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Abstract

The racemization and asymmetric transformation of a series-®tibstituted carboxylic acids, viz. mandelic
acid, hydratropic acid, ibuprofen and naproxen, were studied. Several racemization methods for mandelic acid were
studied and it was found that base-catalyzed racemization in aprotic polar solvents was the most efficient method.
Moreover, a fast and mild base-catalyzed racemization reaction in the melt was developed. DBN turned out to
be a very efficient racemizing base for the substrates studied. Combination of the base-catalyzed racemization
in the melt with known resolution processes resulted in crystallization-induced asymmetric transformations.
Treating racemic ibuprofen or hydratropic acid with 1.5-2.5 equivalents of enantioparethylbenzylamine
and a catalytic amount of DBN resulted in the isolation of enantiomerically enriched ibuprofen or hydratropic acid
with ees of up to 75% and almost quantitative yields. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Despite great advances in biocatalysis and asymmetric synthesis, the resolution of racemates is still an
important approach in the industrial synthesis of enantiomerically pure compounds. It is often the most
economical and convenient way to prepare enantiopure compounds. Moreover, resolution procedures
meeting the conditions of 100% vyield together with 100% ee are gaining increasing importance in the
(fine-)chemical industry. Traditional resolutions through selective crystallization of diastereomeric salts
imply the introduction of in situ racemization of the unwanted isomer resulting in crystallization-induced
asymmetric transformatiorsEor amino acids this is a well-known process whereby in situ racemization
is achieved under mild conditions through catalytic amounts of Schiff-Baspart from amino acids not
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many compounds can be racemized by a mild and controlled procétlu@der to broaden this scope
we made a systematic study of the racemization processes of a sesiesibtituted carboxylic acids,
viz. mandelic acidl, hydratropic acic, ibuprofen3 and naproxerd (Fig. 1). The results obtained were
combined with resolution procedures leading to crystallization-induced asymmetric transformations.

2. Results and discussion
2.1. Racemization studies: mandelic acid

From a literature survey on racemizations, itis evident that base catalysis is the most prominent method
for a-hydroxycarboxylic acids, e.g. mandelic adid Some other racemization procedures for mandelic
acid1 are less applicabe2 In order to be compatible with a resolution through diastereomeric salts, our
focus was on racemization under basic conditions. Initial results with various bases, including resolving
agents, show smooth racemization at 80-130°C (Table 1). Racemization reactions were first order in
substrate and base. The observed rate constaptsdkd half-life periods (f,) of the racemization were
calculated using the least squares method from Egs. 1 and 2 (pseudo-first order kineticsjxgrdrate
o are the optical rotations at time zero and t, respectively.
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More detailed studies, including some mandelic acid derivatives, show a preference for aprotic polar
solvents such as DMSO in combination with strong organic bases such as DAETGADIe 2). These
results are in agreement with studies of Cram étRiie to differences in solvation, bases are relatively
stronger in aprotic polar solvents compared to protic solvents. In aprotic polar solvents, bases are less
solvated and relatively ‘naked’ and therefore more reactive than in protic solvents. Furthermore, it can be
concluded that the racemization rate increases with an increase in the electron-withdrawing ability of the
substituents at & and carboxylic derivative of mandelic acid. Combined with a positive entropy effect,
dioxolanel4is the most easily racemized derivative of mandelic acid.

The racemization results were further improved by employing high concentrations. In fact, the best
results were obtained when the reactions were run without solvent at all, i.e. in the melt. When mandelic
acid 1 was subjected to racemization by DAB@In the melt at 135°C for 1 h, an acceleration was
observed compared to the racemization by DABCO in dimethyl sulfoxide. Mandeliclasidlmost
completely racemized within 1 h using 1 equiv. of DABCO in the melt at 135°C, while racemization
in dimethyl sulfoxide with 10 equiv. of DABCO at 135°C has a half-life of about 1 h. Racemization in
the melt also took place using the resolving base MBAith a half-life period of almost 1 h. Thus this
method has good promise for a crystallization-induced asymmetric transformation of mandelic acid
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Table 1
Racemization of mandelic aci®)¢1?
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Entry Base [Base] (M) Kops (107 s)P ty, (h)°

1 MBA (5) 0.5 0.2 8.9
2 DABCO (6) 0.5 0.6 3.1

3 Brucine (7) 0.5 L5 1.3

4 Et;:N 0.5 0.2 12.3
5 dicyclohexylamine 0.4 0.1 15.4
6 TMEDA (8) 0.4 0.2 9.3

7 Proton Sponge (9) 0.4 Nur. Nur.
8 Trogers Base (10) 0.4 Nur. Nur.
7 NaOH ¢ 0.8 0.1 19.8

a) Conditions: mandelic acid [(S)-1] (1.6 mmole), 10 equiv base, hexanol, 130°C. b) N.r. = no reaction. ¢) 2.3 Equiv base
was used in water at 80°C.

Several other bases were investigated to racendeé {(n the melt. The results are summarized in
Table 3. These data reveal that TEID gave the best result, followed by DBN and TMEDAS8. The
best racemizing base in solution, i.e. DAB@Dgave a homogeneous melt at 130°C and completely
racemized mandelic acitl at this temperature. The use of DAB@Delow 130°C resulted in a partly
molten mixture and no racemization was observed.

2.2. Racemization studies-arylpropionic acids

With the results of mandelic acid in hand and using a dozen different bases, optimal conditions for
hydratropic acid?, ibuprofen3 and naproxer were readily found. Complete racemization in the melt
was achieved at 90-110°C in no moreritah using catalytic aounts of base (1 equiv. of base was
required for neutralization). The results are summarized in Tables 4 and 5. The best results were obtained
with amidine and guanidine bas#8, 19 and21. A more detailed analysis of these results reveals that
there is no linear relationship between the racemization rate and base strength. Based on the equilibria
given in Scheme 1, the following explanation can be given: a strong base will shift equiligium
leading to faster racemization, but at the same time decreases the amount of available substrate through
shifting equilibrium B. Semi-empirical calculations using MOPAC AM1 with the COSMO solvent
approximatioh? have been performed on all equilibria. These calculations show a difference between
the enthalpies of activation of equilibriugk and equilibriumC of more than 20 kcal/mdi® Equilibrium
C therefore has almost no influence on the rate of racemization. This strongly suggests that there will be
an optimal base strength, which optimally balances the deprotonation an@ at the carboxylic acid

group.
2.3. Asymmetric transformations: mandelic acid

A crystallization-induced asymmetric transformation is also possible while working in a melt. Ifa 1:1
mixture of two diastereomeric salts is heated there will not be a sharp melting point, but a range in which
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Table 2
Substituent and solvent effects on the racemizatiori rate

(5-12] R, R,
oR, alH | Me oH o<
©/\COOR2 E E gu ©/\CONHR \——Q
d| tBu {Bu @ 0
e | COMe| H (5)-13a (R=H)

b (R=OH) (5)-14

Entry Substrate Solvent® Kaobs (10 s7)° ty, (h)°
1 ($)-1 HexOH 0.6 3.1
2 $)-1 EtOH* nr. nr.
3 (-1 H,O° n.r. n.r.
4 $-1 toluene® nr. n.r.
5 S)-1 DMSO 1.9 1.0
6 ($)-12a DMSO 8.8 0.2
7 (5)-12b HexOH 6.1 0.3
8 (S)-12b DMSO 13.6 0.1
9 (S)-12b DMI 8.9 0.2
10 ($)-12b NMP 8.1 0.2
11 (S)-12b DMF 8.1 0.2
12 (S)- 12¢ DMSO 1.3 1.5
13 ($)-12d DMSO 0.3 5.7
14 (5)-12¢ DMSO 19.3 0.1
15 ($)-13a DMSO 0.2 9.2
16 (5)-13b DMSO 2.6° 0.7

