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SUMMARY 

The insertions of allene, methylallene, l,l-dimethylallene and 1,3-dimethyl- 
allene into the allylic palladium bonds of the complexes (n-All) Pd(X) (I) : X= 
chloride, acetylacetonate, or hexafluoroacetylacetonate, to give new n-allylic products 
(II) [e-g. ZC,H,-(CRiR’C=CR’R”) Pd(X)] h as been investigated. Reaction of 
(n-All) Pd(acac) complexes with liquid allene yields, as a side-product, bis(acetyI- 
acetonato)-2,2’-bi-rr-allyldipalladium(II). Addition of 1,Zdienes to CDClJ SO~U- 
tions of complexes (I) promotes exchange on the NMR time scale of the allylic syn- 
and anti-protons via a a-allylic intermediate_ The rate of syn-cmti proton exchange 
decreases in the order : All= 2-chloroallyl > ally1 > 2-methylallyl > 2-tert-butylahyl ; 
1,2-Diene= l,l-dimethylallene > 1,klimethylallene > methylallene > allene > tetra- 
methylallene zz 1,3-di-t-butylallene ; X = Hfacac %+ Acac > Cl. The rate of formation 
of the insertion product (II) decreases in the order: AU=Zchloroallyl > ally1 >2- 
methylallyl%2-tert-butylallyl; 1,2-Diene= 1,3_dimethylallene > l,l-dimethylallene 
>methylallene >aIlene 3 tetramethylahene z 1,3-di-t-butylallene ; X = Hfacac > 
Acac zzC1. To account for the stereochemical features of this reaction, and the un- 
usual order of coordinative abilities and reactivities of the different l,Zdienes, a 
mechanism is proposed in which the Q-diene preferentially coordinates to palla- 
dium via its less substituted olefinic function to generate a a-allylic intermediate 
(a-All) (1,2-_diene)Pd(X). Direct carbon migration of the c-bonded carbon of the 
a-ally1 to the central allenic carbon occurs to give the product (II). The relative reac- 
tivities of methyl substituted allenes may be rationalized in terms of a small degree of 
polarization of the Ir-1,2diene-Pd bond in the transition state for the a-ally1 migra- 
tion. 

INTRODUCTION 

The insertion of 1,Zdienes into various Pd-X bonds has been reported by 

* For part 11 sue reI. la; a preliminary account 01 part of this work has appearedIb. 
tf Addres correspondence to this author. 
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several groups of workers. Insertion into the Pd-Cl bond has been shovin2-5 to 
occur in two ways, depending upon the 1,Zdiene and the solvent Shier has demon- 
strated that trans-(PEt3)2PdCI(Ph) does not react with allene’. On addition ofAgBF, 

however, AgCl is precipitated, and the ionic complex [ (sc-Zphenylallyl) Pd (PEt,),] - 
BF, derived from allene insertion into the phenyl-Pd bond is readily isolated6. 

This reaction serves to illustrate the importance of a vacant coordination site 
on the palladium being available to accommodate a molecule of allene prior to in- 
sertion, i.e. Cl- must be stripped from the original complex in order for insertion to 
occur. 

Clark et 01.’ have shown that the cationic platinum complex rmns-[PtMe- 
(L)Q2]+PF: (Q=PMe,Ph. AsMe 3 ; L=acetone) reacts with allene below 0” to 
yield an analogous n-allene complex (L = allene). On warming, this rearranges via an 
intramolecular process to yield a n-2-methylallyl complex by allene insertion into 
the Pt-Me bond. Similar insertions of allene into Pt-H8 and Rh-Hg bonds have been 
reported. 

We here present the results of a study.of the insertion of allene, and methyl- 
substituted allenes, into the allylic palladium bonds of (I) p=Cl, Acac, Hfacac 
(hexafluoroacetylacetonate)] to give the new x-allylic complexes (II)-( 

During the course of this investigation the reaction of allene with complexes 
(I) [X=Cl] was reported”-I2 to yield complexes (II a, d) together with the chloro- 
bridged analogous of complexes (IIIe) and (IV b). These authors proposed a mecha- 
nism for allene insertion involving an intermediatecontaining a n-bonding-ally1 and 
a rc-allene ligand. Coordination of allene to palladium was envisualised as the rate- 
determining step for insertion. We have carried out a detailed study of 1,2-diene in- 
sertion into allylic-palladium bonds of (I) [X=HhcdC] using ‘H NMR ~pectro- 

scopy. The results have shown the previous mechanistic proposals”- lL to be in- 
correct_ A mechanism, in which migration of a g-ally1 carbon to the central carbon of 
a coordinated allenic moiety, is the rate determining step, is proposed. 

