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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 laboratoriessymmetric ring-closing (ARCM)r ring-opening (AROM)

has focused on the design and synthesis of new chiral Mo- metathesis, a range of optically enriched or pure organic
and W-based catalysts for enantioselective olefin metathesis. molecules can be accessed.

These investigations are concerned with the preparation of One class of compounds that is of particular significance,
molecules that cannot be easily synthesized in the nonracemiaue to their relevance to the synthesis of biologically active
form by alternative methods or through catalytic metathesis molecules and the paucity of effective related asymmetric
of optically pure olefin-containing substrates promoted by methods, are acyclic and cyclic amirfedlithin this context,
achiral metathesis cataly$t©ur efforts have so far led to  we recently disclosed an efficient and highly enantioselective
the introduction of protocols through which, by catalytic

(3) For examples of Mo-catalyzed ARCM, see: (a) Alexander, J. B.;
La, D. S.; Cefalo, D. R.; Hoveyda, A. H.; Schrock, R. R.Am. Chem.

T Massachusetts Institute of Technology. S0c.1998 120, 4041-4042. (b) La, D. S.; Alexander, J. B.; Cefalo, D. R,;

* Boston College. Graf, D. D.; Hoveyda, A. H.; Schrock, R. R. Am. Chem. S0d.998 120,

(1) For reviews of catalytic asymmetric olefin metathesis, see: (a) 9720-9721. (c) Zhu, S. S.; Cefalo, D. R.; La, D. S.; Jamieson, J. Y.; Davis,
Hoveyda, A. H.; Schrock, R. RChem. Eur. J.2001, 7, 945-950. (b) W. M.; Hoveyda, A. H.; Schrock, R. Rl. Am. Chem. Sod999 121,
Schrock, R. R.; Hoveyda, A. HAngew. Chem., Int. EQ003 42, 4592— 8251-8259. (d) Cefalo, D. R.; Kiely, A. F.; Wuchrer, M.; Jamieson, J. Y.;
4633. Schrock, R. R.; Hoveyda, A. H. Am. Chem. So€001, 123 3139-3140.

(2) For selected reviews on catalytic olefin metathesis, see: (a) Grubbs, (e) Keily, A. F.; Jernelius, J. A.; Schrock, R. R.; Hoveyda, A.HAm.
R. H.; Miller, S. J.; Fu, G. CAcc. Chem. Resl995 28, 446-452. (b) Chem. Soc2002 124, 2868-2869.

Schmalz, H.-GAngew. Chem., Int. Ed. Engl995 34, 1833-1836. (c) (4) For examples of Mo-catalyzed AROM, see: (a) La, D. S.; Ford, J.
Schuster, M.; Blechert, Angew. Chem., Int. Ed. Endl997, 36, 2036~ G.; Sattely, E. S.; Bonitatebus, J. P.; Schrock, R. R.; Hoveyda, Al. H.
2056. (d) Alkene Metathesis in Organic SyntheskEurstner, A., Ed.; Am. Chem. Sod 999 121, 11603-11604. (b) Weatherhead, G. S.; Ford,
Springer: Berlin, 1998. (e) Armstrong, S. & Chem. Soc., Perkin Trans. J. G.; Alexanian, E. J.; Schrock, R. R.; Hoveyda, A.JHAm. Chem. Soc.
11998 371-388. (f) Grubbs, R. H.; Chang, Setrahedron1998 54, 200Q 122 1828-1829. (c) La, D. S.; Sattely, E. S.; Ford, J. G.; Schrock,
4413-4450. (g) Furstner, AAngew. Chem., Int. E@00Q 39, 3012-3043. R. R.; Hoveyda, A. HJ. Am. Chem. So2001, 123 77677778. (d) Tsang,

