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Abstract: A new method has been developed which allows palladium(0)-catalyzed allylic substitution to
occur between allylic alcohols and anionic C-nucleophiles: on reaction with PhyB, the allylic alkoxide 2
is first converted in situ into the more reactive species 3 which then undergoes a Pd(0)-catalyzed reaction
with lithio diethyl malonate via the n3-complex 6. Allylic alkoxides can be generated in situ cither by
deprotonation of the corresponding alcohol (1 — 2, ¢.g. with BulLi), vig a vinylmagnesium halide
addition to the corresponding aldehyde (4 + § — 2), or by hydride reduction (DIBAH) of a,B-unsaturated
ketones (31 — 32). The whole sequence can be carried out as a one-pot procedure and is suitable for
sensitive allylic alcohols that might be difficult to handle in pure state. While primary allylic alcohols (7
and 18) and their allylic isomers (14 and 15) give mixtures of mono- and bis-allylated products with
LiCH(CO,Et),, exclusive monoallylation has been observed for secondary alcohols (21, 23, and 26).

Palladium(0)-catalyzed allylic substitution! is an established, efficient, highly stereoselective,
and reliable method for C-C, C-N, and C-O bond formation, with hundreds of synthetic applications
reported to date.!-2 Although esters,! carbonates,? carbamates,* phosphates, and related derivatives®’ of
allylic alcohols have frequently been used as substrates,? the parent alcohols are generally much less
reactive.>10 This apparently 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 the allylic
alcohol to the corresponding alkoxide, nucleophilic substitution of which can hardly be anticipated. Very
few attempts have been made to generate palladium n>-complexes directly from allylic alcohols.-14

In a preliminary communication,! we have recently reported on the in sifu transformation of
allylic alkoxides 2 (generated by deprotonation of alcohols 1 with BuLi) by means of triphenylboron
(Ph312’.)16 to the reactive species 3 that readily undergo Pd(0)-catalyzed substitution with lithiodiethyl
malonate as a typical C-nucleophile (Scheme I). Herein we present an orchestration of this method and
show that alkoxides of sensitive allylic alcohols can be generated in sim also by the reaction of the
corresponding aldehyde with a Grignard reagent (4 + 5 — 2), or by the reduction of ¢,B-unsaturated
ketones with {-Bu,AlH (DIBAH), and reacted further in one pot.
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We have used cinnamy! alcohol (7) as a readily available model compound to develop
optimal conditions. In contrast to its acetate, alcohol 7 is inert towards the standard conditions of
Pd(0)-catalyzed substitution with lithiodiethyl malonate. We have now found, however, that addition of
Ph;B to the reaction mixture triggers the reaction (Scheme II). Optimized conditions are as follows:
alkoxide ion is first generated from 7 by means of BuLi (1 equiv.) in THF and then converted in situ into
an activated intermediate of type 3 by adding Ph4B (1.1 equiv.) at r.t. Subsequently, (PhyP),Pd (5 moi%),
and LiCH(CO,Et), (1.5 equiv.) are added and the reaction mixture is refluxed (THF) for 3 h.202! In case
of 7, the mono- and bis-allylated products 8 and 9 were isolated in 20% and 63% yield, respectively (eq.
1).22 When Ph;B was replaced by BusB, incorporation of the butyl group into the products (10 - 13) was
observed (eq. 2). In this case, formation of (PhCH=CHCH,),0 as a by-product (10%) was also observed.

