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React i ons Background of the Invention
The denmand for enantionerically pure conpounds has grown rapidly in recent
years. 5 wodé2sd4oaportant use for such ch| ral, non-racem PCIOISHEs | s as

I nternmedi ates for synthesis i n thel phar maceut i cal industry. For

i nstance, it has becone increasingly clear that enantionerically pure
drugs have many advant ag&gefopselebdee Rin Phe RefontNESE

advant ages (revi ewed |ﬁ+@—-§(~>—ﬁ§éﬁM—N&«s, Sept. 28,

1992, pp. 46-79) I ncl ude fewer side effects and greater potency of
enantionerically pure conmpounds. 10 Tradi tional nethods of

organi ¢ synthesis have oft en bdiaekgnonndiof the nvantione production of

racem c nmaterials. The production of enantionerically pure material has
hi storical |y bebe destand fascenantiomesically pure compeunds bas growsrrapidiydmeecentayerts. pur e
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hydrogenation). Reaction of other nucleophiles similarly yields functionalized compounds
which can be converted to useful materials. A Lewis acid may be added to act as an epoxide-

25  activating reagent.

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, ., Ed.: VCH: New York, 1993; Chapter 4.1. Jacobsen, E.N.
Ibid. Chapter 4.2). In addition to epoxidation of prochiral and chiral olefins, approaches to

30  the use of epoxides in the synthesis of enantiomerically enriched compounds include kinetic
resolutions 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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A particularly desirable reaction is the asymretric ring-opening of
symet ri cakyg 9g8408P0Xi des, a techni que which utilizes easpcynssad3dschiral
starting materials and can .simul tan2eusly set two stereogenic centers
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substrate angg%stgﬂ&ea?%}is@m&gf 20 heterocycle having a reactive
center susceptible to nucleophilic attack by the nucl eophile, and t he
chiral catalyst conprises an asymetric tetradentate or tridentate |igand
compl exed with a met al at onSummaphef thelnventien of the tetradentate
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sel ect ed f rplanat loe reptangplac pyrimidal gepmetryCr Thensidentate ligand-metal complex assumes a
planar geometry. Ina preferred embodiment, the ligand has at least one schiff base nitrogen
25 complexed with the metal core of the catalyst. In another preferred embodiment, the ligand
provides at least one stereogenic center within two bonds of an ligand atom which
coordinates the metal.

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
30 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, Mo, W, Ru and Ni.

In preferred embodiments, the substrate is represented which is acted on by the
nucleophile is represented by the general formula 118:
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[err] WO 96/28402hi ch Y represents O, S, N RPEVYH/03493
C(R[err])(Rerr]), or has the formula A-B-C; wherein R50 represents a
hydrogen, an al kyl, a carbonyl-substituted al kyl, a carbonyl -substituted
aryl, or a 5 sul fonate, Rlerr] and Nerr] each independently represent

an el ectron-w thdrawi ng group; A angy ¢c2 .are independently absent, or
represent a Cerr]-CJerr] al kyIR369"' 'bURd3, or N(R50); and Bis a
carbonyl, a thiocarbonyl, a phosphoy I orva sul fonyl; and

Rlerr], Rerr], Rerr], and R[errR3|1epreseR3prga51 or inorganic
substituent which forma coval ent bond wth e C1 or C2 carbon atons

of 118, andnwhichh perm t formation of a stable 10 ring structure including
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conbi ni g é’ommce@ﬂw jc;or ving from 4 to atoms in the e ring structure. S
formula, R; 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. In certain embodiments, Rjg, R3;, R3), and

R33 are chosen such that the substrate has a plane of symmetry.

Exemplary cyclic substrate for the subject reaction include epoxides, aziridines,
20 episulfides, cyclopropanes, cyclic carbonates, cyclic thiocarbonates, cyclic sulfates, cyclic
anhydrides, cyclic phosphates, cyclic ureas, cyclic thioureas, Jactams, thiolactams, lactones.

* thiolactones and sultones.

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

25  maintaining the combination under conditions appropriate for the chiral catalyst to catalyze

stereaselective opening of the cyclic substrate at the electrophilic atom by reaction with the
nucleophilic reactant.

In preferred embodiments, the chiral catalyst which is employed in the subject
30 reaction is represented by the general formula:
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100 Z y [ e in which
Zlerr], Zerr], Zerr] and Zfer b each preég a Lew s base;
é ér

the CJerr] noiety, taken with efr], W r] M and the C[err] noiety,

taken with Z[err], Zerr] and acj, endently, forma

het er ocycl e; R[ erR4s, err] RR [eRad and R [err] each,

| ndependent |y, .are absent or represent a coval ent substitution with

an organic dR rgani ¢ substituent permtted by val ence requirenents of

t he el ect r @y, Zip @9 and\Z peach seprésentn Léwis bases t ached, Rlerr]

and err] each | ent s a0 eser . r ent
10 Subst tut s on HeSPHARNEES taki Bt 232 Cila Mpénd (RECE Ry, 0en Yin 27 0, SRY B,
subst it ufint epehs independemsly, fosmeheterocyele; [ equirements of the ring atomto
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err], erdl. r er].an 6. en .0 r forma bri n
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at | east onelestromdoner monytojwhich it isattached, Rlerr], and (Jerr] is 15
substituted at aR,) @agtRH4Neachi indepeidéntl9r drk  abkerh,C6r teppésedt] 61’ br niél cotalénast
one of erH‘ .%errt nd err]l is taken . .to&&bﬂﬁ vmtthe?tble st _one
of Ro, RO[ eshystitipnsof Ciyand © ity angramnic or fnargais otstiben permited by, valtcs o
Z[err], Z[ emequirements of themisg Afopy to]which it is astachedent at e; M

represents the | g} gny W@t} nidr@6f B RG! R, 30{ R’ and R4, taken fogefhPf 07 AlbPidgin
counterion or, a nuc_lyteophi | e, k\ihe%eiﬁ € %?10 R[gr"ll] , R[egrr] , Rerr ,g
R[err] R[ers}‘]fs“&ﬁ&t’R[ err] are selected to provide at | east one stereogenic
center in the tewithdbepmvisolthay£his. substituted at at least one site by R;, R’y or Ry, and C; is

15 substituted at at least one site by Rp, R’y or Ry4q, and at least one of R, R’y and Ry is taken
together with at least one of Ry, R'; and Ry to form a bridging substituent so as to provide
le Z2, 23 and Z4 as a tetradentate;
M represents the late transition metal; and .
A represents a counterion or a nucleophile,
20  wherein each R), Ry, R';, Ry Ryp and Ry are selected to provide at least one stereogenic
center in the tetradentate ligand.

In exemplary embodiments, Ry, Ry, R’} and R’,, independently, represent hydrogen,
halogens, alkyls, alkenyls, alkynyls, hydroxyl, amino, nitro, thiol, amines, imines, amides,
phosphoryls, phosphonates, phosphines, carbonyls, carboxyls, silyls, ethers, thioethers,

25  sulfonyls, selenoethers, ketones, aldehydes, esters, or -(CHy),-R7;

each R4y and R4y occuring in 100 independently represent hydrogen, halogens,
alkyls, alkenyls, alkynyls, hydroxyl, amino, nitro, thiol, amines, imines, amides, phosphoryls,
phosphonates, phosphines, carbonyls, carboxyls, silyls, ethers, thioethers, sulfonyls,
selenoethers. ketones, aldehydes, esters, or -(CHy)-R7;

30 Ry represents an aryl, a cycloalkyl, a cycloalkenyl, a heterocycle or a polycycle;

Z\. Z4, Z3 and Z, are independently selected from the group consisting of nitrogen,
oxygen, phosphorus, arsenic, and sulfur; and '

m is zero or an integer in the range of 1 to 8.



I'n exenplary enbodi ments, Rierr], Rerr], R[err] and R [err],
represenL_hydrogeﬁ —aabagens—al kKy-s—atkeryt-s—— —

al kynyl's, hydroxyl, am no, nitro, thiol, am nes, imnes, am des,

phosphoryl s, phosphonates, phosphi nes, carbonyls, carboxyls, silyls,

et hers, thwemsdr, 25 sulfonyls, selengethers, ketones,

esters, or -(CHerr])[err]-Rerr]; -3~ each Rerr] and R err]

occuring in 100 i ndependently represent hydrogen, hal ogens, al kyl s,

al kenyl s, al kynyl s, hydroxyl amno, nitro, thiol, anines i m nes, am des,

phosphoryl s, honates osphi nes bon C rboxyls silyls,
et hers, thioet hg?rse"g@Bféf@ﬁﬁtglys °aglg"§’é‘fs€‘?f8‘% by the gen . al dehydes,
esters, or -(CHerr])[err]-Rerr]; 30 Rl err] represents an aryl, a
cycl oal kyl, a cycl oal kenyl, a he rocﬁél e oﬁ{Za @l ycycl e;

Zlerr], Zlerr], Z[err] and Z[err] Nkhndep ntly selected fromthe group
consi sting of nitrogen, n, p phor u xgrsenl ¢, and sul fur; and

mis zero or an integer in the Il e of”1\a 8 VO 96/ 28402
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For exarrpl e, the catal yst can be XZepresent ed byx1 he general formla:

[err] wﬁ“ in which 5 the substituents Rerr], Rerr],
Y[err], Y[er X[e X err rl and X[ err]l eac |nde endently,
repr esedt {’%]L';%ﬁ?s %all%ﬁ; %rza]rxﬂy%e Xm%hyl %‘c eq! YhSPBFeéWI
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from4 with the proviso
t hat a gnsﬁg‘[@%&“lﬁ[%m éjﬁ%w%tm and X[err] is covalently bonded
to at Ieast t af SHR)>:% ig eovalently bonded to af least
[err]-im naﬁe%pn prodide the amxf&m&xﬁmawhmh they! £ afisthBd aé 8

w
| i gand, a err a_hydrogen;
Rl err] repfeg?é ﬁFP'@rW‘O ]85@57‘?3/ a %‘%‘?ﬂ Enyl a heteroc cIe , or.
a pol ycycl e; 15Rq representsian g'ykewclgﬂkﬂna tyelealikenyl, nhctmcydnge: ayolycycls;
15 m is zero or an integer in the range of 1to 8;

M represents the late transition metal; and
A represents a counterion or a nucleophile,
wherein each of of the substituents Rj, Ry, Yy, Y5, X, X5, X3 and X, are selected such that

the catalyst is asymmetric.
20 For example, a preferred class of catalysts are represented by the general formula:
Ru
Y2
] \3
in which

the B) moiety represents a diimine bridging substituent represented by -R;s-R;6-R;7-.

wherein R;5 and R;7 each independently are absent or represent an alkyl, an alkenyl, or an

25 alkynyl, and Ry¢ 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;



M represents the late transition netal; and A represents a

counterion or a nucl eophil e, __wWherein each of of the-substituents
Rlerr], Rerr], Ylerr], Y[err], Xerr], Xerr], Xerr] and X err], are
sel ected such that the catalyst is asymetric. 20 For

exanpl e, awpmeks#ez ed cl ass of catal ysts are represent ed b¥CT/HE6EaE  al
formul a: -9-
[err] i n which the Bl[err] noiety represents a

di brid t
Cherel s R o2 ek %EF 'r b Slebte i d gDl Litting of
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an ani ne, aemsfh #fing Afuckire;de, a phosphoryl, a carbonyl, a silyl. an

\%)ygg? zgiozm f “¥i ﬂndswf Of¥h maepseﬁh%u H2AREGNEN; Halogeft, Slikyi, © alkenyls,

PCT/ US98/ 0alkgayls, hydroxyl, amino, nitro, thiol, amines, imines, amides, phosphoryls, phosphonaes,
each of B2 %gmﬁgs lcmﬂﬁﬂ(&ﬂidstl sivs; ethsts, thioghers aulforydy) sélenoetirers) ketopes,
consi sti ngeﬁ % ?é# s$ cycl oakenyl s, aryls, and heterocyclic
rings, ehydgs, gsie %@g Pom4 to 8 atoms in a ring structure
Y[err] and Y[ erR}z,élagrmdrmgmnlumppqumbr@s@menhmm@ﬁm oNg| o5 Jeare co valeny| s,
al kenyl's, omhei mﬁuw&yhﬁ ﬁ‘ meh Rdlbgeas, amqtlé QalkenPisOhlkyyR, 1 droxy 1 anii,

0

am de ho o hona L I
Si |yl 5106t AR hiph; igings, jamides ?‘W’B&'E o ORPGhats RREices, 8558'%\/ >
al dehydes, cs'bb)eyrls s:lpls etb&tsi[ thioethefse lsul]'orﬂ[se selnoethers, ketones, aldelg[dgs,rqsterstgr r],

and Rlerr] (g Snsf)g'r'kﬁ e @L;soeaﬁﬁ%eetm&rpdsﬁaﬁ@amﬁ -Rf‘&R -, more coval ent

substituti err %Rn»%u r#ﬂ‘*olwl aa%tﬁetg&% & ng.enyl S,

al kynyl s, hydro?&#“y'é‘fﬂ?kfn
phosphor yl substiteatphonat es, phosphi nes, car bonyl S, car boxyl s, silyls,
et hers, ¢t hi oeth ?(F'és}ébéﬁﬂ ’ﬁ;ﬁo Ll i AMeferococld Sy, cyeRt ers, or
- 15(CH[ err?? rrf- 2 QIR?E erg éix?an occﬁz?éon oﬁgﬁ%rﬁmre
positions of - R[&$F°R[%Pﬂ}ntﬁeét’ttf’emg°° or any two or nore of the
Rlerr], R err], Myeprestnts ¥ frassitionanetalypmd r | t aken together form a bridging

A represents a counterion or a nucleophile,

wherein R;2, Ry3, R4, Y and Y are selected such that the catalyst is asymmetric.

20 In .yet further preferred embodiments, the catalyst is a metallosalenate catalyst
represented by the general formula:-.

RI
R4 Ys

;§ \/ %E 106
in which

each of the substituents Ry, Ry, R3, R4, Rs, Y1, Y, X, X2, X3, X4, X5, Xg, X7, and
25  Xg, independently, represent hydrogen, halogens, alkyls, alkenyls, alkynyls, hydroxyl, amino,
nitro. thiol, amines, imines, amides, phosphoryls, phosphonates, phosphines, carbonyls,
carboxyls, silyls, ethers, thioethers, sulfonyls, selenoethers, ketones, aldehydes, esters, or -
(CHy)y-R7;
or any two or more of the substituents taken together form a carbocycle or heterocycle
30  having from 4 to 10 atoms in the ring structure;



substituent; 15 Rlerr] represents an aryl, a cycloalkyl, a

cycloalkenyl, a heterocycle , or_a palycycle . mi-s—Ze+o-—oF—ah—
integer in the range of 1 to 8; M represents a transition

netal ; and A represents a counterion or a nucl eophile,
wherein R ewopeni®zrr], R err], Y[err] and Y[err] are sel epCRUS%NG4P3t hat

the catalyst is asymmetric. 20 In7yet further preferred

enbodi ments, the catalyst is a netall osal enate catal yst represent ed

by the gene

a;epg.gg : err

I n which k’_ ﬁ&lhl?argggﬁy%l? al{%léa g{,%%’f‘,‘ef‘{]'éﬁ{‘ gteﬁﬁé?l?ﬂaﬁl&yfﬁ R][er r], -
Rlerr], R[ePyifzerqppanintegeripthqranggefik 8 xierr], Xlerr], Xerr], Xerr],
Xerr], Xerr], NdpréSentsaffadsitibn nicemdndent |y, represent hydrogen,

hal ogens, al kyl s; | | kvnyl s r.oxyl, am no, nitro, thiol,
am ngs, I m ne)s/, . ‘%_m 5%2&¥3%8¥§ﬁ%%y¥§,m§ﬁ§é{abb%at es, phosphi nes, carbonyls,
carboxyl, wherginsif Ratinzhsent, atileastoneaf &) and Rpdsitaken togesherwitht 41dsast oncof By and
al dehydes, Rgtcfofm adridging substitueht b éach be6f the Ritfituknts of 106 are selfcéedos&ft by

two or nore,of terbaﬁ substrtuents taken together forma carbocyc r
het er ocycl eﬂ’gﬁa" ViW?tHﬁﬁ4 to 10 atons in the ring structure;
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Rl err] reprbethwaigenesal foomuila: a cycl oal kyl, a cycl oal kenyl, a heterocycle or a
pol ycycl e; mis zero or an_integer _jin the range of 1 to 8;
Mrepresents a transition netal, A represents a
counterion or a nucl eophile; err] is absent, at |east
one of Rlerr] and Rlerr] is ta at | east one of R3 and
Rlerr] to forma bridging subst %ant, and h~®geof the substituents of
106 areygel ected such that Te Mirerfite s asy]qB*etri C.

in which

Z,,Z,, and Z3 each represent a Lewis base;

the E; moiety, taken with Z,, Z, and M, and the E; moiety, taken with Z,, Z; and M,
each, independently, form a heterocycle;

15 Rgo and Rg; each independently are absent, hydrogen, halogens, alkyls, alkenyls,
alkynyls, hydroxyl, amino, nitro, thiol amines, imines, amides, phosphonates, phosphines,
carbonyls, carboxyls, silyls, ethers, thioethers, sulfonyls, selenoethers, ketones, aldehydes,
esters, or -(CHz)py-R7, or any two or more of the Rgy and Rg; substituents taken together
form a bridging substituent;

20 R represents an aryl, a cycloalkyl, a cycloalkenyl, a heterocycle or a polycycle;

m is zero or an integer in the range of 1 to 8;

M represents a transition metal; and

A represents a counteranion or a nucleophile,
wherein the tridentate ligand is asymmetric.

25 As described herein, the subject method can be used for carrying out enantioselective
ring opening, diastereoselective ring opening (including kinetic resolution) as well as
expanding a ring of a cyclic compound.

Brief Description of the Drawings
30
Figure 1 shows the regioselective ring opening of epoxides with a chiral catalyst.



Alternatively, the catalyst can have a tridentate |igand, such as the
| i gand represented by the general fornula: N

[err] 10 i n which Z[err], Z[err], and Z err] each
represent a Lewi s base; the E[err] noiety, taken with Z[err],
Z[err] and Wosesasgiet he E2 noiety, taken with Z[err], Z[ err] ranusdso3ss

each, independently, forma heterocycle; -85 Rlerr] and R err]

each independently are absent, hydrogen, hal ogens, al kyls, alkenyls,
al kynyls, h | depid i Li: TRV IPT=Tey L7 nes, am des,
phosphonat eéﬁé‘%ﬁ%é’ﬁ?{. nes?syn&%g&caar onyl's, tggé%lg)k(t;} s, silyls, ethers,
t hi oet hers, sulfonyls, selenoethers, ketones, al dehydes, esters, or
- (CH[ er r] ) [ Rigdres3-8chdw therstractiire vhligahdsiNed toform katalphs usdd forsbymin®itrid ring
" substituent $ éﬁhggf&g%ﬁﬁ#er forma bridging substituent; 20

Rl err] repreg an aryl, a cycloal kyl, a cycloal kenyl, a heterocycle or a
pol ycycl &: mis zero or an integer in the range of 1 to 8;
M r epr esent Figurk 6 3hws the Bynildsilof amitlermediate useful for the syMREPSEPréstaglandins.
count erani on or a nucl eophile, wherein the tridentate ligand is
asymmetric. 25 As descri bed herein, the subject nethod can be
used for carFiguresy? ans 8 shoarthe synthesisiof intermediates nsefig) fopsynthesjs of carbocyclic
di ast er eoselgefebdife dnaldgs.OPeNi Ng (i ncl uding kinetic resolution) as well as
expandi}gg aring of a cyclic conmpound.
Bri ef cription of the Draw ngs 30 Figure 1 shows the
r egi osel ect iRigure B showyemrirngyntifetie puatysikaof balantl. a chiral catal yst.
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Figure 2 deé"lg‘%‘!"gs 10andd depict yyathstic sieps ip 2 synthesisefbalapel. ¢ 4t o) yst .

Figures 3-5 show the structures of ligands used to formcatalysts used for
asymret risC ring Detailed Description of the Invention

-8-

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

20 ring opening reactions. The primary 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
electrophilic ring atom; and a nucleophilic reactant which is desired to be added at the site of
the electrophilic ring atom.

25 I_Definitions

For convenience, certain terms employed in the specification, éxamples, and
appended claims are collected here.

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

30 compounds such as amines, mercaptans and alcohols, and charged moieties such as
alkoxides, thiolates, carbanions, and a variety of organic and inorganic anions. Illustrative
anionic nucleophiles include simple anions such as azide, cyanide, thiocyanate, acetate,
formate or chloroformate, and bisulfite. Organometallic reagents such as organocuprates,
organozincs, organolithiums, Grignard reagents, enolates, acetylides, and the like may, under



opening of aziridines. 5 Figure 6 shows the synthesis of an

internediate useful for the synthesis of progstaglandi ns. g tH-eS—f—————
and 8 show the synthesis of internediates useful for synthesis of

car bocyclic nucl eosi de anal ogs. 10 Figure 9 shows a

r et rosynt het WO 2628409 si s of bal anol . gl gures 10 and 11 REI(HISB6/03493
synthetic steps in a synthesis of bal anol~

Det ai | ed Description of the Invention The ability to
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20 ring opeacoept & paic bf elestronEHfeonp ai mmleyphilenast defined atsovef Elémophﬂdsadgﬁlhattheut
in more dgt apleyDddl ke present ﬂfv@nt?o CiHcfnﬂE dﬁ‘@ﬁfboﬁﬁ&ﬂ:'dﬁs&d?&s Qﬁ&a&{!e%,” wifidines,

tet radent at e or tri dent a eone
"substrate" Fepiswfidesscysl teaﬁvg@@ym Fﬂtﬁet'éF'B@%I'éc%F e%ry* whe Hike: | Nenseyclife

el ect rophi | i elettirsphiles inchudenulfates/sitforedelg. tosylats), elilbridds] bromides,dodidés; dnd thebe
added at the |te of the electrophilic ring atom 25 1. Definitions

For conveni eﬁc certain ternms enployed in the specification, exanples, and
appended clainms a | | ected here, [ Wi nucl Lle" s
recogni zed in therrg? Fe?m gleglgop@gg re| FF"E%%‘HE° §°';c{?ferﬂ'§afeamve %%ngsy“sed
havi ng a18eabeteinrefenito thefatash of thecwubstram which ds atticked by, @op fierms s newe bondeto, the

unchar ged 30 nuclesHRNEU B tnoSt/(bit Ast A IcARS, thifPWIPASADS tiRHor ffot) Whith 1B fkaving
charged noi eties dsuch as al koxi des t hi ol ates, carbanions, and a

variety of off¥RI%PERY i norgani ¢ anions. Illustrative ani on| c

nucl eophi | es i ncl yde_ si n;p e anl Qpnsg such as azide, e, th|
acet at o, fo i A T  ferein

reagent s sucimeass a)ﬁ:geumlllyr\dndsdraws electrmsgmtsnif mars thmrajwdedgen Iatoumwpuld at the

\% 827‘53 1 gagﬁﬁé Posififl| Feplay ettrohl WithdAWing Bfoups IR nivdd! #efone, aldehyde,

PCT/ US96/ 034 §afonyl, trifluoromethyl, -CN, chloride, and the like. The term "electron-donatigg group”,
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..

20 The term "ring expansion" refers to a process whereb); 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 CO to yield cyclic carbonates.

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 a plane of symmetry.

25 The term "chiral” refers to molecules which have the property of non-
superimposability of the mirror image partner, while the term "achiral” refers to molecules
which are superimposable on their mirror image partner. A “"prochiral molecule” is a
molecule which has the potential to be converted to a chiral molecule in a particular process.

The term “stereoisomers” refers to compounds which have identical chemical

30 constitution, but differ with regard to the arrangement of the atoms or groups in space. In

particular, "enantiomers” refer to two stereoisomers of a compound which are non-

superimposable mirror images of one another. "Diastereomers"”, on the other hand, refers to

stereoisomers with two or more centers of dissymmetry and whose molecules are not mirror
images of one another.



approriate reaction conditions, be suitable nucl eophiles. Hydride may al so

be a suitable __hucl eophi |l e when reductian_of the substrate is desired.
The term "el ectrophile” is art-recognized and refers to chem cal noieties
whi ch can accept a pair of electrons froma nucl eophile as defined
above. El ecwoogtsddes useful in the 5 met hod of the presrCR/USHHIOI | On

i ncl ude cyclic conpounds such as epoxi ded®-aziri di nes, epi sul fi des,
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the sa @“’éf"& 8‘71&’8 "2%88 £§‘5§ﬁ?‘ﬂé’i"ﬂ't¥é ami no,

nmet hoxy, dthellke 20 m "ring expans r fers
to a process whethelsm Hesipispmers' Gf“%@(ﬁ?g‘mﬁn‘g "f’h‘ﬁb“a"e the sagye mp %ﬁ”i‘!’?
conpound i shitrdifferdadhe camectivitysifrthée nlomsexmmi'dmgly a I'megioselqrting ipmogessS it bme

reaction  which G0 Ul SRicel oF o Biribulh® bhibohact YGlek ol DR reaction

The term "nesgQ corrpoun B rS&%\? art an meané a chem ca
compound  Producgsa sttistical lléflg!“ WIW“@&‘P@W%WW@%M ral due to

a plane of symmefry. 2 , JThe term "chiral" refers to nolecul es
whi ch hkve the phisem yfeé‘f“"ﬁ(ﬂ‘i"du“ meanga;femﬁws which resplty, fromithe action ofiagge

partner, wunicleophite ey asibsaates dh gencrdlothR tern Mighetion! peoduct” will béhused heten to
%PELLF}E"%"% LI HoldBIE ffod RN ABE kbl Bl Bt il ' 7 7
Eg:r:o:)ﬁﬁdgrvmplrgrcleﬂ‘%ve i cfen | cafsuﬁe%% ‘%nlgl[g ﬁ”—’%ﬁ{“%&s“}"ﬁ'@”““\/ﬂ th

regard to tfoemed by theusian of one,er masenslestronirallyych ﬁ“’é grutles or| gloms capab
parti cuer , indépeaddnt @RBtence Mathednet 6r inofe elearonivally Poos miecalemrrmmd eadsh oh _

are non- wmﬁﬁ%oﬁgmgg{ﬁd%&&{fhm%s of one another. "D astereoners”,
and, refers to

on the ot her ereorsoners with two or nore centers of

di ssymetry and %}‘1% %L&ﬁ?é"%in%ﬁecﬂ&tm% a cRémical cmﬂp{m&? @hﬁi\ c&i‘&a&’%ﬂhﬂer '
nucleophile, or with a ring-expansion reagent, according to the present invention, to yield at
least product having a stereogenic center.

25 The term "catalytic amount” is recognized in the art and means a substoichiometric
amount of catalyst relative to a reactant. As used herein, a catalytic amount means from
0.0001 to 90 mole percent catalyst relative to a reactant, more preferably from 0.001 to 50
mole percent, still more preferably from 0.01 to 10 mole percent, and even more preferably
from 0.1 to 5 mole percent catalyst to reactant.

30 As discussed more fully below, the reactions contemplated in the present invention
include reactions which are enantioselective, diastereoselective, or regioselective. An
enantioselective reaction is a reaction which converts an achiral reactant to a chiral,
nonracemic product enriched in one enantiomer. Enantioselectivity is generally quantified as
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Furthernore, a "stereosel ective process” is one which produces a particul ar
stereoi somer of a reaction product in preference to other possible
st er eoi SONEWO 962840 at product. An "enanti osel ective pPCTAIS6/03493 one
whi ch favors production of one of the twdl- possi bl e enantioners of a
reaction product. The subject nethod is said to produce a 5
or
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statistically si flcant i pcrease in the yield of a certal n regl oi soner.

15 The @éi,: reaselestivs repation ronvertsod shiral reestant (whichima be saqemic of r om
t he r;aact i oenanﬁortnencally pate te apiroduet anmrithed $a!BAé diRkereoier. QME%raﬁﬂE&ﬁnfiﬁbl
"reacti a S \ 0l abl e
corrpoungfI g‘%ﬁ%‘tmt}% Jﬁg%?l‘aﬁpegglﬁ?%rn (r;#é I é%reoge'{tgﬁ&t?l%&b ?ﬁﬁ?’é@."mﬁ lomer
The term " dBfHreact more slopdy thancthe othes. | TFhis lie termed rackinetionreselutions rwhenein i they
conpound reacta:ft@hmﬁmb:ys hﬂa&ewwa Gifferential redtiod ﬂtee@tﬁaalaﬁaédam.dma&auy
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of i ndepeno‘éi“ﬁct W-‘}Ih %'tlﬁ 9B reactant enantiomer (i.eTore-half molesoftreagent per meleiofraseticl t o
mean a Iﬁhemubﬁi'ate)p mumbswfﬂ cafaliR reARidas \\)Méhrh&e been uﬂ:ﬂ%@ﬁﬁ@ﬁé ?esoﬂgoﬂ"b? h a

| cast pr aou2puE FARAHY nd 3@5%@&1%%&?@?”“ the Rt nydipenaiofy,
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amount nearfsnier gather than @nother] reactivOcentire Perr oample st migicselectibleateastiont of an

react ant, %ﬁrﬂéﬁkﬂlﬁﬁib&nﬁfeﬁ@p@m@@ sublsfate Qvould cau@ﬁﬁfe%fxﬁl%ﬁoﬂoﬁta{ bie Mf
prefera@l 0l to %%ﬂ e percent, and even nore preferably rom
0.1to notrvgegg'g%ﬂ?gﬁ syst to reactant. As di scussed nore

fully bel ow, reactlons coni gnpl.ated in he pre i nvention .
i ncl ude reacti oﬁ@ Qf-ERcemic Mt sRect F‘bt&h rélsf"’é‘glé%s’é‘feﬂ!?tq prepargtion of

r egi osel ectcatadyst hmng greater than 50% of a desired stereoisomer, more preferably at least 75%.
"Substantially non-racemic" refers to preparations of the catalyst which have greater than
90% ee for a desired stereoisomer of the catalyst, more preferably greater than 95% ee.

25 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 substituted alkyl groups. In preferred
embodiments, a straight chain or branched chain alkyl has 30 or fewer carbon atoms in its
backbone (e.g., Cy-Cj3q for straight chain, C3-C3q for branched chain), and more preferably

30 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.

Moreover, the term alkyl as used throughout the specification and claims is intended
to include both "unsubstituted alkyls" and "substituted alkyls", the latter of which refers to
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20 As used herein, the term "amino” means -NH,; the term "nitro” means -NO,; the term

"halogen" designates -F, -Cl, -Br or -I; the term "thiol" means -SH; the term "hydroxyl"

means -OH; the term "sulfonyl” means -SO>-; 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
25  diphenylmethylsilyl group.

Thus, the term "alkylamine” as used herein means an alkyl group, as defined above,
having a substituted or unsubstituted amine attached thereto. In exemplary embodiments, an
"amine" can be represented by the general formula:

Rg
.._N:
Ro

30  wherein Rg and Rg each independently represent a hydrogen, an alkyl, an alkenyl, -(CHj)p-
R3, -C(=0)-alkyl, -C(=0)-alkenyl, -C(=0)-alkynyl, -C(=0)-(CH3),-R7, or Rg and Rg taken
together with the N atom to which they are attached complete a heterocycle having from 4 to
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the ring structure. I\/breover the termal kyl as used

throughout - gagnBA tefirgidubifired ﬁav (cpEXdaittyl. a cyclédlken ?Fh%ﬂﬂr&?&l@
unsubstltuted eiwg/l% @ d substlt erm x¥ngedflt h% | atter of which refers

to
PCT/ US96/ 03493 - . : 12-

al kyl i eties hhikewisesthgstem jalkylamide; referstp an mlky! ggep Baving,a ybstifiged or
carbons of uhmbstituted aimjdirgroup ittachdu-théreton eFor Snstdncs, Lanstamided vas be aepresanted by,
for exampl egef 122 hydroxyl, a carbonyl, an al koxyl, and
ester, a phos?nory an ‘am ne, an ani de, an imne, athiol, a

t hi oet her, a thi oester a sulfonyl, an a nitro, or an organonetallic
se'
n

noi ety. It will be 5 under stood by t illed in the art that the
noi eti es substituted on the hydrocarbo can t hensel ves be
substituted, if appropriate. For instance, tRye substituents of a

substituted al kyl may include substituted and unsubstituted forns of
am nes, i M {RgreirAly ARIR, are as defiie@abdve! Y! s (i nl cudi ng phosphonat es and
phosphi nes), sulfonyls (inlcuding sulfates and sul fonates), and silyl

00 ket ones.—al doks %aﬁg‘a‘r““?;@?i‘ﬁ?? ““n”d“’e’ BRAp Mg A bARIGH B hilBuiAET
Exenpl ary sUBSE Fﬁ%ﬁ‘ﬁ‘ ‘g‘i'l%l Arbey g%%mﬂ%fm #kyl s can be

further substituted with alkyls, alkrgyls, Rt koxys, thioalkyls,
am noal kyl's, car bonyI -substitut e.d_lq(kyl S, CF[,Qr_ﬁ‘Y, CN, and the I|ike.
The ter "al kenyl and "al kynyl" refer t% unsaturated al i phati c groups

anal ogous i sible substitution to the al kyls descri bed
above, but \%‘ R iﬁ,‘?glg%ag é’gg one 15 double or triple bond

t i | [ ]
poci 1 ed. i ouelPe oD hioalkshe i a3 BRGh, s RRL T, s d3hlthyti or
defi ned abowmtmmuwwmws tle prefarred embedimants; dhe)/’ thl lynoxety is
from one t Orepreserted BPOne$fOSEalky), -StélkddPL; kSARGn| and-S-(CH, ),L,Jnf,se%&em m lafid\Rk

al kenyl al kynyl have simlar chain | engt hs.
As usedl%erg'edeﬁ%ab%?m "am no" means -NH err]; the term"” nltro means

- . the t " t

Ut o1+ ireans. - STP® e "sachati-Rgh Utk 8 hlrkin e a Wk arpig o s "
means - SO eabqve; having a substiited onumsuhssiteted carbonyl rgseup attachedathereto, andrineludesc
atom (such aRIeliR¥es; Wetones, EifboxyRités. andP&HRs | UM éxemblary ietibbdiftien@, Rt ®attonpl"
(such as moiety is represented by the general formula:

20 —C-X-Rypo ,or _'X‘g"RIO

wherein X is absent or represents an oxygen or a sulfur, and Ry represents a hydrogen. an
alkyl, an alkenyl, or -(CH;)p,-R7, where m and Ry are as defined 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 R, is not hydrogen, the above formula represents a

25 "ketone" group. Where the oxygen atom of the above formula is replaced by sulfur, the
formula represents a "thiocarbonyl" group.

