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Catalysed Asymmetric Protonation of Simple Linear Keto-Enolic Species —
A Route to Chiral a-Arylpropionic Acids
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The reaction cascade consisting of deprotection/decarb-
oxylation/asymmetric protonation of enolic species, starting
from open-chain benzyl B-oxo esters, has been studied.
When carried out in the presence of catalytic amounts of cin-
chonine, the reaction gave optically active a-aryl ketones

with up to 75% ee. Enantio-enriched (S)-3-phenyl-2-but-
anone can be converted into 2-phenylpropionic acid with-
out racemisation.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

The enantioselective protonation of prostereogenic enol
derivatives is conceptually simple, but the development of
catalytic methods remains a challenge, especially in terms
of rational design.['l The methodologies currently in use are
largely empirical and numerous parameters need to be con-
sidered. One general approach involves the generation of an
enolate, which is protonated by a catalytic chiral protic
source, which is in turn regenerated by an achiral stoichi-
ometric proton donor. The generation of ketone enolates
mainly makes use either of cleavage of enol ether derivatives
by organometallic compounds,”” or of nucleophilic addi-
tion to ketenes.[¥l Under these conditions, high enantioselec-
tivities can be achieved by the use of a great variety of chiral
proton donors in association with achiral sources of moder-
ate acidity.™ The creation of two contiguous chiral centres
by a sequence of asymmetric conjugated addition/pro-
tonation reactions between enones and thiols, catalysed by
a chiral lithium complex, has recently been reported.l! An-
other catalytic strategy utilises a transition metal with a
chiral ligand for the formation of the enolic species, which
can be protonated® or arylated” enantioselectively. We
have used different methodologies (a photochemical activa-
tion!®*! and a palladium-induced cascade reaction!!%!1l) to
produce enolic species. The common feature of our proced-
ures is the presence of a chiral amino alcohol in the key
step, which interacts with the enolic species and promotes
its enantioselective protonation. Thanks to the enol itself,
the amino alcohol is regenerated, allowing its use in cata-
lytic amounts, without any other proton source. Our pre-
paration of optically active ketones, which starts from ra-
cemic B-oxo acids protected as benzyl B-oxo esters, corre-
sponds to a cascade reaction involving deprotection, de-
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carboxylation and final asymmetric protonation of the
resulting enolic species.['%!!] The key step under these con-
ditions is probably analogous to that observed with malonic
acid derivative starting materials (Scheme 1). Advances in
the field of asymmetric decarboxylation since the pion-
eering work of Marckwald!?) have been reviewed by
Brunner.['3] The reaction is generally assisted by an alkaloid
base (B*), allowing the formation of an ammonium carb-
oxylate, which on decarboxylation affords an enolate, which
is protonated by the ammonium group.!'>~'#4l Naproxen de-
rivatives can thus be prepared with ees up to 72% by use
of a catalytic amount of an amide synthesised from cin-
chonine.!'3-15]

1 B* 1 CO, B* 1
R><E \ R >(E Enolic / R>¥<E
R¥ "COOH RY" COO™ B*H' e R® °H

Racemic Non racemic

R!, R? = aryl, alkyl, E = COOH, COOR, CN, COR

Scheme 1. Asymmetric decarboxylation of malonic derivatives

When E is a carbonyl group,!'®! however, different prob-
lems occur. 2-Methyl-1-oxotetralin-2-carboxylic acid and 2-
methyl-1-oxoindan-2-carboxylic acid can be prepared by sa-
ponification of the corresponding oxo esters, but dilute so-
lutions of these oxo acids are not stable at room temper-
ature, due to spontaneous decarboxylation. Consequently,
reproducible results are difficult to obtain. Furthermore,
our attempts to prepare linear analogues either in the same
wayl!®l or by direct acylation of the substituted acid were
unsuccessful.['” In situ preparation of oxo acids by reduct-
ive cleavage of their corresponding benzyl esters, however,
has allowed us to circumvent these obstacles.'®!!1 This pa-
per describes our studies on the asymmetric transforma-
tions of racemic open-chain benzyl 3-oxo esters; part of this
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work has already been presented in a preliminary commun-
ication.l!!]

Synthesis of Starting Substrates

The synthesis of B-oxo esters 1 starts with benzyl esters
2 of suitable acids, which are acylated under classical condi-
tions,'®! to afford monosubstituted oxo esters 3, which are
further methylated in basic media (Scheme 2 and Table 1).

o BuBr  Q DLDA,THFE O O MelK,CO; O O
HLOH K,CO, HLOBn or LAMDS 1 OBn _teone, 4 g! SOBn
R? acetone, A R? 2) Rlcoc, R? NaH, DMF, r.t. R

2 or Ac,O 3
THF, -78°C

1-3 a b [ d e f g

R' Ph Ph Ph Ph Ph Ph Me

R? Bn Ph  p-MeOCeHs p-MeCeHy p-PhCeHy p-FColls Ph

Scheme 2. Route to racemic oxo esters

Table 1. Synthesis of 1

Product Yield [%] Product Yield [%]2I®] Product Yield [Yo]@lc]

2a 85 3a 4314 1a 611
2b 99 3b 87 1b 75
2¢ 99 3¢ 71 Ie 52
2d 99 3d 65 1d 50
2e 99 3e/P 87 le 23
2f 99 3f 58 1f 62
3g 4910 1g 75

[l Tsolated yields of purified products. ) LDA used as a base, un-
less otherwise noted. [ K,CO; used as a base, unless otherwise
noted. 1 Also isolated: 33% of starting material. [ The alkylation
was carried out with NaH in DMF. 1 For acylation, LHMDS and
Ac,O were used in place of LDA and R!COCI.