RESULTS AND DISCUSSION 

Isolation a& characterisation of l&die~e insertion products 
Reactions of complexes (I a, c, d) p = Cl] with allene to give (IIa, c, d) were 

effected by sealed tube reactions at ambient temperatures using an excess of allene in 
benzene solution. The solid complex (I) B=Cl] slowly went into solution over a 
period of one week. Longer reaction times could be used since the product (II) ap 
peared reluctant to insert another molecule of allene. Complex (I b) (X = Cl], con- 
taining a z-2-methylally substituent also showed reluctance to insert a molecule of 
allene, and we were only able to isolate an inseparable mixture of (I b) and (II b). 
Longer reaction times led apparently to further insertion of allene into the allylic- 
palladium bond of (II b), in competition with insertion into (I b). A similar reaction 
procedure using complexes (Ia, c, d) ~=Acac] gave high yields of complexes 
(III a-d). Complex (I b) F-A cat s owed a marked reluctance to insert allene and, ] h 
parallelling the behaviour of itschloro analogue, only a mixture of (I b) and (III b) 
was obtained. Complex (III e) was isolated by allowing complex (I e) B=Acac] to 
stand overnight in a saturated solution of allene in benzene. The sealed tube reactions 
of complexes (I a-d) jX = Acac] with excess allene also yielded trace ( =S 1%) amounts 
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(a) 
(b) 
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(4 
(f) 
(9) 

w=y= Z=H 

W=CH3; Y=Z=H 

W=Z=H; Y=Cli3 

W=H; Y'Z'CH3 

W=Z=H; Y=COOCHJ 

W=Cl; Y=Z=H 

w=*gu; Y=Z=H. 
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(b) 
(Cl 
Cd) 

(4 
(f) 
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(a) W=Y=Z=H 

(b) W=CHJ; Y=Z=H 

(c) W=Z=H; Y=CHJ 

(d) W=H; Y=Z=CH, 

(a) W=Y=Z=H 

(b) W=CH3; Y=Z=H 

(c) W=Z=H; Y=CH3 

(d) W=H; Y=Z=CH3 

(e) W=Z=H; Y=COOCH3 

W=Y=‘+H ;&R2,&-, 
W=C_l; y=Z=H ; $,R~,R~=H 
W=Cl;Y=Z=H ;d=CH 3 ; R2=R3=H 

W=C1;y=Z=H;R1,R2,CH3;F13=H 

W=Cl ;y=Z=H; &&CH, ; R2=H 

W=Z=H;Y=COOCH3;R1=CH3;R2=R3=H 

W=Z=H:Y=COOCH3;R1=B3=CH3;R2=H 

of an insoluble white compleq shown by unambiguous synthesis to be complex (V), 
containing a 2,2’-bi-n-ally1 ligand”. The yield of complex (V) could be increased 
to ca. 40% by reaction of complexes (I a-d) p=Acac] with neat liquid allene in a 
sealed tube. The major organic product of this side-reaction when using complex 
(I a) was shown by VPC analysis to be 1,Shexadiene. 

Reactions of complexes (I a, f) pC = hexalluoroacetylacetonate; Hfacac] 
with allene were found to proceed more rapidly than their chloro or Acac anaiogues, 
and yielded complexes (IV a) and (IV b) respectively. These reactions could be carried 
out on a l/l molar basis Complexes (I e, f) also reacted readily with 1-methylallene, 
l,l-dimethylallene or 1,3-dimethylallene to yield complexes (IV c-g). We have been 
unable to effect insertion of tetramethylallene or 1,3di-tert-butylallene into the allylie 
palladium bonds of complexes (I) p= Cl, Acac, or Hfacac] and have also been un- 
able to insert any of the 1,Zdienes into the 2-tert-butylallyl-palladium bond of 
complex (I g) p=Hfacac], under the mild conditions described above. Reaction of 
complex (VI), containing a triphenylphosphine ligand, with allene in a sealed tube, 

(conlinued 011 p_ 414) 
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‘H NMR DATA FOR COMPLMES (II), (II-I) AND (TV) (60 MHz; CDCl,, 34O) 

Complex X w Y z R' R2 R= r (mulripliciry)“; J (Hz) 

H’ H’ 

(II4 

(Ilbl 

@j 

(IId) 

(IIIa) 

(IIIC) 

(IIId) 

We) 

(ma) 

Cl 

Cl 

Cl 

Cl 

Acac 

Acac 

Acac 

Acac 

Hfacac 

Hfacac 
Hfaac 

Hfacac 

Hfacac 

Hfaac 

Hracac 

Hraac 

Hfacac 

Hfacac 

Hfacac 

‘H 

CH, 

H 

H 

H 

H 

H 

H 

H 

Cl 
Cl 

Cl 

Cl 

Cl 

Cl 

H 

H 

H 

H 

H H 

H: H 

CI% H 

CHx CH, 

H H 

CH3 H 

CHJ CHJ 

COOCHx H 

H H 

H H 
H H 

H H 

H H 

H H 

H H 

COOCH, H 

COOCHl H 

COOCHa H 

C;OOCHa H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

CI-& 

C& 

CI-L 

CHJ 

CH3 

CH3 

CH3 

CH3 

CH3 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 
H 

H 

CH3 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 
H 

H 

H 

‘=HI~ 

CH3 

H 

H 

CH, 

CHx 

6.13 (s) 

