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Abstract: A new class of low-cost and easy-to-pre-
pare monodentate phosphoramidite ligands (Cydam-
Phos) has been developed from readily accessible
and cheap trans-1,2-diaminocyclohexane as starting
material through a three-step transformation. This
type of ligands exhibited excellent enantioseletivities
and high activities in rhodium(I)-catalyzed asymmet-
ric hydrogenations of dehydro-a-amino acid methyl

esters 9 (ee: 96.2-99.8%) and acetylenamides 11
(91.8-98.8 % ). The remarkable substituent effects ex-
hibited by the ligands on the enantioselective control
of the catalysis are rationalized on the basis of mo-
lecular structure of the catalyst precursor.

Keywords: asymmetric catalysis; hydrogenation;
modular ligands; phosphoramidites; rhodium

Introduction

Although the first catalytic homogeneous enantiose-
lective hydrogenation of olefinic compounds was real-
ized by using chiral monodentate phosphine/Rh com-
plexes,l a considerable number of bidentate chiral
phosphine ligands have been developed over the past
three decades since the appearance of Kagan’s
DIOP? and Knowles’s DIPAMPI?*¢] in the early
1970s, as well as Noyori’s BINAP shortly thereaf-
ter.?d] This was probably due to a generally accepted
dogma that monodentate ligands would have too
many degrees of freedom, leading to low enantiose-
lectivity, and that bidentate ligands were a prerequi-
site to reduce the rotational freedom around the
metal-phosphorus bond for efficient asymmetric in-
duction in the catalysis.[3] On the other hand, the pio-
neering works of Ferringa, de Vries, Reetz, Pringle
and others!* at the beginning of this century brought
about a renaissance for the use of monodentate phos-
phorus ligands (e.g., 1) in asymmetric hydrogenations.
Since then, the development of monodentate phos-
phorus ligands, for example, 2 and 3, has been a re-
search topic of increasing interest due to the facts of
their easy preparation, good stability, as well as excel-
lent activity and enantioselectivity in asymmetric cat-
alysis.l> 10
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3 (DpenPhos)
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Very recently, we reported a type of modular mono-
dentate phosphoramidite ligand 3 (DpenPhos) for
Rh(I)-catalyzed asymmetric hydrogenations of a vari-
ety of olefin derivatives.'"] Despite the advantages of
excellent enantioselectivities and fine-tuning capabili-
ty exhibited by this type of ligands, their syntheses
were somewhat tedious. As an effort to develop low-
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cost and easy-to-prepare phosphorus ligands which
can still hold the advantages of DpenPhos, herein we
report our results on the design and synthesis of a
new class of modular monodentate phosphoramidite
ligand 4 (CydamPhos) starting from very cheap and
readily accessible trans-1,2-diaminocyclohexane and
salicylaldehyde derivatives, as well as their applica-
tions in Rh!-catalyzed asymmetric hydrogenation of
both a-dehydroamino acid derivatives and a-arylen-
amides.

Results and Discussion

As shown in Scheme 1, the synthesis of monophos-
phorus ligands 4 was quite straightforward. Simple
condensation of (1R,2R)-1,2-diaminocyclohexane (5)
with salicylaldehyde derivatives (6a-d) in hot ethan-
ol,"4] followed by vacuum evaporation of the solvent,
gave the corresponding salen derivatives, which were
directly submitted to the subsequent intramolecular
reductive coupling using manganese as the reducing
agent.[nb] The key diphenol intermediates 7a—d were
obtained in 71-85% overall yields. The hydroxy
groups of 7a were then protected with trimethylsilyl
chloride (TMSCI) in the presence of Et;N,[''l and the

o (a) ethanol

_—
(b) Mn, CF,CO,H
71-85%

H,N

NH, R

aooTe
0RO

P(NMe,); or
P(NEt,); (1.1 equivs.)

protected intermediate was directly condensed with
the corresponding acyl chloride without separation.
The trimethylsilyl groups in the resulting product was
then removed with KF/TBAB/H,0O at room tempera-
ture, affording the corresponding N,N'-acyl protected
diphenols 8b—d in high yields. The preparations of di-
phenols 8a and 8e-g were more straightforward. Di-
phenol 8a was obtained by direct reaction of 7a with
acetic anhydride in the presence of K,COj3, and 8e-g
by the reactions of 7b—d with benzoyl chloride in the
presence of Et;N. Diphenol 8b could be also prepared
in high yield by an analogous procedure as that for
8e—g. Finally, diphenols 8a-g were treated with hexa-
methylphosphorus triamide (HMPT) or hexaethyl-
phosphorus triamide in refluxing toluene or xylene to
give the desired ligands 4a-i in moderate to good
yields. These ligands are stable enough to allow ma-
nipulation in open air and can be stored under an
argon atmosphere over several months without any
degradation. It is noteworthy that owing to the facile-
ness of each step as well as the easy-to-handle nature
of all the related intermediates, ligand 4b could be
readily prepared in tens of grams scale without using
any chromatographic purification.

With ligands 4a-i in hand, we then examined their
asymmetric induction ability in Rh(I)-catalyzed enan-

RCOCI or
73 - 98% | (RCO),0
Et;N

4a: R=H, R'=Me, R" = Me

4b: R=H, R'=Ph, R" = Me

4c: R = H, R' = 4-MeCg4H,, R" = Me
4d: R = H, R' = 3,5-Me,Cg¢H3, R" = Me
4e:R=H,R =Me, R"=Et

4f R=H R =Ph, R"=Et

4g: R = 3-Me, R' = Ph, R" =Me
4h: R = 4-Me, R' = Ph, R" = Me
4i: R = 5-Me, R' = Ph, R" = Me

Scheme 1. Synthesis of monodentate ligands 4a-i.
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8a:R=H,R'=Me