Enantioselective Deprotection/Decarboxylation

The cascade reaction has already been studied with cyclic
substrates, particularly with substituted indanones. In these
cases the products were isolated with elevated enantioselec-
tivities.['”) When the same method was applied to linear
substrates, a substitution pattern of la with an aryl and
homobenzylic carbonyl group, analogous to that in in-
danones, was chosen as the starting point for investigation.
This oxo ester was subjected to heterogeneous hydrogena-
tion conditions (Pd/C, 0.025 equiv., H,, bubbling or gas
bag, solvent, room temp.) in the presence of catalytic
amounts of A*H. Amino alcohols 6—9 (Figure 1) were
chosen as chiral protic sources for different reasons: (—)-
ephedrine (6) was a reference catalyst in our experiments of
asymmetric tautomerisation®>!°! while camphor derivatives
based on structure 7 produced the best results!!??% and cin-
chona alkaloids 8, 9 gave the best selectivities from ma-
lonic substrates.!'37 13

AH*:
MeHN™ OH NH,
OH
6 7

Figure 1. Amino alcohols used as chiral protic sources

The results were disappointing (Table 2, Scheme 3). The
expected ketone 4a was obtained in reasonable yields, but
was accompanied by alcohol 5a, arising from over-reduc-
tion.”!! Furthermore, the ee of 4a did not exceed 16%, even
when the reaction temperature, the nature of the supported
catalyst?>23 or the solvent (THF and toluene instead of
acetonitrile) were changed.

Table 2. Enantioselective hydrogenolysis/decarboxylation/tautomerization of 1a in acetonitrile

Entry AH* T[°C] Time [h]®! 4a 4a 5a
Yield [%0]°) ee [%]! (configuration)l] Yield [%o]®]
1 6 22 0.25 79 2(S) 17
2 6 22 1 71 4(S) 22
3 6 50 0.25 58 6 (S) 11
4 6 80 0.25 65 6 (S) 10
5 6 80 1 22 6 (S) 61
6 7 22 0.5 83 6 (S) trace
7 7 50 0.25 60 10 (S) n.d.l
8 7 80 0.17 62 10 (S) n.d.l
9 8 » 1.1 82 5(R) n.d.
10 9 0 7t 19 16 (S) n.d.l
11 9 22 1 89 10 (S) trace
12 9 50 0.37 81 9(S) n.d.l

[l Pd/C (0.025 equiv.), H, (gas bag), A*H, 0.3 equiv.; the reaction time shows the period required to reach full conversion of the substrate,
as indicated by TLC. ™ Isolated yields of purified products. [! Enantiomeric excess determined by HPLC. [ The configuration was
attributed by comparison of the optical rotation with literature values.?*! ¥ Not determined. [ Also isolated: 65% of starting material.
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R1%08n

A*H (Cat.)
la—g
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OH
R1A(R2
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Scheme 3. Decarboxylative reduction/tautomerization of 1

A change from 1a to 1b (R? = Ph instead of CH,Ph) as
substrate produced improved results (Table 3). The reaction
became more chemoselective and gave 4b without any de-
tectable amounts of alcohol 5b. Nevertheless, in MeCN, the
use of 6 (Entry 13) or 7 (Entry 14) as chiral protic sources

used (Entries 20—26), ethyl acetate gave the best results
(Entry 21). In this solvent, a decrease in the amount of
amino alcohol to 0.05 equiv. was not detrimental to the ee
(Entries 21—23). Preadsorption of the chiral catalyst as
above in ethyl acetate did not improve the ee (Entry 24),
while a slight modification of the cinchona structure
strongly reduced the ee in both solvents (Entries 25, 26).
In order to evaluate the importance of electronic effects
on the selectivity, the reaction was further studied by vary-
ing the substituent pattern on the aryl group R? (Table 4).
Under the same conditions, the ees of 4 varied from 66 to

gave no or little enantioselectivity. Fortunately, cin- 2’; p-OMs

chona amino alcohols afforded enhanced ees: 49% with £ 19

cinchonidine (9, Entry 15), giving 4b of (R) configuration, 2 18 pMeg PThe,

and 56% with cinchonine (8, Entry 16), this pseudo-enanti- £ 17 » = -0.8129x + 17087

omer of 9 producing 4b of opposite configuration. When ig R2=06114 ' ‘ . IQP'F ‘
the amount of cmchon%ne, which is 1gsoluble in acetom.tnle, . ()" 3 025 02 015 01 005 0 005 01
was reduced, the reaction became slightly more enantiose- o

lective (Entry 18 compared to Entries 16 and 17). When 8
was preadsorbed on the supported palladium, better enanti-
oselectivity was obtained (Entry 19). Of the other solvents

Figure 2. Plot (22 °C) of log [selectivity] values for each substrate
versus the corresponding Hammett constant ¢

Table 3. Enantioselective hydrogenolysis/decarboxylation/tautomerization of 1b

Entry Solvent AH* (equiv.) Time [h]® 4b
Yield [%o]°) ee [%]! (configuration)i!

13 MeCN 6 (0.3) 1 97 0
14 MeCN 7(0.3) 0.5 85 16 (R)
15 MeCN 9 (0.3) 0.5 70 49 (R)
16 MeCN 8 (0.3) 1 94 56 (S)
17 MeCN 8 (0.5) 1 100 56 (S)
18 MeCN 8 (0.1) 1 100 61 (S)
19 MeCN adsorbed!®!

