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PALLADIUM-PROMOTED ADDITION REACTIONS OF 1,3-DIENES

D.I.S GUTHRIE and S M. NELSON
Department of Chemustry, Queen's Universuy, Belfast [Northern freland)

1,3-Dienas are known to undergo insertion reactions with paliadmm 7-allyl complexes
to yield new m-allyls! “2_ In pninciple, the msertion reaction could be a propagation step
1 a metal-catalysed polymerisation It has been reported that branched chain products
containing up to 19 carbon atoms (four 1nsertion steps) are obtained on reaction of
butadicne with m-allylpaliadium chionde dimer under stnngent condstions!*2. These brief
reports excepted. hittle is known of reactions involving more than one diene nsertion
mto pailadinm—m-allyl bonds This present paper describes the results of an investigation
of the reactions of palladium m-allyl complexes with, mamnly, 2-chlorobutadiene 1n which
multiple msertion products containing up to 40 carbon atoms have been obtained under
mild reaction conditions

A. RESULTS AND DISCUSSION

Reaction of Pd(benzonitrile), Cl,, I, with 2-chlorobutadiene, I, in benzene sohition
at room temperature yields as a major component a2 yellow crystalline matenal shown
by elemental analysis, IR and * H-NMR spectra and molecular weight measurements to
be the chionde bridged dimer IV, comprising a m-allyl bond between each palladium
atom and each Cz umit This structure contrasts with that of the product of reaction
of Na, PdCl. with butadiene, in which the s-allyl motety 1s containedin a Cy unit,1e
no dimerisation of diene has occurred?. By analogy with the butadiene reaction and other
results to be described below 1t 15 proposed that IV 1s formed in a two-stage reaction, the
first step being the formation of the ssmpie m-allyl complex, III, derived from the diene,
the second step being a rapid insertion of a second molecule of diene to yield 1V. Attempts
to 1solate the intermediate 11 were unsuccessfui, as were attempts to prepare 1t by other
routes.

in the course of a study designed to coaficm the structure of compound IV and 1ts
proposed formation wia intermediate III, the reactions of various pre-formed
palladivm-mallyl complexes [r-allyl PACl}, with vanous 1. 3-dienes were exarmned. In
the former, the allylic group 1aciuded unsubstituted m-allyl, n-1-chloroallyl. 7-2-chioroallyl.
m-1-chloro-1-methailyl, n-1,1’-dimethyi-2-chtoroaliyi, 7-1,1",3,3 tetramethyl-2-chloroallyl
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and w-[-carbomethoxyally! The dienes inciuded butadiene, 2-chlorobutadiene, 1soprene
and 2 3-drmethylbutadiene. From the results of experniments carried out two generalisations
may be made (/) the presence of a chlorine subsdituent 1n the reactant w-zllyl greatly
enhances the rate of the insertion reaction. Medema et ak.? have previously reported that
reaction rate mereases with increasing electron-withdrawing properties of substituents in
the 7-allyl. (2) when the insertion product tself contains a chlorine substituent tn the
n-allyl group, reaction proceeds beyond the first msertion step under conditions of room
temperature and pressure.

The *H-NMR spectra of the reactant #-allyls and of the various diene addition products
afforded useful information on the mechamisms of the addition reactions. Palladium #-altyt
coinplexes are known tc undergo dynamc syn == anrt exchange®® . There now seems general
agreement® that the inechanism of exchange involves the participation of a g-bonded allylic
mtermediate which permits rotation about the adjacent carbon—carbon bond, and hence
exchange of syn and gr#i positions. The sit:ation may be 1llustrated by the complex
[mr-I-methyl-1-chloroallylPdCl] ;. As prepared, this complex exists as a mixture of syn-
methy! (anzt-chloro) and syn-chloro (gnri-methyl) isomers (VI, VII) The 50°C 'H-NMR
spectrum (Fig [(a}} clearly shows the two sets of resonances carresponding to the two
isormers As the temperature 1s raised {spectra (b) and (c), Fig 1),the | [ I quartets
of the central allylic protons (H3) collapse to 1 2 I triplets, the two resonances
remaiming separate, The singlets due to the spn and anrr micthyl groups remain un-
altered. Clearly. 1t 1s protons H* and H? which are exchanging positions, and from
this 3t 1s inferred that inthe transition state the g-bond 1s to the unsubstituted carbon
atom. as indicated in structure VIII, a suggested mtermediate for the exchange praocess
This intermediate assumes a donor bond from the vinylic double bond to the
palladtum atom. This interaction, if 1t occurs at all, 1s expected to be rather weak
because the chelate nng formed thereby 1s three-membered (constdermg the vinyl
group as one coordinating centre) and therefore rather strained. While coordination
of the vinylic group may serve to satisfy, at least partiaily, the preferred coordination
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Fig, 1. The 'H-NMR specita of [M-1-chlore-1-methy{PACI] 5 10 an o-/p-dichlorobenzene misture Jat
thrce temperatures. {The singlets at 78,15 and 78.40 due the syr and ahsr methyl protons are
comuiied in spectra (b} and {¢) for clarity, thesc resonances are, however, the sume as m spectrum (a) )