8b: R=H, R'=Ph

8c: R=H, R'=4-MeCgH,4
8d: R=H, R' = 3,5-Me,C¢H;
8e: R=3-Me, R'= Ph

8f: R = 4-Me, R' = Ph

8g: R =5-Me, R'=Ph
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tioselective hydrogenations. In order to optimize the
reaction conditions, ligand 4b was first tested for the
Rh(I)-catalyzed enantioselective hydrogenation, and
the a-dehydroamino acid derivative 9¢ and a-phenyl-
enamide 11a were taken as representative substrates,
respectively. The reactions were carried out at room
temperature using 1 mol % of Rh(I) catalyst. After a
preliminary examination of the reaction conditions
(See Table S1 in the Supporting Information), it was
found that dichloromethane was the best choice of
solvent and a 1:2.1 molar ratio of Rh(I) to 4b was op-
timal for the hydrogenation of both substrates. The
hydrogenation of o-dehydroamino acid derivative 9¢
at 20 bar of hydrogen pressure and a-phenylenamide
11a at 10 bar afforded the highest enantioselectivities
(99.5% ee and 98.2% ee, respectively).

Under the optimized reaction conditions, the im-
pacts of the R, R’ and R” substituents in CydamPhos
ligands 4a—i on the enantioselectivities of Rh(I)-cata-
lyzed hydrogenations of a-dehydroamino acid deriva-

tive 9¢ and enamide 11a were subsequently investigat-
ed. As can be seen from Table 1, the substituents R,
R’ and R” in the ligands can exert substantial influen-
ces on the asymmetric induction of both reactions. In
particular, the change of R’ groups from N-alkylacyl
to N-arylacyl substituents in the ligands can switch
the sense of asymmetric induction from § to R
(entry 1 vs. 2; entry 10 vs. 11). On the other hand, the
sterically more demanding 3,5-xylyl is obviously un-
favorable to the enantioselective control of the reac-
tion (entries 2-4 and 11-13). This is different from the
substituent effect of R in DepenPhos 3 where more
bulky R resulted in better asymmetric induction.!'”!
Remarkably, modification of the phosphoramidite N-
substituents R” can also lead to a change in enantio-
selectivities, with smaller methyl groups exhibiting
better ees (entries 1, 2 and 10, 11 vs. entries 5, 6 and
14, 15, respectively). The same trend has also been
observed in the Rh(I)-catalyzed hydrogenations of -
dehydroamino acid derivatives and enamides with

Table 1. The impact of R, R" and R” groups in monodenate ligands 4a—i on the enantioselectivity of Rh(I)-catalyzed hydro-
genation of a-dehydroamino acid derivative 9¢ or enamide 11a."

1 mol 9
Xy C0LHs [Rh(cog)z]/;,3F4/4 _-CO,CHs
+ H, =
©/\|‘\I/HAC 20h mAc
9¢c 10c
1 mol %
- Rh(COD),BF, / 4 )\
Ph NHAc 20 h Ph NHAc
11a 12a

Entry R,R" and R”in 4 Substrate ee [%]" Configuration!
1 R=H, R'=Me, R"=Me (4a) 9¢ 96.0 S
2 R=H, R'=Ph, R"=Me (4b) 9¢ 99.5 R
3 R=H, R'=4-MeC¢H,, R"=Me (4c) 9¢ 96.7 R
4 R=H, R'=3,5-Me,C,H,, R”=Me (4d) 9¢ 74.6 R
5 R=H, R'=Me, R"=Et (4e) 9¢ 18.4 R
6 R=H, R'=Ph, R"=Et (4f) 9¢ 94.4 R
7 R =3-Me, R'=Ph, R"=Me (4g) 9¢ 6.5 R
8 R=4-Me, R'=Ph, R"=Me (4h) 9¢ 64.8 S
9 R=5-Me, R"=Ph, R"=Me (4i) 9¢ 22.4 S
10 R=H, R'=Me, R"=Me (4a) 11a 42.3 S
11 R=H, R'=Ph, R"=Me (4b) 11a 98.1 R
12 R=H, R'=4-MeC¢H,, R"=Me (4c) 11a 95.3 R
13 R=H, R'=3,5-Me,CsH;, R"=Me (4d) 11a 47.8 R
14 R=H, R'=Me, R"=Et (4e) 11a 0 -
15 R=H, R'=Ph, R"=Et (4f) 11a 93.6 R
16 R=3-Me, R'=Ph, R" =Me (4g) 11a 1.8 R
17 R=4-Me, R"=Ph, R"=Me (4h) 11a 34.0 S
18 R=5-Me, R"'=Ph, R"=Me (4i) 11a 54.9 R

2] All of the reactions were carried out at room temperature with a substrate concentration of 0.2M [substrate/cata-
lyst=100:1, Rh(I)/4=2.1)] for 20 h under 20 bar of H, pressure for 9¢ or 10 bar for 11a. The conversion of substrate was

determined by '"H NMR to be >99 %.
[l Determined by chiral HPLC.

[l Assigned by comparison of their optical rotations with literature data.
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analogous chiral monodentate phosphoramidite li-
gands, such as SIPHOS!™ and DepenPhos.[w] On the
other hand, the substituent in MonoPhos/Rh(I)-cata-
lyzed reactions showed an opposite effect, where
N,N-diethyl-substituted MonoPhos exhibited a better
enantioselective induction than the N,N-dimethyl ana-
logue.[gﬂ Although at the present stage the exact
reason for the dramatic substituent effect of the N,N-
substituents (R”) in these ligands on the enantioselec-
tion of the reaction is still unclear, the fine-tuning of
bite angles (P-Rh—P) in the catalytically active spe-
cies to match the different substrates may be critical
for both the reactivity and enantioselectivity of the
catalysis. Moreover, the R (Me) group situated at dif-
ferent positions of the phenoxy moieties in the ligands
could also significantly alter the enantioselectivities or
switch the sense of asymmetric induction of the catal-
ysis (entries 7-9 and 16-18). These observations sug-
gested that the stereocontrol capabilities of 4 are
highly sensitive to the subtle changes in the structural
moieties (R, R" and R"”). These facts along with the
modular nature of this type of ligands suggest that
their asymmetric induction capabilities could be read-
ily tuned by judicious modifications of the R, R’ and
R” substituents at the skeleton of the CydamPhos li-
gands, which represents a valuable feature for ligand
optimization. Within the ligand series 4a—-i, 4b turns
out to be the most enantioselective chiral ligand for
both reactions.

