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(57) ABSTRACT 

The present invention relates to a process for stereoselective 
or regioselective chemical synthesis Which generally com 
prises reacting a nucleophile and a chiral or prochiral cyclic 
substrate in the presence of a non-racernic, chiral catalyst to 
produce a stereoisornerically- and/or regioisornerically-en 
riched product. The present invention also relates to hydro 
lytic kinetic resolutions of racernic and diastereorneric mix 
tures of epoXides. 
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Figure 1 

HKR of terf-Butylethyleneoxide 

O 2.0 mol% (R,R)-salen-Co(OAc) H30 0 

H3C>K<I H C H39 0.60 equiv. H20 3 CH3 
CH3 

1,2-hexane diol 

V 

> 99% ee 

41“ 72% yield* 

* Yield is expressed as a percentage of the theoretical maximum of 50% 
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Figure 2 

HKR of Alkyl-Substituted Terminal _E_poxides 

O (R,R)-(salen)Co(lll) 0 
/<] + H20 (0.55 equiv) ------> 

R 0 °c to rt R 

> 99% ee 

R Catalyst (mole %) Yield (% of theoretical) 

Me 0.2 94 
n-Bu 0.2 86 

n-C12H25 0.5 86 
CH2=CH(CH2)2 0.5 85 
cyclohexyl 0.5 87 
PhCH2 0.5 92 
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Figure 3 

HKR of 3,4-Ep0xy-2—butan0ne 

2.0 moi% (R,R)-sa|en-Co(lll)(OAc) 
2.0 moi% AcOH 

O > 0 

H36 H30 
\H/Q 0.60 equiv. H20 
0 rt, THF 0 

Oz atmosphere 99% ee 

48 h 81 % yield 
(of the theoretical max) 

- without 02, the catalyst reduces out in 6 h with recovered epoxide in 76% ee 

- preoxidation of catalyst is required 
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Figure 4 

Hydrolytic Kinetic Resolution of Terminal Epoxides 

0.5 mol% (R,R)-salen-Co 
O n O (i)_ /<l 2.0 mQl/oACOH RA 

R THF 

0.55 equiv. H20 
0 "C to it 

% ee (%yield) % ee (%yieid) 

o O 0 
> 3 Bno\/<] 99 (9 ) 50M >99 (92) 

o o 
TBSO\/<| >99 (96) Pho\/<| >99 (94) 

H c o O O 
3 \/\fr \/<] >99 (90) O\/<l >99 (80) 

* Yields reported as a theoreticai maximum of 50% 
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Figure 5 

Kinetic Resolution of m-Chlorost rene Oxide 

o 0 

H20 (0.55 equiv) 
————-_-—~——-——-> 

(salen)Co(0Ac) 

cl m0|%) _ 45% yield 

(racemic) 99% ee 

\ (salen)MnCl o 0 

g (2.5 mol%) H2O (0.35 equiv) + NaOCl ——————> -__-_-__-> 

(salen)Co(0Ac) 
Cl CI (0.7 mol%) cl 

95% yield 64% yield 
36% ee 99% ee 

(61% yield from 
alkene) 

Brandes Tetrahedron: Asymm 1997, 8, 3927 
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HYDROLYTIC KINETIC RESOLUTION OF 
CYCLIC SUBSTRATES 

RELATED APPLICATIONS 

[0001] This application is a continuation of US. Ser. No. 
09/134,393, ?led Aug. 14, 1998, now US. Pat. No. 6,262, 
278; Which is a continuation-in-part of US. Ser. No. 08/622, 
549, ?led on Mar. 25, 1996, now US. Pat. No. 5,929,232; 
Which is a continuation-in-part of US. Ser. No. 08/403,374, 
?led Mar. 14, 1995, now US. Pat. No. 5,665,890. 

GOVERNMENT FUNDING 

[0002] Work described herein Was supported in part With 
funding from the National Institutes of Health. The United 
States Government has certain rights in this invention. 

BACKGROUND OF THE INVENTION 

[0003] The demand for enantiomerically pure compounds 
has groWn rapidly in recent years. One important use for 
such chiral, non-racemic compounds is as intermediates for 
synthesis in the pharmaceutical industry. For instance, it has 
become increasingly clear that enantiomerically pure drugs 
have many advantages over racemic drug mixtures. These 
advantages (revieWed in, e.g., Stinson, S. C., Chem Eng 
News, Sep. 28, 1992, pp. 46-79) include feWer side effects 
and greater potency of enantiomerically pure compounds. 

[0004] Traditional methods of organic synthesis have 
often been optimiZed for the production of racemic materi 
als. The production of enantiomerically pure material has 
historically been achieved in one of tWo Ways: use of 
enantiomerically pure starting materials derived from natu 
ral sources (the so-called “chiral pool”), or resolution of 
racemic mixtures by classical techniques. Each of these 
methods has serious draWbacks, hoWever. The chiral pool is 
limited to compounds found in nature, so only certain 
structures and con?gurations are readily available. Resolu 
tion of racemates, Which requires the use of resolving 
agents, may be inconvenient and time-consuming. Further 
more, resolution often means that the undesired enantiomer 
is discarded, thus Wasting half of the material. 

[0005] Epoxides are valuable intermediates for the stereo 
controlled synthesis of complex organic compounds due to 
the variety of compounds Which can be obtained by epoxide 
opening reactions. For example, ot-amino alcohols can be 
obtained simply by opening of an epoxide With aZide ion, 
and reduction of the resulting ot-aZido alcohol (for example, 
by hydrogenation). The reaction of epoxides With other 
nucleophiles similarly yields functionaliZed compounds 
Which can be converted to useful materials. A LeWis acid 
may be added to act as an epoxide-activating reagent. 

[0006] The utility of epoxides has expanded dramatically 
With the advent of practical asymmetric catalytic methods 
for their synthesis (Johnson, R. A; Sharpless, K. B. In 
Catalytic Asymmetric Synthesis. Ojima, L, Ed.: VCH: NeW 
York, 1993; Chapter 4.1. Jacobsen, E. N. Ibid. Chapter 4.2). 
In addition to epoxidation of prochiral and chiral ole?ns, 
approaches to the use of epoxides in the synthesis of 
enantiomerically enriched compounds include kinetic reso 
lutions of racemic epoxides (Maruoka, K.; Nagahara, S.; 
Ooi, T.; Yamamoto, H. Tetrahedron Lett 1989, 30, 5607. 
Chen, X. -J.; Archelas, A; Rurstoss, R. J Org Chem 1993, 
58, 5528. Barili, P. L.; Berti, G.; Mastrorilli, E. Tetrahedron 
1993, 49, 6263.) 
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[0007] A particularly desirable reaction is the asymmetric 
ring-opening of symmetrical epoxides, a technique Which 
utiliZes easily made achiral starting materials and can simul 
taneously set tWo stereogenic centers in the functionaliZed 
product. Although the asymmetric ring-opening of epoxides 
With a chiral reagent has been reported, in most previously 
knoWn cases the enantiomeric purity of the products has 
been poor. Furthermore, many previously reported methods 
have required stoichiometric amounts of the chiral reagent, 
Which is likely to be expensive on a large scale. A catalytic 
asymmetric ring-opening of epoxides has been reported 
(Nugent, W. A, JAm Chem Soc 1992, 114, 2768); hoWever, 
the catalyst is expensive to make. Furthermore, good asym 
metric induction (>90% e.e.) Was observed only for a feW 
substrates and required the use of a LeWis acid additive. 
Moreover, the catalytic species is not Well characteriZed, 
making rational mechanism-based modi?cations to the cata 
lyst dif?cult. 