(h) Trnka, T. M.; Grubbs, R. HAcc. Chem. Re2001, 34, 18—29. (i) Ref W. C. P.; Jernelius, J. A.; Cortez, A. G.; Weatherhead, G. W.; Schrock, R.
1b. R.; Hoveyda, A. HJ. Am. Chem. So@003 125 2652-2666.
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approach, involving Mo-catalyzed ARCM, toward the syn-

thesis Of, acyclic and cyclic unsaturgted amiﬁeﬁl; com- Table 1. Enantioselective Synthesis of Secondary Amines
pounds in the latter study were tertiary amines. A related hrough Mo-Catalyzed ARCM

area of interest involves the development of protocols for
the enantioselective synthesis of secondary amines (e.g.,
RiR;NH; see Scheme 1). This class of compounds are of P i-Pr
CHPh, N Me

o Mog ,;;';Ph
Scheme 1. Enantioselective Synthesis 8econdaryAmines HINAr Me CHPh,
by Mo-Catalyzed ARCM ~ 3
Approach A N y _—
Me 22°C
R, AINH R, ArNH 1
chiral metathesis catalyst A
)%j,‘:/& e meRTeRs A Ry ) \R( time (h); yield (%);°
d " ! entry Ar conversion (%)2 ee (%)°
R2 2
L gpowon usrm s
g n pP-BrleHs .95 )
N R, " 3 ¢ 0-MeOCeHa 0.5; >98 >98; 79
chiral metathesis catalyst [ NH/IL\ 4 d 0-BCsH4 0.5; >98 91; 81
R e T & 5 e m-CF3CeHa 0.5; >98 85; 64
Ry R = H, alkyl or aryl 1 R 6 f CH,Phd 22;87 75; 65

aConversions determined by analysis of 500 MizNMR spectrum
of the unpurified reaction mixturé.Isolated yields after silica gel chro-

notable utility, since the NH group can be functionalized matography* Determined by chiral HPLC analysis (Chiralpak AS column
for entries 1 and 2; Chiral OD column for entries8). Enantioselectivity

and the resulting compounds_may be manipulated in a varietyfor entry 6 was determined by analysis of the derivEi\ITPA ester.
of ways. However, metathesis-based approaches toward thé Chiral catalyst4 was used.

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 heteroatemetal chelation and

(i) there is the potential for rupture of MO bonds and . . :
o o . . proceed readily to- 98% conversion (as judged B NMR
removal of alkoxide ligands within metathesis catalysts (in spectra of the unpurified products) within 30 min at 22

h f Mo- and W- mplexes) through protonation: :
Lyegssh?|$7 0- and W-based complexes) through protonatio in the presence of 2 mol % in CgHe. In all cases,<2%

Herein we report the results of our initial studies involving homodimerization through cross metathesis between the

the use of Mo-catalyzed ARCM in the desymmetrization of terminal olefin ofl is observed. Reactions of less hindered
achiral secondary amines. Two classes of Mo-catalyzed :P:;ﬁirl]:’slézn(t:sjielg23’_1)61&2:3 agril(;r(ﬁnstlrjyb;)itsg:t

enantioselective desymmetrizations, summarized in Scheme y ' . : g aru. ary .
1 (approaches A and B), have been investigated, leading tc)proceed at nearly identical rates. There is no notable variation

the development of protocols for the synthesis of easily func- i: r_egﬁéocr;;a:\? breot:’jve)egn%l?f;gggf::&ﬂgggﬁg:gggve
tionalizable unsaturated carbocyclic secondary amines in an b 4N group

efficient and enantioselective manner (up to 93% &ap 1b (bearing am-CRCeHaN group). These findings suggest

catalytic asymmetric methods outlined herein do not require that internal chelat|.on between th? Mo-alkyhdeng derived
: : : e o from the more reactive terminal olefin ihand the neighbor-
isolation and prior purification of Mo complexean in situ ing Lewis basic heteroatom (six-membered chelate) is not
method of preparation, involving a commercially available o gerative o & sianificant extént in these instarf@éstorze
metal triflate, can be utilized to afford results nearly identical thpeless catal ticg ARCM olcd occurs with hiaher levels

to those obtained from the carefully purified chiral catalysts. of enan,tio diffe¥entiation (798(;10/ ee) tharlab ar? dle(64—

