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Thiamphenicol is a widely used antibiotic that exhibits ac-
tivity against numerous Gram-positive and Gram-negative
pathogens. Here, we describe the expedient synthesis of its

four stereoisomers through a dynamic kinetic resolution that
follows a ruthenium-catalyzed asymmetric hydrogenation or
a hydrogen transfer reaction as the key step.

Introduction

Thiamphenicol (1) is a synthetic analogue of chloram-
phenicol (2), the p-nitro group of which is replaced by a
methylsulfonyl group. Since its discovery more than 50
years ago, thiamphenicol (1) has been known for its anti-
bacterial activity against many Gram-positive and Gram-
negative microorganismst!! (Figure 1). Currently, it is used
as a human and veterinary antibiotic. The industrial pro-
cess for the synthesis of (+)-thiamphenicol (1, 100 tons per
year) involves a classical resolution step of racemic threo-2-
amino-1-[4-(methylthio)phenyl]-1,3-propanediol (3), which
in turn is prepared by a multistep sequence using unnatural
D-(-)-tartaric acid as the resolving agent (Figure 1).%!

Because the (1R,2R)-(-)-3 enantiomer leads to the active
isomer of thiamphenicol, various protocols have been devel-
oped to recycle the undesired (1S,25)-(+)-3 enantiomer.!!
However, most reported methods are difficult to operate
and require several additional steps that are often ac-
companied by low chemical yields. As a result of the impor-
tant biological properties of (+)-thiamphenicol (1) such as
excellent tissue distribution, broad-spectrum antibacterial
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Figure 1. (+)-Thiamphenicol (1), its analogue (-)-chloramphenicol
(2), and threo-2-amino-1-[4-(methylthio)phenyl]-1,3-propanediols
(1R,2R)-(-)-3 and (1S8,25)-(+)-3, which are involved in the prepara-
tion of 1.

activity, low toxicity, and the potential for oral adminis-
tration, several syntheses have been described in the litera-
ture.l’! However, most of the reported routes introduce the
absolute stereochemistry by using enantiomerically pure
starting materials or stoichiometric amounts of chiral auxil-
iaries. Moreover, most of these methods often require long
reaction sequences and multiple tedious purification steps.

The dynamic kinetic resolution (DKR) of a-amino-pB-
keto ester derivatives by using ruthenium-catalyzed asym-
metric reductions has been reported by several groups,!”) in-
cluding ourselves.®] This technology is an elegant and
powerful synthetic tool to prepare one enantiomer in a sin-
gle chemical operation with high atom efficiency by using
racemic starting materials that contain a labile stereocenter.
As part of our ongoing research program directed towards
the synthesis of bioactive molecules through transition-
metal-catalyzed asymmetric reactions, we report herein a
short, efficient, and stereoselective total synthesis of the
four stereoisomers of the antibiotic thiamphenicol (1).
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From a synthetic point of view, all isomers of thiamphen-
icol (1) can be obtained in three steps from racemic -
amido-B-keto ester 5. As outlined in Scheme 1, the key step
of our strategy involves a ruthenium-catalyzed asymmetric
reduction of the ketone moiety of 5 to establish the essential
syn and anti relationships of compounds (2S,3R)-4/(2R,3.5)-
4 and (2S5,35)-4/(2R,3R)-4, respectively, with high diastereo-
and enantioselectivities. This DKR process follows either
an asymmetric hydrogenation (AH) or asymmetric transfer
hydrogenation (ATH) pathway. The required pivotal inter-
mediate 5 can in turn be easily prepared by a-acylation of
imine 6 using 4-(methylthio)benzoyl chloride followed by
acidic hydrolysis and treatment with dichloroacetic chloride
(Scheme 1).

OH OH

o WOH o /©/\|/\OH
W HN X HN

S O /S\\ (0]
(0] (6]

(¢]] Cl
(+)-(1R,2R)-thiamphenicol 1
(-)-(18,2S)-thiamphenicol 1

Cl Cl
(+)-(1R,2S)-thiamphenicol 1
(-)-(1S,2R)-thiamphenicol 1

ClI” ~Cl Cl” ~Cl
(2S,3R)-4 (2S,39)-4
(2R,3S5)-4 (2R,3R)-4

Ru cat. \’ Ru cat.
DKR/AH DKR/ATH
O O

Scheme 1. Retrosynthetic analysis of thiamphenicol (1).

Results and Discussion

The required racemic a-amido-B-keto ester 5 was easily
prepared according to the synthetic sequence shown in
Scheme 2. Benzophenone Schiff base 6 was readily obtained
from commercially available and inexpensive starting mate-
rials through the transamination reaction of benzophenone
imine 7 with glycine ethyl ester hydrochloride (8).[° This
convenient and scalable procedure was carried out on a
multigram scale by simply stirring equimolar amounts of
the two reagents in dichloromethane at room temperature
overnight. Filtration and aqueous workup provided benzo-
phenone Schiff base 6 in 99% isolated yield. The acylation
5950
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of 6 was then best achieved by the addition of the potas-
sium salt of the benzophenone imine derivative to a pre-
cooled solution of 4-(methylthio)benzoyl chloride in tetra-
hydrofuran (THF) at —78 °C followed by a careful in situ
acid hydrolysis.' The resulting a-amino-pB-keto ester hydro-
chloride salt was treated immediately without purification
with dichloroacetic chloride in the presence of Et;N to give
the desired racemic a-amido-B-keto ester 5 in 63% yield

over the two steps.'!]
EtOTO

NH NH,ClI
Lo )
+ — |
O O Et0” O O O
7 8

6, 99%

(£)-5, 63%

Scheme 2. Scalable synthesis of a-amido B-keto ester (=*)-5.
(1) CH,Cl,, room temp., 20 h; (ii) (1) potassium hexamethyldisilaz-
ide (KHMDS), 4-(methylthio)benzoyl chloride, THEF, —-78 °C, 2 h;
(2) HCI (3 M) in H>O; (3) dichloroacetic chloride, Et;N, CH,Cl,,
0 °C to room temp.