6.14 (s) 

6.15 (5) 

6.18 (s) 

6.37 (s) 

6.35 (s) 

637 (s) 

6.37 (s) 

z 6.10 (by 

5.94 (s) 
8.52 (d) 

J, 26.5 
9.14 (d) 

J, ,265 

8.56 (s) 

8.69 (d) 

J1.26.5 
9.10 (d) 

J, .26.5 

8.73 (d) 

Jd.5 

927(d) 

JI ,26.5 
8.73 (d) 

51.265 
910 (d) 

Jd-5 

7.09 (s) 

7.05 (5) 

7.10 (5) 

7.16 (s) 

7.24 (s) 

7.24 (s) 

7.28 (s) 

7.18 (s) 

z 7.00 (br 

6.90 (s) 

6.13 (q) 

J1.N 

6.97 (4 

'I,# 

8.71 (s) 

6.35 (9) 

JI -26.5 
- 7.10 (q) 

J, ~6.5 

z 6.2d 

7-08 (q) 
JI ,26.* 
6.38 (q) 

51.26-5 
7.22 (9) 
JI 26.5 

n Notation;s,siuglet ;d,doublet ; t,triplet:q,quartet;m,mulriplet; b,broad. * In C,D,solution. c The resonances 
of these protons are very broad due to an intermolecular site-exchange process. ’ Obscured by H’ reson,mx. 
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H’ Ii4 H’ Ii6 H’ ‘Ha x re.sonance5 

6.13 (s) 7.09 (s) 

6.14 (s) 

6.15 (s) 

6.18 (s) 

7.05 (s) 

7.10 (s) 

7.16 (s) 

6.37 (s) 

6.35 (s) 

637 (s) 

7.24 (s) 

7.24 (s) 

7.28 (s) 

6.37 (s) 7.18 (s) 

L- 6.10 (b)= ~7.00 (by 

5.94 (s) 
6.08 (s) 

6.63 (s) 

6.90 (s) 
7.15 (s) 

7.83 (s) 

6.11 (d) 

53.42 

8.69 (d) 
9.10 (d) 

6.66 (d) 

53.42 

6.35 (s) 

7-m (9) 

7.15 (s) 

6.8 (5) 7.95 (s) 

8.73 (d) 6-38 (9) 

9.20 (d) 7.22 (d) 

6.94 (dd) 

55.66 
J,.nl 
6.98 (bs) 

7.00 (bd) 

55.66 
7.00 (d) 

JS.68 

’ 6.88 (bd) 

&f(bd) 

55.64 
6.93 (d) 

JS.68 

6.75 (dd) 

55.67 
Jul.5 

6.90 (dd) 

55.66 
J,.,l 
6.58 (s) 

6.54 (9) 
J&5 
7.26 (q) 

J&5 

6.51 (q) 

J,cna5 

6.42 (bs) 
7.10 (bs) 

6.65 (td) 

J5.67 
J5.615 
7.53 (ddd) 

J5.67 
Js,,lJ 
6.60 (dd) 

55.66.5 
J5.61.5 
7.30 (dd) 
J 7 5.6 
&s1.5 

4.01 (m) 

8.09 (t) 

J6.5 1 
t4.40 (ill) 

4.71 (tq) 

J5.68 
J6.71 
4.10 (m) 

= 4.40 (m) 

4.71 (tq) 

55.68 
56.7 l-5 
2.97 (dt) 

JS.67 
J6.6 16 
4.30 (m) 

298 (dt) 

J6.,16 
JS .67 
3.33 (dt) 

56.616 

J5.67 
3.02 (d t) 

55.66-5 
J6.616 
3.30 (dt) 

55,665 
56.616 

4.8.6 (m) 4.73 (m) 

5.11 (bs) 

830 (bd) t 4.40 (m) 

J%B6 
8.26 (s) 8.30 (s) 

J6,71 

497 (m) 4.75 (m) 

‘8.30 (m) = 4.40 (m) 

8.27 (d) 8.33 (s) 

J6.71.5 

6.27 (s) 

5.00 (m) 

-4.08 (dt) 

J6.816 
J5.,1.5 
4.75 (m) 

4.60 (s) 
4.67 (s) 

5.03 (d) 5.27 (dt) 

J7.d5 57.61-5 
J5.d 

4.67 (d) 4.73 (dt) 

J,.s2 J7.0 2 
Js.61 

4.69 (bs) 
5.01 (d) 526 (dt) 

J,.Bl-5 J,..J.~ 

J5.d 
6.25 (s) 4.03 (dt) 

J6.615 
Js.61.5 

6.55 (s) 4.37 (dt) 

J6.6 16 
J5.G 

625 (s) 4.05 (dt) 

J6.616 
Js.d.5 

6.53 (s) 4.30 (dt) 

J6.616 
Jd-5 

CH, 4.65 (5): CH1, 8.02 (s) 