To investigate the substrate adaptability of the
Rh(I) catalyst composed of ligand 4b, a variety of a-
dehydroamino acid derivatives 9a-p and enamides
11a-h were hydrogenated under the optimized reac-
tion conditions, and the results are summarized in
Table 2. The catalyst Rh(I)/4b is very efficient for the
asymmetric hydrogenation of various o-dehydroami-
no acid derivatives (9a—p), affording the correspond-
ing o-amino acid derivatives (10a—p) with excellent
enantioselectivities (96.2-99.8 % ee, entries 1-16). The
substituent situated at the B-position of the a-dehy-
droamino acid derivatives has little impact on the
enantioselectivity of the reaction. When the hydroge-
nation of a-dehydroamino acid derivative 9¢ was car-
ried out with reduced catalyst loading (0.1 mol%),
the corresponding o-amino acid derivative could be
obtained in quantitative yield without a significant
loss of enantioselectivity (entry 17 vs. 3). The catalyst
Rh(I)/4b also demonstrated excellent enantioselectivi-
ty in the Rh(I)-catalyzed hydrogenation of a variety
of a-arylenamides 11a-h, affording the corresponding
a-arylamine derivatives 12a-h in 91.8-98.4% ee (en-
tries 18-25). To estimate the catalytic activity of the
Rh(I) complex with CydamPhos (4) ligand for the
titled reaction, the reaction profiles for the Rh(I)-cat-
alyzed hydrogenation of a-dehydroamino acid deriva-
tive 9¢ using MonoPhos (1le, where R is methyl),
DpenPhos (3, where R is benzyl and R’ is methyl) or
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Table 2. Enantioselective hydrogenation of a-dehydroamino
acid 9 and enamide 11 derivatives under the catalysis of
[Rh(cod),|BF,/4b.1

[Rh(cod),]BF ,/4b
N CO,CH, l_: rr;c())l °/(t; R/\i/0020H3
2, 20 atm, NHA,
NHAC CH,Cl, ¢
9a-p 10a -p
[Rh(cod),]BF ,/4b
JL 1 mol % J\
R NHAc H,, 10 atm, R NHAc
CH,Cl,
11a-h 12a-h

Entry Rin9and 11 ee [%]® Configuration!”

1 H (9a) 98.8 R
2 CH; (9b) 98.7 R
3 C¢H; (9¢) 99.5 R
4 4-BrC¢H, (9d) 99.7 R
5 3-BrC4H, (9e) 99.4 R
6 2-BrC4H, (9f) 99.2 R
7 4-CIC4H, (9g) 99.3 R
8 3-CIC4H, (9h) 98.0 R
9 4-CH,;0CH, (9i) 97.4 R
10 3-CH;0C¢H, (9j) 99.5 R
11 3-FC¢H, (9Kk) 98.7 R
12 4-O,NC4H, (91) 99.3 R
13 2-O,NC¢H, (9m) 96.2 R
14 3,4-(CH;0),C¢H; (9n) 98.2 R
15 3-AcO-4-CH;OC¢H; (90) 99.8 R
16 2-naphthyl (9p) 98.4 R
179 C4H; (9¢) 98.2 R
18 C¢H; (11a) 98.1 R
19 4-CIC4H, (11b) 95.0 R
20 4-CH,0C4H, (11¢) 95.7 R
21 4-CH,C¢H, (11d) 98.4 R
22 4-FC.H, (11e) 92.2 R
23 4-BrC¢H, (11f) 95.3 R
24 3-BrC¢H, (11g) 91.8 R
25 2-naphthyl (11h) 96.8 R

[} All of the reactions were carried out in dichloromethane
at room temperature at a substrate concentration of
0.2M (substrate/catalyst=100:1). The reaction time is 2 h
for substrate 9 and 5 h for 11, respectively. The con-
version of substrate was determined by '"H NMR to be
>99%.

[l Determined by chiral HPLC or GC.

[l Assigned by comparison of their optical rotations with
literature data.l'”

[ Catalyst loading is 0.1 mol % with 20 h of reaction time.

4b were obtained by analyzing aliquots taken from re-
action mixtures at regular intervals using the
'"H NMR technique. All reactions were carried out in
dichloromethane at room temperature under 15 atm
of H, in the presence of 1 mol% catalyst. It was
found that the catalyst composed of 4b exhibited a
relatively lower catalytic activity than MonoPhos or

Adv. Synth. Catal. 2006, 348, 1049-1057
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Figure 1. Crystal structure of 4b (top) and [Rh{4b}2(c0d)ﬁ]Jr BF,” (bottom). The BF,” anion and all hydrogen atoms have
been omitted for clarity. Selected interatomic distances [A], angles, and torsion angles [°] in ligand 4b: P(1)-N(2) 1.711(4),
P(1)-0O(2) 1.456(3), P(1)~-O(2 A) 1.492(3); and [Rh{4b},(cod)]* BF,: Rh—P(1) 2.296(3), Rh—P(2) 2.302(3), P(1)-N(1)
1.647(13), P(2)-N(2) 1.625(14); P(1)~O(1) 1.624(9), P(1)-0O(2) 1.640(10), P(2)-O(3) 1.622(10), P(2)—~O(4) 1.651(10); P(1)—
Rh—P(2) 95.96(11), P(1)-Rh—P(2)—N(2) 27.1(6), P(2)—Rh—P(1)—N(1) 29.6(6).