The terms "alkoxyl" or "alkoxy" as used herein refers to an alkyl group, as defined
above, having an oxygen radical attached thereto. Representative alkoxyl groups include



silicon, arsenic or selenium which is bonded directly to a carbon atom
such as a 25 di phenyl net hyl si | yl__group. _Thus, the term

"al kyl am ne" as used herein nmeans an al kyl group, as defined above,

having a substituted or unsubstitut ed ami ne attached thereto. In exenplary
enbodi ment Wo 9628402 "am ne" can be represented by the garcansessassrul a:
[err] 30 wherein Rlerr] and Rl err]-¥ch independently represent a
hydr ogen, an al kyI an al kenyl, -(CHerr])[err]- Rerr],

=0 -al k I r Sy
O?( R )er r] )a('{r% re@iox?,agf‘oﬁ&y, tegbtu@xga#@/mé {ﬂﬁe ﬁl@gN ?_{ . i M")\,\k‘?&h&fﬁy a]r e
attached cowepal entb/ linked by @ Oyygen. H%F\? dhe spbstiruent of an alkyl which pgndexs that 402
gCT{ US96/ 03&!1%3 an ether is or resembles an alkox such as can be represented by one of~ ?)&lllc IE -|0-
atonms in [.U err ents a cycl oa a
cycl oal ken)ﬁ kengf, h@g@g&/ﬁ{éﬁz)‘" rj;'e %‘f’gi de%é%]?dvg ze)r/o or a%
I nt eger n the I Li kewi se

e of 14 -
“al kyl afi de” ref iePeginonally]” gs,ye et (S Ak} gpoue, s defined
unsubst i tutabdveanhaymsgraoapbsum@chedmmen@i phiosphpryt t groupe attached athemdts. cAn be

represent Ed'pﬂd(sphgfyl“ cafl fn GERBA Bé repREPYyY the formula:

[err] re|n err|] and R[err] are as defined above.

The term "al kyl | m ne" refers to an al kybt group having a substituted or
unsubsti tut ed i mne attached ther$ An "imne" can be represented
by the general fornula: [err]
10 wherein R err] is as descri beé}Rdbove.

wherein Q) represented S or O, and R44 represents hydrogen, a lower alkyl or an aryl. When
10  used to substitute an alkyl, the phosphoryl group of the phosphorylalkyl can be represented
by the general formula:

—-Qz—b-OR«,
ORqs

wherein Q, represented S or O, and each Ry indepedently represents hydrogen, a lower alkyl
or an aryl, Q, represents O, S or N.

15 The term "metalloalkyl” refers to an alkyl group, as defined above, having a
substituted or unsubstituted organometallic 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:

Ryo
—él—R' 10

10

20  wherein Ryg. R'jg and R"g independently represent a hydrogen, an alkyl, an alkenyl, or
-(CHz);-R7, m and R, being defined above.

Likewise, a "selenoalkyl” refers to an alkyl group having a substituted seleno group
attached thereto. Exemplary "selenoethers” which may be substituted on the alkyl are
selected from one of -Se-alkyl, -Se-alkenyl, -Se-alkynyl, and -Se-(CHy)p,-R7, m and R7 being

25  defined above.



The term "thioal kyl" refers to an al kyl group, as defined above, having a

sul fhydryl or t hi oether group att.ached-t-hereto. |n—pree+red——--—-—o

enbodi ments, the "thioether" noiety is represented by one of

-S-al kyl, -S-alkenyl, -S-alkynyl, and -S-(CHerr])[err]-Rerr], wherein m
and R[err] Wib96/28402 defined above. The term PCI/USIE03493
"carbonyl -substituted al kyl" as used her®n means an al kyl group, as

defi ned above, having a substituted or unsubstituted carbonyl group
attached theret I e t nd
esters. In exenp 5% oéﬂgtgnts h@}pﬂ?@é Pgﬁ%ﬂﬂ Erouf gﬂéﬁﬂeﬁ dbove,
repr esent editashed fte apatkyl or aﬂdrﬂﬁ‘&ﬂ’a Thus, Z'E)ane embodiment, a sulfonate has the
[err] sttdf@reci N X i s absent or represents an oxygen or a sul fur, and
Rlerr] represents a hydrogen. an al kyl, an al kenyl, or

-(CH err])[err]-Rerr], where mand R e@] are as defined above. Wiere X is
an oxygen, the fornula represent s_i}iqster". Where X is a sulfur, the
formul a represents a "t hioester." ere X is absent, and R err] is not
hydr ogen, the above fornula represents 25 "ket one" group. Were the
oxygen atom of the above formula is replaced by sul fur, the formul a
represelﬁtslaWhtcthqqaalMle'gnwﬂ) The terms "al koxyl " or

"al koxy" as used herein refers to an al kyl group, as defined above,
havi ng an oxygeiThe setinclfates asnsiad dexeine means a Rafonyt groups asdefined aboyk, afvacheds

I ncl ude ot m

PCT/ US96/ 0349:l),:ydroxy or a{{8xy Ohus, ina preferred embodiment, a sulfate has the struc&re

nmet hoxy, ethoxy, propoxy, tert-butoxy angythe like. An "ether"” is two

hydr ocar bons covalently linked b oxygen. Accordingly, the
substituent of an al kyl which rendtwes O—Ra al kyl an ether is or
resenbl es an al koxyl, such as can be repiggsented by one of -Oalkyl, -O

al kenyl, -Oalkynyl, -O(CH err])[err]-Rerr], where mand R[err] are

descri bed above Thus, , the t osph | al k s used_herein
means an al* y‘f'hfﬂc}&}? aﬁ% lfiﬁa‘fl e&dd %emz:?b%ﬁé)ehﬁ\r}f% ﬁ%s’f'b?ht L Ao Y
unsubstl0t uFarthermons Ranyand Rag utaken togetheriwith ghecsulfonyl/group and the lowygsh@tgms'toc an

|[ gr ?]ener al wiich theY &€ afldched, iay!fofin b ingétracture having from 5 to 10 members.

Analogous substitutions can be made to alkenyl and alkynyl groups to produce, for
example, alkenylamines, alkynylaxhincs, alkenylamides, alkynylamides, alkenylimines,
alkynylimines, thioalkenyls, thioalkynyls, carbonyl-substituted alkenyls or alkynyls,

15  alkenoxyls, alkynoxyls, metalloalkenyls and metalloalkynyls.

The term "aryl” as used herein includes 4-, 5-, 6- and 7-membered singie-ring
aromatic groups which may include from zero to four heteroatoms, for example, benzene,
pyrrole, furan, thiophene, imidazole, oxazole, thiazole, triazole, pyrazole, pyridine, pyrazine,
pyridazine and pyrimidine, and the like. Those aryl groups having heteroatoms in the ring

20  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,
phosphonates, phosphines, carbonyls, carboxyls, silyls, ethers, thioethers, sulfonyls,
selenoethers, ketones, aldehydes, esters, or (CHs)p-R7, -CF3, -CN, or the like.

25 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, piperazine, morpholine. The heterocyclic ring can be substituted at one or more
positions with such substituents as described above, as for example, halogens, alkyls.



wherein Qerr] represented S or O and R err] represents hydrogen, a | ower
al kyl or an aryl. When_10 used to_substitute_an alkyl,_the phosphoryl

group of the phosphoryl al kyl can be represented by the general
formul a: [err]
wherei n ( ewolssmsoz esented S or 0, and each R46 i ndepedent PgrUsssns®snt s
hydr ogen, a | ower al kyI or an aryl *1€Q represents O, Sor N 15

The term "netal |l oal kyI refers to an al kyI group, as defined above, having

sub it t o 2t 0.
A sl yl E’hfé"y kﬁ“ k | Hﬁﬁﬁ g&agﬁgﬁb@.ﬁ g@y fc‘%ﬁ J'%}'F“’g‘?ac e
t her et o. °fﬂhé‘¥°§’r errbowyts st 3(1 egs,| thioe nyls, selenggthers,
substi t ut ed abdehydes, stdq;brd@ﬂzh,ekﬁeﬁgs-medmbmke he gener al for mul a
' [err] 20 wherein

R o
ELe ; Ir ]kenRII [err] &ame t&‘r{se'pol]ycyciMEqre'dedliyt greyp” aefento ﬁv&mdhﬁ@&@ch@ﬂ?@ i‘;
above. 5 c%loalkyls,cy “%ﬂkﬁ% éyﬁ:wkéf’eno&?% aPa} i]'fg'ers %sbélg gﬂ“%ﬂ% ar 1

having a sutysthomelecfomceﬁet\yp gdjgining ﬂngSaFBa g that are
" sel enoet herjsinedVitirélighBon-dace it atoimks Lire derfied "BAdged k)ﬂng@.rﬂ?.ach ofﬂaéﬁhgs:bteﬂ:e

oot ‘c’:ﬂ[ee?h Sy ile hp e iﬂm ;i fﬁ;ﬂ hﬁjlm STUEPS as Weribed, shovs, g5 for enample,

WO 96/ 28402 halogens, alkyls, xyl, amino, nitro, thiol, amines, imines, amides,
PCT/ Usgqboc”‘b?ﬁsphonates, phosphmes, TeaboriAs, cﬁ%ﬁy‘l’é’abﬁ'ls a%@ﬁe%ﬂﬁﬂﬁh” $Hbdiys,2

e h 3 et o AR s oroferGs o SN R Y 9O

The term "heteroatom” as used herein means an atom of any element other than
carbon or hydrogen. Preferred heteroatoms are nitrogen, oxygen, sulfur, phosphorus and
selenium. '

15 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 e:gample, a bridging substituent may be
represented by the general formula or -R;5-Rjg-Rjy-, wherein R;5 and Ry; each
independently are absent or represent an alkyl, an alkenyl, or an alkynyl, preferably C; to

20 C;g, and Ryq is absent or represents an amine, an imine, an amide, a phosphoryl a carbonyl, a
silyl, an oxygen, a sulfony), a sulfer, a selenium, or an ester. Exemplary bridging substituents
are given by the "picnic basket” forms of, for instance, the porphoryn catalysts described
below.

For purposes of this invention, the chemical elements are identified in accordance
25  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

30 compounds which can be substituted or unsubstituted.

As used herein, the term "substituted” is contemplated to include all permissible
substituents of organic compounds. In a broad aspect, the permissible substituents include
acyclic and cyclic, branched and unbranched, carbocyclic and heterocyclic, aromatic and
nonaromatic substituents of organic compounds. Illustrative substituents include, for

35 example, those described hereinabove. The permissible substituents can be one or more and



5in which Rerr] is an alkyl or an aryI The term sul fate,
as used herein nmeans a sul.f.on i

a hydroxy or al koxy group. Thus, in a preferred errbodl rrent a sul fate has
t he structure: K]’ in
whi ch Rl er MO%R840% err] are independently absent, a hydrog‘&‘ﬁ' BWEOMIXy| , or
an aryl. 10 Furthernore, R err] and R[e? taken together with the

sul fonyl group and the oxygen atom; to whi ch they are attached, my

f O[)mt at r It n%&iaﬂé@rgi&r&g\fbﬂgﬁbpf of l\'liﬁl?iihﬁ For purposes of this anveﬁtibit. figous
substituti n be e to a e n ou roduce

cxanpl c. - o REIPIRHA R o e Y e e BT A inies abind iy epienBle

al kenyl i ni rsubstituents of atgaynymmds dederibed heveirl shichh sasisfyk shey vajencies of the
car bonyl - s yagatdatdmhe dTiRs hﬁ/@h’ﬁo% i@ho?in'@bﬁ&i fo bel mitéd Kﬁd}f}ﬂhﬁm BY e misSible

net al | ogl kenyl.s and rretaJ oal k he term™aryl" as used
herei n PncISHpRtituents of grganis compg rrenbered singl e-ri ng aromati c groups
whi ch may include fromzero to four heteroatons, for exanple, benzene,
pyrrol e, furan, thiophene, im dazole, oxazole, thi azol e, triazole,

pyrazol e, pyridine, pyrazine, pyri dazine and pyrimdine, and the
li ke. Thosda@l’-@dégmw ng heteroatons in the ring 20 structure nmay
also be referred to as "aryl heterocycle". The aromatic ring can be
substi tuted In gne aspect of invension there,isPrayided asproeess fus stereoselegtivelys

descri bed qﬂmuemg&ambeﬁnde %At deast one std?aigeﬁe Rénterd| Ay AdvanBpk6Mitisinventiby By | S,

ohos phi s T 8hansinetEaly ol WA oo Be SikesPt ER ashirn o BSSREY FARbAE
sel enoet her@Oﬂ?GEtadM@!ﬁSeaided@d l@sgc%aesocneted W@H[tbtr production) ofjaar wdesired

CF[err] %tmne}b@wgﬁgmn@ﬂyreduced The terns "heterocycle" or
heterocycllc group” refer to 4 to 10-nenbered ring structures nor e

preferably 5 topf geﬁérbtertﬁd ihvention féktufed 4 's@%oSéléd!ﬁEWi&s §sev¢hi1:hf our
het er oat ons. Het erocycl. #Bﬁf’idnc' ude p rr I ne xolgn th| ol
'mi dazol o, CORRDHPSombining g e g ) e S o
het er od§c| ileast ancatalytic lamosnthef mn-rnngnm cbmi mtalymrd‘ particularo charaateristios (as
such subst idey?iBbd HRIbWES AhieDELIEDRbGRratd Df T BE RIGIR! Gill ARS8 carBdcy¥k Sor
Yo 96/ 2840%\3@@4: le which has 1 hili ibl th leophile. Th
PCT/ US96/ 0 ycle w an electrophilic atom suscepti etoattackby e nucleophile. The
combination is maintained under conditions appropriate for the chiral catalyst to catalyze
stereoselective opening of the cyclic substrate at the electrophilic atom by reaction with the
20 nucleophilic reactant. This reaction can be applied to enatioselective processes as well as
diastereoselective processes. It may also be adapted for regioselective reactions. Examples
of enantioselective reactions, kinetic resolution, and regioselective reactions which may be

catalyzed according to the present invention follow.

In an exemplary embodiment, an epoxide ring can be opened with a nucleophile, e.g.,
25 trimethylsilyl azide (TMS-N3), in the presence of a chiral catalyst of the subject reaction.



-16 - al kenyl s, al kynyls, hydroxyl, amno, nitro, thiol, am nes,

i M nes, am des, phosphonates, ___phosphi nes,_carbonyl s, carboxyls,
silyls, ethers, thioethers, sulfonyls, selenoethers, ketones,

al dehydes, esters, or -(CHerr])[err]-Rerr], -CF[err], -CN, or the like.
The terns "wooeg@ke” or "polycyclic group” refer to two oPCEmWsSSs/03493| | C
rings (e.g., b5 cycl oal kyl s, cycl oal ken¥8s, cycloal kynyls, aryls and/or
het erocycl es) in which two or nore carbons are conmon to two
adjoining ringg, e.g., the rings are "fused rings". Ryngs that are

joined throughfnon-adjacent atojrs are terned "brldged rings. Each of the
rings of the qu%gﬁcle be substituted wt ch substituents as

descri bed abd ns, al al kenyl s,

al kynyl s, hydyI aialyR n| N, L hi Olgen@ddisgS, 1M am des, 10
phosphonat es, -hosphlnes cdbony de%oxyls | s, @dhers, thioethers,
sul fonyl s, sel enoet her s, ketones aldehydes, esters, or

-(CH err]) [ eRFCORerr], -CF[err], -CN, or the like. The term
"het er oat ont' a$H2ORd herei n neans an atom of any el enght other than

carbon or hydrogen. Preferred heteroatons are nitrogep, oxygen, sulfur,
phosphorus and selenium 15 A "bridgl ng substituent”
refers to a substituti gipgl t¥Q (NH,OIRLEI ! onNighe core structure
of the catal yst by the sane ‘FE'opposed to | cal) substituent so as to

forma coval ent bridge\kealfween the sub utlon SIt?E?IEOF xanﬂhe, a

bridgi ng substituent may be repr esenggf bychpe genera
-Rlerr]-Rerr]-Rerr] mhereln err] _and err] each dently

are absent or represeﬁi NHz aH NHa| kynyl , prefeﬁqgiy

Cerr] to 20 Cerr], and f] is absent presents an am ne

imne, an am de, a phosphoryl a carbonyl, ; % Silyl, an oxygen,

sul fonyl, a sulfer, a selenium or an est eHO Exedﬂﬂary brldglng

substituents are given by the "picnic basket™ forns of, for instance,

t he por phor y‘ﬂleawnilng of s Mepo’xtrbdn the presebest afia chiral catalyst yields anlénantiomericdlys

of this invegic s Wi r ﬂﬁﬂﬁd

with the Perlodlc Tab the Eﬁgﬁm&ﬁ% on, Kk of em stry
and Physi cs, © Brogiets, & G, SxmPLes af HBich g sy g%%?ﬂmﬁ a?iig

this i nvént nlsnful Mtlnesymhehycbfaompbmds with potential antivigalctivity] such mcthmﬂueeal I

per m ssi bl e GABREMRGmCIAEN A Shaftigs St belbiF, sﬁgﬂ 'of Uh h%Pé’inQ:ﬂﬁ cal trials, Car bon

atom In a broad aspect, the pérm ssibl e hydrocar ons I nc e acyclic and
cyclic, branched andxunbranched car bocycl ingg,and heterocyclic, NH,

aromati ¢ and nonaroma tlc ofgani c 30 conpounds |ch can be substituted or
unsubsti t ut ed. | NAS used hereinN m "substitutM
de |1

cont enpl at ed i ncl ernlsshale <; ubst| t uegps of 0<§a iC
ssi bl I t uent sNi ncl u
an

conpounds. | br oa
acyclic and cycl -ranched unbra
aronati c and o aronatlc substitu
[llustrative substituents include, for 3
her ei nabove. ThX=p@HCabivk € substituent

Aristeromycin
x= NH—<] :1592U89

carbocyclic a
of organic conp
exanpl e, those desc i bed
be one or nore a
'-Deoxyaristeromycin

The present invention also provides a practical method of synthesizing precursors for

10 prostaglandins, including key intermediates used for the commercial production of

prostaglandins. As shown below, the ring-opening of a meso epoxide produces an
enantiomerically enriched product which is easily converted to a useful intermediate.
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the sane or different for appropriate organic corrpounds For purposes of
this invention, the het er oat ons such as nitrogen may have hydrogen
substi t uent smuﬂmozany perm ssi bl e substituents of orrgEaENISeéAasOUNdS
descri bed herein which satisfy the val enci~d8-of the het eroatons. This
invention is not intended to be limted in any manner by the permissible 5
substituents of qorgani c conpounds. I'l. Catal yzedgReacti ons

In one aspect of the present inventionifthere is provided
st ereosel ecti e MUCI ng co ds vm th at |eas
center. An ad ge 0 i nventi 10 D%t enant
enriched produgtsg

§ process for
sQe st ereogenic
grically

can buataygnt hesi zed achiral or racemrc reactants.

Anot her advantaQe is that yield TMS€es asNoci at ed wIMSQ he production of an
undesi red enanti onmer can be substantially reduced. I n
general , the Inverml %ﬁ&%ﬁﬁhﬁﬁv@eﬁ%&dﬂﬁﬁﬁ'tﬁ@tﬁﬁé@nﬂ inn&ameﬁwne%%e&ad for
whi ch co ri.ses nal nl‘ggna nucl,eo hgl react % rochiral or
chiral cycli csy§ lbéla“ t @ﬁ'?“aq' WNBEIAW- of non-racenic
chiral catalyst of parti cul ar charmarl stics (as,umm.,md.a,scrl bed bel ow) .
The cyclic su at Mo t AT t -t Bfude* gar bocy

het erocycl e °hasavan troph| lic uscepti bl e to, byt he
nucl eophil e. The conbi ndtion is naint ahrgd Wacer condition or
eti

appropriate for the chiral catalyst to cat altyze = stereosel e
openi ng of the cyclic substrate at the el ecig@mpdobsi C at om by reaction with
t he 20 nucl eophilic reactant. This reaction can be applied ;F rmmgency
288z I't
Ot i ons. Exanpl es of
A 0y, and regiosel ective
=g t0; b hSal’ es oréent i on
B ment, asepoxi de ry ng can be

enati osel ective processes as well as di astereosel ective
may al so be adapted for regiosel ective rg§
enanti osel ective reactions, kinetic M8sof
reacti ons which may be cat al yzed
foll ow. In an exenpl ary}

opened with a nucleophlle e. grN2e trlrrethyIS|IyI‘7Iz1de ( -0*53@_,_ in
t he presence of a chiral cataNys of % he subj ect reaction. d oF
H H
0
Balanol
5 In yet another exemplary embodiment, the subject reaction can be used to catalyze the
stereoselective’ ring-opening of an aziridine, such as with the nucleophile ammonia
exemplified below:

In this case, the chiral diamines are useful in, for example, synthesis of certain of the chiral
10 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.

The ring-opening of an episulfide with an amine in the presence of a chiral catalyst,
shown below, is another exemplary reaction of the subject methofd which can be carried out
stereoselectively.
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[err]
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azi doal cohol, which can then be transfor . through standard

mani pul ati ons, to a vari ety of products, a few exanples of which are

with potential antiviral activ s t car bocyclic
nucl eosi de anal ogs shown bel o
[err]

3' - Deoxyari steromycin

The product amino thiols are useful in, for example, the synthesis of penicillin analogs.

|c |ncI|n|caI trials.
catalyst Ari steronycin

shown above. These products ar? useful qspr t C@_(ﬂt hesi s of conpounds

In another embodiment, the opening of a cyclic sulfate with an acetylide can be
carried out in the presence of a chiral catalyst of the subject method, such as illustrated

5 Dbelow:
/E\ Li—==—CH; _ /
4o i OSOH
H catalyst

O
The sulfate group of the product can be removed to reveal the homopropargylic alcohol, or
can be used as a protecting group in further synthesis.

CHj;

Still another ring-opening reaction contemplated by the present method is the opening
10 of acyclopropane by a mercaptan in the presence of one of the subjectchiral catalyst:

NC. CN ne. N
CH3(CH2)3SH \< S(CH2)3CH3
B 5
catalyst /_<

The product may be converted, for example, to a 3,4-substituted carboxylic acid by
hydrolysis and decarboxylation.

In certain embodiments, the subject reaction can be used for a reaction involving
15 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:

0 HO

.,
— o
HO\/\/OH caalyt HO

The product 1,2-epoxy diol can easily be converted to a variety of natural and non-natural
20 products such as sugars and sugar analogs.

Still another exemplary ring-opening scheme of the present invention is generally
illustrated below by the opening of a cyclic carbonate with an amine:
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ri ng-openi ng of a nmeso epoxi de produces an enantiomerically enriched
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96/ 28402 PCT/ US96/ 03493
-19 - [err] In another illustrative enbodi nent,
t he present igvention provides a nethod for synt hesi zi ng bal anol, a
pot ent proteiiki nase C inhibitor, as shown bel ow

[err] PhNH 25 anot ex ry enbodi nent, the
subj ect reaco i ooca‘n—b'e"usﬂe%,to 82*%% t he ﬁ@{ S erehgsel ctive

ri ng- openi ngZ of \an &awlystdi ngr—s(\ch as witf the Auchxophi IGC ni a.

exenpl i fi ed” bel ow: It will be

understood that two different products may result from this ring opening, depending on
whether nucleophilic attack at the carbony! carbon or the hydroxylic carbon is favored. The
ratio of products can be adjusted to favor one or the other by manipulation of such factors as

5 the nucleophile, the chiral catalyst, and the reaction conditions employed. Both products can
be converted to synthetically useful products by conventional methods.

Still another enantioselective reaction is demonstrated by the ring-opening of an |
epoxide by an organocopper reagent in the presence of a chiral catalyst, as is shown below:

0 HO CHs
(CH3)2CuLi A
———
catalyst

In another aspect of the present invention, kinetic resolution of enantiomers occurs by
catalysis with a 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 transformed to the desired product. Of

15  course, it will be appreciated that the Kkinetic 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 significant advantage of this approach is the
ability to use inexpensive racemic starting materials rather than the expensive,
enantiomerically pure starting compounds. For example, propylene oxide is a versatile

20 reagent for introduction of a functionalized three-carbon unit into a molecule. However, the
pure (S)-propylene oxide is very expensive, costing up to 300 times more than the racemic
mixture. Thus, although kinetic resolution according to the present method may result in the
waste of half of the reagent, large cost savings may be realized by use of the racemic mixture.
Examples of such kinetic resolutions are shown below.

10

25 For instance, catalyst-mediated kinetic resolution of chiral oxiranes (e.g. chiral
recognition) described herein represent important alternate approaches to asymmetric
epoxidation (prochiral recognition) processes of the prior art because racemic oxiranes are
easily accessible and often produced at a large industrial scale rendering the loss of 50% of
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5

One enantiomer of styrene epoxide is preferentially consumed by trimethylsily! cyanide in
the presence of a chiral catalyst. The remaining enantiomer is then reacted with TMS-azide
to yield either of a pair of silyl azidoalcohols. The desired isomer can be made the major
product by choice of appropriate reaction conditions. The a-phenylazide isomer can be

10  converted, through conventional reactions, to the amino acid (S)-phenylglycine. The ability
to carry out this conversion has significant commercial value since optically active amino
acids and amino acid analogs are biologically important and have many agricultural and
pharmaceutical - applications. The p-phenylazide isomer can also be converted to
pharmaceutically useful products.

15 Ring-opening of cyclic sulfates by amines, followed by treatment with a base, is a
useful method of producing aziridines, as disclosed in U.S. Patent 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.

20 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.
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It wll Dbe understood that two different products nmay result from
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carbonyl carbon or the hydroxylic carbon_is favored. The
OCH;

H
------- OH
-— S COMe
ON
H,CH;N(CHs)2
Diltiazem (25, 3R)

The racemic mixture of trans-epoxides is resolved by reaction with 2-nitrothiophenol in the
presence of a chiral catalyst, and the enantiomerically enriched ring-opened product is

5 separated from the unreacted epoxide. The ring-opened product is then transformed to
diltiazem by standard techniques.

Still another example of kinetic resolution with a reaction of the present invention
involves the synthesis of juvenile hormone. In the reaction scheme:

(8]
H catalyst
TMS(N\/kO
3

10  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.
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15  copper iodide.

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:

O

O
jjm N jj\n
- +
catalyst & Ph _@

Ph S

20 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

25  particular substrate, nucleophile, catalyst, and reaction conditions employed, and can be
determined and accordingly adjusted for the desired reaction by routine experimentation. In
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As with the lactam example shown above, two possible modes of ring-opening may operate
to kinetically resolve the racemic substrate. As previously noted, more strained substrates
will be more prone to undergo cleavage at the sp> carbon. However, certain nucleophiles,

10  such as phenylselenide, are known to favor cleavage at the sp3 carbon under appropriate
conditions, even for larger ring lactones.

In another aspect of the present invention, kinetic resolution of enantiomers occurs by
catalysis with a chiral catalyst of a ring expansion reaction of a racemic substrate. An
example of such a kinetic resolution is shown below.

O

< e /Odc’
15 catalyst
The racemic propylene oxide is resolved by reaction 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 enantiomerically pure form. The instant
invention provides a highly economical method of producing such enantiomerically enriched
20  materials.

In another aspect of the invention, kinetic resolution of diastereomers occurs by
reaction of a diastereomeric mixture of a substrate with a nucleophile in the presence of a
chiral catalyst. An illustrative example of such a diastereoselective reaction is shown below.
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In this example, a mixture of diastereomers is generated by the epoxidation of a chiral alkene
with MCPBA. The mixture of diastereomers is then resolved by reaction with trimethylsilyl -
azide in the presence of a chiral catalyst. The resolved diastereomers may then be easily:
separated. This method of resolution provides a simple means of separating diastereomers .
which may not be easily separated by other methods such as distillation or chromatography.

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 manner. An illustrative example of a

regioselective reaction is shown below.

A O O H ~NM N
it A HO Wi W W HO
N3
TMSO
TMS-N3
—————T— +
0
0]
HO 6
r~N ¥ N ¥
P W /S \J

In this example, a steroidal bis-epoxide is reacted with trimethylsilyl azide in the presence of
a chiral catalyst in a lipid bilayer. The chiral catalyst in this example is derivatized with
steroidal groups, and can be further substituted with alkyl or other substituents to optimize
the polarity of the catalyst and the selectivity of the reaction. Only one of the two epoxide
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reactod | riedopfa i HAbl rAcBii R Bt o B BIPEL ) o according
to the present iAnsV snE:i ['from the ai:g\ger ]discussion, the chiral products produced by the
asymmetric synthesis processes of this invention can undergo further reaction(s) to afford
desired derivatives thereof. Such permissible derivatization reactions can be carried out in
15 accordance with conventional procedures known in the art. For example, potential
derivatization reactions include esterification, oxidation of alcohols to aldehydes, N-
alkyiation of amides, addition of aldehydes to amides, nitrile reduction, acylation of ketones
by esters, acylation of amines and the like. To further illustrate, exemplary classes of
pharmaceuticals which can be synthesized by a scheme including the subject stereoselective
20  reaction are cardiovascular drugs, nonsteroidal antiinflammatory drugs, central nervous
system agents, and antihistaminics.

IIl_Catalysts

The catalysts employed in the subject method involve chiral complexes which provide

25 controlled steric environments for asymmetric opening of a carbocycle or heterocycle

coupled, in certain preferred embodiments, with the generation of one or two new

stereocenters upon reaction with a nucleophile. In general, catalysts intended by the present

invention can be characterized in terms of a number of features. For instance, a salient aspect

of each of the catalysts contemplated by the instant invention concerns the use of

30 metalloligands which provide a rigid or semi-rigid environment near the catalytic site of the

molecule. This feature, through imposition of structural rigidity on the chelated metal, can be

used to establish selective approach of the substrate to the catalytic site and thereby induce

stereoselectivity and/or regioselectivity in a ring opening reaction. Moreover, the ligand
preferably places a restriction on the coordination sphere of the metal.



20 This aspect of the invention provides nmethods of easily synthesizing
functionalized nonraceni ¢ products fram.inexpensive racemc starting
materials. It will be noted that | actanms have two potential nodes of
ring opening, viz, at the acyl carbon and at the nitrogen- bearing sp3
carbon. Ei twWowéess02: i s suitable for kinetic resoluti on accBEFHP$R§N03493 ¢ he

pr esent i nvention. Wich of the two¥mdes of reaction will predom nat e
wi || depend upon the 25 particul ar substrate, nucl eophile, catalyst, and

reaction condit iﬂ@&&%ay&qhe Sdisly S 3Bndeens the selbl@ioRloFnibed] afinsh foF BferdtaN8t Y

adjusted faor the des o
V\DJ 86/ 28402n general, an:} MSltgo%axggnLlO&.g.,yharwfom%t& Clecton enrully 't Borm the catalyst,

PCT/ US96/ 034,32 metal selected from one of Groups 3-12 of the periodic table or from the lanthanide - 25

. jes. Howevef F}Fﬁl‘%}eﬂeﬂﬁx c“{zﬁﬁlls Yihe tdetl Bl be SETBhAd frdh the offate©"
f:ll enz\rfggée gt:%%ggs %tqvlmsa ,e:‘ggnlj%ferlrapbrlg? ?rt}n Ero%ps 5-12, in order to %vi%&ﬁgﬁe% which
i1l ulst rati V@? eclsda&iditmm unsithextedrand @0t in theie highess ogidatiorciaste.f Bor éxample] adfable
resol ution S, u

sel enide a %lﬁls fﬁﬁélf#gér, %’O‘P’eﬂ’ %’Vﬁf’ hup&rﬁgg\emhcg&g?'ﬁ%l%ﬁﬁfa d?%ﬁ%?% i,'rorgs
shown bel ovgroug &especially Cr(III).

COH ) As with the | actam exanpl e shown above, two
possi bl e nuleGhingl Tetradentate Gatalystsny oper at e to kinetically

resolve the racem c substrate. As previously noted, nore strained .
subst r atles Consistent with these| desinablerfeaturgs, ome class (of crartipulaglyepreferyed shiralhe

SE3 Cf‘r bf)n-caﬁ@}%?svﬁfovicﬁei lchirAl fRHadARINlighTd which coordinates hOtrarSifioR Métal in a
phenyl sel e

appropri at g“ggm“%[lg slé&a?%latngr ‘E’gﬁ#icﬁﬁ%&e&%t e F%ﬁéé (?E%{”lfo ﬁ’gt‘ﬂlfj‘g‘g’tef?n@?e
| n anot her geometries sfcontempiatesks Reistatedy/these sqnare igeonaetiies refes td etradentatef ligands in
enant i OITer SyRel tHeSLeWis basic atoms lie substantialif jrf{héShihe \MdnB, Witk fe’ BétaCAiPinyihin Of
arng l%x papqu{eo(gqurareea;ﬁgﬁar E]orO abo%e I)falge?on\gr ghats bigﬁé sﬁ‘ﬁa?e pypfgmidal).
Preferred square tetradentate catalysts which may be employed in the subject
reactions can be represented by the general formula 100:

ho

{Cx M< G
3

/
Ra i'1 '2 Rao 100

wherein Z;, Z,, Z3 and Z, each represent a Lewis base, such as selected from the group
20 consisting of nitrogen (e.g., imines, amines and amides), oxygen, phosphorus (e.g.,
phosphines or phosphinites), arsenic (arsines) and sulfur.

