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Abstract A new method has been developed which allows p&dium(O)-catalyzed allylie substitution to 
occur between ailylic alcohols and anionic C-nucieophiles: on reaction with Ph$, the ailylic a&oxide 2 
is first converted in situ inm tk mm reactive species 3 which then undergoes a Rl(O)-catalyzed m&m 
with iithio diethyl maionate via the q3-complex 6. Allylic akoxides can be generated in situ either by 
deprotonation of the corresponding alcohol (1 
addition to the corresponding aldehyde (4 + 5 

- 2, e.g. with BuLi), via a vinylmagnesium halide 
-2),orby h~~~~ ~~~~~~~ 

ketones (31 - 32). The whole sequence can be caked out as a one-pot pmcedm and is suitable for 
sensitive allylic alcohols that might be difficult to handle in pure state. While primary allylic alcohols (7 
and l& and their allylic isomers (14 and Is) give mixtures of mono- and his-allylated pmducts with 
LiCH(~Et~, exclusive ~n~y~~ has been observed for StcoRcLity alcohols (21,23, and 26). 

Palladium(O)-catalyzed allylic substitution* is an established, efficient, highly stereoselective, 

and reliable method for C-C, C-N, and C-O bond formation, with htmdmds of synthetic appli~ti~s 

reported to date.13 Although esters,’ carbonates,3 carbamatesp phosphates? and related derivative&’ of 

allylic akohols have frequently been used as substrates,* the parent alcohols arc generally much less 

reactive.g*lo This apparenbv stems from the poor capability of a non-activated hydroxyl to serve as a . 
leaving group. Moreover, a C-nucleophile, such as sodio diethyl malonate, would first convert tbe allylic 

alcohol to the cornsponding &oxi&, nucl~p~c substitution of which can hardly be anticipated. Vety 

few attempts have been made to generate palladium q3-complexes dimctly fmm allylic alcohols.g-*4 

In a preliminary communication,‘5 we have recently qorted on the in situ transfomation of 

allylic alkoxides 2 (generated by deprotonation of alcohols 1 with BuLi) by means of aiphenylbonm 

(Ph$3)16 to the reactive species 3 that readily undergo Pd(O)-catalyzed substitution with lithiodiethyl 

malonate as a typical C-nu~leoph~e (Scheme I). Herein we present an orchestration of this method and 

show that alkoxides of sensitive allylic alcohols can be generated in siru also by the reaction of the 

corresponding tidehyde with a Grignard reagent (4 + 5 - 2), or by the reduction of u$-unsatnrated 

ketones with i-Bu2AlH (DIBAH), and reacted further in one pot. 
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We have used cinnamyl alcohol (7) as a readily available model rzoqomd to develop 

+ ‘-Ph” 

optimal conditions. In contrast to its acetate, alcohol 7 is inert towards the standard conditions of 

Pd(O)-catalyzed substitud~ with ~~~e~yl malonate. We have now found, however, that addition of 

Ph3B to the reaction mixture triggers tbe reaction (Scheme n). Optimized conditions atl: as follows: 

alkoxide ion is first generated from 7 by means of BuLi (1 equiv.) in THP and then converted in sini into 

an activated intermediate of type 3 by adding Ph3B (1.1 equiv.) at r-t. Subsquently, (Ph&Pd (5 moi%), 

and LiCH(C&Et)2 (1.5 quiv.) are added and the reaction mixture is refluxed (THF) for 3 h.wl In case 

of 7, the mono and bis-allylated products 8 and 9 were isolated in 20% and 63% yield, respectively (eq. 

QyL When Ph3B was replaced by B&B, incorporation of the butyl group into the pmducts (10 - 13) was 

observed (q. 2). Iu this case, formation of (PhCH=CHCH&O as a by-product (10%) was also observed. 

A brief study of several other allylic alcohols was carried out (q. 3-S) and fair to good yields 

of the expected products were obtained (Scheme II). I-Hydroxy-l-phenyl-prop-2cn (U), its vinylogue 

15, and geraniol (18) furnished the products of mono- and bis-allylation (eq. 3-5)?‘-= By contrast, only 

mono-allylation has been observed with secondary alcohols, such as cyclohex-l-en-3-ol (21) and 

2-methyl-hex4en-3-o1(23), which can be attributed to steric hindrance (eq. 6 and 71.” 

