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Abstract: The mechanism of palladium(O)-catalyzed allylic substitution has been investigated with the 
aim of finding whether or not the intermediate (x-allyl)palladium complexes can arise in a .ryn fashion as 
an alternative to the well known anti-mechanism. Using (~phenylph~~o)~~~ as a leaving group 
and stereochemically biased substrates 30b and 35b evidence for the syn stereochemistry has been 
acquired (3Ob - 31 and 35b - 36). This reversal of stereochemistry is facilitated by severe steric 
congestion in the starting allylie esters (which impairs the ordinary anti-mechanism) and is boosted by 
the pre-coordination of the Pd(0) reagent to the leaving group. The latter effect apparently lowers the 
activation enuopy. With cyclohexene derivatives lob. 18b, and 19b and acyclic substrate 2Sb, where 
steric hindrance does not operate, the anr&techanism producing n3-complexes dominates even for 
(diphenylphosphino)aceta&s. At elevated temperature, rapid equilibration of n3-complexes (l3 Ft 14 and 
20 # 21) has been observed prior to the reaction with a nucleophile. This effect has been attributed to the 
presence of (~phenylphosphino)~~te ion acting as a ligand for pact. 

Introduction 

Aliylic substitution, in its traditional version, is a capricious reaction that can afford a variety 

of products due to the competing !&l, St~2, SN2’. and elimination prucesses.t Moreover, the S$’ 
reaction can proceed in an anti or syn fashion,t*3 so that mixtures of products are often obtained, unless 

an inherent bias in the substrate molecule strongly favors one particular pathway. 
In 1965 Tsuji4 reported on the stoichiomeuic reaction of (x-allyl)palladium complexes with 

nucleophiles, effecting an overall allylic substitution. Later (ii 1970), Walkers and Hats6 discovered that 
the allylic displacement of OR groups with a variety of nucleophlles requires only a catalytic amount of 

palladium. These findings opened a vast area of further studies and applications. The tefmemnt of this 
reaction owes much to the work of Trost,7 Tsuji,* B~ckvall,a and ~thers,‘~ who recognized its potential. 
Since the mid 70-ties the palladium-catalyzed allylic substitution has evolved into a very mild, efficient 
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and generally stereospeciflc method for C-C, C-N, and C-O bond formation in both inter- and 
intramolecular versions7”o whereas investigation of the classical St.,2’ reaction v&tally ceased in early 
80-ties. 

Stereochemical studies demonstrated that formation of the in&n&late (z-allyl)palladium 
complexes from allylic esters,ll carbotuues,12 or phosphates” (oxidative addition) uniformly proceeds 
via an ann’mechanism (1 - 2 - 3). l4 The following reaction with stabilized C-nucleophiles (NuA) leads 
to 4, again via an u&mechanism (Scheme I). 11*1214 In contrast, reactions of the complexes with 
organometallics (Nuu),15 such as aryl- and vinylzinc halides,15c~‘a’7 and aryl- and vir~yltit+~ and 
xirconiumt5 reagents give ryx-products in the second step (3 + 5 -+ 6).19 
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In sharp contrast to the variability of the stereochemistry of the second step, the initial 

oxidative addition has been found to invariably occur in an and fashion.11-14 However, a syn-mechanism 
for this step should also be stereoelectronically allowed, in spite of being apparently higher in energy. If 
attainable, this reversal of stereochemistry would largely broaden the synthetic scope of the 
palladium-catalyzed allylic substitution. Here we present a full account of our efforts to achieve the 
syn-mechanism in the oxidative addition as a follow up to our preliminary communication.” 

Results 

We reasoned that the syn route for the oxidative addition of Pd(0) to the allylic substrate 

(Scheme II) might be boosted, e.g., by pre-coordination of the Pd(0) reagent to the leaving group (7 - 8 
- 9). This type of coordination has been observed in the reactions of allylic carbamates with 
organocuprates,” and steering a reagent by pm-coordination to a neighboring group has become an 

established method of stemocontml for a number of other mactions26 such as epoxidation,n 
cyclopropanation,28 metcuration,29 carbonylation,30 hydroboration,31 hydrogenation.32 addition of 

’ Grigmrd reagents,33 and others. 2634 In analogy with the previous work of Trost, who used allylic acetate 

lOa (Scheme lII) as a model compound to elucidate the stereochemistry of the palladlum-catalyred 
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substitution (Table 1. entries 1,2), we have prepared a set of carbatnate~~~ lOd-1Og and thiocarbamate36 
lob (Scheme III) and submitted them to paibtdium catalyzed substitution with the sodium or lithium sah 
of diethyl malonate. All of them, however, followed the usual reactivity of the acetate 1Oa in spite of the 
previously reported reversal of the steric course of reaction with cuprate~.~ No substantial syn pathway 
could be detected and good yields of 15 with diastereoisomeric excess of -10: 1 were isolated in ah cases 
(Table 1, entries 15-18).s7 Apparently, neither N nor S in our leaving groups could coordinate palladium 
effectively so as to induce an appreciable proportion of the syn pathway. 

Scheme II 

7 8 9 

Since phosphines are known to be particularly good ligands for palladium we turned our 
attention to (diphenylphosphino)acetic acid (DPPAcOH~* and prepared the corresponding ester lob 
(Scheme III). The latter was treated with alkali salt (Li or Na) of diethyl malonate and a catalytic-(5 

mol%)to-stoichiometric amount of Pd(0) in various solvents, using a range of temperature, and various 
ligands (Table 1). While acetate 1Oa is known to predominandy afford the product of overall retention of 
configuration (entry 1) with high selectivity (93:7 to 98:2), we found that with our DPPAcO derivative 
lob we could achieve up to 3:2 ratio of the products 15 and 16 (entries 3-6). Since no epimerixation of 
lob was detected at ca. 50% conversion, it was conceivable that the minor product 16 might really arise 
by the mechanism we looked for, involving pre-complexation of the palladium reagent to the PhaP- group 
and formation of the complex 12. But still, the competing mechanism of the oxidative addition remained 
the dominant reaction pathway, giving eVenNdly 15 as the major prod~ct~~ 

We next reasoned that strongly coordinating ligands in the catalyst give the DPPAcO group 

little chance of replacement. Therefore, we have elucidated the ligand effect (entries 6-11). Bidentate 
dppe is obviously coordinated even more strongly to Pd(0) than is Ph3P and, accordingly, a higher 
proportion of the anti pathway was observed (entry 7). Turning to “weaker” ligands, such as 
dibenxylideneacetone (dba; entry 8) and p-benxoquinone (entries 9 and 10) we expected to shift the 
product distribution in favor of 16. However, the reaction was found to return back to the usual outcome 
(entries S-10); neither changing the solvent (from non-coordinating benzene to strongly coordinating 
DMP or MeCN) nor addition of LiCl,g had a pronounced effect on the reaction (see notes for entry 4). 
Experimenting with added external ligands, such as Ph3P or P(CH$H&N)s (entries 6 and 11). atso did 
not lead to a significant improvement and the best product ratio (ca. 1: 1) was obtained in the presence of 
the latter ligand (entry 11). 

At this stage we felt that evidence for the coordination of the Pd(0) reagent to the DPPAcO 

group was clearly needed This would have been difficult in the catalytic mode and we have therefore 
prepared complex 17 (52%Yta by reaction of lob with [(x-c~~l)PdCl]~ in the presence of maleic 
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anhydride. When 17 was submitted to the reaction with dietbyl sodiomalonate in THF at r.t. for 30 min., 
a 4951 mixture of 15 and 16 (71% isolated yield) was obtained rather than the expected pure 16. A 
possible explanation could be as follows. About half of the molecules may react in an intramolecular 
fashion employing a ryn-mechanism for the formation of the q3-intermediate, which is eventually 
converted to 16. The other half of the molecules react in an intermolecular way utilizing the second 
molecule of 17, or the released Pd(0) species, as a reagent for the anti-mechanism. eventually producing 
15 41.42 

Scheme III 
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A further possibility for boosting the syn-mechanism would be to make Pd in 17 

coordinatively unsaturated through abstracting Cl by 47 silver. This might facilitate the coordination of Pd 

to the neighboring carbon-carbon double bond and, possibly, shift the reaction in favor of the 
syn-mechanism. However, when 17 was treated with NaCH(CQEt)2 in the presence of an equivalent of 
AgBF4 at r.t. for 1 h, the product analysis showed a significant shift back toward the ordinary outcome 
giving an 82: 18 mixture of 15 and 16 in 75% yield4 In a related experiment, a W(H) complex was first 
generated by reaction of lob with a stoichiometric amount of (MeCN)2PdClz and then reduced to a 

Pd(O)-complex by means of Fe(CO)S. The latter was then treated with diethyl sodiomalonate in THF at 

5O“C for 48 h but, again, afforded 15 as the major product (92:8; 33% isolated yield). 
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Table 1. Reaction of 10 with LiCH(CO~Et)#‘d(O) in THP at 0.03 M concentration 
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leaving mol% of 
entry compd 

temp. time ratio isolated 

group 
catalyst 

catalyst (q 01) l&16 a yield (96) 

1 1Oa 

2 1Oa 

3 lob 

4 lob 

5 lob 

6 lob 

7 lob 

8 lob 
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DPPAcO 
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50 1 57:43 