The C; moiety (taken with Z;, Z; and M) and the C5 moiety, (taken with Z5, Z, and

M) each, independently, form a heterocyclic ring. It will be understood that while the C, and

C, structures depicted in the above formula may not formally be covalently closed rings for

25 lack of a covalent bond with the metal M, for purposes of this disclosure, this and simi!ar
structures involving the metal catalyst atom M will nevertheless be referred to as heterocyclic
rings, and substituents thereof will be referenced relative to heterocycle nomenclature {e.g.,
"fused rings" or "bridged rings"). In addition to substitutions at R;, Ry. R'; and R', the C;

and C, rings can of course be substituted as appropriate at other ring positions, as illustrated

30 by Ryp and Ry;. Moreover, it will be appreciated that in certain embodiments two or more
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I n anot her aspeQ ent | | as er orrers
occurs by  Ting mcludmg the lm&&mso§“?}F “NF%PQMPY’

substrate with a nucl eophile |nthe presence f a chlr
catalyst. An illud¢ F%!Sﬁ“ﬁb’ ystrated strpgiurs ﬂ&a@!’ﬁk&le?’@cgﬂ\?éc"r’éﬁ %Ys
shown bel ow. are absent, or represehﬁoﬂﬁ/sﬁ&ﬁ&ﬁlon, as permitted by valence requirements, of the Lewis

[Pgr/r ]US%/ 934%?51c ptoms, »evhlachnp tutnon Wur A (ﬁ; atlirggtfné P%lg enrsballk%ls,%ﬁkenyls alkynyls,
t he. epoxi dat hydroxyl, ammpato éhl R épnines, imipes, emidgspphosphenajgs, hnsehms, carbony S,

fllh ast er eomer %a:bﬁxﬁlﬁ]%ﬂyrse&ﬁéﬂefdld&ﬂxefs;}ﬁﬂfd@lb luel&zkbenfermt ttojiéss ialdehydes, ese:s,d;e in
e presence a e ol ve astereoners nm

easily 5 sepé‘?&?)éﬂ ﬁ@{%&éabﬁm i B 2pFBY Of EPreeRy ?ﬂ?l lﬁ%’gﬁg"%ﬁfﬁ
separating dlsel:snemeosref €1 and Gyhwith ancgrganic onwmq substifuantapermitted iyt Mdcnce
met hods 39Ch r@juireingits bf theirig afim mtlpﬂraﬁﬁélﬁd or any two or mord Gl‘tﬁé‘k hR

aspect of th vent.i.on e rea a substrate. wth .a nucl.
oot O e 0 e B el Sy s et SHBHE it
i | | ustrati ve that anlehst oné ofiR,, R’y ambjRgsforms wibridging substituent with lableastionk ofiR;, R'>
HO and Ry in order to provide C, and®,'ds a tetradentate; Ry represents an aryl, a cycloalkyl, a

' cycloaltkenyl, a heterocycle or a polycycle, and m is zero or an integer in the range of 1 to 8.

15 While the actual substituents of C; and C, can vary widely as necessary for a
particular reaction scheme, one important proviso is that at least one substituent of C; must
form a covalent bond with at least one substituent of C, in order to provide a tetradentate
ligand which forms a square complex with M. That is, the ligand is a bridged cycle or
polycycle which includes Cy and C,.  Furthermore, in order for the catalyst to be chiral, e.g.,

20  to be capable of catalyzing stereoselective reactions, Rj, Ry, R';, R’y and other substituents
of C; and C, are selected to provide at least one stereogenic center or an axis of dissymmetry, -
e.g. such that the ligand is asymmetric.

In the general structure 100, M represents a transition metal of Group 3-12 or the

lanthide series of the periodic table, though preferably 2 metal ion which is not in its highest

25  oxidation state. In the most preferred embodiments, M will be selected from the group of late

transition metals.e.g., from the Group 5-12 metals. Even more preferably, M will be Cr(1II).

Moreover, the metal can be coordinated with a counteranion or a nucleophile (as in the aged
catalyst described below).

Exemplary catalysts of this class are comprised of ligands derived from, for example,
30 salens, porphyrins, crown ethers, azacrown ethers, cyclams, phthalocyanines, and the like.

In a particularly preferred embodiment, the subject reactions use a chiral catalyst
having a metal ion complexed via an imine of a chiral ligand, preferably a diimine bridge.
Accordingly, such variants of structure 100 can be provided in embodiments wherein any one
or more of the Lewis bases is an imine, with metallo-schiff base forms of imines being highly

35 preferred.



In this exanple, a steroidal bis-epoxide is reacted with trinethylsilyl
azide in the presence of a chiral catalyst in a |lipidbilayer. The
chiral catalyst in this exanple is derivatized with st eroi dal groups,
and can be further substituted with alkyl or other substituents to optim ze
t he pol ari tWO96284b% cat al yst and the selectivity of the rcRCIUSIN3AIRH| y one

of the two epoxide WO 96138402

PCT/ US96/ 03493 -27 -

moi eties is opefefrhir ilifrat ahARRAGIKE carR)E yREH:Yin W subfect MENGH SRILR/RAVRY S 1S
é?:g% la\r/:i)sg’fqéﬂszt‘ihéfél. s egagttlsgpenllﬁcet Eﬁ{h&e‘%ﬁﬁr r'%glel?asfeegst)?m g %ﬂﬁc

metallosalenate catalysts offer a distinct advantage over many other chiral tetradentate
catalyts, such as the metalloporphyrinates described infra, in that the salenate ligand can have

5 stereogenic centers located just two bond lengths away from the metal. This proximity of the
chiral centers to the reactive site can yield a high degree of stereoselectivity. -

As disclosed herein, salen complexes are highly effective catalysts for the
enantioselective ring-opening of epoxides and other cyclic compounds with nucleophiles.
This reaction is notable not only for its high enantioselectivity and for the utility of its

10 products, but also for its remarkable efficiency as a catalytic process.

Moreover, the synthesis of chiral salenates is well characterized in the art, with more
than 150 different chiral metallosalenates having been reported in the literature (see, for
review, Collman et al. (1993) Science 261:1404-1411). These ligands are easily and
inexpensively synthesized on large scale starting from readily available materials, as

15  described in Larrow et al., J Org Chem (1994) 59:1939-1942. Importantly, the general
familiarity and ease of synthesis of metallosalenates permits the substituents to be readily
varied in a systematic fashion in order to adjust the steric or electronic characteristics of the
ligand. This feature makes possible the synthesis of ligands which are optimized for
particular types of reaction or substrate. It has been found that such steric and electronic

20 "tuning” (described infra) can have significant effects on the yield and e.e. of products
formed in asymmetric reactions.  In particular, the use of bulky blocking substituents is
desirable to achieve high product e.e. in the asymmetric ring opening. Furthermore, the
stereogenic moiety can easily be modified to improve enantioselectivity.

In general, the salenate ligands which are useful in the subject method as chiral

25 metallosalenate catalysts can be characterized as two substituted B-iminocarbonyls which are

linked to form a tetradentate ligand having at least one stereogenic center. In an exemplary

embodiment, a metallosalenate catalyst useful in the asymmetric ring-opening processes of

the present invention can be represented by a metal complex with two substituted B-
iminocarbonyis having the general formula:

Yy ll{l ll{2 Y2 102
. N\M /N .
VARN 3
O A
30 X3 Xs

in which



The processes of this invention can provide optically active products with
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TEPREYERS 4 oo metal; g

generation of one . m eocenters upon reaction wth a
nucl eophi | e. | n 4aeensesents acaunterjont or a nuclenpliile; by t he present i nvention
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br of or abl y. [ Hithhe réigtion §a6 PerRTHd @e. coor di nati on sphere of the metal .
\IQKC)T/Q 8/552/48:2% 493 The chirality of the salenate ligand may be the result of the presence of one or more
25  chiral atoms (e.g. carbon, sulfur, phosphorus, or other atoms capable of chirality), or may be

the result of an axis of asymmetry due to restricted rotation, helicity, molecular knotting or

chiral metal complexation. In preferred embodiments, the chiral ligand has at least one chiral

atom or axis of asymmetry due to restricted rotation. Further guidance respecting the

particular choice of the substituents is set out herein.

30 In preferred embodiments. the choice of R, Ry, X{, X5, X5 and X yield a class of
chiral catalysts which are represented by the general formula



- 28- Anot her aspect of the catal yst concerns the sel ection of

metal atons for the catalyst. In general ., any transition netal (e.g.,
having d el ectons) may be used to formthe catal yst, e.g., a netal
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e
substituti ﬂmnftes, “es’Fi“’f HS %ﬂﬁ@"ﬁis[ gf’ﬁf' ‘?’T’ 8 °nyls'and
C2 rind§ caelendetheoy ketondscaldeliysies, estersgora(CHipr Rp(thasubstitiem Ry ¢ occuring onone -

o L0 it PSSy M o I
substituted taken toge er can form bndgmg substituents to bridge the two B-
iminocarbonyls and/or bridge different portions of the same B-iminocarbonyl. As above, in
order to provide for a chiral catalyst, the choice of B, and B; (including their substituents)
20  and/or the choice of substituents on B; (e.g., B} has a stereogenic center) is made to establish

a chiral ligand. A represents a counteranion or a nucleophile.

In particular, as described in the appended examples, the salenate ligand can be
derived from condensation of a substituted salicylaldehyde with a substituted diamine,
preferably one stereoisomer of a chira) diamine, and then reacted with a desired metal to form

25 a salen (NN'-bis(salicylideneamino)alkyl) metal complex. An exemplary reaction for
generating the salen ligand is based on Zhang and Jacobsen (1991) J Org Chem 56:2296-
2298, and Jacobsen et al. PCT W093/03838, and comprises
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substituents of Clerr] can be ‘coval ently bonded to each other to provide a
fused ring or bridged ring including the Clerr] ring atons. Siml ar
structures cwookrgsepz ovi ded on the Cferr] ring. PCT/ASSM34Ngl v,
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permtted by val ence requirenments, of the Lews 5 basi g R, at g5, whi ch
substitution may be with hydrogen, halogens, alkyls, alkgpyls, %gl kynyl s,
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substituent of Clerr] nust forma coval 8et=fPpond with at | east one

i ; Xie | i gand whi ch
forms a square conplex with M That is, the ligand is a bridged cycle or
pol ycycl e whi includes CJerr] and C[err] Furthernore, in order for the
cat al ys? tb“l’!g’chhl ral, e.g., 20 to be capable of catalyzing
st ereosel ect i vee&hmﬂhﬂibsmﬁémR],,RZRBgrRJ,,RsRY[,eYﬁ,]Xl,B(z[ XhJ X4, Xgt Xgyrand
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one stereogenic c rﬁ rmantl Xi s?ﬁ{jh!%grréem&eﬁg LleQ Q}Eeﬂﬁs, ng(k,?lét he
ligand is asymretﬁ"y droxyl, amino, nitro, thiol, mnsﬁemg@mriessphmhw'é rhosphoggtes,

represents a tranthbsphihcs;m‘aﬂ:lonsal& dartanpls3sily B, etheds/whioethers, sulfonyls) sdlenoathierss of

the pegpodic tabl g@glgﬁfeg ‘fsﬁl’y‘,(,g}lrﬁg'ﬁl ion which is not |nN: \t/vrsll e

hi ghest 25  oxida |on &ferred enbodi ments
selected fromthe gr@fuyotwa gr more of the substitnents taken together form g cgrROCHE QT oup

5-12 netals. Even mmyﬂé%ﬁhgbdlﬁast%mdmlﬂ&ﬁ g strutture; Mor eover, the
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this class are BJAperPoean iteger iptheimngeef LtoB:apdm for exanple, 30  salens,

por phyggns, cromeﬁemammwet hers, cycl ans, phthal ocyani nes, and
the like. Inapartrcularly preferred enbodi ment, the

subj ect re3CfT8hs use a chiral catal yst having a netal ion conpl exed
via an inine of ifRsd#pbsent, at leashane ofiRyf and Rol iy cevalsintlyberded to atjeast one of R; and

R4; and the substituents of the salenate ligand are selected such that the salenate has at least
one stereogenic center, e.g., is asymmetric. Moreover, the metal can be coordinated with a
20  counteranion or a nucleophile (as in the aged catalyst described below).

a ty{;:dentate Rlerr] represents
a hef,erocycle or a polycycle,

With respect to generating a chiral ligand, it is important to note when selecting
particular substituents that the salenate ligand has a potential catalytic site on both "sides” of
the catalyst, e.g., relative to the plane of the four coordinating atoms of the ligand.
Accordingly, when selecting the appropriate substituents for the B-iminocarbonyls in the

25  above embodiments, it is important that either (1) both sides of the catalyst have stereogenic



Accordingly, such variants of structure 100 can be provided in enbodinents
wherei n any one _or more of the Lewis bases is an-imne, with
netal | o-schiff base fornms of imnes being highly 35 preferred..
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To further illustrate, a tetradentate -34-al yst useful in the subject nethod
can be derived using chiral salen or salen- Iike Iigands (hereinafter

"sal t ts offer a
d|S St ?2& egﬁ%‘/‘gﬁ tW yg}g %‘%r man 'Cs‘?rﬁosele%;'t}éhp@t r a ?a%?n <§aa greg%egfc Wﬂ of such
as the nefRRATPRIIR Beroeselestivty raegqs-sslkle dvhilg ﬂheeptherrrsldqms atbipeking| stmetues whigiand

can have sibstantidl3rifpgiesapproach the nletdt afofitor tatsidero bond | engt hs away from
the metal. This proximty of the chiral centers to the reactive site

can yield a highe ﬁﬁgéﬁme@fopﬁﬁﬁiﬁlwﬂ | T dtbver words, n is preferredA8 htbe &l 18a€d
ereing e are hi ectjve c

enant i ose?Jé ?ﬁe‘\?fgg%"hég% oAl r?&cl'gfm% %f{hae@egﬁta @5 i‘;’ {‘ﬁv@gcﬂﬁpf?m?dg@m th
nucl eophi Fesfiguration. Kor E}KMWRGRIH, -Dldu?abl-beMQ(BM-butybdiwh&MI@d)ethane,
enant i oseli@efibed ﬁx)ﬁxﬂﬂﬂlef Pkohﬁﬂns%b'ste}éb geiic 'c&ﬁterlQm the titfie biidgl %&l %Qe for

its remarkabl e,efficie

the synt hB¥%® 'SefnnﬁﬂlsFeéT" ﬁftﬁ’ﬁg?‘?% op §%“F£‘l‘ﬁ§? catalyst; This hlﬁch%caéqust has ¢ h
nmor e theredvartage ofi fidtcheingt susteptible twe'leakhges abmnahsabedaasel substhe approgvhy t ed

in thegli f (1993) Sci ence
261: 1404 &%@%) B éecgg‘aﬂfguﬁggma?‘g‘%gfaf%‘%éﬁwg‘l ne"ypensi vel y

synt hesi zed ongj &;,ggst’s&ﬁh.g] é’t‘ﬂ%}é“@%@%é bl g%ce%\%i@géé &B&cg&hﬁ) ﬁf‘} as 15
ey e e R oy iiad
pernits t{R-2phenyl-1 lchin(membmﬂsﬂkyﬂddanuno)emm relge,dfohﬁula g)gsv‘nﬁéf&hl pIRshion

| gand, TS RS proldfe Akl Re o, £ pBEOBad el AUty e B, o,
opt i mgl Y ed°‘¥°8P°s°le°“‘"B’arﬁF“é’Eﬂ1931Yst Jesivatizing thsaselep%m lrsan%msb larml@ which fploskpeen
f ound t haaccessab tint *frdet faede.g), t! fac havingOboth atCINAREN2 bﬂﬁ&%ﬂ the duhﬁﬁel) @An c an

h L
naymot 11 AR bheiaid nf o iich! Gt WP L SaiorShie s S ovange. 8 FUERT Lt s
is dB@Waﬁqr@ 9 dhabmném ke gwemdm@m@ the phemt meleagqfrﬂnedumwe bridge

openi ng. fsumttherfomside"tdfehe catalyst,tand G0MAIXg me@&ave:ﬂgmneaﬂolmmba bfags ért €d tO

wht o2 o8 TbhASRLTGF I dalatyss, which pridge subbliE Predlued 5e@303BE el g "
cat al yst sﬁE@ﬁhbéa@ﬁ@Fach@F‘F E@H“&Qﬂ theoart, M@EWEB@@I othsr singlerrand dontiersided;

whi ch ar eembodlmenmteedfbaxﬁmpmeonxaaﬂa@ru rggsbka@mnhm)ng at | east one
stereogeni c center. In an exenplary odi nent, a netall osal enate
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ng: ,? |n: u![ gl & 9 ﬁgog%agg gﬁaebeta%gptgy fromrgﬁe ﬂera%urerrp ngr examp?e, see Zhang et

al. (1 90) Am Chem Soc112:2801; Zhang et al. (1991) J Org Chem 56:2296; Jacobsen et al.

(1991) J Am Chem Soc 113:7063; Jacobsen et al. (1991) J Am Chem Soc 113:6703; Lee et al.

(1991) Tetrahedron Lett 32:5055; Jacobsen, E.N. In Catalytic Assymetric Synthesis, Ojima,

I., Ed., VCH: New York, 1993, chapter 4.2; E.N. Jacobsen PCT Publications WO81/14694

and WO93/03838; Larrow et al. (1994) J Am Chem Soc 116:12129; Larrow et al. (1994) J

30 Org Chem 59:1939; Irie et al. (1990) Tetrahedron Lett 31:7345; Irie et al. (1991) Synlett 265;

Irie et al. (1991) Zetrahedron Lett 32:1056; Irie et al. (1991) Tetrahedron Assymetry 2:481;

Katsuki et al. U.S. Patent 5,352,814; Collman et al. (1993) Science 261:1404; Sasaki et al.

(1994) Tetrahedron 50:11827; Palucki et al. (1992) Tetrahedron Lert 33:7111; and

Srinivasan et al. (1986) J Am Chem Soc 108:2309. Exemplary salenate ligands described in

35 the above references are illustrated below, as well as in the appended examples. Ph=phenyl,
tBu=t-butyl.



I m nocar bonyl s having the general fornula:
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the substituents Rerr], Rerr], Yerr], Y[err], Xerr], Xerr], Xerr] and
X[ err] eaclWOP§HBdndent|y, represent hpOTUSSE03493

hal ogens, al kyls, al kenyls, al kynyls, h§%roxyl, amino, nitro, thiol,
am nes, imnes, amdes, phosphonates, phosphines, carbonyls, carboxyls,

silyls, ethers t hi oet hers, sul fonyl s selenoethers
ket ones, al dehydes, e}.t.e(s (CH[ err])[err]- @ @T Rerr],
NEr /T 0

or any two or bstltuents 't aken t ogé€ ar bocycl e or

het er ocycl e ha 'from4toatomsintheringHsttu;,-, hi ch ring
structure HO he a fused ring,\as i e _gase of, for
exanmpl e, X 4l erpyl f 2 ring, or whi ch ring
may be a bnA=dg ng, ay% ase of R er and R err], /A&rr] and
Xerr], or Y[e and X2 repr esey et ff &PeTl eptds of a
sirngl e substi ¢ Wi t ('e proviso t at | east

one of Rerr], , X[errh=anfd X[ err] is co : Tol=Y.(u g~
at | east one of Rlerr], Y[err], Xerr d X[err] to prowdet e
[err]-imnocarbonyls as a tetradentate |igand;
R7 represents an aryl, a cycloalk QHO l*kenyl a heterocycle , or a
pol ycycl e; 15 mis zero or intéygsk in the range of 1 to 8§;
Mrepresents a transition netal A represents a
counterion or a nucl eophil &Bu tBof the substituents of

the [err]-imnocarbonyls, e.qg., , Rl err}s Y[err] Y[err], Xerr],
Xerr], Xerr] and X err], ®@ue sel EQBd such that the catal yst is
asymmetric. 20 The choi ce of each of R err] R[ err], Ylerr],

Y|[ er {] X[err ] In yét ehidther eXfbotindent6th&s6¥jedt nmethd, i ﬁ%gt of formula

el ectroni o erati ni n cat a ys or
a parti cu ﬁ&%is &umﬂeg-ﬁ%gh‘eg{‘]%’hﬁﬁﬂgﬁﬁ’é*@dﬁ “9%‘5 ajm. by the general
reactivit @Paﬁ he nucl eophil e, and the sol vent system I n which the

reaction is to be carried out.

e

in which
Dy, D,, D; and Dy each represent heterocycles, such as pyrrole, pyrrolidine, pyridine,
piperidine, imidazole, pyrazine, or the like; -
each Rjg occurring in the structure represents a bridging substituent which links
10 adjacent heterocycles, and preferably contains at least one stereogenic center of the ligand.
For example, each R, g, represents an alkyl, an alkenyl, an alkynyl, or -R;s-R;¢-R;7-, wherein
Ry5 and Ry7 each independently are absent or represent an alkyl, an alkenyl, or an alkynyl,
and R;¢ is absent or represents an amine, an imine, an amide, a phosphonate, a phosphine. a
carbonyl. a carboxyl, a silyl, an oxygen, a sulfonyl, a sulfer, a selenium, or an ester;
15 each Rg, independently, is absent or represents one or more substituents of the
heterocycle to which it is attached, each substituent independently selected from the group
consisting of halogens, alkyls, alkenyls, alkynyls, hydroxyl, amino, nitro, thiol amines,



The chirality of the salenate |igand nay be the result of the presence of
one or nore 25 chiral__atons (e.g._carbon, sulfur, phosphorus, _or other
atons capable of chirality), or may be the result of an axis of
asymmetry due to restricted rotation, helicity, nolecular knotting or
chiral nmetalwogsnsyexation. In preferred enbodi nents, the cHrCIAsSYHMNd has
at | east one chiral atom or axis-@P-asymmetry due to restricted
rotation. Further guidance respecting the parti cul ar choi ce of the

substituen 8 Pﬁsi;&" ho§ ines, )Llii& ngs 1€ 3 rISt he
ChOI ce o %‘ﬁr ‘Eﬁ (1 %TIQF%’E"F carb% Wmt‘ﬁ?eﬁgenzar;: forﬁulcaass

V\D 96/ 28402 or any two or more of the R)g and R19 substituents are covalently linked to form a

E:LC'ZI'/ US96/ 0§4¢?g% substitution; - 32-

whi ch the B[err$7m4w’e§éml@1@1cnmmlbGW‘&"%MF&@MQ
substi t uent vvhlﬁhsbdralsﬁanmtegenhlﬂmui@mmbmmﬁlens of each

[err]-imnocar refera contains at | east one chiral

center of the 2@:%?#7?% 'ga"s “E%rrple Bl, taken together with the

met al - coor whersini pagh 8f the subsieoss Rpg apdrRio- arei selestechsuch that ghe rcatalyst dnt

the diim ng ﬁ aé ylm %&a@kk@&i{hns%lé&skwlsmogemc &rm&hq'hdlmémnwpf
lyy

R[err %F‘ rel n&% err 9’1(8‘?1 I Clﬁop 'iFh |nde§‘§n}§ig§ﬂ éﬂ? .

absent
absent or despriteglcbeiosv)an an1ne i M ne, an am de, a phosphonate, a
phosphi ne, a carbonyl, a carboxyl, a silyl, an oxygen, a sul fur, a

sul fonyl, a sel m]iruﬁerred)emhmdimsnts,rl)l-Bacare substitined pjyrrales] aﬁﬂﬂlerqata]ysdispneddmht |y
Cyel oal Kenf BRnd, gﬁﬁt e %W@@"M‘*pwﬁﬁ@’&%ﬁ“*“ﬂ A% Wil 8 38, Fgand

rmn co I Se
to 8 at orrsal?‘Weath? Fﬂtﬁf“’iﬂs (‘;‘t"&?‘é‘ a"ﬂ"e‘ggi‘%eRﬁ%r r
each 15 gemﬁkt.pmetecﬂday parphyahs have, benn pnpureckmtﬂuee\avays rfiivec mostvednemon

eyt ot Bhtodith il hiadfil drafis T Bfefdrmeg porpYhifd budB hOGRRS. oyl

al kenyl's !
ani des. phwg%w#gtegrp rivatves (mssrg 4 (9o 1A Ghers,iec WSHIPV:
t hi oet her smauhﬁmyl &nml&ubﬁﬂﬁeﬁmeimesesmubﬂdedea thal pleplydinsforming estape by

oS S B0 it g i 4 09,

R err] 20 R[ &} 16y ared. thhout e attachment o chn'al groups
Similar to the bridged enantiotopic faces described for the salenates above, bridged
porphyrinates can be generated by cross-linking adjacent and/or opposite pyrrolic positions
and then separating the resulting mono-faced enantiomers with preparative HPLC using a
chiral stationary phase (Konishi et al. (1992) J Am Chem Soc 114:1313). Ultimately, as with

25 the generation of chiral salenate ligands, the resulting porphyrinate must have no mirror plane
in order to be considered chiral. :

With reference to formula 100, it will be understood that metalloporphyrinate
catalysts, in addition to being represented by formula 108, can be represented generally by
the compound of formula 100 when each of Z,, Z,, Z3 and Z, represent nitrogen, and C; and

30 C, along with their substituents (including R;, R';, Ry, R';) form four substituted pyrrole
rings which include Z,, Z,, Z3 and Z;. To complete the square tetradentate ligand, each
pyrrole ring is covalently attached to the two adjacent pyrrole rings.

In preferred embodiments, the metalloporphyrinate catalyst is represented by the
general formula:



and Y2 substituted taken together can form bridgi ng substituents to bridge
the two [err]- I m nocar bonyls_and/or brldge:diff '

same [err]-imnocarbonyl. As above, in order to provide for a chiral

catal yst, the choice of B2 and B3 (including their substituents) 20

and/ or t heWO§28820f substituents on B[ 6‘7I‘I‘] (e.g., B[err] MCRUS6/8IBI cogeni C

center) is nmade to establish a. ci’ral | igand. A represents a

count erani on or a nucl eophile. In particular, as described in
t he appended exanpl es, the sal enatplgl [ ggﬁﬂ can be derived from
condensation of a substituted salicylalllehyde with a substituted di am ne,

preferably one stereoisoner ofRg
desired netal to form25 = a sale
conpl ex. An exenplary reacRis

aI di aRbye, and then reacted with a
s f s(sa! i cyl i deneam no) al kyl ) net al
epeRasing the salen ligand is

based on Zhang and Jacobsen (1% h 56: 2296- 2298, and
Jacobsen et al. PCT MCQ3/O$§3‘ S\R WO 96/ 28402
PCT/ US96/ 03493 19 ® 1o -33 -

[err] UtilizRpe R%per ré%ttion schenes general ly
known in the art can provide a sal ens represented by the

general fornul a: Ry [err]

5 in which
in which
each Ryq occurring in structure 110, independently, represent hydrogen, halogens,
alkyls, alkenyls, alkynyls, hydroxyl, amino, nitro, thiol amines, imines, amides,
5 phosphonates, phosphines, carbonyls, carboxyls, silyls, ethers, thioethers, sulfonyls,
selenoethers, ketones, aldehydes, esters, or -(CH3),-R7;
each R)g and R'jg occurring in structure 110, independently, represent hydrogen,
halogens, alkyls, alkenyls, alkynyls, hydroxyl, amino, nitro, thiol amines, imines, amides,
phosphonates, phosphines, carbonyls, carboxyls, silyls, ethers, thioethers, sulfonyls,
10  selenoethers, ketones, aldehydes, esters, or -(CH)-R7;
or any two R)9 and R'j9 substituents on the same pyrrole can be taken together to
form a fused carbocycle or fused heterocycle having from 4 to 7 atoms in the ring structure;
or any two or more of the Rj9, R'j9 and Ryq substituents are covalently cross-linked
to form a bridging substituent;
15 R+ represents an aryl, a cycloalkyl, a cycloatkenyl, a heterocycle or a polycycle;
m is zero or an integer in the range of 1 to 8; and
M represents a transition metal,
wherein the substituents Ryg, R'jg and Ryq are selected such that the catalysthas at least onc
stereogenic center, €.g., is asymmetric. The metal will generally be coordinated with a
20  counteranion or a nucleophile (as in the aged catalyst described below).

As with the salenate ligands previously described, it is possible to sterically and
electronically "tune" the porphyrin ligands to optimize reaction yield and e.e. Examples of
suitable porphyrin ligands and synthesis schemes can be adapted from the art. For example.
see Chang et al. (1979) J Am Chem Soc 101:3413; Groves et al. (1989) J Am Chem Soc

25  111:8537; Groves et al. (1990) J Org Chem 55:3628; Mansuy et al. (1985) J Chem Soc Chem
Commun p155; Nauta et al. (1991) J Am Chem Soc 113:6865; Collman et al. (1993) J Am
Chem Soc 115:3834; and Kruper et al. (1995) J Org Chem 60:725.



each of the substituents Rerr], Rerr], Rerr], Rerr], Rerr], Yerr],
Ylerr], Xerr], Xerr], Xerr], Xerr], Xerr]l, Xerr], Xerr], and

X[ err], 1ndependently, represent hydrogen, hal ogens, alkyls, alkenyls,
al kynyl s, hydroxyl, am no, nitro, thiol, am nes, imnes,
am des, phdwplgﬂmbs phosphonat es, phosphPCrEsssosIdoONy| s,

-carboxyls, silyls, ethers, thioet hers*3§ulfonyls sel enoet hers, 10
ket ones, al dehydes, esters, or -(CH[err])[err] Rlerr];

het Zr”ﬁcty??e°ha€@%§‘°“§efFﬂ§S‘?“*§? Pl AL ASEHDRD b8 b BHARE i

Rlerr] remda%ﬁbareaﬁe Wheareé%mmwcs:&n@mrswwﬁm begepreseated by dhee or a

pol ycycl eformula: mis zero or an integer in the range of I to 8; and
M represents a transition netal; wherein if
Rlerr] is absent, at |east one ofRRerr] ggnd Rlerr] is covalently bonded to
at | east one of R3 and Rl eg. J}Ergnd m'e substl tuents of the sal enate
| i gand are sel ected such that 132 o551 one
stereogenic center, e.g., is as i g/ over the netal can be
coordinated with a 20 countera |on Mr eoph| le (as in the aged
cat al yst descri bed bel ow). Ri ﬁ‘“r espect to generating a
chiral ligand, it is inportant tBlznote whe l’sel ecting parti cul ar
substituents that the salenate ligand has a potential catalytic site on
both " F"n g% the catalyst, e.g., relative to the plane of the four
coordi at ‘5 ons of the |igand. Accordi ngly, when selecting the

appropri at e sutashof thensubstityents Re, B:BrRa], RarReoB s BonyRi and Rygeindependensiyy e
enbodi ments, it igpréstMtyidectien! Riddgens, tdn?ls (alken{iS) dikyriyth By@rbxyl) émia! Akssst

E?:\-Il-/e U%gg; Sgggg' © thiol amines, imines, am OSpl(l)onates, phosphines, carbonyls, carlgj%yls,

centers which ef sidyls, ¢thernt thicethers, @n@u&ﬂ eelenodtheys, ketones)aldehydes, ¢steisaoi ng a
stereggeni ¢ centegc f)rH.R appropri ate stereosel ect’i vity is accessible
whil e the other side bl ocki st r,uct ur eg cther f subs ant |lal |y

i npai rs approach tPtIE Wt%lm% sybstjfueats faken tog orm a fEFE PE st of
t hese options i shgtersicycle baving at leashé atoms inithe ring stractyrerf erred t o have at

east 5 ONCR5HBHAAALH fryE AR AbalRy), £Rlbabicf © hertideyciobeyblegand. each

havi ng the sane ...configurati r xarrpl e,

(R R) -1, 2- Di ph®{}7erq opaninteger in the rapge stal8 E‘?ﬂel deami no) et hane,

descri®ed in EMenepiesents, a transition metalivo stereogenl c centers on the diinine
bridge Whighbref ve rise to identical stereoselective faces on each

side of the caj Th| bi s- ed tal yst. has e adva e, of
not being susc’é‘ i)‘l"ﬁe'ftoa ?’éﬁ% X P@gg@i’ &l’é’"ﬁﬁ&m"%f?& qashqne ggb‘ﬂgﬁq:h 10
al beit coRgtandi ned may occur fromeither face without |oss of selectivity.

I'n contrast, C@nEtsEQJnnSUntstﬁl-‘é‘ sefeefed isiéH thaP the! Litat{dt 19 abyifuRétric. 2 HleYmbtal @M DE
aCCO”B!].)I Sgt.enetally be coordinated with a counteranion or a nucleophile (as in the aged catalyst
described below).

Exemplary catalysts of formula 112 include:




L

by sterically hindering substrate approach to the undesired face. For
instance, the salenate

(R) - 2-phenyl -1, 2-bis(3-tert- butyI sal i cyl i deam no) et hane, e.g., formula 106
wherein R err], Rerr] and R3 are protons, and Rerr] is a phenyl,
has two non- wamsdoent faces in ternms of 15 enanti osel ecti WCIIS96/03493
Accordingly, derivatizing the salenate FB%and with a group which bl ocks
access to the "free" face (e.g., the face having both a Cl1 and C2 proton of

the diim nepyg ]fsgﬂthem.'q:ofthss%tﬁhlom réif}ga Léﬂ?&%ﬂ%e@d@?é ﬁ%m‘iﬁé ﬁ%e}éﬁrewﬁw £

d
§2ﬁ”£é°§8ﬁ'§m@ orak 2 QIOSD) 1o SoR ieekin Tesns2 A5 ol b 2o (19861 Am Chemy

on the "fr @Suc1082088fand Brewen btdl \(3988)dMtn Khen Sbe 1103428, err] are covalently
linked to forma bridge on 20 the "backsi de" of the catalyst, which bridge

substitution pr dflyetiamtifs embsdiient, tike ehddntdt® tatalysts of forfmiild 100 &mctieschdsen

Those ski || -S|ded
enbodi nlélnt ﬁggg{el crl of exam#@cﬁe%%ﬁ%ﬁazlfgeaﬁ& F%%Fes%ﬁtgcgg)f&ggageﬁ%gﬂ%ﬁ "1404) .

The synthesis schemes for netall osal enates which may be useful in the

pr esent met hod, or precursors the , can be adapted fromthe
literature. For exanple, see Zhang etg 2 (1990) J Am Chem
Socl112:2801; Zhang et al. (1991)J 96; cobsen et al.

