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The stereochemistry of the Pd[PPh,],-catalyzed phenylation of the 1-halogenoallenes RCH=C=CHX ( R  = 
Ph, t-Bu; X = C1, Br, or I) with phenylzinc reagents has been elucidated by using optically active 1-halogenoallenes. 
The products RCH=C=CHPh were obtained with a moderate to high degree of inversion of configuration around 
the allenyl moiety when X was C1 and Br. When X was I, retention of configuration was observed. A rationalization 
of the results is given on the basis of two competing processes, viz., insertion of palladium in the C-X bond (oxidative 
addition) to give RCH==C==CH(Pd[PPh,],X) with retention of configuration and a Pd[PPh,],-induced anti-SN2’-like 
reaction followed by a suprafacial [1,3]-shift of the Pd[PPh31z group leading to RCH==C=CH(Pd[PPh,],X) with 
inversion of the configuration. For the latter reaction mode, such an allenyl palladium(0) intermediate was isolated 
and its absolute configuration determined. 

The synthesis of allenes is well d0cumented.l An in- 
teresting topic in this field is the stereochemical course of 
transition-metal-mediated allene synthesis from 1- 
halogenoallenes. The stereochemistry of the organo- 
cuprate-induced formation of optically active allenes from 
1-bromoallenes was recently investigated.2 It was shown 
that the reaction proceeds with retention of configuration 
in the allenyl moiety.2b 

We and others3 showed that 1-halogenoallenes can also 
be converted into allenic products by palladium(0)-cata- 
lyzed reactions with organozinc and organomagnesium 
reagents. As palladium(0)-catalyzed reactions of vinylic 
halides with organometallic species are known to occur 
with retention of configuration around the double bond,, 
it could be expected that Pd(0)-catalyzed conversions of 
1-halogenoallenes into other allenes also proceed with re- 
tention of configuration. It will be shown in the paper that 
our results are more ~omplicated.~ 

Results and Discussion 
General Remarks. We have focussed our attention on 

Pd(0)-catalyzed conversions of the optically active 1- 
halogenoallenes 1 and 2 by phenylzinc reagents into the 
phenyl substituted allenes 3 and 4. The allenes 1 and 2 
are readily accessible in optically active form6 and are 
smoothly converted by the phenylzinc reagents into allenes 
3 and 4 when Pd[PPh314 is used as catalyst (conversion 
>98%); see Scheme I. The use of phenylzinc reagents is 

(1) (a) Hopf, H. In “The Chemistry of Ketenes, Allenes and Related 
Compounds”; Patai, S., Ed.; John Wiley and Sons: Chichester, 1980; Part 
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also attractive because the absolute rotations of the pro- 
duced allenes 3 and 4 are known with a high degree of 
certitude, viz., 1137’ (CHC1, or EtOH) for 3’ and 
370’ (EtOH) for 4.s Therefore, reasonable estimations 
of optical purities of the products can be made and insight 
in the stereoselectivity of the reactions can be obtained. 

Conversion of 1 and 2. The results of our experiments 
are collected in Table I. The obtained allenes 3 and 4 
contained less than 2% of 1,3-substitution products; the 
regioselectivity of the reactions is therefore good. I t  is 
noteworthy in this connection that organocyanocuprates 
generally convert 1-bromoallenes predominantly or even 
exclusively into alkynes.2 On the other hand, alkylallenes 
are obtained upon treatment of 1-bromoallenes with lith- 
ium diorganoc~prates.~ 

The yields of 3 and 4 amounted to 70-85% after isola- 
tion and purification. Table I shows that the stereose- 
lectivity of our reactions was generally reasonable to good. 
A number of factors appeared to influence the stereose- 
lectivity, viz., the origin and type of phenylzinc reagent, 
the amount of catalyst, and the nature of the halogen. 