With a reliable and straightforward method for the prep-
aration of compound (*)-5 in hand, we then focused our
attention on the synthesis of the key amino alcohol 4. It is
well-established that syn-B-hydroxy-a-acylamino acid deriv-
atives can be efficiently synthesized with high diastereo- and
enantioselectivities from chirally labile a-amido-substituted
B-keto esters by using a ruthenium-catalyzed asymmetric
hydrogenation through a DKR.!"} Previous workl®? shows
that the hydrogenation reaction (1000 psi of H,, 50 °C, and
66 h in CH,Cl,) of compound (*)-5 with Ru,Cl4[(R)-
BINAP],'N(C,H5); as the catalyst proceeded in 67% yield
with a very low enantiomeric excess (ee) value of 15%. In
contrast, we were pleased to find that the reduction could
be efficiently performed by using in situ generated ruth-
enium(II) complexes, which are prepared by following our
convenient procedurel'” that incorporates ligands L1-L9
(Table 1). Thus, B-keto ester (*)-5 was first subjected
to a ruthenium-mediated asymmetric hydrogenation under
120 bar of H, at 50 °C in CH,Cl, by using (S)-BINAP
(LD This reaction provided the expected syn-B-hydroxy-
a-acyl amino acid derivative (2R,35)-4 in 73% yield with
an excellent diastereoselectivity [99:1 diastereomeric ratio
(dr)] and moderate enantioselectivity [84:16 enantiomeric
ratio (er); Table 1, Entry 1). Changing the ligand to (S)-
MeO-BIPHEP (L2)!'41 resulted in increased enantio-
selectivity (93:7 er) but a lower 56 % yield (Table 1, Entry 2).
Atropisomeric diphosphines (R)-p-CH3;-SUNPHOS (L3)
and (S)-SUNPHOS (L4)!" afforded (2S,3R)-4 and
(2R,35)-4, respectively, with a high degree of enantio-
selectivity (97:3 and 95:5 er, respectively) and in good yields
of 57 and 71% (Table 1, Entries 3 and 4). Electron-deficient
ligands such as (S)-DIFLUORPHOS (L5) and (R)-p-CF5-
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SYNPHOS (L6) were also evaluated in the asymmetric
hydrogenation of (*)-5 (Table 1, Entries 5 and 6). (S)-DI-
FLUORPHOS (L5)!'® gave encouraging results with high
enantioselectivity (96:4 er) and a yield of 83% (Table 1, En-
try 5), whereas (R)-p-CF3;-SYNPHOS (L6) led to disap-
pointing results (Table 1, Entry 6), which demonstrates that
strongly electron-deficient ligands are not suitable for this
reaction. Electron-rich ligands such as (R)-3,5-Me-
SYNPHOS (L7) and (R)-p-Me-SYNPHOS!'®! (L8) af-
forded excellent diastereoselectivities of up to 99:1 but gave
lower er values (80:20 and 90:10, respectively; Table 1, En-
tries 7 and 8). Finally, (R)-SYNPHOS (L9)!!”] provided the
desired syn-N-(dichloroacetyl)-3-[4-(methylthio)phenyl]ser-
ine ethyl ester (4) with excellent diastereoselectivity (>99:1
dr) and a high level of enantioselectivity (95:5 er; Table 1,
Entry 9). The absolute and relative (syn) configurations of
the hydrogenated products 4 were unambiguously deter-
mined by comparison with literature data.l!

Alternatively, it is well-established that the ruthenium-
catalyzed asymmetric hydrogen transfer reaction of a-

European Journal
of Organic Chemistry

amido-B-keto ester derivatives!!®! allows efficient access to
the corresponding anti-B-hydroxy-a-acylamino acids. Dur-
ing the last decade, asymmetric transfer hydrogenation
(ATH)!'! has emerged as a practical and powerful alterna-
tive to asymmetric hydrogenation for the enantioselective
reduction of carbonyl compounds. In this context, we have
reported an enantio- and diastereoselective approach to a-
alkoxy-substituted syn-B-hydroxy esters by using highly ef-
ficient catalytic ATH-DKR reactions and starting from the
corresponding racemic B-keto esters.?”) Such an ATH pro-
cess was then applied to racemic a-amido-B-keto ester (*)-
5 to provide the corresponding anti-B-hydroxy-a-acylamino
acid derivative 4. We started our investigation by screening
various well-defined Noyori-type Ru-TsDPEN catalysts
(i.e., A-E.,[2!l Table 2). These catalysts were easily prepared
from the reaction of N-(4-tolylsulfonyl)-1,2-diphenylethyl-
enediamine (Ts-DPEN) with the corresponding dimeric
[RuCly(nb-arene)], precursor.[*?l Initial transfer hydrogen-
ation experiments were carried out in dichloromethane at
50 °C for 48 h by using a substrate to catalyst molar ratio

Table 1. Ru catalyzed asymmetric hydrogenation of 5 through DKR.[!

O O Ru(cod)(n3-methylallyl),
OFt P*P, HBr
~g HN.__O H, (120 bar), 50 °C,
I 48 h, CH,CI,/EtOH (95/5)
Cl Cl 100% conv.
(£)-5

L4: Ar = Ph, (S)-SUNPHOS

PPh,

O PPh,

L5: (S)-DIFLUORPHOS

OH O

OEt
~g HNIO
Cl Cl

(2S,3R)-4 or (2R,3S)-4

o]
XA
0 PAr,
0 PAr,
2eg

0

O PAr,
EO ] PAr,
O

L3: Ar = p-CHz-CgH,, (R)-p-CH3-SUNPHOS

L6: Ar = p-CF3-CgHj, (R)-p-CF3-SYNPHOS

L7: Ar = 3,5-CH3-CgHs, (R)-3,5-Me-SYNPHOS
L8: Ar = p-CH3-CqHj, (R)-p-CH3-SYNPHOS
L9: Ar = Ph, (R)-SYNPHOS

Entry P*P % Yield®! dr [synlanti] er [syn-4]14]

1 L1 73 99:1 84:16 [(2R,35)-4]
2 L2 56 99:1 93:7 [2R,3S)-4]
3 L3 57 99:1 97:3 [(2S,3R)-4]
4 L4 71 99:1 95:5 [(2R,3S)-4]
5 L5 83 98:2 96:4 [(2R,3S)-4]
6 L6 35 97:3 68:32 [(2S,3R)-4]
7 L7 60 99:1 80:20 [(2S.3R)-4]
8 L8 77 >99:1 90:10 [(2S,3R)-4]
9 L9 75 >99:1 95:5 [(2S,3R)-4]

[a] Reactions were conducted under 120 bar with substrate 5 [a 1 M solution in CH,CI,/EtOH, 95:5; 1 mmol] and a substrate/catalyst
(S/C) molar ratio of 33 (cod = 1,5-cyclooctadiene). [b] Isolated yield after flash column chromatography. [c] Determined by 'H NMR
analysis of the crude product. [d] Determined by chiral stationary phase-supercritical fluid chromatography (CSP-SFC).
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Table 2. Screening of TSDPEN ruthenium (I1) catalysts.[*

OH O

(S,S)-Ru cat., S/C = 50

OEt
1.4 equiv. HCO,H/Et3N (5:2) \S/©/:N(LO

CH,Cl,, 50 °C, 48 h

X

(-5 C1I” ~Cl (25,35)-4 CI” ~Cl
o< = OO <o =
ol U NTs chL“‘NTs o~ RU=NTs o UN clz v "NTs

H

3.,

Entry Ru catalyst % Yield!®! dr [antilsyn]© er [anti-4]9
1 A 83 91:9 53:47

2 B 83 88:12 53:47

3 C 75 88:12 60:40

4 D 78 88:12 70:30

5 E 89 90:10 95:5

[a] Reactions were conducted at 50 °C with substrate 5 (1 M solution in CH»Cl,, 1 mmol) and a S/C molar ratio of 50 for 48 h. [b] Isolated
yield after flash column chromatography. [c] Determined by '"H NMR analysis of the crude product. [d] Determined by chiral stationary

phase-supercritical fluid chromatography.

of 50:1 and a 5:2 azeotropic mixture of formic acid and
triethylamine as the hydrogen source. As outlined in
Table 2, complete conversions were achieved in all cases,
and compound (25,35)-4 was obtained in good yields that
ranged from 75 to 89%.

