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1,3-Dienes are known to undergo msertton reacttons with palladium n-ally1 complexes 
to yreld new x-allyls1-3 _ In prmclp le, the msertion reaction could be a propagation step 
m a metal-catalysed polymertsatron It has been reported that branched chain products 

contaimng up to I9 carbon atoms (four msertton steps) are obtained on reactron of 
butadlene with rr-alIylpalIadrum chIorrde dlmer under stnngent condrtions*~* _ These brief 

reports excepted. little IS known of reacttons mvolvmg more than one dtene msertron 
mto palladtum-sr-ally1 bonds Thus present paper descrrbes the results of an mvestrgatron 
of the reactions of palladmm n-ally1 complexes with, mamly, 2-chlorobutadtene m which 
multrple insertion products contammg up to 40 carbon atoms have been obtained under 
mrld reaction condrtrons 

A. RBL’LTS AND DISCUSSION 

Reaction of Pd(benzonltrrle), Cla , I, with 2-chlorobutadiene, II, m benzene sol&on 

at room temperature yields as a major component a yellow crystallme material shown 
by elemental analysis, IR and 1 H-NMR spectra and molecular we&t measurements to 

be the chlorrde bridged dmler IV, comprtsmg a n-ally1 bond between each palladtum 
atom and each Cs unit This structure contrasts wrth that of the product of reactron 
of Na, PdC14 with butadrene, m which the n-ally1 moiety 1s contamed m a C4 unit, r e 
no drmerrsatron of drene has occurred 4 _ By analogy wrth the butadrene reaction and other 

results to be described below rt 1s proposed that IV IS formed m a two-stage reactron, the 
first step bemg the formatron of the simple n-ally1 complex, III, derived from the drene, 
the second step being a raprd insertion of a second molecule of drene to yield IV. Attempts 
to isolate the intermediate III were unsuccessful, as were attempts to prepare rt by other 

routes. 
In the course of a study designed to confirm the structure of compound IV and Its 

proposed formation via intermediate III, the reactions of various pre-formed 
pallachum--7Fallyl complexes [n-ally1 PdCl] 2 with vanous 1,3-drenes were exammed. In 
the former, the allyhc group mcluded unsubstrtuted r-allyl, n-1-chloroallyl. 7r-2-chloroallyl. 
n-l -chloro-1 -methallyl, n-l ,1’-dimethyl-2-chloroallyl, n-l ,1’,3,3’-tetramethyl-2-chloroallyl 
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and n-1 -carbomethoxyallyl The &enes Included butadlene, Z-chlorobutadrene, isoprene 

and 2,3-dlmethylbutadlene. From the results of experiments carried out two generahsatlons 

may be made (I) the presence of a chlorme subscttuent m the reactant n-ally1 greatly 

enhances the rate of the msertlon reaction. Medema et al.* have previously reported that 

reactlon rate increases with mcreasmg electron-withdrawing properties of substltuents m 

the n-allyl. (2) when the insertion product itself contains a chlorme substltuent m the 

7r-ally1 group. reaction proceeds beyond the first msertlon step under condltlons of room 

temperature and pressure_ 

The ‘H-NMR spectra of the reactant n-allyls and of the various dlene addltlon products 

afforded useful mformatlon on the mechamsms of the addltlon reactlons. Palladium 7r-ally1 

complexes are known tc undergo dynamic s)‘n =+mttl exchange596. There now seems general 

agreement6 that the mechamsm of exchange mvolves the partlclpatlon of a u-bonded allyhc 

intermediate which permits rotation about the ddJacent carbon-carbon bond, and hence 

exchange of sytz and am posltlons. The sit Jatlon may be illustrated by the complex 