Phenylzinc Reagent. When PhZnCl was used, it was 
prepared in situ from PhMgBr and an equimolar amount 
of ZnC12 in THF as the solvent. The resulting mixture is 
heterogeneous under the conditions used for the reactions 
(see Table I). Ph,Zn was prepared in situ in THF from 
PhMgBr and half the amount of ZnC12 or it was used as 
a pure compound in THF (homogeneous solutions). The 
conversions of la, lb, and 2b showed the highest stereo- 
selectivities when pure PhzZn was applied (entries 3 ,6 ,  and 
l l ) ,  although the difference with PhZnCl is not very pro- 
nounced (see entries 1, 4, and 10). The reagent Ph2Zn 
being prepared in situ gave in these cases inferior results 
(entries 2 and 5) .  Initially it was thought that starting 
compounds and/or products could racemize under the 
influence of magnesium halides or species like PhMgX and 
Ph2Mg. Treatment of starting compounds and products 

(7) Rossi, P.; Diversi, P. Synthesis 1973, 25. 
(8) Elsevier, C. J. Ph. D. Thesis, Utrecht, 1984. 
(9) (a) Kalli, M.; Landor, P. D.; Landor, S. R. J. Chem. Soc., Perkin 

Trans. 1 1973,1347. (b) Savignac, P.; Breque, A.; Charrier, C.; Mathey, 
F. Synthesis 1979, 832. 
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Table I. Preparation, Configuration, and Specific Rotation for the Allenes RCH=C=CHPh (3, R = Ph; 4, R = t-Bu) 
conditions 

entry substraten reagentb T, "C min productC deg ee; % 
[ a l z 0 D $  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

(R)-la 
(R)-la 
(R)-la 
(R)-lb 
(R)-lb 
(R)-lb 
(R)-lc 
(R)-lc 
(R)-lc 
(R)-2b 
(R)-2b 
( R ) - ~ c  
( R ) - ~ c  

PhZnCl 
Ph,Zn 
PhzZn 
PhZnCl 
Ph2Zn 
Ph,Zn 
PhZnCl 
PhzZn 
PhzZn 
PhZnCl 
Ph,Zn 
PhZnCl 
Ph,Zn 

-6w 
-60-0 
-60-0 
-60-0 
-6040 
-60-0 

0 
0 
0 

-60420 
-60-20 

20 
20 

5 
5 
5 
5 
5 
5 

60 
60 
60 
15 
15 
30 
30 

+705 
+410 
+760 
+goo 
+525 
+985 
-135 
-64 
-60 

+244 
+268 
-268 
-251 

62 
36 
67 
80 
52 
87 
12 
6 
6 

67 
73 
73 
68 

"Levorotatory compounds (ref 6). The ee values for la, lb, IC, 2b, and 2c used in the experiments amounted to 75%, 9570, 25%, 38%, 
and 38%, respectively. bPrepared in situ from PhMgBr and ZnClz except in entries 3, 6, 9, 11, and 13 where pure PhlZn was used. The 
Ph2Zn solutions were homogeneous, the PhZnCl solutions a suspension in the solvent THF. Chemical yields, 70-85% (after purification). 
dMeasured in abs. EtOH; the [aID values refer to the use of "optically pure" (cf. ref 6) 1-halogenoallenes and are therefore extrapolated 
values (see note a).  'Calculated from [ a ] D  -1137' (EtOH) and ["ID -370' (EtOH) for optically pure (R)-3 and (R)-4, respe~t ive ly .~~~ 

with these species under the conditions of the reaction gave 
no racemization, however. It could be that the inferior 
results obtained for Ph,Zn being prepared in situ are due 
to a competing reaction of the initially formed allenyl- 
palladium(I1) intermediates (see below) with free PhMgBr, 
but we have not proven that. 