SUMMARY OF THE INVENTION 

[0008] In one aspect of the present invention, there is 
provided a process for stereoselective chemical synthesis 
Which generally comprises reacting a nucleophile and a 
chiral or prochiral cyclic substrate in the presence of a 
non-racemic chiral catalyst to produce a stereoisomerically 
enriched product. The cyclic substrate comprises a car 
bocycle or heterocycle having a reactive center susceptible 
to nucleophilic attack by the nucleophile, and the chiral 
catalyst comprises an asymmetric tetradentate or tridentate 
ligand complexed With a metal atom. In the instance of the 
tetradentate ligand, the catalyst complex has a rectangular 
planar or rectangular pyramidal geometry. The tridentate 
ligand-metal complex assumes a planar or trigonal pyrami 
dal geometry. In a preferred embodiment, the ligand has at 
least one Schiff base nitrogen complexed With the metal core 
of the catalyst. In another preferred embodiment, the ligand 
provides at least one stereogenic center Within tWo bonds of 
a ligand atom Which coordinates the metal. 

[0009] In general, the metal atom is a transition metal from 
Groups 3-12 or from the lanthanide series, and is preferably 
not in its highest state of oxidation. For example, the metal 
can be a late transition metal, such as selected from Group 
5-12 transition metals. In preferred embodiments, the metal 
atom is selected from the group consisting of Cr, Mn, V, Fe, 
Co, Mo, W, Ru and Ni. 

[0010] In preferred embodiments, the substrate Which is 
acted on by the nucleophile and catalyst is represented by the 
general formula 118: 

118 
Y 

C1 ! 5 C2 
R30|||||--- --|||||R33 

R31 R32 

[0011] in Which 

[0012] Y represents O, S, N(R5O), C(R52)(R54), or has 
the formula A-B-C; Wherein R50 is selected from the 
set comprising hydrogen, alkyls, acyls, carbonyl 
substituted alkyls, carbonyl-substituted aryls, and 
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sulfonyls; R52 and R54 each independently represent 
an electron-Withdrawing group; A and C are inde 
pendently absent, or represent a C1-C5 alkyl, O, S, 
carbonyl, or N(R5O); and B is a carbonyl, a thiocar 
bonyl, a phosphoryl, or a sulfonyl; and 

[0013] R30, R31, R32, and R33 independently repre 
sent an organic or inorganic substituent Which forms 
a covalent bond With the C1 or C2 carbon atoms of 
118, and Which permit formation of a stable ring 
structure including Y. For instance, the substituents 
R30, R31, R32, and R33 each independently represent 
hydrogen, halogens, alkyls, alkenyls, alkynyls, 
hydroxyl, amino, nitro, thiol, amines, imines, 
amides, phosphoryls, phosphonates, phosphines, car 
bonyls, carboxyls, silyls, ethers, thioethers, sulfo 
nyls, selenoethers, ketones, aldehydes, esters, or 
—(CH2)m—R7; or any tWo or more of the substitu 
ents R30, R31, R32, and R33 taken together form a 
carbocylic or heterocyclic ring having from 4 to 8 
atoms in the ring structure. In this formula, R7 
represents an aryl, a cycloalkyl, a cycloalkenyl, a 
heterocycle or a polycycle; and m is an integer in the 
range of 0 to 8 inclusive. In certain embodiments, 
R30, R31, R32, and R33 are chosen such that the 
substrate has a plane of symmetry. 

[0014] Exemplary cyclic substrates for the subject reac 
tions include epoxides, aZiridines, episul?des, cyclopro 
panes, lactones, thiolactones, lactams, thiolactams, cyclic 
carbonates, cyclic thiocarbonates, cyclic sulfates, cyclic 
anhydrides, cyclic phosphates, cyclic ureas, cyclic thioureas, 
and sultones. 

[0015] In a preferred embodiment, the method includes 
combining a nucleophilic reactant, a prochiral or chiral 
cyclic substrate, and a non-racemic chiral catalyst as 
described herein, and maintaining the combination under 
conditions appropriate for the chiral catalyst to catalyZe 
stereoselective opening of the cyclic substrate at the elec 
trophilic atom by reaction With the nucleophilic reactant. 

[0016] In preferred embodiments, the chiral catalyst Which 
is employed in the subject reaction is represented by the 
general formula: 

[0017] 

[0018] Z1, Z2, Z3 and Z4 each represent a LeWis base; 

[0019] the C1 moiety, taken With Z1, Z3 and M, and 
the C2 moiety, taken With Z2, Z4 and M, each, 
independently, form a heterocycle; 

in Which 

[0020] R1, R2, R‘1 and R‘2 each, independently, are 
absent or represent a covalent substitution With an 
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organic or inorganic substituent permitted by valence 
requirements of the electron donor atom to Which it 
is attached, 

[0021] R40 and R41 each independently are absent, or 
represent one or more covalent substitutions of C1 
and C2 With an organic or inorganic substituent 
permitted by valence requirements of the ring atom 
to Which it is attached, 

[0022] or any tWo or more of the R1, R2, R1, R‘2 R40 
and R41 taken together form a bridging substituent; 

[0023] With the proviso that C1 is substituted at at 
least one site by R1, R‘1 or R41, and C2 is substituted 
at at least one site by R2, R‘2 or R40, and at least one 
of R1, R1, and R41 is taken together With at least one 
of R2, R‘2 and R40 to form a bridging substituent so 
as to provide Z1, Z2, Z3 and Z4 as a tetradentate; 

[0024] M represents the transition metal; and 

[0025] A represents a counterion or a nucleophile, 

[0026] Wherein each R1, R2, R1, R‘2 R40 and R41 are 
selected to provide at least one stereogenic center in the 
tetradentate ligand. 

[0027] In exemplary embodiments, R1, R2, R‘1 and R2, 
independently, represent hydrogen, halogens, alkyls, alk 
enyls, alkynyls, hydroxyl, amino, nitro, thiol, amines, imi 
nes, amides, phosphoryls, phosphonates, phosphines, carbo 
nyls, carboxyls, silyls, ethers, thioethers, sulfonyls, 
selenoethers, ketones, aldehydes, esters, or —(CH2)m—R7; 

[0028] each R40 and R41 occurring in 100 indepen 
dently represent hydrogen, halogens, alkyls, alk 
enyls, alkynyls, hydroxyl, amino, nitro, thiol, 
amines, imines, amides, phosphoryls, phosphonates, 
phosphines, carbonyls, carboxyls, silyls, ethers, thio 
ethers, sulfonyls, selenoethers, ketones, aldehydes, 
esters, or —(CH2)m—R7; 

[0029] R7 represents an aryl, a cycloalkyl, a cycloalk 
enyl, a heterocycle or a polycycle; 

[0030] Z1, Z2, Z3 and Z4 are independently selected 
from the group consisting of nitrogen, oxygen, phos 
phorus, arsenic, and sulfur; and 

[0031] m is an integer in the range of 0 to 8 inclusive. 

[0032] For example, the catalyst can be represented by the 
general formula: 

Y1 II“ T2 Y2 
N N 
\ / 

X1 /M\ X3 
0 [L 0 

X2 X4 

[0033] in Which 

[0034] the substituents R1, R2, Y1, Y2, X1, X2, X3 and 
X4 each, independently, represent hydrogen, halo 
gens, alkyls, alkenyls, alkynyls, hydroxyl, amino, 
nitro, thiol, amines, imines, amides, phosphoryls, 
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phosphonates, phosphines, carbonyls, carboXyls, 
silyls, ethers, thioethers, sulfonyls, selenoethers, 
ketones, aldehydes, esters, or —(CH2)m—R7, 

[0035] or any tWo or more of the substituents taken 
together form a carbocycle or heterocycle ring hav 
ing from 4 to 8 atoms in the ring structure, 

[0036] With the proviso that at least one of R1, Y1, X1 
and X2 is covalently bonded to at least one of R2, Y2, 
X3 and X4 to provide the [3-iminocarbonyls to Which 
they are attached as a tetradentate ligand, and at least 
one of Y1 and Y2 is a hydrogen; 

[0037] R7 represents an aryl, a cycloalkyl, a cycloalk 
enyl, a heterocycle, or a polycycle; 

[0038] 
[0039] M represents the transition metal; and 

m is an integer in the range of 0 to 8 inclusive; 

[0040] A represents a counterion or a nucleophile, 

[0041] Wherein each of the substituents R1, R2, Y1, Y2, X1, 
X2, X3 and X4, are selected such that the catalyst is asym 
metric. 

