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Abstract: Methane elimination from ethylenebis(tetrahydroindenyl)(methyl)zirconium amides @yl or aryl,

R' = aryl) (§9-26 gives a mixture of epimeric zirconaaziridines and30. When zirconaaziridines with R alkyl

are trapped with ethylene carbonate as they are formed, methyhino acid ester46 are obtained in poor ee
(+14% to —56%); the ee’s ofl6 reflect the kinetic ratio o25to 30. When epimeric zirconaaziridines with R
aryl are allowed to equilibrate before ethylene carbonate is added, the B8tars obtained ir>96% ee. When
epimeric zirconaaziridines with R alkyl are allowed to equilibrate before ethylene carbonate is adddd obtained

in 21-97% ee. When isocyanates are added to the zirconaaziridine eg@marsd 30, phenylglycinamides are
obtained in 86-99% ee. The ee’s of the esters and amides are better whisroRnisyl than when Ris Ph. A
Curtin—Hammett-Winstein-Holnessanalysis explains the stereochemistry in the esters and amides. When an
equilibrated mixture of epimers (R CH,Ph, R = o-anisyl)25gand30gis treated with increasing ethylene carbonate
concentrations, the ee of the esfiig increases from 53% to 89%. The ee 18g at saturation with ethylene
carbonate implies thadeq (kosgkaog) is 17.2 for theB0g== 25gequilibrium. A similar result (19.0) is obtained from
the de of the insertion producac-38 when30g== 25gis treated with an excess 6BuNCO.

Introduction PNy A~ Me
The carboxylation of long-chain amines is an attractive route 4 ¥ Lﬁ%ozRS H_COR?
for the synthesis ofi-amino acid€. Meyers and co-workers + E—— m\/\;l/\ 2H7, CIHS,\?\P}1
have used formamidines to attach £89nthons at the-carbon Ye , Ph © ©s
of amines? e.g., the carboethoxylation of tetrahydroisoquinoline E’R (2)
(1) in eq 132 Treatment of the metalated formamidiRevith 5
ethyl chloroformate gave the racemic etlbmino acid ester Lo
3. BuLi -~N 2 H®2 .
Qe QD Qo
\ <
P 1. CICO, Et Boc (-)-sparteine = Boc N Boc
1. Me)N NR! 2 ALH.
NH ——> N AT N Me (1) 7 N 8 (R)-9 (88% ee)
2. s-BuLi )
1 2 Lisppg! 3 QO,Et

Chong and Park have generated configurationally stable
. . a-aminoorganolithiumsl11 from optically active a-amino-
Duhamel and co-workers have employed the optically active organostannand®. Treatment ofL1with CO, gave theN-Boc-

base5 to effect the asymmetric carboxylation of the imihé protectedN-methyla-amino acidsl2 with excellent retention
Acidic removal of the benzylidene fragment gave the phenyl- stereochemistry (eq 4).

glycine esters$ in 0—41% enantiomeric excess (ee) (eq 2).

In an approach similar to the one in eq 2, Beak and MeNCO,tBu . MeNCOBu 1 €2 MeNCO,tBu
co-workers have used-)-sparteine to effect the asymmetric = pe\gppy, —Bubi RENL 287, w /:'\COH .
deprotonation of 7 to give the optically active add8cand, 10 1 2 @)
after electrophilic addition of C& (R)-9 in 88% ee (eq 3). R4 =Et (94 % ee) R4 = Et (94 % ce)

i-Pr (-92% ee) i-Pr (-92% ee)

® Abstract published im\dvance ACS Abstractdjarch 15, 1996.

(1) Because organozirconocenes of this type behave with electrophiles ; ; -
as if they have a ZrC o bond, we prefer to call them zirconaaziridines We have been exploring the use of zirconaaziridirissto

rather than zirconium imines. effect reactions like eq 5. We recently reported the regioselective
(2) Williams has said that “asymmetric carboxylation [at thposition

of an amine] is a surprisingly rarely studied approach [and] ... a future area H H HO,C y

of investigation”. Williams, R. MSynthesis of Optically Act a-Amino R)“\NH 0, )\ (5)

Acids Pergamon: Oxford, 1989; Vol. 7. 2 R NH,

(3) (a) Meyers, A. |.; Hellring, S.; Hoeve, W. Tetrahedron Lett1981,
22, 5115. (b) Bolster, J. M.; Hoeve, W. T.; Vaalburg, W.; Van Dijk, T. insertion of CQ into the Z—C bond of 13b® to give the
H.; Zijlstra, J. B.; Paans, A. M. J.; Wynberg, H.; Woldring, M. [&t. J.
Appl. Radiat Isot 1985 36, 339. (6) Chong, J. M.; Park, S. Bl. Org. Chem 1992 57, 2220.