We reasoned that lithiodiethyl malonate (used in a slight excess) should abstract a proton 

from the allylic alcohol (1 equiv.) anyway and, therefore, the initial generation of the a&oxide 2 by 

means of BuLi may not be necessary. Moreover, formation of the n3-complex 6 from 3 will release a 

strong base (Scheme l) which should also be capable of deprotonation of the starting material. Hence. 

another experiment was set up, in which the initial addition of BuLi was omitted; a mixture of the 

remaining components, i.e. alcohol 7 (1 equiv.), LiCH(C02Et)2 (1.5 equiv.), Ph3B (1.1 equiv.), (Ph3P14Pd 

(5 mol%), and Ph3P (10 mol%) was mfluxed in THP for 3 h. To our delight, the reaction was found to 

give an almost quantitative yield of a mixture of mono- and bis-allylated derivatives 8 (49%) and 9 

(50%). 
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Scheme II: a : (I) BuLi (1 equiv.), THF, r.t., 5 min; (ii) PhsB (1.1 equiv.), r.t., 10 min: (iii) LiCH(C02Et)2 

(1.5 equiv.), (Ph,P),Pd (5 moffi), PhsP (10 mol%), reilux 3-8 h. b: as in g Ph$ replaced by 

BusB. g: as in 0: LiiH(COzEt)2 replaced by LiCH(CO@e),. 
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The stereochemical course of this reaction has been probed with the enantiomeri~ally pun7 

alcohol 26. While the Pd(O>catalyxed substitution performed on its acetate is highly stereoselective, 

alcohol 26 was found to give a largely racemixed product 27 (eq. 8). as evidenced by its optical rotation. 

This striking diffemnce can be rational&d by taking into account a facial isomerixation of the 

Pd-u3-complexes resulting from the attack of Pd(0) at higher temperatums.7b36-~ 

Since palladium u3-complexes have recently been found to undergo phenylation by 

Nal3Pb.t’ it was of interest to carry out the reaction of the lithium alkoxide of 7 with Ph3B in the 

absence of lithio diethyl malonate. In this case we have found Q-1,3diphenylpmp-l-en (29) to be the 

major product (30%) which indicates that the Ph group can be transferred &n the anionic species 3 

arising in the lnitlal step (Scheme III). Alternative transier from the neutral molecule of Ph@ is also 

possible.17r19 Acetate 28 reacted ln the same way (76%). 

Scheme 111: 4 as in a (Scheme II). LiCH(C02EQ2 omftted. 

d 
Ph+OR - Ph-Ph 

7. R=H 28 (SO?4 from 7; 76% from 28) 

28, R-AC 

Allylic alcohols are often sensitive and, occasionally, cannot be easily synthesized (owing to 

the difRculties during workup) or es&tied. Consequently, acetates of these alcohols often give high 

propordon of elimination on attempted allylic substitution. We reasoned that in cases when such alcohols 

ampmpamdbyGrignatdreaction(4+5 + 2). the alkoxide generated ln the reaction mixture might be 

directly used for the substitution under the conditions described above. If successful, isolation of the 

unstable alcohol would then be avoided. To test this hypothesis, we generated the magnesium salt 30 by 

the reaction of benraldehyde with vinylmagnesium bromide (Scheme IV). To the reaction mixtum was 

then successively added Ph3B (1.1 equiv.), (Ph3p),tPd (5 mol%), and LiCH(CO~t)2 (1.5 equiv.) at r.t as 

before and the mixture wss refluxed (DIP) for 3 h. The reaction proceeded as expected and a mixtum of 

mono- and bis-ally&d products 8 (19%) and 9 (52%) was isolated in good yield 

Another method of generating the required alkoxide in situ is the hydtide reduction of the 

corresponding a$-unsaturated ketone. Indeed, the alkoxide 32, generated from dibenxylidene acetone 

(31) by the DIBAH reduction, was converted Into 33 (Scheme IV) although in poor yield (19%) and 

accompanied by several unidentlfled by-products. Similarly, cyclopent-Zen-l-one (34) afforded the 

substitution product 36 (28%) with the lithium salt of 2-ethoxycarbonyl-cyclopentan-l-one under the 

Similar conditions in one pot. The latter experiment demonstrates that even sterically hindered 

Edicarbonyls can be employed in this protocol. 