[0042] For example, a preferred class of catalysts are 
represented by the general formula: 

R12 

[0043] in which 

[0044] the B1 moiety represents a diimine bridging 
substituent represented by —R15—R16—R17—, 
Wherein R15 and R17 each independently are absent 
or represent an alkyl, an alkenyl, or an alkynyl, and 
R16 is absent or represents an amine, an imine, an 
amide, a phosphoryl, a carbonyl, a silyl, an oxygen, 
a sulfur, a sufonyl, a selenium, a carbonyl, or an 

ester; 

[0045] each of B2 and B3 independently represent 
rings selected from a group consisting of 
cycloalkyls, cycloakenyls, aryls, and heterocyclic 
rings, Which rings comprising from 4 to 8 atoms in 
a ring structure; 

[0046] Y1 and Y2 each independently represent 
hydrogen, halogens, alkyls, alkenyls, alkynyls, 
hydroXyl, amino, nitro, thiol, amines, imines, 
amides, phosphoryls, phosphonates, phosphines, car 
bonyls, carboXyls, silyls, ethers, thioethers, sulfo 
nyls, selenoethers, ketones, aldehydes, esters, or 

[0047] R12, R13, and R14 each independently are 
absent, or represent one or more covalent substitu 
tions of B1, B2 and B3 With halogens, alkyls, alk 
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enyls, alkynyls, hydroXyl, amino, nitro, thiol, 
amines, imines, amides, phosphoryls, phosphonates, 
phosphines, carbonyls, carboXyls, silyls, ethers, thio 
ethers, sulfonyls, selenoethers, ketones, aldehydes, 
esters, or —(CH2)m—R7, Wherein R12 can occur on 
one or more positions of —R15—R16—R17—, 

[0048] or any tWo or more of the R12, R13, R14, Y1 
and Y2 taken together form a bridging substituent; 

[0049] R7 represents an aryl, a cycloalkyl, a cycloalk 
enyl, a heterocycle, or a polycycle; 

[0050] m is an integer in the range of 0 to 8 inclusive; 

[0051] M represents a transition metal; and 

[0052] A represents a counterion or a nucleophile, 

[0053] Wherein R12, R13, R14, Y1 and Y2 are selected such 
that the catalyst is asymmetric. 

[0054] In yet further preferred embodiments, the catalyst 
is a metallosalenate catalyst represented by the general 
formula: 

106 

R1 R3 
R2 R5 R4 

Y1 Y2 

X4 N N X8 
\ / 
M 

X 0/ I \O X 3 A 7 

[0055] 
[0056] each of the substituents R1, R2, R3, R4, R5, Y1, 

Y2, X1, X2, X3, X4, X5, X6, X7, and X8, indepen 
dently, represent hydrogen, halogens, alkyls, alk 
enyls, alkynyls, hydroXyl, amino, nitro, thiol, 
amines, imines, amides, phosphoryls, phosphonates, 
phosphines, carbonyls, carboXyls, silyls, ethers, thio 
ethers, sulfonyls, selenoethers, ketones, aldehydes, 
esters, or —(CH2)m—R7; 

in Which 

[0057] or any tWo or more of the substituents taken 
together form a carbocycle or heterocycle having 
from 4 to 10 atoms in the ring structure; 

[0058] R7 represents an aryl, a cycloalkyl, a cycloalkenyl, 
a heterocycle or a polycycle; 

[0059] m is an integer in the range of 0 to 8 inclusive; 

[0060] M represents a transition metal; and 

[0061] A represents a counterion or a nucleophile; 

[0062] Wherein if R5 is absent, at least one of R1 and R2 is 
taken together With at least one of R3 and R4 to form a 
bridging substituent, and each of the substituents of 106 are 
selected such that the salenate is asymmetric. 

[0063] Alternatively, the catalyst may comprise a triden 
tate ligand, such as the catalysts represented by general 
formula 140: 
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140 

E1 Z2 E2 
R81 R80 

Z1 M Z3 

l 
[0064] in Which 

[0065] Z1, Z2, and Z3 each represent a LeWis base; 

[0066] the E1 moiety, taken With Z1, Z2 and M, and 
the E2 moiety, taken With Z2, Z3 and M, each, 
independently, form a heterocycle; 

[0067] R80 and R81 each, independently, are absent, 
or represent hydrogen, halogens, alkyls, alkenyls, 
alkynyls, hydroxyl, amino, nitro, thiol amines, imi 
nes, amides, phosphonates, phosphines, carbonyls, 
carboxyls, silyls, ethers, thioethers, sulfonyls, sele 
noethers, ketones, aldehydes, esters, or —(CH2)m— 
R7, or any tWo or more of the R80 and R81 substitu 
ents taken together form a bridging substituent; 

[0068] R7 represents an aryl, a cycloalkyl, a cycloalk 
enyl, a heterocycle or a polycycle; 

[0069] m is an integer in the range of 0 to 8 inclusive; 

[0070] M represents a transition metal; and 

[0071] A represents a counteranion or a nucleophile; 

[0072] 
[0073] As described herein, the subject method can be 
used for carrying out enantioselective ring openings, dias 
tereoselective ring openings (including kinetic resolutions), 
and stereoselective ring expansions of cyclic compounds. 

Wherein the tridentate ligand is asymmetric. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0074] FIG. 1 depicts the hydrolytic kinetic resolution of 
tert-butylethylene oxide. 

[0075] FIG. 2 depicts the hydrolytic kinetic resolution of 
alkyl-substituted terminal epoxides. 

[0076] FIG. 3 depicts the hydrolytic kinetic resolution of 
3,4-epoxy-2-butanone. 
[0077] FIG. 4 depicts the hydrolytic kinetic resolution of 
terminal epoxides. 

[0078] FIG. 5 depicts the kinetic resolution of m-chlo 
rostyrene oxide. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0079] The ability to introduce a stereocenter selectively 
or to resolve a racemic mixture has broad application, 
especially in the agricultural and pharmaceutical industries, 
as Well as in the polymer industry. As described herein, the 
present invention makes available methods and reagents for 
stereoselective and regioselective synthesis involving 
nucleophile-mediated ring opening reactions. The primary 
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constituents of the method, set out in more detail beloW, are 
a chiral metal catalyst of particular tetradentate or tridentate 
geometry; a chiral or prochiral “substrate” including a 
carbocycle or heterocycle moiety With at least one electro 
philic ring atom; and a nucleophilic reactant Which is desired 
to be added at the site of the electrophilic ring atom. 

[0080] 
[0081] For convenience, certain terms employed in the 
speci?cation, examples, and appended claims are collected 
here. 

I. De?nitions 

[0082] The term “nucleophile” is recogniZed in the art, 
and as used herein means a chemical moiety having a 
reactive pair of electrons. Examples of nucleophiles include 
uncharged compounds such as Water, amines, mercaptans 
and alcohols, and charged moieties such as alkoxides, thi 
olates, carbanions, and a variety of organic and inorganic 
anions. Illustrative anionic nucleophiles include simple 
anions such as hydroxide, aZide, cyanide, thiocyanate, 
acetate, formate or chloroformate, and bisul?te. Organome 
tallic reagents such as organocuprates, organoZincs, organo 
lithiums, Grignard reagents, enolates, acetylides, and the 
like may, under appropriate reaction conditions, be suitable 
nucleophiles. Hydride may also be a suitable nucleophile 
When reduction of the substrate is desired. 

