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ABSTRACT

Carboyclic amines are synthesized efficiently in up to 93% ee by asymmetric ring-closing metathesis (ARCM) with 2−5 mol % chiral Mo
complexes. An example is provided where the catalyst is prepared in situ (catalyst isolation not needed) to afford secondary amines that
cannot be prepared by alternative methods.

During the past several years, research in these laboratories
has focused on the design and synthesis of new chiral Mo-
and W-based catalysts for enantioselective olefin metathesis.1

These investigations are concerned with the preparation of
molecules that cannot be easily synthesized in the nonracemic
form by alternative methods or through catalytic metathesis
of optically pure olefin-containing substrates promoted by
achiral metathesis catalysts.2 Our efforts have so far led to
the introduction of protocols through which, by catalytic

asymmetric ring-closing (ARCM)3 or ring-opening (AROM)4

metathesis, a range of optically enriched or pure organic
molecules can be accessed.

One class of compounds that is of particular significance,
due to their relevance to the synthesis of biologically active
molecules and the paucity of effective related asymmetric
methods, are acyclic and cyclic amines.5 Within this context,
we recently disclosed an efficient and highly enantioselective
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approach, involving Mo-catalyzed ARCM, toward the syn-
thesis of acyclic and cyclic unsaturated amines;6 all com-
pounds in the latter study were tertiary amines. A related
area of interest involves the development of protocols for
the enantioselective synthesis of secondary amines (e.g.,
R1R2NH; see Scheme 1). This class of compounds are of

notable utility, since the NH group can be functionalized
and the resulting compounds may be manipulated in a variety
of ways. However, metathesis-based approaches toward the
enantioselective preparation of secondary amines are chal-
lenging, since (i) the sterically more accessible secondary
amines (vs tertiary amines) might lead to deactivation of
metal complexes through heteroatom-metal chelation and
(ii) there is the potential for rupture of M-O bonds and
removal of alkoxide ligands within metathesis catalysts (in
the case of Mo- and W-based complexes) through protonation
by an NH.7

Herein we report the results of our initial studies involving
the use of Mo-catalyzed ARCM in the desymmetrization of
achiral secondary amines. Two classes of Mo-catalyzed
enantioselective desymmetrizations, summarized in Scheme
1 (approaches A and B), have been investigated, leading to
the development of protocols for the synthesis of easily func-
tionalizable unsaturated carbocyclic secondary amines in an
efficient and enantioselective manner (up to 93% ee).The
catalytic asymmetric methods outlined herein do not require
isolation and prior purification of Mo complexes; an in situ
method of preparation, involving a commercially available
metal triflate, can be utilized to afford results nearly identical
to those obtained from the carefully purified chiral catalysts.

We began our studies by examining the ability of unsatur-
ated secondary anilines8 (Table 1) to undergo enantioselective
desymmetrization (approach A, Scheme 1). Initial catalyst
screening indicated that Mo-based complex3,9 bearing a

benzhydryl-substituted diolate ligand, delivers the highest
levels of enantioselectivity. Data from catalytic ARCM of
trienes1a-eare summarized in Table 1. All transformations
proceed readily to>98% conversion (as judged by1H NMR
spectra of the unpurified products) within 30 min at 22°C
in the presence of 2 mol %3 in C6H6. In all cases,<2%
homodimerization through cross metathesis between the
terminal olefin of1 is observed. Reactions of less hindered
amines1a,b (entries 1-2, Table 1) and1e (entry 5) and
arylamines1c,d (entries 3-4) bearing anR aryl substituent
proceed at nearly identical rates. There is no notable variation
in reaction rate between electron-rich arylamine1a (bearing
a p-OMeC6H4N group) and its electron-deficient derivative
1b (bearing am-CF3C6H4N group). These findings suggest
that internal chelation between the Mo-alkylidene derived
from the more reactive terminal olefin in1 and the neighbor-
ing Lewis basic heteroatom (six-membered chelate) is not
operative to a significant extent in these instances.10 None-
theless, catalytic ARCM of1c,d occurs with higher levels
of enantiodifferentiation (79-81% ee) than1a,b and1e(64-
67% ee), underlining the value of local sterics in determining
the degree of enantioselectivity. As illustrated in entry 6 of
Table 1, the more Lewis basic benzyl ether1f also undergoes
ARCM to afford the derived cyclic amine in 65% ee;
however, in this instance, it is Mo complex4 that delivers
the highest enantioselectivity (>98% conversion in 0.5 h and
59% ee when3 is used).
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Scheme 1. Enantioselective Synthesis ofSecondaryAmines
by Mo-Catalyzed ARCM

Table 1. Enantioselective Synthesis of Secondary Amines
through Mo-Catalyzed ARCM

entry Ar
time (h);

conversion (%)a

yield (%);b

ee (%)c

1 a p-OMeC6H4 0.5; >98 81: 64
2 b p-BrC6H4 0.5; >98 78; 67
3 c o-MeOC6H4 0.5; >98 >98; 79
4 d o-BC6H4 0.5; >98 91; 81
5 e m-CF3C6H4 0.5; >98 85; 64
6 f CH2Phd 22; 87 75; 65

a Conversions determined by analysis of 500 MHz1H NMR spectrum
of the unpurified reaction mixture.b Isolated yields after silica gel chro-
matography.c Determined by chiral HPLC analysis (Chiralpak AS column
for entries 1 and 2; Chiral OD column for entries 3-5). Enantioselectivity
for entry 6 was determined by analysis of the derived (S)-MTPA ester.
d Chiral catalyst4 was used.
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Next, we investigated the possibility of enantioselective
synthesis of polycyclic secondary amines through Mo-
catalyzed desymmetrizations (approach B, Scheme 1). To-
ward this end, we prepared trienes6a-c,7 illustrated in Table
2, and screened a range of chiral Mo complexes in order to