DpenPhos in this reaction (see Figure S1 in Support-
ing Information). For the reaction catalyzed by Rh(I)/
4b, there is clearly an incubation stage for the reac-
tion within the initial 15 min period, after which the
conversion increased steadily in a nearly linear fash-
ion over the following 25 min. Although the exact
reason for the presence of an incubation period is not
clear at present, it is assumed that the catalyst activa-
tion required a period of time for transformation of
the catalyst precursor in some way to reach a steady
concentration of catalytically active species.

The remarkable substituent effects exhibited by
ligand 4 as discussed above prompted us to investi-
gate the underlying structural reasons. To this end, we
succeeded in obtaining single crystals of ligand 4b and
its Rh(I) complex, both of which were characterized
by X-ray crystallographic analysis. The absolute con-
figuration of ligand 4b was assigned as 25,35,5R,6R by
its crystal structure (Figure 1a). The structure of
Rh(I) complex of ligand 4b was disclosed to be C,
symmetric with the formula of [Rh{4b},(cod)]BF,

Adv. Synth. Catal. 2006, 348, 1049 -1057
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(Figure 1b), which contains two cis-coordinated
monophosphoramidite ligands and adopts a similar
coordination pattern to those reported for Rh(I) com-
plexes of ligands 2 and 3.0100 One of the N-benzoyl
phenyl rings of each ligand points towards the labile
cod moiety, constituting an integral part of the chiral
environment around the Rh(I) center and thus might
exert a profound influence on the steps of the catalyt-
ic process. The hydrogenation of a-dehydroamino
acid derivative 9¢ with the isolated [Rh{4b},(cod)|BF,
complex afforded a-amino acid derivative 9¢ with
98.8 % enantioselectivity, which was essentially same
as that obtained by using the corresponding in situ
prepared catalyst (Table 1, entry 3, 98.5% ee), sug-
gesting that the complex may act as an active catalytic
species.[4e’5j’7b’w] This result in combination with the
structural features of the Rh complex disclosed above
might, in part, explain the remarkable remote stereo-
control effect of the substituents R’ at the backbone
of the ligand in the catalysis.
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Conclusions

In summary, we have developed a new class of modu-
lar monodentate phosphoramidite ligands, which are
efficient for Rh(I)-catalyzed asymmetric hydrogenation
of a-dehydroamino acid derivatives and a-arylen-
amides. The salient features of this type of ligands, such
as cheap starting material and facile preparation,[13]
structural diversity, as well as remote stereocontrol
capability of backbone substituents, will stimulate
future studies to explore their applications in other
transition metal-catalyzed asymmetric reactions.’]

Experimental Section
General Remarks

All the experiments which were sensitive to moisture or air
were carried out under an argon atmosphere using standard
Schlenk techniques. NMR spectra were recorded in CDCl;,
CD;0OD or DMSO-ds on a Varian Mercury 300 ('H
300 MHz; 3C 75 MHz, 3'P 121 MHz, '°F 282 MHz) spec-
trometer. Chemical shifts are expressed in ppm with an in-
ternal standard: TMS (0 ppm), CDCl; (7.20 ppm), CD30D
(3.31 ppm), and DMSO-dg (2.50 ppm) for 'H and CDCl;
(77.0 ppm) and DMSO-dg (39.5 ppm) for C. 3'P NMR
spectra were recorded with 85% H3;PO,4 as an external ref-
erence. The IR spectra were measured on a Rio-Rad FTS-
185 spectrometer in KBr pellets. EI (70 eV) and ESI mass
spectra were obtained on HP5989 A and Mariner LC-TOF
spectrometers, respectively. HR-MS were determined on an
TonSpect 4.7 TESLA FTMS. Elemental analyses were per-
formed with an Elemental VARIO EL apparatus. Optical
rotations were measured on a Perkin-Elmer 341 automatic
polarimeter. HPLC analyses were carried out on a JASCO
1580 liquid chromatograph with a JASCO CD-1595 detector
and AS-1555 autosampler. GC analyses were measured on
Agilent 6890N network system. trans-1R,2R-Diaminocyclo-
hexane (5) was obtained by optical resolution of a cis/trans-
1,2-diaminocyclohexane (40/60) mixture with L-(+)-tartaric
acid.[1a] 3-Methylsalicylaldehyde, 4-methylsalicylaldehyde
and 5-methylsalicylaldehyde were prepared by following the
literature method.!"'Y Dichloromethane was freshly distilled
from calcium hydride and 2-propanol from magnesium fil-
ings, THF, xylene and toluene from sodium benzophenone
ketyl, ethyl acetate and acetonitrile from P,Os.

Ligand Synthesis

The characterization data for the compounds 7a-d, 8a—g and
4a-i can be found in the Supporting Information.
Preparation of (25,35,5R,6R)-7a; Typical Procedure

A solution of salicylaldehyde 6a (46.4 g, 0.38 mol) in EtOH
(200 mL) was added dropwise to the ethanol solution
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(400 mL) of trans-1R,2R-diaminocyclohexane 5 (21.7 g, 0.19
mol) at room temperature over 1 h. After stirring at reflux
temperature for 12 h, the mixture was cooled to room tem-
perature and the solvent was removed by vacuum evapora-
tion. The oil-like residue was dissolved in a mixture of dry
acetonitrile (1710 mL) and toluene (190 mL). To the solu-
tion was added manganese powder!'®! (325 mesh; 20.9 g,
0.38 mol), and the resulting mixture was cooled to 0°C
before trifluoroacetic acid (58.3 mL, 0.76 mol) was added
dropwise over a period of 30 min under an Ar atmosphere.
The reaction mixture was stirred vigorously at 20°C for 24 h
followed by addition of two additional equivalents of tri-
fluoroacetic acid at 0°C. After standing at that temperature
for 2 h, the resulting mixture was filtered and the residue
was washed with petroleum ether (bp 60-90°C, 50 mL x2)
to afford a white solid. The solid was dissolved in H,O
(100 mL) and neutralized with saturated NaHCOj3 solution
to pH 8. The aqueous solution was extracted with dichloro-
methane (200 mLx3). The combined organic layer was
washed with H,O (100 mL), dried over anhydrous Na,SOy,,
and concentrated. The resulting white solid was recrystal-
lized with a mixture of petroleum and ethyl acetate (1:1) to
afford the desired compound (25,3S,5R,6R)-7a as colorless
needles; yield: 52.3 g (85%).