CH 4.63 (s); CH,, 8.05 (s) 

CH, 4.63 (s); CHJ, 8.03 (s) 

CH, 4.63 (s); CHa, 8.03 (s) 

CH. 4.05 (s) 

CH, 4.03 (s) 
CH. 3.93 (s) 

CH, 3.80 (s) 

CH, 3.95 (s) 

CH, 3.97 (s) 
CH, 3.79 (s) 

CH, i-92 (s) 

i3H. 3.80 (s) 

CH, 3.97 (s) 

CH, 3.81 (s) 

‘~thougb the methylene protons in this complex are diastereotopic and give rise to anisochronous resonant 
the outer-lines ol the expected AB system could not be distinguished Hence I,, could not be measure& 
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was extremely slow. However after a period of one yem at room temperature, insertion 
was found to have occurred, yielding complex (VII). 

Complexes (II)- and (VII) were characterised by ‘H NMR spectroscopy, 
mass spectrometry and elemental analysis. ‘H NMR data for complexes (II)- 
are presented in Table 1. Data for complex (II b) was obtained from a mixture of this 
complex and its n-allylic precursor (I b) [X= Cl] _ An analysis of the ‘H NMR 
spectra of representative complexes fully illustrates the stereochemistry of the 
insertion reaction_ The ‘H NMR spectra ofcomplexes (II a-d), (III a-e) and (IV a, b) ex- 
hibit two singlet resonances for the allylic syn- and anti-protons, typical of a sym- 
metrically bonded 2-substituted z-allylic moiety. The olelinic region of the spectra of 
all insertion products is only consistent with a structure in which the substituents 
W, Y and Z, originally present in the precursor complexes (I), occupy positions on the 
olelinic carbon atoms. Examination of the spectra of complexes (III e) or (IV f, g), 
derived from insertion of 1,2-dienes into the 1-syn-(methoxycarbonyl)allyl-palladium 
bond, demonstrates that the geometry of the olelin function in the products is trans- 
disubstituted, by virtue of the value of J,,,(16 Hz)13. Thus the mode of 1,2-diene 
insertion into the allylic-palladium bond parallels the insertion of bicyclic olefms’-14 
in that the Qcliene inserts into the least substituted end of the allylic-palladium 
function and that the relative geometries of substituents W, Y and Z on the allylic 
group are retained in the products. 

In the ‘H NMR spectra of complexes (IV c, d, f), derived from insertion of l- 
methylallene, or l,l-dimethylallene, the methylene protons (-CH$-) [see Table l] 
appear as a basic AB quartet pattern, typical of two geminal diastereotopic protons’3 
directly attached to an asymmetric centre, as the allylic moiety in these complexes 
must be since it is unsymmetrically substituted_ Complexes (IV e,g), derived from 
insertion of 1,3-&methylallene do not show resonances due to diastereotopic methyl- 
ene protons, and only one methyl resonance is observed_ Thus the allylic palladium 
bond in complexes (IV e,g) must be symmetrical with respect to substituents i.e. 
the syn, syn- or ant< anti-isomer. Since no central allylic proton is present to couple 
to the terminal allylic protons in complexes (IV e, g), no unequivocal assignment of 
structure is possible_ Since only one isomer is observed for each of (IV e, g) it is felt 
that the assignment of the terminal allylic methyl groups in these complexes to SJIF 
positions is preferred”. 

In the ‘H NMR spectrum of pure complex (IV a) the resonances due to the 
syn- and anti-protons were partially collapsed at 34O indicating that syn-mti ex- 
change was occurring via a x+~+rr process. This process was shown to be concen- 
tration dependent by dilution studies. No analogous broadening of syn- and anti- 
proton resonaqces was observed in the spectra of complexes (IV b), (III a) or (II a) in- 
dicating that the exchange process observed in the spectrum of (IV a) was dependent 
upon the anionic ligand (X), and upon the nature of the olefmic function in the 2- 
alkenyl substituent. This phenomenon has been observed in related complexes 
derived from 1,3-diene insertion16 into allylic-palladium bonds and is discussed in 
detail below. 

Mass spectra of l&diene insertion products 
Mass spectral data for representative complexes of type (IV) are presented 

in Table 2. The behaviour of complexes (IV) under electron impact parallels closely 
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-dC/dt=k.[C]-[1,2-Diene] 

Second order rate plots .are shown in Fig 2. Reactions of complex (I f) w= 
Hfacac] with 1,ldimethylallene and 1,3-dimethylallene were run under identical 
conditions in both CD& and CsDs solution, and the rates were found to be invari- 
ant with solvent By assuming the same rate law to hold for l,Zd.iene insertion into 
other, differently substituted allylic ligands in complexes (I) p=Cl, Acac, Hfacac], 
second-order rate constants for some of these reactions were calculated by only 
limited monitoring of the ‘H NMR spectra. The rate constants are assembled in 
Table 3. 

