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Abstract—Mixtures of BINOL-derived monodentate phosphites and phosphonites have been reacted with Rh-salts to form three
(pre)catalysts, which are in equilibrium; two homo-combinations ML*L* and MLPL® as well as the hetero-combination ML*L®. In
these cases in which the latter is more active and more enantioselective than the former, enhanced asymmetric induction results in
appropriate transition metal catalyzed reactions. This principle has been extended to include mixtures of BINOL-derived
monodentate phosphites, phosphonites and phosphines as ligands in the asymmetric Rh-catalyzed hydrogenation of N-acyl

enamines leading to ee values of >97%.
© 2004 Elsevier Ltd. All rights reserved.

We recently proposed a new and practical principle in
combinatorial asymmetric transition metal catalysis,
which is based on the use of two different monodentate
P-ligands.! The method is relevant whenever in the
transition state of a reaction at least two monodentate
ligands (L) are coordinated to the metal (M) of the ac-
tive catalyst ML,. In the case of a mixture of two such
ligands L* and LP, three different catalysts exist in
equilibrium; specifically the two homo-combinations
ML2L* and MLPL®, as well as the hetero-combination
MLALP. Hits in such combinatorial mixtures can be
expected if MLAL® is more reactive and more enantio-
selective than the traditional homo-combinations. This
concept was illustrated in the Rh-catalyzed hydrogena-
tion of various prochiral olefins, BINOL-derived phos-
phites 1> and phosphonites 23 serving as the
monodentate P-ligands.! Thereafter, Feringa et al.
extended the area of application by utilizing mixtures of
the corresponding phosphoramidites as ligands in Rh-
catalyzed hydrogenation** and conjugate addition of
phenylboronic acid.*®
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In the industrially important synthesis of chiral amines
5,° we previously restricted our study to a very small
library of eight phosphonites 2 and discovered that in
the hydrogenation of N-acyl enamides® 4a and b, the
combination of 2a (R = CHj;) and 2b (R = C(CHs;);3) led
to ee values of 96.1% and 97.0%, respectively, which is
considerably higher than in the traditional use of the
homo-combinations themselves.! We herein report that
by including previously prepared phosphites 1 in the
combinatorial search, highly enantioselective catalysts
can be found based on appropriate mixtures of 1 and 2.
Moreover, we show that mixtures composed of the
known phosphines 378 with 1 or 2 also lead to enhanced
enantioselectivities of Rh-catalyzed hydrogenations.
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Ar H CH3 [Rh(L)xBF4] Ar H CH3
4a Ar = phenyl 5

4b Ar = 2-naphthyl
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The present results again demonstrate that catalyst
diversity can be increased without the necessity to syn-
thesize new ligands.

Using a small library of only five phosphites 1 and three
phosphonites 2 in various 1/2 mixtures, two hits were
identified in the Rh-catalyzed hydrogenation of sub-
strate 4a (Table 1, entries 13 and 14). The best one
consisted of a mixture of 1b (R=CH,Ph) and 2b
(R=C(CH;)3), leading to ee=97.4% (entry 14). In
contrast, the traditional use of the respective homo-
combinations 1b and 2b in separate experiments resulted
in lower ees (91.4% and 13%, respectively, entries 2 and
7). The combination of the sterically smallest methyl-
phosphite 1a and the sterically largest z-butylphospho-
nite 2b also gave a hit, but the degree of
enantioselectivity (ee =95.0%) was a little lower (Table
1, entry 13). Thus, the previously observed trend' that
the optimal catalyst consists of the most bulky ligand L?
and the least bulky ligand L" does not appear to be
completely general.

Table 1. Rhodium-catalyzed asymmetric hydrogenation of enamide 4a
using mixtures of chiral phosphites 1, phosphonites 2 and phosphines
3, all derived from (S)-BINOL (solvent: CH,Cl,; Rh:substrate = 1:500
(250); ligand:Rh=2:1; 1.3 bar H,; 20 h; 30 °C) leading to (R)-5a

Entry Ligand

Conversion Ee

(%) (%0)
Homo-combinations
1 1la R=CH; 100 76.0
2 1b R=CH,Ph 100 91.4
3 1c R =C(CH;); 100 78.0
4 1d R=Ph 100 85.4
5 le R=cC¢Hy, 100 84.8
6 2a R=CH; 100 75.6
7 2b R =C(CH;); 83 13.2
8 2¢ R=cC¢Hy; 100 71.8
9 3a R=C(CH;); 94 24.4
10 3b R=Ph 50 14.0
Hetero-combinations
11 1a R =CHj/1¢c R =C(CH3); 100 85.2
12 1d R =Ph/le R =cC4Hy, 100 88.6
13 1la R=CH;/2b R =C(CH;); 100 95.0
14 1b R = CH,Ph/2b R = C(CHj;); 100 97.4
15 1c R =C(CHj;);/2a R=CH; 100 74.4
16 1c R=C(CHj);3/2¢ R=cCsHy, 100 53.6
17 1a R =CHj/3a R=C(CH;); 100 89.0
18 1a R =CH;/3b R =Ph 100 57.2
19 2a R =CH;/3b R=Ph 100 53.0
20 2a R =CHjs/3a R =C(CH;); 100 87.2

Although phosphines 3a and 3b’® are not as readily
accessible as BINOL derivatives 1 and 2, we nevertheless
used them as components in our combinatorial ap-
proach. The homo-combinations 3a/3a and 3b/3b lead to
ee values of only 24.4% and 14.0%, respectively, in rel-
atively slow reactions (entries 9 and 10). In contrast, the
hetero-combinations 1a/3a and 2a/3a constituted hits,
resulting in ee values of 89.0% and 87.2%, respectively
(entries 17 and 20). Although the preparative value of
these observations is limited, they are however of theo-
retical interest.