The data in Table 2 clearly show that the diastereoselec-
tivity of the reaction is only slightly affected by the nature
of the n®-arene ligand of the complex. This is in sharp con-
trast to the enantioselectivity, which is strongly influenced

by the substituent on the Ru-arene ring. Indeed, the trans-
fer hydrogenation of a-amido-B-keto ester (*)-5 by using
Noyori’s RuCl[(S,S)-TsDPEN](p-cymene) catalyst A pro-
vided anti-amino alcohol (25,35)-4 with an encouraging
diastereoselectivity of 91:9 but a very disappointing enan-
tiomeric ratio of 53:47 (Table 2, Entry 1). A similar result
was obtained when the reaction was conducted with cata-
lyst B, which contains hexamethylbenzene as a ligand
(Table 2, Entry 2). In contrast, ruthenium complexes C and

Table 3. Optimization of the reaction conditions by using TSDPEN ruthenium catalyst E.[2!

OH O

(S,S)-Rucat., E

1.4 equiv. HCO,H/Et3N (5:2) ~g HN.__O

solvent, 50 °C, time (h)

(x)-5 CI~ ~Cl (25,35)-4 CI” “Cl
Entry Solvent S/IC Time [h] % Yield®! dr [antilsyn]© er [anti-4]9)
1 CH,Cl, 50 48 89 90:10 95:5
2 DCE 50 48 72 90:10 92:8
3 MeOH 50 48 82 92:8 92:8
4 iPrOH 50 48 88 937 92:8
5 acetone 50 48 67 88:12 93:7
6 CH;CN 50 48 85 86:14 95:5
7 EtOAc 50 48 84 93.7 88:12
8 toluene 50 48 72 91:9 93:7
9 dioxane 50 48 80 937 92:8
10 THF 50 48 81 94:6 95:5
11 Et,0 50 48 89 97:3 96:4
12 Et,Oll 50 0.5 91 97:3 96:4
13 Et,Oll 100 2 90 97:3 97:3
14 Et,Ol! 200 4 87 97:3 97:3
15 Et,Oll 400 6 89 97:3 96:4

[a] Unless otherwise stated, reactions were conducted at 50 °C with substrate 5 (a 1 M solution, 1 mmol) and Ru catalyst E for 48 h.
[b] Isolated yield after flash column chromatography. [c] Determined by 'H NMR analysis of the crude product. [d] Determined by chiral
stationary phase-supercritical fluid chromatography. [e] Reaction conducted under air.
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D, which contain 1,4-dicyclohexylbenzene and benzene as
the n’-arene ligand, led to a significant increase in the enan-
tiomeric ratio with er values of 60:40 and 70:30, respectively
(Table 2, Entries 3 and 4). Finally, we were pleased to find
that a dramatic enhancement in the enantioselectivity was
observed when the RuCl[(S,S)-TsDPEN](mesitylene) cata-
lyst E was used. Thus, (25,35)-4 was obtained in 89% iso-
lated yield with a good diastereomeric ratio of 90:10 and a
promising enantiomeric ratio of 95:5 (Table 2, Entry 5).

Encouraged by these results, we set out to determine the
optimal solvent to further improve the stereochemical out-
come of the reaction with RuCl[(S,S)-TsTPEN](mesitylene)
catalyst E and the formic acid/triethylamine (5:2) solution
as the hydrogen source at 50 °C. The results from these ex-
periments are presented in Table 3, which shows that this
reaction is strongly solvent dependent. In the examined sol-
vents, complete conversions were attained, and the reduced
product (2S5,35)-4 was obtained in moderate to good yields
that ranged from 67 to 91%.

When the reaction was performed in 1,2-dichloroethane
(DCE) instead of dichloromethane, the same diastereoselec-
tivity was obtained with a slight drop in the enantio-
selectivity (Table 3, Entry 2 vs. 1). The diastereomeric ratio
slightly increased when the reaction was performed in al-
coholic solvents such as methanol and 2-propanol, but the
enantiomeric ratio decreased to 92:8 in both cases (Table 3,
Entries 3 and 4). Other polar solvents such as acetone,
acetonitrile, and ethyl acetate gave compound (2S,3.5)-4 but
with significantly less selectivity than that obtained in
dichloromethane (Table 3, Entries 5-7 vs. 1). No improve-
ment in the enantioselectivity was observed when the reac-
tion was carried out in toluene, but the diastereomeric ratio
increased to 91:9 (Table 3, Entry 8). Finally, ethereal sol-
vents such as dioxane, THF, and diethyl ether proved to be
the most suitable solvents with regard to both enantio- and
diastereoselectivities, providing anti-amino alcohol (25,3.5)-
4 with enantiomeric ratios that ranged from 92:8 to 96:4
and diastereomeric ratios that varied from 93:7 to 97:3
(Table 3, Entries 9-11). With the goal of improving the re-
action rate and taking into account the negative effect that
CO, has on the kinetics of such a process,>*! we decided to
run the ATH of (£)-5 in refluxing ether with 2 mol-% of
Ru catalyst E under an open atmosphere, rather than in
a closed system, to remove the CO, generated during the
reaction. Gratifyingly, under these reaction conditions,
compound (=*)-5 was rapidly and fully converted into the
desired reduced product (25,35)-4 with a similar high selec-
tivity in less than 30 min (Table 3, Entry 12, 91% yield, 97:3
dr, 96:4 er). This rate reduction effect from CO, may be
attributed to its insertion into the Ru—H bond, thereby giv-
ing the inactive formate complex and limiting the concen-
tration of the active ruthenium hydride species.”*! Interest-
ingly, it was possible to further decrease the catalyst loading
from a S/C molar ratio of 50 to 100, 200, and 400 without a
significant change in the catalytic efficiency of the reaction,
albeit longer reaction times were required. Indeed, in all
cases, complete conversions were achieved, and compound
(25,35)-4 was obtained in good yields (87-90%) with a high
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diastercoselectivity of 97:3 dr and excellent enantio-
selectivities that ranged from 96:4 to 97:3 er (Table 3, En-
tries 13-15).

With an efficient synthetic route secured for each stereo-
isomer of amino alcohol 4, all that remained to reach tar-
geted (+)-thiamphenicol (1) and its isomers were a few
functional group transformations. Toward this end, the
asymmetric reduction of a-amido-B-keto ester (*)-5 was
carried out under the optimized reaction conditions. By
using the ATH conditions, both anti-4 isomers were ob-
tained in good isolated yields with a high level of diastereo-
selectivity and excellent enantiomeric ratios of 96:4 and
97:3 for (2R,3R)-4 and (2S,35)-4, respectively. Subsequent
oxidation with meta-chloroperoxybenzoic acid (m-CPBA)