(285,3S,5R,6R)-Tb, ¢, d: Following a similar procedure to
that for the preparation of (25,35,5R,6R)-7a, (25,3S,5R,6R)-
7b, ¢, d were obtained in good yields (80%, 78% and 71 %,
respectively).

Preparation of (25,35,5R,6R)-8a

To the mixture of compound (253S,5R,6R)-7Ta (5.0¢,
15.4 mmol) and anhydrous K,CO5 (11.7 g, 77.2 mmol) in dry
DMF (50 mL), acetic anhydride (6.1 mL, 154 mmol) was
added dropwise at room temperature over 10 min. The reac-
tion mixture was heated to 120°C and stirred at the temper-
ature for 24 h. After removal of the solvent under vacuum,
aqueous NaHCOj; solution (0.5M, 100 mL) was added to the
residue followed by stirring at room temperature to result in
precipitation of a large amount of white solid. The solid was
collected by filtration and washed with water (20 mL x2)
and cooled ethanol (20 mL), respectively, to afford the title
compound (25,35,5R,6R)-8a (4.7 g) as a white solid. The fil-
trate was extracted with ethyl acetate (100 mL x3) and the
combined organic layer was washed with water (50 mL x2),
dried over anhydrous Na,SO,, and concentrated under
vacuum. The residue was crystallized from ethyl acetate to
afford additional 1.0 g of (25,35,5R,6R)-8a as a white solid;
total yield: 91 %.

Preparation of (25,35,5R,6R)-8b

Method A: To the solution of compound (25,3S,5R,6R)-7a
(25 g, 0.077 mol) and NEt; (48.7 mL, 0.35 mol) in dry tolu-
ene (400 mL), trimethylsilyl chloride (19.6 mL, 0.156 mmol)
was added dropwise at 0°C over 20 min. The reaction mix-
ture was heated to reflux and stirred at the temperature for
1 h. After cooling to 0°C, benzoyl chloride (18.1 mL, 0.156
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mol) was added dropwise to the mixture over 30 min. The
resulting mixture was allowed to warm up to room tempera-
ture and stirred at that temperature overnight. After remov-
al of the solvent under vacuum, to the residue was added
water (150 mL), KF (17.2 g, 0.31 mol) and tetrabutylammo-
nium bromide (0.25g, 0.77 mmol). The resulting mixture
was stirred at room temperature for 2 h to allow the precipi-
tation of the product. The precipitate formed in the solution
was collected by filtration and washed with water (50 mL x
2) and cooled EtOH (50 mL), respectively. The obtained
white solid was purified by recrystallization from a mixture
of petroleum and ethyl acetate (1:2) to give (25,35,5R,6R)-
8b as colorless prisms; yield: 34.9 g (85%).

Method B: To the solution of compound (25,35,5R,6R)-7a
(1.0 g, 3.1 mmol) and NEt; (1.72 mL, 12.3 mmol) in dry tolu-
ene (8 mL), benzoyl chloride (1.42mL, 12.3 mmol) was
added dropwise at room temperature over 10 min. The reac-
tion mixture was stirred at 60°C overnight. After the remov-
al of toluene under reduced pressure, 20% KOH aqueous
solution (15mL) and ethanol (15 mL) were added. After
being stirred at room temperature for 6 h, ethanol was re-
moved under vacuum, and the resulting residue was neutral-
ized with 6M HCI aqueous solution to pH 8-9. The resulting
solids were collected by filtration, washed with water
(30 mL x3) and dried under vacuum. The desired compound
(25,35,5R,6R)-8b (1.6 g) was obtained in a total yield of
97 % as a white solid, which could be used for next step
without further purification.

(25,35,5R,6R)-8¢ and d: Following a similar procedure to
that for the preparation of (253S,5R,6R)-8b (Method A),
(25,35,5R,6R)-8¢ and d were obtained in yields of 98% and
97 %, respectively.

(25,3S,5R,6R)-8e, f, g: Following an analogous procedure
for the preparation of (25,3S5R,6R)-8b (Method B),
(25,3S,5R,6R)-8e, f, g were obtained in yields of 76 %, 85 %
and 73 %, respectively.

General Procedure for the Preparation of Ligands
4a-i

A solution of 8 (1 mmol) with hexamethylphosphorus tria-
mide (1.1 mmol) in dry toluene (3 mL), or with hexaethyl-
phosphorus triamide (1.1 mmol) in dry xylene (3 mL) was
heated to reflux and kept stirring at that temperature for
12-24 h under an argon atmosphere until the complete con-
version of 8 (monitored by TLC). After cooling to room
temperature, the reaction mixture was concentrated under
vacuum. The residue was purified either by recrystallization
from the reaction solvent or by flash column chromatogra-
phy on silica gel with hexane/ethyl acetate/triethylamine (1/
0.15/0.1) as eluent to give the corresponding monodentate
phosphoramidite ligands 4 in the yields of 47-85%.

X-Ray Crystal Structure Data for (25,35,5R,6R)-4b
C36H36N30%P, M, = 60565, Otetragonal, P432}2, a=
10.0918(7) A, b5=10.0918(7) A, ¢=31.024(3) A; V=

3159.6(4) A3; 2.12<20<2828 degree; peqe=1273 gem™,
Z=4, R;;=0.1162. Goodness of fit indicator=0.759, final
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R1=0.0489, wR2=0.1034 on F? for observed data, P,
P,,;,=0.250, —0.235 A~3; absolute structure parameter was
—0.3(2). CCDC-277383 contains the supplementary crystal-
lographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html
[or from the CCDC, Cambridge, CB21EZ, UK; fax: (+444)-
1223-336-033; or e-mail: deposit@ccdec.cam.ac.uk].