The rates of 1,2diene insertion were found to vary (i) with the substituents 
W, Y and Z on the allylic function of complexes (I), (ii) with the substituents on the 
1,2-diene, and (iii) with the anionic ligand X, in the order: 

X = Hfacac >Acac z Cl 

1,2-Diene = 1,3-dimethylallene > l,l-dimethylallene > 1-metdylallene > allene 
>>>tetramethylallene = 1,3-di-tert-butylallene (no insertion observed) 

x-Allylic ligand= 2-chloroallyl > ally1 > 2-methylallyl s Ztert-butylallyl (no 
insertion observed) 

(Terminal substituents) = 1-(methoxycarbonyl)allyl > l,l-dimethylallyl > l- 
methylallyl 2 ally1 

Eflecc ofsubstituents on the allylic ligand on the rare of 1,Zdiene insertion 
The observation of syn-onri proton exchange in the NMR spectra of complexes 

(I) on addition of 1,2-dienes is only consistent with formation of a short-lived n- 
allylic species (VIII) in solution, with rapid, reversible coordination of the 1,Zdiene 
to palladium. As previously observed, the extent of s_w!-ami collapse reflects the 
ease of formation of this a-allylic species and is dependent on the nature of the 2- 
substituent”‘. Since resonances in the ‘H NMR spectrum due to the insertion products 
do not appear until a later stage, this observation proves that coordination of the 
1,2-diene to palladium cannot be the rate-determining step for product formation 
(cl: refs. 10-12). 

The observed rate of insertion of a given 1,2-diene into a series of 2-substituted 
allylic-palladium bonds parallels the observed ease of formation of (VIII). Since 
the ease of formation of a species such as (VIII) is probably a good reflection of the 
relative concentration of this species in solution, this observation provides compel- 
ling evidence for the intermediacy of (VIII) in the insertion mechanism. For the series 
of terminally substituted n-allylic ligands (with the exception of l-(methoxycarbonyl)- 
ally1 for which no data is available) the ease of formation of a ci--allylic intermediate in 
complexes (rr-All)PdOAc(PMe,Ph) varies in the order” : 

x-All= 1,ldimethylallyl > I-methylallylzz allyl. 

This parallels the observed rates of Qdiene insertion into these allylic-palladium 
bonds in complexes (I) p=Acac] (see Table 3), again pointing to the intermediacy 
of a a-allylic species in the insertion mechanism. It might be predicted that a a-allylic 
intermediate (VIII) [W = Z = H ; Y = COOCH3] would have increased stability 
relative to other terminally methyl-substituted n-allylic species since it contains an 
or&unsaturated ketone function. 

_’ 

_. .‘. 
: ,. . . . . 

:., .__.. .,.x;: ‘, ..‘. ,.: ;_ .’ ’ 
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The necessity for formation of a c-allylic intermediate (VIII) in order for in- 
sertion of 1,Zdienes to occur also explains the observed reluctanoe of the insertion 
products (II), (III) and-(IV) to insert a further mole of l,adiene, since these complexes 
all contain a bulky 2-alkyl substituent on the x-allylic ligand Our results and others” 
have clearly demonstrated the reluctance of such allylic functions (e.g. 2-methylallyl, 
2-tert-butylallyl) to form o-allylic species, and consequently to insert Qdienes. 

Effect of substituents on the 1,2-diene on tk rate of insertion 
Introduction of methyl substituents on the 1,Zdiene has two observable ef- 

fects on its reaction with any given complex (II); it affects the extent of ry~an~i- 
proton collapse induced by the l,Zdiene, and consequently must affect the coordina- 
tive ability of the olefmic functions in that 1,Zdiene; and it affects the rate of insertion. 
With the notable exception of 1,3-dimethylallene, these two effects parallel one another. 

The observed order of s_vfz-nrrfi proton collapse is only consistent with pre- 
ferential coordination of either 1-methylallene, or l,l-dimethylallene, via the least 
substituted olefmic function. If coordination of these two dienes occurred via the 
more substituted oletinic function tetramethylallene would be expected to have the 
best coordinative ability of all the 1,Zdienes examined, instead of being one of the 
worsf as is observed. Evidence for preferential coordination of l,l-dimethylallene 
via its least substituted olelinic function exists in rr-ans-(l-l-dimethylallene)Pt( Py)- 
Clllg and (l,l-dimethylallene)~Rh(Acac)‘O. 