[n-I-methyl-I-chloroallylPdCl] 2. As prepared, this complex exists as a mixture of s)‘iz- 

methyl (alzrz-chloro) and syn-chloro (atztl-methyl) Isomers (VI, VII) The 50°C ‘H-NMR 

spectrum (Fig l(a)) clearly shows the two sets of resonances correspondmg to the two 

isomers As the temperature IS raised (spectra (b) and (c), Fig l), the 1 1 1 quartets 

of the central allyhc protons (H3) collapse to I 2 1 triplets, the two resonances 

remammg separate. The smglets due to the syn and ant1 methyl groups remain un- 

altered. Clearly. It 1s protons H’ and H* which are exchangmg positions, and from 

tlus It IS mferred that mthe transltlon state the o-bond IS to the unsubstltuted carbon 

atom, as indicated m structure VIII, a suggested Intermediate for the eXChange Process 

This intermediate assumes a donor bond from the vmylrc double bond to the 

palladium atom. This mteractlon, if It occurs at all, IS expected to be rather weak 

because the chelate ring formed thereby 1s three-membered (conndermg the vmyl 

group as one coordmatrng centre) and therefore rather strained. While coordmatlon 

of the vmyhc group may serve to satisfy, at least partially, the preferred coordmatlon 
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Rg. 1. The ‘H-NMR spectra of [sr-l-chloro-1-methylPdCl] 2 in an o-/pdlchlorobcnzene mixture It 
three temperatures. (The smglets at ~8.15 and ~8.40 due the syn and ant1 methyl protons dre 
onutted m spectra (b) and (c) for clarity, these rc5ondmcs dre, however, the wnc as In spectrum (a) 1 

number of four of the metal Ion, it should be noted that the r-bond cannot remain 

intact during all stages of the rotation about the carbon-carbon bond. 
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In contrast to the above. the msertron products of drenes wrth [n-allylPdCl] 2 com- 

plexes behave quote drfferently in their dynamrc ~~‘22 *ant2 mterconverslons. The 

msertron product formed from [n--2-chloroallylPdCl] a and rsoprene provrdes a typrcal 

exampie As prepared m benzene at 20°C the complex exrsts once again as a mrxture 

of s!pzz-methyl (zzztrz-chloro) and sjyzz-chloro (zzzzfz-methyl) Isomers (IX. X). Vanable- 

temperature ‘H-NMR experiments have shown’ thdt exchange of syn and antz 

posrtrons occurs preferentraliy at the substrtuted allyhc carbon atom. mdrcatmg that 

m the transnton state the u-bond IS formed preferentzally to the substituted carbon 

atom. The relatively low barner rsomerrsatton (A G* = 17.3 kcakmole-’ for the case 
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crted) has been Interpreted m terms of the mtramolecular chelated transrtron state XI 

whrch allows for retention of the preferred coordmatron number of four of the 

palladium atom at all stages of the rotation about C2 -C3 _ Note, also, that the chelate 

rmg 1s five-membered and therefore much less strained than m the case described above 

The mechamsms of the syzz =+ antz mterconversrons m the differently constrtuted 

n-ally1 complexes have Important tmphcatzons for the mechanism of the insertron 

process. It has been postulated by other workers that a prrmary step m the insertron 

process IS coordmatron of the reactant drene by one of its double bonds. According 

to Medema et al.’ thus is the rate-determining step m the overall reaction. However, 

Hughes and Powell’ have shown that coordmatron of diene is a rapid step and that rt 

IS the actual msertron step that IS rate-determmlng. They further point out a correlation 

between the hfe-trme of the o-ally1 mtermedrate (m s)‘n + anti exchange) and the rate 

of product formation, the longer lived the a-mtermedrate, the faster the reaction rate 
We therefore expect that msertron occurs when the ally1 complex IS m Its a-bonded 
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form, and that the drene jams to the allyhc carbon atom which IS not u-bonded. A 
possible intermedrate for the case of the first msertlon step 1s V. Note that the lene 

enters the ally1 moiety at rts substrtuted end. 
The mode of addrtron of dlene m the second and subsequent msertion steps 1s 

expected to be dtfferent, I.e. to the unsubstltuted end of the allyl, because as shown 

above, the a-bond m the mtermedrate u-r the SJW =+ arm exchange IS to the substltuted 

carbon atom. Thus, for the case of reactlon of [sr-2chloroallylPdCl] *, XII, with 