50 1 73127 

50 1 > 95:5 f 

50 1 >9535f 

20 1 94:6 

20 1 95:5 

20 1 53:47 

0 1 92:8 

20 1 72~28 

50 2 94:6 

50 16 89:ll 

50 16 81:19 

50 16 87:13 

50 16 8614 

91 

60 

42 
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78 

51 

62 
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93 

53 
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92 
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D Determined by GC. b With (dppe)zPd the ratio was 98:2 (ref 21d). c In DMB the ratio was 57:43 

at 50 OC and in dioxane 66:34. Other solvents (C&-I+ CHCI,, CSHSN, MeCN. and DMP) gave 2 9@10 

ratio. d When the reaction was carried out at 0.003 M concentration, the ratio had changed to 8911. 

c With 100 mol% of Ph3P as an added ligand. f Determined by ‘H NMR. s The reaction was carried 

out with NaCH(C02Et)2. h With 100 mol% of P(CH2CH2CN)3 as an added ligand. 
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Since not even the complex 17 was particularly prone to the syn-mechart+ an alternative 
rationalization should be sought for the reactivity of our DPPAc derivatives. Bosnich has demonstrated 
that optically active (x-aByl)pakdium complexes may be partly or fully racemixed by an excess of the 
Pd(O)-reagent. 4g Assuming that isomerixation can occur at the stage of q3-complexes, it is conceivable 
that 17 is first converted to the (x-allyl) complex (one way or another) and the latter is isomerimd prior to 
its reaction with nucleophile. Similarly, in the catalytic reaction, lob would initially @uce a 

n3-complex which would then isomerire to a mixture of 13 and 14; this sequence would be reflected in 
the product ratio. In order to find which of the two diastereoisomeric n3complexes is formed fifit from 
lob (prior to the isomerixation), we have elucidated the temperature effect on the catalytic reaction 
(entries 4, 12, and 13). At 0°C (entry 12) the reaction of lob gave approximately the same ratio of the 
products as that obtained from acetate 1Oa. Raising the temperature to 2oOC (entry 13) and further to 500 
(entry 4) resulted in a continuing increase of the proportion of 16. Further increase (to 8OY! in DME) had 
no effect indicating that an equilibrium had been reached. This behavior suggests that the n3-complex is 
predominantly formed via the anti-mechanism even for lob with subsequent thermodynamic 
equilibration 13 * 14 at elevated temperature. 

To gain further support for this rationalization. it was desirable to explore the reaction with 
other substrates. To this end we prepared steroidal esters 18 - 19 (Scheme IV). To our surprise, we found 
all of them either to be inert toward the Pd-catalyzed substitution with diethyl sodiomalonate or to give 
complex mixtures of products under harsh conditions.50 On the other hand, these esters reacted with 
PhZnCl in the presence of a catalytic amount of (Ph&Pd. While 38derivatives Ma and 18b gave 
similar compositions of the products 22 and 23, slightly favoring the former (Table 2, entries 1 and 2), 
19a reacted differently from 19b. While acetate 19a gave approximately the opposite ratio of 22 to 23 to 
that obtained from its epimer l&t (Table 2, entry 3). the DPPAcO derivative 19b clearly favored 
inversion to give almost pure 22 (entry 4).52 Since organometallics am known to react stemospecifically 
with the (rr-allyl)palladium complexes using a ryn-mechanism. the results obtained with Ha, 18b, and 
19a are consistent with the existence of both diastereoisomeric Pd-complexes 20 and 21 as intermediates; 

the product ratio indicates that equilibration of these complexes has occurred although apparently not to 
completion. In contrast, the formation of a single phenyl derivative 22 from 19b is probably due to 
substantial elimination, which may well have been the major reaction pathway for the B-dia- 
steteoisomeric complex 20. 

Since all the above allylic derivatives displayed some degree of steric hindrance, further 
information was sought using an aliphatic substrate free of any steric congestion. Acetate (-)-25a (58% 
ee) is known to produce (-)-28 (58% ee) via the ann’,unri sequence (Scheme V) on a Pd(O)-catalyzed 
reaction with dimetbyl sodiomalonate. 14* We have prepared DPPAc derivative (+>25b from the 
enantiomeric alcohol (+)-24 of m% ees3 and carried out the Pd(O)-catalyzed reaction under the standard 
conditions (at 4ooC) to get a dextrorotatory product (+)-28, whose optical rotation indicated about 84% 
optical ~urity,~’ while the ‘H NMR spectrum taken in the presence of Eu(tfch implied 74% ee5s which 
corresponds to an 87:13 ratio. This is again in agreement with the ordinary anri-mechanism for the 
oxidative addition followed by partial racemization of the intermediate n3-complex 27.” 
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Scheme IV 
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Table 2. Reaction of 18 and 19 with PbZnCl/Pd(O) 

23 

entry compd 
dOa 

22:23 

isolated yield (96) 

substitution elimination 

1 18a 59:41 62 32 

2 18b 65:35 51 19 

3 19a 43:57 41 12 

4 19b > 95:5 59 39 

o Determined by ‘H NMR (see ref. 52). 
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Scheme V 
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These experiments showed that although the initial results achieved with lob seemed to 
provide support for the ryn-mechanism. those obtained later did not. Nevertheless. we wished to explore 
systems, where the ordinary anti pathway for oxidative addition would be strongly disfavored by, e.g., 
stetic congestion, to fmd out if this would finally promote the syn-mechanism. A suitable pair of model 
compounds 29a and 30a to address this issue was found in the literat~re~~ (Scheme VI). The acetate 29a 
is known to form the intermediate Pd complex 31 via an ordinary anti-mechanism and produce phenyl 
derivative 32 on subsequent syn reaction with PhZnCl; no reaction is observed with diethyl 
sodiomalonate. due to the severe steric hindrance the nucleophile would experience from the anti (i.e. 

en&) face of the double bond in 31. In contrast to 29a. the epimeric acetate 30a has been reported to be 
inert towards Pd-catalyzed reactions, because the en& face of the allylic system required for the 
anti-mechanism is, again, severely hindered. l7 It turned out that the DPPAc derivative 30b, of the same 
configuration as the inert acetate 30a. readily reacted with PhZnCl/Pd(O), giving 32 as the sole product 
(in 80% isolated yield), identical with the compound obtained from the acetate 29a (Scheme VI). Since 
the second step is known17 to proceed stereospecifically in a ryn fashion, the intermediate q3-complex 
formed from 30b should be the same as that arising from 29a. Moreover, while the reaction of 29a 
requires 2 h at 2oOC to reach completion, 30b reacted within 30 min at the same temperature. Since no 
epimerixation of the starting material 30b was observed, we believe that this example finally provided 
the required evidence for the syn-mechanism. When the reaction time of the acetate 30a was extended to 
48 h (still at 2OT), we also obtained the same phenylated product 32, although in an appreciably lower 

yield (57%) due to partial decomposition and polymerization. Again, no epimerization of the starting 
acetate 30a was observed so that this can also be interpreted as evidence for the syn-mechanism. 
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Scheme VI 
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Similar steric bias to that in 29 and 30, could be expected in rruns- and c&-verbeno160 
derivatives 34 and 35. Acetate 34a and DPPAc 34b turned out to react sluggishly with PhZnC!l/(Ph$)4Pd 
affording, after 36 h at 2oOC.61 the phenylated product 3762 in 20% and 29% isolated yield, respectively. 
In contrast, eplmerlc esters 3Sa and 35b differed dramatically from one another. Whenas acetate 35a 

reacted sluggishly again (20°C. 40 h, to furnish only 18% yield of 37),61 the reaction of 35b was 
complete within 1 h at 2OT and produced 37 in 53% yield This drama& acceleration is in agreement 
with a mechanism encompassing pm-coordination of Pd to the PhzP- group and a ryn-type oxidative 
addition to generate intermediate 36. It appears that in the cis-isomers 34a and 34b the alignment of the 
C-O bond and the x-orbit& (required for the reaction to oc~ur)~~~ is difficult to achieve due to the steric 
congestion imposed by the geminal dimethyl group. ‘Ihis seems to be the rationale for the slowing down 
the reaction. Even the 2Bdichlorobenzoyloxy group, generally known to react much faster than other 
allylic esters.63 did not accelerate the reaction: both 34i and 35 needed approximately the same time for 
>90% conversion as did the acetates 34a and 35a.64 

Discussion 

Searching for evidence in favor of a syn-mechanism for the formation of (z-sIlyl)palladium 
complexes from allylic substrates, we have carried out initial experlments with lob (Table 1, namely 
entry 4) and with steteochemlcally biased substrates (Schemes VI and VII). While the results obtained 
with lob were tentatively interpmted as possible evidence for the syn-pathway (competing with the 
traditionat anti-mechanism), the behavior of 30b and 3Sb was strongly supportive of the ryn route. At 
this stage we have published our conclusions in a preliminary communicatio# as the fast example of 
formation of a palladium q3compltx in a syn fashion. Later, two other examples were found, namely 
with allylic chlotkle~~~~~* and certain allylic uifluoroacetates.69~70 

Detailed investigation of the reactivity of lob, presented in this paper, clearly shows that 
some of our preliminary conclusions have to be mcdified. In the light of the above results, it appears that 
what was originally thought to be an indication of the syn-mechanism, was in fact a cis-rrans 

isomerization of a q3-complex. On the other hand, our DPPAc esters 30b and 35b demonstrate that the 
ryn-mechanism of the palladium q3-complex formation can be achieved if the ordinary urui reaction is 
precluded by strong steric congestion. Moreover, acetate 3Oa, previously reported to be inert,17 was also 
found to react (in a syn fashion).71 but the reaction is dramatically slower than with the DPPAc ester 30b, 

and the yield of the product is low. Similar behavior was observed for acetate 35a. ‘Ibis indicates that 
pm-coordination of the Pd(O)-reagent is not a categorical prerequisite for the syn-mechanism to operate, 
but has a beneficial accelerating effect on the reaction, which is also reflected in a high yield of the 
product. Thus, for the substrates where the Pd-catalyzed substitution would be extremely slow, OUT 

leaving group can be used to facilitate the reaction via a syn-mechanism for the oxidative addition. 
It appears that although the oxidative addition of palladium can really occur in a syn fashion, 

the anti-mechanism normally dominates unless precluded by structural effects. Clearly, the anfi- 

mechanism must be lower in energy. This parallels the anti-stereospeciticity of the substitution of allylic 
esters by organocuprates. The latter has been rationalized by Corey as resulting from an effective overlap 
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between d orbitals of copper with the antibonding orbitals of C=C (IL*) and C-X (a’) in the transition state 

(41; M = Cu).” We feel that similar arguments may be used to account for the preferred 
anti-s-city in case of palladium (41; M = Pd). A higher activation energy for the 
syn-mechanism may be attributed to the lack of the orbital stabilization and to ste.ric congestion. 