[0083] The term “electrophile” is art-recogniZed and 
refers to chemical moieties Which can accept a pair of 
electrons from a nucleophile as de?ned above. Electrophiles 
useful in the method of the present invention include cyclic 
compounds such as epoxides, aZiridines, episul?des, cyclic 
sulfates, carbonates, lactones, lactams and the like. Non 
cyclic electrophiles include sulfates, sulfonates (e.g. tosy 
lates), chlorides, bromides, iodides, and the like The terms 
“electrophilic atom”, “electrophilic center” and “reactive 
center” as used herein refer to the atom of the substrate 
Which is attacked by, and forms a neW bond to, the nucleo 
phile. In most (but not all) cases, this Will also be the atom 
from Which the leaving group departs. 

[0084] The term “electron-Withdrawing group” is recog 
niZed in the art and as used herein means a functionality 
Which draWs electrons to itself more than a hydrogen atom 
Would at the same position. Exemplary electron-WithdraW 
ing groups include nitro, ketone, aldehyde, sulfonyl, tri?uo 
romethyl, —CN, chloride, and the like. The term “electron 
donating group”, as used herein, means a functionality 
Which draWs electrons to itself less than a hydrogen atom 
Would at the same position. Exemplary electron-donating 
groups include amino, methoxy, and the like. 

[0085] The term “ring expansion” refers to a process 
Whereby the number of atoms in a ring of a cyclic compound 
is increased. An illustrative example of ring expansion is the 
reaction of epoxides With carbon dioxide to yield cyclic 
carbonates. 

[0086] The term “meso compound” is recogniZed in the art 
and means a chemical compound Which has at least tWo 
chiral centers but is achiral due to an internal plane, or point, 
of symmetry. 

[0087] The term “chiral” refers to molecules Which have 
the property of non-superimposability on their mirror image 
partner, While the term “achiral” refers to molecules Which 
are superimposable on their mirror image partner. A 
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“prochiral molecule” is an achiral molecule Which has the 
potential to be converted to a chiral molecule in a particular 
process. 

[0088] The term “stereoisomers” refers to compounds 
Which have identical chemical constitution, but differ With 
regard to the arrangement of their atoms or groups in space. 
In particular, the term “enantiomers” refers to tWo stereoi 
somers of a compound Which are non-superimposable mir 
ror images of one another. The term “diastereomers”, on the 
other hand, refers to the relationship betWeen a pair of 
stereoisomers that comprise tWo or more asymmetnc centers 
and are not mirror images of one another. 

[0089] Furthermore, a “stereoselective process” is one 
Which produces a particular stereoisomer of a reaction 
product in preference to other possible stereoisomers of that 
product. An “enantioselective process” is one Which favors 
production of one of the tWo possible enantiomers of a 
reaction product. The subject method is said to produce a 
“stereoselectively-enriched” product (e.g., enantioselec 
tively-enriched or diastereoselectively-enriched) When the 
yield of a particular stereoisomer of the product is greater by 
a statistically signi?cant amount relative to the yield of that 
stereoisomer resulting from the same reaction run in the 
absence of a chiral catalyst. For example, an enantioselec 
tive reaction catalyZed by one of the subject chiral catalysts 
Will yield an e.e. for a particular enantiomer that is larger 
than the e.e. of the reaction lacking the chiral catalyst. 

[0090] The term “regioisomers” refers to compounds 
Which have the same molecular formula but differ in the 
connectivity of the atoms. Accordingly, a “regioselective 
process” is one Which favors the production of a particular 
regioisomer over others, e.g., the reaction produces a sta 
tistically signi?cant preponderance of a certain regioisomer. 

[0091] The term “reaction product” means a compound 
Which results from the reaction of a nucleophile and a 
substrate. In general, the term “reaction product” Will be 
used herein to refer to a stable, isolable compound, and not 
to unstable intermediates or transition states. 

[0092] The term “complex” as used herein and in the 
claims means a coordination compound formed by the union 
of one or more electronically rich molecules or atoms 
capable of independent existence With one or more elec 
tronically poor molecules or atoms, each of Which is also 
capable of independent existence. 

[0093] The term “substrate” is intended to mean a chemi 
cal compound Which can react With a nucleophile, or With a 
ring-expansion reagent, according to the present invention, 
to yield at least one product having a stereogenic center. 

[0094] The term “catalytic amount” is recogniZed in the 
art and means a substoichiometric amount relative to a 

reactant. As used herein, a catalytic amount means from 
0.0001 to 90 mole percent relative to a reactant, more 
preferably from 0.001 to 50 mole percent, still more pref 
erably from 0.01 to 10 mole percent, and even more pref 
erably from 0.1 to 5 mole percent relative to a reactant. 

[0095] As discussed more fully beloW, the reactions con 
templated in the present invention include reactions Which 
are enantioselective, diastereoselective, and/or regioselec 
tive. An enantioselective reaction is a reaction Which con 
verts an achiral reactant to a chiral product enriched in one 
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enantiomer. Enantioselectivity is generally quanti?ed as 
“enantiomeric excess” (ee) de?ned as folloWs: 

% enantiomeric ‘ ‘ 

= (% enant1omerA)— (% enantiomerB) 
excess A (ee) 

[0096] Where A and B are the enantiomers formed. Addi 
tional terms that are used in conjunction With enatioselec 
tivity include “optical purity” or “optical activity”. An 
enantioselective reaction yields a product With an e.e. 
greater than Zero. Preferred enantioselective reactions yield 
a product With an e.e. greater than 20%, more preferably 
greater than 50%, even more preferably greater than 70%, 
and most preferably greater than 80%. 

[0097] Adiastereoselective reaction converts a chiral reac 
tant (Which may be racemic or enantiomerically pure) to a 
product enriched in one diastereomer. If the chiral reactant 
is racemic, in the presence of a chiral non-racemic reagent 
or catalyst, one reactant enantiomer may react more sloWly 
than the other. This class of reaction is termed a kinetic 
resolution, Wherein the reactant enantiomers are resolved by 
differential reaction rate to yield both enantiomerically 
enriched product and enantimerically-enriched unreacted 
substrate. Kinetic resolution is usually achieved by the use 
of suf?cient reagent to react With only one reactant enanti 
omer (i.e. one-half mole of reagent per mole of racemic 
substrate). Examples of catalytic reactions Which have been 
used for kinetic resolution of racemic reactants include the 
Sharpless epoxidation and the Noyori hydrogenation. 

[0098] Aregioselective reaction is a reaction Which occurs 
preferentially at one reactive center rather than another 
reactive center. For example, a regioselective reaction of an 
unsymmetrically substituted epoxide substrate Would cause 
preferential reaction at one of the tWo epoxide ring carbons. 

[0099] The term “non-racemic” With respect to the chiral 
catalyst, means a preparation of catalyst having greater than 
50% of a given enantiomer, more preferably at least 75%. 
“Substantially non-racemic” refers to preparations of the 
catalyst Which have greater than 90% ee for a given enan 
tiomer of the catalyst, more preferably greater than 95% ee. 

[0100] The term “alkyl” refers to the radical of saturated 
aliphatic groups, including straight-chain alkyl groups, 
branched-chain alkyl groups, cycloalkyl (alicyclic) groups, 
alkyl substituted cycloalkyl groups, and cycloalkyl substi 
tuted alkyl groups. In preferred embodiments, a straight 
chain or branched chain alkyl has 30 or feWer carbon atoms 
in its backbone (e.g., C1-C3O for straight chain, C3-C3O for 
branched chain), and more preferably 20 of feWer. LikeWise, 
preferred cycloalkyls have from 4-10 carbon atoms in their 
ring structure, and more preferably have 5, 6 or 7 carbons in 
the ring structure. 