Preparation of [{(25,3S,5R,6R)-4b};Rh(cod)]'[BF,]~

A solution of Rh(COD),BF; (37.0g, 0.09 mmol) and
(25,3S,5R,6R)-4b (110.3 g, 0.18 mmol) in a mixture of dry di-
chloromethane (5mL) and toluene (3 mL) was stirred at
room temperature for 1h. The resulting solution was fil-
tered and the filtrate was transferred to a Schlenk tube in
glove box. The Schlenk tube was then sealed with a rubber
plug and allowed to stand at room temperature for a week,
resulting in crystallization of a large amount of single crys-
tals as orange needles. The single crystals were submitted to
X-ray crystallographic analysis, NMR analysis, as well as use
in the catalysis of the hydrogenation of a-dehydroamino
acid derivatives. "H NMR (300 MHz, CDCl3): 6 =1.20-1.50
(m, 8H), 1.61-2.02 (m, 10H), 2.10-2.35 (m, 2H), 2.55-2.70
(m, 4H), 2.78 (broad s, 12H), 3.64-3.67 (m, 2H), 4.04-4.12
(m, 2H), 4.52-4.61 (m, 2H), 5.21 (s, 2H), 5.43 (s, 2H), 5.67-
5.72 (m, 2H), 6.90-7.08 (m, 8H), 7.12-7.20 (m, 8H), 7.24-
7.40 (m, 10H), 7.43-7.56 (m, 2H), 7.54 (m, 2H), 7.65 (dd,
2H, J=15, 7.8Hz), 7.72 (d, 2H, J=6.9 Hz), 8.02 (d, 2H,
J=81Hz); P NMR (121 MHz, CDCl;): 6=117.24 (d, J=
235.6 Hz); ’FNMR (282 MHz, CDCl;): 6 =—153.11.

X-Ray Crystal Structural Data for
[{(25,3S,5R,6R)-4b},Rh(cod) ] [BF,]~

CgoHosBF4N¢OgP,Rh, crystal grown from dichloromethane/
toluene, M,=1665.41, monoclinic, P2;, a=9.9434(8), b=
42.996(3), ¢=10.9801(9) A; V=4186.7(6) A3, 1.89<20<
25.50 degree; peqe-=1.321 gcm’3, Z =2, R;;;,=0.1418. Good-
ness of fit indicator=1.592, final R1=0.1608, wR2=0.3977
on F? for observed data, Py, Pin=2.690, —2.101 A~3; ab-
solute structure parameter was 0.00(11). CCDC-277384 con-
tains the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.
cam.ac.uk/conts/retrieving.html [or from CCDC, Cambridge,
CB21EZ, UK, fax: (+44)-1223-336-033; or e-mail: deposit@
ccdec.cam.ac.uk].

General Procedure for Catalytic Asymmetric
Hydrogenation

[Rh(cod),]BF4 (2.0 mg, 0.005 mmol) and (2S,3S,5R,6R)-4
(0.011 mmol) were dissolved in CH,Cl, (1 mL) under nitro-
gen and the solution was stirred at room temperature for
10 min. The solution of substrate 9 or 11 (0.5 mmol) in
CH,Cl, (1.5 mL) was added to the above catalyst solution.
The resulting mixture was then transferred to a stainless
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steel autoclave under a nitrogen atmosphere, and then
sealed. After purging with hydrogen for 6 times, the final H,
pressure was adjusted to the desired value. After stirring at
room temperature for an appropriate time period, H, was
released. Removal of the solvent under the reduced pres-
sure afforded the product residue, which was submitted to
'"H NMR analysis to assess the conversion of the starting
materials. The crude product was purified by flash column
chromatography and enantiomeric excess of the product was
determined by chiral HPLC or GC.

Acknowledgements

Financial support from the NSFC, CAS and the Major Basic
Research  Development Program of China (Grant no.
G2000077506) and Committee of Science and Technology of
Shanghai Municipality is gratefully acknowledged

References

[1] a) L. Horner, H. Siegel, H. Biithe, Angew. Chem. 1968,
80, 1034-1035; Angew. Chem. Int. Ed. Engl. 1968, 7,
942-943; b) W.S. Knowles, M. J. Sabacky, J. Chem.
Soc., Chem. Commun. 1968, 1445-1446.

[2] a) T.P. Dang, H.B. Kagan, J. Chem. Soc., Chem.
Commun. 1971, 481; b) W. S. Knowles, M. J. Sabacky,
B.D. Vineyard, D.J. Weinkauff, J. Am. Chem. Soc.
1975, 97, 2567-2568; c) B. D. Vineyard, W. S. Knowles,
M. J. Sabacky, G. L. Bachman, D. J. Weinkauff, J. Am.
Chem. Soc. 1977, 99, 5946-5952; d) A. Miyashita, A.
Yasuda, H. Takaya, K. Toriumi, T. Ito, T. Souchi, R.
Noyori, J. Am. Chem. Soc. 1980, 102, 7932-7934.

[3] a) R. Noyori, Asymmetric Catalysis in Organic Synthe-
sis Wiley-Interscience: New York, 1994; b) E. N. Jacob-
sen, A. Pfaltz, H. Yamamoto, (Eds. ), Comprehensive
Asymmetric Catalysis, Volumes I to III, Springer, Hei-
delberg, Berlin, New York, 1999; c) I. Ojima, (Ed.),
Catalytic Asymmetric Synthesis 2nd edn., Wiley-VCH,
New York, 2000; for recent comprehensive reviews on
asymmetric hydrogenation, see: d) H.-U. Blaser, C.
Malan, B. Pugin, F. Spindler, H. Steiner, M. Studer,
Adv. Synth. Catal. 2003, 345, 103-151; e) W. Tang, X.
Zhang, Chem. Rev. 2003, 103, 3029-3070; f) R. Noyori,
T. Ohkuma, Angew. Chem. 2001, 113, 40-75; Angew.
Chem. Int. Ed. 2001, 40, 40-73.