Since the ease of formation of (VIII) is l,l-dimethylallene > 1-methylallene > 
allene, there must be a mechanism operative whereby increasing methyl substitution 
on one of the hvo allenic double bonds in an unsymmetrically substituted 1,2-diene 
increases the.coordinative ability of the other double bond towards palladium ‘% 
Nh4R studi.es on the chemical shifts of 1,2-diene carbon atoms have shown that the 
two perpendicularly oriented double bonds are not independent of each other with 
respect to the electronic effects of substituents”. Crandall and Sojka22 have used 
MO calculations and i3C NMR studies to calculate the total x-electron density on 
the central allenic carbon in a series of methyl substituted 1,2-dienes. The total X- 
electron density, which must reflect the ability of the methyl substituents to inductive- 
ly supply x-electron density to this carbon, decreases in the order: 

tetramethylallene > 1,3-dimethylallene > I,l-dimethylallene > 1-methylallene 
> allene 

The solid state structures of several 1,Zdiene complexes of Rh’20*33*24, Pt” 25, 
and Ptuz3, in which the l&diene acts as a monodentate Ir-olefmic ligand, invariably 
show that the central allenic carbon is located closer to the metal than the terminal 
x-bonded allenic carbon. In square planar complexes of Pt’123 and Rh’ 20*23.24 the 
coordination plane intersects the C-C axis of the coordinated allenic olefm much 
closer to the central carbon than the terminal carbon Thus an asymmetry exists in 
the 1,2-diene-transition metal bond, which may imply that the major contribution 
to the cdonor component of the 1,2-dienemetal bond arises from the central allenic 
carbon atom. 

The observation that tetramethylalleng and 1.3-di-tert-butylallene, have 
poorer coordinative abilities than the other 1,2-dienes must reflect a steric hindrance 
to coordination which outweights the increased sc-electron density at the central 
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allenic carbon. Similarly a steric effect in the case of 1,3-dimethylallene, which must 
coordinate via a methyl substituted olefmic function, must reduce its coordinative 
ability relative to the unsubstituted olelinic function of l,l-dhnethylallene, but 
notably does not make it a poorer coordinating ligand than I-methylallene, ths in- 
creased &lonor power of 1,3-dimethylallene outweighting the steric effect in the 
latter comparison 

Effect of the tram-ligarrds on the. rate of l.Zdiene irzsertiorl 
The rate of insertion of a given 1,2-diene into a given allylic-palladium bond 

on varying the anionic ligand (X) in complexes (I) parallels the ease of formation of a 
a-allylic species, and is fastest when X=Hfacac. If the 1,Zdiene is considered as a 
nucleophile, as expected if the c-donor component of the z-1,2-diene-palladium 
bond is of predominant importance, the presence of the fluorinated Hfacac ligand in 
complexes (I) would be expected to increase the electrophilicity of the palladium atom 
towards a given l&diene relative to X=Acac or Cl, and hence stabilise an inter- 
mediate such as (VIII). The observation that chloro(triphenylphosphine)-x-allyl- 
palladium (VI) is extremely reluctant to undergo insertion of allene to give (VII) can 
by rationalized in terms of the tram a-bond weakening effect of the Ph3P ligand 

‘I 

~N=C,pd,Cl 
(ml) 

/--gA dpxJ j&J -’ 
(m mm (xm 

An S,2 substitution by allene of the x-ally1 ligand in (VI) would be expected to sub- 
stitute the end of the ally1 ligand situated tram to phosphorus to give a o-allylic 
species (IX) [L=allene; W =H]. Such an intermediate would be expected to be 
destabilised by the strong electron donating power of the rrans-phosphine decrensiry 
the electrophilicity of the palladium towards the 1,2-&ene. Clark et aLz6 recently 
reported that the electron-deficient acetylene, hexafluoro-2-butyne, inserts quite 
readily into the 2-methylallyl-palladium bond of chloro(dimethylphenylphosphine)- 
sc-(Zmethylallyl)palladium, presumably via en intermediate analogous to (Ix) 
[L=CF3C=CCF3; W=CHJ. However no insertion of this acetylene into the 7r-2- 
methylalIy&palladium bonds of complexes (II b) m= Cl, Hfacac] could be effected_ 
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Hexafluoro-2-butyne is expected to have the opposite electronic. requirements for 
bonding to a transition-metal than does allene (i.e. it is a weak c-donor but a strong 
3r-acceptor)27 and as such a cr-allylic intermediate such as (IX) would be stabilised 
when L=CF,C=CCF,. 

The mechanism of 1,2diene insertion into the ally&palladium bond 
The proposed mechanism for l&diene insertion into allylic palladium bonds 

is shown in Scheme 1. Migration of the c-allylic group to the central carbon atom of 
the coordinated allenic moiety is considered to be the rate determining step. 

\. 

/ 
(xl 

_’ 

z +Pd (Xl 
-. 

Y W 
Scheme I. Mechanism of insertion 01 1,2-dienes into allylirpalladium bonds. 

The available data do not allow any distinction to he made between a com- 
pletely concerted rearrangement of (VIII) to give the produch or a two-step mecha- 
nism via the chelating enyl intermediate (X). This latter species contains an enyl ring 
system analogous to that obtained from the insertion of bicyclic olefms into allylic- 
palladium bonds, and is therefore a geometrically feasible entity. Previous studies 
have shown that carbon monoxide inserts into allyl-palladium chloride, the fmal 
product being the acyl halide and metallic palladium. Although the stereochemistry 
of this reaction is the same as that observed with allene, the reaction is second order 
in CO concentration’O. Cyclohexyl isocyanide has been shown to react with complex 
(Ic)~=Cl],’ Inserting into the least substituted end of the x-1-methylallyl-palladium 
bond to give complex mI)28. However, insertion only occurs in the presence of two 
moles of isocyanide per mole of palladium. 