number of four of the metal ton, 1t should be noted that the m-bond cannot reman
intact during ali stages of the rotation about the carhon—carben bond,
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In contrast to the above, the inseriron products of dienes with [r-alltylPdCl] , com-
plexes behave quute differently 1n their dynamic syn = anrr interconversions. The
msertion product formed from [w-2-chloroallyiPdCl], and 1soprene provides a typical
example As prepared 10 benzene at 20°C the complex exists once again as a mixture
of syn-methyl {anti-chloro) and syn-chloro {gntr-methyl) 1somers (IX. X). Vanable-
temperature '"H-NMR expeniments have shown? that exchange of syn and anfs
positions occurs preferentially at the substituted allyhe carbon atom, indicating that
in the transition state the a-bond is formed preferentially to the substituted carbon
atom. The relatively low barner somerisation {A G¥ = 17.3 kcal.mole™! for the case
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cited) has been interpreted 1n terms ol the intramolecular chelated transition state XI
wiich aflows for retention of the preferred coordination number of four of the
palladium atom at alf stages of the rotation about C2 (3. Note, also, that the chelate
ring 1s five-membered and therefore much less strained than 1n the case descrnibed above
The mechanisms of the sy = anfi interconversions 1n the differently constrtuted
#-allyl compiexes have tmportant implications for the mechanism of the insertion
process. It has been postulated by other workers that a pnimary step in the insertion
process 1s coordmnation of the reactant diene by one of 1its double honds. According
to Medema et al.? this is the rate-determining step in the overall reaction. However,
Hughes and Poweli® have shown that coordination of diene 15 a rapid step and that 1t
1s the actual insertion step that is rate-determining. They further point out a correlation
between the life-ttme of the o-allyl intermediate (in sy'n == gnti exchange} and the rate
of product formation, the longer Iived the g-intermediate, the faster the reaction rate
We therefore expect that insertion occurs when the allyl complex 1s 1n 1ts g-bonded
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form, and that the diene joins to the allylic carbon atom which 1s not g-bonded. A
posstble intermediate for the case of the first insertion step 1s V. Note that the diene
enters the allyl moety at its substituted end.

The mode of addition of diene 1n the second and subsequent wigertion steps is
expeeted to be different, r.e. to the unsubstituted end of the allyl, because as shown
above, the ¢-bond 1n the mtermediate 1n the spn = anr exchange 1s to the substrituted
carbon atom. Thus, for the case of reaction of [r-2-chloroallylPdCl} ., XII, with
2chlorobutadiene, 11, the expected product 1s XIII. Further insertions will yield a
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product XIV having a hnear chain of repeating unit —[CH, —CH=CCI-CR, | —
confaimng one trisubstituted olefinic function and four aliphatic protons to every
olefinic proton, If the diene were to add to the substituted end of the allyl group

{as n the first 1nsertion step) the branched chain product XV would result. Here,
further msertions would produce a repeating umt of —[CCI(CH=CH,)}-CH, ] —
contamning one vinylic double bond and an aliphatic olefinic proton ratio of 2 3.
{These considerations assume that 2-chlorobtiiadiene joins to the allyl group via the
C! carbon atom. This appears to be so in practice.} The two modes of diene addition
represent 1,4- and 1,2-addition respectively. 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 sp# and anfi 1somers can once agamn be clearly seen 1n
the resonances of the allylic protons. Figure 2(b) shows the spectrum of a multiple insertion
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Fig. 2. The *H-NMR spectra 1n CDCly of (@) campound X[l at 50° and (b} ot compound XIV at 27°,

product obtained from the same reaction system, Several differences may be noted

(1) the appearance of 2 new resonance at 74.55 attributable to the proton in the olefinic
function —CH=CCl—, (2) the reduced intensity of the signals due to the winylic protons
at 74.8, (3) the reduced intensity of the two terminal allylic protons, between 73 6 and
77.0, and {4} the mcreased mtensity of the ahphatic protans at 77.0 —78.0. Table 1

lists the numbers of different kinds of protons (distinguishable by NMR) n the oligomer
as a function of the number of 1nsertion steps for each of the two modes of diene addition
Comparison of the NMR integrais of the signals due to the vinylic and olefinic protons
centred £X 74.55 and 74.82, respectively, gives a ratio of I 4. Simce there are two vinyl
protons present whateve:s the degree of oligomensation this indicates the presence of
eight olefinic protons, z result corresponding to an average of nine msertion steps.
Sumularly. comparison of the mtegrals of the olefinic and aliphatic proton resonances
(r4.55 and 7.0—8.0, respectively) indicates the presence of 36 aliphatic protons, a
resuit again corresponding to an average of nine insertion steps in the product. These
proton ratios would be quite different (see Table 1) for the alternative mode of addi-
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145

Numbers of daffercnt types of proton in ohigomers as function of degree of oligomensation
{ PA(-Cl-ally})(1] 5 + 2-Cl-butadiene, where N = no. of diene additions. a = allyl, v = vinyl.

o = olefimic and al = aliphatic.