41 

While the stereochemically biased substrates provided convincing evidence for the 
syn-mechanism of the oxidative addition, the reactivity of cyclohexene derivatives 10.18, and 19 is more 
complex and deserves further comments. Our experiments clearly indicate that isomrization occurred at 
some stage. Since the thermodynamic equilibrium of the products 15 and 16 is known to be 3:1,*ld the 
ratios we have obtained (3:2, l:l, etc.; Table 1) must originate from another source. Stopping the reaction 
at ca. 50% conversion nvealed no appreciable isomerization of the starting compound. These facts 

suggest that isomcrization is taking place at the stage of palladium allylic complexes. 
Isomerixation of q3-complexes by added Pd(0) was fust observed by Tsuji’& and Bosnich4g 

and recently studied by Blt~kvall~~ in detail. 74*75 BEkvall has investigated equilibration of cis and tranr 
complexes 38 and 39 (originally existing as pure compounds) and arrived at the following conclusions 
(Scheme VII& (1) Free Pd(O)-reagent is responsible for the isomerization of q3-complexes as confirmed 
by studies of both stoichiometric and catalytic reactions. The equilibrium of 38a:39a was found to be 
55:45, and can be achieved by addition of (Ph3P)4Pd to each of the lattez complexes at -14°C in less than 
5 min! (2) Isomerization is inhibited by decreasing concentration of (PhsP)$d or by use of reactive 
allylic substrates. (3) Addition of Ph$ is increasing equilibration due to the release of Pd(0) from the 
n3-complexes. (4) Complexes with bidentate ligands, such as dppe” (38b and 39b). isomer& very 
slowly (if at al1).77 This is in accord with the expected absence of “semi-naked” W(0) species that are 

required for the nucleophilic isomerization. 
In view of Biickvall’s findings, our observations can be interpreted as follows. Elevated 

temperature and increased amount of catalyst (up to 25 mol%) expedite the nans/cis equilibration of 

q3-complexes W and 14. The product ratio (lS:16) finally achieved with our system (58:42 OT 57:43; 

Table 1, entries 4 and 5) closely Fesembles that observed for the palladium complexes 38z39 (55:45). 
Furthermore, decreasing the concentration of all components 10 times (Tab. 1, footnote d) resulted in 
considerable suppression of the isomerization (due to lowering the concentration of active W-reagent) as 
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reflected in product ratio (88:ll). These results strongly support the mechanistic picture that 
encompasses the u&mechanism producing intermediate n3-complex 13 which is then isomerized prior 
to the reaction with diethyl lithiomalonate. Participation of the syn pathway (ii any) seems negligible in 
this instance. 

Scheme VIII: a, L,, = (Ph,P),, X = CF,SO$ b, L,, = dppe, X = CF,SO, 

CO*Me CO&le 

4 WO) 

w e 4 L’ 

1 

L,pd+X- 

38 

L,Pd+X- 

39 

The reactivity of the steroidal substrates 18 and 19, as well as that of acyclic model 25b, 
conforms to this mechanistic picture. The reluctance of acetate 18a to react even under really harsh 
conditions apparently reflects unfavorable alignmentllf of the C-O bond with the x-system. 

BIicl~all~ has shown that 3??a and 39a equilibrate more quickly than the dppe complexes 
38b and 39b. In our reaction, the equilibration is presumably also faster than previously observed. This 
acceleration apparently stems from the nature of ligands attached to palladium Our DPPAcO group can 
probably compete with PhsP in the coordination sphere of Pd. Similarly to BLkvall’s triflates 38a and 

3%. these species may be more prone to equilibration than the previously studied complexes of PhsP or 
dppe. In order to gain support for this hypothesis, we have run a Pd-catalyzed substitution with carbonate 
1Oc in the presence of DPPAcOH (100 mol%) as an added ligand.‘* Product analysis showed a 69:31 
ratio of 15 to 16, which is close to the 58:42 ratio obtained with lob (Tab. 1, entry 4) and very different 
from the reaction of 1Oc carried out in the presence of PhsP (which gave a 94:6 ratio; Tab. 1, entry 14). 
This finding is thus in excellent agreement with the above hypothesis. Moreover, mans-epimer of 1Oa 
(which normally gives mainly 16 as the product of steteohomogeneous double inversion sequence) 
turned out to afforrl a 3664 mixture of 15 and 16 (91% yield) when the reaction was carried out in the 

presence of DPPAcOH. Again, this indicates a large proportion of isomerization.7g 

Using stereochemically biased substrates 30 and 35, we have obtained evidence that the 
ryn-mechanism of formation of palladium d-complexes from allylic esters may be achieved if 
stereochemical congestion precludes the ordinary anzi-mechanism. Pm-coordination of the Pd(0) reagent 

to the leaving group (as in 3Ob and 35b) dramatically accelerates the reaction and improves the oved 

yield. In principle, however, this precoordination is not essential for the syn-mechanism to operate, as 
demonstrated by allylic acetates 3Oa and 35a. 
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Substrates lacking stringent stereochemical hindrance (10, 18, 19, and 25) react via an 
ordinary anri-mechanism to produce the corresponding palladium ~3-complexes as in-s. 
Apparently, the availability of precoordination of the Pd(0) reagent to the DPPAcO group does not 

compensate for the higher activation energy for the syn-mechanism, so that the u&-Fess still 
dominates.** At elevated temperatures the intermediate ?3-complexes isomer& prior to the reaction with 
a nucleophile. The isomerization can be facilitated even with allylic acetates and carbonates by addition 
of DPPAcOH as an external ligand. 

We believe that our results, in conjunction with those obtained by other investigators, provide 
better insight into the mechanism of Pd(O)-catalyzed allylic substitution and broaden its applicability. 
Our findings show that in substrates where the classical anfi route of complex formation. is impeded by 
severe steric congestion, our new leaving group enables the catalytic reaction to occur Eadily due to the 
operation of syn-mechanism as a stereoelectronically allowed alternative. 

Experimental Section 

Materials and Equipment. Melting points (uncorrected) were obtained on a Kofler block. 
Optical rotations were measured in CHC13 at 22 OC with an error of < ilo. The infmred spectra were 
obtained on a Perkin-Elmer 621 instrument in CX&. ‘H NMR spectra were measured on Varian XL-200 
(4.7 T FT mode) and Tesla BS 497 (2.35 T) instruments for CDC13 solutions at 25 OC! with Me4Si (for ‘H 
and ‘$0 as an internal standard or 85% H3P04 (for 31P) as an external standard. Chemical shifts are 
given in 6 values (ppm) relative to the signal of the standard (6 = 0.00). Coupling constants were obtained 
by decoupling experiments and are given in absolute values. Enantiomeric excess of 28 was determined 
by means of (+)-E~(tfc)~ from the relative intensities of doublets of U-I3 at 1.20 ppm (CH3 of the 
dextrorotatq enantiomer appears at lower field). The mass spectra were measured on ZAB-EQ (VG 
Analytical) spectrometer: the EI spectra were recorded at 75 eV using the lowest temperamms enabling 
evaporation (100-210 “C) and perfluorokerosene for calibration; FAB SF wtrc meas& using the 
thioglycerol/glycerol(3: 1) matrix and MeGH as a solvent and CsI for cahbration. Elemental composition 
of the ions was determined by high resolution techniques. GC Analysis was carried out at 
Hewlett-Packard 5890 instrument using capillary columns (50% OV-17, 1Om x 2.65 p). Mercury lamp 
with highest pressure (Narva HBO 200, Carl Zeiss Jena) was used for photochemical experiments. 
Standard workup of an ethereal solution means washing with 5% HCI (aqueous), water, and 5% KHCC+ 
(aqueous), drying with Na$O.+ and evaporation of the solvent in vacua. Petroleum ether refers to the 
fraction boiling in the range 40-60 OC. The identity of samples prepared by different routes was checked 
by TLC and GC and IR, mass, and NMR spectra. Yields are given for isolated product showing one spot 
on a chromatographic plate and no trace of impurities detectable in the NMR spectrum. Diethyl 
sodiomalonate in THF was prepared as follows: to sodium hydride (48 mg of 50% suspension in mineral 
oil; 1 mmol) in dry THF (6 mL) was added a solution of diethyl malonate (160 pL; 1.054 mmol) under 
argon at r.t. over 5 min. The mixture was stirred for 15 min and then used. Diethyl lithiomalonate was 
prepared analogously by addition of n-butyllithium (1.6 M solution in n-hexane; 630 pL; 1.008 mmol) to 
a solution of diethyl malonate (160 pL; 1.054 mmol) in dry THF (4 mL) at r.t. over 5 min. After stirring 
for another 10 min at r.t. the reagent was used. Phenylzinc chloride was prepared as follows: 
Phenylmagnesium bromide (2.53 M solution in ether; 400 w; 1.012 mmol) was added to dry zinc 
chloride (145 mg; 1.064 mmol) in dry THF (8 mL) at 0 ‘C over 5 min under argon. The mixture was 
stirred at 0 OC for 15 min and then at r.t for another 15 min. The resulting white suspension was used for 
further reactions. 