17 ($)-14 DMSO 891 0.002

a) Conditions: Substrate (1.8 mmole), DABCO 6 (18 mmole), solvent (35 ml), T=130°C b) Abbreviations:
DMI=1,3-dimethyl-2-imidazolidine, NMP=N-methyl-2-pyrrolidone, DMF=N,N-dimethylformamide, DME=
1,2-dimethoxyethane. ¢) n.r.=no reaction. d) T=80°C. ¢) T=110°C. f) Hexyl mandelate was isolated as the
product. g) Racemization also occurred without base under influence of heat (130°C) and after work-up, the
substrate could not be isolated..

a melt and the solid salt with the highest melting point are both present (heterogeneous mixture). Within
this temperature range an asymmetric transformation is possible.

Many resolving agents for mandelic acldare knownt*1% of which MBA 5 has been shown to
be the most efficient. Initial experiments towards asymmetric transformations in a solvent-free system
(heterogeneous melt) using MB#both as the resolving agent and as a racemizing agent met with limited
success (quantitative yields but with ees of only 2-5%). Similar results were obtained with brucine and
N-methylephedrine. Reactions were run in the melt using up to 2 equiv. of base.

As evident from the racemization studies shown above, ‘stronger’ bases are required to achieve
efficient racemization during resolution. Thus, more promising results were found when resolving base
MBA 5was combined with racemizing bases DAB6MBN 190r TBD 21 (Table 6). Catalytic amounts
of additional base are sufficient to reach ees of up to 30% with yields well over 90%. Small amounts
(instead of one equiv. or more) of extra base have the advantage of a higher melting temperature range,
thus enhancing the rate of racemization. So far for mandelic acid the goal of 100% ee and 100% yield
could not be reached. Optimization of reaction conditions should improve these results.
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Table 3
Racemization of mandelic aci®f1 by 1.1 equiv. of base in the m@lt

O O A YLD

T=90°C T=110°C
Entry Base Racemization® (%) Yield (%) | Racemization®(%)  Yield (%)
1 Et;N 4 90 20 95
2 TMEDA 8 19 93 48 89
3 Proton Sponge 9 0 95 8 93
4 Trogers base 10 ¢ 95 27° 84
5 Morfoline 15 9 93 25 89
6 Piperidine 16 0.2° 92 1° 98
7 Pyrrolidine 17 11 96 32 90
8 DBU 18 9 96 28 96
9 DBN 19 23 99 48 94
10 TMG 20 0.3 90 5 84
11 TBD 21 23 95 74 95

a) Conditions: mandelic acid (S)-1 (1.6 mmole), base (1.8 mmole), under nitrogen, melt, 5 h. b) Determined by HPLC
(Chiralcel ODH, + 0.5%) c) Heterogeneous melt.

Table 4
Racemization of profenss(-2—4 by 1.1 equiv. base in the melt at 116°C
(5)-2 (5)-3 (5)-4
Entry Base pKa® |Racemization Yield |Racemization Yield |Racemization Yield
(%) (%) (%)* (%) (%)" (%)
1 Et;N 11.0 70 100 67 97 77 100
2 MBA 5 9.4 2° 95 1° 96 3° 95
3 DABCO 6 2.8;8.8 96 97 83 95 4° 97
4 TMEDA 8 5.9;9.1 89 99 82 96 93 94
5  Protonsponge9 9.7;13.5 89 95 74 97 85 95
6 Morfoline 15 8.3 67 99 61 95 3° 95
7 Piperidine 16 11.1 82 97 73 98 2° 100
8 Pyrrolidine 17 11.3 95 100 93 98 78 97
9 DBU 18 (0.214° 100 97 100 100 97 100
10 DBN 19 (0.063° 100 97 100 98 100 97
11 T™G 20 13.6 64 100 43 85 13° 98
(<0.06°)
12 TBD 21 9.4° 91 91 64 100 68 94

a) Conditions: profen 2-4 (1 mmole), base (1.1 mmole), under nitrogen, melt, 110°C, 5 h. b) Basicity in water.'® c)

Relative basicity in acetonitrile'' (basicity increases with increasing value). d) Determined by HPLC (Chiralcel ODH). e)
Heterogeneous melt.

2.4. Asymmetric transformationsc-arylpropionic acids

MBA 5 is also a suitable resolving agent both for hydratropic &fcand ibuprofer8.1” Combining
this resolving agent with racemization by an additional amount of achiral strong base in the melt gave
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Table 5
Racemization of profensS(-2—4 by 1.1 equiv. base in the melt at 96°C
($)-2 (S)-3 (5)-4
Entry Base Racemization Yield | Racemization Yield | Racemization Yield
(%)° (%) (%)° (%) (%)" (%)
1 Et:N 39 99 34 95 25 95
2 MBA 5 ¢ ¢ ¢
3 DABCO 6 65 94 28 95 ¢
4 TMEDA 8 53 100 27 100 15° 88
5 Proton sponge 9 38 95 36 95 31 95
6 Morfoline 15 29 96 3 100 ¢
7 Piperidine 16 45 93 21 90 2° 98
8 Pyrrolidine 17 66 100 36 87 3¢ 100
9 DBU 18 89 100 52 96 32 94
10 DBN 19 100 99 81 97 10° 98
11 TMG 20 22 90 3 97 ¢
12 TBD 21 36 97 23 96 28 95

a) Conditions: profen 2-4 (1 mmole), base (1.1 mmole), under nitrogen, melt, 90°C, 5 h. b) Determined by
HPLC (Chiralcel ODH). c) Heterogeneous melt.

Al base C || base
i '
™ COOH b e™c0o0°®
3b base 3d
Scheme 1.
Table 6

Crystallization-induced asymmetric transformation of mandelic &tid

Entry MBA (5) (equiv.) Achiralbase (equiv.) T (°C) Time (h) Yield (%) ee” (%)

1 S (1) DABCO6 (1) 130 5 100 2(S)
2 S (1) DBN 19 (0.5) RT-90 ¢

3 S (%) DBN 19 0.1) 90 20 89 15 (S)
4 S (2.5) DBN 19 (0.05) 120 64 97 27 (S)
5 R (2.5) TBD 21 (0.05) 120 64 91 24 (R)

a) Conditions: mandelic acid 1 (6.6 mmole), MBA § and achiral base, under nitrogen, heterogeneous melt.
b) Determined by HPLC (Chiralcel ODH). ¢) Homogeneous melt.

efficient asymmetric transformation with ees of up to 75% and almost quantitative yields (Tables 7
and 8). Several parameters were identified that affect the asymmetric transformation, i.e. base strength,
ratio of achiral base:resolving base, reaction temperature, solubility, reaction time and solvent. A good
balance between an optimum racemization and resolution was difficult to find. For instance, increasing
the amount of DBN results in better racemization in the mother liquor but shows a decrease in yield
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Table 7
Crystallization-induced asymmetric transformation of ibuprden