(4) Duhamel, L.; Duhamel, P.; Fouquay, S.; Eddine, J. J.; Peschard, O.;  (7) Buchwald, S. L.; Watson, B. T.; Wannamaker, M. W.; Dewan, J. C.
Plaquevent, J.-C.; Ravard, A.; Solliard, R.; Valnot, J.-Y.; Vincens, H. J. Am Chem Soc 1989 111, 4486.

Tetrahedron1988 44, 5495. (8) X-ray analysis ofLl3b (R = Ph, R = o-anisyl) shows the oxygen of
(5) Beak, P.; Kerrick, S. T.; Wu, S.; Chu, J. Am Chem Soc 1994 the o-anisyl substituent bound to Zr: Gately, D. A.; Norton, J. R.; Goodson,
116, 3231. P. A. Unpublished results.

0002-7863/96/1518-3479%$12.00/0 © 1996 American Chemical Society
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zirconocenea-aminocarboxylatel4.° Because we could not
obtain the desired-amino acid froml4, we treatedL3a,bwith
ethylene carbonate (a GQ@ynthon) to givel5a,b and, after
methanolysis in benzene, the racemic metkgimino acid esters
16a,h Treatment ofl3a,bwith isocyanatest{BUuNCO and Me-
SINCO) gave the metallacycles, 18, 21, and22 and, after
methanolysis, the racemic phenylglycinamidgs 20, 23, and
24 (Scheme 1).

Grossman, Davis, and Buchw#ldised the Gsymmetric
ethylenebis(tetrahydroindenyl) (EBTHI) ligaHdto prepare
allylic amines in high ee from zirconaaziridines in noncoordi-
nating solvent$? and concluded that the ligand orients the
aziridine substituent R away from the six-membered ring. We

Gately and Norton

By
Qo NHR'
\_/ MeOH Meo/ﬂ?/
benzene R H
R e oa ($)-16
=N (6)
H R'
R"NCO HO NHE-
> R*NH” Y,
(5,5,R)-25 R H
(S)-amide

Results and Discussion

Asymmetric Carbomethoxylation of RCH,NHR' When R
Is Aromatic. One would expect elimination of methane from
the racemic zirconium amidac-26a, generated from PhGN-
(Li)Ph andrac-[EBTHI]ZrMe(OTf), in THF (eq 7), to give the

f Ph
MeH (7)
I’hCHzN(Li)Ph rac-26a

rac-25a

single diastereomaac-25adrawn in eqs 6 and 7. Wheac-
26a was prepared at40 °C in THF and warmed to room
temperature25awas indeed formed; only one diastereomer was
detectable byyH NMR. However, as reported by Grossman
and Buchwald? rac-26aat room temperaturi& benzengave
instead the zirconaisoindotac-27 (eq 8).

B e 83090

Me

rac-26a

l—MeH

B

rac-25a(-THF)

PhCH,N(Li)Ph

Ph

N
18&’ <
O w

rac-27

(8)

Separate signals (like those we had Seeith the unsubsti-
tuted cyclopentadienyl anald3g) could not be seen for free
and coordinated THF in a solution @ba However, other
experiments imply that the THF is coordinated to the Z2%a

have therefore investigated the stereochemistry of ethylene(asin13a). Dissolvingrac-27in THF-dg at room temperature
carbonate (and isocyanate) insertion reactions with optically converts it torac-25a (eq 9).

active zirconaaziridines such aS$R)-25; if stereoselective,
such insertions should lead to enantiomerically enricl®d.6
(or (9-amide) (eq 6).

(9) Gately, D. A.; Norton, J. R.; Goodson, P. AAm Chem Soc 1995
117, 986.

(10) (a) Grossman, R. B.; Davis, W. M.; Buchwald, SJLAm Chem
Soc 1991 113 2321. (b) Grossman, R. B. Ph.D. Thesis, Massachusetts
Institute of Technology, Cambridge, MA, 1991.

(11) Wild, F. R. W. P.; Wasiucionek, M.; Huttner, G.; Brintzinger, H.
H. J. Organomet Chem 1985 288 63.

(12) When they attempted to prepare the EBTHI analogl®4 in
benzene, Grossman and Buchwald obtained the zirconaisoiAdmétow.
Analogous species were formed in all cases wher=Raryl and no
coordinating atoms were present (see ref 10b).