General Procedure for Pd(O)-Catalyzed Substitution with Diethyl Malonate. To a 
solution of palladium complex (5-100 mol%; see Tab. 1 or text) in THF or another solvent (3 mL) was 
added a solution of allylic substrate (0.30 mmol; 1 equiv.) in 1 mL of solvent and a solution of alkali salt 
of diethyl malonate (3 equiv.). The mixture was stir& (for temperature and duration, see the text or 
Table 1) under argon and then filtered through pad of aluminum oxide using ether as eluent. The solvent 
was evaporated in vacua and the residue was chmmatographed on silica (12 
ether-ether mixture (83: 17) and 25 kPa pressure. The product was analyzed by GC and f 

) with petroleum 
H NMR. 
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General Proce-dure for Pd(O>Catalyzed Substitution with Phenylzinc Chloride. To a 
solution of (Ph P)4pd (0.025 mmoh 10 mol%) in THF (4 mL) was added allylic substrate (25 mmoh 1 
equiv.) in dry +HF (4 mL). The solution was stirred at r.t. for 2 min and then phenylxlnc chloride (5 
equiv.) in THF was added. The mixture was stined at r.t. for 30 min or longer (see the text) under argon. 
When the reaction was finished, the mixtum was flltered through a pad of aluminum oxide using ether as 
an eluent. The filtrate was evaporated in vacua and the residue was chromatographed on silica (10 g) 
with petroleum ether and 10 kpa pressure. The products wm analyzed by TLC, ‘H NMR and MS. 

Methyl cis-[5_(diphenylphosphino)acetoxy-3-cyclJ (lob). To a 
solution of (diphenylphosphino) acid (1.65g. 6.76 mmol) in a .mixture of dry ether (20 mL) and 
acetonitrile (1 mL) was added successively 4-dimethylaminoqndme (100 mg, 0.82 mmol) in dry 
acetoninile (1 mL), cis-(5hydroxy-3cyclohexen-l-carboxyhtte) baa (690 mg, 4.42 mmol) in dry ether 
(6 mL). and N,N’dicyclohexyl (1.42 g; 6.88 mmol) in dry ether (10 mL) and the mixture 
was stirred at r.t. for 30 min. Precipitated N,N’-dicyclohexylutea was then filtered off, washed with ether 
and the filtrate was evaporated The oily residue was quick@ fbrcd through a pad of aluminum oxide 
using benzene as an eluent. The solvent was evaporated and the resulting yellowish oil was dried at 22 
“C/26 Pa to yield pun lob (1.420 g; 84%) which could be stored under argon at -15 “C for several 
months without decomposition. ‘NMR 2.14-2.28 (m, 4 H, 2-H and 6-H), 2.63 (m, Xl = 31 Hz. 1 H, l-H), 
3.10 (s. 2 H. PhzPCH$O 
system, Js_ .+_ = 10 Hz, 

), 3.66 (s. 3 H. CO&I-I ). 5.28 (m, U = 25 Hz. 1 H, 5-H). 5.41 (m, OfAB 

19.4 Hz, 1 tk, g-H), 7.23-7.70 (m, 10 H, arom.); 1 C NMR 27.06 and 30.19 (two s, 
b = 18.2 Hz. 1 H, 4-42, 5.77 (m, part of AB system, Js_ 

E-2 and’C-2378; 
4-u = B” - 

(d, Jc = 8.3 I-Ix, Ph&+H@t), 37.72 (s, C-l), 51.69 (s, CO&H& 69.75 (s, C-5). 126.53 (s: C-4). 
128.4&i, J 
I-I&C ofih=p:H;j7 % 

of Ph*P), 128.85 (s, C-3), 128.94 (s, 
“id. J $_ 

of PhaP), 132.59 (d, J = 19.8 
= 14.6 Hz, q of Ph P), 169. 4 (d, Jc =7.6Hz,PhP&Ot) 

174.31%, CO&i j. 31d NMR -?I42 (s, Ph PC&!?* lk 1656 (t&C) 137 (GO) 3033 30& and 
3070 (C-H atom.) &k-l. Anal. Calcd for C&II&O$ C, 69.10; H, 6.06; P, ‘8.10. Found: k 69.k H. 6.00; 
P, 8.25. 

Methyl ci.v-[5-(ethoxycarbonyl)oxy-3-cyclohexene-l-carboxylatel wc). Methyl 
cis-(5-hydroxy-3-cyclohexenl-carboxylate) (500 m 
ethyl chloroformate (610 & 6.38 mol) at 0 Oc for 

, 3.20 mmol) in pyridine (10 mL) was treated with 
!?. h. ‘Ike mixture was then decomposed with ice and 

water, the product was extracted with ether and the ethereal solution was worked up as usual. The residue 
was 6ltemd through a pad of aluminum oxide using petroleum ether-benzene mixture (2~1). The fkate 
was evaporated to furmsh carbonate 1Oc (570 mg; 78%) as a viscous oil: ‘H NMR 1.31 (t, J = 7 Hz, 3 H, 
CH3CH2O). 1.63-2.91 (m, 5 II, 1-H. 2-H, and 6-H), 3.70 (s, 3 H, cO,CH3), 4.19 (q, J = 7 Hz, 2 II, 
CH3C&O), 5.25 (m, XI = 27.5 HZ, 1 H, 5-H), 5.70 (dddd, part of AB SYSWIL J3_uh = 10.5, J = 3.3, 
1.5, and 1.5 I-Ix, 1 H, 4-H). 5.89 (dddd, part of AB system, J3_,.t+Y = 10.5 I-Ix, J = 3.3,!!3. and 1.5 I-Ix, 1 
I-I, 3-H); IR 1012 and 1260 (C-O), 1654 (C=(Z), 1742 (GO) cm- . Anal. Calcd. for CllH1605: C, 57.89; 
H, 7.08. Found: C, 57.71; H. 7.18. 

Methyl cis-[5-(carbamoyl)oxy-3-cyclohexene-l-carboxylatel (10d). To a solution of 
methyl cis-5-hydmxy-3-cyclohexene-l-carboxylate (80 mg; 0.51 mmol) in abs. chlorofoxm (2 mL) was 
added trichloroacetyl isocyanate (TAI, 61 uL; 0.51 mmol). The mixture was set aside under argon at r.t. 
for 10 min. The solution was then soaked into a pad of aluminum oxide and the product was eluted with 
chloroform (for the method, see ref. 90) to give carbamate lob (98 mg; 96%): m.p. 123-124 “C (ether); 
‘H NMR 1.61-2.45 (m, 4 H, 2-H and 6-H), 2.72 (m. CI = 33 I-k 1 H, l-H), 3.69 (s, 3 9 CH$O& 4.89 
(br s, W) = 12 I-Ix, 2 I-I, H2NC02), 5.27 (m, ZJ = 26 I-Ix, 1 H, 5-H), 5.70 (br cl, part of AB system, J = 10 
Ha, 1 I-I, 4-H), 5.85 (m, part of AB system, U = 21 I-Ix, 1 H. 3-H). Anal. Calcd. for c9H1304N: C. 54.26; 
I-I, 6.58 H; N, 7.03. Found: C. 54.08; H, 6.65; N, 7.17. 

Methyl cis-[5-(N-benzylcarbmoyl)oxy-3-cyclohexene-l-~rboxylatel (10e). Methyl 
cis-(5-hydmxy-3syclohexene-I-carboxylate) (200 mg; 1.28 mmol) in dry chloroform (4 mL) was treated 
with benyl isocyanate (500 ClL; 4.06 mmol) at r.t. for 5 days. The solution was then soaked into a pad of 
aluminum oxide and eluted with petroleum ether-benzene mixture (2:l) and benzene. The eluate was 
evaporated and chromatographed on silica (25 g) using petroleum ether-ether-acetone mixture (72:18:2) 
as eluent and a pressure of 60 kPa. Evaporation of the cormsponding fraction affonled pure 1Od (190 mg; 
51%): mp 60-61 “C (methanol); ‘H NMR 1.48-2.95 (m. 5 H, 1-H. 2-H. and 6-H). 3.65 (s, 3 I-I. co2CH3), 
4.33 (d, J = 6 Hz, 2 H, PhW2NH), 4.70-5.60 (m, 2 H, PhCH NfiCO and 5-H). 5.75 (br 6 &HA_ = 3 
Hz, 2 H, 3-H and 4-H). 7.28 (br s, 5 H, arom); IR 1506 and 145 (C=C arom), 1726 and 1740 sh CC!=@, 
3035,3065, and 3090 (C-H arom). 3450 (N-H) cm-‘. Anal. Calcd for C1&11aN04: C, 66.42; H, 6.62; N, 
4.84. Found: C, 66.28; H, 6.73; N, 4.65. 
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Methyl cis-{5-[N-(l-~phtRyl~r~~yl]oxy-fcy~ob~en~l~r~xylate] (1Of). Methyl 
cis-(5hydroxy-3-cyclohexene-l-carboxylate) (Zoo mg; 1.28.mmol) in dry chloroform (6 mL) was treated 
with 1-naphthyl isocyanate (230 pL; 1.60 mmol) at r.t. for 3 days. The solvent was evaporamd and the 
residue chromatographed on silica (20 g) using petroleum ether-ether-acetone mixture (78:12:10) and a 
30 kPa pressure to yield amorphous lOf(l62 mg; 39%): tH NMR 1.65-2.92 (m, 5 H, 1-H. 2-H and 6-H). 
3.70 (s, 3 H, CO$I-Is), 5.46 (m, CI = 24 Hz, 1 H, 5-H). 5.78 (br d, part of AB system, 
H, 4-H). 5.94 (br d, part of AB system, J3_t.t,,t_t.t = 11 I-Ix, 1 H, 3-H). 6.86-7.02 (ml H. 
7.36-7.98 (m, 7 H. amrn); IR 1495. 1584. and 1600 (C=C, arom.), 17UO sh and 
3460 (N-H) cm-‘. Anal. Calcd for Ct$itflO~: C, 70.14; H, 5.89; N, 4.31. Found: C, 70.08; H, 5.66, N, 
4.13. 