Entry MBAS DBN 19 Method® Time(h) T (°C) Yield (%) Ee (%)" Mother liquor

(equiv.) (equiv.) (%oee)®
1 R (10) 0.1 A 64 100 92 45 (R) n.d
2 R (10) 0.1 A 64 100 87 21 (R) n.d.
3 S (5) 0.5 A 20 90 78 35(S) 57 (R)
4 S (5) 0.1 A 20 90 98 38 (S) 54 (R)
5 R (5) 0.1 A 64 100 100 37 (R) n.d.
6 S(2.5) 0.01 A 64 130 84 68 (S) n.d.
7 R (2.5) 0.01 A 64 135 82 56 (R) ¢
8 R (2.5) 0.05 A 64 120 91 60 (R) n.d.
9 R (2.5) 0.05 A 64 130 85 69 (R) 54 (S)
10 R (1) 0.5 A 64 110 92° 32 (R) n.d.
11 S (1) 0.1 A 17 130 91 44 (S) nd
12 S (1) 0.1 A 17 130 91 44 (S) n.d.
13 S (10) 1.0 B 64 80 15 70 (S) 4 (R)
14 S (10) 0.1 B 64 90 38 62 (S) n.d.
15 S(5) 0.5 B 64 100 49 69 (S) 12 (R)
16 S (2.5) 0.1 B 20 130 60 52 (S) n.d.
17 R (2.5) 0.05 B 64 110 88 75 (R) 24 (S)
18 S (2.5) 0.05 B 64 130 72 54 (S) 42 (R)
19 R (1.5) 0.5 B 64 120 25 57 (R) 0
20 R (1.5) 0.05 B 112 130 73 73 (R) 32 (S)

a) Method A: a mixture of ibuprofen 3 (1.0 g, 4.9 mmole), MBA 5 (0.64 ml, 5.0 mmole) and an achiral base was stirred
at a maximum temperature giving heterogeneous conditions, under nitrogen. The mixture was subsequently cooled to
room temperature in about 5 h. Method B: like a) with the exception that the reaction mixture was filtered hot at the
reaction temperature. b) Determined by chiral HPLC (Chiralcel ODH) on liberated ibuprofen 3; n.d.= not determined. c)
Formation of amid 22 was observed as a side reaction. d) (S)-Ibuprofen was used as substrate. e) The isolated salt
consisted of ibuprofen.MBA / ibuprofen.DBN ratio of 2:1.

of the final diastereomeric salt. The addition of any polar or apolar solvent has a negative effect on
the asymmetric transformation. The best results were obtained by applying 1.5-2.5 equiv. of resolving
base together with a catalytic amount of an achiral strong base and using hot filtration during work-up.
Long reaction times at 100-130°C are still required to allow sufficient conversion. A net inversion was
observed by reactingsf-ibuprofen with the ‘wrong’ resolving bas®)-MBA and DBN. Other resolving
agents, e.g. lysirt€ and 1-phenyl-2-tolyl-ethylamine for ibuprofer8 and ephedrin€ for hydratropic
acid 2, in combination with DBNLY, gave moderate asymmetric transformations in the melt with ees of
up to 10% only.

The asymmetric transformation of naprox¢mas attempted using 1.5-2.5 equiv. of the enantiopure
resolving bases MBA,%° N-methyl-glucaminé! and dehydroabiethylamif&in combination with 0.05
equiv. of DBN19at 110-130°C. However, no enantiomeric enrichment of naprdxeas observed.

3. Scope and limitations

Efficient racemization techniques for various mandelic acid derivafiy@2-14 and «-arylpropionic
acids2—4 have been found, employing strong organic bases in a solvent-free system (i.e. in the melt).
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Table 8
Crystallization-induced asymmetric transformation of hydratropic acid

Entry MBAS DBN 19 Method® Time (h) T (°C) Yield (%) Ee(%)" Mother liquor

(equiv.) (equiv.) (%oee)"
1 S () 0.1 A 20 90 90 10 (R) 43 (S)
2 R (2.5) 0.1 B 64 100 72 69 (S) 20 (R)
3 R (1.5) 0.05 B 64 125 94 68 (S) 22 (R)

a) Method A: a mixture of hydratropic acid 2 (2.0 g, 13.4 mmole), MBA 5 and DBN 19 was stirred at a maximum
temperature giving heterogeneous conditions, under nitrogen. The mixture was gradually cooled to room temperature
and filtered. Method B: like a) with the exception that the reaction mixture was filtered hot at the reaction
temperature. b) Determined by chiral HPLC (Chiralcel ODH) on liberated hydratropic acid 4.

Applying these results in resolution processes has shown the feasibility of asymmetric transformations
under these conditions. This method is a useful extension to the asymmetric transformation of chiral
carboxylic acids which so far was limited ®-amino acids. A complicating factor is the required
amount of resolving agent (1.5-2.5 equiv. are needed for optimal results) and the use of a second
(racemizing) base which disturbs the crystallization process. From an industrial point of view the use
of excess resolving agent has little relevance as resolving agents have to be recycled anyway. The rather
long reaction times combined with relatively high reaction temperatures are more problematic. Higher
temperatures are required for fast and efficient racemization. Shorter reaction times and also higher
ees can be envisaged by using more efficient resolving bases. The thermal stability of the substrates
and resolving agents may also lead to complications. Whereas MiBAompletely stable for several

days at 120-130°C, other resolving agents, like various alkaloids and glucamines, are less compatible
with such conditions. Further research will therefore be directed towards new resolving bases with high
thermal stability in combination with high resolution efficiency and good racemization ability. Chiral
amidines and guanidines, derived from strong bases which act as efficient racemization catalysts, such as
DBU 18, DBN 19 and TBD21, might well provide the compounds in which the desired resolution and
racemization properties are combined.

4. Experimental

IH NMR spectra were recorded on a Bruker AC-100 (100 MHz, FT) spectrometer with tetra-
methylsilane as internal standard. IR spectra were recorded on a Perkin—Elmer 298 spectrophotometer
or Perkin—Elmer FT-IR 1720-X spectrophotometer. Elemental analysis was performed with a Carlo Erba
Instruments CHNSO 1108 elemental analyzer. For mass spectroscopy, a double focusing VG 7070E was
used. For the chemical ionization (CI) technique, methane was used as a reacting gas. Melting points were
measured on a Reichert Thermopan microscope (uncorrected) or on a Perkin—Elmer DSC7 instrument.
Optical rotations were determined on a Perkin—Elmer 241 polarimeter at 589 nm, equipped with a quartz
cell of 1.00 dm path length. The polarimeter was connected with a thermostat for exact temperature
control. For column chromatography, the flash techrmguweas used with silica gel 60H (Merck) as
stationary phase and a pressure of about 1.5 bar. Tetrahydrofuran was distilled from lithium aluminum
hydride. All other solvents and reagents were either p.a. or ‘reinst’ quality and used as obtained from the
supplier.

Racemic and enantiopur&){ibuprofen were a gift from DSM Andeno, Venlo, The Netherlands.
(R)-lbuprofen was prepared by purification of diastereomerically enrich@dib(profen, R)-

MBA salt 2472 or (R)-ibuprofen sodium sal2524 Enantiomeric excesses of mandelic adid
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hydratropic acid2, ibuprofen3 and naproxem were determined using chiral HPLC (performed on

a Spectra Physics HPLC system equipped with a chiral Daicel Chiralcel ODH columi®,4% cm,
particle size: 5um, ambient temperature): mandelic acid (eluent: hexane:2-propanol:trifluoroacetic
acid=875:125:2.5, v/v), hydratropic acid (eluent: hexane:2-propanol:trifluoroacetic acid=950:50:2.5,
v/v), ibuprofen (eluent: hexane:2-propanol:trifluoroacetic acid=980:20:2.5, v/v), naproxen (eluent:
hexane:2-propanol:trifluoroacetic acid=950:50:2.5, v/v).