OH O OH O
Moa /©)\§/U\OEt
S HNIO S HNIO
! c | >l

(2S,3R)-4, 69%, >99/1 dr, 95/5 er (2R,3R)-4,77%, 97/3 dr, 96/4 er
(2R,3S)-4, 75%, >99/1 dr, 95/5 er (2S,3S)-4, 95%, 97/3 dr, 97/3 er

liii liii
OH O OH O
o /@)\HJ\OEt ° WOB
N HN__O X HN__O
S S,
o) o}
cI” el cl” al

(2S,3R)-9, 94%, >99/1 dr, 95/5 er (2R,3R)-9, 75%, 97/3 dr, 96/4 er
(2R,35)-9, 93%, >99/1 dr, 95/5 er (2S,35)-9, 76%, 97/3 dr, 97/3 er

liv liv

OH OH

OH " oH

Q HN__O Q HN__O
/S\\ /S\\
o) o}

c” ¢l c” el

(+)-(1R,2R)-thiamphenicol-1, 76% (+)-(1R,2S)-thiamphenicol-1, 76%

OH OH
-~ oH OH
Q, HN__O Q HN__O
/S\\ /S\\
o) o}
c” el el

(-)-(1S,2S)-thiamphenicol-1, 72%  (-)-(1S,2R)-thiamphenicol-1, 70%

Scheme 3. (i) [Ru(cod)(n3-methylallyl),], (R)-L9 or (S)-L9, aqueous
HBr, H, (120 bar), CH,CI,/EtOH (95:5), S/IC = 33, 50 °C, 48 h;
(ii) (R,R)-E or (S,S)-E, HCO,H/Et;N (5:2), Et,0, S/C = 100, 50 °C,
1.5-3 h; (iii) m-CPBA, THEF, room temp., 1 h; (iv) NaBH4, MeOH,
0°C, 1h.
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converted the methylsulfanyl into a methylsulfonyl group to
give (2R,3R)-9 in 75% yield and (2S5,35)-9 in 76% yield.
Finally, the reduction of esters 9 into primary alcohols 1 by
treatment with sodium borohydride led to the formation of
(1R,2S)-thiamphenicol (1) and (15,2 R)-thiamphenicol (1) in
76 and 70% yield, respectively (Scheme 3). Changing from
an ATH to an AH process afforded the two syn-4 isomers
(2S,3R)-4 and (2R,3S5)-4 in 69 and 75% yield, respectively.
Finally, by using the same synthetic route as above, the two
remaining isomers of thiamphenicol (1) were obtained in
similar yields. The synthesis of the valuable (+)-(1R,2R)-
thiamphenicol was thus completed in 54% overall yield
from easily accessible (£)-5. The spectroscopic data of (+)-
(1R,2R)-1 were in complete agreement with reported litera-
ture values.[!

Conclusions

In summary, we have achieved a short and practical total
synthesis of the four stereoisomers of the antibiotic thiam-
phenicol (1) from inexpensive and commercially available
starting materials. The key feature of our approach involves
the enantioselective reduction of racemic o-amido-B-keto
ester 5 through a dynamic kinetic resolution process to es-
tablish the essential syn or anti relationship of key amino
alcohols 4. For example, the application of the ruthenium-
catalyzed asymmetric hydrogenation reaction of compound
(*)-5 by employing the in situ generated Ru™-SYNPHOS
catalyst provides efficient access to the corresponding syn
isomers (2S,3R)-4/(2R,3S5)-4 in excellent yields (69-75%),
with almost perfect diastereoselectivity (>99:1 dr) and high
enantiomeric ratios of 95:5. On the other hand, the asym-
metric transfer hydrogenation of racemic o-amido-B-keto
ester 5 by using the RuCl[(n®-mesitylene)(S,S)-TsDPEN]
catalyst and a formic acid/triethylamine (5:2) solution as
the hydrogen source allowed for the preparation of the cor-
responding anti isomers (2R,3R)-4/(25,3S5)-4 in good yields
with similar high diastereo- and enantioselectivities (97:3 dr,
96:4 and 97:3 er, respectively). Overall, our synthetic ap-
proach to the important antibiotic thiamphenicol (1) offers
several advantages including: (i) flexibility, (i) atom econ-
omy, (iil) operational simplicity, (iv) high chemical yields,
and (v) high diastereo- and enantioselectivities.

Experimental Section

General Methods: All air- and water-sensitive reactions were carried
out under argon. Tetrahydrofuran and diethyl ether were distilled
from sodium-benzophenone. Dichloromethane, toluene, and trieth-
ylamine were distilled from calcium hydride. Reactions were moni-
tored by thin layer chromatography that was carried out on pre-
coated silica gel plates (E. Merck ref. 5554 60 F254) and visualized
by using either an ultraviolet lamp (4 = 254 nm), a potassium per-
manganate solution [KMnO, (3g), K,CO; (20g), AcOH
(0.25mL), and H,O (300 mL)], a ninhydrin solution [ninhydrin
(1 g), EtOH/H,SO4 (95:5, 100 mL)] or a Kagi-Mosher solution [p-
anisaldehyde (8 mL), H,SO,4 (16 mL), and AcOH (800 mL)]. The
NMR spectroscopic data were recorded with a Bruker AC 300 ('H
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NMR at 300 MHz and '3C NMR at 75 MHz) instrument. Data
are reported as follows: chemical shifts (J), multiplicity [reported
as singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m),
doublet of doublets (dd), quartet of doublets (qd), broad (br.)],
coupling constants, and integration. Melting points were measured
on a Biichi apparatus. Optical rotations were measured on a Per-
kin—-Elmer 241 polarimeter. High resolution mass spectra were
measured on a LTQ-Orbitrap (Thermo Fisher Scientific) at Pierre
et Marie Curie University. CSP-SFC analyses were performed on
a Berger apparatus fitted with a chiral Chiralcel OD-H column and
Chiralpak IA, AD-H, and AS-H columns.

Ethyl 2-[(Diphenylmethylene)aminojacetate (6): A solution of
benzophenone imine 7 (9.23 g, 51 mmol, 1 equiv.) and amino acid
ester hydrochloride 8 (7.12 g, 51 mmol, 1equiv.) in dry CH-Cl,
(170 mL) was stirred at room temp. for 20 h under argon. The reac-
tion mixture was then filtered through a pad of Celite (rinsed with
CH,Cl,), and the filtrate was concentrated to afford the desired
product as a white solid (13.45 g, 99%), which was used in the
next step without purification; m.p. 42-43 °C. "H NMR (300 MHz,
CDCly): 6 = 7.71-7.62 (m, 2 H), 7.51-7.30 (m, 6 H), 7.25-7.11 (m,
2 H), 4.27-4.14 (m, 4 H), 1.27 (t, J = 7.1 Hz, 3 H) ppm. '3C NMR
(75 MHz, CDCl;): ¢ = 171.8, 170.6, 139.2, 135.9, 130.4, 128.8,
128.7, 128.6, 128.0, 127.6, 60.8, 55.6, 14.2 ppm.