These reactions are therefore different from 1,Zdiene insertion in that they 
exhibit a second order dependency upon the inserting ligand. Examination of mole- 
cular models shows that a chelating intermediate such as (XII), analogous to (X), 

: ‘.. 
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is a highly strained species, and therefore a highly improbable intermediate in CO 
insertion reactions The same is true for isocyanide insertions. Thus a second molecule 
of CO, or isocyanide, is presumably required in the rate-determining insertion step, to 
fill the vast coordination site being vacated by the migrating allylic carbon. 

The observation that the insertion of 1,Zdienes exhibits a fust order depen- 
dency upon 1,Zdiene concentration must therefore reflect the ability of this sytem to 
maintain a four-coordinate palladium atom throughout the rate-determining step. 
This may be achieved via the transition states shown in Figs. 3A and EL Figure 3A 
involves motion of the uncoordinated allenic double bond to fill the coordination site 
being vacated by the o-allyl. This leads to a concerted insertion reaction. In Fig. 3B 
the a-ally1 olelii occupies the coordination site being vacated by the allylic cr-carbon 
resulting in a two-step mechanism. Conversion of (X) into the product could occur 
via intermolecular generation of a o-allylic intermediate. The observed direction 
and relative rates of addition can be rationakd if the transition state leading to 
intermediate (X) (see Scheme 1) is considered to involve a small charge separation, as 
proposed for the insertion of bicyclic olelins”. Two possible transition states are 

(A) 

Fig. 3. Possible transition states for l,Z-dime insertion. 

Fig4. Possible Lransition states for a 1,2-addition of Pd-C (A), and a ;?I addition of Pd-C (B) IO a l,%diene. 

shown in Pig 4. Transition state (B) would lead to a species (XIII), but does not ap 
parently occur. Although the 6+ charge in transition state (B) is generated on a 
pseudo-allylic terminal carbon it cannot be stabilized by allylic delocalisation since 
it is being generated in a p-orbital at right angles to (and not coplanar with) the re- 
maining allenic olefm function. As such transition state (A) might be expected to be of 
lower energy since the S+ charge is generated at a secondary carbon centre rather 
than a primary carbon centre as in transition state (B). Transition state (A) also pro- 
vides an explanation of why 1,3-dimethylallene, although generating a a-allylic inter- 
mediate (VIII) less readily than l,l-climethylallene, in fact inserts more readily. 
Molecular orbital calcuiations z2 have shown that inductiveIy the methyl groups in 
1,3-dimethylallene generate more x-electron density at the central allenic carbon than 
do those on 1,1-dimethylallene, with a consequent greater stabilisation of transition 
state A (Fig. 4) in the former case. 

There is no apparent way, as yef of distinguishing between the concerted or 
two-step mechanism, although some evidence points to the two-step process by 
analogy to the mechanism of bicyclic olefin insertionla. 

Formation of b~s(acer~~lacecor~ato)-2.2’-bi-x-all~~ldipalladirrrll(II) 

Formation of complex (V) from the reaction of (z-Allyl) Pd (Acac) with high 
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concentrations of allene represents the first example of formation of the 2,2’-bi-x- 
ally1 ligand from allene and a mononuclear transition metal complex Formation of 
(bi-x-allyl) hexacarbonyldiiron occurs by reaction of allene with di- and trinuclear 
iron carbonyls2g=3 O. A p ssible mechanism for the palladium reaction is presented in o 
Scheme 2. 

c=c=c 
# c=c=c 

FNAcacl - 

Scheme 2 Possible mechanism for formation of complex (V) from nallyl Pd (Aac) and allene. 

It should be emphasised that this mechanism is purely speculative, although 
it is based on known reactions and known types of complex e.g. a binuclear Rh’ 
complex (Acac)(CO)F&(C,H,) R.h(CO)(A - ) cdc , containing a bridging allene ligand 
analogous to that in (XIV) has been isolated 2o Similarly the proposed intermediate . 
(XV) contains a bonded allene unit identical to that found in a binuclear iron com- 

31.32 plex . 
The chemistry of 2,2’-bi-z-allyldipalladium(II) complexes is reported else- 

where33. 

CONCLUSION 

Studies of the insertion of l&dienes into allylic-palladium bonds show that 
the reaction proceeds via a c-allylic intermediate and that rearrangement of this 
intermediate by an intramolecular process yields the observed products A series of 
consecutive insertions of auene into allylic transition metal bonds would therefore 
yield the 1,Zpolymer. Such insertions are presumably also of importance in the oligo- 
merisations of allene. 