In all the reactions using Ph3B. formation of biphenyl and phenol as by-products (in ca. 1:l 

ratio) has also been observed. Biphenyl may arise from the sequence involving release of “Ph-” from 3 

(Scheme I) which would then attack a molecule of PhBRz (possibly with Pd-catalysis).29 The mechanism 

of the formation of phenol is not clear but may be tentatively attributed to the naction of PhlBO- 

(generated along with 6 and “Ph-“) with PhBRz to produce PhzB-0-BPhR2, followed by the B+O 
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migration of Ph which would afford PhO-BPhz (or Ph0). Similarly, BusB giva rise to BuO which, 

being a stronger nucleophlle than PhO-. is incorpora@ into the pmducts 10 - l3 (cq. 2). In this case, 

dimeric ether (PhCH-4!.HCH&O (10%) has been derec&d as another by-product, formation of which is 

presumably due to a side reaction of the alkoxide of 7 with the correspond@ ~3~omplex?o 

&hem@ IV: a, (i) Ph@ (1.1 ecpiv.); (ii) LiiH(CO,Et), (1.5 equiv.), (ph3P),Pd (5 fnot%), ph3P (0.1 equiv.), 

THF, reflux 3 h. 9 as in 9; LiCH(CO,Et), replaced by Li salt of Z-ethoxycarbonyl-cydopecvckyrentan- 
-1 -one. 
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in co~l~~o~ we have developed a novel technology which allows ~~~(0)~~~ 

allylic substitution to occur between allylic alcohols (rather than esters) and anionic C-nucleophlks 

(Scheme I). Identifiiation of by-products has brought some insight into the reaction mechanism. Allyllc 

alkoxides, requind in this reaction, can be generated in siru either by deprotonation of the alcohols (e.g. 

with BuLi) or synthesized via a Grignard reaction or hydride reduction (Scheme IV). The whole 

sequence (regardless of the way of generating the a&oxide) can be carried out as a one-pot process. This 

method is particularly suitable for sensitive allylic alcohols that may not be easily convertible to the more 

reactive esters and for those cases where the sterzochemical outcome is not a critical issue. 

Experimental Section 

Materials and Equipment. Optical rotations were measured in CHCl3 at 22 Y.J with an error 

of c fl’. ‘H NMR spectra were measured on Varian XL-200 (4.7 T, FT mode) instruments for CDC13 

solutions at 25 *C with Me4Si as an internal standard. fZ!hemical 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. Bnandomeric excess of 27 was &term&d by opt&al 

rotation,’ Mass spectra were measund on ZAB-EQ (VG Analytical) spectrometer: EI spectra were 

recorded at 75 eV using the lowest temperatures enabling evaporation (100-210 “0 and 
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perfluorokerosene for calibration. Elemental composition of the ions was determined by high resolutiun 

techniques. GC Analysis was carried out at Hewlett-Packard 5890 instrument using capillary columns 

(50% GV-17,1&n x 2.65 pm). Petroleum ether refers to the fraction boiling in the range 40-M) Oc. The 

identity of samples prepamd by diffktunt routes was checked by TLC and GC and IR, mass, and NMR 

spectra. Yields are given for isolated product. Lithio diethyl malonate was prepared by addition of 

n-butyllithium (1.6 M solution in n-hexane; 630 pL; 1.008 mmol) to a solution of diethyl malonate (160 

jkL; 1.054 mmoi) in dry THP (4 mL) at r.t. over 5 min. After stirting for another 10 min at r.t the reagent 

was used. All reactions were carried out under argon. 

General procedure for allylic ~~~~on using aikotides generated from atcobota by 

means of bu~lith~um, To a stirred solution of ally& alcohol (0.50 mmol) in dry ‘IHP (3 nit) was 

added n-butyllithium in hexane (0.50 mmol) and the mixture was stirred at r.t for 5 min. A solution of 

triphenylbomn (0.55 mmol) in THP (2 mL) was then added and the mixture was stirred at r.r, for 10 min. 