Ethyl 2-(2,2-Dichloroacetamido)-3-[4-(methylthio)phenyl]-3-0xo-
propanoate (5): To a solution of Schiff base 6 (12.8 g, 48 mmol,
1 equiv.) in dry THF (240 mL) was added dropwise a solution of
KHMDS (0.5M in toluene, 96 mL, 48 mmol, 1equiv.). After
30 min, the red solution was cannulated into a solution of 4-(meth-
ylthio)benzoyl chloride (9 g, 48 mmol, 1equiv.) in dry THF
(160 mL) at —78 °C. After 2 h, the reaction was quenched with HCl
(3 M aqueous solution, 100 mL), and the resulting mixture was con-
centrated under reduced pressure. Water was added, and the benzo-
phenone was extracted with diethyl ether. The aqueous phase was
concentrated, and the resulting white solid was dissolved in dry
MeOH. The mixture was filtered, and the filtrate was concentrated
under reduced pressure to give a solid that was triturated with di-
ethyl ether and then dried under vacuum to afford the desired com-
pound (10.54 g, 76%) as a white solid. This was used directly in
the next step. The product (4 g, 14 mmol, 1 equiv.) was dissolved
in dry CH,Cl, (60 mL), and the solution was cooled to 0 °C under
argon. Freshly distilled dichloroacetyl chloride (1.48 mL,
15.4 mmol, 1.1 equiv.) was then added dropwise followed by trieth-
ylamine (2.17 mL, 15.4 mmol, 1.1 equiv.). After 2 h at 0°C, the
mixture was stirred at room temp. for 3 h. The reaction mixture
was then quenched with a saturated solution of NH4Cl, and the
aqueous phase was extracted with CH,Cl,. The combined organic
layers were dried with MgSO, and concentrated under reduced
pressure. The crude mixture was purified by flash chromatography
(petroleum ether/EtOAc, 85:15) to afford the pure o-acetamido-f3-
keto ester 5 (4.25 g, 83%) as a white solid; m.p. 111-113 °C; Ry =
0.66 (petroleum ether/ethyl acetate, 6:4). '"H NMR (300 MHz,
CDCl;): 6 = 8.03 (d, J = 8.7Hz, 2 H), 7.92 (d, J = 6.7 Hz, 1 H),
7.29 (d, J = 8.7Hz, 2 H), 6.03 (s, 1 H), 6.04 (d, J = 6.7 Hz, 1 H),
4.23-4.12 (m, 2 H), 2.53 (s, 3 H), 1.17 (t, J = 7.1 Hz, 3 H) ppm.
13C NMR (75 MHz, CDCl5): 6 = 188.6, 165.4, 163.7, 148.7, 129.9,
129.5, 124.6, 65.7, 62.76, 58.5, 14.4, 13.7 ppm. IR (neat): ¥ = 3262,
3081, 2986, 2359, 2335, 1731, 1685, 1666, 1587, 1554, 1370, 1350,
1256, 1212, 1092, 968, 813, 780, 705, 645 cm~. HRMS (ESI): calcd.
for C4H;504NCI,NaS 385.9991; found 385.9998.

Ethyl  (25,35)-2-(2,2-Dichloroacetamido)-3-hydroxy-3-[4-(methyl-
thio)phenyl|propanoate [(25,35)-4]: To a suspension (previously de-
gassed by three vacuum-argon cycles) of o-acetamido-B-keto

Eur. J. Org. Chem. 2015, 5949-5958



Total Synthesis of All Stereoisomers of Thiamphenicol

Eur

ester 5 (427 mg, 1.17 mmol, 1 equiv.) and [RuCl(n®mesitylene)-
{(S,S)-TsDPEN}] (7.3 mg, 0.0117 mmol, 0.01 equiv.) in anhydrous
diethyl ether (2 mL) was added the azeotropic mixture HCOOH/
NEt; (5:2, 0.1 mL, 1.64 mmol, 1.4 equiv.). The reaction mixture
was equipped with a condenser open to air and stirred at 50 °C
until no starting material was observed by TLC (1.5 h). After
30 min, the orange solution became clear, and then the reaction
mixture was cooled to room temp. and neutralized by the addition
of saturated NaHCO;. The resulting mixture was extracted with
CH,Cl,. The combined organic layers were dried with MgSO, and
concentrated under reduced pressure. '"H NMR analysis of the
crude material showed a conversion of 97% and diasteroisomeric
ratio (antilsyn) of 97:3. The crude product was purified by silica gel
column chromatography (pentane/EtOAc, 7:3) to afford (2S5,35)-4
(408 mg, 95%) as a white solid; m.p. 79-80 °C; R; = 0.47 (petro-
leum ether/ethyl acetate, 6:4). [a]) = -30.7 (¢ = 0.83, MeOH). 'H
NMR (300 MHz, [Dglacetone): 6 = 7.87 (d, J = 8.3 Hz, 1 H), 7.37
(d, J = 84Hz, 2 H), 725 (d, J = 8.4 Hz, 2 H), 6.47 (s, | H), 5.15
(t, J=4.8Hz 1 H), 5.03 (d, J = 4.8 Hz, 1 H), 4.77 (dd, J = 8.3,
5.2Hz, 1 H), 4.10 (qd, J = 7.1, 2.4 Hz, 2 H), 2.48 (s, 3 H), 1.14 (t,
J=7.1Hz, 3 H) ppm. 3C NMR (75 MHz, [D¢Jacetone): 6 = 169.7,
164.4, 138.9, 138.2, 127.9, 126.7, 73.9, 67.2, 61.8, 60.0, 15.5,
14.3 ppm. IR (neat): ¥ = 3531, 3273, 2983, 2360, 2339, 1732, 1701,
1681, 1558, 1338, 1206, 811 cm™!. SFC [Chiralcel AD-H; scCO, (sc
= supercritical )/MeOH, 90:10; 7mLmin'; P = 150 bar; 4 =
215 nm]: tg = 3.65 min [syn-(2R,3S)], tg = 5.06 min [anti-2R,3R),
minor isomer], fg = 7.75 min [syn-(2S,3R)], and tr = 8.52 min [anti-
(25,3S), major isomer, 94%ee,,;;]. MS (CI, NH;): m/z = 383.19 [M
+ NH,]*, 348.13 [M + H - H,O]".

Ethyl (2R,3R)-2-(2,2-Dichloroacetamido)-3-hydroxy-3-[4-(methyl-
thio)phenyl|propanoate [(2R,3R)-4]: To a suspension (previously de-
gassed by three vacuum-argon cycles) of a-acetamido-B-keto ester
5 (523mg, 1.44mmol, 1equiv.) and [RuCl(n®mesitylene)-
{(R,R)-TsDPEN}] (9 mg, 0.0144 mmol, 0.01 equiv.) in anhydrous
diethyl ether (2 mL) was added the azeotropic mixture HCOOH/
NEt; (5:2, 0.12 mL, 2.02 mmol, 1.4 equiv.). The reaction mixture
was equipped with a condenser open to air and stirred at 50 °C for
3 h. After 30 min, the orange solution became clear. The reaction
mixture was then cooled to room temp. and neutralized by the
addition of saturated NaHCO;. The resulting mixture was ex-
tracted with CH,Cl,. The combined organic layers were dried with
MgSO, and concentrated under reduced pressure. 'H NMR analy-
sis of the crude material showed a conversion of 83% and a dia-
steroisomeric ratio (antilsyn) of 97:3. The crude product was puri-
fied by silica gel column chromatography (pentane/EtOAc, 7:3) to
afford (2R,3R)-4 (406 mg, 77%) as a white solid; m.p. 76-78 °C; Ry
= 0.48 (petroleum ether/ethyl acetate, 6:4). [a]Z) = +28.4 (¢ = 0.83,
MeOH). 'H NMR (300 MHz, [DgJacetone): 6 = 7.86 (d, J = 8.3 Hz,
1 H), 7.37 (d, J = 8.4 Hz, 2 H), 7.25 (d, J = 8.4 Hz, 2 H), 6.47 (s,
1 H), 5.14 (t, J = 4.8 Hz, 1 H), 5.03 (d, J = 4.8 Hz, 1 H), 4.77 (dd,
J=28.3,52Hz, 1 H),4.10 (qd, J = 7.2, 2.2 Hz, 2 H), 2.48 (s, 3 H),
1.14 (t, J = 7.2 Hz, 3 H) ppm. '3C NMR (75 MHz, [Dg]acetone): &
= 169.7, 164.4, 138.9, 138.3, 127.9, 126.7, 73.9, 67.2, 61.8, 60.1,
15.5, 14.3 ppm. IR (neat): v = 3528, 3280, 2982, 2358, 2333, 1741,
1703, 1681, 1561, 1340, 1207, 809 cm!. SFC [Chiralcel AD-H;
scCO-/MeOH, 90:10); 7mLmin'; P = 150 bar; A = 215 nm]: tg =
3.65 min [syn-(2R,3S)], tg = 5.06 min [anti-(2R,3R), major isomer,
92% eegpil, tr = 7.75 min [syn-(2S,3R)], tg = 8.52 min [anti-(2S,3S),
minor isomer]. MS (CI, NHj): m/z = 383.21 [M + NH,]*, 348.15
[M + H - H,O]".