In the case of naphthyl substrate 4b, the library of (S)-
BINOL-derived phosphites was extended to include two
diasteromeric ligands 1f (R = (R)-PhEt) and 1g (R =(S)-
PhEt) prepared from (R)- and (S)-2-phenylethanol,?
respectively. These two ligands had been prepared and
used previously in their pure forms as ligands in the Rh-
catalyzed hydrogenation of other prochiral olefins, giv-
ing rise to very low effects concerning the issue of
matched versus mismatched ligand components.? In the
present case of 4b, however, ligand 1f, prepared from
(S)-BINOL and (R)-2-phenylethanol, led to a signifi-
cantly higher ee (94.0%) than the diastereomeric ligand
1g derived from (S)-BINOL and (S)-2-phenylethanol
(78.8%) (Table 2, entries 5 and 6). As shown in Table 2,
out of a total of only nine hetero-combinations tested,
several turned out to be hits, that is, several mixtures
showed higher enantioselectivities than the optimal
homo-combination. The synthetically most important
hits were 1a/2b (ee=97.2%, entry 13) and 1f/2b
(ee = 96.8%, entry 15). In both cases one component was
phosphonite 2b, which when used alone in a homo-
combination led to racemic product 5b (entry 3). Inter-
estingly, the hetero-combination of the two phosphites
1c¢/1f allowed for a slight enhancement in enantioselec-
tivity (ee =94.8%; entry 11) relative to the homo-com-
bination 1f/1f (ee =94.0%, entry 5), inspite of the fact
that the other homo-combination 1¢/1c was completely
unselective (racemic 5b). The diastereomeric hetero-
combination 1c¢/l1g containing the ‘mismatched’ phos-
phite 1g led to an enantioselectivity of only ee =82.4%
(entry 12).

Table 2. Rhodium-catalyzed asymmetric hydrogenation of enamide 4b
using mixtures of chiral phosphites 1 and/or phosphonites 2, all de-
rived from (S)-BINOL (solvent: CH,Cl,; Rh:substrate = 1:500;
ligand:Rh =2:1; 1.3 bar H,; 20 h; 30 °C) leading to (R)-5b

Entry  Ligand

Conversion Ee

(%) (%)
Homo-combinations
1 la R=CH; 100 76.0
2 1b R = CH,Ph 100 94.0
3 1c R=C(CH;); 68 rac
4 le R:CC5H11 100 85.6
5 1f R = (R)PhEt 100 94.0
6 1g R =(S)PhEt 100 78.8
7 2a R=CHj; 100 78.2
8 2b R =C(CH3;); 100 <3
Hetero-combinations
9 1a R =CHj/1¢ R =C(CH;); 100 75.2
10 1c R:C(CH3)3/19 R:CC(,H“ 100 86.8
11 1c R =C(CHs;);/1f R =(R)PhEt 100 94.8
12 1c R =C(CH;);/1g R =(S)PhEt 100 82.4
13 1a R =CH;/2b R = C(CHj;); 100 97.2
14 le R =c¢C¢H,;/2b R = C(CH3); 100 86.0
15 1f R =(R)PhEt/2b R = C(CH3;); 100 96.8
16 1g R =(S)PhEt/2b R = C(CH3;); 100 84.0
17 2b R =C(CHj;);/2a R =CH; 100 97.0

Studies concerning the origin of enhanced activity and
enantioselectivity arising from the use of certain hetero-
combinations are currently in progress. NMR analysis
of the catalyst system derived from the 1:1:1 mixture of
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1a, 2b, and Rh(cod),BF, showed the presence of the two
homo-combinations Rh(1a)(1a)(cod)BF,; and Rh(2b)-
(2b)(cod)BF,; and the hetero-combination Rh(1a)(2b)-
(cod)BF, in a ratio of 10:14:76.

In summary, we have shown that the combinatorial
concept of asymmetric catalysis using mixtures of
monodentate ligands' can be extended to mixtures of
BINOL-derived monophosphites and monophospho-
nites as ligands in the Rh-catalyzed hydrogenation of N-
acyl enamines. Since BINOL is currently one of the most
inexpensive chiral auxiliary commercially available,’
modular ligands of the type 1,> 2° and amidite-ana-
logues* are industrially viable. Maximum structural
diversity while maintaining catalyst activity as well as
low costs is a particularly simple goal in the case of the
monophosphites 1,'*!° because an enormously wide
range of inexpensive achiral and chiral alcohols are
commercially available, which can be used in the syn-
thesis of these modular ligands. Moreover, axially chiral
diols'! other than BINOL or other types of chiral diols®
or amino alcohols can also be employed.!® The per-
spectives evolving from our combinatorial approach!
are practical:'> As a consequence of mixing two different
monodentate P-ligands, a large number of which are
already available (and certainly more can be envi-
sioned), catalyst diversity and therefore the probability
of discovering highly enantioselective systems increases
without the need to synthesize complicated ligands.!
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