8 (0.3) 7 95 64 (S)
20 THF 8 (0.3) 17 85 52.(S)
21 EtOAc 8 (0.3) 1 100 71 (S)
» EtOAc 8 (0.1) 2 5610 70 (S)
23 EtOAc 8 (0.05) 2 100 68 (S)
24 EtOAc adsorbed®

8 (0.3) 8 491el 70 (S)
25 EtOAc 10 (0.3) 1 100 35(S)
26 MeCN 11 (0.3) 1 100 33 (R)

[l Pd/C (0.025 equiv.), H, (gas bag), A*H, 0.3 equiv.; the reaction time shows the period required to reach full conversion of the substrate,
as indicated by TLC. [l Isolated yields of purified products. [J Enantiomeric excess determined by HPLC. ¥ The configuration was
attributed by comparison of the optical rotation with literature values.*2%! [¢l The suspension was prepared as follows: palladium on
charcoal was added to a solution of 8 in chloroform and the solvent was then evaporated under reduced pressure and replaced by a
solution of the substrate in MeCN or EtOAc. [l Undistilled solvent. (&l Also isolated: 51% of 1b.

Table 4. Enantioselective hydrogenolysis/decarboxylation/tautomerization of 1le—1f in the presence of cinchonine

Entry Substratel®! Time [h] Product Yield [Yo]®! ee [%]€! (configuration)d!
27 1c 1.5 4c 92 75 (S)
28 1d 2 4d 99 71 (S)
29 le 2 4e 95 72 (S)
30 1f 1.8 4f 99 66 (S)

[al Substrate 1; Pd/C, 0.025 equiv.; H,; 8 (0.3 equiv.); EtOAc; room temp. ! Isolated yields of purified products. [l Enantiomeric excess
determined by HPLC. ¥ Configurations determined by comparison of Cotton effects of compounds 4c—f with those of 4b (see Exp.
Sect.).
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Table 5. Enantioselective hydrogenolysis/decarboxylation/tautomerization of 1g

Entry Solvent AH* (equiv.) Time [h]@! 4g
Yield [%o]®) ee [%]! (configuration)l]

31 MeCN 8 (0.3) 1 41 55 (S)
3 EtOAc 8 (0.3) 1 99 67 (S)
33 EtOAc 8 (0.1) 1 81 62 (S)
34 EtOAc 8 (0.05) 1 80 48 (5)
35 EtOAc 9 (0.3) 1 96 67 (R)
36 EtOAc 7 (0.3) 1.25 94 17 (R)
37 EtOAc 9 (0.3) 1.25 97 30 (S)
38 EtOAc 8, HCI (0.3) 1.5 96 5(5)

[l Pd/C (0.025 equiv.) H, (gas bag), A*H, 0.3 equiv.; the reaction time shows the period required to reach full conversion of the substrate,
as indicated by TLC. [ Isolated yields of purified products. ¥l Enantiomeric excess determined by HPLC. [l Configuration attributed by
comparison of the optical rotation with literature values.”®! ¥ Cinchonium hydrochloride.

75%. However, the Hammett correlation did not corre-
spond to a straight line (Figure 2, see below).

It appears (Table 2 versus Tables 3 and 4), that the nature
of the R? group plays an important role in both the chemo-
and the enantioselectivity of 4. Obviously, the influence of
the R! group also has to be considered, and so we studied
the reaction starting from 1g (R! = Me instead of Ph). This
did not affect the chemoselectivity of the transformation
into ketone 4g (Table 5); when ethyl acetate was used as
solvent, the ees of 4g were also higher (Entries 31 and 32).
Cinchonine and cinchonidine produced the same ee but
with opposite configurations of 4g (Entries 32 and 395).
These compounds are more effective chiral protic sources
than aminoborneol, quinidine and cinchonium hydro-
chloride (Entries 36—38). The optimum amount of chiral
catalyst seems to be about 0.3 equiv., since lower values
gave reductions in ee (Entries 32—34).

Access to Phenylpropionic Acid

Optically active arylpropionic acids belong to a class of
nonsteroidal antiinflammatory agents of which the (S) form
is generally more effective;?7 it is therefore still of interest
to develop new methods for their production.?8! Ru3*/so-
dium periodate?® failed to convert the phenyl ketone 4b
into the expected acid. However, the haloform reaction,
which has already been used for the preparation of (S)-nap-
roxen from the corresponding methyl ketone,’%! proved to
be a convenient method®! for the transformation of 4g
(69% ee) into 2-phenylpropanoic acid without racemisation
(83% yield, 69% ee) (Scheme 4).

1) NaOH, Br,
0 dioxane/H,O [e]
2) Na,SO
\:)J\ ) Nay 03 \E)J\OH
Ph 83% Ph
4g, 69% ee 69% ee

Scheme 4. Haloform reaction of 4g
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Origin of the Enantioselectivity

The nature of the enolic species has to be considered first
if we assume that its asymmetric protonation is the discrim-
inating step. However, since a multistep process is involved,
several species can be envisaged as able to influence the re-
action coursel'” (Figure 3). Hydrogenolysis of 1 gives an
oxo acid KA-H or a palladium oxo carboxylate KA-Pd. The
decarboxylation of KA-H may occur spontaneously, produ-
cing an enol E-H, or it may be assisted by the basic amino
group of the chiral inductor (as KA-N¥), producing an am-
monium enolate E-N*. Asymmetric protonation of E-N*
may be mediated by the ammonium group and that of E-
H after interaction with the amino group of A*H, through
the above enolate or a nonionic tight association. From E-
N* or E-H the proton could be delivered through a nine-
membered cyclic transition state, by the ammonium group
of EN*[321 by the hydroxy group of EN* or by the amino
alcohol A*H.I*1 The enol itself may also act as a protic
source giving rise to the formation of racemic 4. It is also

o o/[Pd]
R’M R2o
Pd-catalyst ©
— KA-Pd €0,
H, or
@ @ o"H‘o
J A eaw] AL o P
1 [ (0] 2
RMe Rzo A*H RMe R? R R
KA-N* KA-H Me
CO, l
©] H J
O[H—A*H]® o

' — [ 2
R1%R2 H R1Q\‘/§R 4

Me Me Tautomerism
A*H -
E-N* \ / E-H \ o
AR

Me racemic 4
non racemic 4

Figure 3. Possible routes for the formation of 4
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possible that palladium intermediates are involved in the
reaction (starting from KA-Pd).