Ethyl  (2S,3R)-2-(2,2-Dichloroacetamido)-3-hydroxy-3-[4-(methyl-
thio)phenyl]propanoate [(2S,3R)-4]: (R)-SYNPHOS (17.6 mg,
0.028 mmol, 0.022 equiv.) and [Ru(cod)(n3-2-methylallyl),] (8 mg,
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0.025 mmol, 0.02 equiv.) were placed in a reaction vessel, and the
solids were purged with argon. Anhydrous acetone (2 mL), which
was previously degassed by three vacuum-argon cycles, was added
at room temperature. To this suspension was added dropwise meth-
anolic HBr (0.138 N solution prepared by adding 48% aqueous
HBr in degassed methanol, 400 pL, 0.044 equiv.), and the reaction
mixture was stirred at room temperature for 30 min. The suspen-
sion immediately turned yellow, and then an orange precipitate ap-
peared. The solvent was thoroughly evaporated under vacuum to
give the [Ru{(R)-SYNPHOS} Br,] complex as an orange-brown so-
lid, which was used directly. Substrate 5 (300 mg, 0.82 mmol,
1 equiv.) was then added followed by previously degassed an-
hydrous CH,Cl, (9.5mL) and degassed EtOH (0.5 mL). The
Schlenk vessel was degassed by three vacuum-argon cycles and
placed under argon in a stainless steel autoclave. Argon was re-
placed with hydrogen by three cycles of pressurizing, and the pres-
sure was adjusted to 120 bar. The autoclave was heated at 50 °C,
and the stirring was maintained for 48 h. After cooling, the reac-
tion mixture was concentrated under reduced pressure to afford the
crude product (25,3R)-4. '"H NMR analysis of the crude material
showed a conversion of 100% and a diasteroisomeric ratio
(synlanti) of >99:1. The residue was purified by flash chromatog-
raphy (SiO,, pentane/EtOAc, 7:3) to afford (2S,3R)-4 (207 mg,
69 %) as a white solid; m.p. 108-110 °C; R = 0.48 (petroleum ether/
ethyl acetate, 6:4). [a]f) = +8.2 (¢ = 0.83, MeOH). '"H NMR
(300 MHz, [DgJacetone): 0 = 7.82 (d, J = 8.8 Hz, 1 H), 7.39 (d, J
=84Hz 2 H), 723 (d, J = 8.4Hz, 2 H), 6.48 (s, 1 H), 5.37-5.35
(m, 1 H), 5.19 (dd, J = 4.5, 0.4 Hz, 1 H), 4.67 (dd, J = 8.8, 2.9 Hz,
1 H), 4.18 (q, J = 7.1 Hz, 2 H), 2.47 (s, 3 H), 1.24 (t, J = 7.1 Hz, 3
H) ppm. 3C NMR (75 MHz, [D¢Jacetone): § = 170.7, 165.3, 139.6,
139.4,128.4,127.5,73.9, 68.0, 62.8, 60.7, 16.2, 15.2 ppm. IR (neat):
¥ = 3353, 2921, 2360, 2335, 1746, 1685, 1523, 1496, 1371, 1353,
1285, 1221, 1119, 1096, 1076, 1017, 869, 824, 813, 787, 769, 740,
695, 675, 662, 651, 642, 634, 618, 602 cm™'. SFC [Chiralcel AD-H;
scCO,/MeOH, 90:10; 7mLmin'; P = 150 bar; A = 215 nm]: tp =
3.65 min [syn-(2R,3S), minor isomer], tg = 5.06 min [anti-(2R,3R)],
tg = 7.75 min [syn-(2S,3R), major isomer, 90 % ee,,, ], tr = 8.52 min
[anti-(2S,3S)]. MS (CI, NHj): m/z = 383.21 [M + NH,]*, 348.16
[M + H - H,0]*.

Ethyl (2R,35)-2-(2,2-Dichloroacetamido)-3-hydroxy-3-[4-(methyl-
thio)phenyl|propanoate [(2R,35)-4]: (S)-SYNPHOS (17.6 mg,
0.028 mmol, 0.022 equiv.) and [Ru(cod)(n3-2-methylallyl),] (8 mg,
0.025 mmol, 0.02 equiv.) were placed in a reaction vessel, and the
solids were purged with argon. Anhydrous acetone (2 mL), which
was previously degassed by three vacuum-argon cycles, was added
at room temperature. To this suspension was added dropwise meth-
anolic HBr (0.138 N solution prepared by adding 48% aqueous
HBr in degassed methanol, 400 puL, 0.044 equiv.), and the reaction
mixture was stirred at room temperature for 30 min. The suspen-
sion immediately turned yellow, and then an orange precipitate ap-
peared. The solvent was thoroughly evaporated under vacuum to
give the [Ru{(S)-SYNPHOS}Br,] complex as an orange-brown so-
lid, which was used directly. Substrate 5 (300 mg, 0.82 mmol,
1 equiv.) was then added followed by previously degassed an-
hydrous CH,Cl, (9.5mL) and degassed EtOH (0.5 mL). The
Schlenk vessel was degassed by three vacuum-argon cycles and
placed under argon in a stainless steel autoclave. Argon was re-
placed with hydrogen by three cycles of pressurizing, and the pres-
sure was adjusted to 120 bar. The autoclave was heated at 50 °C,
and the stirring was maintained for 48 h. After cooling, the reac-
tion mixture was concentrated under reduced pressure to afford the
crude product (2R,35)-4. '"H NMR analysis of the crude material
showed a conversion of 100% and a diasteroisomeric ratio
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(synlanti) of >99:1. The residue was purified by flash chromatog-
raphy (SiO,, pentane/EtOAc, 7:3) to afford (2R,35)-4 (226 mg,
75%) as a white solid; m.p. 120-122 °C; Ry = 0.46 (petroleum ether/
ethyl acetate, 6:4). [a]f = 9.2 (¢ = 0.83, MeOH). '"H NMR
(300 MHz, [Dglacetone): 6 = 7.86 (d, J = 8.5Hz, 1 H), 7.39 (d, J
=84Hz 2 H),723(d,J=84Hz 2 H), 649 (s, 1 H), 535, J
= 2.8Hz, 1 H), 524 (br. s, 1 H), 4.67 (dd, J = 8.5, 2.8 Hz, 1 H),
418 (q, J = 7.1 Hz, 2 H), 2.47 (s, 3 H), 1.23 (t, / = 7.1 Hz, 3
H) ppm. 3C NMR (75 MHz, [D¢lacetone): 5 = 170.7, 165.3, 139.6,
139.4, 128.4, 127.5, 73.8, 67.9, 62.8, 60.7, 16.2, 15.2 ppm. IR (neat):
v = 3348, 2925, 2360, 2339, 1744, 1685, 1523, 1494, 1372, 1355,
1284, 1221, 1119, 1094, 1078, 1018, 825, 815, 786, 768, 692, 669,
651, 637, 615, 604 cm . SFC [Chiralcel AD-H; scCO-/MeOH,
90:10; 7mLmin™!; P = 150 bar; A = 215 nm]: /g = 3.65 min [syn-
(2R.3S), major isomer, 90% ee,,,], tr = 5.06 min [anti-(2R,3R)], tg
= 7.75min [syn-(2S,3R), minor isomer], tx = 8.52min [anti-
(25,39)]. MS (CI, NH;): m/z = 383.22 [M + NH,]*, 348.16 [M +
H - H,0]*.

