a )  to PdC12*2PhCN in any 
one of benzene, benzonitrile, acetone, or nitromethane gave 
similar results. 

A solution of dibroniopalladium(II) in benzonitrile was 
prepared by heating PdBr, (266 mg) with the solvent (7 cm3) 
a t  100 "C for 3 h and then filtering the mixture. When the 
ligand (141 mg) was added to  this solution an orange- 
yellow solid (2b) (361 mg) was deposited during 1ci h. 
Addition of benzene to a concentrated solution of this (:om- 
pound in dimethyl sulphoside resulted in the precipitation 
of yellow crystalline (4b; 1, = dmso). 

Complexes of (lb).-A solution of ( lb)  (I48 mg, 1.03 
mmol) and PdC1,.2PhCN (383 mg, 1.0 mmol) in dichloro- 
methane (5 cm3) was chromstographed on a silica gel 
column (10 g).  Elution with dichloromethane afforded 
f ractioiis containing benzonitrile, tlichlorobis( 2,4,4-trimethyl- 
tetrahydrothiophen)palladium(iI) ( 1  2a) (47 mg), and a small 
amount (9 mg) of (5a), which were separated by preparative 
t.1.c. Elution of the column with clichloroniethane- 
acetone (19 : 1) afforded essentially pure (5a) (251 1118); 

v,,,,,, a t  1 535m (co-ordinated C=C), 318s v(Pd-Cl), 301m 
cin v(Pd-Cl). Trestmznt of a wlution of (5a) (80 mg) 
in dichloroniethaiie (10 cm3) with 2,2'-bipyridyl (40 mg) 
resulted in the deposition of I-'dCl,.bipy and the liberation 
of 2,2-dimethylpent-3-enyl methyl sulphide ( 13) wliicli was 
identified by lH n.m.r. (see Table 1 ) .  

A solution of PdCl,*2PhCN (384 mg, 1.00 mniol), ( l b )  
( I  44 mg, 1 .OO mmol), and triethylaniine (101 mg, 1 .OO mmol) 
in acetone (8 cm3) was stirred a t  ambient temperature for 
1 h during which time a black precipitate [Pdo] separated. 
Evaporation of the solvent and preparative t.1.c. (dicliloro- 

10%) gave first benzonitrile and dibromobis( 2,4,4-trimethyl- 
tetrahydrothioplien)palladium(Ir) (12b) (51 mg after pre- 
parative t.1.c.) followed by mixtures containing the rela- 
tively insoluble (5b) (247 mg); vmaX. at 1535s c1n-l (co- 
ordinated C=C). 

Treatment of a solution of (5b) (151 mg) in acetone 
(50 cm3) with triethylamine (100 mg) for 4 h a t  ambient 
temperature gave (6b) (96 mg after preparative t.1.c.). 

( i )  
(5a), C,H,,Cl,PdS, M = 321.6, Monoclinic, a = 8.365(2), 
b = 15.068(2), c = 9.595(1) A, p = 94.00(1)', U = 1 206.4 
As, 2 = 4, D, = 1.77 g cm-3, F(000) = 640, space group 
P2Jn ( C i h ,  no. 14) uniquely from systematic absences h0l 
if h + l = 2n + 1, Oh0 if  h = 2n + 1, Mo-Ii, radiation, 
A = 0.710 69 A, p.(Mo-K,) = 19.4 ctn-l. 

(ii) (Ga), C,H,,ClPdS, &I= 285.1, Monoclinic a = 

U = 1048.8 A3, Z = 4, D, = 1.81 g ~ m - ~ ,  F(000) = 568, 
space group P2Jc (Cgh, no. 14) uniquely from systematic 
absences h0l if l = 2n + 1, Oh0 if h = 2n + 1, Mo-K, radi- 
ation, A = 0.710 69 A, p.(Mo-K,) = 19.9 cm-l. 

For both structures, accurate cell parameters were ob- 
tained by a least-squares refinement of the setting angles of 
12 reflections (with 0 in the range 10-20") measured on a 
Hilger and Watts Y290 four-circle diffractometer. Inten- 
sity data were collected in our usual way12 to a maximum 
0 of 25'; 2414 unique da ta  were collected for (5a) and 
2 515 for (cia). After corrections for Lorentz, polarization, 
and absorption effects, the data with I > 241)  [I  660 for 
(5a), 1672 for (Gs)] were labelled observed and used in 
structure solution and refinement. 