Then, a ~ludon of lithio diethyl malonate (0.75 mmol) in THP (2 mL) was added, followed by a solution 

of (PhsP)4Pd (5 mol%) and PhsP (10 mol%) in THP (2 mL). The mixtum was then refIuxed for 3-8 h and 

monitored by TLC. After completion of the reaction, the solvent was evaporated in vucuo and the residue 

flash-chromatographed on silica (10 g) with petroleum ether or a petroleum ether-ether (955) mixtum, or 

a petroleum ever-ever-alone mixture (93:5:2 or 90:5:5). The product was analyzed by GC and ‘II 

NMR. 

General procedure for attylic ~~~~ using a&oxides generated by Grigmud 

addition. To a stirred solution of aIdehyde (0.50 mmol) in dry THP (3 mL) was added a 1.0 M solution 

of vinyhuagnesium bromide (0.50 mmol) in THP at 0 Oe over a period of 5 min and the mixture was 

stirred at r-t. for IS min. The a&oxide generated in this way was further reacted with Ph$ and lithio 

diethyl malonate in the presence of (Ph&Pd and Ph3P as described above. 

General procedure for allylic substitution using alkoxidea generated by DIBAH 

reduction. To a sthred solution of enone (0.50 mmol) in dry THP (3 mL) was added a 1.2 M solution of 

~~bu~i~~~ hydride (0.50 mmol) in THP at 0 OC over a period of 5 min. The mixture was stirred 

at r.t, for I5 rain and then treated with Ph3B, lithio diethyl malonate, and (Ph$),$d and PhsP as above. 

9: ‘II NMR 8 1.26 (t, J =i 7.3 I-Ix, 6 H, W3CHaO), 2.84 (4 J = 7.5 Hz, 4 H, 2 x 

PhCH=CH-CX$), 4.21 (q, J = 7.3 Hz, 4 H, CH3C&O), 6.09 (dt, J = 15.6, 7.5, and 7.5 Hz, 2 H, 2 x 

PhCH=CECH& 6.47 (d, J = 15.6 Hx, 2 H, 2 x~PhCX=CH), 7.14-7.44 (m, 10 II, arom.). 

lo: ‘H NMR 8 0.94 (4 J = 7 Hz, 3 H, CJf3CH$H$H~O), 1.27 (t, J = 7 Hz, 3 H, WsCH~O), 

1.40 (m, W = 38 Hz, 2 H, CH$X$XI&!H~O), 1.61 (m, W = 38 Hz, 2 II, CHsCH2W&HzO), 2.81 (t. J 

= 7.5 Hz, 2 H, PhCH=CH-C&Z&H), 3.49 (t, J = 7.5 Hz, 1 H, PhCH=CHCH&&), 4. I6 (t, J = 7 Hz, 2 H, 

~~CH~~*~*O~, 4.21 (q, f = 7 Hx, 2 H, CH3WsO), 6.16 (dt, J = 15.6, 7.5, and 7.5 Hz, 1 H, 

PhCH=CXHi)+ 6.47 (d, J = 15.6 Hz, 1 H, PhCW=CH), 7.13-7.45 (m, 5 H, arom); HRh4S mlz 305 

[(M+H)+. 13%. C~sobu~e~. 
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11: *H NMR 6 0.93 (t. J = 6.8 Hz, 6 H, 2 x CF13CH,j, 1.37 (m, W = 41 Hz, 4 H, 2 x 

CHsC!&CH& 1.61 (m, W = 37 Hz, 4 H, 2 x ~~~~~~~*O), 2.80 (t, J = 7.8 Hx, 2 H, 

PhCH=CH-CM&H), 3.50 (t, J = 7.8 Hz. 1, PhCH=CHCH#H), 4.22 (t, J = 6.8 Hx, 4 H, 2 x 

CH&H$H#ZaO), 6.15 (dt, J = 15.6,7.8, and 7.8 Hx, 1 H, PhCH=CXH~), 6.47 (d, J = 15.6 Hz, 1 H, 

PhCYf=CH), 7.14-7.39 (m, 5 H, atom.); HRhG m/z 332 (M+-, 2%. El). 