A brief study of several other allylic alcohols was carried out (eq. 3-8) and fair to good yields
of the expected products were obtained (Scheme II). 1-Hydroxy-1-phenyl-prop-2-en (14), its vinylogue
15, and geraniol (18) furnished the products of mono- and bis-allylation (eq. 3-5)21.8 By contrast, only
mono-allylation has been observed with secondary alcohols, such as cyclohex-1-en-3-0l (21) and
2-methyl-hex-4-en-3-ol (23), which can be attributed to steric hindrance (eq. 6 and A

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 alkoxide 2 by
means of BuLi may not be necessary. Moreover, formation of the n°-complex 6 from 3 will release a
strong base (Scheme I} 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.. alcohol 7 (1 equiv.), LICH(CO,Et), (1.5 equiv.), PhyB (1.1 equiv.), (PhyP),Pd
(5 mol%), and PhyP (10 mol%} was refluxed in THF 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:(l) BuLi(1 equiv.), THF, r.t., 5 min; (i) PhyB (1.1 equiv.), 1., 10 min; (iil) LICH(CO,EY),

(1.5 equiv.), (PhyP)4Pd (5 mol%), PhyP (10 mot%%), reflux 3-8 h. b: as in a; PhyB replaced by

BuyB. ¢: as in a; LICH(CO,EY), replaced by LICH(CO,Me),.

Ph” " 0H EE— A
CO,Et
7 8 n=1 (20%)
9, n=2 (63%)
~ b ( N CO,R
PR "o —> Ph A
CO,Bu
7 10, n=1, R=El (7%)

11, n=1, R=Bu (3%)
12, n=2, R=FEt (27 %)
13, n=2, R=Bu (7%)

oH a / ~ CO,Et
)\¢ > (e
Ph n
CO,E
14 8 n=1 (36%)
9, n=2 (35%)
OH a ( AN CO,Et
~ P> ———— Ph A
Ph CO,Et
15 16, n=1 (19%)
17, n=2 (38 %)
a
/K/\/k/\ —_ > ( x N CO,Et
OH n

19, n=1 (52%) CO,Et
20, n=2 (10 %)

COLEt
C :coza

]

23 24

26 (299% ee)

22 (48 %)
CH(CO,EY), CH(COE),
(23 %) 25 (20 %)
CH(CO,Me),
N H

27, (53%; 17% ee)

(eq.

(eq.

{eq.

(eq.

1)

. 2)

. 3)

. 4)

5)

. 6)

8)

531



532

I. STARY et al.

The stereochemical course of this reaction has been probed with the enantiomerically pure’
alcohol 26. While the Pd(0)-catalyzed substitution performed on its acetate is highly stereoselective,
alcohol 26 was found to give a largely racemized product 27 (cq. 8), as evidenced by its optical rotation.
This striking difference can be rationalized by taking into account a facial isomerization of the
Pd-n3-complexes resulting from the attack of Pd(0) at higher temperatures.”026-28

Since palladium n3-complexes have recently been found to undergo phenylation by
NaBPhy,!7 it was of interest to carry out the reaction of the lithium alkoxide of 7 with PhyB in the
absence of lithio diethyl malonate. In this case we have found (E)-1,3-diphenylprop-1-en (29) to be the
major product (30%) which indicates that the Ph group can be transferred from the anionic species 3
arising in the initial step (Scheme IIl). Alternative transfer from the neutral molecule of Ph,B is also
possible.!7%19 Acetate 28 reacted in the same way (76%).

Scheme lll: d, asin a (Scheme II), LICH(CO,Et), omitted.

29 (30% from 7; 76% from 28)

Allylic alcohols are often sensitive and, occasionally, cannot be easily synthesized (owing to
the difficulties during workup) or esterified. Consequently, acetates of these alcohols often give high
proportion of elimination on attempted allylic substitution. We reasoned that in cases when such alcohols
are prepared by Grignard reaction (4 + § — 2), the alkoxide generated in 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 benzaldehyde with vinylmagnesium bromide (Scheme IV). To the reaction mixture was
then successively added Ph3B (1.1 equiv.), (Ph3P),Pd (5 mol%), and LiCH(CO,Et), (1.5 equiv.) atr.t. as
before and the mixture was refluxed (THF) for 3 h. The reaction proceeded as expected and a mixture of
mono- and bis-allylated products 8 (19%) and 9 (52%) was isolated in good yield.