Catalyst. When the amount of catalyst was varied from 
2-10 mol % , the optical yield was only slightly influenced. 
The lower stereoselectivities with increasing amounts of 
catalyst pointed to partial racemization of either starting 
allene or product by the catalyst. Treatment of allenes 
3 and 4 with 5 mol % of the catalyst under the conditions 
of the reactions gave no detectable racemization of these 
allenes. However, when la and lb  were reacted with 5 mol 
% of the catalyst in THF, while allowing the temperature 
of the mixture to rise from -60 to 0 "C and thus imitating 
the conditions used to convert 1 and 2 into 3 and 4, 
10-20% racemization of la and lb  was observed. The 
mechanism of the racemization of la  and lb by the cata- 
lyst is not clear. From the literature it is known that allene 
itself gives the relatively stable bis(tripheny1phosphine)- 
allene-palladium complex.1° The allene moiety is no 
longer linear, the C(l)-C(2)-C(3) angle being 148.3'. The 
coordinated double bond is 1.4011 A long, in free allene 
1.304 A. This lengthening suggests a decrease of bond 
order resulting from a ligand-to-metal charge transfer as 
well as an electron transfer from the metal to antibonding 
orbitals of the allene ligand (cf. 10). It could be that 
formation of such a complex between palladium and allene 
1 is responsible for the occurrence of some racemization. 
Cis-trans isomerization of a halogen-substituted double 
bond through a Pt(0) complex is known,ll so that a similar 
process cannot be excluded here. One could also think of 
a reversible oxidative additionlreductive elimination 
process. In the case of chiral cyclohexenyl acetates it was 
found that Pd[PPh3], causes racemization in that way.12 
The observation that 3 and 4 are configurationally stable 
toward the catalyst under the conditions of the reactions 
seems to be in favor of the last mentioned racemization 
mode but definite conclusions cannot be drawn. 

Nature of Halogen. Starting from levorotatory 1- 
chloro- and 1-bromoallenes (compounds la,  lb, and 2b) 

(10) Okamoto, K.; Kai, Y.; Yasuoka, N.; Kasai, N. J. Organomet. 

(11) Ashley-Smith, J.; Green, M.; Wood, D. C. J. Chem. SOC. A 1970, 

(12) Trost, B. M.; Verhoeven, T. R.; Fortunak, J. M. Tetrahedron Lett. 

Chem. 1974, 65, 427. 

1847. 

1979, 2301. 
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the dextrorotatory allenes 3 and 4 were obtained. The 
stereoselectivity appeared to be high when PhZnCl or pure 
Ph2Zn were used as reagents (see Table I). On the other 
hand, starting from the levorotatory 1-iodoallenes IC and 
2c the levorotatory allenes 3 and 4 were formed (Table I, 
entries 7-9, 12, and 13). The stereoselectivity was very 
poor starting from IC but good starting from 2c (Scheme 
11). As our levorotatory 1-halogenoallenes 1 and 2 as well 
as the levorotatory allenes 3 and 4 are of R absolute con- 
f ig~rat ion, '~  the following net stereochemistry can be in- 
ferred from our experiments: inversion of configuration 
in the allenyl moiety for X is C1 and Br and retention for 
X is I. 

(13) The absolute configuration of 3 was determined by CD mea- 
surements. Mason, S. F.; Vane, G. W. Tetrahedron Lett. 1965,1593. CD 
spectroscopy was also used to determine the absolute configurations of 
1, 2, and 4.8 In the case of acyclic 1,3-disubstituted chiral allenes 
Lowe-Brewster rules can be used to predict the absolute configuration 
of the allenes from the sign of the optical rotation. Ref. 6 and Lowe, G. 
Chem. Commun. 1965, 411. 
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Scheme IV 
r - r -> 0 
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Scheme VI 

Scheme V 
H /Br Pd[PPh,l, I lOequivI H. 

H. .  - ,c:c:c= L 
H THF, 20°C f-Bu Pd 

f-B”IC-C=C \ 

(inversion) L /  Br 

Mechanism. In view of what is known for transition- 
metal-catalyzed substitution of vinylic halides by organo- 
metallic species,14 a catalytic cycle as depicted in Scheme 
I11 seems to a reasonable rationale for our reactions. The 
cycle involves the conversion of 1 and 2 into the allenyl- 
palladium(I1) complexes 5 and subsequent conversion of 
5 by the organozinc reagent into the allenylpalladium(I1) 
complexes 6 followed by reductive elimination of allenes 
3 and 4 from 6. In analogy with similar reactions for vinylic 
halides,14 the conversions of 5 into 6 and 6 into 3 and 4 
both will proceed with retention of configuration in the 
allenyl moiety, irrespective of the nature of X. The dif- 
ferent stereochemical outcome depending on X must 
therefore be due to a formation of 5 from 1 and 2 in which 
stereochemistry, viz., retention or inversion, is determined 
by X. 