4.1. R9-Hydratropic acid RS)-2

A solution of NaCIQ (179.4 g, 1.6 mol) in water (750 ml) was added dropwise over a period of 3 h to
a stirred mixture of hydratropaldehyde 18 (150.5 g, 1.1 mol) in acetonitrile (750 ml) ang?@aFH,O
(35.9 g, 0.26 mol) in water (300 ml) and 35% hydrogen peroxide (112 ml, 1.3 mol) while keeping
the temperature at 0-10°C. Oxygen evolved from the solution until the end of the reaction (3 h). To
the stirred solution was added M&0O; (20 g) to destroy unreacted HOCI ang®}, followed by the
addition of NaHCQ until pH 9-10. The resulting mixture was extracted with dichloromethane (three
times), acidified with concentrated hydrochloride until pH=1-2 and extracted with dichloromethane (four
times). The combined organic layers from the acidic extraction were dried over May®&{roncentrated
in vacuo to give pureK9-2 as an oil (154.3 g, 91%). Calculated fogki0O2: 71.98% C, 6.71% H;
found: 70.80% C, 6.80% H. IR (Cglcmi™Y): v 2500-3500 (OH), 1705 (€0).1H NMR (CDCls, ppm):
0 1.51(d, 3H, B3, J=7.2 Hz), 3.73 (q, 1H, B, J=7.2 Hz), 7.2-7.4 (m, 5H, At).

4.2. R)-x-Methylbenzylamine salt o§f-hydratropic acid R,S-23

Racemic hydratropic acidk§-2 (75 g, 0.5 mol) andR)-MBA (R)-5 (60.5 g, 0.5 mol) were dissolved
in a hot mixture of toluene (1 ) and ethanol (250 ml) and allowed to crystallize. The precipitate was
filtered off, washed with cold toluene, dried in vacuo and weighed. A fraction of the salt obtained was
hydrolyzed with 1N aqueous sulfuric acid, extracted with dichloromethane, dried over Mg&Qron-
centrated in vacuo. The ee of liberat2evas measured using HPLC (Chiralcel ODH, eluent: hexane:2-
propanol:trifluoroacetic acid=950:50:2.5, v/v). The main part of the salt obtained was recrystallized three
times from toluene:ethanol=4:1 (v/v) to give pui®,§-23 as white needles (27 g, 0.1 mol) in 40%
theoretical yield and 94% ee. Mp 162.6°@]H2° -19.0 (ethanol, c=1.0). Calculated forE,1NO,:
75.25% C, 7.80% H, 5.16% N; found: 75.11% C, 7.87% H, 5.20% N. FT-IR (KBr1nv 2500-3000,
2223 (NH), 1656, 1562 (€0). 'H NMR (CDClz, ppm): & 1.37 (d, 3H, Gi3CN, J=6.7 Hz), 1.40 (d,
3H, CH3CCO, J=7.1 Hz), 3.55 (q, 1H,KCO, J=7.1 Hz), 4.07 (q, 1H,EN, J=6.7 Hz), 5.6 (s, Nkf),
7.1-7.4 (m, 10H, A).

4.3. (§)-x-Methylbenzylamine salt oRj}-hydratropic acid §,R-23

Hydratropic acid2 (17.8% ee R), 65.3 g, 0.43 mol) and§-MBA (9-5 (52.7 g, 0.43 mol) were
dissolved in a hot mixture of toluene:ethanol=4:1 (v/v, 1100 ml) and allowed to crystallize. The
precipitate was filtered off, washed with cold toluene, dried in vacuo and weighed. A fraction of the
salt obtained was hydrolyzed with 1N aqueous sulfuric acid, extracted with dichloromethane, dried over
MgSOy and concentrated in vacuo. The ee of the liber&tegs measured using HPLC (Chiralcel ODH,
eluent: hexane:2-propanol:trifluoroacetic acid=950:50:2.5, v/v). The principal part of the salt obtained
was recrystallized from toluene:ethanol=4:1 (v/v, 600 ml) to give p8i&{23 as white needles (31.8
g, 0.12 mol) in 55% theoretical yield and 98% ee. Mp 163.5°C. Calculated fgt4NO,: 75.25%
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C, 7.80% H, 5.16% N; found: 75.05% C, 7.80% H, 5.18% N. FT-IR AHddNMR data were in full
accordance withR,9-23.

4.4. (S)-Hydratropic acid §)-2

The R)-MBA -(S-hydratropic acid saltR,9-23 (20 g, 74 mmol, 94% ee) was hydrolyzed with
IN aqueous sulfuric acid for 1 h at room temperature. The resulting mixture was extracted with
dichloromethane (four times). The combined organic layers were extracted with brine, dried oves MgSO
and concentrated in vacuo to give an oil (10.3 g, 93%) which crystallized on standing. Recrystallization
from hexane (10 ml) gave pur&)2 (7.0 g, 63%). Mp 30-31°C of]p?° +79.2 (ethanol, c=1.0). HPLC
(Chiralcel ODH, eluent: hexane:2-propanol:trifluoroacetic acid=950:50:2.5, v/v). 99% ee. Calculated
for CoH1002: 71.98% C, 6.71% H; found: 72.22% C, 6.50% H. FT-IR ahtINMR data were in full
accordance with§)-2.

4.5. (R)-Hydratropic acid R)-2

The -MBA -(R)-hydratropic acid saltg,R-23 (20 g, 74 mmol, 98% ee) was hydrolyzed with

1IN aqueous sulfuric acid for 1 h at room temperature. The resulting mixture was extracted with
dichloromethane (four times). The combined organic layers were extracted with brine, dried oves MgSO
and concentrated in vacuo to give an oil (9.4 g, 85%) which crystallized on standing. Recrystallization
from hexane (20 ml) gave pur®)-2 in two crops (8.4 g, 76%). Mp 30-31°Cx]p2° —80.0 (ethanol,
c=1.0). HPLC (Chiralcel ODH, eluent: hexane:2-propanol:trifluoroacetic acid=950:50:2.5, v/v): 99% ee.
Calculated for GH1002: 71.98% C, 6.71% H; found: 72.40% C, 6.63% H. FT-IR &ktiINMR data

were in full accordance withR)-2.

4.6. R9-2-(6-Methoxy-2-naphthyl)propionic acid (naproxeR®S)-4

A mixture of enantiopure§)-4 (15.0 g, 65.1 mmol) and DBN9 (8.9 ml, 71.6 mmol) was heated
to 120°C under a nitrogen atmosphere. The homogeneous mixture was stirred for 5 h at 120°C and
subsequently cooled to room temperature. The salt obtained was dissolved in water (500 ml) and
hydrolyzed with 2N aqueous hydrochloric acid (75 ml) for 0.5 h at room temperature. The obtained
mixture was extracted with dichloromethane (four times). The combined organic layers were extracted
with water and brine, dried over MgQ@nd concentrated in vacuo to give puRg-4 (14.5 g, 97%). Mp
157°C. HPLC (Chiralcel ODH, eluent: hexane:2-propanol:trifluoroacetic acid=950:50:2.5, v/v): 0% ee.
Calculated for G4H1403: 73.03% C, 6.13% H; found: 72.88% C, 5.92% H. IR (KBr, &nv 2500-3400
(OH), 1700 (G=0). 'H NMR (CDClz, ppm): 6 1.58 (d, 3H, ®Gi3C, J=7.1 Hz), 3.87 (q, 1H, 18, J=7.1
Hz), 3.90 (s, 3H, Ei30), 7.1-7.8 (m, 6H, AH).