Methyl cis-{5-~-(4-toluenesulfonyl)~rbamoyl]oxy-3-cy~ohexen~l-carboxylate} (log). 
Methyl cis-(5-hydroxy-3-cyc1ohexene-1-carboxy1ate) (41 mg; 0.26 mmol) in tetrahydrofman (5 mL) was 
treated with p-toluenesulfonyl isocyanate (40 pL; 0.26 mmol) at r.t. for 30 min. The solvent was 
evaporated to afford a viscous oil of log (91 mg; 98%): tH NMR 1.61-2.73 (m, 5 H, 1-H. 2-H, and 6-H), 
2.45 (s, 3 H. 4-C&C,&SOa). 3.69 (s, 3 H. CO&I-Is). 5.29 (m, XJ = 28 Hz 1 H. 5-H). 5.55 (br d, J3_t.t4_n 

10 I-Ix, 1 H, 4-H), 5.83 (m. U = 24 Hz, 1 H, 3-H). 7.34 (d, part of AB system, J = 8 Hz, 2 H. atom), 
7.92 (d, part of AB system, J = 8 Hz, 2 H, arom.); IR 1495 and 1598 (C=C arom), 1654 (C=C), 1720 sh 
and 1740 (C=O), 3230 and 3440 (N-H) cm-l. Anal. Calcd for Ct6Ht9N06S: C, 54.38; H, 5.42; N, 3.96; S, 
9.07. Found: C, 54.26; H, 5.51; N, 3.80; S, 9.21. 

Methyl cis-[S-(N-phenylthiocarbamoyl)oxy-3-cyclohexene-l-carboxylate] (10h). A 
mixture of methyl cis-(5-hydroxy-3cyclohexene-1-carboxylate) (600 mg; 3.84 mmol), 4dimethylamino- 
pyridine (50 mg; 0.41 mmol) and phenyl isothiocyanate (600 pL; 5.02 mmol) was heated at 100 “C over 
72 h under argon. The crude mixture was then chromatographed on silica (50 g) using petroleum 
ether-acetone mixture (91:9) and 90 kPa pressure to give 10h (276 mg; 25%): mp 81-84 OC (chloroform); 
‘H NMR 1.48-2.93 (m, 5 H, 1-H 2-H, and 6-H), 3.68 (s, 3 H. CO$Hs), 5.40 (m. CI = 26 Hz, 1 H, 5-H), 
5.75 (br s, W = 6.5 I-Ix, 2 I-I, 3-H and 4-H). 6.52-6.77 (m, 1 H, Ph-NH-CS), 6.98-7.50 (m, 5 H, amm); IR 
1204 (C=S). i 524 and 1596 (C=C arom), 1742 (C=O). 3445 (N-H) cm-‘. Anal. Calcd for CtsHt7NOsS: 
C, 61.83; H, 5.88; N, 4.81; S. 11.00. Found: C, 61.93; H, 5.83; N, 4.59; S, 10.82. 

Reaction of lob with Pd(D) and Fe(CO)s. To a solution of (diphenylphosphino)acetate lob 
(50 mg; 0.13 mmol) in dry THP (3 mL) was added (MeCN)2PdC12 (34 mg; 0.13 mmol) and the mixture 
was stirred at r.t. for 15 mitt under argon. To the resulting yellow solution was added &ethyl 
sodiomalonate (0.39 mmol) in THF (3 mL) and Fe(COk (17 pL; 0.13 mmol). The black-greenish 
mixture was stirred at 50 OC for 48 h and worked up as in the general experiment to give a 92:8 (GC) 
mixture of 15 and 16 (13 mg; 33%). 

-acetoxy)-3-cyclohexene-1-carboxylate]}palladium (17). @iphenylphosphino)acetate lob (50 mg; 0.13 
mmol) in abs. tetrahydrofuran (2 mL) was added to a solution of [(x-crotyl)PdCl]a (27 mg; 0.065 mmol) 
and maleic anhydride (33 mg; 0.33 mmol) in tetrahydrofuran (2 mL), the mixture was stirred for 2 h at 
r-t. and then filtered through a pad of aluminum oxide using ether as eluent. The eluate was evaporated 
and the residue was chromatographed on silica (9 g) using petroleum ether-ether mixture (3:l) and 60 
kPa pressure to furnish yellow solid 17 (64 mg; 52%): ‘H NMR 1.83 (dd, J = 9.0 and 6.4 I-Ix, 3 H, 4’I-I). 
1.96-2.38 (m, 8H,2-Hand6-H),2.51-2.64(m,3H, l-Hand l’-H),3.22(m,~=2OHx,4H,PhaPW~. 
3.68 (s, 6 H, CO$H~), 4.23-4.67 (m, 2 H, l’-H and 3’-H) 5.12-5.41 (m, 5 I-I, 4-H. 5-H, and 2’-H). 5.75 
(m, ZJ = 19.4 Hz, 2 H, 3-H), 7.28-7.88 (m, 20 H, arom.); 13C NMR 17.55 (s, C-4’) 27.13 and 30.12 (two 
s, C-2 and C-6), 34.85 (d, Jcp = 19.2 Hz, PhaPCH$Xa), 37.75 (s, C-l), 51.85 (s, CO&Ha), 54.41 (s, 
C-l’), 70.41 (s, C-5), 116.88 (s, C-2’ or C-3’). 122.59 (d, Jc = 10.2 Hz, 
128.99 (s, C-3). 130.65 (s, Y 

of PhaP), 126.37 (s, C-4), 
of Ph*P), 131.81 (d, Jo p = 3t.7 Hz C o PtaP), 133.05 (d, Jc p = 12.5 

174 37 (b CO$H ): 31’8”NMR 19.11 (s, Ph P); dS(FAB) 
870 ?2%)’ 594 i21%) 5i$ (100%) 488 (26%) 45 (77%), 382 
sh and 1?39 (0) irn-l. Anal. &cd for C$I&lOsPapd: C, 

59.95; H. 5.55; Cl, 3.69. Found: C. 60.20; H, 5.69; Cl, 3.52. 

Reaction of 17 with Diethyl Malonate. To a solution of complex 17 (16 mg; 0.017 mmol) in 
dry THF (1.5 mLJ was added a solution of diethyl sodiomalonate (0.085 mmol) in THF (0.5 mL). The 
mixture was stirred at r.t. for 30 min under argon and then worked up as in the general experiment to 
afford a 49:51 (GC) mixture of 15 and 16 (7 mg; 71%). 
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4-Choketen-3B-yl-(dipbenylphosphiao)acetate (18b). &pared from cholest4en-3-1 in 
analogy with IOb ia 82% yield as an amorphous solid: [alo -lo (c 2.4); H NMR 0.67 (s, 3 H, 18-H), 1.01 
(s, 3 H, 19-H). 3.11 (s. 2 H, Ph2cH2co2). 5.02 (br s, W =4.2Hz, 1H 4-H),5.15(m,Wt24Hx, IH, 
3a-H). 7.23-7.55 (m. 10 H, arom.); IR 1660 (C!=Q 1 3 23 (GO) cm-! Anal. CaIcd for C4tHS@.# C, 
80.35; H, 9.37; P, 5.05. Found: C, 80.19; H, 9.45; P, 5.30. 

4-Cholesten-3a-yl-(diphenylphosphino)acetate (19b). Prepared from cholest4en-3a-al in 
analogy with lob in 83% yield as an oil: [alo +105O (c 2.2; benzene); ‘H NMR 0.68 (s, 3 H, 18-H); Ct.93 
(s, 3 H, 19-H); 3.11 (s, 2 H, Ph@f CO& 5.02 (m, TJ = 15.8 Hz, 1 H, 3&H), 5.27 (d, J = 5x, I H, 4-H), 
7.24-7.56 (m, 10 H, arom.); IR 1116 and 1260 (C-O), 1586 (arom.), 1658 (C--C), 1722 (0) cm-l. Anal. 
Calcd for &tH&P: C. 80.35; H, 9.37; P, 5.05. Found: C, 80.29; H, 9.50; P, 4.92. 

3&Phenyl4cholestene (22). ‘H NMR (spectrum taken in a mixture with 23) 0.67 (s, 18-H). 
1.10 (s, 3 H, 19-H), 3.16-3.49 (m, 3a-H), 5.29 (br s, W+ = 5 Hz, 1 H, 4-H), 7.09-7.57 (m. arom.). 

3a-Phenyl4cholesteue (23). ‘H NMR (spectrum taken in a mixture with 22) 0.67 (s. 18-H). 
1.06 (s, 3 H, 19-H). 3.16-3.49 (m, 3S-H), 5.37 (br d, &R,~_H = 4.5 Hz, 1 H. 4-H). 7.09-7.57 (m. atom.). 