To explain the anti stereochemistry observed when X 
is C1 or Br, one could imagine that in these cases, after the 
formation of the vcomplex 7, the catalyst preferentially 
induces an anti-SN2’-like displacement of X to give the 
2-propynylic palladium(I1) intermediate 8, from which by 
a suprafacial [1,3]-shift of PdL2 and subsequent attach- 
ment of X complex 5 is obtained (Scheme IV). The anti 
stereochemistry for the formation of 8 is not unlikely in 
view of the fact that cuprates also induce anti-S$’-like 
reactions in l-bromoallenes;2 furthermore, several Pd- 
(0) -catalyzed conversions of allylic compounds have been 
found to proceed through allylpalladium(I1) complexes 
formed by anti sub~titution.’~ Strong support for this 
route was obtained by the following experiment. As shown 
in Scheme V, treatment of the 1-bromoallene (R)-(-)-2b 
([aI2OD -140’ (EtOH); 60% ee) with an equimolar amount 
of the catalyst produced the corresponding palladium(I1) 
intermediate 5 (R = t-Bu) in 90% yield. The complex 
appeared to be dextrorotatory ([aI2OD +40°), so that in 
view of Lowe-Brewster rules the absolute configuration 
of the allene is S.16 Its formation, therefore, took place 
with predominant inversion of configuration. 

The following line of reasoning could be put forward to 
explain the results obtained for the 1-iodoallenes IC and 
2c. From the literature i t  is well-known that the ability 
of vinylic halides to add oxidatively to transition metals 

(14) See, for instance: Kochi, J. K. “Organometallic Mechanisms and 
Catalysis”; Academic Press: London, 1978; Chapters 7 and 14. 

(15) Hayashi, T.; Hagihara, T.; Konishi, M.; Kumeda, M. J. Am. 
Chem. SOC. 1983,105,7767 and references cited therein. It is not clear 
why the optical yield of the conversion of lb is somewhat better than that 
starting from la. It could be that in the latter case the racemization of 
the 1-halogenoallene by the catalyst (see text) is somewhat more pro- 
nounced. 

(16) A requirement for this configurational assignment is that the 
group PdL,Br is more polarizable than hydrogen. This is undoubtedly 
the case. In a CD study it was found, for instance, that (+)-PhCH= 
C==CHPd(PPh&X is of S absolute configuration which indicates a 
higher polarizability of Pd(PPh&X (X is halogen) over hydrogen.* 

L=PPh, 

like Pd decreases in the order I > Br > Cl.14 The heavier 
group VI11 elements especially show a high affinity to the 
heavy halogens. One could therefore expect that the 
“indirect” oxidative addition mentioned above is largely 
accompanied by a direct oxidative addition of the 1- 
halogenoallene when X is I. The latter reaction will pro- 
ceed with retention.’* Starting from IC, both routes should 
then be almost equally important. The high amount of 
retention observed for the conversion of 2c could then be 
due to steric reasons; the bulky tert-butyl group makes the 
“indirect” oxidative addition route much less attractive. 

In the case of the iodides IC and 2c, we cannot exclude 
a mechanism involving the formation of an allenyl radi- 
cal-L2PdI complex by inner-sphere atom transfer (cf. 14). 
Such a reaction will proceed with a high degree of retention 
in the allenyl moiety when the recombination step is so 
fast that rotation in the allenyl radical is unimportant. 
However, when the allenyl radical is relatively stable, and 
that will be the case when R is Ph, it has time to rotate 
before it recombines with the group L2PdI. In this way, 
the extensive racemization during the conversion of IC also 
becomes conceivable (Scheme VI). Attempts to convert 
2c into the corresponding allenylpalladium(I1) interme- 
diate 5,  as was done for 2b, failed to give discrete products. 
We have therefore not been able to check the stereo- 
chemistry of the formation of 5 in the case of the l-iodo- 
allenes. 

Finally, further interesting from a mechanistic point of 
view is that the 1-chloro- and 1-bromoallenes are converted 
faster into the allenes 3 and 4 than the 1-iodo compounds. 
It is not clear why the difference in reactivity is in that 
order. We suppose that in the “indirect” oxidative addition 
route (see above) it is not necessary that intermediate 8 
gives first 5 by attachment of X and then the palladium(I1) 
derivative 6, but it can also react directly with the or- 
ganometallic reagent to give 6 at once. In that case the 
“indirect” route could be faster than the “direct” one, 
because in the latter route an additional substitution step 
is involved, viz., the conversion of 5 into 6. 