}S.
H
Zr/ |
O
A RS

D
o Ph
H THF-dB N
Z’ H 9)
Hn
rac-27 rac-25a

Treatment of §SR)-25a—c with ethylenecarbonate should
produce the spirocyclic complexe§$9-28a—c, and metha-
nolysis of §S,9)-28a—c should give thes-a-amino acid esters
16a—c (Scheme 2). WhengSR)-25a—c was treated with
ethylene carbonate, methanolysis, carried out in the presence
of added CpZrMe;,'2 gave the methyi-amino acid esterst)-
16a—cin 53—67% overall yield and~96% ee (Table 1, Scheme
2).

(13) With the EBTHI ligand we found Zr-promoted transesterification
(like that of 29) to be extremely slow unless ¢4rMe, was added.
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Scheme 2
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Table 1. Product Yields, Configurations, and ee’'s §-{6a—c
from the Reaction of Ethylene Carbonate wiiSR)-25a—c?
(Scheme 2)

yield of
MeO,CCH(R)NHR  configuration/ e€
product R R (16)° (%) (optical sign) (%)
16a Ph Ph 60 S(+) >98
16  Ph Ar 67 S(-) 96
16¢c Ar Ar 53 S(-) 98

a(SSR)-25a—c was prepared at room temperatutésolated yields,
>98% pure by HPLC anéH NMR. ¢ Obtained from stationary phase
chiral HPLC.9 Ar = o-anisyl.

Scheme 3
@ Tf B |
O <
7/ NR' R N
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O 3 Y BB-&
—Iivie.
+ Me <_> R
RCH,N(LDR' (S,5)-26d R = Me, R' = Ph (S,5,R)-25d-g
eR =Me, R' = ¢-anisyl
f R=i-Bu, R' =0-anisyl ﬁ
g R=CH,Ph, R = o-anisyl RT 0\_/0
MeOH/
(S)-16d (5%) Cp;ZrMez/
e6%) MO ANHR Zr /\(
f (61%) 4+ wo,
g (34%)

(s 5,5) 28d g

The absolute stereochemistry of)t16ahas been assigned
by comparing the sign of its rotation to that of its enantiomer
(—)-16a'* The absolute configuration of{)-16ais known to
be R, so the absolute configuration of-J-16a must therefore
beS A product (L6) of the same configuratior§] is predicted
if ethylene carbonate inserts into theZZ bond of §SR)-25
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Table 2. Product Yields, Configurations, and ee’s &-(6d—g
from the Reaction of Ethylene Carbonate wiiSR)-25d—g?
(Scheme 3)

yield of
MeO,CCH(R)NHR configuration/ e¢
product R R (16)° (%) (optical sign) (%)
16d Me Ph 5 9(-) 21
16¢0  Me Ar 46 9(-) 97
16f i-Bu Ar 61 9(-) 54
16g CHPh Ar 34 S(+) 53

3 (SSR)-25d—f was prepared at 70C and then allowed to cool to
room temperature before addition of ethylene carborfdtmlated
yields, >98% pure by HPLC an¢éH NMR. ¢ Obtained from stationary
phase chiral HPLC? Ar = o-anisyl.

Table 3. Product Yields, Configurations, and ee’s I8a,c—f
Obtained from Trappin@5a,c-f2 with Ethylene Carbonate
(Schemes 4 and 5)

yield of

MeO,CCH(R)NHR configuration/ T e€
product R R (16)° (%) (optical sign) (°C) (%)
16a Ph Ph trace S(+) —40
16¢  Ar Ar 43 9(-) —40 >99
16d Me Ph 68 9(-) 70 22
16e Me Ar 58 R/(+) 70 56
16f i-Bu  Ar 51 9(-) 70 14
16g CHyPh Ar 49 RI(-) 70 52

a25a,cwere prepared fror@6a,cat —40 °C; 25d—f were prepared
at 70 °C."Isolated yields,>98% pure by HPLC andH NMR.
¢ Obtained from stationary phase chiral HPL{Qr = o-anisyl.