(+)-(R)-(E)-4-Phenyl&buten-2-01 (24). To a solution of titanium(IV) isopropoxide (4.60 
mL, 15.45 nunol, 1.0 equiv.) in dry CH$& (150 tnL) and containing molecular sieves 3A (6 g) was 
added (+)diisopropyl tartrate (3.90 ml,, 18.55 mmol, 1.2 equiv.) at -20 ‘C and the mixture was stirred 
under argon at this temperature for 20 min. Then a solution of (f)-trans-4-phenyl-3-buten-2-o1 (2.29 g, 
15.46 mmol) in CH Cl* (10 mL) was added followed by.a dropwise addition of t-butyl hydroperoxide in 
CH& (4.93 M, l.i8 mL, 9.27 mmol, 0.6 equiv.) at -20 to -30 OC over a period of 20 min. The mixture 
was stirred at -20 OC for 2 h. then poured into a cold mixture of acetone (350 I&) and water (4.6 mL) and 
stirred for 3 h (until it reached rt). The mixture was then filtered through a coIuma of aluminum oxide 
(5x5 cm) and evaporated. The residue was chmmatographed on silica (170 g) using a light 
petroleum-ether-acetone mixture (85:10:5 2 L) as eluent to afford (+)-(R)-(E)4PhenyI-3-buten-2-o1(24) 
(856 mg; 37%) and 3,4-epoxy+phenyl-3-butanol(l.20 g; 47%). The latter alcohol (24) had [alo +24.5O 
(c 3.0, CHCls, corresponding to 99% e.e.5’); tH NMR (4 J = 6 Hz, 3 H, l-H), 4.47 (m. CI = 28 Hz, 1 H, 
2-H), 6.24 (dd, J = 6 and 17 Hz, 1 H, 3-H), 6.59 (d, J = 17 Hz, 1 H, 4-H). 7.19-7.45 (m, 5 H, arom). The 
epoxyalcohol:‘HNMR1.34(6J=7Hz,3H,l-H).3.23(brdJ=7.5Hz,lH,3-H),4.51(brdJ=7.5 
Hz, 1 H. 4-H), 5.17 (m, CJ = 28 Hz, 1 H, 2-H). 7.32 (br s, 5 H, arom.). 

(+)-(R)_(E)-(4-Phenyl-3-buten-2-yl)-(diphenylph~phi~o)a~~te (2Sb). prepared fYom the 
corresponding alcohol in analogy with lob in 69% yield: [aID +36O (c 5.1); lH NMR 1.26 (d, JI_HJ_).) = 
6.4 Hz, 3 H, I-H), 3.14 (d, J = 0.5 Hz, 2 H, Ph$‘C&COi), 5.42 (ddq, J2_ _H = 6.7 Hz, J,. - 
6.4 Hz, &34-H = 1.1 Hz, ls@?~?I) 6.01 (dd. &.,,+” = 16 Hz, J2_R3_R = 6.7 g 1 H. 3-H). 6.4v& 
&_H~_H = 16 Hz, &_H ,t_~= 1.1 Hz, 1 H, 4-H), 7.18-7.49 (m. 15 H, arom.); iR 1256 (C-O), 1495 and 1586 
(C=% arom), 1728 (C=O) cm-‘. Anal. Calcd for t&Hz&P: C, 76.99, H, 6.19; P, 8.27. Found: C, 76.81; 
H, 6.20; P, 8.41. 

[3?,4J,6,7,7a-Hexahydro-(la~aa~a,7~7aa)-4,7-methan~~- 
-inden-i-yll(drphenylphosphino)acetate (30b). Prepared from the conesponding alcoholt9 in analogy 
with lob in 42% yield: ‘H NMR 0.93-2.13 (m, 7 H), 2.30 (m, W 

t 
~10Hz,2H),2.99(m,I;/=20Hz.1 

H, 3a-H), 3.08 (s, 2 H, Ph$C&CO,J, 5.46 (m, W = 5.8 Hz, 
Jl-RJ_H = 2 Hz, J3_H *_R = 2 Hz, 1 H, 3-I-U 5.96 ( dc& 

H, I-H), 5.61 (ddd, J~_w_H = 5.7 Hz, 
-2HzJ_RJ,_ =lHx, 

J2_Y7ku = 0.8 Hz, ?H, 2-H). 7.23-7.93 (m, 10 H. aro$t&? G&72 $#(@=C arom$, 175 (C=O) 
cm- ; MS(EI), m/z (rel. intensity) 376 (M”, 7%). Anal. Calcd for C&HasO~P: C, 76.58; H, 6.69; P, 8.23. 
Found: C, 76.41; H, 6.77; P, 8.18. 

l-Phenyl-3a,4,5~,7,7a-hexalrydro-(k,3aa,4a,7a,7aa)-4,7- 
-methano-Windene (32). H NMR 1.20-1.59 (m, 6 H). 2.37-2.49 (m, 3 H), 3.16 (m, XJ = 25 Hz, 1 H, 
3a-H), 3.68 (m. W+ = 7 Hr., 1 H, I-H), 5.73 (m W = 20 Hz, 2 H, 2-H and 3-H), 7.04-7.37 (m, 5 H, 
arom.); MS@) m/z (rel. intensity) 210 (hi+., 11%). 

-2-yl}-(diph enylphosphino)acetate (34b). To a solution of (diphenylphosphino)acetic acid (385 mg; 
1.58 mmol) and (-)-cis-verbeno16’ (120 mg; 0.79 mmol) in a mixture of dry ether (5 mL) and dry 
acetonitrile (1 mL) were successively added 4dimethylaminopyridine (30 mg, 0.25 mmol) in acetoniaile 
(1 mL) and N,N’-dicyclohexylcarbodiimide (326 mg; 1.58 mmol) in dry ether (5 rnL). 7he mixture was 
stirted under argon at room temperature for 30 rnin and then worked up as given for lob to yield 
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yellowish oil of 34b (210 mg, 70%): [aID +53O (c 2.8); ‘H NMR 0.90 (s, 3 H. en&-6-CHS). 1.27 (s. 3 H. 
exe-6-CH3). 1.32 (ddd, J = 9.2 Hz, J1_ 7_H = 6.9 Hz, Js_It7_ = 4.5 Hz, 1 H, 7-H). 1.69 (dd, Jz 

16&?H4-CH) lY94(dddJ _ =&HzJ _ 4.5Hz.J. 
Mc - 

%?i$,-%t&idi,&d;d~, H7_H 2 6.9 &J’. 
2.41 (ddd, &,,, = 9.2 HZ;J;4,7_H = 

_ 
_5S#& _*_ 3%HcJ= _ ,$f&Hl>~_$ 

(dddd, &_H3-H =2.8 I& J1-H 
6.5 2 r$;_; E’5.5 Hz,’ I?$H7yHj, 3.10 (A;!?# ~;PC&C& 5.1; 

JI_~_H = 5.4 Hz, J2_~3_H =: 
_H = 2.0 Hz. J~_H+~_M~ = 1.6 Hz, &J-H = 1.4 Hz, 1 H, 3-H). 5.42 (ddd, 

%8 Hz, JZ-HM~ = 1.8 Hz, 1 H, 2-H), 7.31-7.60 and 7.75-7.88 (m, 10 H, 
arom.); IR 1260 (C-O), 1482 (c--C arom.), 1656 (C=C). 1734 (C--O) cm-‘. Anal. Calcd for CBH2702p: 
C, 76.17; H, 7.19; P. 8.18. Found: C, 76.01; I-I, 7.39; P, 8.29. 

-2-yl]-2,6-dichlorobenzoate (34i). (->cis-Verbenol(220 mg; 1.45 mmol) was esterified in the same way 
as described for 3Si to afford viscous oil 34i (420 mg; 89%): [a],, +33“ (c 2.1); ‘H NMR 1.00 (s, 3 H, 
endo-6-CH3>. 1.35 (s, 3 H. ex&-CH3). 1.49 (m, W = 20 Hz, 1 H, 5-H). 1.78 (t, J = 1.5 Hz, 3 H, 4-CH3), 

5.5 Hz, 1 H. 1-H). 2.56 (t, J = 5.5 Hz, 2 I-I, 7-H). 5.48 (rn, W+ = 5.8 Hz, 1 H, 3-H). 5.85 (m, 
H, 2-H). 7.22-7.40 (m, 3 H, arom.); IR 1564 and 1580 (C=C arom.), 1655 (C=C). 1737 

Anal. Calcd for C1+11&1202: C, 62.78; H, 5.59; Cl. 21.80. Found: C, 62.70; H, 5.78; Cl, 

(-)-(W)-{(1~,2aJa)-4,6,6-Trimethylbicyclo[Al.l]hept-3-en- 
-2-yl}-(diphenylphosphmo)acetate (35b). Prepared from (-)-nuns-verbeno161 in analogy with lob as a 
yellowish oil (89%) [aID -83O (c 2.6; benzene); ‘H NMR 0.85 (s, 3 H. endo-6-CH$, 0.96-1.40 (m. 1 H, 
5-H). 1.28 (s, 3 H, era-dCH3), 1.72 (t, &_H/,& = 1 Hz, J3_H 4_Me = 1 Hz, 3 H, 4-CH3), 1.86-2.28 (m, 3 H. 
1-H and 7-H), 3.10 (s, 2 H, Ph2CH2CO& 5.17 (m, W 
7.20-7.54 (m. 10 H, arom.); IR 1255 (C-O), 1586 ( ct 

= 6 Hz, 1 H, 2-H), 5.25 (m. W = 8 Hz, 1 H, 3-H), 
=C amm.), 1655 (C=C), 1722 ( k =O) cm-‘; MS(EI) 

m/z (~1. intensity) 378 (MC., 29%). Anal. Calcd for c24H2,02P: C, 76.17; H, 7.19; P, 8.18. Found: C, 
76.03; H, 7.22; P, 8.36. 

