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Dynamic Kinetic Resolution Approach for the Asymmetric
Synthesis of Tetrahydrobenzodiazepines Using Transfer
Hydrogenation by Chiral Phosphoric Acid

Kosaku Horiguchi,[a] Eri Yamamoto,[b] Kodai Saito,[a, c] Masahiro Yamanaka,[b] and
Takahiko Akiyama*[a]

Abstract: Asymmetric synthesis of tetrahydrobenzodiaze-

pines was achieved by transfer hydrogenation of dihydro-
benzodiazepines with benzothiazoline having a hydrogen-
bonding donor substituent by means of a newly synthe-
sized chiral phosphoric acid. This method was applicable
to various racemic dihydrobenzodiazepines to give the

corresponding products in good yields with excellent dia-
stereoselectivities and enantioselectivities taking advant-

age of the dynamic kinetic resolution. Furthermore, the

effect of bulky substituent at 3,3’-position on the catalyst
and hydrogen-bonding donor substituent on benzothiazo-

line was fully elucidated by the theoretical study.

Enantiomerically pure compounds are key components of

pharmaceuticals and agrochemicals. Thus, the development of
new methods for the asymmetric synthesis of chiral skeletons

has captured the attention of synthetic organic chemists. Al-

though kinetic resolution is one of the representative methods
for the preparation of chiral compounds,[1] this method gives

a maximum chemical yield of 50 % for a particular enantiomer.
On the other hand, dynamic kinetic resolution (DKR) has

proven to be a more versatile strategy in terms of chemical
yield, theoretically allowing the stereodivergent transformation

of both enantiomers of a racemic substrate into a single enan-

tiomer of a target molecule up to 100 %.[2] Although DKR of al-
cohols could be achieved by either chemical[3] or chemoenzy-

matic approaches,[4] catalytic non-enzymatic methodologies for
the DKR of amines are much less developed than those of al-

cohols. The development of DKR of amines is, thus, in high
demand.[5]

Nitrogen-containing cyclic chiral molecules with multiple

stereogenic centers have attracted much attention in recent
years. Benzodiazepine derivatives, in particular, possess unique

seven-membered cyclic chiral centers, and the biological activi-

ties of these compounds have shown several promising func-
tions.[6] Although the asymmetric synthesis of 1,5-benzodiaze-

pines[7] has been investigated by organocatalyzed transfer hy-
drogenation[7a] and transition-metal-catalyzed hydrogena-

tion,[7b] highly stereoselective synthesis of these structures is
extremely important, and the mechanism, in particular the the-

oretical study, has not yet been fully investigated.

The organocatalyzed enantioselective transfer hydrogena-
tion (ATH) of carbon–nitrogen double bonds has been recog-

nized as one of the most reliable approaches to give chiral
amines.[8] We have recently developed chiral phosphoric-acid-

catalyzed ATH of a range of ketimine derivatives using benzo-
thiazoline as a hydrogen donor.[9, 10] Tuning the 2-substituent of

benzothiazoline improved both reactivity and enantioselectivi-

ty. Based on these properties, we envisioned that the choice of
the 2-substituent of benzothiazoline might serve as a new

strategy to control the enantioselectivity of ATH of other com-
plex molecules, thus extending the application of this combi-

nation of chiral phosphoric acid with benzothiazoline. Herein,
we report the highly stereoselective ATH of dihydrobenzodia-

zepines involving the DKR process, in which a newly synthe-

sized chiral phosphoric acid was employed in conjunction with
benzothiazoline bearing a hydrogen-bonding donor substitu-

ent. The necessity of the precise hydrogen-bonding interaction
in the transition state of this ATH was elucidated by theoretical
studies.

At the outset, we studied ATH of 1 a with (R)-TRIP[11] 2 a in

the presence of 3 a as a model reaction (Table 1, entry 1, see
the Supporting Information for details). The reaction proceed-
ed slowly to give (S,S)-5 a[12] in 8 % yield with a 2.4:1 diastereo-

meric ratio and 88 % ee. Surprisingly, use of benzothiazoline
3 b bearing a 3-hydroxyphenyl moiety dramatically improved

both yield and diastereomeric ratio to 90 % and 7.6:1, respec-
tively, with an increase of ee to 96 % (entry 2). This result