In the pathways shown in Figure 3, the chiral amino alco-
hol is used in catalytic amounts and its turnover is assured
by the final protonation step (directly, with the ammonium
group as the protic source,*? or stepwise with the OH
group'”)). As no methods to suppress the competitive ra-
cemic process are available, the amino alcohol as a base may
also play a role in accelerating the nonracemic reaction. It
seems likely that the slow generation of the oxo acid and
(or) the enolic species in the medium maintains an appro-
priate base/substrate ratio and so higher ees have been ob-
served when starting from 1 rather than KA-H as the initial
substrate.l') The presence of palladium in the medium
could also influence one determining enantioselective step
and explain these higher ee values.

In view of the complexity of the process, no simple inter-
pretation is possible. However, additional data are available,
through consideration of the influence of the stereochem-
istry of the enollenolate double bond. Both (Z) and (E) con-
figurations of the enolic species would be expected from
decarboxylation of the linear oxo acid, the facial discrim-
ination being determined mainly by the enol-bound
groups®¥! (Figure 4). Both isomers are capable of providing
the same enantiomer if the asymmetric protonation step
takes place under control of the B’-substituents (latent C-
a’), unlike the case of control governed by the o’-substitu-
ents (latent C-B’) (Figure 4). In our case, we have observed:
i) reasonably high enantioselectivities (up to 75%), ii) the
importance of the B’-substituents, since much higher ees are
obtained in the presence of an aryl group (Tables 3—5) than
with a benzyl moiety (Table 2), and iii) only a minor effect
of the a'-substituents, since switching from 1b—f to 1g, in
which an a-aryl group is replaced by a methyl group, has
almost no effect on the ee of 4 (Table 5). All these facts
seem to be compatible with control by the B’-substituents
during the key step of asymmetric protonation of the enolic
species; a similar interpretation has also been proposed for
the asymmetric protonation of ammonium dienolates.?

Ga XL
(\ i Mze — Rj&_(HMe\ Rl"}—l““‘@

QO H
— R‘H"RZ
Me

o'-control: opposite configuration B'-control: same configuration

Figure 4. Comparison of o’- and p’-control of the protonation step

Generally, selective reactions are also influenced by elec-
tronic factors. We have approached this aspect by modifying
the nature of the aryl group of 1 (R?), which corresponds
to a change on the P’-position of the enolic species
(Table 4). In Figure 2, in which the observed selectivities
{log[(S)V[(R)]} are plotted against the Hammett constant
o, the correlation is moderate, due probably to the exist-

3990

ence of different rates of protonation of the (Z£)- and (E)-
enolic species. Although no straight line appears, a trend is
perceptible, with electron-donating substituents (p-meO, p-
me, p-Ph) giving enhanced enantioselectivities.>> The term
In[(S))/[(R)] is proportional to —AAG* (i.e., to the difference
in free energies between the two diastereomeric transition
states giving rise to the enantiomers).[*® Such a correlation
does not allow us to predict whether or not the rate of
formation of the (R) enantiomer is changed more than that
of the (S) enantiomer. It is reasonable to assume that the
faster reaction is also the more selective, as in the cases
of i) Halpern’s well-known asymmetric hydrogenation,*7 ii)
several examples of heterogeneous hydrogenation reac-
tions,?®! and iii) diethylzinc addition to aldehydes.**! If this
is the case, our results are consistent with protonation of
the enolic species as the key step, since it corresponds (ac-
cording to the Hammett equation) to the development of a
positive charge in the transition state, namely the approach
of a proton to the enolic species.

In conclusion, we have shown that open-chain keto-en-
olic species can be enantioselectively protonated with ees of
up to 75%, this being due to B’-control of the selectivity.
under the conditions used, the enol a’-carbon atom remains
a “latent trigonal centre”. In the linear series, cinchonine is
the best catalytic protic chiral source; this differs from our
previous observations in the cyclic series!'% but is closer to
results found with malonic substrates.!*]

Experimental Section

General Remarks: NMR spectra: Bruker AC 250 ('H: 250 MHz;
13C: 62 MHz) or Bruker AC 500 (*H: 500 MHz; '3C: 124 MHz);
internal TMS. Infrared spectra: FTIR Spectrafile IR plus midac.
EI mass spectra: JEOL D-300 (70 eV), recorded at the Faculty of
pharmacy of Reims. Optical rotations: Perkin—Elmer 241 (0.5-dm
cell). Microanalyses: Perkin—Elmer CHN 2400. HPLC: Shimadzu
LCI0AS, UV SPD 10A detector (254 nm). Circular dichroism: Ja-
sco 810. Chromatography: TLC: Alufolien Merck 5554 silica gel
PF,s4; flash  chromatography: silica gel Merck 9385,
0.04—0.063 mm. Purification of the solvents: diethyl ether and
THF distilled from Na/benzophenone; dichloromethane, chloro-
form, ethyl acetate and toluene distilled from CaH,; DMF distilled
from MgSOy; acetonitrile distilled from P,Os and then CaH,.

General Procedure for the Preparation of Starting Esters 2a—f: A
mixture of the carboxylic acid, benzyl bromide (1.1 equiv.) and
potassium carbonate (1 equiv.) was heated at reflux in acetone
(15 mL/g of carboxylic acid) overnight, and then cooled, filtered
and concentrated under vacuum. The residue was dissolved in di-
ethyl ether, washed with water and saturated brine and dried with
MgSO,. After elimination of the solvent, the product was used for
the next step.