Conclusion. The stereochemistry of the palladium- 
(0)-catalyzed conversion of 1-halogenoallenes into other 
allenes resembles that of vinylic halides only when the 
halogen in the allene is iodine, viz., retention of configu- 
ration. In the case of chlorine and bromine the displace- 
ments preferentially proceed with inversion of configura- 
tion in the allenyl moieties. This unexpected result is most 
likely due to a participation by the A2,3-double bond of the 
allenic system in the reaction so that a Pd[PPh,],-induced 
anti-SN2‘ displacement of halogen can occur in the first 
stage of the substitution reaction. 

Experimental Section 
General Methods. All reactions were carried out in an inert 

atmosphere of dry nitrogen. Standard syringe techniques were 
applied for transfer of organometallic compounds and other air- 
or moisture-sensitive materials. 

IR spectra were recorded on a Perkin-Elmer 457 IR spec- 
trometer. ‘H Nh4R spectra were recorded on Varian EM-390 and 
Bruker WP-200 spectrometers, using C C 4  or CDC13 as solvent 
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and Me4Si as internal standard. 13C NMR spectra were recorded 
on Varian CFT-20 and Bruker WP-200 spectrometers in CDC13, 
using Me,Si as internal standard. The ,'P NMR spectrum was 
recorded on a Bruker WP-200 spectrometer using a saturated 
Na3P04 solution in D20 as external reference. Mass spectra were 
recorded on a Kratos MS 80 spectrometer. Optical rotations were 
measured in a Perkin-Elmer 241 polarimeter, using standard 
cuvettes ( 1  = 1 dm) a t  20 " c .  The relative error in (YD and [(Y]D 
amounts to ca. 2%. 

Materials.  T H F  was distilled from LiA1H4 prior to use. 
Diphenylzinc was prepared according to the literature." Zinc 
chloride (Merck-Darmstadt) was used as a standard 1.0 M solution 
in THF. Pd[PPh3], was prepared according to the procedure of 
Coulsonls and has been applied as a 0.02 M solution in THF. 
Optically active halogenoallenes 1 and 2 were synthesized following 
our procedure.6 

Phenylat ion of the 1-Halogenoallenes 1 a n d  2. The phe- 
nylzinc reagents were prepared in situ by stirring PhMgBr (4.0 
mmol) in THF (15 mL) with ZnC1, (4.8 mmol to obtain PhZnCl, 
2.0 mmol to obtain Ph,Zn) for 15 min a t  25 "C. When salt-free 
Ph,Zn was used (Table I), the solid Ph2Zn (2.0 mmol) was dis- 
solved in T H F  (18 mL). At -60 "C, the Pd[PPh314 catalyst (6 
mL of a 0.02 M THF solution) was added to the zinc reagent 
followed by solutions of 1 or 2 (3.0 mmol in case of the l-chloro- 
and 1-bromoallenes, 2.0 mmol in case of the 1-iododenes) in THF 
(2 mL). Further reaction conditions are given in Table I. 

The products 3 and 4 were isolated by pouring the reaction 
mixtures into an aqueous NH4Cl solution (100 mL) and extracting 
with n-pentane (2 X 50 mL), washing the combined extracts with 
water (5  X 200 mL), drying the extracts over Na2S04, and 
evaporating the solvent in vacuo. 

The chemical purity of crude 1,3-diphenylallene 3 was deter- 
mined by 'H NMR by adding a known amount of t-BuC(O)C= 
CSiMe, as internal standard and comparing the integration data 
for the signals of the allenic hydrogens of 3 with those of the t-Bu 
and SiMe3 group. Crude 3 generally contained 10-20% of bi- 
phenyl, a contaminant of the applied Grignard reagent. Puri- 
fication of 3 over silica yielded the pure allene which had the same 
specific rotation as that  of the crude allene after correction for 
the contaminant biphenyl. Crude 4 was almost chemically pure; 
it was further purified by column chromatography over neutral 
alumina (Woelm; deactivated with 5% HzO) using n-pentane as 
the eluent. The optical purity of the applied starting allenes 1 
and 2 amounted to 25-95% ee (cf. ref 6); the specific rotations 
and ee values for the products 3 and 4 given in Table I refer to 
the use of optically pure (cf. ref 6) 1 and 2 are therefore extrap- 
olated values. Furthermore, the ee values for 3 and 4 as indicated 
in Table I were calculated by assuming that the rotational data 
for optically pure 3 and 4 are those given in note e under Table 
I. Physical constants and spectroscopic data for 3 and 4 are as 
follows. 