showed that DKR is operative in the ATH, including racemiza-

tion of the original stereogenic center at the 2-position of the
substrate.[13, 14] The use of Hantzsch ester 4 in place of benzo-

thiazoline exhibited an efficient and enantioselective hydroge-
nation, but with low diastereoselectivity (entry 3). Remarkable

improvement of diastereoselectivity was observed when (R)-2 b
bearing a more bulky 3,3’-substituent was employed (trans/cis
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>99:1, entry 4). Diastereoselectivity was not affected by the

combined use of (R)-2 b with Hantzsch ester 4 (entry 5). The
use of a larger amount of 5 æ MS and 3 b led to significant in-

crease in yield (94 %, entry 6).
We explored the scope of the transfer hydrogenation of 2,4-

diaryl-dihydrobenzodiazepine derivatives 1 using 3 b and (R)-

2 b (Table 2). A range of C2-symmetric 2,4-diaryl-tetrahydroben-
zodiazepines were obtained in good yields with excellent

enantioselectivities (entries 1–9). Next, we explored the reac-
tions by using substrates bearing different aryl groups at the

2,4-positions, which had not been employed by the previous
asymmetric hydrogenation approaches.[7b] Substrates 1 j–l con-
taining trifluoromethyl and methoxy groups at 2- or 4-posi-

tions were all tolerated to give 5 j and l in high yields with ex-
cellent stereoselectivities. The introduction of a functional
group on the fused phenylene ring also led to excellent stereo-
selective transfer hydrogenation, giving 5 m and n in good

yields with excellent stereoselectivities. N-Methylated 1 o pro-
vided access to 5 o. Use of 3 b-D for this reaction resulted in

the formation of 5 a-D in 80 % yield with 99 % ee.[15, 16]

As an extension of this work, we investigated the ATH of
benzodiazepine 6 a.[7b] When 6 a was subjected to the same re-

action conditions using 2.4 equivalents of 3 b, we isolated 5 a
in 85 % yield with slightly higher stereoselectivities (trans/cis

>99:1, >99 % ee). Interestingly, when this reaction was per-
formed for a shorter reaction time, 1 a was recovered in low

yield in racemic form. This result confirmed that the faster

second hydrogenation step is the stereochemically determin-
ing step. The scope of the reaction is summarized in Scheme 1.

Unfortunately, alkyl-substituted substrate 6 q gave no conver-
sion.

To elucidate mechanism of the racemization process in the
present DKR, we tried to trap the reaction intermediate. Treat-

Table 1. Examination of reaction conditions.

Entry 3 or 4 Yield [%][a] d.r.[b] ee [%][c]

1 3 a 8 2.4/1 88
2 3 b 90 7.6/1 90
3 4 quant. 1.1/1 >99
4[d] 3 b 76 >99/1 >99
5[d] 4 quant. 1.1/1 >99
6[d,e] 3 b 94[f] >99/1 >99

[a] Yields were determined by NMR spectroscopy. [b] d.r. (trans/cis) values
were determined by NMR analysis of crude products. [c] Determined by
chiral HPLC analysis. [d] (R)-2 b was used. [e] 3 b (1.4 equiv) and 5 æ MS
(200 mg) were used. [f] Isolated yield.

Table 2. Substrate scope.

Entry 1 Ar1 Ar2 5 Yield [%][a] ee [%][b]

1 1 a Ph Ph 5 a 94 >99
2 1 b 4-FC6H4 4-FC6H4 5 b 67 >99
3 1 c 4-ClC6H4 4-ClC6H4 5 c 91 99
4 1 d 4-BrC6H4 4-BrC6H4 5 d 90 >99
5 1 e p-Tol p-tol 5 e 96 99
6 1 f m-tol m-tol 5 f 89 99
7 1 g 3-ClC6H4 3-ClC6H4 5 g 71 >99
8 1 h 3-BrC6H4 3-BrC6H4 5 h 75 >99
9 1 i 2-thienyl 2-thienyl 5 i 74 99
10 1 j 4-CF3C6H4 4-CF3C6H4 5 j quant. 99
11 1 k Ph 4-CF3C6H4 5 j quant. >99
12 1 l PMP Ph 5 l quant. >99

[a] Yields were determined by NMR spectroscopy. [b] d.r. (trans/cis) values
were determined by NMR analysis of crude products. [c] Determined by
chiral HPLC analysis. [d] (R)-2 b was used. [e] 3 b (1.4 equiv) and 5 æ MS
(200 mg) were used. [f] Isolated yield.