(1991) JAm Chem Soc 113:7063; J SR 19 JAm Chem Soc 113: 6703;
Lee et al. (1991) TetrahedropgLett 33y5055; Jacobsen, E.N. In

Catal ytic Assynetric Synthesis, Gy ., Ed., VCH New York, 1993,
/14694 and
J e C 6: 12129; Larrow et al.

chapter 4.2; E.N Jacobsen PCT
W93/ 03838; Larrow et al. (1994

(1994) J Sthere g Chem 59:1939; Irie et al. (1990) Tetrahedron Lett
31:7345; Irre et al. 25:%1 Synlett 265; Irie et al Asé1991
Tetrahedron Let Ro3and Bageachrepresent hydrogenohalpgensialioyis alkenylasalkynylss hydrond,)

Kat suki et a%imo lphit¥o, tﬂi%l aineS, imidnbs Sdrflides Phbsphonsés, gho hihes) Thrbofy18, akboxyls,

205y b, SRR, Bppvers, syl koSl ”a%ﬂﬁ%? 9yt pers, ot UGn T

Chem Soc 108: 23R3p isrbsept on 1epresends ane of nmedosdmsmsmehb pyridige ta whichtibise

references auaghed) batht M&tﬁdeﬂaqh&yen&%ﬂwaec@a ﬂdin the Fﬁﬁg%ﬂﬁ%@ 8{"RAIBgens,

Engp [‘Eg%} 0 ﬁ!@? aﬁ<enyls, aﬂcy\éyls hydroxyl, amino, nitro, %hl ammes, imines, 5 gmxdes,

N N phosphonates, phosphines, carbonyls, carboxyls, silyls, ethers, thioethers, sulfonyls,
15  selenoethers, ketones, aldehydes, esters, or -(CHz)py-R7;

Rj3 and Ry, each independently are absent or represent one or more substituents of
the 1,3-diiminopropyl to which they are attached, each substituent independently selected
from the group consisting of halogens, alkyls, alkenyls, alkynyls, hydroxyl, amino, nitro,
thiol amines, imines, amides, phosphonates, phosphines, carbonyls, carboxyls, silyls, ethers,

20 thioethers, sulfonyls, selenoethers, ketones, aldehydes, esters, or -(CHz)p-R7;

or any two or more of the Ryg, R3;, R22. Ry3 and Ry, substituents are covalently
linked to form a bridging substituent;

R, 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 §,

25  wherein the substituents Ryg, Ry, Ra9, Ry3 and Ry4 are selected such that the catalyst is

asymmetric.

One advantage to this class of tetradentate catalysts, like the salenates, derives from
the fact that the ligand provides a metallo-shiff base complex. Furthermore. stereogenic
centers can be sited within two bond lengths of the metal center. Exemplary ligands of

30 formula 114 include:



In yet anot her enbodi ment of the subject nmethod, the tetradentate catal yst

of formula 100 is derived as_a. chiral tetradentate ligand
represented, with the metal atom by the general - fornul a:

[err] i n which Derr], Derr], Dlerr] and Derr]
each represovoodnsgar ocycl es, such as pyrrole, pyrrolidine, §S96/68493

pi peridi ne, im dazole, pyrazine, or the -40ke: each Rerr]
occurring in the structure represents a bridgi ng substituent which |inks 10
adj acent heterocycl es, ap_g pr efer alg_l cont ai at_J eagtp one stereogenic

center of the |igand. or anpl e, eac represents an al kyl ,
an al kenyl, an al kynyl, or -Rerr]-Rerr erein R err] and
Rl err] each independently t or repre | kyl, an al kenyl, or
an al kynyl , and R[er |s ab ent or rep mne, an imne, an

am de, a phosphonat e, osp bon tboxyl, a silyl,
an oxygen, a sul fonyl, | f el eni W
Rl err], independently, repr esent e

5 each
nore substituents of

t he het er ocycl e to mhlcﬁhltlls attached, each substituent

i ndependent |y sel ected fromthe group consisting of hal ogens, al kyls,

3\;)%2}"2;402‘1'@/%&?&15%%% oftidt Btbodiineh? of 1114 Ure LELABR in Prince et al. (1974)

PCT/ US96/ 034ne Chim Acta 9:51-54, and references cited therein.

Yet another class of tetradentate ligands of the subject method are the cyclams, such
5  asrepresented by the general formula:

Ras

%

WE T,
Q; '\{ﬂ Qg

in which each of the substituents Qg indpendently, are absent or represent hydrogen or a
lower alkyl, and each of Rjys, Ryg, Ry7 and Ryg, independently, represent one or more
substituents on the ethyl or propyl diimine to which they are attached, which substituents are

10  selected from the group of hydrogen, halogens, alkyls, alkenyls, alkynyls, hydroxyl, amino,
nitro, thiol, amines, imines, amides, phosphonates, phosphines, carbonyls, carboxyls, silyls,
ethers, thioethers, sulfonyls, selenoethers, ketones, aldehydes, esters, and -(CHy)p,-R7; or any
‘two or more of the substituents taken together form a bridging substituent; R represents an
aryl, a cycloalkyl, a cycloalkenyl, a heterocycle , or a polycycle; and m is zero or an integer

15 in the range of 1 to 8. Wherein the substituents are selected such that the catalyst is
asymmetric. Exemplary embodiments and synthesis schemes for chiral cyclams useful in the
present invention can be adapted from the art. See, for example, the Burrows et al. U.S.
patent 5,126,464, Kimura et al. (1984) Inorg Chem 23:4181; Kimura et al. (1984) J Am
Chem Soc 106: 5497, Kushi et al. (1985) J Chem Soc Chem Commun 216; Machida et al.

20  (1986) Inorg Chem 25:3461; Kimura et al. (1988) J Am Chem Soc 110:3679; and Tabushi et
al. (1977) Tetrahedron Lett 18:1049.

B. Chiral Tridentate Catalysts



-36 - I mnes, am dés phosphonat es, phosphi nes, carbonyls, carboxyls,

et_h.e.r.s,__t_m_oet hers_- —-s-u-l--f-e-n-y-l-s—e-e-l—eneet her ss—ketoress

al dehydes, esters, and -(CH err])[err]-R7; or any two or nore
of the R[err(} and R[err] substituents are covalently linked to forma

bri dge sub . 5 R7 reg*esents an aryl, aFEVERSERYI, a
cycl oal kenyl, a heterocycle or a polycyc mis zero or an
integer in the range of 1 to 8; and M represents a transition
met al , Whi giet ancthér embbdimentu bf the sabjec rB{:thbd,] the nehirky] eatm]ysam:cheisect ed

such t hat S

| east one p‘ﬁr@?&%%/g&g{é iy fronrﬁaeéi%%fégéhﬁa\ %t%sst gen %?Lﬂ‘gél oord| nat ed
with a co@mrémwcmtmsmnnme!ab@pm subﬂw@llwmmasg@m atp gs above some
descri bed m&rﬁwa 1o this geometry is codxanﬂme&emﬁdrmp%iseﬂm debmetry réleft o] are

substl e cat or ph r|n

por phyfi n%’?% fﬁ?ﬁﬁ%‘ﬁ@?‘épﬁ bcomflﬁ? ﬁ'g?{ég '3“3' 'Béh'{?ﬁa{'ﬁ p!‘ﬂ’& ‘gﬁgﬁat e
| i gands m abomthatplena;ynslisbﬂysbmoabelamthmMr of porphyrinates has
been reported in the literature. In 15 general, nost chiral porphyrins
have been pr ep&referrddplatar dxidentayes catalyists which ngnboemployed incthe suhjert reagtiorisy es
at t achi ngcmbéégrdgéﬂtgdsb Be REREA TORPLPEPNY T i Nns such as ami no- or hydroxy-
substituted porphyrin (};erlgatlves (Goves et al. (1983) J Am Chem Soc

105: 5791). Al ternatively i tuents can be introduced at

t he porphyrin-formng stage b | | og.nq chiral al dehydes to condense
with pyrrole (O Malley et al. 89) Am Ghgm Soc 20 111:9116). Chiral
porphyrins can al so be preRsg wi t hopt the Rghment of chiral groups.

Simlar to the bridged enanti ot eesZgescri bed for the sal enates
above, bridged porphyr| nates can be generatedl4d cross-1inki ng

adj acqot aFHéreds Z)P %ai:ﬁ"rbﬁreﬁﬁﬁ lal L&WAS base, suchd sele@Rd PO Aé | 'chﬁx { he
resul ti ng nong-face enan L oer s th pre vV @Iz%um Chl ral
st at i onar % EEHOXEEEN, P °s(’ "sfﬁ ﬂﬁgo 6“)2]‘ en AR it ey,
as with 2%, mdeh@e«mﬂr thei Bp modietyhitaken waheﬁﬁtzg lahdy dvid sacht Hindependently,nfprm

por phyri nakRrd¥yats; hﬂyoean'&q{ﬂ‘e‘hélpﬁxd%ﬁé‘nﬂ are abdeﬂt, ef Hrﬁfeséxﬁ oﬂ@oﬁﬁ&% CORAIBA

chiral. ref,tﬁrence t.0 fqr 10 be, under st ood

that net aiSHRSHBrioRS of tln:*dt”é‘d%Z with an; ofiggaie or m?fsema .sv‘?sbﬂl%mlﬁtrg' by ppleRsEn e
by forlful aequi@ments of the ringmater muﬁrthgmsmtmtheg dnany two or mbze afthpBggahdoRg

formul a 1QQpRRASaER 165 etl?Jr%ﬁ!l d bAd, s%hfe\ﬁlxm ][aﬁé e rtﬁan;,ﬁaﬁmem

t d .3 t t
(i el all navhera Fich Ry Ror R R Reor4nd R sobrityen oy Pl %@vi H deastomer ol e
ri ngs whi Gtcreogemcldenta{ iy sajd tritfentate] hgaiﬁerlm] prafed'eiémbb"dlmemspbathekgormdsmar e

t et radent FSurinkbIRAN dently ré}*éé’eﬂé Rydrb nbie the
e e e e o s et s e

carboxyls, silyls, ethers, thioethers, sulfonyls, selenoethers, ketones, aldehydes, esters, or -
(CH);m-R7; R 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. The metal will generally be coordinated
with a counteranion or a nucleophile (as in the aged catalyst described below).

25 For example, a chiral tridentate catalyst useful in the subject stereoselective reactions
can have a ligand represented by the general formula:
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wherein each of Rygg, Rjog and Ry g can be selected from the group consisting of hydrogens,
20 halogens, alkyls, alkenyls, alkynyls, hydroxyl, amino, nitro, thiol amines, imines, amides,
phosphonates, phosphines, carbonyls, carboxyls, silyls, ethers, thioethers, sulfonyls,
selenoethers, ketones, aldehydes, esters, or -(CHj)n,-R7; Ry12 is absent or represent one or
more covalent substitutions of the heterocycle to which it is attached; or any two or more of
the Ryo6 Rios» Ri1o and Ryyy substituents taken together form a bridging substituent; R,
25  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. The choice of substitution of 146 is intended to enhance its
chirality. Exemplary embodiments of the salicylaldehyde-derived ligands 146 and their
synthesis can be adapted from, for example, Desimoni et al. (1992) Gazzetta Chimica

Italiana 122:269.

30 In a preferred embodiment, the tridentate ligand is given by the general formula 150
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Still another class of the tetradent ate cat al ysts represented by the
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For example, as described in the appended examples, a preferred salicylaldehyde-derived

ligand is given by the general formula 152

Rinz

10 © Rinz
each R, being independently selected.
Still another class of planar tridentate catalyst useful in the subject stereoselective
reactions can have a ligand represented by the general formula:
Ri 148
x
Rie N/ Ris
15 Rua— —Ry4

wherein R, g is as described above, and each R ;¢ and R};4 can be selected from the group
consisting of hydrogens, halogens, alkyls, alkenyls, alkynyls, hydroxyl, amino, nitro, thiol
amines, imines, amides, phosphonates, phosphines, carbonyls, carboxyls, silyls, ethers,
thioethers, sulfonyls, selenoethers, ketones, aldehydes, esters, or -(CH;)p,-R7; or any two or
20  more of the substituents taken together form a bridging substituent; R represents an aryl, a
cycloalkyl. a cycloalkenyl, a heterocycle or a polycycle; and m is zero or an integer in the
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The synthesis of these and ot her related catal yst can be adapted fromthe
literature. See, for exanpl e, Ozaki et al. (1990) J Chem Soc Perkin
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that the gatdiyfile dnt ligand subbBHIEHE! ddd°altering the electronic characteristics of the ligand
to influence electronic interactions between the substrate and the ligand, as well as the rate
20 and mechanism of the catalyzed reaction: For instance, the choice of appropriate substituents
as "blocking groups"” enforces certain approach geometries and disfavors others. '

Furthermore, the choice of substituent may also affect catalyst stability; in general,
bulkier substituents are found to provide higher catalyst turnover numbers. It has been found
that for the asymmetric epoxidation of olefins by Mn(salen) complexes, t-butyl groups (or

25 other tertiary groups) are suitable bulky moieties for optimizing stereoselectivity and
increasing catalyst turnover. '

A preferred embodiment for each of the embodiments described above provides a
catalyst having a molecular Wcight less than 10,000g/m (a.m.u.), more preferably less than
5000g/m, and even more preferably less than 2500g/m. In another preferred embodiment,

30  none of the substituents of the core ligand, or any molecule coordinated to the metal in
addition to the ligand, have molecular weights in excess 1000g/m, more preferably they are
less than 500g/m, and even more preferably, are less than 250g/m. The choice of substituent
on the ligand can also be used to influence the solubility of the catalyst in a particular solvent
system.
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'(1994) 50 11 27) e electron density at the metal center may influence the Lewis acidity

of the metal or the nucleophilicity of a nucleophile if coordinated to the metal. Choice of

10  appropriate substituents thus makes possible the "tuning” of the reaction rate and the
stereoselectivity of the reaction.

Nucleophiles

Nucleophiles which are useful in the present invention may be determined by the
15  skilled artisan according to several criteria. In general, a suitable nucleophile will have one
or more of the following properties: 1) It will be capable of reaction with the substrate at the
desired electrophilic site; 2) It will yield a useful product upon reaction with the substrate; 3)
It will not react with the substrate at functionalities other than the desired electrophilic site; 4)
It will react with the substrate at least partly through a mechanism éatalyzed by the chiral
20 catalyst; 5) It will not substantially undergo further undesired reaction after reacting with the
substrate in the desired sense; 6) It will not substantially react with or degrade the catalyst,
¢.g. at a rate greater than conversion of the substrate. It will be understood that while
undesirable side reactions (such as catalyst degradation) may occur, the rates of such
reactions can be manipulated through the selection of reactants and conditions to be slow in

25 comparison with the rate of the desired reaction(s).

Nucleophiles which satisfy the above criteria can be chosen for each substrate and
will vary according to the substrate structure and the desired product. Routine
experimentation may be necessary to determine the preferred nucleophile for a given
transformation. For example, if a nitrogen atom is to be joined to the substrate, a nitrogen

30 nucleophile such as azide, ammonia, phthalimide, hydrazine or an amine may be employed.
Similarly, oxygen nucleophiles such as water, hydroxide, alcohols, alkoxides, siloxanes,
carboxylates or peroxides may be used to introduce oxygen; and mercaptans, thiolates,
bisulfite, thiocyanate and the like may be used to introduce a sulfur-containing moiety.
Nucleophiles which introduce other atoms such as halides, selenium, or phosphorus, will be

35 apparent.




nitro, thiol, amnes, imnes, am des, phosphonates, phosphines, carbonyls,
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or bel owanpgtranyilegylar reaction. Preferred planar tridentate catal ysts
whi ch may be enployed in the subject reactions can be represented by
t he general f & ferain embodiments, the nucleophile may be a hydride, by use of] egs sodiurh0
wher ei n &ysiobbrohydidel | . and Z[err] each represent a Lewi s base, such as

sel ected fromthe group consi sting of nitrogen, oxygen, phosphorus,
arsenic @@gggfur, the E[err] noiety, taken with Z[err], Z[err] and
M and the noi ety, taken with Z[err], Zerr] and M each, independently,
f ormis As discussed above, a wide variety of substrates are useful in the methods of the

present invention. The choice of substrate will depend on factors such as the nucleophile to
be employed and the desired product, and an appropriate substrate will be apparent to the
skilled artisan. It will be understood that the substrate preferably will not contain any
interfering functionalities. In general, an appropriate substrate will contain a reactive

20  electrophilic center where a nucleophile may attack. The attack of the nucleophile will cause
the breaking of a bond between the electrophilic atom and a leaving group atom, and the
formation of a bond between the substrate and the nucleophile. It will further be understood
that not all electrophiles will react with every nucleophile.

Most of the cyclic electrophiles contemplated for use in the methods of the present

25 invention contain at least one ring having three to five atoms. Such small rings are frequently
strained, making them more susceptible to ring-opening by nucleophiles. However, in some
embodiments a cyclic substrate may not be strained, and may have a larger electrophilic ring.
Cyclic electrophiles which have good leaving groups (for example, cyclic sulfates) or which

have sp2 reactive centers (for example, carbonates or anhydrides) may have electrophilic

30 rings with greater than 5 atoms, for example, from 6 to 9 atoms. Highly activated
carbocycles such as certain substituted cyclopropanes (e.g., those substituted with electron-
withdrawing groups) also are reactive toward ring-opening with nucleophiles and thus are
contemplated for use in the methods of the invention. Furthermore, in certain embodiments it
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covalent bond with a carbon atom of 118, and which permits formation of the stable ring

structure including Y. For instance, R3g, R3;, R3p, and R33 can each independently
25  represent hydrogen, a halogen, an alkyl, an alkenyl, an alkynyl, a hydroxyl, a nitro, a thiol, an
amino, an amine, an imine, an amide, a phosphoryl, a phosphonate, a phosphine, a carbonyl,
a carboxyl. a silyl, an ether, a thioether, a sulfonyl, a selenoetaer, a ketone, an aldehyde, an
ester, or -(CHy),-R7;
or any two or more of the substituents R3p, R3;. R3y, and Rj3; taken together form a
30 carbocylic or heterocyclic ring having from 4 to 8 atoms in the ring structure;
R7 represents an aryl, a cycloalkyl, a cycloatkenyl, a heterocycle or a polycycle; and
m is zero or an integer in the range of 1 to 8.
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I'taliana 13gietfe8 mayHe good leavin dujssezh&s da&doee&aﬁllemnhmewisucmemte

L@?ng%/so%ﬁggp elekoxx e enrgearrg gell;e?arlpu poor mg groups, but alcohol\s/\oareggéo2 fég\%ing

[err] -  groups. It should beywntedcthat difgostrafn mapy inssomescaseshaltivo g eatheriymlon tpaving
al kyl, al keg%dgtoab ek, abmimexasl:of mdes,adﬂﬂiﬁnes%ﬁrt&hlfeh'ﬁhuﬁm&&teﬂﬂne

i d h hosphi o
o et by 2 BH Raie sy Bty sk brsine il oes Ll 29 kol ompared
-(CH[err])[tecyc]eha[:menmllmﬂraﬂy(bbsmtabléubstﬁhsrr] and R[err] is absent or

represent one or nore coval ent substitutions of the heterocycle to
which it is att &cletdin anisidients] diei elscabplilié awnthay bd 4 hd®reatom. r epr esent s an

aryl, a cycloalkyl, a cycl oal kenyl, a heterocycle or a polycycle and
mis zero M@Mln t he range of 1 to 8.

The asymmetric reactions of the present invention may be performed under a wide

15 range of conditions, though it will be understood that the solvents and temperature ranges

recited herein are not limitative and only correspond to a preferred mode of the process of the
invention.

In general, it will be desirable that reactions are run using mild conditions which will

not adversely affect the substrate, the catalyst, or the product. For example, the reaction

20 temperature influences the speed of the reaction, as well as the stability of the reactants and

catalyst. The reactions will usually be run at temperatures in the range of -78°C 1o 100°C,

more preferably in the range -20°C to 50°C and still more preferably in the range -20°C to
25°C.

In general, the asymmetric synthesis reactions of the present invention are carried out

25 in a liquid reaction medium. The reactions may be run without addition of solvent (see
Example 8, infra). Alternatively, the reactions may be run in an inert solvent, preferably one

in which the reaction ingredients, including the catalyst, are substantially soluble. Suitable
solvents include ethers such as diethyl ether, 1,2-dimethoxyethane, digiyme, t-butyl methyl
cther, tetrahydrofuran and the like; halogenated solvents such as chloroform,

30 dichloromethane, dichloroethane, chlorobenzene, and the like; aliphatic or aromatic
hydrocarbon solvents such as benzene, toluene, hexane, pentane and the like; esters and
ketones such as ethyl acetate, acetone, and 2-butanone; polar aprotic solvents such as
acetonitrile, dimethylsulfoxide, dimethylformamide and the like; or combinations of two or

more solvents. Furthermore, in certain embodiments it may be advantageous to employ a

35 solvent which is not inert to the substrate under the conditions employed. e.g., use of ethanol



For exanple, as described in the appended exanples, a preferred

salicylal dehyde-derived — - - || gandis—givehby the ¢

[err] 10 each R err] being independently sel ected.

Still another class of planar tridentate catal yst useful in the subject

st er eosel eW0I 9628402 reacti ons can havgz a |ligand representRéa/USH6AIM® gener al
fornmul a: [err] 15

wherein Rlerr] is as described above, and each Rlerr] and Rl err] can be

;le:(gﬁ ty legaé raomwéﬂ? »&{eﬁ taamnol 1s ﬁi&”&'sﬁ&d Afcled mxdrmgaﬂsomﬂaﬁteaﬁme walek)ors,

tro nes, i.m nes
i dou. * BHCRHE i bt Bk mlEGpHiigs <t epeions tam e, cppducied et anigiohus
t hi oet helcendxmﬂsf tmgermin ensbodimeits) ethereakslventssaye preftereg.des, esters or
-(CHerr])[err]-R7; or any two or 20 nore of the substituents taken

t oget her f or niThe lmvedtiom glse contemiplatest readtionriapa biphasic mixturer pf soleents, in an

cycl ogl Ky s?oxﬁr%h?&hﬁﬁ&ydr re:ﬂ:tn&?%ﬁ 3@4%‘3 B:ror%xﬁ%y%%ﬁmn%%om&ts,zﬁr o or

an integer 1n
44 - may be preferred to perform theeatalyrerpeactionsin the solid phasgage of 1 to 8. The
choi ce of substitution of 148 is intended to prOV|de at | east one

st er eogeni ¢ clmsante preferrpd embodiments the reagtionmay-he-eqsried qutamderan Amesphere t he
sal i cyl abfigleadtive gas. For dRirhplering-evnilE l%&e pshidd Micleoplils MAF bé perdeinied

adapt ed furrl er anfagnospﬁerengl" ﬁbevg rég'nl?arly?rin eambodlments in which the ring-expansion of
10  an epoxide by carbon dioxide or a similar reaction is desired, the reaction may be performed
under an atmosphere of carbon dioxide, or a mixture of carbon dioxide and other gases. The
partial pressure of the reactive gas may be from 0.1 to 1000 atmospheres, more preferably

from 0.5 to 100 atm, and most preferably from about 1 to about 10 atm.

In certain embodiments it is preferable to perform the reactions under an inert
15  atmosphere of a gas such as nitrogen or argon.

The asymmetric synthesis processes of the present invention can be conducted in
continuous, semi-continuous or batch fashion and may involve a liquid recycle and/or gas
recycle operation as desired. The processes of this invention are preferably conducted in
batch fashion. Likewise, the manner or order of addition of the reaction ingredients, catalyst

20  and solvent are also not critical and may be accomplished in any conventional fashion.

The reaction can be conducted in a single reaction zone or in a plurality of reaction
zones, in series or in parallel or it may be conducted batchwise or continuously in an
elongated tubular zone or series of such zones. The materials of construction employed
should be inert to the starting materials during the reaction and the fabrication of the

25  equipment should be able to withstand the reaction temperatures and pressures. Means to
introduce and/or adjust the quantity of starting materials or ingredients introduced batchwise
or continuously into the reaction zone during the course of the reaction can be conveniently
utilized in the processes especially to maintain the desired molar ratio of the starting
materials. The reaction steps may be effected by the incremental addition of one of the

30 starting materials to the other. Also, the reaction steps can be combined by the joint addition
of the starting materials to the optically active metal-ligand complex catalyst. When
complete conversion is not desired or not obtainable, the starting materials can be separated
from the product and then recycled back into the reaction zone.




(1993) Pol yhedron 12: 1669. C. Tuning the Catal ysts

The ligand substituents are chosen to optimze the selectivity of reaction
and the catal yst stability. The exact nechani sm of action of the
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to the ligand, have nol ecul ar wei ghtpg i n gxcess 10009/ m nore preferably
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A solution of 360.5 mg (2.0 mmol) of 3-tert-butylsalicylaldehyde in 3 ml of EtOH

20 was added dropwise to a solution of 212.3 mg (1.0 mmol) of (R,R)-1,2-diamino-1,2-

diphenylethane in 5 ml of EtOH. The reaction mixture was heated to reflux for 1 h and water

(5 ml) was added. The oil that separated solidified upon standing. Recrystallization from

MeOH/H70 gave 485.8 mg (91%) of yellow powder, mp 73-74°C. 1H NMR (CDCl3)

1.42 (s, 18H, CH3), 4.72 (s, 2H, CHN=C), 6.67-7.27 (m, 16H, ArH), 8.35 (s, 2H, CH=N),

25  13.79 (s. 2H, ArOH) ppm; 13C NMR (CDCl3) 6 29.3, 34.8, 80.1, 117.8, 118.5, 127.5, 128.0,

128.3, 129.6, 130.1, 137.1, 139.5, 160.2, 166.8 ppm. Anal. Calcd. for C3gH49N20>. C,
81.17; H, 7.57; N, 5.26. Found: C, 81.17; H, 7.60; N, 5.25.

Example 2
30 Preparation of (R,R)-1,2-Diphenyl-1.2-bis(3-diphenylmethylsilylsalicylideamino)ethane.
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substituents can al so affect the—————el-e6tfeRi-c—pr operties—of—tire

catal yst. Substitution of the Iigand with electron-rich (electron-
donating) noieties (including, for exanple, alkoxy or am rou ;

i ncr eases WOS/HBct r on density o% t he Ilgand and at’?ﬁgﬂﬁﬁgﬁ center.
Conversely, electron-w thdraw ng noi et %s (for exanpl e, chloro or
trifluoronmethyl) on the ligand result in | ower electron density of the
ligand and netal center. The electron density of the Iigand is inportant

due to the possibility of interactions (such as pi-stacking) wth the
substrate (see, e.g., Hamada et #h Tefhahedron (1994) 50:11827). The
el ectron density at the met alH cent ¢ y inHl uence the Lewis acidity

of the netal or the nucl eophilN of cl eophile if coordinated to the

metal . Choice of 10 approprijate substitu
"tuning" of the reaction e\and t he
reaction. Nucl eop§ CH H
in the present invention '

ts thus nakes possible the
reosel ectivity of the

| eophil es which are useful
he 15 skilled artisan

according to several criteria. #’ @z? sui tabl e nucl eophile wll have
one or nore of the follo B@!\qﬁ% es: 1) It will be capable of
reaction with the substrate at the desired electrophilic site; 2) It
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conver si A ‘B‘Fs?l Wéﬂb’ﬁh‘ﬂt@ P ﬁ/ﬂlllethé@lun'ﬂ'@r@?l%ﬁlyf%f’ piodpet pure y

undesi r alNMRznalgsis eas41®mg (972%): hl i NMR (EDCHS) 5dk95 @i3H), di68 (sE2H)p6.72+7, SSt he

r at egpof ni pul ated through the selection of
reac?gnt aéggic%rr%{aﬁ?‘gﬁéﬂflpqggﬁg?opﬁﬁa conparison with the rate of the
desired reaction(s). Nucl eophi | es which satisfy the above
criteria can be chosen for each substrate and will vary according to
the substrate structure and the desired product. Routine

experimentation may be necessary toglete r:g ne the preferred nucl eophile for

Fongg to the sulsereaen ot sn-plblur Buvissinyestinor . AR T g

ammortra, phthal i m de, hydra2|ne or an anlne may be enpl oyed.

Simlarly, oxygen nucl eophiles sygh % hydr oxi de, al cohol s,

al koxi des, sil oxanes, carb proxi des may be used to

i ntroduce oxygen; and mer capt ans, bisulfite, thiocyanate
and the like may be used to intrg -contai ni ng noi ety.

Nucl eophi | es whi ch introduce ot h§ ¥ as hal i des, sel enium or
phosphorus, will be 35 appareq&.

A solution of 725 mg (4.0 mmol) of 3-tert-butyl-salicylaldehyde in 6 ml of EtOH was

added dropwise to a solution of 569 mg (2.0 mmol) of (+)-2,2‘-diamino-l,l-biriaphthy| in$

ml of EtOH. The reaction mixture was heated to reflux for 8 h and then volatile materials

20  were removed under vacuum. The residue was purified by flash chromatography on 80 g
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I n addi tion, carbon nucl eophiles such as cyanlde acetylides, 1,3-dithiane

ani on, or stabilized carbani ons such as enol ates may be useful in the
present i NWwegbé/rs02 For any of the above nuc|RIF896093\hi ch
exi st as anions, the counterion can be-2ny of " a variety of

conventional cations, including alkali and alkaline earth netal cations and

lond f
2xaf‘rp”}“;“' '§ibs a\ﬁq%[@/hcﬁgcﬁymg%ﬁg% 1" ROk ??ﬁgﬁ@i&cﬁﬁy yacdi Ef'va:euri o
azi de nuclsebientsiwere removed undervacuu@rtggmgrﬁ; &‘Pﬂ I@Ormebﬁ?"é}gﬂ%f dimpinee of

hi gher - or dgra yellewpewddr at e or. or ganozi nc speci es may al so be useful.
In certain errbodl ments, Gignard reagents or organolithium - reagents
may be enpl oyed as nucleophiles. 10 In certain enbodi nents, the
nucl eophile may be part of the subst EBbgplddus resulting in an

i nt ranol ecul ar _ e

hucl eophi 1 e nayl‘r%?a%ioﬁ%f S8k 12 bxs(assedlot?i%uﬁzfs?fléyﬁae-‘imgﬂém&me [¥3)
cyanobor ohydri de. As di scussed above, a wide variety of
substrates are useful |n the nmet hods ¢ e present invention. The
choi ce of substrate will depend on f % such as the nucleophile to

be enployed and the desired proggcty ¥ ar apﬁl')opri ate substrate will be
apparent to the skilled art\ sa I't Wll e understood that the
substrate preferably wll not co interfering
functionalities. In general, ae=Qppropriate supstsate will contain a
reactive 20 el ectrophiligg—LEL Mere agQ tBgpy attack. The
attack of the nucl eophile wl guse gaki ng of a bond between
the electrophilic atomand a | eaW ng group atq and the formation of
a bond between the substrate and tB®@ nucl eopBHle. It will further be
under st ood that not all electrophiles will react with every

nucl eophi | 5-Di-t-butylsalicylaldehyk® €2.0 eduivdlents)\(plepared fromi thojnexpensive, comenepdiallye d
for usgin Japﬁmgshuﬁq?mgﬁepﬁepa b0 %ﬂﬁﬁ%&&& N Gadlty ! | gasg, yone

ring havin re& 5 1 AgS, a requ
strai ned, PV @ ecferc| Ot pt% 1939) r"ﬁ‘i@dgﬁﬁiﬁ aglig o ‘hﬁg%‘ééﬁlﬂp?‘bgf
However, i (S,Wdlammoc?elbhddm (1.0 eqmanemb CABiios CrafuealrCp. il WA) el

ﬁQSe”SﬁOBa%ﬁa'@ren%ﬁ%‘ ﬂ&%&@“&xﬁ*ﬁr&*&g“’ ceflux S F e :if e
sp[err] rediepwise lmht&MFefune&r %ﬁdﬁ-‘é‘i“%y %3 sohid wes,\ e

el ectrpphi édilectdd byr ﬁmﬁomaha wished evitht damall pirdors of 8% ethmth €Thef yield 6f t 0 9
cyel opr op- ARyl pite ith lipand SRBRANIE MNP uaFo68MA! 1 SIOBL LD
groups) also af%ﬁ&%&ﬂ%&%&ﬂﬂ&r&%@uﬂm&] P NMRREDICE) 73 Qus
1H), 8.30 (S, 1H), 7.30 (d, ] = 2.3 Hz, 1H), 6.98 (d, J = 2.3 Hz, 1H), 3.32 (m, 1H), 2.0-1.8
(m, 2H), 1.8-1.65 (m, 1H), 1.45 (m, 1H), 1.41 (s, 9H), 1.24 (s, 9H). 13C NMR (CDCl3): &
20 1658, 1580, 139.8, 136.3, 126.0, 117.8, 72.4, 34.9, 33.0, 31.4,29.4, 24.3. Anal. Calcd. for
C36H54N205: C,79.07; H,9.95; N, 5.12. Found: C,79.12; H,9.97%; N, 5.12.

Example 5
Preparation of (R,R)- and (S,S)-[1,2-bis(3, S-dz-ten-butylsalicylideamino)cyclohexane]-
25 manganese(III) chloride.

The salen ligand synthesized in Example 4 is redissolved in hot absolute ethanol to
give a 0.1 M solution. Solid Mn(OAc)y*4H70(2.5 equivalents) is added in one portion and
the solution is refluxed for 1 hr. Approximately 5 equivalents of solid LiCl are then added
and the mixture is heated to reflux for an additional 0.5 hr. Cooling the mixture to 0°C and
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may be desired to use a substrate which has an aIIyI|c functionality which
may be openedoéisenz attack at the allylic double bond iPCEIIS96/03493
"SN[err]"-type" fashion. -5¥xanpl es of suitable cyclic
substrates which can be opened i ncl ude epoxi des, aziridines,

epi sul fide .0

C5C| ic aad E?f}/?é @"‘B ng?tEr gﬂi"ﬁ{/a r‘ﬁeg‘éqg%g;t?g % p (381%%% sétheas,
cyclic t hﬂm(llaaeompl@ctaarasdark brown  pawsier, xs waﬁ,heé aroughly gvith and
the |ike. jsolated by filtration in! 81-93% tyRéld. makp@mect enpmlmemdsMnt mnmscbﬁ the

P52 Ll B el SRR 61, i s, g 5 i e B>
enbodi feniethanolfiscorpirationeinehevpowddse peodugt eFbe:salvent gensent |of t&emlm does not

enbodi mentsy %’scsiéﬂ%éﬁ t&. 10 will be a mixture of diastereoners.