General Procedure for the Synthesis of Ethyl 2-(2,2-Dichloroacet-
amido)-3-hydroxy-3-[4-(methylsulfonyl)phenyl|propanoate (9): To a
solution of ester 4 (1 equiv.) in anhydrous THF (0.17 M) was added
mCPBA (2.5 equiv.) at 0 °C in one portion, and the mixture was
stirred at room temp. for 1 h. The reaction was quenched by the
addition of a saturated solution of Na,S,0;. The biphasic solution
was stirred at room temp. for 30 min, and then a saturated solution
of NaHCO; was added. The THF was removed by rotary evapora-
tion, and then H,O and EtOAc were added to the resulting mixture.
The aqueous phase was then extracted with EtOAc. The combined
organic layers were dried with MgSO,4 and concentrated under re-
duced pressure. The residue was purified by flash chromatography
(SiO,, pentane/EtOAc, 1:1) to give pure product 9 as a white solid.

(28,395)-9: Yield 76 %; m.p. <38 °C (low melting solid). Ry = 0.17
(petroleum ether/ethyl acetate, 5:5). [a]E = -23.9 (¢ = 0.38, MeOH).
'"H NMR (300 MHz, [DgJacetone): 6 = 8.06 (d, J = 8.1 Hz, 1 H),
7.94 (d, J = 8.3Hz, 2 H), 7.74 (d, J = 8.3 Hz, 2 H), 6.50 (s, 1 H),
539 (d, J=48Hz, | H), 531 (t, J =4.8Hz, 1 H), 483 (dd, J =
8.1, 48 Hz, 1 H), 4.14-4.03 (m, 2 H), 3.11 (s, 3 H), 1.10 (t, J =
7.1 Hz, 3 H) ppm. '3C NMR (75 MHz, [Dglacetone): 6 = 169.2,
164.4, 147.7, 141.5, 128.2, 127.9, 73.7, 67.2, 61.9, 60.0, 44.4,
14.2 ppm. IR (neat): ¥ = 3394, 3311, 2924, 2854, 1737, 1692, 1550,
1301, 1143 cm™!. SFC [Chiralcel AD-H; scCO-/MeOH, 91:9;
6 mLmin~!; P =150 bar; 2 = 215 nm]: g = 5.62 min [anti-(2R,3R),
minor isomer], g = 6.22 min [syn-(2R,3S)], tx = 8.47 min [syn-
(28.3R)], tg = 18.72 min [anti-(2S,3S), major isomer, 94%ee,,.]-
MS (CI, NH3): m/z = 415.06 [M + NH,]*, 381.11 [M + H -
H,O1".

(2R,3R)-9: Yield 75%; m.p. <38 °C (low melting solid). R; = 0.16
(petroleum ether/ethyl acetate, 5:5). [a]f) = +28.7 (¢ = 0.39,
MeOH). 'H NMR (300 MHz, [D¢lacetone): d = 8.06 (d, J = 8.2 Hz,
1 H), 7.94 (d, J = 8.5Hz, 2 H), 7.73 (d, J = 8.1 Hz, 2 H), 6.50 (s,
1 H), 5.39(d, J=48Hz, 1 H), 531 (t, J = 48 Hz, 1 H), 4.83 (dd,
J=182,48Hz, 1 H), 4.14-4.03 (m, 2 H), 3.11 (s, 3 H), 1.10 (t, J
= 7.1 Hz, 3 H) ppm. '*C NMR (75 MHz, [Dg]acetone): § = 169.2,
164.4, 147.7, 141.5, 128.2, 127.9, 73.7, 67.2, 61.9, 60.03, 44.4,
14.2 ppm. IR (neat): ¥ = 3390, 3313, 2925, 2854, 1733, 1682, 1556,
1297, 1148 cm!. SFC [Chiralcel AD-H; scCO,/MeOH, 91:9;
6 mLmin!; P = 150 bar; 4 = 215 nm]: tg = 5.62 min [anti-(2R,3R),
major isomer, 92%ee,,; ], tr = 6.22min [syn-(2R3S)], tr =
8.47 min [syn-(2S,3R)], tgr = 18.72 min [anti-(2S,3S), minor isomer].
MS (CI, NH;): m/z = 415.04 [M + NH,]*.

(2S,3R)-9: Yield 94 %; m.p. 145-147 °C. Ry = 0.17 (petroleum ether/
ethyl acetate, 5:5). [a]¥ = +12.7 (¢ = 0.83, MeOH). '"H NMR
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(300 MHz, [Dglacetone): 0 = 7.93-7.89 (m, 3 H), 7.75 (d, J =
8.1 Hz, 2 H), 6.45 (s, 1 H), 5.57 (dd, J = 4.8, 2.6 Hz, 1 H), 5.50
(dd, J =4.8,0.7Hz, 1 H), 4.84 (dd, J = 9.2, 2.6 Hz, | H), 4.22 (q,
J =7.1Hz, 2 H), 3.08 (s, 3 H), 1.26 (t, J = 7.1 Hz, 3 H) ppm. '3C
NMR (75 MHz, [Dglacetone): 6 = 170.4, 165.3, 148.5, 142.2, 128.8,
128.7, 73.7, 67.8, 63.0, 60.2, 45.1, 15.2 ppm. IR (neat): ¥ = 3389,
3306, 2924, 1741, 1692, 1555, 1301, 1143 cm™'. SFC [Chiralcel
AD-H; scCO,/MeOH, 91:9; 6 mLmin !; P = 150 bar; A = 215 nm]:
tr = 5.62min [anti-2R,3R)], trg = 6.22 min [syn-(2R,3S), minor
isomer]; g = 8.47 min [syn-(2S,3R), major isomer, 90 %eey,,], tr =
18.72 min [anti-(2S,3S)]. MS (CI, NH3): m/z = 415.22 [M + NH,]*,
381.24 [M + H - H,O]*.