Scheme 1. Reaction of benzodiazepines (isolated yields are given; d.r. was
determined by NMR analysis of the crude product; ee was determined by
chiral HPLC analysis).
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ment of rac-1 a with decanethiol (10 equiv) in the presence of
phosphoric acid (R)-2 a, and subsequent treatment with NaBH4

gave aminothiol 7 in 25 % yield. Sulfide 7 was considered to
be formed by thia-Michael reaction of decanethiol to 8, which

was obtained by retro-aza-Michael reaction of 1 a followed by
reduction with NaBH4 (Scheme 2).[17] This result suggests that

1 a was racemized by the sequential retro-Michael/Michael ad-
dition reaction.

Gong and co-workers had reported phosphoric-acid-cata-

lyzed asymmetric synthesis of dihydrobenzodiazepines

through DKR process,[7a] and proposed that the starting materi-
al racemized by the sequential retro-Mannich/Mannich reac-

tions.[18] Upon treatment of rac-1 a with p-nitrobenzaldehyde in
the presence of (R)-2 a, rac-1 a was recovered in 70 % yield

without formation of scrambling product (Scheme 3). These re-
sults clearly show that the racemization of benzodiazepine de-

rivatives proceeded by retro-Michael/Michael reactions (R = H)

different from the mechanism of Gong (retro-Mannich/Mannich
reactions; R = Me; Scheme 4).

Focusing on the second hydrogenation step, DFT calcula-

tions[19] of (R)-2 a-catalyzed ATH of 1 a by using 3 b were carried

out to elucidate the major factors for controlling the stereo-
chemistry. Based on the previously reported theoretical study

of the phosphoric acid catalysis,[20, 21] a dicoordinated model of
the transition state (TS) was predicted. As a preliminary study,

various transition structures corresponding to two absolute
configurations of 3 b (R and S, TS1 r and TS1 s), the enantiofa-

cial selection of 1 a [leading to (S,S) and (R,R) enantiomers of 5,

TS1 a and TS1 b] , and three coordination modes between (R)-
2 a and 1 a (TS1_A, TS1_B, and TS1_N, Figure 1 a) were com-
pared (see the Supporting Information). After exploring those
diastereomeric TSs, four types of TSs were found to be ener-

getically more favored for each enantiomer of 5 (Figure 1 b). In
both TS1_A and TS1_B, 3 b interacts with the phosphoric acid

moiety of (R)-2 a through the two-point hydrogen bonds at

the NH and m-OH groups (TS1_A : naphtholic oxygen; TS1_B :
phosphoryl oxygen). Depending on the coordination modes A

and B, 3 b is oriented perpendicular and parallel to the phos-
phate moiety (e.g. , O-P-O plane) in TS1_A and TS1_B, respec-

tively. For TS1_A, therefore, (S)-3 b is only fitted into the chiral
space constructed by the 3,3’-substituents of (R)-2 a.[22] In con-

trast, two types of diastereomeric TS1_B (TS1_B and TS1_B’)
having different relative orientations of 1 a and 3 b exist there
due to the lack of coordination of 1 a on the phosphoric acid

moiety. It was noted that both TS1 as_A and TS1 as_N leading
to the major (S,S)-5 a are relatively more stable than the other

diastereomeric TSs. On the other hand, both TS1 bs_A and
TS1 bs_B leading to the minor (R,R)-5 a are located in a similar

Scheme 2. Reaction of dihydrobenzodiazepine with thiol.

Scheme 3. Reaction of dihydrobenzodiazepine with aromatic aldehyde.

Scheme 4. Racemization pathway of dihydrobenzodiazepine derivatives.

Figure 1. (a) Coordination modes between (R)-2 a and 1 a and (b) diastereo-
meric TS structures of TS1 as and the relative energies [kcal mol¢1] of both
TS1 as and TS1 bs.
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energy level, albeit 2.7 and 3.0 kcal mol¢1 less stable, respec-
tively, than the most stable TS1 as_A. These computational re-

sults are qualitatively consistent with the experimentally ob-
served high enantioselectivity of (S,S)-5 a.[23]

Structural analysis of TS1 as_A, TS1 as_N, TS1 bs_A, and
TS1 bs_B allowed us to obtain deep insights into the stereo-

control. TS1 as_A and TS1 as_N have no unfavorable steric in-
teractions when the preferred ring-flipped conformation of 1 a
is located in the empty upper right-hand quadrant

(Figure 2).[24] Both TS1 as_A and TS1 as_N are stabilized by the
attractive interaction between (R)-2 a and 3 b through the OH/
O and OH/p hydrogen bonds, respectively. The m-OH group of
3 b plays a key role in fixing the orientation in the chiral space

and stabilizing the TS through the multipoint hydrogen bond.