We began our studies by examining the ability of unsatur- 67% ee), underlining the value gf local st:;ics in determinin

ated secondary anilin&éTable 1) to undergo enantioselective 0 €8, 9 9

desymmetrization (approach A, Scheme 1). Initial catalyst Epaeb:jeefr(tar?eor;grneaﬁg\c/)v?sefggi\g%/e' r?zs Illzlal:;g:rs:dg deenrtrgeBSOf
screening indicated that Mo-based comp&% bearing a ' y g

ARCM to afford the derived cyclic amine in 65% ee;

benzhydryl-substituted diolate ligand, delivers the highest
levels of enantioselectivity. Data from catalytic ARCM of
trienesla—eare summarized in Table 1. All transformations

(5) (a) Enders, D.; Reinhold, Oetrahedron: Asymmet4997 8, 1895- howe_ver, in this i_nStance_’ _it is Mo Comp@dh‘i‘t delivers
1946. (b) Kobayashi, S.; Ishitani, Kthem. Re. 1999 99, 1069-1094. the highest enantioselectivity ©8% conversion in 0.5 h and
(6) Dolman, S. J.; Sattely, E. S.; Hoveyda, A. H.; Schrock, Rl.;FAm. 59% ee whers is used).

Chem. Soc2002 124, 6991-6997.

(7) For reviews regarding the utility of catalytic olefin metathesis in the
synthesis of N-containing compounds, see: (a) Phillips, A. J.; Abell, A. D. (9) Schrock, R. R.; Jamieson, J. Y.; Dolman, S. J.; Miller, S. A.; Davis,
Aldrichimica Actal999 32, 75-90. (b) Pandit, U. K.; Overkleeft, H. S.; W. M.; Hoveyda, A. H.Organometallic2002 21, 409-417.

Borer, B. C.; Bieraugel, HEur. J. Org. Chem1999 959 9-968. (10) For an example of olefin metathesis rate retardation as a result of
(8) See Supporting Information for the preparation of starting amines (proposed) metatheteroatom chelation, see: Fu, G. C.; Grubbs, RJ.H.
used in this study. Am. Chem. Sod 992 114, 7324-7325.

4900 Org. Lett., Vol. 5, No. 25, 2003



AT W Me A B Me
o\yM o§/(‘“'"P h o\yM Ov(“nlp h
Me Me
Ar Ar
4 5

Ar = 2,4,6'M€306H2 Ar = 2,4,6—(i—Pr)306H2

Figure 1.

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 trieréss—c,” illustrated in Table

2, and screened a range of chiral Mo complexes in order to

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

L
NH Me
P —
jﬂ\/&
Me 6

time (h); yield (%);¢
entry R catalyst conversion (%) ee (%)d
1 aH 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 cPh 4 3;>98 98; 80
6 5 30; 20 nd; nd

aConditions: 5 mol % catalyst, §€ls, 55 °C, N, atmosphere? Con-
versions determined by analysis of 500 MMz NMR spectrum of the
unpurified reaction mixture’ 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

“iPh
Z
HN.,, Me
_—
Me
11
after 6 h

>98% conv, 98% yield
79% ee

that reactions in Table 2, are significantly slower when
carried out at 22C. As an example, ARCM o6a 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.

Me
1. KBn, allylBr, THF; C(j
(1
N "’9,,H
e

55%

2.
Me
i-Pr -Pr

—

7a (93% ee)

N M
i Me 8 69% (93% ee)
O“"yov('”"Ph
FsC Me
FaC
F,C CFs 9
5 mol % CGHS

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

examine their ability in promoting the enantioselective and converted to a variety of polycyclic structures. A
formation of 7a—c. These studies indicate that alkylidenes representative example is illustrated in eq 1. Subjection of
48 and5% give rise to the most efficient and enantioselective Optically enriched7a (93% ee) with allylbromide and

desymmetrizations. As the data in entries 1 and 2 of Table benzylpotassium, followed by treatment of the derived