[4] For a highlight, see: a)l. V. Komarov, A. Borner,
Angew. Chem. 2001, 113, 1237-1240; Angew. Chem.
Int. Ed. 2001, 40, 1197-1200; for leading references,
see: b) F. Guillen, J. C. Fiaud, Tetrahedron Lett. 1999,
40, 2939-2942; c) M. T. Reetz, G. Mehler, Angew.
Chem. 2000, 112, 4047-4049; Angew. Chem. Int. Ed.
2000, 39, 3889-3890; d) M. van den Berg, A.J. Min-
naard, E.P. Schudde, J. van Esch, A. H. M. de Vries,
J. G. de Vries, B. L. Feringa, J. Am. Chem. Soc. 2000,
122, 11539-11540; e) C. Claver, E. Fernandez, A.
Gillon, K. Heslop, D.J. Hyett, A. Martorell, A.G.
Orpen, P. G. Pringle, Chem. Commun. 2000, 961-962.

[5] a) M. T. Reetz, J-A. Ma, R. Goddard, Angew. Chem.
2005, 117, 416-419; Angew. Chem. Int. Ed. 2005, 44,

1056 www.asc.wiley-vch.de

(8]

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

412-415; b) M. T. Reetz, T. Sell, A. Meiswinkel, G.
Mehler, Angew. Chem. 2003, 115, 814-817; Angew.
Chem. Int. Ed. 2003, 42, 790-793; c¢) M. T. Reetz, L.J.
Goossen, A. Meiswinkel, J. Paetzold, J. F. Jensen, Org.
Lett. 2003, 5, 3099-3101; d) M. T. Reetz, T. Sell, Tetra-
hedron Lett. 2000, 41, 6333-6336; ¢) M. T. Reetz, G.
Mebhler, Tetrahedron Lett. 2003, 44, 4593-4596; f) M. T.
Reetz, G. Mehler, A. Meiswinkel, Tetrahedron: Asym-
metry 2004, 15, 2165-2167; g) M. T. Reetz, X.-G. Li,
Tetrahedron 2004, 60, 9709-9714; h) M. T. Reetz, X.-G.
Li, Angew. Chem. 2005, 117, 3019-3021; Angew. Chem.
Int. Ed, 2005, 44, 2959-2962; i) M. T. Reetz, A. Meis-
winkel, G. Mehler, K. Angermund, M. Graf, W. Thiel,
R. Mynott, D. G. Blackmond, J. Am. Chem. Soc. 2005,
127, 10305-10313.

a) D. Pefia, A. J. Minnaard, J. G. de Vries, B. L. Feringa,
J. Am. Chem. Soc. 2002, 124, 14552-14553; b) D. Peiia,
A.J. Minnaard, A. H. M. de Vries, J. G. de Vries, B. L.
Feringa, Org. Lett. 2003, 5, 475-478; c) M. van den
Berg, R. M. Haak, A.J. Minnaard, A. H. M. de Vries,
J. G. de Vries, B. L. Feringa, Adv. Synth. Catal. 2002,
344, 1003-1007; d) D. Pena, A.J. Minnaard, J. A.F.
Boogers, A. H. M. de Vries, J. G. de Vries, L. B. Ferin-
ga, Org. Biomol. Chem. 2003, I, 1087-1089; e) M.
vanden Berg, A.J. Minnaard, R.M. Haak, M.
Leeman, E.P. Schudde, A. Meetsma, B.L. Feringa,
A.H. M. de Vries, C. E. P. Maljaars, C. E. Willans, D.
Hyett, J. A. F. Boogers, H. J. W. Henderickx, J. G. de V-
ries, Adv. Synth. Catal. 2003, 345, 308-323; f)A.
Duursma, R. Hoen, J. Schuppan, R. Hulst, A.J. Min-
naard, B.L. Feringa, Org. Lett. 2003, 5, 3111-3113;
g¢) R. Hoen, M. vanden Berg, H. Bernsmann, A.J.
Minnaard, J. G. de Vries, B. L. Feringa, Org. Lett. 2004,
6, 1433-1436; h) L. Lefort, J. A. F. Boogers, A. H. M.
de Vries, J. G. de Vries, Org. Lett. 2004, 6, 1733-1735;
i) R. Hoen, J. A. F. Boogers, H. Bernsmann, A. J. Min-
naard, A. Meetsman, T.D. Tiemersma-Wegman,
A.H. M. de Vries, J. G. de Vries, B. L. Feringa, Angew.
Chem. 2005, 117, 4281-4284; Angew. Chem. Int. Ed.
2005, 44, 4209-4212; j) C. Monti, C. Gennari, U. Piar-
ulli, J. G. de Fries, A. H. M. de Vries, L. Lefort, Chem.
Eur. J. 2005, 11, 6701-6717.

a) Y. Fu, J-H. Xie, A.-G. Hu, H. Zhou, L.-X. Wang,
Q.-L. Zhou, Chem. Commun. 2002, 480-481; b) A.-G.
Hu, Y. Fu, J-H. Xie, H. Zhou, L.-X. Wang, Q.-L.
Zhou, Angew. Chem. 2002, 114, 2454-2456; Angew.
Chem. Int. Ed. 2002, 41, 2348-2350; ¢) Y. Fu, X.-X.
Guo, S.-F. Zhu, A.-G. Hu, J.-H. Xie, Q.-L. Zhou, J.
Org. Chem. 2004, 69, 4648—4655; d) Y. Fu, G.-H. Hou,
S.-F. Zhu, J.-H. Xie, L. Xing, L.-X. Wang, Q.-L. Zhou,
J. Org. Chem. 2004, 69, 8157-8160; e)S. Wu, W.
Zhang, 7. Zhang, X. Zhang, Org. Lett. 2004, 6, 3565—
3567.

a) M. Ostermeier, J. PrieB, G. Helmchen, Angew.
Chem. 2002, 114, 625-628; Angew. Chem. Int. Ed.
2002, 41, 612-614; b) K. Junge, B. Hagemann, S. En-
thaler, G. Oehme, M. Michalik, A. Monsees, T. Rier-
meier, U. Dingerdissen, M. Beller, Angew. Chem. 2004,
116, 5176-5179; Angew. Chem. Int. Ed. 2004, 43, 5066 —
5069; c) K. Junge, G. Oehme, A. Monsees, T. Riermei-
er, U. Dingerdissen, M. Beller, Tetrahedron Lett. 2002,
43, 4977-4980; d) W. Chen, J. Xiao, Tetrahedron Lett.

