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Rh(III)-Catalyzed Diastereoselective Transfer Hydrogenation：an 
Efficient Entry to Key Intermediates of HIV Protease Inhibitors 
Fangyuan Wang,† ‡  Long-Sheng Zheng,‡ Qi-Wei Lang,‡ Congcong Yin,‡ Ting Wu,‡ Phannarath Phan-
savath, § Gen-Qiang Chen,‡ Virginie Ratovelomanana-Vidal,§ * Xumu Zhang‡ * 

A highly efficient diastereoselective transfer hydrogenation of α-
aminoalkyl α′-chloromethyl ketones catalyzed by a tethered rhodium 
complex was developed and successfully utilized in the synthesis of the key 
intermediates of HIV protease inhibitors. With the current Rh(III) catalyst 
system, a series of chiral 3-amino-1-chloro-2-hydroxy-4-phenylbutanes 
were produced in excellent yields and diastereoselectivities (up to 99% 
yield, up to 99:1 dr). Both diastereomers of the desired products could be 
efficiently accessed by using the two enantiomers of the Rh(III) catalyst.

HIV infections are one of the world’s greatest public health challenges, 
especially in the poor areas.1 In 2018, over 37.9 million individuals 
worldwide were suffering from this disease, of which only 23.3 million 
had access to antiretroviral therapy, 1.7 million were newly infected 
and 0.77 million died.2 HIV-1 protease inhibitors (HIV PIs) are 
considered to be one of the most promising chemotherapeutic agents 
against HIV infections.3 To date, the approved HIV PIs by the US Food 
and Drug Administration (FDA) such as Atazanavir, Saquinavir, Ritonavir
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Figure 1. Selected privileged peptidomimetic HIV-1 inhibitors and their 
versatile synthetic intermediates.

and Darunavir have been recommended by the World Health 
Organization as essential drugs for a basic health system.4 Consequently, 
the development of highly efficient synthetic methods to access these 
HIV PIs is very important to reduce the cost and increase their usage in 
poverty-stricken areas. As can be seen from Figure 1, the HIV PIs have in 

common a chiral hydroxyethylamine moiety. To the best of our 
knowledge, the nucleophilic ring opening of the amino epoxides was 
the key step to construct this moiety and the amino epoxide 
intermediates (100’s tons annually) can be prepared after base 
treatment of 3-amino-1-chloro-2-hydroxy-4-phenylbutanes 2 or 3 which 
in turn can be obtained by diastereoselective reduction of N-protected 
chloroketones 1.
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During the last few decades, considerable efforts have been devoted 
to the diastereoselective reduction of chloroketones 1.5 NaBH4 or LiAlH4 
reduction6 and Meerwein–Ponndorf–Verley (MPV) reduction7 of the 
corresponding ketones could only produce the diastereomer 2 and low 
temperature (0 to -78 oC) was needed to control the diastereoselectivity 
(Scheme 1a). Biocatalytic methods for the reduction of N-protected 
chloroketones 1 have also been reported.8 However, these methods 
usually suffer from long reaction time, and the reaction outcome is 
highly substrate dependent. Besides, the preparation of the enzyme 
also requires elaborate and intricate methods, which limits their 
applicability and reproducibility (Scheme 1b). An asymmetric transfer 
hydrogenation of α-aminoalkyl α′-chloromethyl ketones 1 was 
reported9 in 2004 using chiral Rh(III)/TsDPEN (N-(p-toluenesulfonyl)-1,2-
diphenylethylenediamine) complex in a HCOOH/NEt3 mixture delivering 
optically active alcohols with up to 90:10 dr and up to 1000 TON. A 
Rh(III)-catalyzed asymmetric hydrogenation of 1 was described10 with 
92: 8 dr, but with only 11% conversion (Scheme 1c). The combination of 
enzyme catalysis and asymmetric hydrogenation was also disclosed in 
2003, albeit with low efficiency.11 Although significant progress has 
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been achieved, the highly efficient and diastereoselective reduction of 
α-aminoalkyl α′-chloromethyl ketones 1 is still highly demanded.