Another method of generating the required alkoxide in situ is the hydride reduction of the
corresponding o,B-unsaturated ketone. Indeed, the alkoxide 32, generated from dibenzylidene acetone
(31) by the DIBAH reduction, was converted into 33 (Scheme IV) although in poor yield (19%) and
accompanied by several unidentified by-products. Similarly, cyclopent-2-en-1-one (34) afforded the
substitution product 36 (28%) with the lithium salt of 2-ethoxycarbonyl-cyclopentan-1-one under the
similar conditions in one pot. The latter experiment demonstrates that even sterically hindered
B-dicarbonyls can be employed in this protocol.

In all the reactions using Ph;B, formation of biphenyl and phenol as by-products (in ca. 1:1
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 PhBR, (possibly with Pd-catalysis).?? The mechanism
of the formation of phenol is not clear but may be tentatively attributed to the reaction of PhyBO-
(generated along with 6 and "Ph™) with PhBR, to produce Ph,B-O-B'PhR,, followed by the B—0O
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migration of Ph which would afford PhO-BPhy (or PhO). Similarly, BusB gives rise to BuO™ which,
being a stronger nucleophile than PhOr, is incorporated into the products 10 - 13 (eq. 2). In this case,
dimeric ether (PhCH=CHCH,),0 (10%) has been detected as another by-product, formation of which is
presumably due to a side reaction of the alkoxide of 7 with the corresponding n3-complex.3®

Scheme IV: a, (i) PhgB (1.1 equiv.); (ii) LICH({CO,Et), (1.5 equiv.), (PhgP),Pd (5 moi%}, PhaP (0.1 equiv.),
THF, reflux 3 h. b, as in a; LICH(CO,E), replaced by Li salt of 2-ethoxycarbonyl-cyclopentan-

-1-one.
{MgBr* O™ a ~ CO,Et
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In conclusion, we have developed a novel technology which allows palladium(0)-catalyzed
allylic substitution to occur between allylic alcohols (rather than esters) and anionic C-nucleophiles
(Scheme D). Identification of by-products has brought some insight into the reaction mechanism. Allylic
alkoxides, required in this reaction, can be gencrated in situ 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 alkoxide) 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 stereochemical outcome is not a critical issue.

Experimental Section

Materials and Equipment. Optical rotations were measured in CHCl, at 22 °C with an error
of < £1°. 'TH NMR spectra were measured on Varian XL-200 (4.7 T, FT mode) instruments for CDCly
solutions at 25 °C with Me,Si as an internal standard. Chemical shifts are given in 5 values (ppm)
relative to the signal of the standard (3 = 0.00). Coupling constants were obtained by decoupling
experiments and are given in absolute values. Enantiomeric excess of 27 was determined by optical
rotation.” Mass spectra were measured on ZAB-EQ (VG Analytical) spectrometer: EI spectra were
recorded at 75 eV using the lowest temperatures enabling evaporation (100-210 °C) and
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perfluorokerosene for calibration. 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, 10m x 2.65 um). Petroleum ether refers to the fraction boiling in the range 40-60 °C. 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. Lithio diethyl malonate was prepared by addition of
a-butyllithium (1.6 M solution in n-hexane; 630 pul; 1.008 mmol) to a solution of diethyl malonate (160
ulL; 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. All reactions were carried out under argon.

General procedure for allylic substitution using alkoxides generated from alcohols by
means of butyllithium, To 2 stirred solution of allylic alcohol (0.50 mmol) in dry THF (3 mlL) was
added n-butyllithium in hexane (0.50 mmol) and the mixture was stirred at r.t. for 5 min. A solution of
triphenylboron (0.55 mmol) in THF (2 mL) was then added and the mixture was stirred at r.1. for 10 min.
Then, a solution of lithio diethyl malonate (0.75 mmol) in THF (2 mL) was added, followed by a solution
of (PhsP)4Pd (5 mol%) and PhyP (10 mol%) in THF (2 mL). The mixture was then refluxed for 3-8 h and
monitored by TL.C. After completion of the reaction, the solvent was evaporated ir vacuo and the residue
flash-chromatographed on silica (10 g) with petroleum ether or a petroleum ether-ether (95:5) mixture, or
a petroleum ether-ether-acetone mixture (93:5:2 or 90:5:5). The product was analyzed by GC and 'H
NMR.