2 indicate, catalystd and5 can be used to convert triene
6a (R = H) efficiently (>98% conversion in 3 h) to
unsaturated azepirf@in 93% ee. However, whesb is used

allylamine with 5 mol % achiral comple,*! leads to the
formation of tricyclic amineB (93% ee).
(2) An alternative approach toward the synthesis of

as the substrate (entries 3 and 4), ring closures becomepolycyclic amines involves reactions of tetraefigbat can

significantly slower, particularly with cataly$ (entry 4),
and the desiredb is formed in only 22-24% ee. Chiral
complex5 is equally ineffective in transformation dic
(entry 6, Table 2) to bicyclic aminéc (30% conversion after
20 h). In stark contrast, however, as depicted in entry 5 of
Table 2, chiral catalyst promotes the formation ofc
efficiently (>98% conversion in 3 h) to deliver the desired
amine in quantitative yield and 80% ee. It should be noted

Org. Lett., Vol. 5, No. 25, 2003

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. Rrganometallicsl987, 6, 1373~
1374. (b) Schrock, R. R.; Murdzek, J. S.; Bazan, G. C.; Robbins, J.; DiMare,
M.; O’'Regan, M.J. Am. Chem. S0d.99Q 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 Lett200Q 41, 9553-9559.
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Scheme 3. In Situ-Prepared Chiral Mo Catalyst Used in
Enantioselective Synthesis of Amines
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1 and 2), is illustrative. Treatment of tetraet@with 5 mol
% 3 leads to the formation of cyclohexenylamibg within
20 min; prolonged reaction time leads to formatiorlafin
guantitative yield and 79% ee.

(3) Chiral Mo catalysts are more reactive than their Ru-
based counterpartdOn the other hand, these high-oxidation-

by treatment of the parent diol with potassium hydride (or
any other suitable base) and triflaigl 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 approachés 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 investigatiof%.
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(13) (a) VanVeldhuizen, J. J.; Garber, S. B.; Kingsbury, J. S.; Hoveyda,
A. H. J. Am. Chem. So@002 124, 4954-4955. (b) VanVeldhuizen, J. J.;
Gillingham, D. G.; Garber, S. B.; Kataoka, O.; Hoveyda, AJHAmM. Chem.
Soc.2003 125 12502-12508. (c) Seiders, T. J.; Ward, D. W.; Grubbs, R.
H. Org. Lett.2001, 3, 3225-3228.

(14) (a) Aeilts, S. L.; Cefalo, D. R.; Bonitatebus, P. J.; Houser, J. H.;
Hoveyda, A. H.; Schrock, R. RAngew. Chem., Int. EQ001, 40, 1452

state complexes are sensitive toward air and moisture, and456. (b) Teng, X.; Cefalo, D. R.; Schrock, R. R.; Hoveyda, AJHAM.

their isolation and purification requires anhydrous and inert
atmosphere conditiord8 As reported previously for two other
Mo catalysts* 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 vgls of enantioselectity
analogous to those obtained with the isolated and purified
catalysts(compare data in Scheme 3 with entry 4, Table 1).
Itis important to note that bis(alkoxidé&B is prepared readily

4902

Chem. Soc2002 124, 10779-10784.

(15) For example, with second-generation achiral Ru catalysts (Schwab,
P.; France, M. B.; Ziller, J. W.; Grubbs, R. Angew. Chem., Int. Ed. Engl.
1995 34, 2039-2041; Garber, S. B.; Kingsbury, J. S.; Gray, B. L.; Hoveyda,
'A. H. J. Am. Chem. So00Q 122, 8168-8179), the RCM illustrated in
Table 1 proceed ta-90% conversion at 55C in 1 h (vs 30 min at 22C
with Mo catalysts). For ARCM ofid (Table 1, entry 4), we find that one
chiral Ru catalyst (ref 13b), affordad in 14% ee (33% conversion at 55
°C after 24 h).

(16) For example, the compound analogous to triethéTable 1, entry
4) but bearing terminal olefins undergoes ARCM with 5 moB%b afford
the desired cyclic disubstituted (vs trisubstituted) olefin-18% ee ¢ 98%
conversion, @Hg, 22 °C, 30 min).
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