(2R,35)-9: Yield 93%; m.p. 145-147 °C. R; = 0.16 (petroleum ether/
ethyl acetate, 5:5). [a]f) = ~11.3 (¢ = 0.83, MeOH). '"H NMR
(300 MHz, [Dglacetone): 0 = 7.92-7.89 (m, 3 H), 7.74 (d, J =
8.3 Hz 2 H), 6.45 (s, 1 H), 5.57 (d, J = 2.4 Hz, 1 H), 5.50 (br. s, 1
H), 4.84 (dd, J = 9.2, 24 Hz, 1 H), 4.22 (q, J = 7.1 Hz, 2 H), 3.08
(s, 3 H), 1.26 (t, J = 7.1 Hz, 3 H) ppm. '*C NMR (75 MHz, [Dg]-
acetone): 0 = 170.4, 165.3, 148.5, 142.2, 128.7, 128.7, 73.6, 67.8,
63.0, 60.2, 45.1, 15.2 ppm. IR (neat): ¥ = 3311, 2360, 2340, 1739,
1715, 1691, 1653, 1557, 1541, 1522, 1508, 1491, 1474, 1457, 1395,
1372, 1342, 1305, 1269, 1201, 1146, 1092, 1018, 957, 810, 791, 747,
678, 623cm'. SFC [Chiralcel AD-H; scCO,/MeOH, 91:9;
6 mLmin'; P =150 bar; 2 = 215 nm]: tg = 5.62 min [anti-2R,3R)],
fr = 6.22 min [syn-(2R,3S), major isomer, 90 % ee,, ], tr = 8.47 min
[syn-(2S,3R), minor isomer], fg = 18.72 min [anti-(2S,3S)]. MS (CI,
NH3): m/z = 415.22 [M + NH,]", 381.25 [M + H - H,O]".

General Procedure for the Synthesis of 2,2-Dichloro-N-{1,3-di-
hydroxy-1-[4-(methylsulfonyl)phenyl]propan-2-yl}acetamide (Thiam-
phenicol, 1): To a solution of ester 9 (1 equiv.) in distilled MeOH
(0.1 M) was added NaBH, (5 equiv.) in one portion at 0 °C. The
reaction mixture was stirred at 0 °C until no starting material was
observed by TLC (1 h). The methanol was then evaporated, and
then H,O and brine were added at 0 °C. The resulting mixture was
warmed to room temp., and the aqueous phase was extracted with
EtOAc. The combined organic layers were dried with MgSO,4 and
concentrated under reduced pressure. The residue was purified by
flash chromatography (Si0,, CH,Cl,/MeOH, 9:1) to give the de-
sired product 1 as a white solid.

(1S,2R)-1: Yield 70%; m.p. 126-130 °C. Ry = 0.21 (CH,Cl,/MeOH,
9:1). [a] = —6.45 (¢ = 0.31, MeOH). 'H NMR (300 MHz, [Dq]-
acetone): 6 = 7.90 (d, J = 8.4 Hz, 2 H), 7.74-7.69 (m, 1 H), 7.70
(d, J = 8.4 Hz, 2 H), 6.30 (s, 1 H), 5.11 (d, J = 48 Hz, 1 H), 5.05
(t, J = 6.2 Hz, 1 H), 4.16-4.09 (m, 2 H), 3.94-3.87 (m, 1 H), 3.71—
3.65 (m, 1 H), 3.08 (s, 3 H) ppm. '*C NMR (75 MHz, [Dg]acetone):
o = 164.3, 149.3, 141.2, 1284, 1279, 73.5, 67.6, 61.0, 58.0,
44.4 ppm. IR (neat): v = 3464, 3223, 3074, 1674, 1563, 1289, 1143,
1089, 1040, 770 cm™'. MS (CI, NH;): m/z = 373.09 [M + NH,]*.
HRMS (ESI): caled. for C,,H;s0sNCl,NaS 377.9940; found
377.9940.

(1R,25)-1: Yield 76 %; m.p. 126-128 °C. Ry = 0.20 (CH,Cl,/MeOH,
9:1). [a]¥) = +4.2 (¢ = 0.26, MeOH). 'H NMR (300 MHz, [Dg]-
acetone): 0 = 7.90 (d, J = 8.5 Hz, 2 H), 7.74-7.69 (m, 1 H), 7.70
(d, J = 8.5Hz, 2 H), 6.31 (s, 1 H), 5.12-5.10 (m, 1 H), 5.07-5.03
(m, 1 H), 4.17-4.10 (m, 2 H), 3.90 (dd, J = 10.9, 4.5 Hz, 1 H), 3.68
(d, J=10.9 Hz, 1 H), 3.08 (s, 3 H) ppm. '>*C NMR (75 MHz, [Dg]-
acetone): 0 = 164.3, 149.3, 141.2, 128.4, 127.9, 73.5, 67.6, 61.0, 58.0,
44.4 ppm. IR (neat): v = 3460, 3223, 3073, 1671, 1563, 1285, 1040,
765 cm™!. MS (CI, NH3): m/z = 373.08 [M + NH,]*. HRMS (ESI):
caled. for C;,H;505NCI,NaS 377.9940; found 377.9941.

(1R.2R)-1: Yield 76%, m.p. 162-163 °C; ref.'4 m.p. 164-167 °C. R;
= 0.20 (CH,C1,/MeOH, 9:1). [a]) = +7.6 (¢ = 0.25, MeOH). 'H
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NMR (300 MHz, [DeJacetone): d = 7.89 (d, J = 8.4 Hz, 2 H), 7.69
(d, J = 8.4 Hz, 2 H), 7.54 (d, J = 8.7 Hz, 1 H), 6.38 (s, 1 H), 5.30
(br.s, 1 H), 5.18 (br. s, 1 H), 4.27 (br. s, 1 H), 4.17-4.13 (m, 1 H),
3.80 (t, J = 10.3 Hz, 1 H), 3.68 (dd, J = 10.3, 5.2 Hz, 1 H), 3.08 (s, 3
H) ppm. 3C NMR (75 MHz, [DgJacetone): § = 164.5, 149.6, 141.0,
127.9, 127.8, 71.3, 67.5, 62.1, 58.0, 44.4 ppm. IR (neat): ¥ = 3489,
3443, 3252, 2920, 1692, 1559, 1276, 1139, 770 cm™!. MS (CI, NH;):
miz = 373.09 [M + NH,]".

(1S,28)-1: Yield 72%, m.p. 161-163 °C; ref.l'* m.p. 164-167 °C. R¢
= 0.19 (CH,CL,/MeOH, 9:1). [aJ¥ = 9.2 (c = 0.25, MeOH). 'H
NMR (300 MHz, [Dglacetone): 6 = 7.89 (d, J = 8.4 Hz, 2 H), 7.69
(d, J=8.4Hz 2 H), 7.56 (d, J = 8.6 Hz, 1 H), 6.38 (s, | H), 5.30
(s, 1 H), 5.20 (s, 1 H), 429 (s, 1 H), 4.18-4.12 (m, 1 H), 3.80 (t, J
= 7.9 Hz, 1 H), 3.68 (dd, J = 10.0, 5.0 Hz, 1 H), 3.08 (s, 3 H) ppm.
13C NMR (75 MHz, [Dglacetone): & = 164.5, 149.6, 140.9, 127.9,
127.8, 71.2, 67.5, 62.1, 58.0, 44.4 ppm. IR (neat): ¥ = 3489, 3448,
3252, 2916, 1687, 1563, 1280, 1143, 774 cm . MS (CI, NH,): mlz
=373.10 [M + NH,]*.

Supporting Information (see footnote on the first page of this arti-
cle): NMR spectra of 1, 4-6, and 9 as well as SFC chromatograms
of 4 and 9.
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