1,3-Diphenylpropadiene (3): IR (neat) 1940 cm-' ( C = C = C ) ;  
'H NMR (CC,) 6 7.10-7.35 (m, 10 H, aromatic protons), 6.50 (s, 
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(17) Hofstee, H. K. Ph. D. Thesis, Utrecht, 1978. 
(18) Coulson, D. R. In "Inofganic Syntheses", Cotton, F. A., Ed.; 

McGraw-Hill: New York, 1972; Vol. 13, p 121. 

2 H, =C=CH); 13C NMR (CDC1,) 6 207.9 (=C=), 133.6 + 128.8 
+ 127.4 + 127.0 (aromatic ring C-atoms), 98.5 (2 X =CPh); mass 
spectrum, m/z  192 (Mf). 
4,4-Dimethyl-l-phenyl-l,2-pentadiene (4): bp 102 OC (15 

mmHg); n20D 1.5395; IR (neat) 1950 cm-' (C=C=C); 'H NMR 
(CCl,) 6 7.18 (m (br),5 H, aromatic protons), 6.09 (d, 1 H, 

(HC=C=CH) -6.45 Hz; 13C NMR (CDCl,) 6 202.4 (=C=), 135.2 
+ 128.5 + 126.5 + 126.3 (aromatic ring C-atoms), 106.7 (=C-t-Bu), 
96.2 (=CPh), 32.6 ((CH,)C), 30.2 (3 X CH,); mass spectrum, m/z 
172 (M'). 

Preparat ion of t r a n s - ( S ) - 5  ( R  = t-Bu) from (R)-2b. To 
a solution of Pd[PPh,], (1.0 mmol) in THF (50 mL) was added, 
at 20 "C, the 1-bromoallene (R)-2b (60% ee, 1.2 mmol). The 
mixture was stirred for 15 min a t  20 "C. Half of the volume of 
THF was then evaporated a t  reduced pressure while the tem- 
perature of the solution was kept a t  20 "C. To the resulting 
concentrated solution was added n-pentane (50 mL). Adduct 5 
was precipitated as a yellow compound and was collected on a 
fritted funnel (G3 filter) which was designed for manipulation 
under exclusion of air. The compound was washed with pentane 
(3 X 20 mL). Small amounts of solvent in 5 were removed a t  20 
"C a t  0.02 mmHg (evacuation time: 2 h). Adduct 5 was obtained 
in 90% yield and showed [(Y]20D +40° (CHCl,, c 0.5). The trans 
configuration around Pd in 5 was assigned on the basis of the 'H 
and 13C NMR data given be10w.l~ For the configuration of the 
allenyl moiety, see the text. 

trans -(4,4-Dimethyl- 1,2-pentadienyl)bis(triphenyl- 
phosphine)palladium(II) bromide: mp 135.5 "C dec; IR (KBr) 
1910 cm-' (C=C=C); 'H NMR (CDCl,) 6 7.5-7.9 (m, 1 2  H, 
aromatic protons), 7.2-7.5 (m, 18 H, aromatic protons), 4.83 (dt, 

(d (br), 1 H, =CH-t-Bu), 0.60 (s, 9 H,  (CH3),C); 13C NMR (CD- 

=CHPh), 5.48 (d, 1 H, ECH-t-Bu),  1.10 (s, 9 H, (CH,),C), ,J- 

1 H, =CHPd), 4J(HC=c=CH) -5.7 Hz, 3J(PPdCH) 8.1 Hz, 3.43 

c13)" 6 193.2 (Ce), 135.2 (C2, t, J(P,C) 5.9 HZ), 131.6 (Ci, t, J(P,C) 
22.3 Hz), 130.0 (C4), 128.0 (C3, t, J(P,C) 4.3 Hz), 98.5 (C7), 90.9 
(CJ, 31.8 (c&, 30.1 (C9). 31P NMR (CDCl,) 6 18.9 (5). 
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