Benzyl 2-Phenylpropanoate (2a): Colourless oil (13.6 g, 85%). IR
(KBr): v = 3030, 1736, 1497, 1454, 1159 cm~!. 'TH NMR (CDCl;):
8 =271 (t J="76Hz 2H),299(t,J =7.6Hz, 2 H), 514 (s, 2
H), 7.15=7.4 (m, 10 H) ppm. '*C NMR (CDCls): § = 30.9, 35.8,
66.2, 126.2, 128.1, 128.2, 128.5, 135.8, 140.3, 172.6 ppm.

Benzyl 2-Phenylethanoate (2b): Colourless oil (41.6 g, 99%). IR
(KBr): ¥ = 3030, 1736, 1497, 1454, 1159 cm~'. 'H NMR (CDCls):

Eur. J. Org. Chem. 2002, 3986—3994
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§ = 3.70 (s, 2 H), 5.16 (s, 2 H), 7.28—7.29 (m, 10 H) ppm. '*C
NMR (CDCL): § = 41.3, 66.6, 127.1, 128.1, 128.2, 128.5, 128.6,
129.2, 133.8, 135.8, 171.4 ppm.

Benzyl 2-(4-Methoxyphenyl)ethanoate (2c): Colourless oil (15.3 g,
99%). IR (KBr): v = 2956, 1737, 1612, 1585, 1513, 1456, 1249
cm~ . 'TH NMR (CDCly): § = 3.64 (s, 2 H), 3.80 (s, 3 H); 5.15 (s,
2 H), 6.88 (m, 2 H), 7.23 (m, 2 H), 7.29—7.41 (m, 5 H) ppm. '*C
NMR (CDCl;): 8 = 40.3, 55.2, 66.5, 113.9, 125.9, 128, 128.1, 128.5,
130.3, 135.8, 158.6, 171.7 ppm.

Benzyl 2-(4-Methylphenyl)ethanoate (2d): Colourless oil (15.6 g,
99%). IR (KBr): v = 3032, 1737, 1515, 1498, 1455, 1256, 1147
cm~ L. 'H NMR (CDCls): § = 2.37 (s, 3 H), 3.67 (s, 2 H), 5.16 (s,
2 H), 7.16 (d, J = 8.0Hz, 2 H), 7.22 (d, J = 8.0Hz, 2 H),
7.32—7.42 (m, 5 H) ppm. '*C NMR (CDCls): § = 21.0, 40.8, 66.5,
128.0, 128.1, 128.5, 129.1, 129.2, 130.8, 135.8, 136.7, 171.6 ppm.

Benzyl 1,1’'-Biphenyl-4-ylethanoate (2¢): Yellow solid (11.1 g, 99%);
m.p. 67 °C. IR (KBr): v = 3030, 1730, 1487, 1454, 1409, 1378,
1227, 1160 cm~ 1. 'H NMR (CDCl;): § = 3.75 (s, 2 H), 5.20 (s, 2
H), 7.38—7.50 (m, 10 H), 7.61 (m, 4 H) ppm. 3*C NMR (CDCls):
8 =40.9, 66.6, 127.0, 127.2, 127.3, 128.1, 128.2, 128.5, 128.7, 129.7,
132.8, 135.7, 140.0, 140.7, 171.4 ppm.

Benzyl 2-(4-Fluorophenyl)ethanoate (2f): White solid (7.9 g, 99%);
m.p. 55 °C. IR (KBr): v = 3045, 2953, 1733, 1606, 1510, 1456,
1422, 1384, 1339, 1225 cm™!. 'TH NMR (CDCls): § = 3.67 (s, 2 H),
5.47 (s, 2 H), 7.25—7.37 (m, 7 H) 7.50 (m, 2 H), ppm. 3C NMR
(CDCly): & = 40.3, 66.6, 115.3 (d, J = 21 Hz, 2 CH), 128.1, 128.2,
128.5,129.5 (d, J/ = 3 Hz), 130.8 (d, J = 8 Hz, 2 CH), 135.6, 161.5
(d, J = 244 Hz), 171.2 ppm.

General Procedure for the Benzoylation of 2a—f: A solution of li-
thium diisopropylamide (1.1 equiv.) was prepared by addition of
nBuLi (1.6 M in hexane) to diisopropylamine under argon at —78
°C in THF (10 mL). After 45 min of stirring, a THF solution
(1 mL/mmol) of the ester 2 (1 equiv.) was added dropwise. The
mixture was allowed to warm to room temp., stirred for 2 h and
then cooled to —78 °C, before addition of benzoyl chloride (1.2
equiv.). After 1 h, the contents of the flask were poured into ice-
cold 1 m HCI. The aqueous phase was extracted three times with
diethyl ether. The combined organic phases were washed with brine
and dried with MgSO,. After removal of the solvents, the residue
was purified by flash chromatography to afford 3a—f.

Benzyl 2-Benzoyl-3-phenylpropanoate (3a): Colourless oil (1.63 g,
43%). IR (KBr): v = 2978, 1734, 1631, 1448, 1338 cm~'. '"H NMR
(CDCly): 6 =3.37(d, J = 74Hz, 2 H), 470 (t, J = 7.4 Hz, 1 H),
5.09 (s, 2 H), 7.10—7.60 (m, 13 H), 7.95 (m, 2 H) ppm. '3C NMR
(CDClLy): & = 209, 42.1, 56.1, 67.2, 127.0, 127.6, 127.9, 128.1,
128.2, 128.3, 128.5, 129.6, 132.5, 135.1, 135.5, 139.6, 172.1, 196.9
ppm. Cy3H,,05 (344.41): calcd. C 80.21; H 5.85; found C 80.02,
H 5.78.

benzyl 2-Benzoyl-2-phenylethanoate (3b): White solid (12.2 g, 87%);
m.p. 63—64 °C. IR (KBr): ¥ = 3062, 1725, 1691, 1293, 1143 cm ™.
'H NMR (CDCl;): 8 = 5.24 (s, 2 H), 5.68 (s, 0.5 H), 7.24—7.51
(m, 13 H), 7.95 (m, 2 H), 10.43 (s, 0.5 H, enol)] ppm. *C NMR
(CDClLy): & = 60.5, 67.4, 128.2, 128.3, 128.5, 128.7, 128.8, 128.9,
129.6, 132.8, 133.5, 1354, 135.5, 168.9, 198.0 ppm. C,,H;30;
(330.12): caled. C 79.98, H 5.49; found C 79.92; H 5.62.