0) (R = alkyl) formed by the same procedure (Scheme 3) is
also presumed to b8

In Situ Trapping of 25d —g with Ethylene Carbonate at
70 °C. It seemed possible that the yields of the insertion
products §S9-28d—g and the methanolysis product§){
16d—g would improve if ethylene carbonate were present as
(SSR)-25d—g formed. (Buchwald and Grossman had obtained
good vyields and high ee’s of allylic amines by generating
zirconaaziridines in the presence of alkyAg¥)

If methane elimination from§,S)-26d—g gave §SR)-25d—

g, trapping with ethylene carbonate (and retention of stereo-
chemistry in the insertion step) would giv&$S)-28d—g.
Methanolysis of §S5)-28d—g should give §-16d—g. In fact

we obtained §-(—)-16d in 68% yield (improved from 5% in
Scheme 3) andSj-(—)-16f in 51% vyield, although in poor ee
(22% for (9-(—)-16d and 14% for §-(—)-16f) (Table 3,
Scheme 4).

To our surprise, the product®):(+)-16e (from (S9-26€
and R)-(—)-16g(from (S9-269 hadR configurationsppposite
that () predicted by Scheme 3! If the insertion occurred with
retention, theR configuration must have come fron$§5)-

with retention of stereochemistry. The absolute stereochemistry30e,gvia (SSR)-31e,g(Scheme 438

of the other productslgb,9 (R = aromatic) formed by the
same procedure (Scheme 2) is also presumed 18 be
Asymmetric Carbomethoxylation of RCH,NHR' When R
Is Alkyl. For R= alkyl (26d—g) elimination of methane and
formation of25d—g occurred during several h at 7G (Scheme
3). When the mixture containingSGR)-25d—g was cooled

In Situ Trapping of 25a,c with Ethylene Carbonate below
Room Temperature. We then examined the effect of trapping
25a,cwith ethylene carbonate as it was formed. A THF solution
containing §9)-26¢(prepared as in Scheme 2) was treated with
ethylene carbonate and &Me; at —40 °C. (Solutions of
25a—c are red in the absence of ethylene carbonate; a persistent

to room temperature and '[I’ea'[ed Wlth ethylene Carbonate,yellow Color Suggested thatS’SR) -25¢c was Short ||Ved)

methanolysis gavd6d—g in 5—61% yield and 21+97% ee
(Table 2). The absolute stereochemistry 6)16d has been
assigned by comparing the sign of its rotation to that of its
enantiomer+)-16d.'> The absolute configuration of-)-16d

is known to beR, so the absolute configuration of }-16d must
beS The absolute stereochemistry of the other proddd&s-

(14) Christoskova, St.;
B.; Snatzke, GProceedings of the [E.C.S International Conference on
Circular Dichroism VCH: Weinheim, 1987; pp 31521.

Berova, B.; Simova, E.; Spassov, St.; Kurtev,

Methanolysis gaveS)-(—)-16c in 43% yield and>99% ee
(Scheme 5, Table 3). However, similar treatment®§)-26a
(R =R’ = Ph) gave only trace amounts @){(+)-16a(Table
3).

(15) Paradisi, M. P.; Romeo, Al. Chem Soc, Perkin Trans1 1977,
596

(16) C—H epimerization of the esters5 (or amides) was not detected
(via loss of optical rotation) under the conditions used in the workup
procedure.
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N-Ph vsN-o-Anisyl. In Scheme 2, good yields and excellent

ee’s were obtained folgf-16a—c regardless of whether' Rvas
Ph oro-anisyl. However, in Schemes 4 and 5, wh&85R)-
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Scheme 6
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configuration of allylic amines32 in high eé” and (2) we
obtained theS configuration of the methyh-amino acid esters
16in Schemes 2, 3, and 5 suggests that the zirconaaziridine in
both cases is largely\S(SR)-25. However, if interconversion

of 25 and30 is facile, the insertion reactions can be described
by eq 10 and analyzed by tHeurtin—Hammett-Winstein-
Holnessprinciple18

(5,5)-26

[ ey

30 —~‘k——- 25 ——— 28— (5)-16
30

(R)-16 <— 31 (10)

Curtin —Hammett—Winstein—Holness Principle. If the
enantiomeric purity ofL6 in Schemes 2 and 3 is governed by
eq 10, it should depend on the first-order rate constagtand
kso in the 30 = 25 equilibrium and the competinkz[ethylene
carbonate] anddethylene carbonate], wherg and ks are
second-order rate constants.

Boundary Condition I.182 In reference to eq 10, ¥, and
kso > kg[ethylene carbonate] ank{ethylene carbonate], the
(9-16/(R)-16 product ratio is given by eq 11 whelkaq = kos/
kso. The ©§-16/(R)-16 product ratio in eq 11 depends on both
the first-order kzs, kso) and second-ordekg, ks) rate constants

25 was trapped by ethylene carbonate as it was formed, thein €q 10.

nature of R had a dramatic effect on the ee and yield 8F (
16. (In Table 3, compare the ee’s and yieldsléa (R' = Ph)
vs those ofl6¢c (R’ = o-anisyl), and those df6d (R' = Ph) vs
those ofl6e—g (R' = o-anisyl).)