In exerrplarye odi ments, a cyclic substrate suitablefor use in the
Fr eS]e“t '“Ve”t 'ASBH datar}’a?tlﬁ;'@atzﬁﬂt'l Qbfal) Calc f8F CanNzoz-C?HSOH C,
err presen
C(R[err])@ﬁ[l&ﬂ}f?’lopl tM%%?rh’n%Ei %ee Wﬁe ef oﬁ[l\gR%ﬁ '5.48; Mn,
represent 8.31; Nydeegen, an al kyl, a carbonyl -substituted al kyl, a

carbonyl-substitut ed aryl, or a sul fonate, R err] and R[err] each
| ndepgpdently represent an el ectron-w thdrawi ng group, such as nitro,

ket ones, al dehydes, sulfonyls, trifl g éyl, -CN, chloride, and the
like; A and C apgpglition ; 1§ SHSeoutyaliciREASROcydlohb@ndl] - C er r]

al kyl, O S, carbonyl, or ‘?’Hﬂf&‘ -1 carbonyl, a
t hi ocarbonyl, a phosphoryl or a suq db?(lé‘R) ) Rerr], Rerr],

ﬂ)re;nrs] é and R[ ?(i)léa entnggmgmv(\'ffﬁg.g r boﬁ *rglé A Milvm ts
f or matlPon Wndet yitrogenstaosnhegg, 0.309g ( %ﬁrm@?llpé%r% Gghﬁﬁ’“ﬁf S, Al RSt
R30, R31, Migdtheypwas ifiisd aciches(RyR)-ligasid 2esytithesized MSExanmbe és(éﬂﬁg,lﬂaﬂ ogel) i ina
1000 8y S T DY o s Wit e 4059
phosphi ne angtlwrlg@pfyﬂor an additional 3 b. The ‘solutior was then diluted with 250 mi of & tyl
methy! ether and washed with satd. NH4Cl1 ( 3 x 150 ml) and brine (3 x 150 mi). The organic
20 phase was dried (Na»SO4) and solvent was removed under reduced pressure, affording 1.41g
(87% yield) of 1 as a brown solid which was >98% pure as determined by_HPLC analysis
(octadecyl reverse phase, 100% CH3CN). This material was used in the ring openiﬁg
reactions without further purification. Recrystallization from acetonitrile provided high
quality orange-brown crystals with 63% recovery: mp 375-398°C (dec). IR (KBr, cm-1)
25 3610 (br), 3420 (br), 2951(s), 2866, 1619(s), 1531, 1434, 1390, 1321, 1255, 1170, 1030, 837,
785, 748, 563, 543. Anal. Calcd for C3gH59N204CrCl 1¢3/2H»0°1/2THF: C, 65.64; H,
8.55; N, 4.03; Cr, 7.48; Cl, 5.10. Found: C, 65.72; H, 8.53; N, 4.04; Cr, 7.45; Cl, 5.15. MS
(FD): m/z 631 ((M}+). HRMS (FAB): m/z caled for [C36H52N202Cr}+ ([1 - Cil+)
596.3418, found 596.3434. pefr=3.97 uB-

30 Conductance (CH3CN, 0.0045M) 0.57 ! cm? mol-1.
Example 7
Ring-opening of meso-epoxides catalyzed by Cr(salen) complexes

Metal complexes of the readily available chiral salen ligand 2 were screened as
35 catalysts for the model reaction of cyclohexene oxide with TMS-N3. Complexes of Al, Ti,



a carboxyl, a silyl, an ether, a thioether, a sulfonyl, a selenoether, a

ket one, an al dehyde, an ester or -(CI—|[_er_L]_)[err] ~Rlerr]; .

or any two or nore of the substituents Rlerr], Rlerr], Rerr], and R err]
t aken together forma 30 carbocylic or heterocyclic ring havi ng from4 to

8 atons in tyi@edeqer Structure, Rl err] representcrnsysossys , a
cycl oal kyl, a cycl oal kenyl, a heterocycd¥-or a pol ycycle; and
mis zero or an integer in the range of 1 to 8. WO 96/ 28402

PCT/ US96/ 03
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resul ting racemic dempounctontrestathel comespendingnGe complex 1 catelyaed gingwpening A0
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chlori ds, Ipeastionl eould belicarried phbathaawnmmftrmnbn kmcb:rcmsgoddn lacwide manggobups.
In addi tiog, Soived éﬁgf%wever hifiRs gﬁﬁosgﬁtémﬁiﬁesgﬂaé obeméa WingeHeRal WhloeP(rBuspat ed

or conpl exe W acr exanpl e, oxi de ions are
general ly H’ﬁ: Fﬂ}ps but al cohols are good | eavi ng groups.

It should be not ed that n rain Y, one cgses ar r poor
| eavi ng 0roup to be éﬁﬂgﬁ sin 3casg 8]of epg.MSgk @H}Sdi nes,

and the lik - ough T™E-Nt end to be I} {ing, many sounds whi ch
have ring s ma.r_e_ﬁ , 3| / nol e (cg ed tQ ohexane)
w Il genera fs] sur(h,a@ﬁﬁ subs Es. In certa

enbodi nent s, e elec ilic atom may be a heteroatom React i on
Condi ti ons The asynpetri c react ions of the pr esergt | nvent | on
may be perforned, under, a wde 15 ran t hou t..will

under st ood t hat 'Pf i arighy of l“?—?ﬁ‘b a‘anég% %%E?‘{gﬁhﬁ’é?l

are nott0l i rti(Table Veacaordingthe/followinggeneral groceduser ef err ed node of the process
of the i nventi on. In general, it will be desirable that

reactions are runsusl figskiisl charged siithi 42nmg \(0.060: mmdl) of 1.and 1/ 0omLanf\Esp@e|The
ffect th I I
altec € (fﬁU’Pa%r{)er aTgIro@%l @:}e& ahd tthe ﬁlxu‘hja‘?s & ‘f&t 5 ffH, aBWh{ER titne M@V\SSlN

reaction 2 CES t he, reacti on,

ot o1 {041y 35irmel) i pdded e resiiog browp gelnions ST EA Abom Smyere
usual |y be forshe frididacedninme(Tabled).i The sodutioarigthen toncéltfated ipnQatww dndQheresii@; is

more P @%t%ahe rugh @ggepruﬁa{r Siiitd gef @itk OloB!hl. ngmtwmmamm The
P Y filtrate is conoemrated and the resulung residue i ls bjectJd to analysis by GC or HPLC to
determine the enantiomeric composition of silylated azxdoalcohol

Desilylation: The product obtained as descnbed above is dissolved in methanol (5

mL). (15)-(+)-10-Camphorsulfonic acid (35 mg, 0.15 mmol) is added and the resulting

20  solution is stirred for 30 min and then concentrated in vacuo. The residue is purified by flash
chromatography to afford pure azidoalcohol.

Five-membered ring epoxides underwent ring-opening with very high levels of
enantioselectivity, while 6-membered ring and acyclic epoxides afforded somewhat
diminished selectivities. Ether, olefin, and carbonyl-containing functional groups were all

25  tolerated (entries 2-4,7). Interestingly, 3,4-epoxytetrahydrofuran (entry 2) was one of the
most reactive epoxides in this study, suggesting that Lewis bases do not inhibit catalytic
activity.

Table 1. Enantioselective opening of meso epoxides with 1.4
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I n general,

carried out 25

wi t hout addition of solvent (see

reactions may be run in an inert solvent,
reacti on wassssent s,

Sui t abl e

1, 2- di met hoxyet hane,

and the |
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i ke;

and 2-

di gl yne,
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i ncluding the catalyst,
solvents i ncl ude ethers Sﬂfh

t - butyl
hal ogenat ed sol vents such as chloroform 30
di chl or oet hane,
car bon solvents sucq qiz

EMei

di met hyl f or mani de and t

hy

£es

the asymmetric synthesis reactions of the present
in a liquiLd reaction—pedi-thhr—=Fhereacti

le 8, infra).
referably one
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I et her,

and the [i

KﬂLﬂnggfgﬁggghgoggﬁyl
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Al ternatively,

invention are
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are subst aneCEHUS9603493 ubl e.
et her,
t et rahydr of ur an

,hgkiphatic or
JrelBane,

cetate,

cetonitrile,

or comR nat®lns of two

or nore solvents. Furthernore, in certain enbodlnents it may be
advant ag EinUV'gigga;SUfVEﬂTfmﬁé ' Hond § eSSt TRt €
under thm o s—en Uycd, e u—JC&{f zs?llggélgéna (0) &(%l,@ X
96/ 28402 '
PCT/ US964034b3 <j>° 28 80
as a sol went—whep—ethan —s—the—dedi i
wat er or hydr oxi d not p{aferred ucl eophi l es, t
be condu¢t ed2undpr anh@dr oys-O dqondk& i ohs. I n &ertain|embodBrent s
ethereal |solventks are pr¥ferred The jinventilon also
contenpl ates reagtion in ~hasi ¢ m xture] of solvents, ifn an 5
emul si onfor 3uspgnsiFome—dN re onlin3 lipid vedBlGcle or |bilay®sr. In
certain ¢nbodi nehts, it may bd preferfed to performjthe catal yzed
reactiong in the SO|Id hase In sonme preferjred enbodi ngnt s,
t he reacti on may car |ed out under an atposphere of a reactiye
gas. For |exappl e é%ﬂg e cpani pe nuclggophi |l e jmay g per f prned
under an atnDsph=re gas |n1IarIy, n enbodi ments |in which the
ring- expansiqn.o hy Icarbon dioxide or a silmlar reactjon is
desired, |the rea,tlon ma per for rfe under an atntsphere of cprbon
di oxi de, |or & mi kt yr el hef di oxi del4and ot her &@ases. The 88 paftial
pressurejof the Feactive IS may beifrom 0.0 to 1000 atnodpheres. pork
pr ef erablly from 0 100 atpy and npst preferably |from about P to
about 10fat né ® certdin HWrbofi nents80t is grefer@8ble tp
perform g§he reacfions d an inertl 15 atfrosphere of a das such as
ni trogen -S-goh- The—asy-rre--6—Syrt-hes-stprecesses—oef the
present ifnvepti op can ducted ijn conti nyous, sqni-continUOJs or
batch faghi oh anfl may Jnvol a quuid‘“%cycle andl%r gas recycle
operation as desj|red. rocesses Jof thisjinvention are|preferably
conduct ed™ T Me
d
8 )o 30 65 82
Me
9 EtO,C 0 24 90 94
TBSO ,
10 \_Oﬁ;;o 24 93 9
Et0.C '
11 ><:[>0 24 75 94
EtO.C
12 Tss—-G:j.:o 24 85 92
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batch fashion. Likew se, the manner or order of addition of the reaction

I ngredi ents, catal yst 20 and solvent are al S.Q_[].Ql critical and may be
acconpl i shed in any conventional fashi on. The reaction can be
conducted in a single reaction zone or in a plurality of reaction

zones, in sewoagneeg2i n parallel or it may be conducted bat clporasosnss93
continuously in an el ongat ed t ubul arggzone or series of such zones.
The materials of construction enpl oyed shoul d be inert to the
starting materials during the reaction-and-the fabrication of the 25
equi pnent shoul d be} abl e to s,t and the readgtion tenperatufes and
pressures. F/Eari@ t o u-t'.cé anfl/ oP4adjjust th88quanti}y of %tartiing

mat eri al s ol ent s n'r rYyAuced bhalchwi se ar _conti sl Vi LNt g
the reacti onagfpgctisds wide iAnG0 msifdl eéalémpaﬁa@t.&mmanhgmsﬁ&w&ﬁat Iy
utilized in pagudl ﬁﬁﬁ%ﬁ&ﬁswﬁﬂmm rnt patlo of

t he startlng he

[ ncremantgl 53 sl?loir.lﬁgf &gﬁeﬁg J{‘ﬁmﬁ%ﬁhb@%ﬁ |eﬁ'§§'ﬁ.ﬁa%| a?s t‘gﬁ{tﬁg'

Al'so, the“re Fegseg 0 |nedb th.EJOII’lt addi tion of t he
starting mat ff’@“g’ ‘?ﬁw 8- 1i gand conpl ex catal yst.

When 1g¢'s wets BQZAPYYr not obtai nable, the
starting rrat 'ateéye%oiiﬁeg'émmﬂb'&ﬂhﬂ fromthe product and then recycl ed
back into the reaction zone. WD 96/ 28402

PCT/ US96103493 Example 8 - 50-

The processes may be conduSdlesht-free enantioseleptins ring-openihg redmions ess st eel or
simlar type reaction equi prent. The reaction zone may be fitted with

one or nore int erm‘héemnddsebctwnyofthedpaxidakinb@@énmg(rﬂaaitgﬂﬂdmuﬂmwéder to

- control undu t |l e
"runaway" regﬁ% errper z‘i'{: t‘f@é Hﬁﬁﬂ%@ﬁmﬂﬁu&%f&éﬁ%r“ﬂ%&eﬁt{oﬁég ‘(':%ﬁéﬁ#p

catal yst cansehyentriiespractionsdn which inpriggiple, ae reestion bypmsiuctsef agy kind are gensrated

i nsol ubl ¢5ma(Tdble B, THus) restXion pf & mnttsl of cydloherénewxidsi with Dﬁﬁl%léaﬁlyﬁlel #ld 5.25

bstit t . | d
Rt hae e ol (185 cquiy) of NSNS ror 181h, KoTfBWRA bl S dalu RiSfifariif hobs nEfURY ©*©
catal yst, paPressue.afioyied me 86% ikl ofthe IMS progsted musealqewew%mm@ 13, As
infra), is eggpdcied] BisPreductiwas doptaniitidted with Smalhariounts G 2% 0 Ry 6 silplated

~filtration ot
Exenpl i ficat w&mygﬁi’g@nﬂq‘%&mdmnﬁagﬁ nrtlggv 573#6“31%"#1 s“‘i"f/' 8escr| bed
it will B8 nmbpwiopsefryclohexene pxide (timmpl) and dof
exanpl es whi plodact(8 7% ee) iaviskbfipletdlp freaufmﬁroﬂﬁcts (dycrR12) aAnaad;ﬁtml

certain aspegécﬁfﬁagﬂqgﬁmc&y@gnv 154 prbffc 672 Yeld R4, B0\cy 0. %A Soubh!

i ntended to
Exanple 1 reaction was then performed with cyclopentene oxide and the corresponding product was

obtained in 81% yield and 94% ee (cycle 4). Finally, 1,4-cyclohexadiene monoepoxide was
25  used for the fifth cycle (75% yield, 83% ee; cycle 5). In all cases, complete conversion of the
epoxide was observed at the times indicated.

Table II. Solvent-Free enantioselective Opening of Meso Epoxides with Trimethylsilylazide

and Recycled Catalyst (R,R)-19
30
R/\[/o 1.2mol%Cat. TMSN; R N3
R 2. Distillation Rloms
entry epoxide time (h) | Isolated yield (%)°? ee(%)C

1 ()0 18 86 84
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Preparation of
(RR) -1, 2-Di phenyl

-1, 2-bi s(3=t ert-

[err]

- N0 )-et-hahre-

Lt =B y-saddaitlideam-
A solution of 360.5 ng (2.0 nmol) of
3-tert-butylsalicylaldehyde in 3 m of EtOH 20

was added dropwi se to a

sol uti on owo382s482ng (1.0 mmol ) of (R R)-1,2-di am no- 1, 2- PCTUS96/03493

di phenylethane in 5 Ml of EtOH The rea

ion mxture was heated to refl ux

for 1 h and water (5 M) was added.’ The oil that separated solidified
upon st a ] l et M V=Y ST == QO oa\la.-435 ae
(91% of }jyell ow gowder, 3-74C. [Err]H NMR (CDCIénerr]) [err] 1.42
(s, 18H, [CH[ @rr]), 4. 7@&, CHNEO) ,26. 67-7. 27 8 16H,| ArH)87 8. 35| (s,
2H, CH=N)|, 25 3.79 , ArOH) ppm 13€ NMR (CDCl [err|l) [err] 29{3,
34.8, 80.it; ~§; . T2775, HSF g 8312 {130+t +137. 1,
139.5, 140.2,, 164.8 pp s . Calcdf f Clerr]HgrrINerfr]Oegg]. C
81.17; H[JY 7. §7; N, 5. 29: C, . 1%? Hf 7. 60;%, 5.28 b4
Exanpl e 30 Pr epar a&#0n of ]
(RR) -1, 2-[b phenyl]- 1, 2- bi - di phenyl pet hyl sglyl sal i cyl'I degm no) et hane
WO 96/ 28402 4 CDO 4 81
PCT/ US96/]03493 [err]

5 @)o 18 75 83

10

15

20

25

AAll cycles were run with 5.00 pmol of epoxide and 5.25 mmol of TMSN3
blsolated yield of distilled TMS protected azidoalcohol.
¢Determined by chiral GC.

Based on these results, the first reaction can be thought of as an "aging" of the catalyst.
Consistent with the observation of silylated chlorohydrin 5 in the first reaction only, the
"aged" catalyst contains no chlorine as judged by elemental analysis. This aged catalyst also
displays an absorbance at 2058 cm"! in its infrared spectrum, consistent with a Cr-N3 N=N
stretch. We therefore conclude that the active catalyst is (salen) Cr-N3. An X-ray crystal
structure of the (salen) Cr-N3 (with an associated molecule of te&ahydroﬁm) has been
obtained, confirming that azide is associated with the metal center. While not wishing to be
bound by any particular theory, it appears that catalysis involves Lewis acid activation by the
chromium center or nucleophilic delivery of azide by a Cr-N3 intermediate, or both. The
apparent intermediacy of a Cr-N3 intermediate provides circumstantial support for the latter.

Example 9
Kinetic resolution of chiral racemic epoxides
We have aiso investigated the use of catalyst 1 for the kinetic resolution of chiral
racemic epoxides. Preliminary results are shown in Table III. Thus, treatment of 3 mmol of
styrene oxide with 0.70 equiv. of TMSN3 and 2 mol% of catalyst ] resulted in 76%
conversion (based on the available enantiomer) of the epoxide to a complex mixture of
products. The ee of the unreacted styrene oxide was 98%. Similarly, epichlorohydrin
proceeded to 80% conversion (based on the available enantiomer) when treated with 0.60
equiv of TMSN3 and 2 mol% 1. The ee of the unreacted epichlorohydrin was 97%.

SUBSTITUTE SHEET (RULE 26)



3- (D phenyl et hyl sil yl )sal i cyl al dehyde was prepared from 2-bronophenol in 5

st eps according to established procedures— A solution of 348.3 ny
(1.09 mol ) of 3- 5 (diphenylnethylsilyl)salicylal dehyde and 116.0 ny
(0.546 nmmol) of (R R)-1,2-diam no-1, 2- di phenyl ethane in 5 m of

et hanol was wedsERss0L 0 reflux for 0.5 h. A bri ght yell ow oi | PCT/US9MB34%Ar at ed
fromthe solution and it solidified upon-8anding. The mxture was filtered
and the yel l ow solid was washed with 2 x 5 m ethanol. The isol ated

(s i Ao Ay o NS ol )

8.37 (s, 2H)eduivpf: §T§3 e of the unreacted epichlorohydrin was 97

Exampl e 3 Prepar ation of
2,2'-Bis(3-tert-Butylsalicylideam no)-1,1'-Binaphthyl. 15

ge[ fa]rt-buty|T%%fF&Tgﬁa&Xerﬁ?ﬁsggﬁly%ng be mmla%:ldg]:j dropwi se to a

sol ution of 569 ng (2.0 ol f(+)2§E &_ﬁgollblnapht | inb5
m of EtOH The reaction e was hb el 3ef|ux for and t hen

volatile materials 20 re renmoved under .vacuum® The rBSidue was purified
by flash chromat ography on 80 ¢ 2.EnO\\p 96/ 28402
PCT/ US96/ 0349 -52 -

Si @2, using 20% CH epaxidel [ er r || squiviB8Ng | aime:(h)dnt . conmd%IBbi lje \ee(%p)Sw
fraction was ¢oll ected an

0.70 67 76 98 (R)

Cl\/d 0.60 21 80 98 (R)

5 4All reactions were run with 3.00 mmol of epoxide, 0.060 mmol catalyst and the indicated
amount of TMSN3 in 1.0 mL Et30
dDetermined by GC employing nonane as internal standard.
9Determined by chiral GC.

10 As shown in Table III, the kinetic resolution of racemic epoxides can provide
trimethylsilyl azidoalcohols, which can in turn be converted to 1-amino-2-ols. The overall
process is efficient and procedes with high enantio- and regioselectivity, as shown in Table
Iv.

15  Table IV. Synthesis of 1-amino-2-ols via kinetic resolution of epoxides catalyzed by (R,R)-1



sol vents were renoved under vacuumto g| ve 725 ng (1.20 mmol, 59%vyield) of

the diimne as a yel | ow-ponder.

Exanpl e 4 Preparati on of
(SS)-1,2,-bis(3,5-di-tert-butylsalicylide-am no)cycl ohexane

[err] W0 96128108- Di - t - but yl sal i cyl al dggyde (2.0 equi val &&T é’ﬁzﬂ?ﬁ%‘par ed
fromthe inexpensive, comercially 10 ailable 2,4-di-t-butyl phenol
according to Larrow, J.F.; Jacobsen, E.N; Gao, Y.; Hong, Y. ; Nie, X ;
Zepp, CM J Og em 1994, 59, 1939) was added asgrMelid to a 0.2 M

sol ution of S, S) -1, 2- ¢an/TMSNye| ohexane (1. mv lent) (Al ch
Chem cal Co.g”"M |Waukee, W}—R———=absol ute et e mxt F-'é

heated to reflux for 1 hr. and then H20 was adde dropw se to the

cool ed bright yellow solution. The resulting yellow|crystalline solid was

15 collected by filtration and washed with a small |gorti on of 95% et hanol .
The yield of anal ytically pure salen ligand 2 tained in this manner
was 90-97% Spectroscopi ¢ and anal yticgdl data for the salen
ligand: [err]H NWR (CDCl[err]) 8 13.72 (s, IH Y 8.30 (S, 1H), 7.30
(d, J = 2.3 Hz, 1H), 6.98 (d, J = 2.3 Hz, 1H), 3.32 1H), 2.0-1.8

(m 2H), 1.8-1.65 (m IH, 1.45 (m 1H), 1.41 (s, 9 124(s 9H). [err]C
NVR (CDCl[err]): [err] 20 165.8, 158.0, 139.8, 13 3 NE§. 0, 117.8, 72.4,
34.9, 33.0, 31.4, 29.4, 24.3. Anal. Calcd. for R

Cerr] H e N BTT i [C 79 foctivityo2: ™| ©. 12. FOUNQg(® 79. 1771 H,
9.97: N, b 1 kit regloselectivity” M——)%xmpr-e—a
Preparatijon of (RR Qand

(SS)-[1, 2 bi s@@/gjtert butyI sal ¢yl | deani no) £ycl ohexane]g
manganese(lll) chloride ! The _sal o i : .

Exanple 4 is redissoly il n hot absol ute et hanoEto gi ve a 0.1 M

sol uti on. @ﬁM{,@{)T[jenr] 4H err$® 2.5 equivplents) is in one
he s

portion and olUtion is refluxed for hr. Approximately 5
equi val ent@Reaftionswere tun®ithal mol®h catalysidind 0.5 equiv BM8NGhe i xture is heated to
reflux for an additional 0.5 hr. Cooling the m xture to O[err]C and

Example 10
Regioselective ring opening of epoxides

5 The use of the catalyst 1 for selective opening of epoxides which have little inherent
steric or electronic bias has also been investigated. As shown in the top scheme of Figure 1,
the ring opening of a racemic epoxide occurs with little selectivity when an achiral catalyst is
used, but ring-opening of the optically-enriched epoxide occurs with good regioselectivity in
the presence of either enantiomer of the chiral catalyst.

10
optically pure styrene epoxide with an achiral catalyst results in preferential nucleophile
attack at the less-substituted carbon atom of the epoxide. This inherent regiochemical
preference can be either enhanced or reversed by selection of the appropriate antipode of the
chiral catalysi. Thus, the (R,R)-enantiomer of the catalyst 1 reverses the regioselectivity of
15 nucleophile attack, while the (S,S)-enantiomer of catalyst 1 enhances the pre-existing
regioselectivity of ring opening.

Example 11
Selective ring opening of epoxides on solid support



WD 96/ 28402
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addition of a volune of water equal to the volunme of the brown ethanolic

solution affords the Mh(l111) conplex as a dark brown powder which is
washed t hovoseis4sz wi t h H20, and isglated by filtratiREF/USIBHID 3,
yield. Acceptable C, H N, d and M ah@fyses of the cat al yst have

been obtained ( 0.4%, but these vary according to the extent of water and

5 ethanol 'ncqroqegt%iﬂrﬂmdgtbﬂe&ﬁg REMGHBHS o EubSirids atthBIRAS6 a8 sEfpofS Mhes8f t he

catal yst does no L0f luence i.ts, effectiveng

~ Anal yt i calSPeXifcs %b‘l‘zﬁﬁl An\Jeyin beads, The, g etf 5?"% epoxides had the following
C[err]H[ersn'],lémfeh:I\l[err]qerr] Cerr]JHerr]OH C, 67.19; H, 8.31; d,
5.22; M, 8.09; N, 4.12: Observed: C, 67 05; H, 8.34; d, 5.48; M,
8. 31; N, 4.28. 10 Exanpl e 6
Preparation of
(RR-[1,2-bis(3,5-di-tert-but y\’?g %yl% d%(s/\jm[? cycl ohexane] -
chromum(111) chloride ((RR-1). The fol |l owi ng procedure was
found te0 eRr ti qgﬁ;g
ni t rogtesn a msgﬁeré%%% K. Ogegz mol ; zda#y @ | g | anﬁy%r ous 5?%“%
Al f a/ John<spaxides werengsed.h lmsobdereé@pp@dewe(emem ramethylsitylpzide B | n

Exanpl e 4 etHer 3R Ghe 9110@’611 20-50 mol% of dhnomiif Saks csdtalyst; dndSthelrkactidh avas

oair 1 o TRy g PidEedt T fe-bihed ol WA polanddfromt e soiq Bl B0,
t - butyl uememvmh mﬂmam agidarifleproacetic anbydridgn apethyleng cliogide 5The
and brjigne reRased pridubis had the folRivAgsteuctiffes: Phase was dried (Na[err] SO err])

and sol vent was renoved under reduced pressure, affording 1.41 g (87%

yield) of I as a brown solid which s >98% as determ ned by HPLC
anal ysi s (oct adecyl reverse ph se, Yo CH err]CN). This nmaterial was
used in the ring opening ~wighout further purification.

Recrystalllzatlonfromacetonltrlle pr ovseed, hi gh qual ity
orange-brown crystals with 63%recovery: np 385-398[err]C (dec). IR (KBr,
cnferr]) 25 3610 (br), 3420 (br), 2951(3) 2866, 1619(s), 1531, 1434,
1390, 132lin whiélbX i3 a5 fescribedbo®e3 7The ee of the feleased!ProditsSwasHdetermintdl, andtiec d

for err r /
o 55 N, oD Jeﬁ"oﬁ%%%ﬁ@l%@re&"% %'E%ve%éxﬂgé A% grn%op?%%m PoI
7.45: O, optica) yields and conversion gz calcd for
[CJerr H[err]N[err]Qerr]Cr]+([1- CI]+) 596 3418 found 596. 3434
[err]ef¥= 3.97 [err]. 30 Conductance (CHI err]CN, 0.0045M 0.57 [err]
cnferr] nol[err]. 12

Regioselective ring opening of epoxides with oxygen and sulfur nucleophiles

The ability of the salen catalysts to catalyze enantioselective ring-opening reactions
with oxygen and sulfur nucleophiles has also been investigated. Cyclohexane epoxide (1,2-

20 epoxycyclohexane) was treated benzoic acid, methanol, or thiophenol in the presence of a Cr-
salen catalyst. The results are shown below:



Exanple 7 Ri ng- openi ng of meso-epoxides catal yzed by
- o ——rfep=prt—cOorptexes—of th

chiral salen ligand 2 were screened as 35 catal ysts for the m)del

reaction of ((:)ycl ohexene oxide with TM5-N err]. Conpl exes of Al

WO 96/ 28402W 6l- Tissansis3

PCT/ US96/ 03493 -54 -

and Mh each catal yzed the reaction, but the azido silylether product 4 was
generated in racem cOf orm I n contrpgoQthe @Arresponding Cr conpl ex |
catal yzed ring-opening tA g@%e 4 with uf to >80% ee. In addition,
trace anounts of the byp NCt S 6 were observed, in nolar
concentrations simlar e concentrati on al ysu7%%enol 9. The 5
reaction coul d be carried—dut unemy® variety reaction conditions and in
a w de range of sol vents, however |€ﬁ%§t engpti osel ectivities were
obt ai ned using ethereal solvents (t-butyl : | ether, THF,
Et[err]O. [err] CH30H 4

The reaction of a variety of nesQ _epqgxi des '

screened with catal yst 10 1 ( &3@ I') according the ’"owi ng general

pr ocedur e: A5 nL f St S charged with 42 ng (0.060 mmol) of
1 and 1.0 nL of Et[err]O The epoxi depgs3. 00 QOHpl ) i s added and the
mxture is stirred for 15 min, at which time¥e[#€rr]SiNerr] (0. 418
m., 3.15 mmol) is added. The resﬁhﬂing br own tionis stirred at room

[err Pg(l&er r] was

terrperat ure for the indicated time (Tab / Thed4@%ledti on i s then
concentrated in vacuo and the resitalygt is 15 ered through a 10niL plug
of silica ggeagwth 100 ni of 520%EtOAc/hexanes The filtrate is
concentr at Gasepihe reagtion Prﬁﬁeeﬂ%??d’éy Wb{"@é?@'& ef‘ﬂ‘“f?ﬁ‘ﬂ?‘i}'é’l‘!é by GC or
HPLC to determ ne the enantioneric conposition of silylated

azi doal cohol . . Desilyl ation: The product obtai ned as descri bed

above is dissolved in methanol (5  Examplel3|S)- (+)-10- Canphorsul fonic
acid (3% ng, 0.15 mol) i Bingeapahsiondf epoxideswithdarhgn dioxide

The use of catalyst 1 for ring expansion of epoxides was investigated using 1,2-epoxyhexane
as substrate, according the scheme below:

O  CO2(l atm) c41~19/<f 90% ee
A~

CaHl RR)-1 .

0o CaHo
citn A Ao Lo

CH k/o

9

. Under one atmosphere of carbon dioxide and in the presence of 1 mol% of catalyst (R,R)-1.
10  racemic 1,2-epoxyhexane selectively underwent reaction. At 90% conversion, the unreacted
starting epoxide was found to be enriched in the (R)-enantiomer (90% ee). The
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94 2 [err] 80 98
3 : [err] A tridentate catalyst was synth8fized as descnbed belidv and shown in Figure 35Toa 4
[err] solution of (S,5)-201 ((S,8$1-amino-2-hydroxytfidane) (0.857 g, 5.75 mmal) in 60 ml EtOH

was added 202 (1.829 g, 5.75 mmol) under a nitrogen atmosphere. The resulting solution
was refluxed under N for 12 hours. The solution was then cooled to room temperature, and

10 solvent was removed under reduced pressure. The concentrate was purified by
recrystallization from hexane to give 2.15g - 2.46g (83%-95 yield) of 263.

In a dry Schlenk flask under a nitrogen atmosphere, (S,5)-203 (0.765 g, 1.7 mmol)
was dissolved in dry THF (30 mi). 2,6-lutidine (0.730 g, 6.81 mmol, distilled over CaH,)
was added to the flask, followed by 0.638 g (1.70 mmol) chromium (III) chloride:

15 tetrahydrofuran complex (1:3, 97%, Aldrich). The resulting dark brown solution was stirred
under N, for 12 hours. The solution was then diluted with 200 ml of t-butyl methyl ether and
washed with saturated NH4Cl (4x150ml) and brine (3 x 150 ml). The organic portion was
dried over NaySO,, and the solvent was removed under reduced pressure. Catalyst-200
(0.890 mg, 95% yield) was obtained as a dark brown solid.’

20 In a dry Schlenk flask under a nitrogen atmosphere, 200 (0.653g, 1.22 mmol) was
dissolved in azidotrimethylsilane (3 ml). The reaction mixture was stirred under N, for 12
hours and was then concentrated under reduced pressure to remove excess
azidotrimethylsilane and TMSCI, and the resulting Cr-N3 azide catalyst 204 could be used
without further purification.

25
Example 15

Aziridine ring opening with catalyst 200
The ability of catalyst 200 to catalyze ring-opening of aziridines was tested in two
different procedures. In this Example, aziridine 205 (See Figure 5) was used in all ring-
30  opening reactions.

Procedure A: To a solution of 1.34 mg (0.0025 mmol) of catalyst 200 in 0.5 ml of
acetone under N, was added aziridine 205 (13.2 mg, 0.05 mmol}). The homogenous solution
was stirred at room temperature under N, for 15 min. Azidotrimethylsilane (6.64 ul, 0.05
mmol) was added. Aliquots were taken at different time intervals to determine ee and
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e
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configurations for_th roducts fromentries 1, 6 and 8 were
determined as in Irh“é i’lrg acferytionyf 3.4 11e3(9:P01 mmol) efgatalyst 204 irg 0.5k of

absol ut e conf acgtone unden N,0bastadded rriding 285 (2630mE, 6:10\RERI) SHieTidRbgEY6ous Solution

anal 0gY. 5 was cooled to -20C° under N;. Azidotrimethylsilane (13.3 pl, 0.10 mmol) was added. The
reaction mixture was stirred at -20C° under N for 21 hours and was then concentrated under
reduced pressure to remove acetone. The residue was chromatographed on silica gel (elution
with 15% ethy] acetate in hexane) to give 24.8 mg (81% yield) of the product with 82% ee.
Enantiomeric excess was determined by Chiralpak AS column on HPLC.

10 Figures 3-5 depict the structures of other catalysts tested in the aziridine opening
reaction, and the enantiomeric excess of products obtained by treatment of aziridine 205 with
cach catalyst. In general, ee's were modest to good, and conversions were high.

Exgmple 16
15 - Synthesis of (R)-4-((Trimethylsilyl)oxy)-2-cyclopentenone

The three-component coupling method of Noyori (see, ¢.g., Noyori, R. "Asymmetric
Catalysis in Organic Synthesis", Wiley, New York, 1994, pp. 298-322) is an effective means
of synthesizing prostaglandins and related compounds. The central element, an O-protected
(R)-hydroxy-2-cyclopentenone, is thus an important synthetic target. Asymmetric ring-
20 opening of epoxides. provides a potentially valuable synthetic route to this class of
intermediates. A realization of this synthetic route is described below and shown in Figure 6

(and see, e.g., J.L. Leighton and E.N. Jacobsen, J. Org. Chem., (1996) 61:389-390).