Adv. Synth. Catal. 2006, 348, 1049-1057


www.asc.wiley-vch.de

Ligands for Rhodium-Catalyzed Enantioselective Hydrogenations

FULL PAPERS

Adv. Synth. Catal. 2006, 348, 1049-1057

2001, 42, 8337-8740; e) P. Hannen, H.-C. Militzer,
E. M. Vogl, F. A. Rampf, Chem. Commun. 2003, 2210—
2211; f) Z. Hua, V. C. Vassar, 1. Ojima, Org. Lett. 2003,
5, 3831-3834; g) H. Huang, Z. Zheng, H. Luo, C. Bai,
X. Hu, H. Chen, Org. Lett. 2003, 5, 4137-4139; h) H.
Huang, Z. Zheng, H. Luo, C. Bai, X. Hu, H. Chen, J.
Org. Chem. 2004, 69, 2355-2361; i) X. Jia, R. Guo, X.
Li, X. Yao, A.S. C. Chan, Tetrahedron Lett. 2002, 43,
5541-5544; j) X. Jia, X. Li, L. Xu, Q. Shi, X. Yao,
A.S.C. Chan, J. Org. Chem. 2003, 68, 4539-4541;
k) Q. Zeng, H. Liu, A. Mi, Y. Jiang, X. Li, M. C. K.
Choi, A.S. C. Chan, Tetrahedron 2002, 58, 8799-8803;
1) T. Jerphagnon, J.-L. Renaud, P. Demonchaux, A. Fer-
reira, C. Bruneau, Adv. Synth. Catal. 2004, 346, 33-36.
For reviews, see: a) B.L. Feringa, Acc. Chem. Res.
2000, 33, 346-353; b) A. Alexakis, C. Benhaim, Eur. J.
Org. Chem. 2002, 3221-3236; for selected examples,
see: ¢) J.-G. Boiteau, R. Imbos, A.J. Minnaard, B. L.
Feringa, Org. Lett. 2003, 5, 681-684; d) H. Zhou, W.-
H. Wang, Y. Fu, J.-H. Xie, W.-J. Shi, L.-X. Wang, Q.-L.
Zhou, J. Org. Chem. 2003, 68, 1582-1584; ¢) F. Lopez,
T. Ohmura, J. F. Hartwig, J. Am. Chem. Soc. 2003, 125,
3426-3427; f) T. Ohmura, J. F. Hartwig, J. Am. Chem.
Soc. 2002, 124, 15164-15165; g) C. Shu, A. Leitner,
J.F. Hartwig, Angew. Chem. 2004, 116, 4901-4904;
Angew. Chem. Int. Ed. 2004, 43, 4797-4800; h) C. Shu,
J.F. Hartwig, Angew. Chem. 2004, 116, 4898-4901;
Angew. Chem. Int. Ed. 2004, 43, 4794-4797; i) K.
Tissot-Croset, D. Polet, A. Alexakis, Angew. Chem.

(12]

(13]

2004, 116, 2480-2482; Angew. Chem. Int. Ed. 2004, 43,
2426-2428; j) A. Alexakis, K. Croset, Org. Lett. 2002,
4, 4147-4149; k) F. Bertozzi, P. Crotti, F. Macchia, M.
Pineschi, B. L. Feringa, Angew. Chem. 2001, 113, 956—
958; Angew. Chem. Int. Ed. 2001, 40, 930-932; 1) F.
Bertozzi, M. Pineschi, F. Macchia, L. A. Arnold, A.J.
Minnaard, B. L. Feringa, Org. Lett. 2002, 4, 2703-2705;
m) J. F. Jensen, B.Y. Svendsen, T.V. la Cour, H. L.
Pedersen, M. Johannsen, J. Am. Chem. Soc. 2002, 124,
4558-4559.

Y. Liu, K. Ding, J. Am. Chem. Soc. 2005, 127, 10488 -
10499.

a) J. F. Larrow, E. N. Jacobsen, J. Org. Chem. 1994, 59,
1939-1942; b) G.J. Mercer, M. S. Sigman, Org. Lett.
2003, 5, 1591-1594; ¢) T. Shono, N. Kise, E. Shirakawa,
H. Matsumoto, E. Okazaki, J. Org. Chem. 1991, 56,
3063-3067; d) N. U. Hofslokken, L. Skatteboel, Acta.
Chem. Scand. 1999, 53, 258 -262.

a) M.J. Burk, J.E. Feaster, W.A. Nugent, R.L.
Harlow, J. Am. Chem. Soc. 1993, 115, 10125-10138;
b) Y. K. Choi, M. J. Kim, Y. Ahn, M.-J. Kim, Org. Lett.
2001, 3, 4099-4101.
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ane (5) and salicylaldehyde (6a), are cheap industrial
products. In particular, (1R,2R)-1,2-diaminocyclohex-
ane can be easily obtained on a large scale by optical
resolution of cis/trans-1,2-diaminocyclohexane (40/60)
mixture, a less expensive Dupont product, with L-(+)-
tartaric acid.!''?

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.asc.wiley-vch.de 1057


www.asc.wiley-vch.de