Benzyl 2-Benzoyl-2-(4-methoxyphenyl)ethanoate (3c): White solid
(15.01 g, 71%); m.p. 73—74 °C. IR (KBr): ¥ = 2953, 1726, 1692,
1513, 1449, 1284, 1141 cm~'. 'TH NMR (CDCls): § = 3.76 (s, 3 H),
5.19 (s, 2 H), 5.60 (s, 1 H), 6.87 (m, 2 H), 7.29—7.50 (m, 10 H),
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7.92 (m, 2 H) ppm. '3C NMR (CDCls): § = 55.2, 59.7, 67.3, 114.3,
124.8, 128.2, 128.3, 128.5, 128.7, 129.8, 130.7, 133.5, 135.4, 135.5,
159.4,169.0, 193.3 ppm. C53H,404 (360.13): caled. C 76.65, H 5.59;
found C 76.51; H 5.68.

Benzyl 2-Benzoyl-2-(4-methylphenyl)ethanoate (3d): White solid
(14.0 g, 65%); m.p. 88—89 °C. IR (KBr): ¥ = 3031, 1749, 1675,
1595, 1450, 1262 cm~!. '"H NMR (CDCl;): § = 2.35 (s, 3 H), 5.25
(s, 2 H), 5.69 (s, 1 H), 7.20 (d, J = 8.0 Hz, 2 H), 7.34—7.54 (m, 10
H), 8.00 (m, 2 H) ppm. '3C NMR (CDCl5): § = 21.0, 60.1, 67.2,
128.1, 128.4, 128.6, 128.8, 129.3, 129.5, 129.7, 133.3, 135.4, 135.5,
137.9, 168.8, 193.2 ppm. C>3H,,05 (344.41): calcd. C 80.21, H 5.85;
found C 80.07, H 6.08.

Benzyl 2-Benzoyl-2-(1,1'-biphenyl-4-yl)ethanoate (3e): White solid
(11.7 g, 87%); m.p. 148—149 °C. IR (KBr): ¥ = 3063, 1726, 1692,
1597, 1488, 1449, 1284, 1141 cm~!. 'H NMR (CDCls): § = 5.21
(s, 2 H), 5.69 (s, 1 H), 7.30—7.58 (m, 16 H), 7.95 (m, 2 H) ppm.
13C NMR (CDCL): & = 60.2, 67.5, 127.1, 127.5, 127.6, 128.2,
128.3, 128.5, 128.7, 128.9, 130.0, 131.7, 133.6, 140.4, 141.0, 168.7,
193.0 ppm. C,3H»,05 (406.15): caled. C 82.74, H 5.46; found C
82.60, H 5.45.

Benzyl 2-Benzoyl-2-(4-fluorophenyl)ethanoate (3f): White solid
(6.01 g, 58%); m.p. 62 °C. IR (KBr): ¥ = 3064, 2958, 1727, 1691,
1600, 1510, 1449, 1278 cm~'. "TH NMR (CDCl5): = 5.21 (s, 2 H),
5.66 (s, 1 H), 7.07 (m, 2 H), 7.26—7.49 (m, 9 H), 7.56 (m, 1 H),
7.95 (m, 2 H) ppm. 3C NMR (CDCl;): 8§ = 59.5, 67.5, 115.8,
128.2, 128.3, 128.5, 128.7, 128.8, 131.3, 133.6, 135.2, 135.4, 162.5,
168.5, 192.9 ppm. C,,H;;FO3 (348.37): caled. C 75.85, H 4.92;
found C 75.52, H 4.81.

Acetylation of 2g: A solution of lithium hexamethyldisilazane
(53.1 mmol) was prepared by addition of nBuLi (1.6 M in hexane,
33.2 mL) to hexamethyldisilazane (11.2 mL, 53.1 mmol) under ar-
gon at —78 °C in THF (50 mL). After 45 min of stirring, a THF
solution (50 mL) of benzyl phenylethanoate (2g, 10 g, 44.25 mmol)
was added dropwise. The mixture was allowed to warm to room
temp., stirred for 2 h and then cooled to —78 °C, before addition
of acetic anhydride (5 mL, 53.1 mmol). After 1 h, the contents of
the flask were poured into ice-cold 1 M HCI. The aqueous phase
was extracted three times with diethyl ether (20 mL). The combined
organic phases were washed with brine and dried with MgSO,.
After removal of the solvents, the residue was purified by flash
chromatography (petroleum ether/ethyl acetate, 95:5) to afford a
white solid (3.27 g, 49%); m.p. 63—64 °C. IR (KBr): v = 30064,
1735, 1715, 1145 cm ™', '"H NMR (CDCl;): § = 2.17 (s, 3 H), 4.78
(s, 1 H), 5.22 (s, 2 H), 7.37 (m, 10 H) ppm. '*C NMR (CDCl;):
8 =28.7,65.5,67.2,128.2, 128.25, 128.3, 128.5, 128.8, 129.3, 132.4,
135.2,168.3, 201.3 ppm. C;7H 505 (268.31): calcd. C 76.10, H 6.01;
found C 76.45; H 5.89.