[0101] Moreover, the term alkyl as used throughout the 
speci?cation and claims is intended to include both “unsub 
stituted alkyls” and “substituted alkyls”, the latter of Which 
refers to alkyl moieties having substituents replacing a 
hydrogen on one or more carbons of the hydrocarbon 
backbone. Such substituents can include, for example, a 
halogen, a hydroxyl, a carbonyl, an alkoxyl, and ester, a 
phosphoryl, an amine, an amide, an imine, a thiol, a thio 
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ether, a thioester, a sulfonyl, an amino, a nitro, or an 
organometallic moiety. It Will be understood by those skilled 
in the art that the moieties substituted on the hydrocarbon 
chain can themselves be substituted, if appropriate. For 
instance, the substituents of a substituted alkyl may include 
substituted and unsubstituted forms of amines, imines, 
amides, phosphoryls (including phosphonates and phos 
phines), sulfonyls (including sulfates and sulfonates), and 
silyl groups, as Well as ethers, thioethers, selenoethers, 
carbonyls (including ketones, aldehydes, carboxylates, and 
esters), —CF3, —CN and the like. Exemplary substituted 
alkyls are described beloW. Cycloalkyls can be further 
substituted With alkyls, alkenyls, alkoxys, thioalkyls, ami 
noalkyls, carbonyl-substituted alkyls, CF3, CN, and the like. 

[0102] The terms “alkenyl” and “alkynyl” refer to unsat 
urated aliphatic groups analogous in length and possible 
substitution to the alkyls described above, but Which contain 
at least one double or triple carbon-carbon bond, respec 
tively. 

[0103] Unless the number of carbons is otherWise speci 
?ed, “loWer alkyl” as used herein means an alkyl group, as 
de?ned above, but having from one to ten carbons, more 
preferably from one to six carbon atoms in its backbone 
structure. Likewise, “loWer alkenyl” and “loWer alkynyl” 
have similar chain lengths. 

[0104] As used herein, the term “amino” means —NH2; 
the term “nitro” means —NO2; the term “halogen” desig 
nates —F, —Cl, —Br or —I; the term “thiol” means —SH; 
the term “hydroxyl” means —OH; the term “sulfonyl” 
means —SO2—; and the term “organometallic” refers to a 
metallic atom (such as mercury, Zinc, lead, magnesium or 
lithium) or a metalloid (such as silicon, arsenic or selenium) 
Which is bonded directly to a carbon atom, such as a 
diphenylmethylsilyl group. 

[0105] Thus, the term “alkylamine” as used herein means 
an alkyl group, as de?ned above, having a substituted or 
unsubstituted amine attached thereto. In exemplary embodi 
ments, an “amine” can be represented by the general for 
mula: 

[0106] Wherein R8 and R9 each independently represent a 
hydrogen, an alkyl, an alkenyl, —(CH2)m—R7, —C(=O) 
alkyl, —C(=O)—alkenyl, —C(=O)—alkynyl, —C(=O)— 
(CH2)m—R7, or R8 and R9 taken together With the N atom 
to Which they are attached complete a heterocycle having 
from 4 to 8 atoms in the ring structure; R7 represents an aryl, 
a cycloalkyl, a cycloalkenyl, a heterocycle or a polycycle; 
and m is Zero or an integer in the range of 1 to 8. 

[0107] LikeWise, the term “alkylamide” refers to an alkyl 
group having a substituted or unsubstituted amide group 
attached thereto. For instance, an “amide” can be repre 
sented by the general formula: 
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[0108] Wherein R8 and R9 are as de?ned above. 

[0109] The term “alkylimine” refers to an alkyl group 
having a substituted or unsubstituted imine attached thereto. 
An “imine” can be represented by the general formula: 

[0110] Wherein R8 is as described above. 

[0111] The term “thioalkyl” refers to an alkyl group, as 
de?ned above, having a sulfhydryl or thioether group 
attached thereto. In preferred embodiments, the “thioether” 
moiety is represented by one of —S-alkyl, —S-alkenyl, 
—S-alkynyl, and —S—(CH2)m—R7, Wherein m and R7 are 
de?ned above. 

[0112] The term “carbonyl-substituted alkyl” as used 
herein means an alkyl group, as de?ned above, having a 
substituted or unsubstituted carbonyl group attached thereto, 
and includes aldehydes, ketones, carboxylates and esters. In 
exemplary embodiments, the “carbonyl” moiety is repre 
sented by the general formula: 

[0113] Wherein X is absent or represents an oxygen or a 
sulfur, and R10 represents a hydrogen, an alkyl, an alkenyl, 
or —(CH2)m—R7, Where m and R7 are as de?ned above. 
Where X is an oxygen, the formula represents an “ester”. 
Where X is a sulfur, the formula represents a “thioester.” 
Where X is absent, and R10 is not hydrogen, the above 
formula represents a “ketone” group. Where the oxygen 
atom of the above formula is replaced by sulfur, the formula 
represents a “thiocarbonyl” group. 

[0114] The terms “alkoxyl” or “alkoxy” as used herein 
refer to an alkyl group, as de?ned above, having an oxygen 
radical attached thereto. Representative alkoxyl groups 
include methoxy, ethoxy, propoxy, tert-butoxy and the like. 
An “ether” is tWo hydrocarbons covalently linked by an 
oxygen. Accordingly, the substituent of an alkyl Which 
renders that alkyl an ether is or resembles an alkoxyl, such 
as can be represented by one of —O-alkyl, —O-alkenyl, 
—O-alkynyl, —O—(CH2)m—R7, Where m and R7 are 
described above. 

[0115] Thus, the term “phosphorylalkyl” as used herein 
means an alkyl group, as de?ned above, having a substituted 
or unsubstituted phosphoryl group attached thereto. A 
“phosphoryl” can in general be represented by the formula: 



US 2002/0032338 A1 

[0116] wherein Q1 represented S or O, and R46 represents 
hydrogen, a loWer alkyl or an aryl. When used to substitute 
an alkyl, the phosphoryl group of the phosphorylalkyl can be 
represented by the general formula: 

OR46 

[0117] Wherein Q1 represented S or O, and each R46 
independently represents hydrogen, a loWer alkyl or an aryl, 
Q2 represents O, S or N. 

[0118] The term “metalloalkyl” refers to an alkyl group, as 
de?ned above, having a substituted or unsubstituted orga 
nometallic group attached thereto. A“silyl alkyl” is an alkyl 
having a substituted silicon attached thereto. In a preferred 
embodiment, the “silyl” moiety Which may be substituted on 
the alkyl can be represented by the general formula: 

Run] 

[0119] Wherein R10, R‘1O and R“ 10 independently represent 
a hydrogen, an alkyl, an alkenyl, or —(CH2)m—R7, m and 
R7 being de?ned above. 

[0120] Likewise, a “selenoalkyl” refers to an alkyl group 
having a substituted seleno group attached thereto. Exem 
plary “selenoethers” Which may be substituted on the alkyl 
are selected from one of —Se-alkyl, —Se-alkenyl, —Se 
alkynyl, and —Se—(CH2)m—R7, m and R7 being de?ned 
above. 

[0121] The term “sulfonyl” as used herein means a S(O)2 
moiety bonded to tWo carbon atoms. Thus, in a preferred 
embodiment, a sulfone has the folloWing structure: 

O O 

[0122] 
sulfur. 

Wherein the single bonds are betWeen carbon and 

[0123] The term “sulfonate” as used herein means a sul 
fonyl group, as de?ned above, attached to a hydroXyl, 
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alkyloXy or aryloXy group. Thus, in a preferred embodiment, 
a sulfonate has the structure: 

[0124] 
[0125] The term “sulfate”, as used herein, means a sulfo 
nyl group, as de?ned above, attached to tWo hydroXy or 
alkoXy groups. Thus, in a preferred embodiment, a sulfate 
has the structure: 

in Which R11 is absent, hydrogen, alkyl, or aryl. 

[0126] in Which R40 and R41 are independently absent, a 
hydrogen, an alkyl, or an aryl. Furthermore, R40 and R41, 
taken together With the sulfonyl group and the oXygen atoms 
to Which they are attached, may form a ring structure having 
from 5 to 10 members. 