Whether ethylene carbonate was addéer (Scheme 3) or
before(Scheme 4) $SR)-25d was formed, the ee df6d (R’
= Ph) was not affected. (Compare the 21% eel6fl in
Scheme 3 vs 22% in Scheme 4.) In contrast, the eel§efg

(916 _ (55928 _ ks
(R-16 (SSR31 kg

11)

Boundary Condition 1l. 182 Alternatively, if kos andksg <
kr[ethylene carbonate] and{ethylene carbonate], th&f16/
(R)-16 product ratio is given by eq 12. Th&)(16/(R)-16
product ratio in eq 12 reflects the equilibrium ra86 == 25in

(R = o-anisyl) declined, and in some cases reversed, betweeneq 10 and depends only on the first-order rate constagtnd
the conditions used in Scheme 3 and those used in Scheme 4kz, there.

(Compare the 5397% ee ofl6e—g in Scheme 3 vs the ee’s
(14% Sto 56%R) in Scheme 4.)

Origin of Stereochemistry in the Methyl o-Amino Acid
Esters 16. In an effort to understand how'Rand different
reaction conditions affect the stereochemistrylé we have
investigated the mechanisms of the key steps in SchemBbs 2

Stereochemistry of Zirconaaziridine Intermediates. An
explanation for the poor ee’s dféd—g in Scheme 4 can be

(916 (SS9-28
(R16 (SSR3L_ <o (12)

A simple way of seeing if the ee ib6 reflects the operation
of eq 10 is to measure theS)f16/(R)-16 ratio (ee) as the
concentration of added ethylene carbonate increases or de-
creases. An increase or decrease in the eahould occur

deduced from an elaborate deuterium labeling study performedas we move from boundary condition | to boundary condition

by Grossman® The ratio of MeH to MeD loss in Scheme 6

(and related experiments) reflects not only the isotope effect

(17) The only exception was the ee (18%) &f-82a(R = R' = Ph).

but the stereoselectivity. Because an infinitely large (or small) powever, Grossman reported that the de of its precurs@g-414) varied

32h-dy/d, isotope ratio did not result from this experiment,
Grossman concluded that the-El activation stef26h— 25K
30h was not very diastereoselective.

The fact that (1) Grossman and Buchwald obtained $he

“with the temperature and other conditions” (refs 10b and 12).

(18) (a) Seeman, J. Chem Rev. 1983 83, 83. (b) Eliel, E. L.; Wilen,
S. H. Stereochemistry of Organic Compoundshn Wiley and Sons: New
York, 1994; pp 648655. (c) Carey, F. A.; Sundberg, R. Advanced
Organic Chemistry3rd ed.; Plenum: New York, 1990; pp 21316.
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Table 4. Product Yields, Configurations, and ee’s of MTH(R)NHR (16a,c,f,g from Addition of Various Concentrations of Ethylene
Carbonate t®5a,c,f,¢

amount of ethylene carbonate (mmol)

entry product R R yield® (%) configuration/(optical sign) 6€%) in a volume of approximately 20 mL
1 16a Ph Ph 60 S(+) >98 0.64
2 16a Ph Ph 24 S(+) >08 6.4
3d 16c Ar Ar 53 S(-) 98 0.64
4 16c Ar Ar 35 S(-) 92 6.4
5 16f i-Bu Ar 61 S(-) 54 0.64
6 16f i-Bu Ar 24 9(-) 79 6.4
7 169 CH,Ph Ar 34 S(+) 53 0.64
8 169 CH,Ph Ar 31 S(+) 77 1.6
9 169 CH,Ph Ar 27 S(+) 85 6.4

10 169 CH,Ph Ar 14 S(+) 89 19.2
11 169 CH,Ph Ar 49 R/E) 52 0.64
12 169 CH,Ph Ar 35 RI(-) 54 6.4

a[25a,c,f,d = 0.32 mmol, ca. 8 mM. In entries-34, 25a,cwere prepared at room temperature, followed by addition of ethylene carbonate in
benzene or THF at room temperature. In entried®, 25f,gwere prepared at 7, followed by addition of ethylene carbonate at room temperature.
In entries 1112, 25f,g were prepared at 70C in the presence of ethylene carbondtisolated yields,>98% pure by HPLC andH NMR.
¢ Obtained from stationary phase chiral HPLG\r = o-anisyl.