Z-chlorobutadrene, II, the expected product rs XIII. Further msertrons ~111 yreld a 
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product XIV havrng a hnear cham of repeating umt - [CH, -CH=CCl-CH, ] - 

contammg one trrsubstituted olefimc function and four ahphatrc protons to every 
oleflmc proton. If the drene were to add to the substituted end of the ally1 group 
(as m the first insertion step) the branched cham product XV would result. Here, 
further msertrons would produce a repeating unrt of - [CCl(CH%H2)-CH2 ] - 

contaming one vmyhc double bond and an ahphatrc olefimc proton ratro of 2 3. 
(These considerations assume that 2-chlorobutadrene Joms to the ally1 group vra the 
C’ carbon atom. This appears to be so m practrce.) The two modes of drene addrtron 
represent 1,4- and 1,2-addition respectmely. It 1s possible to distinguish between them 

by means of ‘H-NMR and IR spectroscopy Figure 2(a) shows the ‘H-NMR spectrum of 
compound XIII. The presence of syn and a ti Isomers can once agam be clearly seen m 

the resonances of the allyhc protons. Frgure 2(b) shows the spectrum of a multrple insertion 
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iig. 2. The ‘H-NMR spectra m CDC13 of (a) compound XIII at SOa dnd (b) ot compound XIV at 27O. 

product obtained from the same reactlon system. Several differences may be noted 
(I) the appearance of a new resonance at 74.55 attributable to the proton in the olefimc 

function -CH=CCI--, (2) the reduced intensity of the signals due to the vlnyhc protons 
at ~4.8, (3) the reduced Intensity of the two terminal allyhc protons, between 75 6 and 
77.0, and (4) the increased mtenslty of the ahphatlc protons at ~7.0 -r&O. Table 1 
lists the numbers of different kmds of protons (dlstmguishable by NMR) m the ohgomer 
as a function of the number of insertion steps for each of the two modes of diene addition 
Comparison of the NMR integrals of the signals due to the vmyhc and olefinic protons 
centred z: 74.55 and ~4.82, respectively, gves a ratlo of 1 4. Since there are two vinyl 
protons present whatevel the degree of ohgomerlsatlon this indicates the presence of 
eight olefmic protons, a result correspondmg to an average of nine msertlon steps. 
Smxlarly. comparison of the mtegrals of the olefimc and ahphatlc proton resonances 
(74.55 dnd ~7.0-8.0, respectively) indicates the presence of 36 ahphatlc protons, a 
result again corresponding to an average of nine insertion steps m the product. These 

proton ratios would be quite different (see Table 1) for the alternative mode of addl- 
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TABLE 1 

Numbers of &fferent types of proton m ohgomers as functron of degree of ohgomerlsatron 
[ Pd(%Cl-allyl)Cl] 2 + 2-C1-butachene, where N = no. of dlene addltlons. a = ally& v = wnyl. 
o = oletimc and al = ahphdttc. 

N Adchtlon to unsubst. Addition to subst. 
C dtom of ally1 C atom of ally1 

rl V 0 al d V 0 ‘I1 

1 3 2 0 4 3 2 0 4 
2 3 2 1 8 3 5 0 6 
3 3 2 2 12 3 8 0 8 
4 3 2 3 16 3 11 0 10 
5 3 2 4 20 3 14 0 12 
6 3 2 5 24 3 17 0 14 
7 3 2 6 28 3 20 0 16 
8 3 2 7 32 3 23 0 18 
9 3 2 8 36 3 26 0 20 
10 3 2 9 40 3 29 0 22 
11 3 2 10 44 3 32 0 24 
12 3 2 11 48 3 35 0 26 

- 

tlon (1,2-ad&tton) m which the dtene adds to the substituted end of the sr-ally1 moiety. 