(-)-(U)-{(lafaJa)4,6,6-Trimethylbicyclo[3.l.l]hept-3-en- 
-2-yl]-2,6&chlorobenzoate (3%). n-Bu~llithium (2.4 M solution in n-hexane; 700 a, 1.68 mmol) was 
added to a solution of (-)-trans-verbenol 1 (200 mg; 1.31 mmol) in dry tetrahydrofuran (6 mL) and the 
mixture was stirred at 0 T for 15 min under argon. 2,6-Dichlorobenzoylchlti (350 a 2.45 mmol) 
was then added and the mixture was stirred at 0 OC for 15 min. then at r.t. for 30 min. and finally at 50 OC 
for 4 h under argon. The mixture was then decomposed with ice, excess of (NH&SO4 was added and the 
product was extracted five times with ether. Combined organic phase was washed with saturated NaCl, 
KHCQ, and dried with MgSO4 and evaporated in vacua. The residue was filtered through a pad of 
aluminum oxide using petroleum ether-benzene mixture (1:l) as eluent. Evaporation of the f&rate 
furnished pure 35i (307 mg; 72%): mp 105-108 OC (petroleum ether-ether); [a], -60” (c 2.4); ‘H NMR 
0.98 (s, 3 H, endo-6CH3), 1.18-2.56 (m, 4 H, l-H, 5-H, and 7-H), 1.38 (s, 3 H, ex&-CH3), 1.78 (t, 
Jz-H,~-M~ = 0.2 Hz, J~_H bye = 0.2 Hz, 3 H, 4-Me), 5.47 (m, Wf = 5.5 Hz, 1 H, 3-H). 5.71 (m. W = 7.3 
Hz, 1 H, 2-H). 7.09-7.38 (m, 3 H, arom.); IR 1270 (C-O), 1565 and 1580 (C=C arom.), 1654 (C=C t , 1735 
(C=O) cm-‘. Anal. C&d for C17H1sC1202: C, 62.78; H, 5.59; Cl, 21.80. Found: C, 62.54; H, 5.70; Cl, 
21.65. 

(-)-(~)-{(la~a~a)-4,6,6-Trimethylbicyclo[3.l.l]hept-3~n- 
-2-yllbenzene (37): [aID -104’ (c 2.4); *H NMR 1.00 (s. 3 H, e&-6-CH& 1.28 (m, XJ = 11 Hz, 1 H, 
5-H), 1.32 (s, 3 H, exe-6-CH3). 1.78 (dd, &_H 4-Mc = 2.2 Hz, J~_H,,+M~ = 1.6 Hz, 3 H, 4-CH3), 2.00-2.11 
(m, 2 H, 7-H), 2.13 (dddd, II-H 744 = 6.5 Hz, J;_H,LH* = 4.9 HZ, J~_H~_H = 2.4 Hz, J,_H 34 = 1.7 Hz. 1 H, 
l-H), 3.58 (m, CI = 12.1 Hz, 1 k 2-H). 5.36 (m, ILJ = 10.6 Hz, 1 H, 3-H), 7.13-7.38 (m. 5 H, arom.); IR 
1493 and 1600 (C=C arom.) cmsi; MS@) m/z (rel. intensity) 212 (M*, 21%). Anal. Calcd for &I-&~: 
C, 90.50; H, 9.50. Found: C, 90.33; H, 9.45. 
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Since the 15:16 equilibrium is known to be 3:l?ld the ratio we have obtained clearly cannot 
originate from the thermodynamic equilibration of the fmal product. 
This complex was fully characterized by specual data (see the experimental part). Diagnostically 
significant was the expected shift in the 31P NMR spectrum: while in lob the phosphorus signal 
appears at -15.42 ppm, the latter resonates at 19.11 ppm in 17. The mass spectrum revealed 
fragments of the lob molecule containing Pd. 
Allylic substitution has also been reported with complexes of W,” Fep4 MoP5 and Ni, Ru. Rh, 
and Pt.& Stoichiometric reaction of lob with (MeCNhW(C0)4, however, afforded the 
corresponding product of ligand exchange, [RO#ZI-I,(Ph~P],W(CO)4, (58%). inert to 
NaCH(mEt)2. Similarly, the reaction of lob with Fe&O), led to the corresponding complex 
RO&CHz(Ph)zP-Fe(CO)d (69%). also inert toward NaCH( 

c% latter complex by a mercury lamp in the presence of NaCH(C 
Et)2. However, irradiation of the 
*Et)2 (TIE?. reflux 3 h), led to a 

6535 mixture of 15 and 16 (34%) and free lob (48%). which indicates that dissociation precedes 
the formation of n3-complexes. 
Low yields of substitution prcducts wete obtained on reaction of 10b with MeCu(CN)Li (27%) 
and Me&uzLi (36%). While the ratio of retentiotulnversion products was 11:89 for the former 
reagent, the latter afforded a 31:69 mixture. Other cuprates, including M 
MeCuBS, either did not react or produced complex mixtures. In contrast, 1 2e 

CuLiLi Fh%Xmd 

readily wth Me&uLi giving a 946 and 89:1 I mixture, respectively, in good yields, lndicatlng a 
strong pre-coordination control by the leaving group. As expected, lob prefermd inversion, 
producing a 17:83 mixture. 
(a) Trost, B. M.; Hung, M.-H. J. Am. Chem. Sot. 1983,105,7757 and ibid 1984,106,6837. (b) 
Trost, B. M.; Tometzki. G. B.; Hung, M.-H. J. Am. Chem. Sot. 1987,109.2176. 
(a) Cardaci, G.; Foffani, A. J. Chem. Sot., Dalton Trans. 1974,lSOS. (b) Roustan, J. L.; Merour, 
J. Y. Houlihan, F. Tetrahedron ktt. 1979.3721. (c) Silvemun, G. S.; Strickland, S.; Nicholas, K. 
M. Orgwwmetallics 1986, 5. 2117. (d) Ladoulis, S. G.; Nicholas, K. M. J. Organomet. Chem. 
1985,285, C13. (e) Xu, Y.; Zhou. B. J. Org. Chem. 1987.52, 974. (f) Zhou, B.; Xu, Y. J. Org. 
Chem. 1988,53,4419. 
(a) Faller, J. W.; Ha&o, D. A.; Adams, R. D.; Chodosh. D. F. J. Am. Chem. Sot. 1979, ZOI, 865. 
(b) Faller, J. W.; Chao, K.-H.; Munay. H. H. J. Organomet. Chem. 1982,226,251. (c) Trost, B. 
M.; Lautens, M. J. Am. Chem. Sot. 1982,104,5543. (d) Trost, B. M.; Lautens, M. J. Am. Chem. 
Sot. 1983,105, 3343. (e) Trost, B. M.; Lautens, M. Organometallics 1983,2, 1687. Q Trost, B. 
M.; Lautens, M.; Peterson, B. Tetrahedron Lea 1983.24.4525. (g) Faller, J. W.; Chao. K.-H. J. 
Am. Chem. Sot. 1983,105, 3893. (h) Faller, J. W.; Chao, K.-H. Organometailics 1984.3.927. (i) 
Faller, J. W.; Whitmore, B. C. Organometaflics 1986, 5, 752. (j) Masuyama, Y.; Yamada, K.; 
Kurusu, Y. Tetrahedron L.ett. 1987, 28, 443. (k) Trost, B. M.; Lautens, M. 1. Am. Chem. Sot. 
1987, ZO9, 1469. (1) Test, B. M.; Lautens, M. Tetrahedron 1987. 43, 4817. (m) Faller, J. W.; 
Lenebanier, D. Organometallics 1988.7.1670. 
Wilkinson, G.; Stone, F. G. A.; Abel, E. W. (Eds.) Comprehensive Orgatwmetallic Chemistly; 
F’-‘r Press: Oxford, 1982. 

ermark, B.; .&kermark, G.; Hegedus, L. S.; Zetterberg, K. J. Am. Ckm. Sot. 1981. 103, 
3037. (b) Akcrmark, B.; Krakenberger, B.;. Hansson, S.; Vitagliano, A. Organometallics 1987.6, 
620. (c) Cazturan, G.; Scrivanti. A.; Morandini, F. Angew. Chem. Int. Ed. Engl. 1981,20.112. 
No solvent or temperature effect has been observed for this reaction. 
(a) Auburn, P. R.; Mackenzie, P. B.; Bosnich, B. J. Am. Chem. Sot, 1985, 107, 2033. (b) 
Mackenzie, P. B.; Whelan, J.; Bosnich, B. J. Am. Chem. Sot. 1985.107,2046. 
Acetate l&r was inert even when treated with NaCH(CQEt)2 (4 equiv.). (PhsP)dPd (10 Mel%), 
PhaP (40 mol%) in Me$O at 12oOC over 12 h!51 
Under these conditions other unreactive substrates have been reported to react: Tryst, B. M.; 
Verhoeven, T. R. J. Am. Chem. Sot. 1978,100,3435. 
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(63) 

(64) 

(65) 
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(67) 

(68) 

(69) 
(70) 

(71) 

(72) 

(73) 

(74) 

(75) 

In all cases, elimination was also observed as another competing pathway (Tabk 2). The 
configuration of Ph in 22 and 23 was determined from the signal of 4-H in the ‘H NMR spectra: 
while 3~substituted derivatives consistently show this signal as a broad singlet, the 
fa-substituted derivatives are characterized by a broad doubkt wrth J = 5 Hz. The 22~23 ratio was 
detenmned by integration of the 4-H signals in the ‘H NMR spectrum of the mixture. 
We were unable to mduce 
literature (Terashima, re! 

the asymmetric reduction of benzylidene acetone described in the 
.; Takano, N.; Kegs, K. J. Chem. Sot., Chem. Commun. 1980, 1026.). On 

the other hand, we have achieved an excellent kinetic resolutions4 of the pemic alcohol (f)-24 
via the stoichiometric Sharpless epoxidation using (+)&so 
us (+)-24 whose [a]o +24.5O (c 2.8, CHCls) indicates 299% 
spectra taken in the presence of Eu(tfch. 