4.7. Optical stability of §)-x-methylbenzylamineSf-5

(9-MBA (9-5 (5 ml, 39 mmol, 100% ee) was heated at 125°C for 64 h under a nitrogen atmosphere.
The light yellow mixture was cooled to room temperature. A fraction of obtat€dO pl, 0.8 mmol)
was dissolved in diethyl ether. MgQ@100 mg) and benzaldehyde (2p@ 2 mmol) were added and
the mixture was shaken for 0.5 h. The formed imine was analyzed by HPLC (Chiralpak AD, eluent:
hexane:2-propanol=99:1, v/v): 100% &.(
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4.8. Methyl §)-mandelate $)-12a

(9-Mandelic acid §-1 (5.0 g, 33 mmol) was refluxed in a mixture of benzene (25 ml), methanol (3 ml)
and concentrated sulfuric acid (0.05 ml) while removing water using a Dean—Stark trap. After completion
of the reaction the mixture was cooled to room temperature and washed with a saturated aqueous solution
of NaHCGQ; (three times) and the combined water layers with diethyl ether (three times). The combined
organic layers were washed with brine, dried over Mg@@d concentrated in vacuo to yield a yellow
oil (5.1 g, 92%). Distillation (90°C, 0.1 mm Hg) provided a white solid which was recrystallized from
hexane giving pureS)-12a as white needles (55%). HPLC (Chiralcel ODH, hexane:2-propanol=8:2,
vIv): 100% ee §). Mp 55-56°C, [x]p2® +137 (methanol, c=1.5). Calculated fopkT;0Os: 65.05% C,
6.07% H; found: 64.86% C, 5.96% H. IR (KBr, ¢A): v 3615, 3515 (OH), 2820-3060 (CH), 1735
(C=0). 'H NMR (CDCls, ppm): & 3.46 (d, 1H, @1, J=5.1 Hz), 3.76 (s, 3H, Od3), 5.18 (d, 1H, &,

J=5.1 Hz), 7.2-7.4 (m, 5H, At). MS (CI*): m/e (%) 167 (M+1, 31), 166 (M, 10), 150 (-OH, 10), 149
(-H20, 100), 121 (23).

4.9. Ethyl §)-mandelate $)-12b

(9-Mandelic acid (10.0 g, 66 mmol}]-1 was refluxed for 4 h in a mixture of toluene (50 ml), ethanol
(16 ml) and concentrated sulfuric acid (0.1 ml) under azeotropic removal of water using a Dean—Stark
trap. The mixture was cooled to room temperature and washed with a saturated aqueous solution of
NaHCG; (three times) and the combined water layers with diethyl ether (three times). The combined
organic layers were washed with brine, dried over Mg@@d concentrated in vacuo to give an oil (11.6
g, 97%). Recrystallization from hexane provided pu@el2b as a white solid (92%). HPLC (Chiralcel
ODH, hexane:2-propanol=8:2, v/v): 100% &8).(Mp 33-34°C, X]p2® +132.9 (chloroform, ¢=1.0).
Calculated for GoH1203: 66.65% C, 6.71% H; found: 65.86% C, 6.54% H. IR (KBr, ¢ v 3520
(OH), 2900-3080 (CH), 1730 (0). 'H NMR (CDCl/DMSO-dg, ppm):d 1.12 (t, 3H, B3, J=6 Hz),
4.06 (dq, 2H, ®,, J=6 Hz, 1.3 Hz), 5.11 (d, 1H,K; J=5 Hz), 6.05 (d, 1H, 6, J=5 Hz), 7.2-7.5 (m,
5H, ArH). MS (CI"): m/e (%) 181 (M+1, 8), 180 (M, 7), 163 (-H0, 35), 107 (-COOEt, 100).

4.10. tert-Butyl (S)-mandelate $)-12c

In a closed flask9)-1 (3.0 g, 20 mmol) was dissolved in dioxane (50 ml) and concentrated sulfuric acid
(3 ml) and then cooled to 0°C. Isobutene (30 ml, 315 mmol) was added and the mixture was stirred for
2 days while warming to room temperature. The resulting mixture was cooled to 0°C and poured into a
solution of diethyl ether (200 ml) and 1N aqueous NaOH (125 ml) at 0°C. The layers were separated and
the water layer was extracted with diethyl ether (three times). The combined organic layers were dried
over MgSQ and concentrated to give a yellow oil (3.3 g, 80%). The product was purified by column
chromatography (silica gel 60H, ethyl acetate:hexane=1:3, v/v) and prov@td@¢ (1.8 g, 35%) and
(9-12d (350 mg, 8%). §)-12c mp 69-70°C, §]p?° +97.4 (methanol, c=1.0), literatd(R)-5¢: []p2°
-119.1 (CC}, ¢=1.05). Calculated for SH1603: 69.21% C, 7.74% H; found: 68.56% C, 7.82% H. IR
(KBr, cm™1): v 3610, 3500 (OH), 2800-3100 (CH), 1730<£0). 'H NMR (CDCl, ppm): § 1.41 (s,
9H, C(H3)3), 3.53 (d, 1H, M1, J=6 Hz), 5.03 (d, 1H, 8, J=6 Hz), 7.2-7.5 (m, 5H, Af). MS (CI*):

m/e (%) 209 (M+1, 2), 153 (-GHo, 12), 135 (153-HO, 56), 107 (135-CO, 66), 57 (€, 100). -
12d: mp 34°C, ]p?® +51.0 (methanol, c=1.3). Calculated foggBl2405: 72.70% C, 9.15% H; found:
72.72% C, 9.25% H. IR (KBr, ciit): v 2850-3100 (CH), 1750, 1715 £0).*H NMR (CDClz, ppm):5
1.26 (s, 9H, CQC(CH3)3), 1.4 (s, 9H, COC(El3)3), 4.92 (s, 1H, €1), 7.2-7.5 (m, 5H, AH). MS (CI*):
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m/e (%) 265 (M+1, 2), 209 (~GHo, 33), 163 (209-CHO,, 82), 135 (163-HO, 60), 107 (PhCHOH
100).

4.11. O-Acetyl-E)-mandelic acid §)-12e

(9-1 (2.0 g, 13.2 mmol) was added to a cooled mixture (0°C) of pyridine (5 ml), acetic anhydride (1.3
ml, 14.3 mmol), 4-dimethylaminopyridine (10 mg), and dry diethyl ether (20 ml). The mixture was stirred
overnight while warming to room temperature. The mixture was acidified with 2 M aqueous hydrochlo-
ride and washed with diethyl ether (four times). The combined organic layers were extracted with water
and brine, and concentrated in vacuo to give crigelRe (2.4 g). Recrystallization from water gave
pure ©§)-12eas white needles in 91% yield. HPLC (Chiralcel ODH, hexane:2-propanol:trifluoroacetic
acid=875:125:2.5, v/v): 100% e&)( Mp 79-80°C, x]p2°> +107.8 (chloroform, ¢=1.25). Calculated for
C10H1004: 61.85% C, 5.19% H; found: 61.75% C, 5.07% H. IR (KBr, & v 2500-3300 (OH, CH),
1755, 1725 (€-0). 'H NMR (CDClz, ppm): & 2.16 (s, 3H, El3), 3.76 (s, 3H, OEl3), 5.81 (s, 1H, E),
7.2—7.6 (m, 5H, AH), 11.6 (s, 1H, ®1). MS (CI"): m/e (%) 195 (M+1, 6), 194 (M, 2), 177 (-H0, 4),

152 (-COCH, 17), 149 (177-CO, 36), 135 (-GBOOH, 100), 107 (PhCHOH 93).