12: ‘HI NMR 6 0.94 (t, J = 7 Hx, 3 H. CM$H&H&H~O), 1.27 (t, J = 7 Hz, 3 H, C!&CHH,), 

1.40 (m, W = 38 Hz, 2 H, CH3CX$H&HaO), 1.61 (m, W = 38 Hx, 2 H. CH3CH~C&C!H~O), 2.85 (d, J 

= 7.5 Hz, 4 H, 2 x PhCH=CH-C&C), 4.16 (t, f = 7 Hz, 2 H, ~~~~~*~*O), 4.21 (q, J = 7 Hx, 2 H, 

~3cH20), 6.09 (dt, J = 15.6, 7.7, and 7.7 Hz, 2 H, 2 x PhCH=CkKH& 6.47 (d, J = 15.6 Hz, 2 H. 2 x 

PhCX=CH), 7.13-7.44 (m, 10 H, atom.). 

13: ‘H NIvIR 6 0.93 (t. J = 6.8 Hz, 6 H, 2 x CX3CH& 1.37 (m, W = 41 Hz, 4 H, 2 x 

CH$Yf&H~), 1.61 (m, W = 37 Hz, 4 H, 2 x CH3CH&Y+$H~O), 2.84 (d, J = 7.8 Hx, 4 H, 2 x 

PhCH=CH-CH2C), 4.22 (t, f = 6.8 Hz, 4 H, 2 x CH3CH&H#X~O), 6.08 (dt, J = 15.6,7.8, aud 7.8 Hz, 2 

H,2xPhCH=C!KH&6.47(d,J= l5.6Hx,2H.2xPhC&CH),7.14-7.39(m, lOH,arom.). 

16: ‘H NMR 6 1.27 (t, J = 7 Hz, 6 H, 2 x CYf3CHzO), 2.73 (t, J = 7.6 Hz, 2 H, 

~-~-~a-cH), 3.45 (t. J = 7.6 Hz, 1 H, ~~~~*-~, 4.19 (q, J = 7 Hz, 4 H, 2 x CHsC!&O), 

5.57-6.38 (m, 2 H, PhCH=CH-CH=CH-CH2). 6.74 (ddd, J = 15.6, 10.4. and 5.2 Hz, 1 H, 

PhCH=CH-CH=CH), 6.48 (d, J = 15.6 Hz, 1 H, PhCkCH), 7.15-7.45 (m, 5 I-I, arom.). 

17: ‘H NMR 6 1.27 (t, J = 7 Hz, 6 H, 2 x G13CHzO), 2.75 (d, J = 7.3 Hx, 4 H, 2 x 

CH=CH-C&-CH), 4.19 (q. J = 7 Hz, 4 H, 2 x cH,CX@), 5.57-6.38 (m, 4 H, 2 x 

PhCH=CH-CH=CH-CH& 6.74 (ddd, J = 15.6. 10.4, and 5.2 Hz, 2 H, 2 x PhCH=CFK!H=CH), 6.47 (d, J 

= 15.6 Hz, 2 H, 2 x PhCYkCH), 7.15-7.45 (m, 10 H, atom.). 

33: ‘H NMR S 1.20 (t, J = 7.1 Ha, 6 H, 2 x CH&HaO), 3.60 (d, J = 9.4 Hz, 1 H, 

C2HsO@cH-C02~Hs), 3.84 (dt. J = 9.4,7.8, and 7.8 Hz, 1 H, CH=CH-CYXH=CH), 4.16 (q, J = 7.1 

HZ, 4 H, 2 x a3cH2O), 6.24 (dd. J 15.9 and 7.8 Hz, 2 H. 2 x F'hCH~-CH), 6.52 (d, f = 15.9 Hz, 2 H, 

2 x PhCH=CH), 7.16-7.38 (m, 10 H, atom.). 

36 (a 1:l mixture of two diastemoisomers): tH NMR 6 1.25 and 1.26 (TWO t, f = 7.0 I&, total 

3 H* ~3cHs), 0X8-2.55 (m, 9 H. CHs), 3.47-3.69 (m, 1 H. one of cH2-CH=CH), 4.03-4.26 (m, l H, 

CH-CH---cH), 4.17 (q, J= 7.0 Hz, 2 H. CH3C&O), 5.33 and 5.68 (TWO ddd, J = 5.8,2-l, and 2.1 HZ, total 

l H, (SfI-(JH=cH-CH2), 5.80-5.89 (m, 1 H, CH-cH=cN-CH.& 
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