[0127] Analogous substitutions can be made to alkenyl 
and alkynyl groups to produce, for eXample, alkenylamines, 
alkynylamines, alkenylamides, alkynylamides, alk 
enylimines, alkynylimines, thioalkenyls, thioalkynyls, car 
bonyl-substituted alkenyls or alkynyls, alkenoXyls, 
alkynoXyls, metalloalkenyls and metalloalkynyls. 

[0128] The term “aryl” as used herein includes 4-, 5-, 6 
and 7-membered single-ring aromatic groups Which may 
include from Zero to four heteroatoms, for eXample, ben 
Zene, pyrrole, furan, thiophene, imidaZole, oXaZole, thiaZole, 
triaZole, pyraZole, pyridine, pyraZine, pyridaZine and pyri 
midine, and the like. Those aryl groups having heteroatoms 
in the ring structure may also be referred to as “aryl 
heterocycle”. The aromatic ring can be substituted at one or 
more ring positions With such substituents as described 
above, as for eXample, halogens, alkyls, alkenyls, alkynyls, 
hydroXyl, amino, nitro, thiol amines, imines, amides, phos 
phonates, phosphines, carbonyls, carboXyls, silyls, ethers, 
thioethers, sulfonyls, selenoethers, ketones, aldehydes, 
esters, or —(CH2)m—R7, —CF3, —CN, or the like. 

[0129] The terms “heterocycle” or “heterocyclic group” 
refer to 4 to 10-membered ring structures, more preferably 
5 to 7 membered rings, Which ring structures include one to 
four heteroatoms. Heterocyclic groups include pyrrolidine, 
oXolane, thiolane, imidaZole, oXaZole, piperidine, pipera 
Zine, morpholine. The heterocyclic ring can be substituted at 
one or more positions With such substituents as described 
above, as for eXample, halogens, alkyls, alkenyls, alkynyls, 
hydroXyl, amino, nitro, thiol, amines, imines, amides, phos 
phonates, phosphines, carbonyls, carboXyls, silyls, ethers, 
thioethers, sulfonyls, selenoethers, ketones, aldehydes, 
esters, or —(CH2)m—R7, —CF3, —CN, or the like. 

[0130] The terms “polycycle” or “polycyclic group” refer 
to tWo or more cyclic rings (e.g., cycloalkyls, cycloalkenyls, 
cycloalkynyls, aryls and/or heterocycles) in Which tWo or 
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more carbons are common to tWo adjoining rings, e.g., the 
rings are “fused rings”. Rings that are joined through non 
adjacent atoms are termed “bridged” rings. Each of the rings 
of the polycycle can be substituted With such substituents as 

described above, as for example, halogens, alkyls, alkenyls, 
alkynyls, hydroxyl, amino, nitro, thiol, amines, imines, 
amides, phosphonates, phosphines, carbonyls, carboxyls, 
silyls, ethers, thioethers, sulfonyls, selenoethers, ketones, 
aldehydes, esters, or —(CH2)m—R7, —CF3, —CN, or the 
like. 

[0131] The term “heteroatom” as used herein means an 
atom of any element other than carbon or hydrogen. Pre 
ferred heteroatoms are nitrogen, oxygen, sulfur, phosphorus 
and selenium. 

[0132] A “bridging substituent” refers to a substitution at 
tWo (or more) sites on the core structure of the catalyst by 
the same (as opposed to identical) substituent so as to form 
a covalent bridge betWeen the substitution sites. For 
example, a bridging substituent may be represented by the 
general formula or —R15—R16—R17—, Wherein R15 and 
R 7 each independently are absent or represent an alkyl, an 
alkenyl, or an alkynyl, preferably C1 to C10, and R16 is 
absent or represents an amine, an imine, an amide, a 
phosphoryl a carbonyl, a silyl, an oxygen, a sulfonyl, a 
sulfer, a selenium, or an ester. Exemplary bridging substitu 
ents are given by the “picnic basket” forms of, for instance, 
the porphoryn catalysts described beloW. 

[0133] For purposes of this invention, the chemical ele 
ments are identi?ed in accordance With the Periodic Table of 
the Elements, CAS version, Handbook of Chemistry and 
Physics, 67th Ed., 1986-87, inside cover. Also for purposes 
of this invention, the term “hydrocarbon” is contemplated to 
include all permissible compounds having at least one 
hydrogen and one carbon atom. In a broad aspect, the 
permissible hydrocarbons include acyclic and cyclic, 
branched and unbranched, carbocyclic and heterocyclic, 
aromatic and nonaromatic organic compounds Which can be 
substituted or unsubstituted. 

[0134] The terms ortho, meta and para apply to 1,2-, 1,3 
and 1,4-disubstituted benZenes, respectively. For example, 
the names 1,2-dimethylbenZene and ortho-dimethylbenZene 
are synonymous. 

[0135] The terms tri?yl, tosyl, mesyl, and nona?yl are 
art-recogniZed and refer to tri?uoromethanesulfonyl, p-tolu 
enesulfonyl, methanesulfonyl, and nona?uorobutanesulfo 
nyl groups, respectively. The terms tri?ate, tosylate, mesy 
late, and nona?ate are art-recogniZed and refer to 
tri?uoromethanesulfonate ester, p-toluenesulfonate ester, 
methanesulfonate ester, and nona?uorobutanesulfonate ester 
functional groups and molecules that contain said groups, 
respectively. 

[0136] The abbreviations Me, Et, Ph, Tf, Nf, Ts, and Ms, 
represent methyl, ethyl, phenyl, tri?uoromethanesulfonyl, 
nona?uorobutanesulfonyl, p-toluenesulfonyl and methane 
sulfonyl, respectively. A more comprehensive list of the 
abbreviations utiliZed by organic chemists of ordinary skill 
in the art appears in the ?rst issue of each volume of the 
Journal of Organic Chemistry; this list is typically presented 
in a table entitled Standard List of Abbreviations. The 
abbreviations contained in said list, and all abbreviations 
utiliZed by organic chemists of ordinary skill in the art are 
hereby incorporated by reference. 
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[0137] The phrase “protecting group” as used herein 
means temporary substituents Which protect a potentially 
reactive functional group from undesired chemical transfor 
mations. Examples of such protecting groups include esters 
of carboxylic acids, silyl ethers of alcohols, and acetals and 
ketals of aldehydes and ketones, respectively. The ?eld of 
protecting group chemistry has been revieWed (Greene, T. 
W.; Wuts, P. G. M. Protective Groups in Organic Synthesis, 
2nd ed.; Wiley: NeW York, 1991). 

[0138] As used herein, the term “substituted” is contem 
plated to include all permissible substituents of organic 
compounds. In a broad aspect, the permissible substituents 
include acyclic and cyclic, branched and unbranched, car 
bocyclic and heterocyclic, aromatic and nonaromatic sub 
stituents of organic compounds. Illustrative substituents 
include, for example, those described hereinabove. The 
permissible substituents can be one or more and the same or 
different for appropriate organic compounds. For purposes 
of this invention, the heteroatoms such as nitrogen may have 
hydrogen substituents and/or any permissible substituents of 
organic compounds described herein Which satisfy the 
valencies of the heteroatoms. This invention is not intended 
to be limited in any manner by the permissible substituents 
of organic compounds. 

[0139] 
[0140] In one aspect of the present invention there is 
provided a process for stereoselectively producing com 
pounds With at least one stereogenic center. An advantage of 
this invention is that enantiomerically enriched products can 
be synthesiZed from achiral or racemic reactants. Another 
advantage is that yield losses associated With the production 
of an undesired enantiomer can be substantially reduced. 

[0141] In general, the invention features a stereoselective 
ring opening process Which comprises combining a nucleo 
philic reactant, a prochiral or chiral cyclic substrate, and at 
least a catalytic amount of non-racemic chiral catalyst of 
particular characteristics (as described beloW). The cyclic 
substrate of the reaction Will include a carbocycle or het 
erocycle Which has an electrophilic atom susceptible to 
attack by the nucleophile. The combination is maintained 
under conditions appropriate for the chiral catalyst to cata 
lyZe stereoselective opening of the cyclic substrate at the 
electrophilic atom by reaction With the nucleophilic reactant. 
This reaction can be applied to enantioselective processes as 
Well as diastereoselective processes. It may also be adapted 
for regioselective reactions. Examples of enantioselective 
reactions, kinetic resolutions, and regioselective reactions 
Which may be catalyZed according to the present invention 
folloW. 