N Additton to unsubst.
C atom of allyt

Addron 1o subst.

C atom of allyl

a v o al a v 0 a}
1 3 2 0 g 3 2 0 g
2 3 2 H 8 3 5 a 6
3 3 2 2 12 3 B 0 B
4 3 2 3 16 3 11 0 10
5 a 2 4 20 3 14 ] 12
6 3 2 5 23 3 17 0 14
7 3 2 & 28 3 30 0 16
g8 3 2 7 32 3 23 ] I8
9 3 2 8 36 3 26 0 20
10 3 2 9 40 3 29 0 22
i1 3 2 10 44 3 32 0 24
12 3 2 1t a8 3 as 0 26

tion (1,2-additzon) 1in which the diene adds to the substituted end of the w-allyl moety.
The IR spectra, tn the 1500—1700 ¢cm™ * region, of the ohigomers support the con-

clusions gained from the NMR spectra. Figure 3(a) 1s a spectrum of the first insertion

praduct, XIII The single band at 1640 crmi™ ! 1s charactenistic of the carbon—carbon

stretching (requency of the chlorovinyl —CCI=CH; group. Spectrum{c) of Fig 3 1s

of the same oligomer (XIV) whose NMR spectrum is given in Fig. 2(b) Here, the
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Fig, 3. The infrared spectra {KBr pellets and thin films) of (a} compound X1, {¢} contpound X1V

and (b} an olipomer of intermediate chain length,
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1640~! band has greatly dirminished 1n intenssty at the expense of a new band at
1660 em™ ! charactenstic of a non-terminal double bond, —-CH=CH- or —CH=CCI—
Spectrum (b) of Fig. 3 1s of a fraction eluted from the column separation of the
reaction products of {m-2-chloroallylPdCI]; and 2-chlorobutadiene after the
multiple msertion product already referred to but before the [irst insertion product
Here, the relative mtensities of the 1640 and 1660 cmi™ ! absorptions indicate, as
expected, that this matenal 1s an ohigomer of intermedrate chain length.

The foregoing results strongly supggest that the same kind of g-allylic intermediate
which provides a pathway for spn = anft exchange or 1somerisatton also plays a part
m an anrtial stage m the insertion reaction. A further related mference 15 that the mode
of diene addition 1s controlied by the lower energy g-allyhe intermedsate. For the
first insertion step we have seen that this ts one in which the o-bond 1s to the unsub-
stituted carbon atom, whereas in subsequent steps the ¢-bond is to the carbon atom
having a potentially coordinating alkenyl group in the substituent chain A possible
mntermediate {or the second insertion step 1n that shown m XVI. Certain features of the
proposed intermediate are, of course, speculative. For example, st assumes a coordina-
tion number of five without rupture of metal—chlorine bonds. However, it does indicate
correctly how the diene becomes linked to the unsubstituted end of the allylic group.
A five-coordinate intermediate also sugeests a possible explanation for the apparently
reduced reaction rate for second and subsequent insertion steps compared to the first.
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in the g-intermediate XVI, suggested for sy == an i 1somerisation of the insertion
vroduct, coordimation of the alkeny! group mn a five-membered chelate ring will
satisfy the coordination numbzr four of the palladium atom more effectively than
will the allylic double bond of intermediate V proposed for the reactant m-allyl.
Thus, the affinity of the pallacium atom for coordinating a solute diene (an assumed
necessary first step to addition) mighi well be less 1n the former case

While our results to date ac~ord without exception to the view that the occurrence
of an alkenyl group mn the 7-al'y] substifuent chain of the insertion products directs
the incoming diene 1o add to the other end of the #=allyl group there 1s no particular
reason to beleve that this nced always be the case Rather, 1t 1s to be expected that
this 15 merely one among other unexplored influences that the reacting m-ally! and
diene are subject to_ In this connection we note that Medema ct al.? have reported
the 1solation of 5-ethylnonane on hydrogenation of the insertion products of
butadiene with fr-allylPdCl] ,, a result which indicates addition of the second
butadiene molecule to the substituted m-aliylic carbon atom in this case These and
related reactions are under cont:nuing mvestigatron and will be reported in greater
detail elsewhere
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