On the other hand, the phenylene moiety of 1 a has serious
steric repulsion with the 3,3’-substituent of (R)-2 a to destabi-

lize TS1 bs_A. In spite of the loss of steric repulsion between
1 a and (R)-2 a, TS1 bs_B is also destabilized by the absence of

the NH/phosphoryl oxygen hydrogen bond. The 3,3’-substitu-
ent effect of (R)-2 b achieving higher diastereoselectivity than

(R)-2 a was also addressed. Although a beneficial effect of
bulky para-substituent at the 3,3’-substituent on stereoselectiv-

ity in chiral phosphoric acid catalysis had been documented,

such remote stereocontrol of the 3,3’-substituent had not
been elucidated.[25] The energy difference between the ener-
getically favored and competitive diastereomeric TSs (TS1 as_A
and TS1 gs_A) is significantly larger for (R)-2 b (3.1 kcal mol¢1)

than (R)-2 a (0.4 kcal mol¢1), which is in good agreement with
the experimental results. The deeper chiral space constructed

by the 3,3’-biaryl substituents in (R)-2 b enables the control of

stereoselectivity at the remote site (highlighted in green,
Figure 3). The terminal aryl substituent of (R)-2 b induces steric

repulsion with the Ph group of 1 a to significantly destabilize
TS1 gs_A. These computational studies fully explained the

origin of the high enantioselectivity, as well as the remote con-
trol of high diastereoselectivity in the (R)-2 a and (R)-2 b cata-

lyzed ATH of 1 a using 3 b.

In conclusion, we have developed highly efficient method
for the construction of 1,5-tetrahydrobenzodiazepines based
on organocatalyzed transfer hydrogenation of dihydrobenzo-
diazepines involving the DKR process. The salient features are

1) DKR of cyclic amines was promoted by chiral phosphoric
acid; 2) 2-substituent of benzothiazoline specifically enhanced
the efficiency of this DKR; 3) high remote stereocontrol was
achieved by newly synthesized chiral phosphoric acid catalyst;
and 4) the unique effect of the substituent of benzothiazoline
and chiral phosphoric acid was rationalized by the DFT study
to be hydrogen-bonding network, formed between the cata-

lyst and hydrogen donor. Further investigation of the mecha-
nism and applications to the synthesis of more complex mole-
cules are underway in our laboratory.

Figure 2. Schematic representations and 3D structures of TS1 as_A, TS1 as_
N, TS1 bs_A, and TS1 bs_B. The relative energies [kcal mol¢1] are shown in
parentheses.

Figure 3. Partial 3D structures of TS2 as_A and TS2 gs_A. The relative ener-
gies [kcal mol¢1] are shown in parentheses.
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Experimental Section

A typical procedure for the reaction of rac-1 a is described. A mag-
netic stirrer and powdered 5 æ MS (200 mg) were placed in
a round-bottom flask (10 mL) under nitrogen atmosphere. The 5 æ
MS were then dried with a heat gun under reduced pressure, and
the round-bottom flask was refilled with nitrogen. Compound rac-
1 a (29.8 mg, 0.0999 mmol), phosphoric acid (R)-2 b (5.37 mg,
5.00 mmol), and benzothiazoline 3 f (32.1 mg, 0.140 mmol) were
added to the round-bottom flask successively under nitrogen at-
mosphere at room temperature. Benzene (2 mL) was added to the
round-bottom flask. After being stirred for two days at room tem-
perature, the mixture was filtered over Celite pad (washed with
CH2Cl2), the filtrate was concentrated under reduced pressure, and
the residue was purified by preparative thin-layer chromatography
on silica gel (AcOEt/hexane 1:10) to give 28.2 mg (0.0939 mmol,
94 %, >99 % ee, trans/cis >99:1) of (S,S)-5 a.
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