4.12. ©§)-Mandelamide §)-13a

Ethyl (9-mandelate §-12b (6.0 g, 33 mmol) was added to a cooled solution (0°C) of 25% ammonia
(60 ml) and stirred for 2.5 h while warming to room temperature. The mixture was concentrated and
the remaining solid was recrystallized from ethanol to give pgyelBaas white crystals (2.5 g, 52%).
From the mother liquor, another fractioB){13acrystallized (0.8 g, 16%). Mp 118-120°Qx][p2° +94.7
(water, c=2.4), literatur [(R)-134d): [«]p?® -95.5 (water, c=1.8). Calculated fogBgNO,: 63.57% C,
9.27% N, 6.00% H; found: 63.42% C, 8.98% N, 5.87% H. IR (KBr,"4nv 3100-3500 (OH, NH),

1650 (G=0). '*H NMR (DMSO-ds, ppm): 8 4.87 (d, 1H, @&, J=4.5 Hz), 6.05 (d, 1H, B, J=4.5 Hz),
6.86 (s, 1H, M), 7.06 (s, 1H, M), 7.2-7.7 (m, 5H, AH). MS (CI*): m/e (%) 152 (M+1, 31), 134
(-H20, 75), 107 (-CONH, 100), 77 (GHs*, 19).

4.13. ©)-2-Hydroxy-2-phenylacetohydroxamic aci)-13b

To a stirred solution of NEHOH-HCI (4.0 g, 57 mmol) in methanol (20 ml), kept under nitrogen at
room temperature, was added a solution of potassium hydroxide (4.8 g, 85 mmol) in methanol (15 ml).
The resulting mixture was cooled to 0°C and filtered under a nitrogen atmosphere. To the stirred filtrate
under nitrogen ethyl§)-mandelate$)-12b (5.0 g, 28 mmol) was added and the solution was immediately
filtered under a nitrogen atmosphere. The remaining filtrate was kept at room temperature for 1 h with
nitrogen flushing. The solution was acidified with 2 M aqueous acetic acid to pH 5-6 and stirred for 1 h.
The resulting mixture was extracted with ethyl acetate (nine times). The combined organic layers were
washed with brine, dried over MgQ@nd concentrated in vacuo to give a white solid. Recrystallization
from ethyl acetate provided purg){13b as a white crystalline solid (2.6 g, 56%). Mp 114-116°@j*°
+63.4 (water, c=2.4), literaturéy-13hb: []p?° +164 (water, c=2.55/ [(R)-13b)]: [®]p?° —46 (methanol,
¢=0.6)28 Calculated for GHgNOs: 57.48% C, 8.38% N, 5.43% H; found: 57.31% C, 8.13% N, 5.31%

H. FT-IR (KBr, cnil): v 2500-3500 (OH, NH), 1676 (€0). 'H NMR (DMSO-dg, ppm): & 4.93 (d,

1H, CH, J=5 Hz), 6.00 (d, 1H, CHB, J=5 Hz), 7.2-7.5 (m, 5H, At), 8.81 (s, 1H, NH®), 10.77 (s,

1H, NH). MS (CI*): m/e (%) 168 (M+1, 5), 150 (-HO, 21), 132 (-2HO, 21), 107 (-CONHOH, 100),
77 (GHs*, 27).
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4.14. 2,2-Dimethyl-58)-phenyl-1,3-dioxolan-4-onesf-14

A mixture of (§-mandelic acid -1 (10.0 g, 66 mmol) in 2,2-dimethoxypropane (150 ml) gnd
toluenesulfonic acid (20 mg) was stirred for 2 days at room temperature. The mixture was concentrated
to 50 ml and diethyl ether (50 ml) was added. The resulting solution was extracted with 1 M aqueous
NaHCQ;, water (twice) and brine, dried over Mgg@nd concentrated in vacuo to give crud®-7
(13.8 g). Recrystallization from hexane gave pusei4 as white needles (9.8 g, 77%). GC (B-DEX
120, T=80°C): 100% eeSf. Mp 72—73°C, [x]p2°® +84.0 (chloroform, c=1.0). Calculated for {11,0s:

68.74% C, 6.29% H; found: 68.09% C, 6.33% H. FT-IR (KBr,éjnv 2870-3070 (CH), 1800 (£0),
1130 (C-0).!H NMR (CDClz, ppm): 8 1.68 (s, 3H,transCH3), 1.73 (s, 3Hcis-CH3), 5.40 (s, 1H,
CH), 7.3-7.5 (m, 5H, AH). MS (CI*): m/e (%) 193 (M+1, 2), 163 (-CHO, 8), 148 (-COOH, 52), 135
(-acetone, 100), 107 (PhCHOHL7?).

4.15. Enantiomeric purification of partially enricheR)-ibuprofen (R)-MBA (R,R)-24

Partly diastereomerically enriched ibuproféR)-MBA salt 24 with a de of 69.1% R R) was recrys-

tallized from a hot 2-propanol solution. A fraction of the salt obtained was hydrolyzed with 1N aqueous
sulfuric acid, extracted with dichloromethane, dried over Mg®@d concentrated in vacuo. The ee
of liberated3 was measured using HPLC (Chiralcel ODH, eluent: hexane:2-propanol:trifluoroacetic
acid=980:20:2.5, v/v). This procedure was repeated three times to give enantiomericallir fRu24(
as a white crystalline solid with 98% eR)( Mp 178°C. Calculated for £H29NO2: 77.03% C, 8.93%
H, 4.28% N; found: 77.02% C, 8.84% H, 4.35% N NMR (CDCl3, ppm):& 0.87 (d, 6H, (&3)>CH,
J=6.3 Hz), 1.32 and 1.35 (2d, 6HHGCHN and GH3CHCO, J=6.9 Hz), 1.6-1.9 (m, 1HHICH)), 2.41
(d, 2H, 3, J=7.0 Hz), 3.47 (q, 1H, BCO, J=6.9 Hz), 4.0 (g, 1H, I8N, J=6.9 Hz), 5.8 (s, 3H, N3"),
7.0-7.4 (m, 9H, AH).

Enantiomerically pureR,R-24 salt was hydrolyzed with 1N aqueous sulfuric acid for 1 h at room
temperature. The resulting mixture was extracted with dichloromethane (four times). The combined or-
ganic layers were extracted with brine, dried over Mg@@d concentrated in vacuo to give enantiopure
(R)-ibuprofen R)-3.