The requisite epoxide 211 for the enantioselective ring-opening reaction was prepared

according to the method of Noyori (Suzuki, M.; Oda Y., Noyori, R. J. Am. Chem. Soc. 1979,

25 101, 1623-1625). Thus, 3-cyclopentenone was synthesized via the Pd(0)-catalyzed

rearrangement of 3,4-epoxycyclopentene, a reaction remarkable both for the efficiency of

catalysis and the ease of the experimental procedure. Epoxidation of 3-cyclopantenone was

effected with trifluoroperacetic acid to afford 3,4-epoxycyclopentanone (211) in 60% isolated

yield after distillation. We found that treatment of the trifluroacetic anhydride with hydrogen

30 peroxide urea addition compound provided a useful alternative to the literature method for

the preparation of trifluoroperacetic acid Noyori's procedure for preparation of

trifluoroperacetic acid specifies the use of 90% H705. Overall, this two-step sequence

provided multigram quantities of epoxide 211 in pure form with no chromatographic
purification necessary.
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WO ;96/ 28710|?reaunent of this mixture with basic alumina induced selective elimination of the azide to

PCT/ US96 Oc?é%%' provide the desired enone (R)-214. However, HPLC analysis of this material ?(?R:R) .
Whelk-O, 97:3 hexane: 2-propanol, 1.0 mL/min) revealed an overall enantioselectivity of

only 80%.

20 Reasoning that the enone side product 214 obtained in the epoxide ring-opening
reaction might be due to non-enantioselective B-elimination from 212 followed by silylation-
of the resulting alcohol with TMSN3, we examined several reaction parameters with the goal
of suppressing this pathway and thus enhancing the enantioselectivity in the ultimate
generation of 214. When the ring-opening reaction was run at -10°C for 22 h and then

25 warmed slowly to 10°C over 3 h, 213 was obtained in ~90% yield, with only ~2%
contamination by enone 214 as judged by TH NMR analysis of the crude product mixture.
Basic alumina-promoted azide elimination followed by distillation under reduced pressure
then provided the desired enone 214 in 94% ee and in four steps from cyclopentadiene. As
such, this asymmetric catalytic method represents an attractive alternative to existing

30 enzyme-based procedures.

Complex (S,S)-212. A 200 mL round bottom flask fitted with a dropping funnel was

charged with 2.18 g (10.5 mmol) of AgClO4 and 30 mL of CH3CN. The dropping funnel

was charged with a solution of 6.75 g (10.0 mmol) of (salen)CrC] complex (S,S)-1 in 20 mL

of CH3CN. This solution was added over 5 min to the AgClO4 solution. A precipitate began

35 forming almost immediately. The heterogeneous brown mixture was stirred 16 h and then
filtered through a pad of Celite with two 25 mL CH3CN washes. The filtrate was
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proceeded to 80% conversi on (based on the avail abl e enanti onmer) when
treated with 0.8@-Epoxycyclhypentanane (QVHM[ eTo]a aodled (POCYistspefisien af HpOp-hirea

unreact ed GRliGON SERPENEI(9.2143S 98.5%mef) in Cho-Cly (100 mL) was added 16.1 mL (23.9 g,
114 mmol) of trifluoroacetic anhydride over 3 min. The mixture was stirred 15 min during
which time it became slightly cloudy and biphasic. A 1 L round bottom flask fitted with a

20 dropping funnel was charged with 3-cyclopentenone (6.22g, 75.8 mmol) in methylene
chloride (160 mL). The solution was cooled to 0°C, and NaHCO3 (20.7 g, 246 mmol) was -
added. The biphasic oxidant solution was transferred to the dropping funnel and was added
over 5 min to the 3-cyclopentenone solution. The resulting heterogeneous mixture was
stirred for 15 min at 0°C and then for 16 h at 23°C. The reaction was quenched by the

25  addition of Na3S903-5 Hy0 (20.7 g, 83.4 mmol) and H>0 (300 mL), followed by vigorous
stirring for 5 min. The layers were separated, and the aqueous layer was extracted with
CH7Clz (150 mL). The combined organic layers were dried (Naj3SOy), filtered and
concentrated. Distillation of the residue (short path, ~250 mTorr, bp 46-50°C) provided 4.43
g (60%) of epoxide 211 as an oil, which was used without further purification.

30 (R)-4-((Trimethylsilyl)oxy)-2-cyclopentenone (214). To a solution of epoxide 211
(1.30 g, 13.3 mmol) in Et90 (2.0 mL) was added catalyst 212 (0.173 g, 0.266 mmol). After 5
min, the solution was cooled to -10°C and TMSN3, (1.86 mL, 1.61 g, 14.0 mmol) was added
by syringe. The solution was stirred at -10°C for 22 h and then allowed to warm to 10°C over
3 h. The reaction mixture was concentrated, and the residue was filtered through a pad (~20

35 mlL) of silica gel with 20:80 EtoAc/hexane (200 mL). The filtrate was concentrated to give
azido silyl ether 3, contaminated with ~2% of 214 as judged by 'H NMR spectroscopy. Data
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l:;/t a%?fag%@ C_‘i:Emao"ﬁfeoﬁl&aiéi Fa COleh®atéd SBIdUnirfitafidn 8P & fiSidue by
cﬁs};illation (short path, ~250 mTorr, bp 54-55°C) provided enone 214 as an oil which was >
98% pure as determined by !H NMR analysis (1.74 g, 77% overall yield from epoxide 211).
10  Analysis of HPLC ((R R)) Whelk-O column, 97:3 hexane:2-propanol, 1.0 mL/min; 205nm)
revealed an enantiomeric excess of 94% (#,(minor) = 10.7 min, £(major) = 11.9 min). IR
(thin film) 2958, 2900, 1723, 1357, 1253, 1109, 1071, 904, 844cm"1; |H NMR(CDCl3) 7.46
(dd, 1H, J= 2.2 and 5.7 Hz), 6.20 (dd, 1H, J = 1.2 and 5.7 Hz), 4.96 (m, 1H), 2.71 (dd, 1HJ
= 6.0 and 18.2 Hz), 2.25 (dd, 1H, J = 2.3 and 18.2 Hz), 0.18 (s, 9H); 13C NMR (CDCl3) &
15 206.3, 163.6, 134.6, 704, 44.8, 0.0.

The absolute configuration of 214 was assigned by desilylation of a small sample of
214 (80% ee) to provide (R)-4-hydroxy-2-cyclopentenone [a]23D +73.7° (¢ 0.700, CHCl3)
lit. [a]22p +81° (¢ 0.1035, CHCl3) (Gill, M. et al., Tet. Lett. 1979: 1539-42)].

20 Example 17

Synthesis of carbocyclic nucleoside analogs

Asymmetric ring-opening reactions provide a synthetic route to carbocyclic
nucleoside analogs, as discussed supra and shown in Figures 7 and 8.

As shown in Figure 7, epoxide 215 can be opened in high yield and excellent optical
25 purity by treatment with trimethylsilylazide in the presence of 2 mol% of Cr-azide catalyst
212. The resulting azido intermediate 216 can be efficiently converted (Figure 8) to further
products (e.g., 217-219) useful in the synthesis of carbocyclic nucleoside analogs such as 220

and 221.

30 Example 17
Synthesis of intermediates for the synthesis of balanol

Asymmetric ring-opening reactions also provide a synthetic route to the protein
kinase C inhibitor balanol, as discussed supra and shown in Figures 9-11.
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Synthesis of a chiral porphyrin ligand

Pyrrole (1.0 equivalents) and salicylaldehyde (1.2 equivalents) are dissolved in

propionic acid (1 liter/20ml pyrrole) and the solution is refluxed for 30 minutes. The reaction

15  mixture is allowed to cool to room temperature and stand for one day. The mixture is filtered
and the product is recrystallized to yield 5,10,15,20-tetrakis(2'-hydroxypheny!) porphyrin.

The above-named porphyrin is dissolved in dimethylformamide, cooled to 0°C, and

treated with sodium hydride (4 equivalents). The mixture is stirred for 30 minutes, and then a

solution of D-threito]l 1,4-ditosylate (Aldrich Chemical Co.) in DMF is added slowly. When

20 the addition is finished, the reaction mixture is stirred for 30 minutes more, then carefully

quenched. The organic phase is washed with brine and the solvent is evaporated. The
residue is purified by HPLC to yield the chiral porphyrin.

All of the above-cited references and publications are hereby incorporated by
25 reference.

Equivalents

Those skilled in the art will recognize, or be able to ascertain using no more than
routine experimentation, many equivalents to the specific embodiments of the invention
described herein. Such equivalents are intended to be encompassed by the following claims.
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3. The process of claim 1, wherein the metal atom is a late transition metal which is not in
its highest state of oxidation.

15 4. The process of claim 2, wherein the metal atom is selected from the group consisting of
Cr, Mn, V, Fe, Mo, W, Ru and Ni.

5. The process of claim 1, wherein the tetradentate ligand is selected from the group
consisting of a chiral ligand represented by the formula 102, a chiral ligand represented
20 - by the formula 108, a chiral ligand. represented by the formula 112, a chiral ligand
. represented by the formula 114, a chiral ligand represented by the formula 116, and a

chiral crown ether.

6. The process of claim 1, wherein the tetradentate ligand has at least one schiff base
25 complexes with the metal atom.

7. The process of claim 1, wherein the chiral catalyst has a molecular weight of less than
10,000 a.m.u.

30 8. The process of claim 1, wherein the substrate is represented by the general formula 118:

in which
Y represents O, S, N(Rsq), C(R52)(Rs4), or has the formula A-B-C; wherein Rsgp
represents a hydrogen, an alkyl, a carbonyl-substituted alkyl. a carbonyl-substituted
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Erample 135 Tmmcegﬁwﬁﬂpﬂwﬁﬁﬁsr%;egg@tsf@ﬁéasﬁzwfsgg%@é@%r

i nvesti gat ed usN(Ryok and Biisa parbenylea thiocarbomy orasdfonykend he schene
bel ow. R3p, R3y, R3g, and Ryj ®éprdsent orgamc or morgamc substituent which form a
5 covalent bond with the C1 or C2 carbon atoms of 118, and which permit formation of a -
stable ring structure including Y.

9. The process of claim 8, wherein the substituents R3g, R3y, R3;, and Rj33 each
independently represent hydrogen, halogens, alkyls, alkenyls, alkynyls, hydroxyl,
10 amino, nitro, thiol, amines, imines, amides, phosphoryls, phosphonates, phosphines,
carbonyls, carboxyls, silyls, ethers, thioethers, sulfonyls, selenoethers, ketones,
aldehydes, esters, or -(CHy)p,-R7;
or any two or more of the substituents R3g, R31, R32, and R33 taken together form a
carbocylic or heterocyclic ring having from 4 to 8 atoms in the ring structure; Ry
15 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.

10. The process of claim 8, wherein R3g, R3;, R3p, and R33 are chosen such that the

substrate has a plane of symmetry.
20 .

11. The process of claim 1, wherein the cyclic substrate is selected from the group
consisting of epoxides, aziridines, episulfides, cyclopropanes, cyclic carbonates, cyclic
thiocarbonates, cyclic sulfates, cyclic anhydrides, cyclic phosphates, cyclic ureas, cyclic
thioureas, lactams, thiolactams, lactones, thiolactones and sultones.

25
12. The process of claim 1, wherein the catalyst is immobilized on an insoluble matrix.

13. The process of claim 1, which process is an enantioselective reaction.
30 14. The process of claim 1, which process is a diastereoselective reaction.

15. The process of claim 14, which diastereoselective reaction is a kinetic resolution
reaction.

35 16. A process of stereoselective chemical synthesis which 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, wherein said cyclic substrate



Under one atnobsphere of carbon dioxide and in the presence Huwmuﬁl“ﬂl“l“l
catalyst (R R-1. '10_racemc.1,2-epoxyhexane—sel ectively U

reaction. At 90% conversion, the unreacted starting epOXI dé was 't odnd
to be enriched in the (R)-enantiorrer (90% ee). The WO

06/ 28402 WO 96/28402 PCT/US96/03493

PCT/ US96/ 03493 | -70- - 62-

pol ycarbonate product is heated to effect ring closure and the resulting

carbonate is aRAlyEeh carbocytl¥ of Ohdtetobyid hatiff! anlekéq:z@%éﬂ& susceptible to

Example 14 5 e5| s _of cat a.s%ést 200

A trident at e Buleophilic aftack by, ik philey and; B’ﬁ KaRlygt ABRASESH Ak gur e
2. To a asymnietrdetridént4td ligandxdidinpldxsd with-aometalatéin, whiclo zgmpleba has)a gléhaB57 g,
5.75 mmol) in éﬁ’ Et OH was added 202 (1.829 g, 5.75 mmol) under a
nitrogen at mo& . The resulting solution -was refluxed under N2 for
12 houPs. The soI ution was then cooled to roomtenperature, and 10 sol vent

was renovqg, umiwredsaémdmgmpaﬁng pmcesI Whichofprisesat € was purified by
recrystallization X | 15 ) 203
In a dry Schl enk ?F"ggg}' ?\ g?ﬁgﬁ Qh tgnﬁ(’at hlﬁlerog%h{’é f'?‘zB%ﬂ %‘g’%%i
nol ) waBomitacerpic\ahiral eatalyst, vhm(re dricyclicosubstrale compases @. cagimey) e@r81
ETTlTD|70 di 5][ |) I Eéiex@&h eﬁlectro i phific aftme ltetofahﬁéﬁ(b S haosp hilé’ aﬁdGSg(yg
: chr. chl ori de ran c 9
W art dl) e S f’?a?‘f?‘%}s&% ‘?H%‘ﬁf#’&ﬁ S R‘F%ﬂméwf
12 hours. Thecamplexedovithwmlatertransitidnh metak whightisinatGitsrhighést statgof pxidaticnbignd et her
and maintaining the combination under conditions appropriate for said chiral catalyst
to catalyze stereoselective opening of said cyclic substrate at said electrophilic atom by
reaction with said nucleophilic reactant.

15
18. The process of claim 17, wherein the metal is a selected from Group 5-12 transition
metals.
19. The process of claim 17, wherein the metal is a Group 6 transition metal.
20. The process of claim 17, wherein the metal atom is selected from the group consisting
of Cr, Mn, V, Fe, Mo, W, Ru and Ni.
21. The process of claim 17, wherein the catalyst comprises a tetradentate ligand.
25

22. The process of claim 21, wherein the catalyst is represented by the general formula:

R1
{ / | N }
in which

the substituents R;, R,, Y}, Y, X). X;, X3 and X4 each, independently, represent
30 hydrogen, halogens, alkyls, alkenyls, alkynyls, hydroxyl, amino, nitro, thiol,
amines, imines, amides, phosphoryls, phosphonates, phosphines, carbonyls,
carboxyls, silyls, ethers, thioethers, sulfonyls, selenoethers, ketones,
aldehydes, esters, or -(CH3)p,-R7.



washed with saturated NH err] O (4x150m) and brine (3 x 15H!mn/mllmulllmlll
organic portion was dried over NalekidSGestl—and t-he i

renoved under reduced pressure. Catal yst-200 ~ (0.890 ng, 95%vyield) was
obtained as a dark browh solid. 20 In a dry Schlenk flask under a
ni trogen at MyO9e8483 200 (0.653g, 1.22 mMmmpl) was di ssoPGUESI6/93493
azidotrinethylsilane (3 m). The reacti o’k xture was stirred under N2 for
12 hours and was then concentrated under reduced pressure to renove

excess azi dotri met hy' gtiahg 'i’@oaf'ﬂ.o{’é'\&% subRGrubii 1akers 10g Em&gro% a'\éﬁrbazﬁée

catal yst 204 coul d be u out furth uri f atlon
Exanmpl e 15 eterocyclenng %@F‘ﬁﬁs ’vm th

cat al yst 200 Wilieﬂmtprbvmythat at:hasalcpe of RQDYT,,oXp and Ky Ae covalently
ring-opening of azirigj,p h@gfk ?tf‘ﬁaew-ﬁﬁﬁg%(b%ﬁylsl n
a

t hi s Exanpl e, a2|r|d|ne§68l él FJ
openi ng Peacti ons. to whi Y"F’P E‘ﬁ ’Em’é%“a& Mt?‘lﬁﬁté?astl"“s&?fﬁb and
(0.0025 Mol ) of cat aI\yzstaB?&ogtnO 5 m of acetone under N err] was

added aziridine 20g ﬁisg % FE@‘ ggﬁ?p . was
stirred at roomte ki’a ure un é err’) étl? gﬂ%@ﬁiﬁé UJ,. CB%’ ¥°1Fa
(6.64 [err]l, 0.05miszeroangy integerin haranse #ts were taken at dlfferent

tine int erval s to m&ﬂeﬁ%@ﬁ%n‘noﬂm&l and WO 96/ 28402
PCT/ U89§ 03493 -63 -

conversion of the ﬁf?dﬁg?wafﬂgnﬂ%%a&?qﬁﬁgh’%rn&ll done in 4 hours. The
enantiomeric  whereinyeaehs of of theisubstitusmtscR .\ Rs ﬁ?%ﬁﬁé, Zon¥Xemad ¥y, amsselgriedt er
t han 95% suchthatthecEihEﬁﬁﬁ‘Hiy%&mIO a solution of 5.42 ng (0.001 mmol)
of catalyst 204 in 0.5 acetone under N2 was added aziridine 205
(26.3 ng, 0.10 mmol ). The hormgenous sol ution 5 was cooled to -20Cerr]
under N[ err B3. ABhewocessiefi diginsi?, whereinltbe Sathlystrcbimprifes BOridentdt? ligmed. added. The
reacti ogsm xture vvas stirred at -20C err] under N2 for 21 hours and was

t hen concent,r at under uced ssure to renpve aceton Th

resi due was 3’hr %ﬁféﬂmolj ??‘ gé‘ﬁ’ & feprgsented by the gen y|
acetate in hexane) to give 24.8 ny (81%Y5/| eI d) of the product with 82% ee.
Enantioneri c excess was determ ned b& CE' pak AS colum on HPLC. 10
Figures 3-5 depict the structurﬁjoo.f. akggysts tested in the

aziridi ne opening
R31 R3

118
in which
Y represents O, S, N(Rsq), C(Rs3)(Rs4), or has the formula A-B-C; wherein Ry
20 represents a hydrogen, an alkyl, a carbonyl-substituted alkyl, a carbonyl-substituted
aryl, or a sulfonate, Rs; and Rg4 each independently represent an electron-withdrawing
group; A and C are independently absent, or represent a C-C; alkyl, O, S, carbonyl, or
N(Rs); and B is a carbonyl, a thiocarbonyl, a phosphoryl, or a sulfonyl; and
R30, R31, R3y, and R3; represent organic or inorganic substituent which form a
25 covalent bond with the C1 or C2 carbon atoms of 118, and which permit formation of a

stable ring structure including Y.

25. The process of claim 24, wherein the substituents R3p, R3j, R3z, and Rj33 each
independently represent hydrogen, halogens, alkyls, alkenyls, alkynyls, hydroxyl.
30 amino, nitro, thiol, amines, imines, amides, phosphoryls, phosphonates, phosphines.
carbonyls, carboxyls, silyls, ethers, thioethers, sulfonyls, selenoethers, ketones,
aldehydes, esters, or (CHy)p,-R7;
or any two or more of the substituents R3g, R3), R3,, and R33 taken together form a
carbocyle or heterocycle having from 4 to 8 atoms in the ring structure;



reaction, and the enantioneric excess of products obtai ned ﬂmmmﬂﬂmnulll)"l"l
aziridine 205 with each catalyst. In general, ee's _we
good, and conversions were h| gh. L R

Exanmpl e 16 15 Synt hesi s of

(R 4- ((Tri mewbykasaby | ) oxy) - 2- cycl opent enone TIETIUS96/03493

t hr ee- conponent coupling net hod of Noyori?2¢see, e.g., Noyori, R
"Asymetric Catalysis in Organic Synt hesis", WIley, New York, 1994,

pp. 298-322) is gn_effective peans in rost aql andi ns, and
rel ated conpound 7 A Pp avEioaliy arﬂcl@% Péﬁfei ocole’ or a pbiycyele; aid
(R) - hydr oxy- 2- @@mm@rlmﬁlemoﬁhm&portant synthetic target.
Asymetric ring- 20 openi ng of epoxi des prOV|des a potentially val uable

synthetic rgutesto this ¢lass gf nt I a Arellzatlo f, this
synt heti c rgﬁte sprﬂ‘éeg%rofﬁgﬂn@g &B“EHHRQ%J%\% I'—ﬂ"gjf’?é chosen ghag

e.g., J.3. Lei gubsratehay aplane ofsypynetoa, J. Og. Chem, (1996) 61: 389 390)
The reqU|S|te epoxi de 211 for the enantiosel ective ring opening reaction

was prepare accor th rr.et od o uk| Qda Y.,

Noyofl , P §i7 Athe pRs "%o‘rtigmlg?@w “‘162%‘"3@2% e“Fﬂu@“m the group '

3-cycl ope nt enormnsxamgsgfreph:adesz aeziridines, tepsulﬁd@):ydq!rqhapmatychc carbonates, cyclic

rearrangenent %o@arﬁoxﬁﬂﬁ M@&zﬁﬂg‘ﬂ (ﬁ@ﬁcmﬁn Bﬁ?& fic [}ﬁ&?ﬁﬁi@sbl:fﬁhg‘&}é}sf Eiid he
t al t 4 tHe e

efficiency of SI S .an I nental procedure.
Epoxi dal9on of ‘9‘°B§F87 ac‘°“es’“§?‘998’t‘°é&“@\ﬁ‘§f‘fmﬁl f 1 uor operacetic
acid to afford 3, 4- epoxycycl opent anone (211) in 60% i sol ated yield
after disti at f i ¢ anhydri de
wi th hydr ogg*n 3 per oxXi WJ?Q@‘"& f‘o?:%%ﬁ?%noé?n%%%% e%ﬁ‘}grmg g’gﬁﬁ%seful
alternative to the literature nethod for t he preparation of

trifl uor ope2sic eTHeprowessoffdiiinnrl7, which protessiica diasteredseativd rigopehing.

trifl uoypperacetic aci d specifies the use of 90% H202. Overall, this

t wo- st ep” seguence provided nultigramquantjties of epoxi de 211 in _pure
form wi t h nd0.chFhsnproerss egsmla;m 29, whigh idiastesqaselective rings apeping produces a kinetiqnD
96/ 28402 resolution.

PCT/ US96/ 03493 - 64-

The asymmetric ring openi ng of xi de 211 was effected using the

(sal en) Cr N331.  Theqspgeseef qiamg) 7 mmechwmmwm@m@mmw

| i gand 26S) - 2) . 10;000R.RX. 212 - catalyzes the ring opening of epoxides by
TMSN err] with virtually the same enantiosel ectivity as the chloride

conpl ex 1; grel i mnary mechanistic studies indicate that 1 is in fact a 5
precat al yst ndAMOd’!QlZcmm ﬁm@cuw mgmemng seagtionwhigh cemprises Exanpl| e
8; and Martinez, combinidp ch&dﬂstraté'aﬁﬂla&ﬁﬁqradinﬁl: J.

9 A 5 A b A A i e ol 1 i s
having an reactive center suscepub e to attack by saxd nucleophlle, and said chiral
catalyst comprises a chiral tetradentate ligand complexed with a late-transition metal
which is not in its highest state of oxidation; and

maintaining the combination under conditions appropriate for said chiral catalyst
to catalyze stereoselective opening of said cyclic substrate at said reactive center by
30 nucleophilic attack by the said nucleophile.

33. The method of claim 32, wherein the chiral catalyst is represented by the general

formula:
b

(/ N
C] /h(( Cz
£ A

Ra) 1 "2 Rao



the chloride addition side product observed using catal yst 1U I HH II}H'III
Qne-pot synthesis of azi de complex—SS}=2l2can be -acc
treatment of conplex 1 with AgllJerr] in 10 CH3CN, followed by fi tratlon

to renmove the Agd, and treatnent of the filtrate with NaNerr];

permtting Bl ation of 212 in. Jr] 90% vyi el d. PCT/US36/03493

Subm ssi on of epoxide 211 to the previ gsl y descri bed ring-opening

condi tions (Martinez, L.E.; Leighton J.L., Carsten, D.H ; Jacobsen,
E.N J: Am GhesichSoc. 1995 117 5897-5898) with azide catalyst

(S, S)-212 produce I d t he 13, V\:hl ch was 15 invariably

cont ani nat ed wi 1h22’%‘%'8 rﬁeﬂ{ﬁ P37 ) oxy) - 2- cycl opent enone (214).

Treatnment of t th;Cnmoiﬁw,eakmt\fnﬂbZﬁlZ; aﬂdlMl amd the dlyancictyctaken with Z| Zgiamdt i on

of the azide to Y %:;ﬁt ﬁd enone (R) 214. However, .
HPLC alysis qf t :ﬁg el 97: 3 hexane: anol
rrLaEPm n re allgldslﬁh ‘B@ek@l a%ﬁqv arg; gRsen); or represept ¢ 8@&!‘”’?

Reasonl ng that thesubstittiorsiwith mi @iganic 84 4norjinid setsbtituent perniinek by evalence

ri ng- openi ng aﬂéﬂ: tive
[err]-elimnation *éa %&@él@éﬁn%ﬁgﬁ&‘ﬁwrgﬁﬁmlkQﬁfc*’&fhe resul ting

al cohol with TVBN errRq @EP@F%& AREaRhsEISn O] SPRIPRERIPRE A MIPTE he
goal y | of : SUpFrmmgsﬁHsuﬁuaﬁme y afd €,t Wids af dRgnk Gidinbip@nic subsmuent

enant jpsel ectivity_jin

ri ng- io(genl ng react%’"&ela% Y TW gzéoxﬁnq%ng Q?'He €var med
slowy to 10[err] C ovetang two opmoreefdhe,Ry.Rx R, Ria Rypand Riyptaken tagatherdomy - 2%

cont am nati on by eggﬁqugl&mﬂtdged by [err] H NMR anal ysis of the crude
product m xture

distillation u%‘é‘r%@ﬁ%@%ﬁé S%‘“R“? ﬁ%ﬁtaﬂ gﬁ? 5%311 gt"lﬁggl Iaghlco:%\%geby

214 in 94% ee and Msﬁmdasatéwtmmbydboﬂgmaab enk. As such, th| S
asympgric catal yti CMGﬂe OFR| Q@erlsﬁk%%%%ﬁhfaﬂe&ihhé!@fk

exi sting 30 enzyne

sed oc H H%i’r 2 2 A 200
nL round bottom fl tf&'&’ g‘ﬁgﬁ?t??ﬂﬂieﬂ'gs"f%ﬁﬂgp" BFdhith
2.18 g (10.5 mml)tetradengﬁCIerr] and 30 nL of CH3CN. The dropp| ng funnel

was charged w ( 0 mol ) of (salen)Crd conpl ex
(S,9-11in 20 M}eﬁeéﬁ@ﬁéﬁ&%ﬁdﬁe&l +ltgét|on was added over 5 mn to the

_.This, s
Agd gerr] sol W‘ﬂaﬁ?‘gﬁﬁﬂ"t% Q&H 85 formng al npbst i mediately.
-The h& er ogemvderesn leachvR;1Rst R'ps RlaRpt and RY; Bbfe iselectet tdqrovide at fleast ened

t hrough a pa CN washes. The filtrate was
Larough a b Qteogbiit blrfer'th s4d tetRdémard tighdd>

PCT/ US96/ 03493 - 65-
concent r a34ed The neethod of etriraf33; Whereih. Solid NaN3 (1.30 g, 20.0 mmol ) was

added, and thep R'b%ﬂm’s%déééﬂﬁnﬁ@%ﬁéeﬁf ﬁgdrgé)ern ﬂéoEenguﬁlkﬁg &Tﬂn?ﬂ tinme

the m xture becérre hetero
25 hydroxyl amino, nitro, thiol, amines, imines, amides, phosphoryls,

phosphonates, phosphines, carbonyls, carboxyls, silyls, ethers, thioethers,
sulfonyls, selenocthers, ketones, aldehydes, esters, or -(CHj)p-R7;

each Ryp and R4y occuring in 100 independently represent hydrogen, halogens,
alkyls, alkenyls, alkynyls, hydroxyl, amino, nitro, thiol, amines, imines,

30 amides, phosphoryls, phosphonates, phosphines, carbonyls, carboxyls, silyls,

ethers, thioethers, sulfonyls, selenoethers, ketones, aldehydes, esters, or -
(CHy)p-Ry;

R represents an aryl, a cycloalkyl, a cycloalkenyl, a heterocycle or a polycycle; and

m is zero or an integer in the range of 1 t0 8.

35
35. The method of claim 33, wherein each Z;, Z,, Z3 and Z, are independently selected
from the group consisting of nitrogen, oxygen, phosphorus, arsenic, and sulfur.



The reaction mxture was diluted with tert-butyl nethyl ether H

washed with H20 (3 x_ 300 nl). _The organi c_phase was .dri e mm"m Im”m””!ll
(Na[err]SQerr]), filtered, and concentrated to 5 give 5. 92%(90/@ ‘of "213
as a brown powder. This rraterial was used for the asymretric ring

openi ng of epowodezs4es descri bed bel ow For t herqgmmussenmonf
characterization, an analytical sanple of =242 was prepared as

follows. In a N[err]-filled drybox, 1.0 g of 212 prepared as descri bed
above was treated with Et[err]O (2.0 mL) and TMSN[err] (1.0 nmL). The
initially honbgeneous m xture was stirred for | h, 10 during which tine a
precipitate de argthedof chaim 33, whereinthe M represents\adate; transition, snetal frgm ene of
resul ti ng brown Wﬂmﬂmmﬁeﬁlm@ fitted funnel and washed w th
Et[err]O (5 x 5 nL) recovered solid material was dried in vacuo
to give conplex 212 as a brown powder: IR (KBng 2953, 2907, 2866,
2084, 1626 1330 Thessthodiefalaim (322 whereinethe metad gtongiselented from the,gaoup consisting
(H. Kol be; Ar/V[Q,Tc}Cﬂ]ﬁrv,]pe W, W RmdNierr] Herr]CrNerr](err]: C 67.69;
H 8.20; N., 10.96; Cr. 15’ Found C, 67.75, H, 8.16; N, 10.95; Cr.

8. 08. - 3,4- Epoxycycl opent anone (211). To a cooled (O[err] Q)
suspensi on of38:|2(121emeelmdofclaiméﬂd&hd:tinﬂuMﬁmeﬁp(ﬁ&r@iitignn@&l.S mml ) in
Chlerr]-dJerr] (100 m.) was added 16.1 nL (23 9 g, 114 mol) of
trifluoroggcetjc drr evvas stirred 15 mn during
which ti |t§90e q%tﬂff ég‘g‘]&?}e‘ﬁ )c A 1 L round bottom flask
fitted wth a 20 dropping funnel was charged with 3-cycl opentenone (6. 22g,

75. 8 I Qmﬂdk

O[err ]mcr:o ;nd ﬂgEH(%?er r 35‘:'9"& %bog‘@gﬁm( %ﬁ nta{m?gaﬁgdyéa&? ﬁgs%%tpt >
oxi dant sol uti on CRBSIStIE gﬁwgwwpme the Jormpla K2, a shirald msen
over 5 m nto theay&hesfddnﬁmm_o_&mmmguﬁd sﬂnedh?&hé&rnaldﬂ_mmmmmd

‘m xture r t
23[err]C he reé‘aﬁéggé{e\%a %fgﬁﬁ%%?gtﬁ%h&@}g?‘%on Ob‘}mé)%nnuﬁllﬁ
Na[err]S[err]dJerr].5 Herr]O (20.7 g, 83.4 mmol) and Herr]O (300 n),

fol | owed by v4)Jorfhesnethod of chalith 32] Wiieréift thebsulbibtiate i5iépréseited by URgenéralformaiied,
and the aqueous | ayer was extracted with CHerr]dJ[err] (150 nL). The
conbi ned organic |layers were dried (Na[erY SJerr]), filtered and
concentrated. Distillation of thegaesr €2o pat h, ~250 niforr, bp

46-50[err] C) provided 4.43 OB0% of \épadX¥33le 211 as an oil, which
‘was used without further purificati 30
(R -4-((Trimethylsilyl )oxy) -2-cycl o&'\t enoneR&ZM) a solution of

‘epoxi de 211 %l}l %o , 13.3 mmol) in Et[err]O( m.) was added
catal yst 212 (0. #¥D¥h 07566 nmol). After 5 mn, the sol ution was
cool ed t 20 10[ er r | ¥ represeqits9D] 87 N{Rsol, IC@E)MR 54),lordliasghe fomBlaAeB-C; nadermitiBsh

by syringe. The E&th@”a ‘ﬁ?&o@éﬂéraﬁeﬂk tael%ﬂ{d%ﬁstft&’t&d%ﬂ(yh £ @arbbiy2 Rubdibierd

to warmto 10[err over e reactio xture was . concentrat ed,
and the resi dl[.le ?’ﬁﬁ%@Eﬁetqﬁﬂﬁﬂﬂ{M%@d"g B‘P@g} tan elecirop-withdrawing |,
20: 80 Et oAc/ hexargroup? @0andiC} are Tindepéndently absentaor represent 2 IG :Gxhalkyl, Qi $,ecarbonyl, or
azido silyl ethenyge,coRf B I Gk&ihylVathiocatboryl, aphbspryl, G aSafchy 188" 1 H NVR

.spectrosc Dat
P 1o 30> R33, R3p, and R33 represent organic or inorganmic substituent which form a
covalent bond with the C1 or C2 carbon atoms of 118, and which permit formation of a
stable ring structure including Y.