examine their ability in promoting the enantioselective
formation of7a-c. These studies indicate that alkylidenes
48 and53c give rise to the most efficient and enantioselective
desymmetrizations. As the data in entries 1 and 2 of Table
2 indicate, catalysts4 and5 can be used to convert triene
6a (R ) H) efficiently (>98% conversion in 3 h) to
unsaturated azepine7a in 93% ee. However, when6b is used
as the substrate (entries 3 and 4), ring closures become
significantly slower, particularly with catalyst5 (entry 4),
and the desired7b is formed in only 22-24% ee. Chiral
complex 5 is equally ineffective in transformation of6c
(entry 6, Table 2) to bicyclic amine7c (30% conversion after
20 h). In stark contrast, however, as depicted in entry 5 of
Table 2, chiral catalyst4 promotes the formation of7c
efficiently (>98% conversion in 3 h) to deliver the desired
amine in quantitative yield and 80% ee. It should be noted

that reactions in Table 2, are significantly slower when
carried out at 22°C. As an example, ARCM of6a with 5
mol % 4 and5 proceeds to 55 and 53% conversion after 24
h at 22 °C, respectively (93% ee in both cases); longer
reaction times did not result in additional conversion.

Several critical issues regarding the Mo-catalyzed desym-
metrizations disclosed herein merit additional discussion:

(1) The nonracemic cyclic secondary amines obtained by
the Mo-catalyzed asymmetric method can be functionalized
and converted to a variety of polycyclic structures. A
representative example is illustrated in eq 1. Subjection of
optically enriched7a (93% ee) with allylbromide and
benzylpotassium, followed by treatment of the derived
allylamine with 5 mol % achiral complex9,11 leads to the
formation of tricyclic amine8 (93% ee).

(2) An alternative approach toward the synthesis of
polycyclic amines involves reactions of tetraenes12 that can
undergo tandem RCM. The example shown in Scheme 2,
combining the strategies outlined in Scheme 1 (see Tables

(11) (a) Murdzek, J. S.; Schrock, R. R.Organometallics1987, 6, 1373-
1374. (b) Schrock, R. R.; Murdzek, J. S.; Bazan, G. C.; Robbins, J.; DiMare,
M.; O’Regan, M.J. Am. Chem. Soc.1990, 112, 3875-3886.

(12) For previous examples of enantioselective desymmetrizations of
tetraenes through Mo-catalyzed ARCM, see: Weatherhead, G. S.; Houser,
J. H.; Ford, J. G.; Jamieson, J. Y.; Schrock, R. R.; Hoveyda, A. H.
Tetrahedron Lett.2000, 41, 9553-9559.

Figure 1.

Table 2. Enantioselective Synthesis of Tertiary Bicyclic
Amines through Mo-Catalyzed ARCMa

entry R catalyst
time (h);

conversion (%)b

yield (%);c

ee (%)d

1 a H 4 3; >98 75; 93
2 5 3; >87 80; 93
3 b Et 4 24; 90 71; 24
4 5 24; 20 nd; 22
5 c Ph 4 3; >98 98; 80
6 5 30; 20 nd; nd

a Conditions: 5 mol % catalyst, C6H6, 55 °C, N2 atmosphere.b Con-
versions determined by analysis of 500 MHz1H NMR spectrum of the
unpurified reaction mixture.c Isolated yields after silica gel chromatography.
d Determined by chiral HPLC analysis (Chiralcel OJ column).

Scheme 2. Enantioselective Synthesis of Polycyclic Amines
through Tandem Mo-Catalyzed ARCM/RCM
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1 and 2), is illustrative. Treatment of tetraene10 with 5 mol
% 3 leads to the formation of cyclohexenylamine11 within
20 min; prolonged reaction time leads to formation of12 in
quantitative yield and 79% ee.

(3) Chiral Mo catalysts are more reactive than their Ru-
based counterparts.13 On the other hand, these high-oxidation-
state complexes are sensitive toward air and moisture, and
their isolation and purification requires anhydrous and inert
atmosphere conditions.1b As reported previously for two other
Mo catalysts,14 and as the example in Scheme 3 demonstrates,
chiral complex3 can be easily prepared and used in situ,
without isolation and purification, to promote efficient
asymmetric metathesis with leVels of enantioselectiVity
analogous to those obtained with the isolated and purified
catalysts(compare data in Scheme 3 with entry 4, Table 1).
It is important to note that bis(alkoxide)13 is prepared readily

by treatment of the parent diol with potassium hydride (or
any other suitable base) and triflate14 is commercially
available (Strem Chemicals, Inc.; Newburyport, MA).

In summary, we disclose a method for enantioselective
synthesis of cyclic unsaturated amines by Mo-catalyzed
ARCM of achiral polyenes. The optically enriched products
obtained cannot be readily accessed by any previously
reported approaches.15 Catalytic desymmetrizations are ef-
fected with secondary amine substrates, indicating the
stability of chiral Mo alkylidenes to NH groups. Since
optically enriched amines are critical to synthesis of biologi-
cally active molecules, improvements in the efficiency and
enantioselectivity of this class of asymmetric transformations
will be the subject of future investigations.16
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(15) For example, with second-generation achiral Ru catalysts (Schwab,
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Scheme 3. In Situ-Prepared Chiral Mo Catalyst Used in
Enantioselective Synthesis of Amines
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