Asymmetric transfer hydrogenation (ATH) has emerged as a new 
branch of enantioselective synthesis.12 A variety of Ru, Rh, Ir catalysts in 
combination with the TsDPEN ligand was reported by Noyori, 13 Wills, 14 
Xiao 15 and other groups.16 These catalysts showed excellent catalytic 
performances in the ATH of ketones,17 imines,18 especially α-chloro 
ketones.19 In particular, the tethered catalysts20 developed by Wills and 
Ikariya, show greater activity and are more stable than the original non 
tethered catalysts. Herein, we report a transfer hydrogenation strategy 
for the synthesis of chiral 3-amino-1-chloro-2-hydroxy-4-phenylbutane 2 
with high efficiency (TON up to 4900) and high diastereoselectivity (up 
to 99:1 dr) (Scheme 1d).
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(100 L, 0.002 M in MeOH), HCOOH/Et3N azeotropic mixture (40 L) and MeOH (1.9 
mL) at 25 °C, 12 h. The conversions were determined by 1H NMR analysis and the dr 
values were determined by LCMS analysis.

Scheme 2. Evaluation of catalysts for the asymmetric transfer 
hydrogenation. a

We initially examined the transfer hydrogenation of 1a using the 
commercially available TsDPEN-derived Ru, Rh and Ir complexes (0.1 
mol %) in an azeotropic mixture of formic acid and triethylamine at 
25 °C, and the results are depicted in Scheme 2. Catalysts cat.1, cat.2, 
cat.3 and cat.4 exhibited moderate activity and diastereoselectivity for 
this transformation. The use of (S,S)-cat.5 afforded 2a with 89% 
conversion and 8:92 dr. Pleasingly, the catalytic activity of tethered 
catalyst cat.6 21 outperformed that of the catalysts previously evaluated, 
both in conversion and diastereoselectivity. Reduction of 1a with (R,R)-
cat.6 in azeotropic mixture of formic acid and triethylamine (S/C = 
1000) in 0.1 M MeOH at 25 °C afforded 2a with 99:1 dr value in 
complete conversion. The other diastereomer 3a was obtained 
quantitatively using the enantiomer of the complex, (S,S)-cat.6, with 
99:1 dr, demonstrating that the diastereoselectivity of the reduction 
was mainly controlled by the chirality of the ligand rather than the 
chirality of the adjacent stereogenic center.

Encouraged by these promising results, we further examined the 
effect of the solvents and the ratio of formic acid and triethylamine on 
the reaction (Table 1). The solvents played an important role in this 
catalytic transformation. When toluene, THF, dioxane and iPrOH were 
used as solvent, >99% conversions were achieved after 3 h with 97:3 to 
99:1 dr values (entries 2-4 and 6). The same conversions (>99%) were 
obtained in only 2 h in MeOH and 1 h in DCM with 99:1 dr value (entries 

5 and 7). We next explored the influence of the catalyst loading. Using 
0.02 mol% cat.6, 97% conversion was observed in DCM after 24 h with 
99:1 dr, while only 55% conversion was achieved in MeOH for the same 
reaction time (entries 8-9). Additionally, the influence of the formic 
acid/triethylamine ratio was studied. Thus, the use of 3:2 and 1:1 
mixtures as hydrogen donor source led to 96:4 dr and 98:2 dr 
respectively in full conversions in 4 h (entries 10-11).

Table 1. Optimization of reaction conditions for the Rh-catalyzed 
transfer hydrogenation of 1aa

HN
O

Ph

Cl HN
OH

Ph

Cl HN
OH

Ph

Cl

1a 2a

+
(R, R)-cat.6, HCOOH/NEt3

3a

Solvent

Bz Bz Bz

Entry HCOOH/NEt3 S/Cb Solvent Time (h) Conv. (%)c drd

1 5:2 1000 - 3 >99 98:2

2 5:2 1000 THF 3 >99 99:1

3 5:2 1000 iPrOH 3 >99 99:1

4 5:2 1000 toluene 3 >99 99:1

5 5:2 1000 MeOH 2 >99 99:1

6 5:2 1000 dioxane 3 >99 97:3

7 5:2 1000 DCM 1 >99 99:1

8 5:2 5000 MeOH 24 55 99:1

9e 5:2 5000 DCM 24 97 99:1

10e 3:2 1000 DCM 4 >99 96:4

11e 1:1 1000 DCM 4 >99 98:2

a Reaction condition: 0.2 mmol of 1a in 2.0 mL of solvent, catalyst (100 L, 0.002 M in 

MeOH), HCOOH/Et3N azeotropic mixture (40 L), 25 °C. b The molar ratio of substrate 

and catalyst c Determined by 1H NMR analysis. d Determined by LCMS analysis. e The 

catalyst (0.002 M in DCM).
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Scheme 3. Evaluation of the effect of N-protecting groups.