General procedure for allylic substitution using alkoxides generated by Grignard
addition. To a stirred solution of aldehyde (0.50 mmol) in dry THF (3 mlL) was added a 1.0 M solution
of vinylmagnesium bromide (0.50 mmol) in THF at 0 °C over a period of 5 min and the mixture was
stirred at r.t. for 15 min. The alkoxide generated in this way was further reacted with PhyB and lithio
diethyl malonate in the presence of (Ph;P),Pd and PhyP as described above.

General procedure for allylic substitution using alkoxides generated by DIBAH
reduction. To a stirred solution of enone (0.50 mmol) in dry THF (3 mL) was added a 1.2 M solution of
diisobutylaluminum hydride (0.50 mmol) in THF at 0 °C over a period of 5 min. The mixture was stirred
atr.t. for 15 min and then treated with PhsB, kithio diethyl malonate, and (PhyP),Pd and PhyP as above.

9: 'H NMR § 126 (t, J = 7.3 Hz, 6 H, CH;CH,0), 284 (d, J = 7.5 Hz, 4 H, 2 x
PhCH=CH-CH,C), 4.21 (q, J = 7.3 Hz, 4 H, CH;CH,0), 6.09 (dt, J = 15.6, 7.5, and 7.5 Hz, 2 H, 2 x
PhCH=CHCH,), 6.47 (d, J = 15.6 Hz, 2 H, 2 x PhCH=CH), 7.14-7.44 (m, 10 H, arom.).

10: 'H NMR 3 0.94 (t, J = 7 Hz, 3 H, CH;CH,CH,CH,0), 1.27 (t, / = 7 Hz, 3 H, CH3CH,0),
1.40 (m, W = 38 Hz, 2 H, CH;CH,CH,CH,0), 1. 61 (m, W = 38 Hz, 2 H, CH,CH,CH,CH,0), 2.81 @, J
=7.5 Hz, 2 H, PhCH=CH-CH,CH), 3.49 (t, J = 7.5 Hz, 1 H, PhACH=CHCH,-CH), 4.16 (t, / =7 Hz, 2 H,
CH3CH,CH,CH,0), 4.21 (g, J = 7 Hz, 2 H, CHyCH,0), 6.16 (dt, J = 15.6, 7.5, and 7.5 Hz, 1 H,
PhCH=CHCH,), 6.47 (d, J = 15.6 Hz, 1 H, PhCH=CH), 7.13-7.45 (m, 5 H, arom); HRMS m/z 305
[(M+H)*, 13%, Cl/isobutane).
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11: 'H NMR 5 093 (1, / = 6.8 Hz, 6 H, 2 x CHyCH,), 1.37 (m, W = 41 Hz, 4 H, 2 x
CH;CH,CH,), 1.61 (m, W = 37 Hz, 4 H, 2 x CHy,CH,CH,CH,0), 2.80 (t, J = 7.8 Hz, 2 H,
PhCH=CH-CH,CH), 3.50 (t, / = 7.8 Hz, 1, PhCH=CHCH,-CH), 422 (t, J = 6.8 Hz, 4 H, 2 x
CH3CH,CH,CH,0), 6.15 (dt, J = 15.6, 7.8, and 7.8 Hz, 1 H, PhACH=CHCH),), 6.47 (d, J = 15.6 Hz, 1 H,
PhCH=CH), 7.14-7.39 (m, 5 H, arom.); HRMS m/z 332 (M*, 2%, EI).