~Zlin~&e~;~~i$e~ 

(a) Martin, V. S.; Woodard, S. S.; Katsulci, T.; Yamada, Y.; Ikeda, M.; Sharpless, K. B. J. Am. 
Chem. Sot. 1981.103.6237. (b) Roush, W. R.; Brown, R. J. J. Org. Chem. 1983.48.5093. 
zhou, B.; xu. Y. J. org. Chem. 1988,53,442 1. 
Kenyon, J.; Partridge, S. M.; Phillips, H. J. Chem. Sot. 1936,85. 
According to ref 14a, the maximum specific rotation of (+)-28 is [a]o +68.9O (c 1.0, CHCls). Our 
product had [a] 
In addition to 2 P 

+58* (c 3.9, CHCls). 
,5% of allylic isomer was formed as revealed by ‘H NMR spectrum of the crude 

product. 
In view of the evidence accumulated thus far this rationalization seems to be better justified than 
that presented in our preliminary account (ref. 24). 
For the synthesis of parent alcohols, see: (a) Whitham, G. H. J. Chem. Sot. 1961, 2232. (b) 
Cooper, M. A.; Salmon, J. R.; Whittaker, D.; Scheidegger, U. J. Chem. Sot. (B) 1967, 1259. (c) 
Mori, K. Agriq Biol. Chem. 1976.40.415. 
Conditions necessary for >90% conversion. At higher temperature only decomposition could be 
observed 
The contiguration of Ph in 37 was determined by ‘H NMR spectroscopy using NOE irradiation 
of 6-endo-CHa led to a 19.6% enhancement of the 3-H signal, whereas irradiation of 6-era-CHs 
caused only 1.8% increase of 3-H Accordingly, irradiation of 3-H resulted in the enhancement of 
the 6-e&o-CHs by 3.4% while 6-ezo-CHa was enhanced by 1.1%. 
Colobert, F.; GenEt, J.-P. Tefruhedron Left. 1985, 26, 2779. See also: Get&, J.-P.; Ferroud, D. 
Tetrahedron L.ett. 1984,25.3579. 
Trifluoroacetoxyl seems to be even better leaving group for Pd-catalyzed substitution.21j+6s~66 
However, trifluoroacetates derived from our verbenols am highly unstable so that their reactivity 
could not be tested 
(a) Granberg, K. L.; Backvall, J.-E. J. Am. Chem. Sot. in press. (b) Granbe.rg. K. L. Thesis, 
University of Uppsala, Sweden, 1991. 
(a) RajanBabu, T. V. J. Org. Chem. 1985, 50, 3642. (b) Takahashi. T.; Nakagawa, N.; 
Minoshima, T.; Yamada, H.; Tsuji, J. Terruhedron Len. 1990,31,4333. 
Kurosawa, H.; Ogoshi, S.; Kawasaki, Y.; Murai, S.; Miyoshi, M.; Ikeda, I. J. Am. C&m. Sot. 
1990,112,2813. 
Although Kurosawa6’ has not discussed the mechanism in detail, it may be conceivable that in 
benzene, a coordination of halophilic palladium to chlorine in the substrate molecule 38 would 
boost the syn-mechanism. 
Vitagliano, A.; Akermark, B.; Hansson, S. Organometallics 1991, IO, 2592. 
For further examples where a q3-complex (MO and W) is arising in a ryn fashion from the allylic 
substrate, see ref. 45m and: Jang, S.; Atagi, L. M.; Mayer, J. M. J. Am. Chem. Sot. 1990, 112, 
6413. 
This reactivity parallels that of organocuprates with allylic acetates. While arm’ stereochemistry is 
typical for these reactions, substrates where anti-mechanism is precluded by strong steric 
hindrance have been reported to react in a syn fashion.” 
(a) Goering, H. L.; Kantner, S. S. J. Org. Chem. 1984,49,422. (b) Chapleo, C. B.; Finch, M. A. 
W.; Lee, T. V.; Roberts, S. M.; Newton, R. F. J. Chem. Sot., Chem. Commun. 1979,676. 
(a) Corey, E. J.; Boaz. N. W. Tetrahedron Len. 1984, 25, 3063. For related discussion, see: (b) 
Corey, E. J.; Hannon. F. J. Tetrahedron Len. 1990,31, 1393. (c) Hill, R. S.; Becalska, A.; Chiem, 
N. Organometallics 1991, IO, 2104. 
The possibility of isometization of n3-complexes through Pd-Pd exchange was first suggested by 
Collman and Hegedus: Collman, J. P.; Hegedus; L. S. Principles and Applications of 
Organotransition Metal Chemistry; University Science Books: Mill Valley, CA. 1980; p 692. 
For isomerization, see also ref. 211 and: (a) Bgickvall, J.-E.; Vagberg, J. 0.; Zercher, C.; Get&, 
J.-P.; Denis, A. J. Org. Chem. 1987, 52, 5430. (b) Moreno-Maiias. M.; Ribas, J.; Virgili. A. J. 
Org. Chem. 1988, 53, 5328. (c) Ktnosawa has reported on substitution reaction of 
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(76) 
(77) 

(78) 

(79) 

(80) 

(81) 

(82) 

(83) 

I. ST.4RY et al. 

(x-allyl)Pd+(PPh& with ( 
% ~llt~7~; Kumsawa. H.; 

I-&)Pt{PPh3 
gosht, S.; &atanl 

whi:h occurred with inversion via an Md attack at the 
, N.; Kawasaki, Y.; Murai, S.; Ikeda, I. Chem. Len. 

. . 
Mudshi, S. I; Taniguchi. Y.; Imada, Y.; Tanigawa, Y. J. Org. Chem. 1989,54,3292. 
The Pd-Pd displacement with dppe as a ligand seems to be an extremely slow process, as shown 
by preliminary expuimcnts quoted in ref. 65. 
The naction was carried out with 0.25 mol% of (Ph&Pd in THF at 45°C for 2 h. Similar result 
was obtained with acetate lOa. 
These effects may also play a role in the eflantioselective allylic substitution cat@& by Pd in 
the presence of we-2-(diphenyiphosphino)cycloallranea reported recently.* Moreover, as 
the regioselectivity of the nucleophilic attack on t13-complexes may be controlled elecuonicrdly 
by the ligands (namely by their donor/acceptor properde# we believe that the 
(phosphino)carboxylic acids might have further potential. 
(a) Okada, Y.; Minami, T.; Sasakl, Y.; Umezu, Y.; Yamaguchi, M. Tefrahedron Len. l!WO,31. 
3905. (b) Okada, Y.; Miami. T.; Umezu, Y.; Nishikawa, S.; Mori, R.; Nakayama, Y. 
Tetrahedron: Asymmetry 1991.2.667. 
(a) Akermark, B.; Zetterberg, K.; Krakenberger, B.; Hansson, S.; Vitagliano, A. J. Organotnef. 
Chem. 1987, 335, 133. (b) Akevk! B.; Krakenberger, B.; Hansson. S.; Vitagliano. A. 
Or~~me~allics 1987,6, 620. (c) Vitaghano, A.; Akermark, B. J. Organomet. Gem. 1988,349, 

Different behavior is encountered with molybdenum complexes, such as (MeCN 
(C,Hs)Mo(co)3. Whereas Trost has demonstrated that allylic acetates (e.g. B 

Mo(COh and 
1 a) follow the 

reaction pattern of Pd-complexes (Scheme I)= we have observed almost complete reversal of the 
stereochemical outcome (~2 to 93:7) with the DPPAcO derivative lob (which is free pf any 
serious steric constraint). 
stable.&4 

Moreover, the Mo-q3-complexes seem to be conflgurahonally 

(a) Trost, B. M.; Lautens, M. J. Am. Chem. Sot. 1982. 104, 5543; 1983, 105, 3343; 
Or anome~aliics N83.2, 1687. (b) Trost, B. M.; Lautens. M.; Peterson, B. Tetrahedron Left. 
1!& ,24,4525. (c) Trost, B. M.; Lautens, M. J. Am. Ckrn. Sot. 19g7.109, 1469. (d) Trost, B. 
M.; Medic, C. A. J. Am. Chem. Sot. 19!lO,112.9590. See, however: (e) Faller, J. W.; Linebaxrier, 
D. Orgatwmetallics 1988.7, 1670. 
Star$ I.; K&ovw, P. to be published. 
(a) Weber, F. X.; Jansen, J. E.; Gresham, T. L. J. Am. Chem. Sot. 1952. 74, 534. (b) Gtewe, R.; 
Heinke, A.; Sommer, C. C&m. Ber. 1956, 89, 1978. (c) Kate, M.; Kageyama, M.; Tanaka, R.; 
Kuwahara. K.; Yoshikoshi, A. J. Org. Chem. 1975, 40,1932. 
(a) KorZovw, P. Terrahedron L.&r. 1986, 27, 5521; (b) Kdovse, P.; StieborovB, I. J. Chem. 
Sot., Perkin Trans. 1 1987.1969. 