With the optimal reaction condition in hand (entry 9), we evaluated 
the effect of N-protecting groups, and the results are summarized in 
Scheme 3. Chloromethyl ketones with various N-protecting groups 
could be reduced with (S,S)-cat.6 and (R,R)-cat.6, delivering  the desired 
chiral alcohols 2 and 3. The yield and diastereoselectivity of the 
products were influenced by the configuration of catalyst cat.6 as well 
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as by the N-protecting group. The reduction of 1b and 1e with (S,S)-
cat.6 gave the products with higher dr values than (R,R)-cat.6. The 
reaction of 1a bearing a benzoyl protecting group gave the product with 
the highest dr value.
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Scheme 4. Substrate scope of the Rh(III) catalyzed transfer 
hydrogenation.a

The substrate scope of this transformation was also evaluated, and 
the results are shown in Scheme 4. For substrates with electron-
donating (Me and MeO) or electron-withdrawing groups (F, Cl, Br and 
CF3) on the para position of the phenyl group, the reaction proceeded 
smoothly to provide the corresponding products in high yield and 
diastereoselectivity (2f-2g and 2h-2k). The reaction also tolerated 
substrates with meta- or ortho-substitution on the phenyl group (2l and 
2m), and excellent yields and dr values were obtained. Slightly lower 
diastereoselectivity was achieved for substrates with naphthyl group or 
disubstituted phenyl group (2n-2o and 2p-2q). Heterocyclic substituted 
compounds containing 2-thienyl or 2-furyl substituents were also tested 
furnishing 2r and 2s with excellent yield and dr value. When the aryl 
substituent was replaced by isopropyl or cyclohexyl groups, the 
corresponding products 2t and 2u were formed with 96:4 and 99:1 dr 
respectively. The other diastereomer 3 could be prepared in similar or 
higher diastereoselectivity (3h, 3p, 3n, 3r and 3u) by using  (S,S)-cat.6.

To demonstrate the synthetic utility of this asymmetric transfer 
hydrogenation, four gram-scale transformations were conducted 
(Scheme 5). Under the standard reaction conditions, 1a was converted 
to 2a in 97% yield and 99:1 dr while 3a was obtained in 93% yield and 
99:1 dr using catalyst (S,S)-cat.6. Moreover, 2b and 3b were also 

obtained with >99:1 dr after recrystallization under the standard 
reaction conditions.
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Scheme 5. Gram scale experiments.

In conclusion, we have developed an efficient Rh(III)-catalyzed 
diastereoselective transfer hydrogenation of α-aminoalkyl α′-
chloromethyl ketones. As far as asymmetric transfer hydrogenation is 
concerned, this practical, operationally simple diastereoselective and 
functional-group-tolerant method allows to efficiently access both 
diastereomers of the corresponding alcohols at low catalyst loading, in 
high yield and diastereoselectivity (up to 99% yield, up to 99:1 dr, up to 
4900 TON). Direct access to a variety of chloro hydroxylamines was 
achieved using the disclosed method providing an efficient and concise 
route to 1-chloro-2-hydroxy-4-phenylbutanes, which are key 
intermediates of HIV protease inhibitors.
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Rh(III)-Catalyzed Diastereoselective Transfer Hydrogenation：an 
Efficient Entry to Key Intermediates of HIV Protease Inhibitors
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ref. 6a

ref. 6a

30 examples
up to 99:1 dr, 99% yield
TON up to 4900
gram scale synthesis

A highly efficient diastereoselective transfer hydrogenation of α-
aminoalkyl α′-chloromethyl ketones catalyzed by a tethered rhodium 
complex was developed and successfully utilized in the synthesis of the 
key intermediates of HIV protease inhibitors. With the current Rh(III) 
catalyst system, a series of chiral 3-amino-1-chloro-2-hydroxy-4-
phenylbutanes were produced in excellent yields and 
diastereoselectivities (up to 99% yield, up to 99:1 dr). Both diastereomers 
of the desired products could be efficiently accessed by using the two 
enantiomers of the Rh(III) catalyst.

Fangyuan Wang, Long-Sheng Zheng, Qi-Wei Lang, Congcong Yin, Ting Wu, 
Phannarath Phansavath, Gen-Qiang Chen, Virginie Ratovelomanana-Vidal, * Xumu 
Zhang *
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