4.16. Enantiomeric purification of partially enricheR)-ibuprofen sodium saltX)-25

This method was performed according to a literature procedure. Partially enantiomerically enriched
(R)-ibuprofen R)-3 (8.15 g, 39.5 mmol, 67.8% ee) and sodium hydroxide pellets (1.3 g, 32.5 mmol)
were dissolved in refluxing acetone (100 ml) and allowed to crystallize at room temperature. The
precipitate was filtered off, washed with diethyl ether, dried in vacuo and weighed. Two fractions of
the ibuprofen sodium saft5 were obtained which were combined (5.8 g, 64% total). A fraction of the
salt obtained was hydrolyzed with 1N aqueous sulfuric acid, extracted with dichloromethane, dried over
MgSOs and concentrated in vacuo. HPLC (Chiralcel ODH, eluent: hexane:2-propanol:trifluoroacetic
acid=980:20:2.5, v/v): 85.5% eR). The main part of the salt obtained was recrystallized from acetone to
give pure R)-25as a white solid in three fractions in 32% yield and 96% ee. Mp 229-230462% +4.6
(ethanol, ¢=0.5)'H NMR (DMSO-dg/D,0=1/1 (v/v), ppm):5 0.71 (d, 6H, (&3),CH, J=3.3 Hz), 1.17
(d, 3H, CH3CH, J=7.1 Hz), 1.4-1.9 (m, 1H,HICH,), 2.28 (d, 2H, &,, J=6.9 Hz), 3.34 (g, 1H, BCO,

J=7.1 Hz), 6.97 (d, 2H, ArH, J=8.1 Hz), 7.10 (d, 2H, ArH, J=8.1 Hz). IR (KBr, §mv 3600-2800
(COO Na"), 1590 (G=0).
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Enantiomerically pureR)-25 salt was hydrolyzed with 1N aqueous sulfuric acid for 1 h at room tem-
perature. The resulting mixture was extracted with dichloromethane (three times). The combined organic
layers were extracted with brine, dried over MgSddd concentrated in vacuo to give optically puRg-(
ibuprofen R)-3 in quantitative yield. HPLC (Chiralcel ODH, eluent: hexane:2-propanol:trifluoroacetic
acid=980:20:2.5, v/v): 96.4% eeR). Mp 49-50°C. []p?® -57.5 (ethanol, c=1.0). Calculated for
C13H1805: 75.69% C, 8.80% H; found: 75.87% C, 8.82% H#{ NMR (CDCls, ppm): & 0.89 (d, 6H,
(CH3)2CH, J=6.5 Hz), 1.49 (d, 3H, 3CH, J=7.1 Hz), 1.6-2.0 (m, 1H,HICH,), 2.44 (d, 2H, Ei,,

J=7.2 Hz), 3.70 (g, 1H, BCO, J=7.1 Hz), 7.0-7.4 (m, 5H, ArH, OH). IR (KBr, ¢f): v 3500—-2300
(OH), 1720 (G=0).

4.17. Racemization off-mandelic acid §)-1 by base in solution

As a typical procedure,§-1 (258 mg, 1.7 mmol) was dissolved in dimethyl sulfoxide (35 ml) at
130°C, followed by the addition of DABC® (1.9 g, 17 mmol) and stirred at 130°C under a nitrogen
atmosphere. A 1 ml aliquot was taken from the solution by a syringe at appropriate time intervals and
was cooled immediately to 0°C. To this 1 ml aliquot, ethanol (1 ml) and 6 M hydrochloric acid (0.2 ml)
were added. This mixture was shaken at room temperature (0.5 h) and the optical rotation of the filtrate
was measured at 589 nm at 25°C.

4.18. Racemization off-mandelic acid $)-1 in the melt

As a typical example, a sealed tube, charged W#1((250 mg, 1.6 mmol) and DBN9 (223 ul, 1.8
mmol) under nitrogen, was heated at 90°C with stirring for 5 h. The mixture was cooled to 0°C. Water
(5 ml) and 2N aqueous hydrochloric acid (2.4 ml) were added to hydrolyze the salt and stirred for 30
min at room temperature. The resulting mixture was extracted with ethyl acetate (three times) and the
combined organic layers were dried over Mg&Dd concentrated in vacuo to give pdrin 94% yield.
HPLC (Chiralcel ODH, eluent: hexane:2-propanol:trifluoroacetic acid=875/125:2.5, v/v): 52.58% ee (

4.19. Racemization of profenS){4—6 by DBN19in the melt

As a typical procedure, a sealed tube, charged V@#3(250 mg, 1.2 mmol) and DBNI9 (164 ul, 1.3
mmol) under nitrogen, was stirred at 90°C for 5 h. The mixture was cooled to 0°C. Water (5 ml)and 1 M
aqueous sulfuric acid (2 ml) were added to hydrolyze the salt and stirred for 0.5 h at room temperature.
The resulting mixture was extracted with dichloromethane (three times). The combined organic layers
were extracted with water and brine, dried over Mg&@d concentrated in vacuo to give p&as an
oil which solidified on standing (243 mg, 97%H NMR (CDCls, ppm):5 0.89 (d, 6H, (&3).C, J=6.5
Hz), 1.49 (d, 3H, Gi3CHCO, J=7.1 Hz), 1.5-2.0 (m, 1HHIZH,), 2.44 (d, 2H, G, J=7.1 Hz), 3.69
(q, 1H, AHN, J=7.1 Hz), 7.0-7.4 (m, 4H, At), 10.08 (broad s, 1H, B). HPLC (Chiralcel ODH, eluent:
hexane:2-propanol:trifluoroacetic acid=980:20:2.5, v/v): 18.8%oge (

4.20. Asymmetric transformation of mandelic atith the melt by §)-MBA (S)-5 and DBN19

A mixture of (RS-1 (1.0 g, 6.6 mmol), §-MBA (-5 (2.2 ml, 17.1 mmol) and DBN9 (41 pl, 0.33
mmol) was stirred under nitrogen and heated to 140°C. The homogeneous mixture was cooled to 130°C
and seeded with a few crystals of pu-{- (-5 salt. The heterogeneous mixture was stirred at 120°C
for 64 h and gradually cooled to room temperature in 5 h. The resulting mixture was filtered, washed with
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hexane and dried in vacuo providing pure mandelic 48dMVBA salt (1.74 g, 97%)IH NMR (CDCls,

ppm): 6 1.40 (d, 3H, Gi3, J=6.8 Hz), 4.25 (q, 1H, BNH, d=6.8 Hz), 4.52 (s, 1H, BOH), 6—7 (4H,

NH3*, OH), 7.1-7.6 (m, 10H, AH). A fraction of the salt obtained was hydrolyzed with 2N aqueous
HCl at pH 2, stirred for 30 min at room temperature and extracted with ethyl acetate (three times). The
combined organic layers were dried over MgS&hd evaporated to give pufie(white solid). ThetH

NMR data were in agreement with pute HPLC (Chiralcel ODH, hexane:2-propanol:trifluoroacetic
acid=875:125:2.5, v/v): 27.3% e§)(

4.21. Hydrolysis of profen sals-4 general procedure

As a typical procedure, a fraction of ibuproféfBA salt 24 was hydrolyzed with 1N aqueous sulfuric
acid at pH 1-2, stirred for 0.5 h at room temperature and extracted with dichloromethane (three times).
The combined organic layers were extracted with brine, dried over M@B@ concentrated in vacuo to
give pure ibuproferB as a white solid.