[0142] In an exemplary embodiment, a meso-epoxide can 
be opened With a nucleophile, e.g., trimethylsilyl aZide 
(TMS—N3), in the presence of a chiral catalyst of the 
subject reaction. 

II. CatalyZed Reactions 

R R 

TMS_N3 reduction 
,’ __ catalyst ,_ deprotection ,_ 

"0” N3 bTMs HZN @H 

R = co2R' l 1 
CHZOR' 
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-continued 

RVOZCUNHZ RVOZCW NH2 
5' '0” HOHZC NHZ 

HOHZCQ, NHZ HO HZCW NHZ w 

E 

3 
OH 

H6 E 

[0143] The above opening of a meso-epoXide in the pres 
ence of a chiral catalyst yields an enantiomerically-enriched 

silyl-protected ot-aZidoalcohol, Which can be transformed, 
through standard manipulations, to a variety of products; a 
feW examples of these products are shoWn above. These 
products are useful for the synthesis of compounds With 
potential antiviral activity, such as the three carbocyclic 
nucleoside analogs shoWn beloW, some of Which are in 
clinical trials. 

X 

N \ 

HO 
/ 

N N NH2 

X = OH: Carbovir 

OH OH 

Aristeromycin 

OTMS 1. Reduction 

TMS—N3 
—> catalyst 

2. Acylation 
—> 
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-continued 

NHZ 

N \ 

</ HO 
N N/ 

OH 

3'—DeoXyaristeromycin 

[0144] The present invention also provides a practical 
method of synthesiZing precursors for prostaglandins, 
including key intermediates used in the commercial produc 
tion of prostaglandins. As shoWn beloW, the subject ring 
opening of a meso-epoXide produces an enantiomerically 
enriched product Which is easily converted to a useful 
intermediate. 

O 

TMS—N3 base 
catalyst —> 

,6. 

O 

TMS(§ 

[0145] In another illustrative embodiment, the present 
invention provides a method for synthesiZing balanol, a 
potent protein kinase C inhibitor, as shoWn beloW. 

OTMS 

: "'NH 
O 

P = A protecting group 

1. Directed hydroboration 
2. Oxidation 

OP 
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-continued 
OTMS 

o III/NH 

HO OP 

O O 

HO 1. Beckman rearrangement 
2. Reduction 

HO 

OH 1. Deprotection 
2. Acylation 

O 

OP 

OH O 

O 
Balanol 

[0146] In yet another exemplary embodiment, the subject [0150] In another embodiment, the opening of a meso 
method can be used to catalyze the stereoselective ring 
opening of a meso-aZiridine With a nucleophile, such as With 
the nucleophile ammonia exempli?ed beloW: 

H 
N 

NH3 
—> 

catalyst 

NH2 

[0147] In this case, the chiral diamines are useful in, for 
example, synthesis of certain of the chiral ligands of the 
catalyst described herein. For instance, such chiral diamines 
can be used to make metallosalenate catalysts for use in the 
method of the present invention. 

[0148] The ring-opening of a meso-episul?de With an 
amine in the presence of a chiral catalyst, shoWn beloW, is 
another exemplary reaction of the subject method Which can 
be carried out stereoselectively. 

S HS 

[0149] The product non-racemic amino thiols are useful 
in, for example, the synthesis of asymmetric penicillin 
analogs. 

cyclic sulfate With an acetylide can be carried out in the 
presence of a chiral catalyst of the subject method, such as 
illustrated beloW: 

CH3 

// CH3 
catalyst ‘0503 

[0151] The sulfate group of the product can be removed to 
reveal the homopropargylic alcohol, or can be exploited as 
a protecting group in further synthesis steps. 

[0152] Still another ring-opening reaction contemplated 
by the present method is the opening of a meso-cyclopro 
pane by a mercaptan in the presence of one of the subject 
chiral catalyst: 

NC CN Z O 
O 

l 2 
CH3(CH2)3SH 

catalyst 

[0153] The product may be converted, for example, to a 
3,4-substituted carboxylic acid by hydrolysis and decar 
boxylation. 

[0154] In certain embodiments, the subject reaction can be 
used for a reaction involving intramolecular ring-opening. 
For instance, as illustrated beloW, an epoxide can be opened 
by an alcohol moiety of the same molecule in the presence 
of a chiral catalyst in accordance With the present method: 
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4, O 

HO\A/OH catalyst HO\/-—<l 
[0155] The product 1,2-epoxy diol can easily be converted 
to a variety of natural and non-natural products such as 
sugars and sugar analogs. 

[0156] Still another exemplary ring-opening scheme of the 
present invention is generally illustrated beloW by the open 
ing of a cyclic carbonate With an amine: 

HQ NHPh 
"< 

(+ C02) 

[0157] It Will be understood that tWo different products 
may result from this ring opening, depending on Whether 
nucleophilic attack is favored at the carbonyl carbon or the 
hydroxylic carbon. The ratio of products can be adjusted to 
favor one or the other by manipulation of such factors as the 
nucleophile, the chiral catalyst, and the reaction conditions 
employed. Both products can be converted to synthetically 
useful products by conventional methods. 

[0158] Still another enantioselective reaction is demon 
strated by the ring-opening of a meso-epoxide by an orga 
nocopper reagent in the presence of a chiral catalyst, as is 
shoWn beloW: 

O H 

(CH3)2CuLi 
—> 

catalyst 

CH3. 0 
2, 

[0159] In another aspect of the present invention, kinetic 
resolution of enantiomers occurs by catalysis, by a subject 
chiral catalyst, of a ring-opening reaction of a racemic 
substrate. In the subject metal-mediated kinetic resolution 
process for a racemic substrate, one enantiomer can be 
recovered as unreacted substrate While the other is trans 
formed to the desired product. Of course, it Will be appre 
ciated that the kinetic resolution can be performed by 
removing the undesired enantiomer by reaction With a 
nucleophile, and recovering the desired enantiomer 
unchanged from the reaction mixture. One signi?cant 
advantage of this approach is the ability to use inexpensive 
racemic starting materials rather than the expensive, enan 
tiomerically pure starting compounds. For example, propy 
lene oxide is a versatile reagent for introduction of a 
functionaliZed three-carbon unit into a molecule. HoWever, 
pure (S)-propylene oxide is very expensive, costing up to 
300 times more than the corresponding racemic mixture. 
Thus, although kinetic resolution according to the present 
method may result in the Waste of half of the racemic 
substrate, large cost savings may be realiZed by use of the 
racemic mixture. Examples of such kinetic resolutions are 
shoWn beloW. 
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[0160] For instance, catalyst-mediated kinetic resolution 
of chiral oxiranes (e.g. chiral recognition) described herein 
represents important alternate approaches to asymmetric 
epoxidation (prochiral recognition) processes of the prior art 
because racemic oxiranes are easily accessible and are often 
produced at a large industrial scale rendering acceptable the 
loss of the antipode. Stereoselectivity in the kinetic resolu 
tion of oxiranes by the subject reaction processes is deter 
mined by the chirality of the catalyst. 

[0161] In an exemplary embodiment, the kinetic resolu 
tion of a racemic epoxide is shoWn below. 