Benzyl 2-Benzoyl-2-methyl-3-phenylpropanoate (1a): A solution of
benzyl 2-benzoyl-3-phenylpropanoate (5.13 g, 14.9 mmol) in DMF
(100 mL) was added dropwise under argon to a suspension of so-
dium hydride (17.7 mmol) in DMF (30 mL). After 45 min, iodome-
thane (1.85 mL, 29.6 mmol) was added and the mixture was stirred
for a further 4 h and then hydrolysed. The aqueous phase was ex-
tracted with diethyl ether (3 X 30 mL) and the organic layer was
washed with brine, dried with MgSO, and concentrated. the residue
was purified by flash chromatography (petroleum ether/ethyl acet-
ate, 95:5) to afford a colourless oil (3.26 g, 61%). IR (KBr): v =
2999, 1722, 1672, 1454, 1178 cm~!. 'TH NMR (CDCl;): § = 1.50
(s, 3H), 3.35(d, J = 13.7Hz, 1 H), 3.44 (d, J = 13.7Hz, 1 H),
5.09 (s, 2 H), 6.9—7.4 (m, 13 H), 7.75 (m, 2 H) ppm. '3*C NMR
(CDCL): & = 209, 42.1, 58.1, 67.2, 127.0, 127.6, 127.9, 128.1,
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128.2, 128.3, 128.5, 129.6, 132.5, 135.1, 135.5, 139.6, 172.1,
196.9 ppm. C,4H»,03 (358.15): caled. C 80.42, H 6.19; found C
80.28, H 6.57.

Methylation of Compounds 3b—g: A suspension of benzyl oxo ester
(10 mmol), potassium carbonate (6.9 g, 50 mmol) and iodome-
thane (1.25 mL, 20 mmol) in acetone (67 mL) was heated at reflux
overnight whilst stirring. The mixture was filtered. After concentra-
tion of the filtrate, the residue was dissolved in diethyl ether,
washed with brine and dried with MgSO,. Concentration and puri-
fication by flash chromatography afforded compounds 1b—g.

Benzyl 2-Benzoyl-2-phenylpropanoate (1b): White solid (8.56 g,
75%); m.p. 60—61 °C. IR (KBr): v = 3330, 1732, 1675, 1452, 1253,
1213 em™'. 'H NMR (CDCl3): § = 1.92 (s, 3 H), 5.08 (d, J =
12.5Hz, 1 H), 5.09 (d, J = 12.5 Hz, 1 H), 7.03 (m, 2 H), 7.17—7.48
(m, 11 H), 7.63 (m, 2 H) ppm. '*C NMR (CDCl;): § = 25.3, 62.3,
67.1, 127.4, 127.6, 127.9, 128.0, 128.1, 128.3, 128.4, 129.5, 132.4,
135.0, 135.3, 139.5, 172.0, 196.8 ppm. C,3H,,0; (344.14): caled. C
80.21, H 5.85; found C 79.88, H 6.07.

Benzyl 2-Benzoyl-2-(4-methoxyphenyl)propanoate (1c): White solid
(2.92 g, 52%); m.p. 60—61 °C. IR (KBr): v = 2976, 1718, 1688,
1608, 1515, 1450, 1258, 1239, 1184 cm™!. 'TH NMR (CDCl;): § =
1.90 (s, 3 H), 3.78 (s, 3 H), 5.09 (s, 2 H), 6.85 (m, 2 H), 7.06 (m, 2
H), 7.23 (m, 5 H), 7.39 (m, 3 H), 7.65 (m, 2 H) ppm. '*C NMR
(CDCly): & = 25.2, 55.1, 61.7, 67.1, 113.8, 127.9, 128.0, 128.1,
128.3, 128.8, 129.5, 131.3, 132.4, 135.1, 1354, 158.7, 172.3,
197.0 ppm. C,4H»,04 (374.15): caled. C 76.99, H 5.92; found C
76.76, H 5.72.

Benzyl 2-Benzoyl-2-(4-methylphenyl)propanoate (1d): Yellow oil
(2.92 g, 50%). IR (KBr): ¥ = 3002, 1726, 1668, 1461, 1181 cm ™.
'"H NMR (CDCl3): § = 1.94 (s, 3 H), 2.34 (s, 3 H), 5.12 (s, 2 H),
7.08 (m, 2 H), 7.12 (d, J = 8.0 Hz, 2 H), 7.25 (m, 5 H), 7.38 (m, 3
H), 7.67 (m, 2 H) ppm. '*C NMR (CDCl,): § = 20.9, 25.3, 62.0,
67.1, 127.4, 127.9, 128.0, 128.1, 128.3, 129.1, 129.5, 132.4, 135.1,
135.4, 136.4, 137.1, 172.2, 197.0 ppm. C,4H,,05 (358.15): caled. C
80.42, H 6.19; found C 80.39, H 6.40.

Benzyl 2-Benzoyl-2-(1,1'-biphenyl-4-yl)propanoate (1e): White solid
(1.43 g, 23%); m.p. 59—60 °C. IR (KBr): v = 3031, 1729, 1674,
1257, 1214 cm™ . '"H NMR (CDCls): § = 1.96 (s, 3 H), 5.12 (d,
J =178Hz, 1 H), 513 (d, J = 7.8 Hz, 1 H), 7.08 (m, 2 H),
7.19—7.54 (m,15 H), 7.68 (m, 2 H) ppm. '3C NMR (CDCls): § =
25.3, 624, 67.2, 127.4, 127.6, 127.9, 128.0, 128.1, 128.3, 128.5,
129.5, 132.4, 135.1, 135.4, 139.5, 172.1, 196.8 ppm.

arbitrary unit

Benzyl 2-Benzoyl-2-(4-fluorophenyl)propanoate (1f): Yellow oil
(1.30 g, 62%). IR (KBr): ¥ = 3032, 1739, 1688, 1598, 1377, 1262
cm~ . '"H NMR (CDCls): 8 = 1.94 (s, 3 H), 5.09 (d, J = 12.2 Hz,
1 H), 5.15(d, J = 12.2 Hz, 1 H), 7.06 (m, 4 H), 7.25 (m, 4 H), 7.46
(m, 4 H), 7.65 (m, 2 H) ppm. '*C NMR (CDCls): § = 25.4, 61.6,
67.3, 115.3, 128.0, 128.1, 128.2, 128.3, 129.4, 132.6, 134.9, 135.2,
161.9, 172.0, 196.5 ppm. Cy3HoFO; (362.13): caled. C 76.23, H
5.28; found C 75.97, H 5.59.