EXPERIMENTAL 

Starting materials 
x-allylic palladium chloride3’, AC&~, and HfacaP complexes were pre- 

pared by previously reported methods. Allene, l,l-dimethylallene, 1,3-dimethylallene, 
and tetramethylallene were commercial samplg used without further puritiation. 
1,3-Di-tert-butylallene was prepared by the method of Borden and C~re$~. We are 
grateful to Drs. J. C. Thompson and C. S. Liu for a sample of 1-methylallene. 

Physical measurements 
‘H NMR spectra were recorded on a Varian A56/60D spectrometer. Mass 
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spectra were recorded on a Bell and Howell Model 21490 spectrometer at an ionisa- 
tion energy of 70 eV. Melting points were recorded on a Kofler hot-stage and are 
corrected. 

Monitoring ofreoction rules 

NMR tubes were precalibrated to a volume of 0.40 ml. Solutions of complexes 
(I) CO.82 w were prepared by dissolving the appropriate weightof complex in this 
volume of CDCl,. 1,2-Dienes were injected with a microsyringe, and the tube was 
quickly capped, shaken vigorously, and placed in the probe. 

For reactions involving gaseous 1,2-dienes, (allene and 1-methylallene), a 
solution of the l&diene in ethanol-free chloroform was prepared by bubbling the 
Q-dietie through a sample of chloroform which had been passed down an alumina 
column. This solution was standardised by dissolving a known weight of an unreae 
tive z-allylic palladium complex, e.g. [ (n-2-tert-butylallyl) PdCl] z, in a known volume 
of solution in an NMR tube. Careful integration of the NMR spectrum allowed the 
molarity of the 1,2-diene in the solution to be calculated. 

Reaction of allene with chloride-bridged x-allylic palladium complexes 
Complex (ZZ n). A solution of di-p-chlorodi-x-allyl-dipalladium (II) (1.000 g) 

in benzene (5 ml) was placed in a thick-walled Pyrex CariF tube. Allene (5.0 g) was 
condensed into the tube at -78”. The tube was sealed, allowed to warm to room 
temperature, and shaken vigorously. A large amount of the starting complex.was 
precipitated from solution_ After standing for seven days at room temperature, all 
the starting complex had dissolved_ The tube was opened and excess allene allowed 
to evaporate. Evaporation of the contents to dryness under reduced pressure, followed 
by recrystallisation of the residue from chloroform/petroleum ether (b.p. 30-60’), 
yielded the product as pale yellow prisms, (0.865 g; 71%), m.p. 10%llS”. (Found: 
C, 31.75; H, 4.22. C,2H,,Cl,Pd, calcd,: C, 32.32; H, 4.07%:) 

Similarly prepared were: A ca l/l mixture of complex (II b), and its z-2- 
methylallyl precursor (total yield 1.00 g), f rom di-p-chlorobis (x-2- methylallyl) 
dipalladium (II) (1.000 g) and allene (5.0 g)_ 

Complex (ZZ c)_ Yellow prisms (1.510 g, 77%), m-p. 75-80°, from di-p-chloro- 
bis (x-spz-1-methylallyl) dipalladium (II) (1.63 1 8) and allene (5.0 g)_ Treatment of 

this complex with one molar equivalent of acetylacetonatothallium(1) yielded a 
complex having a ‘H NMR spectrum identical to that of complex (III c). 

Complex (ZZ d). Yellow prisms (1.510 g, 78%), m.p. 80-85’, from di-pchloro- 
bis(sc-l,l-dimethylally1)dipalladium(II) (1.619 g) and allene (5.0 g). (Found: C, 
38-40; H, 5.23_ C,,H,,Cl,Pd, calcd.: C, 3827; H, 522%.) 

Complex (VIZ). Pale yellow prisms (1.020 g; 92%), m-p. 140-145” dec., from 
chloro(x-allyl)(triphenylphosphine)palladium(II) (1.020 g) and allene (5.0 g), after 
standing for one year. (Found: C, 59.63 ; H, 5.27. CI,H2,ClPPd calcd.: C, 59.40; 

H, 4.98 y;_) 

Reaction of allene with acetylacetonato-n-allylic-palladium complexes 
Complex (III a). A solution of acetylacetonato-n-allylpalladium(II) (1.000 g)’ 

in benzene (5 ml) was placed in a thick-walled Pyrex Carius tube. Allene (3.0 g) was 
condensed in at - 78q the tube was sealed, warmed to room temperature, and shaken 

.’ . 
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reaction of 1,1,1,5,5,5-he~~uoropentane-2,4-dionato-~-~~~-[l-(methoxyc~bonyl)- 
allyl]paIladium(II) (0.143 g) with 1-methylallene. (Found: C, 36.26; H, 3.19. C,4H,,- 
FsO,Pd calcd.: C, 36.02; H, 3.02%.) 

Complex (IV g). Pale yellow needles (0.150 g; 92%) m.p. l10-l15c, from the 
reaction of 1,1,1,5,5,5-hexafluoropentane-24-dionato-sc-rbonyl)- 
ally11 palladium(I1) (0.140 g) with 1,3-dimethylallene (33~1). (Identified by its NMR 
spectrum only). 
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