12: 'H NMR § 0.94 (t, J = 7 Hz, 3 H, CH,CH,CH,CH,0), 1.27 (t, J = 7 Hz, 3 H, CH,CH,0),
1.40 (m, W = 38 Hz, 2 H, CH;CH,CH,CH,;0), 1. 61 (m, W = 38 Hz, 2 H, CH,;CH,CH,CH,0), 2.85 (d, /
=7.5 Hz, 4 H, 2 x PhCH=CH-CH,C), 4.16 (t, J = 7 Hz, 2 H, CHyCH,CH,CH,0), 4.21 (q, / = THz, 2 H,
CH;CH,0), 6.09 (dt, J = 15.6, 7.7, and 7.7 Hz, 2 H, 2 x PhACH=CHCH,), 6.47 (d, J = 15.6 Hz, 2 H, 2 x
PhCH=CH), 7.13-7.44 (m, 10 H, arom.).

13: 'H NMR 5 093 (1, / = 6.8 Hz, 6 H, 2 x CH;CHyp), 1.37 (m, W = 41 Hz, 4 H, 2 x
CH;CH,CH,), 1.61 (m, W = 37 Hz, 4 H, 2 x CH3CH,CH,CH,0), 2.84 (d, / = 7.8 Hz, 4 H, 2 x
PhCH=CH-CH,C), 4.22 (t, J = 6.8 Hz, 4 H, 2 x CHyCH,CH,CH,0), 6.08 (dt, J = 15.6, 7.8, and 7.8 Hz, 2
H, 2 x PhACH=CHCH,), 6.47 (d, J = 15.6 Hz, 2 H, 2 x PhCH=CH), 7.14-7.39 (m, 10 H, arom.).

16: 'H NMR § 127 (, J = 7 Hz, 6 H, 2 x CHyCH)0), 273 (t, J = 7.6 Hz, 2 H,
CH=CH-CH,-CH), 3.45 (t, J = 7.6 Hz, 1 H, PhCH=CHCH,-CH), 4.19 (q, / = 7 Hz, 4 H, 2 x CH;CH,0),
5.57-6.38 (m, 2 H, PhCH=CH-CH=CH-CH,), 6.74 (ddd, J = 156, 104, and 5.2 Hz, 1 H,
PhCH=CH-CH=CH), 6.48 (d, J = 15.6 Hz, 1 H, PhCH=CH), 7.15-7.45 (m, 5 H, arom.).

17: 'TH NMR 5 127 (t, / = 7 Hz, 6 H, 2 x CHyCH,0), 275 (4, J =73 Hz, 4 H, 2 x
CH=CH-CH)-CH), 4.19 (q, J = 7 Hz, 4 H, 2 x CH3CH,0), 557638 (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=CH-CH=CH), 6.47 (d, J
=15.6 Hz, 2 H, 2 x PhCH=CH), 7.15-7.45 (m, 10 H, arom.).

33: IH NMR 5 1.20 (t, / = 7.1 Hz, 6 H, 2 x CH,CH,0), 3.60 (d, J = 9.4 Hz, 1 H,
C,H50,C-CH-C0,C,Hs), 3.84 (dt, J = 9.4, 7.8, and 7.8 Hz, 1 H, CH=CH-CH-CH=CH), 4.16 (¢, / = 7.1
Hz, 4 H, 2 x CHyCH,0), 6.24 (dd, J 15.9 and 7.8 Hz, 2 H, 2 x PhCH=CH-CH), 6.52 (d, / = 159 Hz, 2 H,
2 x PhCH=CH), 7.16-7.38 (m, 10 H, arom.).

36 (a 1:1 mixture of two diastereoisomers): 'H NMR & 1.25 and 1.26 (two t, J = 7.0 Hz, total
3 H, CH,CH,), 0.88-2.55 (m, 9 H, CH,), 3.47-3.69 (m, 1 H, one of CH,-CH=CH), 4.03-4.26 (m, 1 H,
CH-CH=CH), 4.17 (g, / = 7.0 Hz, 2 H, CH;CH,0), 5.33 and 5.68 (two ddd, J = 5.8, 2.1, and 2.1 Hz, total
1 H, CH-CH=CH-CHj,), 5.80-5.89 (m, 1 H, CH-CH=CH-CHj).
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