Benzyl 2-Acetyl-2-phenylpropanoate (1g): Colourless oil (2.10 g,
75%). IR (KBr): v = 3062; 1713; 1497; 1246 cm~'. 'H NMR
(CDCly): 6 = 1.80 (s, 3 H), 2.08 (s; 3H; H7), 5.24 (s, 2 H),
7.25—-7.36 (m, 10 H) ppm. '3C NMR (CDCls): § = 21.2,27.2, 64.7,
67.2, 127.3, 127.7, 128.1, 128.3, 128.5, 128.6, 135.3, 138.3, 171.7,
204.8 ppm. C;gH ;305 (282.12): caled. C 76.57, H 6.43; found C
76.54, H 6.44.

General Procedure for the Decarboxylation: The amino alcohol and
palladium on charcoal (0.025 equiv.) were successively added to a
solution of 1 (100 mg) in the corresponding solvent (20 mL,
Tables 2—5) in a round-bottomed flask. Gaseous hydrogen was
supplied from a “gas bag” or bubbled continuously through the
solution until complete disappearance of the starting material, as
indicated by TLC (Tables 2—5). The crude mixture was filtered
through a pad of silica and purified by chromatography. Yields
are reported in Tables 2—5. The spectroscopic data of the resulting
ketones are in agreement with the literature: 4a,?4 4b, 124231 4¢,[40]
4d,3%1 4¢,1411 4g 126l HPLC analyses of 4a and 4b with chiral columns
were carried out as previously reported.[''! For other ketones: 4c:
[a]lp= +94.5 (¢ = 0.88, CHCl3) [(S) 75% ee]; Chiracel OD, 2-pro-
panol/hexane (1:99); flow rate: 0.6 mL/min; retention time: (S)
8.2 min, (R) 9.3 min; o = 1.06. 4d: [o]p = +108 (¢ = 1.0, CHCl;)
[(S) 71% ee]; Chiracel OD, 2-propanol/hexane (1:99); flow rate:
0.6 mL/min; retention time: (S) 7.4 min, (R) 8.5 min; o = 2.4. 4e:
[a]lp = +107 (¢ = 1.06, CHCly) [(S) 72% ee]; Chiracel OD, 2-pro-
panol/ hexane (1:99); flow rate: 0.6 mL/min; retention time: (S)
10.9 min, (R) 13.0 min; o = 1.5. 4g: [a]p = —234 (¢ = 1.0, CHCl;)
[(R) 67% ee]; Chiracel OD, 2-propanol/hexane (1:99); flow rate:
0.6 mL/min; retention time: (S) 17.25 min, (R) 18.0 min; o = 1.1.

2-(4-Fluorophenyl)-1-phenylpropan-1-one (4f): Yellow oil (62 mg,
99%) (petroleum ether/ethyl acetate, 95:5). [0]p = +60.4 (¢ = 1.02,
CHCls) [(S) 61% ee]. IR (KBr): ¥ = 2977, 2932, 1683, 1504 cm ™.
'H NMR (CDCl3): = 1.53 (d, J = 6.9Hz, 3 H), 470 (q, J =
6.9 Hz, 1 H), 6.99 (m, 2 H), 7.26 (m, 2 H), 7.44 (m, 3 H), 7.97 (m,
2 H) ppm. *C NMR (CDCls): § = 19.5,46.8, 115.7 (d, J = 21 Hz),

Figure 5. CD spectra of 4b—f recorded in acetonitrile solutions for samples having the ee in theTable 3: (S)-4b: [1.14 X 107°] M; 4e¢: [1.17
X 1075 M; 4d: [9.82 X 1076 m; de: [9.44 X 1076 m; 4f: [1.14 X 1075] M
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128.5, 128.6, 129.2 (d, J = 8 Hz), 132.9, 136.2, 137.1, 161.7 (d, J =
245 Hz), 200.1 ppm. C;sH3FO (228.09): calcd. C 78.93, H 5.74;
found C 78.60, H 5.40. HPLC analysis: Chiracel OD, 2-propanol/
hexane (1:99); flow rate: 0.6 mL/min; retention time: (S) 8.7 min,
(R) 10.7 min; o = 1.95.

The configurations of 4c—f were attributed by comparison of their
CD spectra (Figure 5) with that of 4b, the configuration of which
is known. 242

Haloform Reaction.*®! 2-Phenylpropionic Acid: A solution of so-
dium hypobromite was prepared by dropwise addition of bromine
(1 g, 6.6 mmol) to a cooled solution (—5 °C) of sodium hydroxide
in water (9 mL) and diluted with dioxane (6 mL). The mixture was
then added dropwise at 10 °C to a solution of 4g (298 mg,
2.01 mmol, ee = 69%) in dioxane (26 mL) and water (8§ mL). After
3 h of stirring, the mixture was diluted with sodium sulfite (250 mg/
2.5 mL of water) and acidified with 2 M HCI, extracted with dichlo-
romethane (30 mL X 3), dried with MgSO, and concentrated to
afford 2-phenylacetic acid as white crystals (250 mg, 83%, ee =
69%). The '"H NMR spectroscopic data of this compound are
identical to those described in ref.,*?l . HPLC analysis: Regis (S,S)
Whelk-O1 column; hexane/2-propanol/AcOH (93:7:0.5), 1 mL/
min; retention time: (S) 8.2 min, (R) 8.9 min; a = 1.43.
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