42. The method of claim 41, wherein the substituents wherein the substituents R3p, R3,

30 R3,, and Rj3 each independently represent hydrogen, halogens, alkyls, alkenyls,

alkynyls, hydroxyl, amino, nitro, thiol, amines, imines, amides, phosphoryls,

phosphonates, phosphines, carbonyls, carboxyls, silyls, ethers, thioethers, sulfonyls,
selenoethers, ketones, aldehydes, esters, or -(CHp)p-R7;
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for 213: [err]H NWR (CDCL[err]) [err] 4.30 (m 1H), 4.05 (M iH)'2.%74-%2.52 -
(m 2H) 2.25-2.13 (m 2H) , 016(5 O9H); [err]C NWR (CDCL[err]) [err]
211.8, 73-WO9284Q2 45 g, 41.5, I%(thlnflln') : , 1757,
1254, 1134, 1082, 879 cm|err]. 5 The azido silyl ether 213

obt ai ned as described above was dissol ved in CH2CL2 (20 5 nl) and treated

with 10 g of bgsing tabltinitie 6Fuﬁfsassuu%heq835an %35 vaddmgé)mkeﬁhs%eﬂw o #eS

stirred for 30.mn_an f basi c
alumna with % ﬁetérog c‘%@”&"gﬁﬁ’gap &3%’ aﬁ@f *filtrate was
concentrat ed, Bpniepmsents pe anil.ancxsioalkyh ar@sloaikenﬁya heterocyfile; of 2 palyeysle; @dor t
pat h, ~250 mTﬁrgmr&&mnéééﬁﬁgﬂe%&Ra\mggd enone 214 as an oil which was >
98% puge as determ ned by [err] analysis (1.74 g, 77%overall yield
from e{)om de 211). 10 Analysis of HPLC ((R R)) Wel k-O col um, 97:3
hexane: 2- #3.0pEreoinethed ©f elainy 41, vﬂ&&mrﬁgo, R31, rllzy;eaicbligﬁareeﬂnmn sichrthat gcess

of 94% (t, (mdﬁﬁéﬂaﬁégpan%?syxﬂm y 9 mn). IR (thin film
2958, 2900, 1723, 1357, 1253, 110 1071 904 844cnferr]; [err]H
NVR(CDCl [err]) 7.46 (dd, 1H, J = 2.2 and 5.7 Hz), 620(dd, 1H J =

1.2 and 544. IPhe meéth&bof claiml4), whitreir thecsdbstiate i3 selected frofi. the grotip t8nsisting)of 2. 25

(28'%]I 3W16§_62ep§§@9% %1@1 seg'séﬁl?éé Selopréyfahis, © G ( q@ohﬁéé Dejefer] 15
conf i gur at i orfhisFarbanategseyclic sylfasdcyslic arhydrides, eychis pBPSngM:h%} eclie

214 (80% ee) thidufeas)tactens, Mioldetityis]naiones, thighkopesdndsaliéneserr] +73.7 (c
0.700, CHCl [err]) lit. [err] +81 (c 0.1035, CHCl[err]) (GII, M et

al., Tet. Lett. 1979: 1539-42)
Exanpl e 145. The method of claim 27, wi ich pmcesswmggrmﬁ@q;legum nmmgd i C
nucl epsi de anal ogs Asymmetric ring-opening reactions provide

000 M b R s roces SRR e £ 501 2°5

epoxi de 215 can be opened in high yield and excellent optlcal 25 purity

by treat ngnt Thet fethbd BTt dRiinS 46,y Whith (RastetedsBRctVeCH prodabdd #ikideticazi de
cat al yst fj’? l2 The resul ti ng azido internedia e 21 can be efficiently

converted (F|'§ to further products (e.g., 217-219) useful in
t he s¥ht hesi s of carbocyclic nucl eosi de anal ogs such as 220 ~and 221.

30 oh 48 : A methrod fgr ca%alyzm ga sterﬁoselectrllve ring o fﬂcﬁoﬂ@htch comprises
Aoyt i ng- SYBRIDING T BirisePhe B pPReDirml o i eyell AiRomte and g pos-meemic
protein chirah cataly<t, mhhlrebl sa;d dyellica subistrate scodhipsisess 8 adrbocynie on hetesdeyele i n
Figures 9-11.paving an reactive center susceptible to attack by said nucleophile, and said chiral
25 catalyst comprises a chiral tridentate ligand complexed with a late-transition metal
which is not in its highest state of oxidation; and
maintaining the combination under conditions appropriate for said chiral catalyst
to catalyze stereoselective opening of said cyclic substrate at said reactive center by
nucleophilic attack by the said nucleophile.
30
49. The method of claim 48, wherein the chiral tridentate ligand of the chiral catalyst is
represented by the general formula:

E E
| Izz 2
Rl R
Z M—-2Z; 80
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Figure 9 depicts a general 'retrosy'nt hetic scheme for the synt Hesi’s 6f thé’

central het erocyclic ring of balanol. Figure 10 shows the synthetic
steps requi r¥@9/2Bht ain optically gﬁri ched products fRETHESPEAMIIMELri C
synt hesi s of balanol. Thus, asymetric ri‘H§ openi-ng (ARO of epoxide

222 with catalyst 1 and trinethylsilylazide, and subsequent desilylation 5

- provides azi dogheph@ 223 in high yield and optical purity. Routine

mani pul ations then rovi de the azidgenone 224 (TIPS =

triisopropylsil ;fb’zﬁtﬁngﬁgeﬁ%rgpef?gﬂw %on to 225 (Figure 11)

subsequent | y unctbe Ep awidtp dikeniwithr 2 Zp and Myend thed anoeipty,takierPwith Zp, Zycmd M,

yiel d (some unrgagifadpaidantly, PimPleddb&clel SM i s recovered). Transformation
€

by
to 227 pyoceeds | ood yi.el d, Eurther nmanipulations will yield
bal anol p 10 Rgg and ﬁsggeac IXdependemly are absent, rlly rogen, ha?o@sdrpyfy » ikenyls,

Synthesi s of a alltynyls] hydraxiglr aminoj guitrd, thiol amines, imin€yr armides,( phéphonates,
equi val ents) a | ﬁf’m LV t Noll egdyl

p?opi oni ¢ azzi dr}’?f |[{e§)r/lf %B b;‘,%f%’ﬂ% ’ Sﬁ%’g’t %‘égrg’oﬁ?%egs’ %@%‘g’u%é@gf%ﬁs’so
m nutes. The r &&ionespldehydes; estérs.con {ChblnoReqon #rycts o moreefithechgpctns: Reie
and stand for cabstitiiyits tdkes togettier foem Sbridgidgvibdituent; and the product is
recrystgllized t ' 1 t | ' X enyl anLphyrin.
The )altbo@ie- nanmed %ﬁ%kﬁ%‘%ﬂ]@ﬂd?g&%&%&ﬂ4%%?%%%‘1%%% P}g’}}%?%!g %/o 0C,
and t r eat e\ 2em0 arAn integenin thegangeorfddaByal ents). The nmixture is

stirred for 30 ﬂwgﬁé‘eﬂts&ﬁﬁnﬁihﬁﬁ'nﬁml;and solution of D-threitol
1,4-ditosylate ( ] cal. Co.) i i s added slowy. Wen 20 the
addition is fini _ésg%g$@§?8€8#§ﬁ$°%% stirred for 30 m nutes nore,
t hen car ef ul | y wherein thedridemtate ligand ipasymmetrihase i s washed with brine and
the solyent is evaporated. The residue is purified by HPLC to yield

t he chiral &

phyr.i.n. . . AlL t he. apove-cited references and
publ i cati ons 'a/@ﬁl"u_eél?"«gb{?risﬁﬂtgfsd%_lpgtegﬂmr?&m?gﬁfy r Mﬁﬁﬁ ! Compounds, comprising
Equi val ents  reacting a nuclegphilcewitlk i a ral or ichiral icycliv $ubstrate iy thezmesence dfea
- able tf) afce{t%%:ﬁalusda&ﬂlys]gp ﬁa;rb Qmaaaneotndiﬁo?é ?Whic_ﬂe sﬁiﬂo%wnéﬁilgﬁn’caﬂ%s
equi valents to . specl fic _enbodi ngnts..o e l.nvention., escrl
herein. Such eﬁﬂ?@?ﬁéﬁ'ﬁ"%’e é’PﬁmPﬁt"gﬁg@a"yﬂﬂc Blébsgﬁgmiegaﬁm]‘ aftack ‘szﬁ‘Fcf\Xf
cl ai ns.20 - substrate by the nucleophile to produce a product which is enantiomerically enriched

relative to a racemic mixture produced in the absence of said chiral catalyst, wherein-

the chiral cyclic substrate is represented by the general formula:

Y
Cl C2
Rso""'"/é—X(""Rﬁ
Rs3i R
in which
25 Y represents O, S, N(Rsg), C(Rs2)(Rsg), or has the formula A-B-C; wherein Rgq

represents a hydrogen, an alkyl, a carbonyl-substituted alkyl, a carbonyl-substituted
aryl, or a sulfonate, Rs> and Rs, each independently represent an electron-withdrawing
group; A and C are independently absent, or represent a C;-Cj5 alkyl, O, S, carbonyl, or
N(Rsp); and B is a carbonyl, a thiocarbonyl, a phosphoryl, or a sulfonyl; and

30 R30, R3;. R3p. and Rj; represent organic or indrganic substituent which form a
covalent bond with the C1 or C2 carbon atoms of 118, and which permit formation of a
stable ring structure including Y; and

the chiral catalyst is represented by the general formula:



\IggT?g{%gg?ggd% 1. _A process_n.f_s:.;f.zn;.e.l_ec.t_i ve c.henlem ‘ulurullumls" |!I| -

whi ch conprises reacting a nucl eophile and a chiral of er olhi ral
cyclic substrate in the presence of a non-racem c chiral catalyst
t o produce wp9w2ssazoi sonerically enriched product, wherei n BCI/USISHRIOI C
substrate conpri ses a carbocy®e or heterocycle having a reactive
center susceptible to 5 nucl eophilic attack by said nucl eophile, and
said chiral catalyst conprises an R as‘)/m*ret ric tetradentate |igand
conplexed with a netal atom whi¥ cqr‘r'pl exlﬁ%as 2 rect angul ar
pl anar or rectangular pyrimdal g 2. The process of claiml,
wherein the netal atomis at tion 3G oups 3-12 10 or
fromthe | anthani de series. ss of claim1l, wherein the
metal atomis a late transition | S\yNOt i N its
hi ghest state of oxidation. 15 . The proce)s% of claim2, wherein the
netal atomis seljecttbd sbbstirents &R 9 Ry 1Y ¢ Ofys X5t 30 X3fand X4 each, indepéndehdly, V,
Fe, Mo, W Ru and Ni 0 [ it

resens bydrigen, baobl? %@i@sﬂp ke8! syl BRI ooy

tetradentate |igand i ] d 1o ) (

chiral |igand reprediti.dhiohamines, imines, pmides. phosphoryls,nhosphgnates, phespbivesit ed
582 aschib?/a][ hIei ];12:1 IR, xyr]b’i :sieiing i by t he fépt#uﬂfi)g?lf,lzﬁﬁg chi r’!a?

| i génd represent ed g‘f@ﬁ%%"’fﬂﬁ’f%?"@ﬁﬁ%fﬁ"’ chiral crown ether.
6. The process of cl ai neriany e oemore ofthe substitients saken kiggther fomms catbocylast
one schiff base 25 or heterdeélPhifig Bivig frbm 418 8HImS indhOfhg structure, 7-  The

process of ol alm L Wt g LGl bl o g ok B B i o sl
wher eilf t he subst r athendel toapleastame of Roy Y4, 36 andiy ol providerthie-indiBocarbonyls
[err] to which they are attached as a tetradentate ligand, and at least one of Yy and
Y, is a hydrogen;
R- represents an aryl, a cycloalkyl, a cycloalkenyl, a heterocycle , or a polycycle;
m is zero or an integer in the range of 1 to 8;
15 M represents the late transition metal; and
A represents a counterion or a nucleophile,
wherein each of of the substituents Ry, Ry, Y}, Y5, X;, X3, X3 and X, are selected
such that the catalyst is asymmetric.

20 51. The method of claim 50, wherein the M represents a late transition metal selected from
one of the Group 5-12 transition metals, which metal is not in its highest oxidation

state.

52. The method of claim 51, wherein the metal atom is selected from the group consisting
25 of Cr, Mn, V, Fe, Mo, W, Ru and Ni.

53. The method of claim 50, wherein the M is Group 6 transition metal.

54. The method of claim 53, wherein the M is Cr{III).

30 55. The method of claim 50, wherein which are represented by the general formula 104:



ihgsm?ihghf ornmul a A-B- CY \rlﬁgﬁg;sc:nkzoo > NR eﬂbri(ﬁ]?;i]az (wm “u“llll " IIII

al kyl, a carbonyl - substituted al kyI a carbonyl -substituted
VO 96/ 28402

PCT/ US96/ 034@i@ 96128402 | | PCT/USS6@9493
aryl, or a sulfonate, Rerr] and R err] -&8eh i ndependently represent an
el ectron-w t hdrawi ng group; A and C are independently absent, or

represent a (Jerr]-Clerr] alkyl, O S ny;{12 or N(Rerr]);
and B is a carbonyl, a thiocarbonyl, oryl, or a sulfonyl; and
R30, R31, R32, and R33 represent _orga i cBor iJnorgani c substituent which
forma 5 coval ent bond ' l/0f Clerr] carbon atons of
118, and which permt formation of /a stable ring structure
i ncl udi ng Y. 9. The progesy ' erein the substituents
"Rerr], Rerr], Rerr], and R ¢ Do
hydr ogen, hal ogens, al kyl s, S ¢f oxyl, 10 am no,
nitro, thiol, amnes, imnes, am des RiphosphBuyl s, phosphonat es,
phosphi nes, . . carbonyl s, carboxyls, S|Iyls et hers, thioethers
sul fonyls, sel dA8®ers, ket ones, al dehydes, esters,

“(CH err])[err]- ﬁpBrlm}qxetympmsenwadmmnean\ﬁsbwefe&nW -BusBarBurgnts

Rlerr], Rerr],wi@h&hR Biitly! 26 885AY or fréiréSet an alkyl, an alkenyl, or

carbocyllc or het roc n n fr m4 t.0 i.he
structur®; R erd™ i’ lﬁ @ﬁﬁﬁgﬁ ?gﬁﬁe mﬁe’caf}é#oarﬁ'{{]mdg a plloBfhory),
cycl oal kenyl , aad:ubomybwsxlyh anmxygepoﬂgldﬁmla@ufmb amlblyum,acarbonyl oranewer; or an

integer in the r@d& &gg& Exﬁd ependently réerseﬂhﬁid%@l@&é&frﬁﬁm £grolp eénsistiigofi N

R30, R31, R32, an n has a
pl ane of sym"ret?y? Is, cye %@E’gqﬁl ¢ fings, yhich nW@Pg'ipﬂglPﬁgrgcygl iC
substrate is sedo&amdsfmmmgMctyrepup consisting of epoxides,
aziridings, episyf hiC nq{aﬁ,'genscygﬁ 1§ alkenyl
t hi ocar Bgnat es, ?I 1}!ﬁe%guﬁ‘%at es, cyc | c ydtrPdes cI I'C i&osyp% yls’
cyclic ureas, c&‘ droxyl, aming, giff, 5 thiol) apings,’ 'P Q'E"F f’?@?‘g
t hi ol act ones anphospﬂdllalee,SphoSﬁunes, carbdums,Téaebqwlsc e&ﬂs,ms,amﬂwélf@l}'#st he
catal yst is | Mpilaobe&d, idboridt) alddhiles, UCHo)y Ry, 13. The process of
claim1l1, which processﬁs an enan oseetlve c i 0
Rj2, R}3, and Ry, each independently-are absent or represent one or more covalent
15 substitutions of B;, B, and B3 with halogens, alkyls, alkenyls, alkynyls, hydroxyl, -

amino, nitro, thiol, amines, imines, amides, phosphoryls, phosphonates, phosphines,
carbonyls, carboxyls, silyls, ethers, thioethers, sulfonyls, selenoethers, ketones,
aldehydes, esters, or -(CHp),-R7, wherein R, can occur on one or more positions of -
RisRigRi7
20 or any two or more of the Rj5, R;3, Rys, Y) and Y, taken together form a bridging
substituent;
R represents an aryl, a cycloalkyl, a cycloalkenyl, a heterocycle , or a polycycle;
m is zero or an integer in the range of 1 to 8;
M represents a transition metal; and
25 A represents a counterion or a nucleophile,
wherein Ry, Ry3, Ry4. Y} and Y are selected such that the catalyst is asymmetric.

56. The method of claim 50, wherein the substituents Rs3q, R3j, R3z. and Rz each
independently represent hydrogen. halogens, alkyls, alkenyls, alkynyls, hydroxyl,
30 amino, nitro, thiol, amines, imines, amides, phosphoryls, phosphonates, phosphines,



30 14. The process of claim1, which process is a di asteiﬂ!ﬁﬂlﬂﬂﬂ“‘%ﬂl“l“l _
reaction. 15. The process of claleld, whi ch di-ast el P

reaction is a kinetic resolution . reaction. 35 16. A process
of stereoselective chem cal synthesis which conprises reacti nlg a

nucl eophi | W0 96/28402 and a chiral or _gs{ochi ral cyclic suBSTPSIS®39 (e
presence of a non-racemc chiral catal y§t~ : to produce a

stereoi sonmerically enriched product, wherein said cyclic substrate

WO 96/ 28402 bonyls, carboxyls, silyls, ethers, thioethers, sulfonyls, selenoethers, ketones.
PCT/ US96/ 03495 " . ~70-
conprises a cadehydss eues o {GBInRE| o havi n?&ja reactive center susceptible
to

oahyetyahor moreanfithesubstituents Bsg Rah eRyga and Raztakiens wgether-form 2
cat al yst Conpé,%:ggn%?le\?ﬂihgﬁmcgcle havin%‘?rlﬁﬂi%ﬂ oS int8EHa Gricn@énd conpl exed

i th tal | | -
17, A" 8 or cos elRaGERPETIHETIL SHIGRIY R BEoalkamyh 2 ReyEisd & poiycyei; ahd

conbi ni ng a nygiseaplor h integenin thatangeopt wdi ral or chiral cyclic substrate,

and a non-racem c chiral catalyst, wherein said cyclic substrate
conpri ses a carbocycle or | ; heterocycle ving ap el ectrqgphilJic
at om susceft i Fhe methask efelpiny $0cwherein Rios Ksni Raz: 5333131 chosen ssH?an@ﬁ ey

cat al yst conpgitsgatehashplai¢ of sygimetryhavi ng at | east one schiff base nitrogen
complexed with a late-transition netal which is not in its highest state of

oxi dation; and . mai nt ai ni ng_the conbj nati on under
condi t i onsS8apThepmithed: of glaimafQ wherein| the £yelic substrate is selected; fsom fhe, | roup

E t er eosel ect i %gg??ﬁgﬂ%égﬁﬁﬁﬁ, Eggﬂﬁibél‘s; gﬁr]@@msgicﬂclgﬂ @ﬂioimphicb't':l?_c:h gt om
p)r/oc ess of cl Qﬁﬁ‘f"i”f’,"%é’?’ ‘élf‘hs“?#ﬁgs’r% fgl]éﬁ "ﬁ'g d'aé?e‘fygﬁf é%’%?%gnsf eyehs 'ﬁ're‘aaé %Zd

transition  thioureas, lactamsathiplactams, lactones, thiplactpnes@nd sultones:| ai m 17, wherein

the nmefsal is a Goup 6 transition netal. 20 20. The process of claim
17, wherein the netal, atomi s selected fromthe oup consi st ng

of Or, M3, The method ofplasey ST, higf process s an eppntioplechye SBAPRPE ([ i m 17,
wherein the catal yst conprises a tetradentate ligand. 25 22. The

process of g| FTh@lodYtEiafh B0l Whick BlodbeéH a HisiEr8BicRAV Ak Speninge gener al

formul a:

20 61. The method of claim 60, which diastereoselective ring opening produces a kinetic
resolution.

62. A method of stereoselectively opening a ring of a cyclic compound of the general

formula:
Y
Ci C2
Rso""%l‘""Rza
25 Rsi Rz 58
in which

Y represents O, S, N(Rsg), C(Rs52)Rsg), or has the formuia A-B-C; wherein
Rsq represents a hydrogen, an alkyl, a carbonyl-substituted alkyl. a carbonyl-
substituted aryl, or a sulfonate, R5> and Rs4 each independently represent an
30 electron-withdrawing group; A and C are independently absent, or represent a Cy-
Cs alkyl. O, S, carbonyl, or N(Rsp); and B is a carbonyl, a thiocarbonyl, a
phosphoryl, or a sulfonyl; and



[err] I n which the subst4“!ﬁuﬂ
Rlerr], Ylerr], Y[err]. Xerr], Xerr], Xercl—and X[ err]"% 'L *
i ndependent |y, represent 30 hydr ogen, hal ogens, al kyls,
al kenyl s, al kynyls, hydroxyl, amno, nitro, thiol,

ani nes, i nMEAs(2849 des, phosphoryl s, phgﬁphonates, phosphPRESSMAHBT Ny | s,
carboxyls, silyls, ethers, thioethers rfonyls, selenoethers, ketones,

al dehydes, esters, or -(CH[err])[err] R[err] WO 96/ 28402
PCT/ USQ?/ 03493 1%301 %%] and R3 tlc or Tﬁrgamc substituent whicl form
or any two or nore o n% en .t oget her

or heterocycle ri ﬁg°°H§9¥ &g n@—sﬂ%&qﬁ& (p‘é(rln‘?t

with the proviso fdtﬂhuatoﬁMemmnﬁmhﬂmgW,err] X[err] and X[err] is

covalently t danfotmd in'ley 1],
X[err] and X evF'r]:h rownclﬁa ﬁ1 er&@- |drcnﬁ° ﬂém saﬂ‘@%

to whi ch they l?!?-‘én‘ift‘t ma%mH“FE:P ofR g '@I“?‘é’jﬁg‘ﬂm}ﬁfo" alyst-east one of
Y[err] and Y[ err] dr ogen

Rlerr] r epﬁbséﬁlesmath%r"flclaﬂa By ovhseaink dhe msmﬁwx H'%s‘ is,reprnsented by the

a polycycl e; general formula: mis zero or an integer in the range of 1 to
8; Mrepresents the late transition netal; and 10

A represents a counterion or a nucRgophil R, wherei n each of of

t he substituents Rerr], Rerr], Mﬁy—w Ryr). Xerr], Xerr], Xerr] and
X err], are selected Yr sudh that] thgf2catal yst is asymetric.
23. The process of claim1l < he orrp1 es a tridentate

i gand. 15 24. The pro 0SS f clb(lm 17, rein substrate is

represented by the gener f g
[err] % X7
X3 1 X5 Xe
in which
10 each of the substituents Ry, Ry, R3, Ry, Rs, Y1, Y2, X, X3, X3, Xy, X5, X6, X7, and

Xg, independently, represent hydrogen, halogens, alkyls, alkenyls, alkynyls,
hydroxyl, amino, nitro, thiol, amines, imines, amides, phosphoryls, phosphonates,
phosphines, carbonyls, carboxyls, silyls, ethers, thioethers, sulfonyls, selenoethers,
ketones, aldehydes, esters, or -(CH);n-R7;
15 or any two or more of the substituents mkm together form a carbocycle or
heterocycle having from 4 to 10 atoms in the ring structure;
R represents an aryl, a cycloalkyl, a cycloalkenyl, a heterocycle or a polycycle;
m is zero or an integer in the range of 1 t0 8;
M represents a transition metal; and
20 A represents a counterion or 2 nucleophile;
wherein
if Rs is absent, at least one of R; and R; is taken together with at least one of R; and
Ry to form a bridging substituent, and each of of the substituents of 106 are selected such that
the salenate is asymmetric.
25
64. The method of claim 62, wherein the substituents wherein the substituents R3g, R,
Rj;, and Rj3 each independently represent hydrogen, halogens, alkyls, alkenyls,
alkynyls, hydroxyl, amino, nitro, thiol, amines, imines, amides, phosphoryls,
phosphonates, phosphines, carbonyls, carboxyls, silyls, ethers, thioethers, sulfonyls,
30 selenoethers, ketones, aldehydes, esters, or -(CHz),-R7;



I n which Y repre_senté O S, N(Rerr]), C(R[errl“!lwﬂuﬂlummjulm _

has the formila A-B-C wherein R5020 represents a-h

al kyl, a carbonyl -substituted al kyl, a carbonyl -substituted

aryl, or a sulfonate, Rerr] and R[err] each independently represent an
el ect r on- WiWMPK/28682n g group; A and C are i ndepePp9A34sent ,
or represent a (Jerr]-Cerr] alkyl, ‘§1'carbonyl or

N(R[err]); and B is a carbonyl, a th| ocar bonyl, a phosphoryl, or a

sul fonyl; and or any two or moR{ Efﬁﬂ:»suﬂ.lﬁfeﬁt]sk §R£]2k32,%d givkg{lg% gﬁﬁﬁﬂsﬁ h

organi c or |no ani.c s nt
the CL or Exle gt Véla*fgf“g m ﬁmﬁ‘éﬂWW‘gﬁﬁa n of a
stable ri ng st rRictepresenitsian anyl, raccyloalkyl, a cyclpalkenfhcn heterocyete orfa polpéyele2 and

wherein the sybg tie}d’&%%t%ﬁ J“’}?B%? s8d R33 each
i ndependent |y represent hydrogen, alogens al kyl s, al kenyls, al kynyl s,

hydr oxyt, 30 amno, nitro, thiol, am nes, imnes, am des,

phosphor yl 6. ﬂﬂnspéthorhbﬁslaimmswﬁemﬁngo, R3;. R3p, andCR{30are\chesencsuch ahat |the
silyls, ether !élfﬂ%l s, selenoethers, ketones,

al dehydes es?erggahgﬁg-g?@ﬁfﬁ}w e or any two or nore of the
substituents R30, R3 1, R32, and R33 taken together forma

car bocyl e 68. i‘l%eiidﬂm&dt&ldimvﬁmgrh%feﬁmhé stilsstréted$ eélctéd fririehe grogp Sérsisting bf;
\IQQTIQS/ /48:2% 49§poxndes, aziridines, episulfides, cyclopropanes, cyclic carbonates, é:ychc
Rlerr] represdhipearbonatesyaycliesulfatasryclig anhydridssceyslic phosphatess cylicawessyqyelic or a
pol ycycl e; andhioureas, lactams, thidl&ctaif, facfines) ThibREBA® anH Bulidnes." ange of 1 to 8.
26. The process of cl a| m 24, wher €i n R[err] Rlerr], Rerr], and R err] are
chosen such that the substrate has a plane of symetry.

27. The pr@'begaleometmdmﬁnlalw& \Wherein thet Maeprgssinisca latshsansitios metalfedm oredf f r om
the grpup the Group 5CI2NtfdnSitioR thetdls.€poxi des, aziridines, episul fides,

cycl opropanes, cycI|c carbonates, cyclic thiocarbonates, cyclic
sul fates, cyclic anhydrides, cycllc phosphates, cyclic ureas, cyclic 10

t hi our eas, 68. adﬁ:amﬂlczdﬂfcnla'm%whemmemﬂ atdm ¢d selectedcfeonatie gromp consisting

28. The proce%?cngﬁlwp‘p Mo, WhtdhdNiocess i s an enanti osel ective ring

openi ng. The process of claim17, which process is a

di astereosel ecti ve ri ng opening. 15 30 The process of claim 29,

whi ch 201 as%r dhe atethadi of elaim 63, whereinnhe Mris Gomepss tranisition metal.

70. The method of claim 69, wherein the M is Cr(III).

71. The method of claim 62, which process is an enantioselective ring opening.

25
72. The method of claim 62, which process is a diastereoselective ring opening.
73. The mtehod of claim 72, which diastereoselective ring opening produces a kinetic
resolution.
30

74. A method of resolving enatiomers from a racemic mixture of a chiral cyclic compound
having the general form

Y

Rso- =R

Rs3) R 5

in which



has & mol ocul ar vei ght of 1 65s Lhan 20 a'_”‘_LB“SBS'E_L“‘SHﬂﬂl [ Ilﬁﬂﬂllill il

nmet hod for catalyzing a stereosel ective ring opening reaction which
conpri ses combi ning a nucl eophile, a prochiral or chiral
cyclic subsgsgigewzand a non-racemc chiral cat RCYRSIOAM3r ei n

said cyclic substrate conprises a carbe8Jele or heterocycle 25
havi ng an reactive center susceptible to attack by said nucleophile and

said chiral | t

conpl exed with a | at®ef ﬁ%ﬁghﬁﬁ@&lﬁﬁ%ﬂﬁsﬂ Jrq{as\r\gﬁ fﬁﬁﬁgyhg%% wfoégﬂ
hi ghest state of By deprésents aghysrogen, an alkyl, a carbonyjyn l’r?ecar nyl-
conbi nati on under gaeprliedi @95 cRRPEMMORAE] Rsf mds@hmm@bemmw yeptesent an

L oact e ot e St g Yl 8ol € e epbtcal b ﬁ,us%?*eog.re

33. Thes net hod onglaa\kthszd:roeylnorH‘é(Reuﬁ;md Bds & %bonyb g thi Y@ by
the general phospho pbﬁt‘k\ﬁfon ;and .

err

I[DCT/ ]U896 /03493 R3p, 31, 32, 33 Tepresent organic or inorganic. substituent which fomﬁ 3.
in which a covalent Findr with th¢ &1r pr C2[ earbdn atoms Ajfell8} apdvhichepermient a
Lewi s base; i ShiclurdBicRidihg ¥;2ken with Z[err], Z[err]
and M and the szonnauonofam%(en W.th 722, Z4 g

each, ihdependbnmethod FB‘F‘HE'%“E\QI"&?"BE%E thxtumoo%e compound a“q:x’[tse?"ra]mmﬁ'&'?’]a

R [err] and R fuelebphileaable to ralepwithdht ring strmetusebinethe poesenceofes chiral xatalystl ent
substitution v43 F‘ﬁ [gani c or inorganic substituent permtted by valence
requi renents o ee

ec’[ron donorgatom g9 which it is attached,
R40 and R41 each independently g\seng re ent one or nore
coval ent substitutions of C[er an ]~W\t h an organic or inorganic
substituent 10 ‘pe}rﬁ\ed al ence requirenents of the
ring atomto which it is attac or any two or
nore of the Rlerr], Rerr], R rrﬁ é[ o] RResr] and R err] taken
together form a bridging substituent;
with the provilaowhi¢hat Clerr] is substituted at at |east one site by Rerr],
:Q[err] 197 R[errLzl,g?cz3qnarzr]e resentaLemsbase, substituted at at
east one site err errl ,or
at | east one of Hml% %r %’(!I’ err p‘ ke"’nmf’eg@rﬂl]“"trl %‘mtht% Zf a'Peast
one of R[err], R [eM.each, mdependently,forma eterocyelf RA0 to forma bridging

substituent so &g, tR,,PRQVast R @aH, . mié;ﬁﬁddnﬂyl[aﬁ absei &r Zpresdnt as cavalent
substitution with an organic or inorganic substituent permitted by valence
20 requirements of the electron donor atom to which it is attached,

Ryo and Ry each independently are absent, or represent one or more
covalent substitutions of C; and C, with an organic or inorganic substituent
permitted by valence requirements of the ring atom to which it is attached,

or any two or more of the R;, Ry, R'j, R'3 Ryg and Ry, taken together form

25 a bridging substituent;
with the proviso that C,is substituted at at least one site by R}, R’y or Ry4), and C5 is
substituted at at least one site by Ry, R'> or Ry, and
at least one of R, R'; and Ry, is taken together with at least one of Ry, R’
and Ry to form a bridging substituent so as to provide Z;, Z5, Z3 and Z, as a
30 tetradentate;
M represents the late transition metal; and
A represents a counterion or a nucleophile,
wherein each R;, Ry, R}, R'3 Ryg and Ry, are selected to provide at least one
stereogenic center in said tetradentate ligand,



tetradent ate; Mrepresents the late tran5|t|cii!lml!““““mr“lll“"“
A represents a counterion.or a-nucleophitgm—ao —
Rlerr], Rlerr], Rf[err], R[err] Rerr] and Rerr] are sel ected to provide

at | east one stereogenic center in said tetradentate |igand.
34. The meWOPE2802c| ai m 33, wherein R[ er r PCTRISEASI9 R [err]
and R [err], independently, represent 'h§;'b'r ogen, hal ogens, alkyls, alkenyls,
25 al kynyl's, hydroxyl, amno, nitro, thiol, am nes,

i mnes, am de&de?@éms)ﬂdﬁrm the ring of one enantiomer is ﬁ!&ﬁm?%&&% 1emcgsmhl nes,

car bonyl s, car‘g xyl s 5| I K‘ ;l gliyherﬁE al oet hers,

sulfonyls, des, esters, or
-(CHerr])[err]-Rerr]; each Rlerr] and R err] occuring in

100 i ndepqueméﬁeﬁlgm,pagm741 Eﬂ,g@n hal ogens,

ggkyl ss al kenyl ﬁ ]gl Iié ¥ Er % roxmam no, gwtroaqtég&o%ls%g%ﬁzg@iwq;nes,

car bonyl s, car boxylatkyngls) lyydroxyl amino, nitro, thiol, amines, iafilfes] mudek;ipiesﬁlmnds,

sul fonyls, sel _enoe §p§on4§€'st %‘3§plm?és ﬁfl eﬁé f“g' thioethers,
I D i v et S )

rCnI ;Isnggo %e?r;aﬁm Rgednd Ryt bét:uhﬁg@ﬁ 100 indépe 3 rresent h’}?rogﬁnehmgﬂﬁt F;
sel ectled %%&' ﬁé@ fsb hﬁé[og(& nﬁﬁgg %"oﬁ’ gﬁ“ﬁg’ E’ﬁﬂ' 5

phosphorus, arseni @mléﬂﬁdeQ}Pthls, osphonates, phosphm mm@zcarboxyls, silyls,
PCT/ US96/ 03493 ethers, thioethers, sulfonyls, selenoethers, ketones, aldehydes, esteré4or -
36. The nethod of (ibﬁlﬂ:l 3 wherein the Mrepresents a |late transition
metal from one of 2 the G oup 5-12 transition netals. 5 37.
The met hod of cRafepresents mba cycloaikyioa chclaalksnyli 8 heterocyoleor & podyayclerangr oup

consi g§i ng m is zero oP4n fhieger¥i the\fandetof 1B 8, W Ru and Ni . 38. The
met hod of cl ai m 33, wherelnthe Mis Goup 6 transition netal. 10 39. The
met hod of claim 38, wherein the Mis O (111). 40. The nethod of

cl ai m 32, 76helhe method of elaim Jdn wherei ¢aghnd.i &, Zgland Zgcaré independentlyr seigoted
from the group consisting of nitrogen, oxygen, phosphorus, arsenic, and sulfur.