Both structures were solved by the heavy-atom method 
and Fourier mays based on palladium phases revealed the 
complete structures. Initial refinement by full-matrix 
least-squares calculations with anisotropic thermal para- 

0 

Structure Analyses of (5a) and (6a).-CrystaZ Data. 

6.583(5), b = 12.462(9), c = 12.859(6) A, p = 96.20(5)', 
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TABLE 5 

Final positional parameters ( x  lo4) for (5a) with 
standard deviations in parentheses 

Pd 3 805(1) 2 158(1) 1 045(1) 
2 715(1) 3 531(1) 467(1) 

4 600( 1) 738(1) 1 476(1) 
4 174(4) 605( 2) 3 292(3) 

3 OlO(4) 2 137(2) 3 177(3) 

Atom x la  Y l b  Z i C  

Cl(1) 
c w  
C(1) 
C(2) 
C(3) 
C(4) 
(25) 
C(6) 
C(7) 

4 084( 1) 1831(1) -1 288(1) 
S 

2 713(4) 1 170(2) 3 577(3) 

4 487(4) 2 548(3) 3 249(3) 
4 721(5) 3 523(3) 3 477(4) 
6 762(5) 708(3) 1570(4) 
2 502(5) 1 167(3) 5 164(4) 
1 173(5) 830(3) 2 801(4) 
5 078 773 3 895 
3 951 
1 9 7 3  
5 540 
5 549 
3 756 
5 032 
7 162 
7 199 
7 140 
3 441 
1608  
2 328 

281 
1 2 6 5  

990 

- 15 
2 498 
2 183 
3 745 
3 833 
3 653 

904 
1 085 

117 
1 400 
1526 

578 
1174  

864 
223 

3 479 
3 131 
3 425 
2 913 
3 209 
4 428 

719 
2 312 
1759  
5 668 
5 373 
5 490 
3 029 
1806  
3 032 

meters for the non-hydrogen atoms lowered R to 0.084 for 
(5a) and 0.056 for (6a). Difference maps then revealed all 
hydrogen atoms; these were allowed for (in geometrically 
idealized positions with C-H 0.95 and Uiw. 0.10 A2) in sub- 
sequent calculations. For (5a), refinement converged at 
R = 0.023 and R’ = (CwA2/CzoFo2)~ = 0.029; for (6a), 
the final R and R’ values were 0.046 and 0.050 respectively. 
In the least-squares calculations, scattering factors for Pd, 
C1, S, and C were taken from ref. 17;  those for hydrogen 
were from ref. 18 and allowance was made for anomalous 
dispersion.ls Weights in the refinement were based on 
counting statistics and final difference syntheses were 
devoid of any significant features. 

For (5a), final fractional co-ordinates are in Table 5 and 
molecular dimensions are in Table 2 ; the crystal structure is 
shown in Figure 1 and the molecule and numbering scheme 
are in Figure 2. For (6a), final co-ordinates are in Table 6 
and molecular dimensions are in Table 3; Figures 4 and 5 
show the crystal structure and molecular structure respect- 
ively. 

For both (5a) and (6a) lists of observed ancl calculated 
structure factors, anisotropic thermal parameters, and mean 
plane data have been deposited as Supplementary Publi- 
cation No. S U P  22653 (29 pp.).* 

We thank the National Research Council of Canada for 
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carbon atoms t o  which they are bonded, e.g. H(3) is bonded to 
C(3), methyl H(51) is bonded to C(5), etc. 
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TABLE 6 
Final positional parameters ( x  lo4) for (6a) with 

standard deviations in parentheses 

1< E F E RENCE S 

J .C.S .  Dalton, 1979, 640. 
R.  McCrindle, E. C. Alyea, S. A. Dias, and A. J .  McAlees, 

M. A. Bennett. H.  W. Kouwenhoven. 1. Lewis. and R. S. 

Atom xla Y l b  
Pd 4 925(1) 1 162(1) 
c1 7 058(2) 181(1) 
S 7 225(2) 2 504(1) 