0 O 

TMSCN, 
catalyst TMSN3 
—> —> 

racernic 

"MHZ: 
OTMS E 

CO 2 

OTMS 

N3 

[0162] One enantiomer of styrene epoxide is preferentially 
consumed by trimethylsilyl cyanide in the presence of a 
chiral catalyst. The remaining enantiomer of styrene oxide is 
then reacted With TMS-aZide to yield a pair of regioiso 
meric, enantiomerically-pure silyl-protected ot-aZidoalco 
hols. The desired regioisomer can be made the major prod 
uct by choice of appropriate reaction conditions. The 
ot-phenylaZide isomer can be converted, through conven 
tional reactions, to the unnatural amino acid (S)-phenylgly 
cine. The ability to carry out this conversion has signi?cant 
commercial value since optically active amino acids and 
amino acid analogs are biologically important and have 
many agricultural and pharmaceutical applications. The 
[3-phenylaZide isomer can also be converted to pharmaceu 
tically useful products. 

[0163] In certain embodiments, the subject catalysts may 
be used in kinetic resolutions of racemic cyclic substrates 
Wherein the nucleophile is a co-solvent. Suitable nucleo 
philes of this type include Water, alcohols, and thiols. In a 
preferred embodiment, racemic propylene oxide is reacted, 
in the presence of a subject catalyst, With about one-half an 
equivalent of Water to yield tWo valuable, enantiomerically 
enriched products: propylene oxide and 1,2-propanediol. 

racernic 

H2O (~05 equiv) 
chiral, non-racemic 

catalyst 

20 + IIIIIIIO E 
OH 



US 2002/0032338 A1 

[0164] In another preferred embodiment based on the 
co-solvent invention outlined above, racemic styrene oxide 
reacts, in the presence of a subject catalyst, With about 
one-half an equvalent of ethanethiol to yield tWo enantio 
merically-enriched products. 

0 

EtSH (~05 equiv) 
— 

chiral, non-racemic 
catalyst 

O 

@A + 
[0165] Ring-opening of cyclic sulfates by amines, fol 
loWed by treatment With a base, is a useful method of 
producing aZiridines, as disclosed in US. Pat. No. 5,321,143 
to Sharpless. Thus, ring-opening of a racemic chiral cyclic 
sulfate With an amine, in the presence of a chiral catalyst 
according to the present invention, folloWed by treatment 
With a base, is a method of preparing enantiomerically 
enriched aZiridines. 

[0166] In another illustrative embodiment, the subject 
method can be used to provide enantiomerically enriched 
compounds useful in the synthesis of the anti-anginal drug 
diltiaZem. 

racernic 

OH 

N02 

COZMe + @ 
SH 

H O H _ 

racernic "0-5 equlv 

OMe 

S 

CK OAc 
N 

O 

chiral, non-racemic 
catalyst 
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[0167] The racemic miXture of cis-epoXides is resolved by 
reaction With 2-nitrothiophenol in the presence of a chiral 

catalyst, and the enantiomerically enriched ring-opened 
product is then transformed to diltiaZem by standard tech 
niques. 

[0168] Still another eXample of kinetic resolution With a 
reaction of the present invention involves the synthesis of 
juvenile hormone. In the reaction scheme: 

TMSN3 (~05 equiv) 
— 

chiral, non-racemic 
0 catalyst 

O 
racernic 

O I//,,IH O 
+ 

= O 

TMSO 5 

H OH 
S 
: 

s COZMe 
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[0169] treatment of the racemic epoxide With TMS-aZide 
or the like in the presence of one of the subject chiral catalyst 

Which is enantioselective for the (S)-epoxide can yield, after 
separation, the optically pure (R)-epoxide. 

[0170] 
method can be used for kinetic resolution of ot-bisabolol 

In yet another illustrative embodiment, the subject 

stereoisomers during synthesis from epoxylimonene precur 
sors. The (—)-ot-bisabolol enantiomer is used on an industrial 

scale for the preparation of various skin-care creams, lotions 

and ointments because of its anti-in?ammatory, bactericidal, 
and anti-mycotic properties. In a representative reaction 
scheme: 

chiral, 
non-racemic 

catalyst 

mixture of diastereomers 

[0171] a mixture containing (4S,8R)- and (4S,8S)-8,9 
epoxy-p-menth-l-ene, obtained from 4(S)-limonene (Hus 
stedt et al. (1979) Synthesis 966), is reacted With (3-meth 
ylbut-2-enyl)magnesium chloride in the presence of a chiral 

catalyst described herein. The resulting (—)-ot-bisabolol can 
be isolated from the unreacted (4S,8R)-epoxide by, for 
example, ?ash chromatography. Alternatively, the racemic 
limonene epoxide mixture can be reacted With TMS-aZide or 

the like in the presence of the antipodal chiral catalyst used 
in the illustrated reaction scheme in order to remove the 

(4S,8R)-epoxide, and subsequently reacting the remaining 
(4S,8S)-epoxide With (3-methylbut-2-enyl)magnesium chlo 
ride in the presence of copper iodide. 

[0172] An another embodiment of a kinetic resolution 
reaction, there is provided a scheme for the ring-opening of 
a lactam With a nucleophile. For example, thiophenol can be 
reacted With a lactam in the presence of a chiral catalyst 

according to the present invention: 
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O O 

NH PhSH NH 
—> + 
catalyst 

Ph Ph“\ 

NH2 

Ph SAG 

[0173] This aspect of the invention provides methods of 
easily synthesiZing functionaliZed nonracemic products 
from inexpensive racemic starting materials. It Will be noted 
that lactams have tWo potential modes of ring opening, viZ. 
at the acyl carbon and at the nitrogen-bearing sp3 carbon. 
Either mode is suitable for kinetic resolution according to 
the present invention. Which of the tWo modes of reaction 
Will predominate Will depend upon the particular substrate, 
nucleophile, catalyst, and reaction conditions employed, and 
can be determined and accordingly adjusted for the desired 
reaction by routine experimentation. In general, more highly 
strained, small-ring (eg 3- or 4-membered lactams) Will be 
more likely to undergo cleavage at the sp3 carbon. 

[0174] In another illustrative embodiment, the present 
invention provides for the kinetic resolution of lactones by 
opening With such nucleophiles as a phenyl selenide anion 
in the presence of a chiral catalyst, as shoWn beloW. 

—> 

catalyst 

O COOH 

Se 

[0175] As With the lactam example shoWn above, tWo 
possible modes of ring-opening may operate to kinetically 
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resolve the racernic substrate. As previously noted, rnore 
strained substrates Will be more prone to undergo addition at 
the sp3 carbon. HoWever, certain nucleophiles, such as 
phenylselenide, are knoWn to favor attack at the sp3 carbon 
under appropriate conditions, even for larger ring lactones. 

[0176] In another aspect of the present invention, kinetic 
resolution of enantiorners occurs by catalysis With a chiral 
catalyst of a ring expansion reaction of a racernic substrate. 
An example of such a kinetic resolution is shoWn below. 

[0177] The racernic propylene oxide is resolved by reac 
tion With carbon dioxide in the presence of a chiral catalyst. 
The resolved propylene oxide is a valuable reagent for use 
in synthesis of chiral materials, but is very expensive to 
purchase in enantiornerically pure form. The instant inven 
tion provides a highly econornical method of producing such 
enantiornerically enriched materials. 

[0178] In another aspect of the invention, kinetic resolu 
tion of diastereorners occurs by reaction of a diastereorneric 
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mixture of a substrate With a nucleophile in the presence of 
a chiral catalyst. An illustrative example of such a diaste 
reoselective reaction is shoWn beloW. 

oTMs 

TMS—N3 
catalyst 

[0179] In this example, a mixture of diastereorners is 
generated by the epoxidation of a chiral alkene With 
MCPBA. The mixture of diastereorners is then resolved by 
reaction With trirnethylsilyl aZide in the presence of a chiral 
catalyst. The resolved diastereorners may then be easily 
separated. This method of resolution provides a simple 
means of separating diastereorners Which may not be easily 
separated by other methods such as distillation or chroma 
tography. 
[0180] In another aspect of the invention, the reaction of 
a substrate With a nucleophile in the presence of a chiral 

catalyst occurs in a regioselective rnanner. An illustrative 
example of a regioselective reaction is shoWn beloW. 

HO 








































