4.22. Crystallization-induced asymmetric transformation of ibupr@émy 2.5 equiv. ofR)-MBA (R)-5
and 0.05 equiv. of DBN9 in the melt (method A)

A mixture of racemic ibuprofenRS-3 (1.0 g, 4.9 mmol), R)-MBA (R)-5 (1.6 ml, 12.5 mmol) and
DBN 19(30 ul, 0.24 mmol) was heated to 140°C under a nitrogen atmosphere. The almost homogeneous
mixture was cooled to 130°C and the resulting heterogeneous mixture was stirred for 64 h. The mixture
was cooled to room temperature in 5 h and the crystallized salt was filtered, washed with hexane and
dried to give 1.35 g (85%) of pure ibuproféR)-MBA salt 24. The'H NMR data were in full agreement
with 24. A fraction of the salt obtained was hydrolyzed according to the general procedure to give pure
ibuprofen3 as a white solid. ThéH NMR data were in full agreement with HPLC (Chiralcel ODH,
eluent: hexane:2-propanol:trifluoroacetic acid=980:20:2.5, v/v): 69.19%R)edY the same procedure,
impure ibuprofen3 was isolated from a fraction of the mother liquor. HPLC (Chiralcel ODH, eluent:
hexane:2-propanol:trifluoroacetic acid=980:20:2.5, v/v): 53.8%bge (

4.23. Crystallization-induced asymmetric transformation of ibupr@fes one equiv. off)-MBA (R)-5
and 0.01 equiv. of DBM9in the melt (method A)

A mixture of racemic ibuprofenR9-3 (2.0 g, 9.7 mmol), R)-MBA (R)-5 (3.2 ml, 24.8 mmol) and
DBN 19(12 pl, 0.1 mmol) was heated to 150°C under a nitrogen atmosphere. The homogeneous mixture
was cooled to 135°C and the resulting heterogeneous mixture was stirred for 64 h. The mixture was
cooled to room temperature in 5 h and the crystallized salt was filtered, washed with hexane and dried to
give 2.58 g (82%) of pure ibuprofe(R)-MBA salt 24. The'H NMR data were in full agreement wit¥.
A fraction of the salt obtained was hydrolyzed according to the general procedure to give pure ibuprofen
3 as a white solid. ThéH NMR data were in full agreement witB HPLC (Chiralcel ODH, eluent:
hexane:2-propanol:trifluoroacetic acid=980:20:2.5, v/v): 37.5%spe\(similar work-up procedure for
the mother liquor resulted in the isolation of 0.45 g (15%) of pure arBRiéH NMR (CDCls, ppm):
0 0.89 (d, 6H, (®3)2CH, J=6.5 Hz), 1.34 (d, 1.5H,K3CHCO, J=6.9 Hz), 1.38 (d, 1.5H,H3CHCO,
J=6.9 Hz), 1.50 (d, 3H, B3CHN, J=7.1 Hz), 1.6-2.1 (m, 1H,HXCH,), 2.46 (d, 2H, ®i,, J=7.1 Hz),
3.52 (g, 0.5H, EGICO, J=7.1 Hz), 3.55 (g, 0.5H,KXCO, J=7.1 Hz), 5.07 (dq, 1H,KN, J=7.1 Hz, 6.5
Hz), 5.65 (broad d, 1H, N, J=6.5 Hz), 7.0-7.4 (m, 9H, AY). Literaturé® racemic amideRS,$-22
(3resonances due to th8,§-diastereomer2): *H NMR (CDCls, ppm): § 1.27 (d, 1.5H, GH3CHCO,
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J=6.9 Hz), 1.31 (d, 1.5H, 85CHCO, J=6.9 Hz), 1.43(d, 1.5H, Gi3CHN, J=7.1 Hz), 1.44 (d, 1.5H,
CH3CHN, J=7.2 Hz), 3.45 (g, 0.5H,l0CO, J=7.3 Hz), 3.48(q, 0.5H, GHCO, J=7.1 Hz).

4.24. Inversion of §)-ibuprofen §)-3 by 10 equiv. of R)-MBA (R)-5 and 0.1 equiv. of DBNL9 in the
melt

A mixture of (§-ibuprofen §-3 (1.0 g, 4.9 mmol), R-MBA (R)-5 (6.4 ml, 49.6 mmol) and DBN
19 (65 ul, 0.53 mmol) was heated to 120°C under a nitrogen atmosphere. The homogeneous mixture
was cooled to 100°C and the resulting heterogeneous mixture was stirred for 64 h. The mixture was
cooled to room temperature in 5 h and the crjigied salt was filtered, washed with hexane and dried
to give 1.37 g (87%) of pure ibuprofefR)-MBA salt 24. The 'H NMR data were in full agreement
with 24. A fraction of the salt obtained was hydrolyzed according to the general procedure to give
ibuprofen3 as a white solid. ThéH NMR data were in full agreement with HPLC (Chiralcel ODH,
eluent; hexane:2-propanol:trifluoroacetic acid=980:20:2.5, v/v): 20.89RedY the same procedure,
ibuprofen3 was isolated from a fraction of the mother liquor. HPLC (Chiralcel ODH, eluent: hexane:2-
propanol:trifluoroacetic acid=980:20:2.5, v/v): 51.1% 8e (

4.25. Crystallization-induced asymmetric transformation of ibupr&déy 2.5 equiv. of $)-MBA (S)-5
and 0.05 equiv. of DBN9 in the melt: use of hot filtration (method B)

A mixture of racemic ibuprofenRS-3 (2.0 g, 9.7 mmol), $-MBA (-5 (3.2 ml, 24.8 mmol) and
DBN 19 (65 ul, 0.53 mmol) was heated to 110°C under a nitrogen atmosphere. The heterogeneous
mixture was stirred for 64 h. The resulting mixture was filtered hot at 110°C, washed with octane and
dried to give 2.77 g (88%) of pure ibuprofds)-MBA salt 24. The'H NMR data were in full agreement
with 24. A fraction of the salt obtained was hydrolyzed according to the general procedure to give pure
ibuprofen3 as a white solid. ThéH NMR data were in full agreement with HPLC (Chiralcel ODH,
eluent: hexane:2-propanol:trifluoroacetic acid=980:20:2.5, v/v): 74.9%)e®Y the same procedure,
ibuprofen3 was isolated from a fraction of the mother liquor. HPLC (Chiralcel ODH, eluent: hexane:2-
propanol:trifluoroacetic acid=980:20:2.5, v/v): 24.1% B (

4.26. Crystallization-induced asymmetric transformation of hydratropic 2&id 1.5 equiv. ofR)-MBA
(R)-5 and 0.05 equiv. of DBN9in the melt (method B)

A mixture of racemic hydratropic acidR§-2 (2.0 g, 13.3 mmol), R-MBA (R)-5 (2.5 ml, 19.6
mmol) and DBN19 (81 pl, 0.66 mmol) was heated to 130°C under a nitrogen atmosphere. The almost
homogeneous solution was cooled to 125°C and the resulting heterogeneous solution was stirred for 64
h. The mixture was filtered hot at 125°C, washed with octane and dried to give 3.4 g (94%) of pure
hydratropic acid(R)-MBA salt 25. The'H NMR data were in agreement wit. A fraction of the salt
obtained was hydrolyzed according to the general procedure to give pure hydratrop #&biel*H
NMR data were in agreement with HPLC (Chiralcel ODH, eluent: hexane:2-propanol:trifluoroacetic
acid=950:50:2.5, v/v): 68.3% e&)( By the same procedure, impure hydratropic aéidias isolated
from a fraction of the mother liquor. HPLC (Chiralcel ODH, eluent: hexane:2-propanol:trifluoroacetic
acid=950:50:2.5, v/v): 22.2% e,
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