3 516(8) 2 926(4) 
2 720(7) 2 130(4) 
2 215(9) 1050(4) 
1952(9) 384(5) 
8 313(10) 3 190(6) 
1887(12) 3 762(5) 
4 140(11) 2 380(5) 
5 951 3 967 
4 868 3 916 
2 153 2 442 
2 038 782 
2 074 695 
1684  - 353 
7 251 3 523 
9 026 2 699 
9 233 3 735 

696 3 423 
1 5 5 3  4 142 
2 393 4 256 
5 189 1856  
2 990 2 023 
4 620 2 906 

5 333(9) 3 499(5) C(1) 
C(2) 
C ( 3 )  
C(4) 
(35) 
C(6) 
(77) 
C(8) 
H(11) 
H(12) 
H(3) 
H (4) 
H(51) 
H(52) 
H(61) 
H(62) 
H(63) 
H(71) 
H(72) 
H(73) 
H(81) 
H(82) 
H(83) 
The hydrogen atoms are numbered to 

carbon atoms t o  which they are bonded, I 
C(3), methyl H(51) is bonded to C(5), ett. 

Z i C  
1 292(1) 
2 570(1) 

856( 1) 
299(5) 

- 303(4) 
463(4) 
246(6) 

1127(5) 
2 014(6) 
- 610(6) 

-1 273(4) 

851 
1069  
-451 
1810  
1035  
2 356 
2 487 
1836  
- 956 
- 25 

-1 102 
-1 075 
-1 624 
-1 719 

correspond with the 
’ .g.  H(3) is bonded to 

- 161 

- *  
Nyholm, J .  Chem. Soc., 1964, 4570. 

D. C. Goodall, J .  Chem. Soc. ( A ) ,  1968, 887; 1969, 890. 
L. V. lnterrante, M. A. Bennett, and R. S. Nyholm, Inorg. 

Chem., 1966, 5, 2212; M. A. Bennett, W. R. Kneen, and R. S. 
Nyholm, ibid., 1968, 7, 556. 

T. Tnrantelli and C. Furlani, J .  Chem. Soc. ( A ) ,  1971, 1213. 
N. L. Allinger and V. Zalkow, J .  Oyg. Chem., 1960, 25, 701. 
J .  E. Baldwin and J.  A. Walker, J.C.S. Chem. Comm.,  1973, 

a I<. C. Brannock, J. Amer.  Chem. Soc., 1959, 81, 3379. 
D. Paquer and M. Vazeux, J .  Organometallic Chem., 1977, 

140, 257. 
lo 13. N. Haszeldine, R. J .  Lunt, and R. V. Parish, J .  Chem. 

SOC. (A) ,  1971, 3705. 
l1 For leading references see W. A. Freeman, L. J .  Nicholls, 

and C. F.  Liu, Inorg. Chem., 1978, 17, 2989. 
l2 E. C. Alyen, S. A. Dias, G. Ferguson, A. J. McAlees, R.  

McCrinclle, and P. J .  Roberts, J .  Amer .  Chem. Soc., 1977,99, 4985. 
l3 cf. R. Huttel and B. Rau, J .  Organometallic Chem., 1977, 

139, 107. 
l4 B. Rau and R. Hiittel, J .  Organometallic Chem., 1977, 139, 

103. 
15 See for example H. A. Graf, R. Hiittel, G. Nagorsen, and B. 

Rau, J .  Organometallic Chem., 1977, 136, 389 and ref. 16 therein. 
l6 See for example S. J.  Lippard and S. M. Morehouse, J .  Amer .  

Chem. Soc., 1972, 94, 6956. 
l7 D. T. Cromer and J.  B. Mann, Acta Cryst., 1968, A24, 321. 
la R. F. Stewart, H. R. Davidson, and W. T. Simpson, J .  Chem. 

i9 D. T. Cromer and D. Liberman, J .  Chem. Phys. ,  1970, 53, 

117. 

Phys. ,  1965, 42, 3175. 

1891. 

http://dx.doi.org/10.1039/DT9800000137