20 77. A method of providing a chiral carbonate, comprising reacting a prochiral epoxide with
carbon dioxide in the presence of a chiral catalyst and an-auxiliary catalyst such that a
chiral carbonate is formed, wherein the catalyst chiral catalyst comprises an asymmetric
tetradentate ligand complexed with a metal atom, which complex has a rectangular
planar or rectangular pyrimidal geometry.

25

77. A method of providing a chiral carbonate, comprising reacting a prochiral epoxide with
carbon dioxide in the presence of a chiral catalyst and an auxiliary catalyst such that a
chiral carbonate is formed, wherein the catalyst chiral catalyst comprises an asymmetric
tridentate ligand complexed with a metal atom, which complex has a planar geometry.

30 '

78. A method of stereospecifically expanding a ring of a cyclic compound having the form:

in which



consisting of a chiral ligand represented by the fornul a l?ﬂluﬁlumﬂ“ﬂ“"””“l
| i gand represented by_the fornmul a- 108, a chiral i} L W
represented by the fornula 112, a chiral ligand 15 . represented by the
formula 114, and a chiral ligand represented by the formula 116. 41.
The net hod‘!ﬂmzm 32, wherein the substrate is representREI/USHsAIL gener al
formul a: -84- [err] :

in which 20 Y represents O, S, N(Rerr]), C(Rerr])(Rerr]), or

h the f la A-B
Byl a carbonyl ouos |tutt€g;%:§ﬂt;0i C‘“a’ﬁg‘o’ﬁ% bl RS A E/ e 2"
aryl, or a sulfongi(b ifnted, alkyly aceasbanybn

el ectron-wi t hdr akubgptuted aryl or a sgnlﬁ)mne Kszaatﬂ Rsqleach indepenaetitlyt i-e)h-ea&iﬁ%t or
represent a (Jerr [ r]

and B is a car bon‘]d'f“&\'ro&?”Dl gcar 8mQF ﬁgspﬁﬁ aénﬂy agsenﬁl sg“a[a%%
Rlerr]> Rerr], Feealy ﬁéﬁl}] P‘é NR so)i and amaccax:honyln@rgmatbonyl a
substituent whi chplfosphu-ﬁ or a sulfonyl; andcoval ent bond with the Cl or C2 carbon

t f 118, d tabl e r.in
St (r)lrjrgt Sr e incl 33I n\é\/ﬁ?o’rk:’p RE, %ﬁ3% ﬁ’mfméﬂmﬁiubm@’mll{ﬂé‘“
substituents wher®cavalent hond with thenCl ar G2 carbomatomy of 108, and whitheperinit and

Rlerr] each i ndepﬁnﬂafmquarsﬁmeqﬁgrg&u&mﬁr,gged]ng iyal ogens al kyI s, al kenyl s,
am.nes

al kynylas, hydpox .nitr t hi.ol a

phos p?\llg ryls, e %&ho@%m% e%"“%ﬁ’g?ﬂﬂf’ﬁégem &Mﬁg}m Cafmpopnd, in
silyls, et her!1"-"Ill.mﬁﬂéﬂ;etﬁﬁib|<=!111'ill ,g the form sel enoet hers, ket ones,
al dehydes esters, or -(CHerr])[d¥r]- rrl; 100 WD 96/ 28402
PCT/ US96/ 03493 - -75 -

or any two or nore of the sub U,tue\m R[ec;] Rlerr], Rerr], and R33

taken together forma ;/b heterocycl e haV| ng from4 to
bcycl or

8 atons in the ring structur represents an aryl, a
cycl oal kyl, a cycl oal kenyl, ?)ol ycycl e; and m
is zero or anyi-pkigger in the range of 1 to 8. 43. The nethod of
claim4l, wherei n’é['rzzrg]B err], Rerr], and R33 are chosen such that the
substrate has a p ag Fepresent a Lewis

15 the C; moiety, taken with Z;, Z3 and M, and the C; moiety, taken with Z,, Z,

and M, each, independently, form a heterocycle;

Ry, Ry, R'; and R'; each, independently, are absent or represent a covalent
substitution with an organic or inorganic substituent permitted by valence -
requirements of the electron donor atom to which it is attached,

20 Ryo and Ry each independently are absent, or represent one or more
covalent substitutions of C; and C, with an organic or inorganic substituent
permitted by valence requirements of the ring atom to which it is attached,

or any two or more of the R;, Ry, R';, R’y R4 and Ry taken
together form a bridging substituent;

25 with the proviso that C;is substituted at at least one site by R;, R'| or Ry;, and C,
is substituted at at least one site by Ry, R’; or Ry, and

at least one of Ry, R') and Ry, is taken together with at least one of Rj,
R’; and Ry to form a bridging substituent so as to provide Z;, Z,, Z3 and
Z, as a tetradentate;

30 M represents the late transition metal; and
A represents a counterion or a nucleophile,
wherein each R;, R, R'j, Ry Ryg and Ry, are selected to provide at least
one stereogenic center in said tetradentate ligand,



44. The nethod of claim41l, \/\herel n the substrate is sel ecmnm I‘M“le”““l

aroup consisting of 10 ep epi sul
cycl opropanes, cyclic carbonates, «cyclic t hi ocar bonat es

cyclic sulfates, cyclic anhydrides, cyclic phosphates, cyclic ureas, cyclic
t hi oureas, Wa®¢/28482 t hi ol act ans, | actones, thiol actones anBCHUS6H3E3 .

45. The nethod of claim 27, which proceg%" I's an enanti osel ective ring

openi ng. 15 46. The nethod of claim 27, which process is a

di astereosel ective ri gghePBsiMitiths whereln theAtYn Me%é?fls Eél&in%lﬁ@red@ﬁ' ch
di ast er eosel ecti ve rlpeg Fg@g roquces a ki neti o resol ut

20 48. A net hod'*tH %Eﬁ'ﬂ?&‘”é’e’é yapehapged-i ng openi ng
reaction whi chndeorqonditions such that said ring of sanintydlc repmponnit lie sierdosalectively

prochiral or Efe{:iah&éd cyclic substrate, and a non-racenmic chiral
catal yst, wherein said cyclic substrate conprises a carbocycle or
heteroéycl e havi ng an reactive center susceptible to attack by
sai d nucl é9phThemethod of elaith 78)iwheteir 5 catal yst conprises a chiral

tridentate |igapd s e ' i ch
is not in |tsgh1|i ?&W H%;eﬁﬁ&?l&b %@W%Mgens, alkyls alk %l?m ng
t he combi nation un@@?ynté’én ’Ei'tll-sﬂalﬁﬂf vigo; thiel, P@Fﬂf&a‘lﬂﬂn@hwsm

to catal yze stereogphbghbhates, qnﬁepm&spfcafb%hﬂscxéﬁbbﬁylgumg aémeza,t tlﬁaetﬂers

reactiye center by hil ] Lack nucleophlle
30 0% 26" The @Pﬁ%ﬂ“o?elﬁﬁﬁ'ﬁﬁngag%ﬁ 1 Esterpor MR LI o o i gand
of the chiral ceachlRatandsRy; occuring in 108nindepandertiybrepresent dindeassn, halogens,a:

I[Dgl' ; ]U896/ 03493 alky¥) fkengR4 Qikynyls, hydroxyl, amino, nitro, thiol, amines, imines,

in which amides,, phosphoryls; phosphonates, phosphipes, gagbopyls, eatbgyyls, si

base; ethere thjoethers, suiforyys, seldnecthers,t ket@fesy ajdehydes; edteran dr M and
the E3snoiety, takgqp t.h Z[err] Z[err] and M each,

| ndependent 15 2 i G L p—ga ALK KAy

al kynyl s, hydr omyi$ zeramm;mese:tmd;e rahgeodf 1ooi8nes, i m nes, am des

phosphonates, phosphi nes, carbonyl s, carboxyls sinIs et hers,
t hi oet her fonyl g, et hers,
! 80. °The method'of %Fali % ere?n each Z,, Z,, Z; and Z, are independently selected
20 from the group consisting of nitrogen, oxygen, phosphorus, arsenic, and sulfur.

81. A composition comprising an aged metallosalenate catalyst, which catalyst is
represented by the general formula:

»kw .

25 in which

each of the substituents Rl, Rz, R3, R4, R5_. Y|, Y2, Xl, Xz, X3. X4, Xs, X6’ X7. and
Xg. independently, represent hydrogen, halogens, alkyls, alkenyls, alkynyls.
hydroxyl, amino, nitro, thiol, amines, imines, amides, phosphoryls, phosphonates,
phosphines, carbonyls, carboxyls, silyls, ethers, thioethers, sulfonyls, selenoethers,
30 ketones, aldehydes, esters, or -(CH3),,-R7;



ket ones, al dehydes, esters, or -(CHerr])[err]-Rerr], or aﬂ“@ﬂllﬂl”’v’ﬂ'ﬁ“"l
of the Rerr] and R err] substituents taken-—tog A s e
bridgi ng substituent; 10 Rlerr] represents an aryl, a cycloal kyl,
a cycl oal kenyl, a heterocycle or a polycycle; mis zero or an
I nt eger i nwéneszsaozge of 1 to 8; M r epr esent PCTNISHEHINNI | ON -
netal ;- and A represents -B6count erani on or a nucl eophil e,
wherein the tridentate ligand is asymetric. 15 50. A nethod for

synthesis of enanti rigcall I LI ogfgﬁis, conpri.sin
reacting a nucl eoph‘?l yw%{’%m&%oé:iﬁtﬁfg%’&g%i% °|rcf°%ﬂscﬁbgf’é§? R the
presence of a  heterocycle havingfeom 4 to 1) atems inthejring staicturesndi t i ons whi ch sai d
chiral catal ysR,&présbnts &S aryl, a cycloalkyl, a Syvidhllieaich Rétbiov sl ONad poletyéle; sai d

cyclic substrate by nucle L4 a fo.the cyclic 20 substrate by
t he nucl eophi | 8“?8&8%%3‘2&?%}%%%&3%@#% s enantionerically enriched

relati §e to a Muspresentsy fansition in the absence of said chiral

catal yst, wherai sents a nucleophifehe chiral cyclic substrate is represented by
t he general, formil a:

118 wherein ' upi ch 25 Y represents O S, N(Rlerr]),

C(R[ err]) (R er if|Rs,is absehta st least ohwrofR| andRpisCakentiegetlien withat lepst one of R and

represent R, R ORI ingAbstinkent, and esch/df @Mk sabSARlehis oF $66 Ak lgalbcaee Psuch that

car bogﬁl - I tuted . aryl, or a sulfonate; R52 and R54 each

i ndepéde M SPepYp ISASERMEUIC- | ect ron- wi t hdr awi ng group; A and C
are independently absent, or represent a (Jerr]-(Jerr] alkyl, O S,

car bonyl, or N(R[err]); and B is a carbonyl, a thiocarbonyl, a

rFJ{Pos p]hor yI82. Or The friétHod bf lclairdi 9, Wherein the cll;iral_u%dhtai& li &ﬁsf][tﬂ.e cHifaf Edthlystagd
err] re r gani r gani c substituent ic orma

coval ent B%ﬁ%g&}?&&ﬁge%f&of?}@g‘car bon atons of 118, and which permt
formati on of a stable ring struc e including Y; and

the chiral catalyst is represented by thg_g¢

WD 96/ 28402 Rios ‘
o

PCT/ US96/ 03493 Rz
[err]
(o)

15 wherein R;qq represents a hydrogen, halogen, alkyl, alkenyl, alkynyl, hydroxyl, amino, nitro,
thiol amine, imine, amide, phosphonate, phosphine; carbonyl, carboxyl, silyl, ether, thioether, .
sulfonyl, selenoether, ketone, aldehyde, ester, or -(CHy),,-R7; each of R;;, and R'}5 is
absent or represent one or more covalent substitutions of the heterocycle to which it is

~ attached; Ry represents an aryl, a cycloalkyl, a cycloatkenyl, a heterocycle or a polycycle; and

20  mis zero or an integer in the range of 1 to 8. :

-77-



the substituents Rierr], Rerr], Y[err], Y[err], Xerr], Xerr], Xerr] and
ntly, . represent hydrogen.

hal ogens, al kyls, al kenyls, al kynyls, hydroxyl, am no,

nitro, thiol, am nes, imnes, am des, phosphoryls phosphonat es,

phosphi nes, W096/28402 carbonyls carboxyl s, si lperasosnisipnr s,

t hi oet hers, sul fonyls, selenoethers, ket ones,

al dehydes, esters, or -(CH[err])[err]-R[err],

or any two or nore of the substituents taken together form a carbocyle

or heterocycle ring having from4 to /& #fons in the ring structure,

with the proviso that at |east one of Rerr], Y[err], Xerr] and X err] is

covalently 10 bonded to at |east one of Rerr], Y[err],
X[err] and X4 to provide the [err]-m nocarbonyls to
which they are attached as a tetradentate |igand, and at |east one of

Y[err] and Y2 is a hydrogen; R7
represents an ary a cyclo .. a cycl qal ken het er a

pol ycycl e; qh&éﬂqtero or iq?%ge inth 31 to 8;
15 epr ts theetate transityon yetal ; and : A
represents a unt ert or achiggll eophi | #3C CsHo wher eg of
the substituents Rierr], R catalystY[err], Y(err], Xerr], Xerr], r] and
X4, are sel ect qfhcem such t hat the C talyst is asymmetric. 20

51. The net hod of c1a|n150 wherein the M rbp{@edmiel a | ate t r dr(sdckn

netal selected from one of the Goup 5-12 transition netals
which netal is not in its highest oxidation _ Sstate. 52.
The nethod of claimb51, wherein the nmetal atomis selected fromthe group
consi sting 25 of C, M, V, Fe, Mo, W Ru and N . 53. The

nmet hod of claim wherelnTbﬁg is Goup 6 transition netal. 54.
The met hod of ¢ 53, mheLgLQE?Le Mis C(lIl). 30 55. The net hod of

cl ai m 50, whHj
a0 (8,S)-catalyst 4.5 : - -
PCT/ US96/ 03493(90% ee) : 1- 78

are represented by the general fornula 104:

(R,R)_-catalyst 1 : 44

achiral catalyst 32 . | 1
(S,S)-catalyst 112
(R,R)-catalyst 1 . 8.0

FIG. 1

SUBSTITUTE SHEET (RULE 26)



[err] R13 R4
+A—whteh t he BPerr] MBi-ei-yiopasaatls. a di i m ne_bridging

substituent represented by -Rlerr]-Rerr]-Rerr]- wher ei n
Rlerr] and grr! each i ndependently are absent or represent an al kyl, an
al kenyl , or an al kynyl, and R err] is absent or powuses&esads an
am ne, an imne, an amde, a phosphoryl, a carbonyl, a silyl,
oxygen, a sulfur, a sufonyl, a selenium a carbonyl, or an ester;

each of B2 and B3 independently represent rings selected froma group

consi sting of cycl oal kyl's, zquyoakenyls aryls, and heterocyclic
rings, which rings conprising from4 to 8 atons in a ring
structure; 10 Y[err] and Y[err] each independently represent

hydr ogen, hal ogens, al kyls, al kenyls, al kynyl s, hydroxyl, am no,
nitro, thiol, am nes, imnes, am des, phosphoryls, phosphonat es,
phosphi nes, carbonyls, carboxyls, silyls, ethers, t hi oet hers, sul fonyls,
sel enoet hers, ketones, al dehydes, esters, -(CHerr])[err]-Rerr],
Rlerr], Rerr], and R[err] each |ndependedbly are absent, or represent one
or nore coval ent 15 substitutions of.B[err] B[err] and B[err] with
hal ogens, al kyls, al kenyl & al kynyl s, ygﬁg am no, nitro,
thiol, amnes, imnes, amHeg phosphory osphonates phosphi nes,

carbonyl s, carboxyls, s et hers, stFers, sul fonyl s, sel enoet hers,
ket ones, al des esters, (£H2) m R7, wherein R12 can occur
on one or nore positi E Eﬂﬁa 1 6-Rir, 20 or any
two or nore of the Rl 3, R4, Eﬂl aneg aken together forma bridging

substi tuent;
cycl oal kenyl, a heterocycle
integer in the range of |
netal ; and 25

wherein R12, R13, R14,

R7 representsﬁﬁmJagyl, a cycloal kyl, a

or & pol yeycl es mis zero or an
o M iggpresents a transition
gents a counteri or a nucl eophil e,

are selected such that the catalyst is

asynmetric. 56. o/met hod of claim50, wherein the substituents
R30, R31, R3,, and R33 each i ndependently represent hydrogen,
hal ogens, al kyls, al kenyls, al kynyls, hydroxyl. 30 amno, nitro,
thiol, am nes, imnes, am des, phosphoryls, phosphonates, phosphi nes,
| 5
Cls
0| e
£
£ 1
S =
N
g N
o
L
' &
oo
¢ Ny
£ i
2. Ry

201
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—79— car bonys, carbeorHs—sityps—cthers, thiocsihets., .

sul fonyl s, sel enoet hers, ketones. al dehydes, esters, or
-(CH[err])haaéééﬁkFrr]; or any two or nore of the substituents
R30, Rferr], ,and R33 taken together forma PCTAISOGOMSE Or

het erocycl e having from4 to 8 atons in the ring structure; 5 R7
represents an aryl, a cycloal kyl, a cycl oal kenyl, a heterocycle or a

pol ycycl e; and mis zero oréag integer in the range of 1 to 8.
57. The nethod of claim50, wherein R3®, %Verr], R32, and R33 are chosen
such that the substrate has a plane of symetry. 10 58. The
met hod of claim50, gherein the cyclic substrate is sel ected fromthe group
consi sting of epoxides, aziridines, episulfides, cyclopropanes, cyclic

car bonat es, qicl' t hi ocarbonates, cyclic sulfates, cyclic
anhydri des, Q¥ Ebhates, cydgic ureas, cyclic t hi our eas,

| act ans, thiolac , lactones, th®olactones and sultones. 15 59. The
met hod of cl ai m 50, \MJ&Ch gocess 85 an enanti osel ective ring opening.

60. The nethod of claim™ 508 which process is a diast osel ective ring
openi ng. 20 61. The frethod of claim 60, which diagbgb

openi ng produces a ki @ resol ution. 62. A method of

stereosel ectively @o aring of a cyclic compoun Y the gener al
in which [err] - Y represents

eosel ective ring

O S NRerr]), C(Rerr])(R54), or has the formul a -C, wherein

R50 represents a hydrogen, an al kyl, a carbonyl - subs ted al kyl. a

car bonyl - substituted aryl, or a sulfonate, R52 and R err]
each independently represent an 30 ele n-w t hdr awi ng

group; A and C are independently absent, or represent a (Jerr]-
Clerr] alkyl. O S, carbonyl, or N(Rerr]); and Bis a carbonyl, a

t hi ocarbonyl, a phosphoryl, or a sulfonyl; and
e
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RCHS6403403 =80 -

R30, R31, Rerr], and R33 represent organic or inorganic substituent which
form a covalent bond with the d or C2 carbon atons of 118,
and whi ch p&Q#§28402 formation of a stable ringPUvussdosmss

i ncl udi ng Y, whi ch nethod conprises reacting a nucleophile with
said cyclic conpound in the 5 presence of at least a catalytic
anount of a chiral netall osal enate catal yst. 63. The nethod of claim
62, wherein the netall osal enate catal yskyfl represented by the .

general fornul a: [err] in whi'ch 10 each of the

substituents Rerr], R2, R3, R4, Rerr], Y[err], Y2, Xerr], X2, X3, X4,
Xerr], X6, X7, and Xg, independently, represent hydrogen,
hal ogens, al kyl s, al ke , al kynyls, hydr oxyl , am no,
nitro, thiol, am nes, ymnes, am des, phosphoryls, phosphonates,

phosphi nes, carbony, cagboxyls, silyls, ethers, thioethers, sulfonyls,
sel enoet hers, o ket ones, al dehydes, esters, or
-(CHerr])[err]-Re o or any tVW)\(HnDre of the
substituents taken tog r f§in1a %grbocycle or

o S0

het erocycl e having from 4 3 atorg® in the ring str ®re;
cycl oal®yl, a cycl oal kenfl ™a heterocycle or a

Rlerr] represents an aryl
pol ycycl e; ero or an integer in the ge of 1 to 8;

15

Mrepresents a transit et al ; and 20 Are ents a counterion
or a nucl eophil e; MTer ei n if Rerr] ifg absent, at | east
one of Rerr] and R2 is taken together with at | east of R3 and R4
to forma bridging substituent, and each of of the substituents of 106 are
sel ected such that the salenate is asymmetric. 25 64. The net hod

of claim®62, wherein the substituents wherein the substituents R30, R31,

-Bu

OH
H

D
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R32, and R33 each independently represent hydr ogen, hal ogens, al kyls,

4&4«y¥ﬂ4}————-——— al kynyl s, bydrexyiailom—nitro, thiol—anines,
i m nes, am des, phosphoryls, phosphonat es, phosphi nes,
carbonyls, carboxyls, silyls, ethers, thioethers, sulfonyls, 30

sel enoet he™0? nes, al dehydes, esters, or -(CHl err])m PGUSP§03493

WD 96/ 28402 .

PCT/ US96/ 03493 -81 -

or any two or nore of the substituents Rerr], Rerr], Rerr], and R err]
taken together forma carbocy5476r heterocycle haV|ng from4 to 8
atons in the ring structure; - Rl err] represents an aryl, a
cycl oal kyl, a cycl oal kenyl, a heterocycle or a polycycle; and m
is zero or an integer in the range of 1 to 8. 5 65. The net hod of
claim 62, wherein R30, R31, R32, and Rlerr] are chosen such that the
substrate has a plane of symretry. 66. The net hod, of cl ai m 62,
wherein the substrate is selected fromthe group consisting of 10

epoxi des, aziridines, episulfides, qgcloprggangs, cyclic carbonates,

cyclic t hi ocarbonates, cyclitgsul fates, &cyclif anhydrides, cyclic
phosphates, cyclic ureas, cyclic g 8 I hiurhs, |pctes, tgi ol act ans,
| act ones, thiolactones and sultonegy v D75 The ®t hpd cl @ m 63,
wherein the M represenhs a late tramsiYofpefal Nrom ope of 15 t he
Group 5-12 transition nftals. .68. .The nethod of cj aim&67, wherein the
netal atomis sel ected romthe groYip ®nskkt Phg © Pf G M, V,
Fe, Mo, W Ru and 69. The net hod of cl ai mM63, mhgyeinvthe Mis
Group 6 tradgltlo 70. The met hod of clainh 69" wherein the M
is C(lil). N- met hod of clai neb2, which prgcess is an
enantloselecglve rlng openlng. 25 72‘ The net hod chaim g2, which
process is di astergpsel ective ria Neg @w3.| Th® nt eod of claim
72, which dﬁastereos\ ective ring duces a kifnet *c
resol uti on. Q30 5 o~k > I
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74. A nethod of resolving enationers froma racemc mixture of a chiral

cyclic conpound _having the.general form [err]. A
whi ch WD 96/ 28402 - 82-

PCT/ US96/ 03493 Y represents O S, N(Rerr]),
C(Rerr]) (™aA6/2p402 or has the formula A-B-C, wherein PCT/US96/03493 R[ err]

represents a hydrogen, an al kyl, a carbonyl -substituted al kyl, a carbonyl -
substituted aryl, or a sulfonate, R52 and R err] each independently

represent an el ectron-w thdrawi ng group; A and C are

i ndependent |y absent, or represent a Cgpyl- 5 Cerr] alkyl,
O S, carbonyl, or N(R50); and B is a carbonyl, a thiocarbonyl, a
phosphoryl, or a sulfonyl; and R30, R31, R32, and R33
represent organi c or inorganic substituent which form a
coval ent bond with the O or C2 carbon atons of 118, and which permt
formation of a stable ring structure including Y; 10 t he nmet hod

conprising contacting a m xture of the conpound and its enantioner with a
nucl eophile able to react with the ring structure in the presence of a
chiral catalyst having the form TJ[err] in which
15 Zlerr], Z2, Z3 and Z4 each represent a Lewi s base;

the (Jerr] noiety, taken with Z[err], Z3 and M and the C2 noiety, taken
with Z2, 74 and & each, independently, forma

het er ocycl e; Rl eif , Rlerr] and R err] h,

i ndependent |y, are absent &= ents covakent © (;J
substitution with an organic or v 8an Cc substituent pe -{.gd y val ence
s 2

’ h
(3

TMSN,
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20 requi renents of the _eI ectron donor atomto which it is

atacheds : /= eachindependently are
absent, or represent one or nore coval ent substitutions

of (Jerr] with an organic or inorganic substituent

permtted ce requirenents of the ring atomto whi ®CTNUSI6/03493 t ached,

or any two or nore of the Rerr], R2, Rerr], Rerr] Rerr] and R err]

t aken toget her form 25 a bri dgi ng substituent;

with the proviso that (Jerr] is substit7ut/ed at at least one site by Rerr],
Rlerr] or Rerr], and (Jerr] is 71! substituted at at | east

one site by R2, Rerr] or Rerr], and at | east one
of Rlerr], Rerr] and R err] is taken together with at |east one of Rl err]
Rl err] and R[err] to forma bridging substituent so as
t.o provide Zferr], Zerr], Z3 am Z4 as a 30 tetradent at e;
M represents the Ig_;etranmtloﬁi’netal and A
represents a count@fion or a nu@ eophi I e, ' wherei n each
Rlerr], Rerr], R[g?'r] ,rr] MO and R[err] are selected to provide at

| east one o \o sier Q'genl c.center in said tetradentate

| i gand, /28402 n

PCT/ US96/ 03493 ' o -83 -

under conditions wherein the rlﬁig of one enang orrer is svel ectiyely opened
| eavi ng the . other enantioner subst hamg

The nmethod of claim 74, wherein 5 gad R[err]
i ndependently, represenj hydrogen, hal ogens, alk al ken s o NF

al kynyl s, hydroxyl, am o‘,—igi tro, thiol, amines, imneéy a

phosphor yI S, o phosphonat es, phosphi ng car S’Onyl S,

carboxyls, silyls, et%e K &hi oet hers, sul fonyl s,

sel enoet hers ketoneﬁ IHegydes esters, or -(CH2)mRerr];

each R err] and Rlerr] ¢c8wing in 100 independeq\tly represent hydrogen,
Y

hal ogens, 10 al kyl's, al kenyls, al kynyls, hydroxyl, am no,
nitro, thiol, am nes, imnes, am des phosphoryl s,
phosphonat es, phosghi nes, carbonyls, carboxyls, $ilyls,

et hers, thioet hers"J sul fonyI s, selenoethers, ket¢pngs, al dehydes, esters, or

- ( R7; R7 {éBr@sents an aryl, a
cycl oal kyl, a cycI‘B L a het agocycle or a pply | e; and 15
mis zero or an intege the rarge of 1 to 8. |2 g 76. The hod of

claim 74, wherein each Z[err], 22,r§.23 and Z4 agp mdependently sel ect ed
fromthe group consi st wg of ni tr@en, oxygen, g)wc%p‘nor us, arsenicg and
sul fur. o S
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20 77. A nethod of providing a chiral carbonate, conprising reacting a
i ; W th ——Garbon—di-exide-in the presence of a

chiral catalyst and an auxiliary catalyst such that a chiral
carbonate is forned, wherein the catalyst chiral catalyst conprises an
asymet r i ¢ WO 96/28402 tetradentate |igand conpl exed w th @crarssénsasom

whi ch conpl ex has a rectangul ar - planar or rectangul ar pyrim dal
geonetry. 25 77. A nmethod of providing a chiral carbonate, conprising
reacting a prochiral epoxide with carbon dioxide in the presence

of a chiral catalyst and an auxiliary cﬁt’dl’yst such that a
chiral carbonate is forned, wherein the catalyst chiral catal yst conprises

an asymetric tridentate ligand conplexed with a netal atom
whi ch conpl ex has a planar geonetry. 30 78. A nethod of
stereospecifically expanding a ring of a cyclic conpound having the form
[err] in which WO 96/ 28402

PCT/ US96/ 03493 -84 -

Y represents O, S, N(R50), C(R52)(Rerr]), or has the fornmula A B-C
wherein R50 represents a hydrogen, an alkyl, a

carbonyl -substituted al kyl,. a carbonylg substituted aryl,
or a sulfonate, and R54 each i ndeBendently represent an

el ectron-w t hdraw group; A and C a i ndependently absent, or represent
a (Jerr]- 5 . Clerr] alkyl, O S, carbonj,%or N(Rlerr]); and B
is a carbonyl, a@ocarbonyl, a € pifpspNexyl, or a

/R30,2R31, R32’z d R33 represent organic

sul fonyl; and
val ent bond with

or inorganic sub uent which*§or N

the A or C2 car atoms of 118, afd which per it = T

formation of a st e ring structur @cu gy, 102/ t hod

conprising reacting a ring expansi on agent t@lrsai d cyclic npg_u@l in
o

the presence of a chiral catalyst having t 8k m
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[err] in which _ Zlerr], Z2, Z3 and Z4 each
s base; 15 i@ 0L 1] DI ety taken with

Z[err], Z3 and and the C2 noi ety, taken with Z2, ZzZ4

and M each i nde&rendent |y, forma heterocycle; Rerr],
R2, R[err] r] each, independently, are absent or eIV

coval ent substitution with an organic or inorganic
substituent permtted by val ence requi renents of the
el ectron donor atomto which it is attached, 20

Rlerr] and R4l each independently are 9pggnt, or represent one or nore
coval ent substitutions of CJerr] and C2 with an organic or inorganic

substi t uent permtted by val ence requirenents of the
ring atomto which it is attached, or any
t-wo or nore of the Rerr], R2, Rerr], Rerr] Rerr] and Rerr] taken
together forma bridging substituent; 25 with the proviso
that CJerr] is substituted at at |least one site by Rerr], Rerr] or R41,
and C2 is substituted at at |east one site by R2,
Rlerr] or Rerr], and at | east one of Rerr],

Rlerr] and R4l is taken togepher with at |east ong of R2,
Rlerr] and Rlerr] to forma i dgi ng substituent/sQ as to provide Z[err],
Z[err] as a t@entate; 30

Z2, Z3 and
Mrepresents the late transitioh netal; and A
represents a counterion or &&F eophi I e, wher ei n

each Rerr], R2, Rerr]), Rerr] Rerr] and R41 are selected to provide at

| east ne stereogenic ce r in said tetradentate

| i gand, WD 9§/]28402

PCT/ US96/ 03493 - 85 -

under conditions wherein thg|ring of one enantiopgr is selectively opened

| eavi ng the other enantionmer substantially unchanged. under

condi tions such that said_ring@of said cyclic compeund is stereosel ectively
expanded. 79. The %et h of claim78, wher ei% Rerr],
R2, R err] and R2, indeperden®y, represent hydr ogea haI ogens, al kyl s,

al kenyl s, kynyﬂdr oxyl ro, thiol,

am nes, imnes, am des, pghosphgryl s’ réﬁhonat es,

phosphi nes, carbonyls, cakboxg=e, silyls, ethe i oet hers :
sul fonyl s, sel enoethers, keTones, aldehydes, es S, (CHberr] ymRerr];
each R er r] and Rferr] occugng in 100 independently repr @t hydr ogen,

hal ogens,
N

OH

()

HO
HO

HO
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al kyl's, al kenyl's, al kynyls, hydr oxyI ~amno, nitro, thiol, anmines, imnes,

-a-m—el-es—p-h-es-p-her—yl S, phosphonat onyl s —cabexyd-sy

silyls, ethers t hi oet hers, sulfonyls, sel enoethers,

ket ones, al dehydes, esters, or - 15 (CH2) m R7;

R7 repr eseW@‘éﬁ‘“&r yl, a cycl oal kyl , a cycloal kenyl, a hePeT/UsSs@Be30r a

pol ycycl e; and mis zero or an integer in the range of | to 8.
80. The nethod of claim 78, wherein each Z[err], Zerr], Z3 and Z4 are

i ndependently sel ected 20 fromthe ;;r oup consi sting of nitrogen,
oxygen, phosphorus, arsenic, and sul f 4077 81. A conposition

conprising an aged netal |l osal enate catal yst, which catalyst is
represented by the general formula:

106 [err] 25 in which each of the substituents Rerr],
Rlerr], R3, R4, Rlerr] Y[err], Y2, Xerr], X% X3, X4, X5, X6, X7 and
X[err] i ndependent I y, represent hydrogen hatogens aI kyls, al kenyls,

al kynyl's, hydr oxyl , am no, ng ro, thiol, am nes, imnes,
am des, phosphor yl's, phosphonates, phosphi nes, carbonyl s,
car boxyl s, silyls, ethers, thioethers, s I fmﬁyl s, selenocethers, 30

ket ones, al dehydes, est ers,&or-(CH[ err] )mﬁ&rd gz WO 96/ 28402
PCT/ US96/ 03493 E ~ 86 -
or any two or nore of the sObstrZuerﬂs t%k@nt-t &et hg forﬁ?amar bocycl e or
het erocycl e having from4 ta 0t or® i it hegg i Ng stRuctdre; bt R7
represents an aryl, a cycl oz agycl oal kenyl, a petexocy® e_or
pol ycycl e; mis Q or~an1‘m‘€g'e1—i'hte&$|t08 5
M represents a transition ned an(x3

S > o 8
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A represents a nucl eophil e; wher ein if Rerr] is absent,

Aat least one of Rlerr] and R2 is_taken together with at lLeast one of R3 and

R4 to forma bridging substituent, and each of of the substituents of 106
are sel ected such that 10 t he salenate is asymmetric. 82. The
met hod of WOA6RB43 wherein the chiral tridentate |igand etrusssosmsr al
catal yst is represented by the general fornula: [err] 15
wherein R err] represents a hydrogen, hal ogen, al kyl,; al kenyl, alkynyl,
hydroxyl, amno, nitro, thi ol amne, imne, am de, phosphonate,
phosphi ne, carbonyl, carboxyl, silyl, fg¥pger, thioether, sul f onyl ,

sel enoet her, ketone, al dehyde, ester, or -(CHerr])mR7, each of R err] and
Rlerr] is absent or represent one or nore coval ent substitutions of
the heterocycle to which it is attached; R7 represents an aryl, a

a cycl oal kenyl, a heterocycle or a polycycle; and 20 mis

¢cycl oal kyl ,
zero or an integer in the range of 1 to &o
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