The IR spectra, in the 1500-l 700 cm-’ regton, of the ohgomers support the con- 

clustons gamed from the NMR spectra. Figure 3(a) 1s a spectrum of the first insertton 
product, XIII The smgle band at 1640 cm- ’ 1s charactertsttc of the carbon-carbon 

stretching frequency of the chlorovtnyl -CCl=CH, group. Spectrum (c) of Ftg 3 ts 

of the same ohgomer (XIV) whose NMR spectrum 1s gtven m Rg. 2(b) Here, the 
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Fig, 3. The infrared spectra (KBr pellets and thin films) of (a) compound XIII, (c) compound XIV 
and (b) an ohgomer of mtermedlate Lhdm length. 
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1640-l band has greatly dmnmshed in mtensrty at the expense of a new band at 
1660 cm-’ characterrstrc of a non-termrnal double bond, -CH=CH- or -CH=CCl- 

Spectrum (b) of Rg. 3 IS of a fractron eluted from the column separatton of the 
reactron products of [sr-2_chloroallylPdCl] z and 2-chlorobutadrene after the 
multrple rnsertron product already referred to but before the first msertron product 
Here, the relative mtensrtres of the 1640 and 1660 cm-’ absorptrons mdrcate, as 

expected, that this material IS an ohgomer of mtermedrate cham length. 

The foregoing results strongly suggest that the same kmd of o-allyhc mtermedtate 
whrch provrdes a pathway for s~‘n * QJZ~I exchange or rsomerrsatlon also plays a part 
m an rrutral stage m the msertron reaction. A further related mference IS that the mode 

of dtene addition IS controlled by the lower energy o-allylrc mtermedxate. For the 
first insertion step we have seen that this IS one in which the a-bond IS to the unsub- 
stltuted carbon atom, whereas m subsequent steps the a-bond is to the carbon atom 

having a potentrally coordmatmg alkenyl group in the substrtuent cham A posstble 
intermediate for the second_msertton step m that shown m XVI. Certain features of the 
proposed mtermedrate are, of course, speculatrve. For example, rt assumes a coordma- 
tron number of five without rupture of metal-chlorme bonds. However, rt does indicate 
correctly how the drene becomes linked to the unsubstrtuted end of the allyhc group. 
A five-coordmate mtermedrate also suggests a possible explanatron for the apparently 
reduced reaction rate for second and subsequent msertron steps compared to the first. 
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In the a-mtermedlate XVI, mggested for syn =+ anti lsomerisatlon of the msertlon 

product. coordmatlon of the alkenyl group m a five-membered chelate ring ~111 

satisfy the coordmatlon numbx four of the palladium atom more effectwely than 

~111 the allyhc double bond of mtermedlate V proposed for the reactant n-allyl. 

Thus, the affinity of the pallacllum atom for coordmatmg a solute &ene (an assumed 
necessary first step to addltlon) might well be less m the former case 

While our results to date ao-ord without exception to the view that the occurrence 
of an alkenyl group m the a-al’yl substltuent chain of the msertlon products directs 
the incoming dlene to add to the other end of the sr-dllyl group there is no particular 
reason to believe that this need always be the case Rather, it IS to be expected that 
this is merely one among other unexplored influences that the reacting n-ally1 and 
dlene are subJect to. In this connectlon we note that Medtma et al.’ have reported 
the lsolatlon of S-ethylnonane on hydrogenation of the InsertIon products of 
butadlene with [n-allylPdCl] *, a result which Indicates addition of the second 

butadlene molecule to the substituted sr-allyhc carbon atom m this case These and 

related reactions are under contmumg mvestlgatlon and will be reported m greater 
detail elsewhere 
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