95 carbonate] step in eq 10 is at least five times faster with the
90 . minor diastereome30gthan thekdethylene carbonate] step is
zz: ¢ with the major diastereomesg
5] @ In contrast, if the ee (92%) ofY-(—)-16c reflects the
(S)ﬁfﬁl‘gg 704 equilibrium ratio30c== 25cin the upper limit (entry 4, Table
651 4) of ethylene carbonate concentration, ti&g~ 24.0 from
60 eq 12. The ee (98%) ofY-(—)-16¢ at the lowest feasible
e ethylene carbonate concentration (entry 3, Table 4) combined
j:' with Keq (24.0) giveskdkgr > 4.1 from eq 11 for25c and30c
o 2 4 6 8§ 10 12 14 16 18 20 Thekdethylene carbonate] step in eq 10 is at least 4 times faster
ethylene carbonate (mmol) with the major diastereom@5cthan thekg[ethylene carbonate]

Figure 1. Percent ee of-(+)-16gvs amount of ethylene carbonate ~ Step is with the minor diastereoma&éc

(mmol) in a volume of approximately 20 mL. Data points were taken  Curtin —Hammett—Winstein—Holness Conditions Are Not
from entries 710 in Table 4. §SR)-259(0.32 mmol) was prepared  Achieved in Scheme 4. A Curtin—Hammett-Winstein—

at room temperature and then treated with ethylene carbonate. Holness situation requires that a mixture36f= 25 be initially
equilibrated. Because tl#%5/30ratio in Scheme 4 is kinetically
controlled, i.e.25and30 have not been equilibrated, the product
ratio should be insensitive to the concentration of ethylene
carbonate. Indeed, whe§§)-26g(R = CH,Ph, R = o-anisyl;

0.32 mmol) was heated to 7€ in the presence of increasing
ethylene carbonate concentrations (from 0.64 to 6.4 mmol, in a

R . — volume of approximately 20 mL, entries 11 and 12 in Table 4),
1) therefore reflects the equilibrium ratB0g = 25g Keq = a - L 0 0
17.2 from eq 12. Similar results were obtained wén(0.32 the ee of R)-(—)-16gincreased negligibly from 52% to 54%.

mmol) was treated with increasing ethylene carbonate concen- Direct Measurement ofKeq in Eq 107 We then attempted
trations (from 0.64 to 6.4 mmol, in a volume of approximately 0 measure the equilibrium ratg0 = 25 directly by *H NMR.
20 mL, entries 5 and 6 in Table 4); the ee &-(+)-16f The requwe_d 2|rcc_)naa2|r|d|nac-25gwas obtained by adqllng
increased from 54% to 79%. Ph(CH) NLi(o-anisyl) torac-[EBTHI]ZrMe(OTf) and heating
The opposite trend was observed w2t (0.32 mmol) was the solution in bengene to 7 overnight; (_juring this ti_me
treated with increasing ethylene carbonate concentrations (fromMethane was eliminated fromac-26g to give rac-25g in
0.64 to 6.4 mmol, in a volume of approximately 20 mL, entries guantitative yleld._ Unfortunat_el_y, direéH NMR observation
3 and 4 in Table 4); the ee 08(—)-16cdecreased from 98%  ©Of the product mixture containingac-25g in CeDe at room

Ethylene Carbonate Concentration vs the ee of 16Indeed,
when 25¢g (0.32 mmol) was treated with increasing ethylene
carbonate concentrations (from 0.64 to 19.2 mmol, in a volume
of approximately 20 mL, entries—710 in Table 4), the ee of
(9-(+)-16g increased from 53% to 89% (Figure 1) and then
leveled off. The ee (89%) off-(+)-16gat saturation (Figure

to 92%. The latter may reflect the equilibrium ra®c = temperature (or at-105°C in THF-dg or —95 °C in toluene-

25¢ ds) showed only one compound and offered no evidence for
However, wher25a(0.32 mmol) was treated with increasing  the equilibrium mixturerac-30g = rac-25g

ethylene carbonate concentrations (0:646.4 mmol, in a Ethylene Carbonate Concentration vs Insertion Product

volume of approximately 20 mL, entries 1 and 2 in Table 4), Ratio (28/31). Whenrac-25g(ca. 19.6umol) was treated with
the ee of §-(+)-16a did not change. This result suggested ~26umol of ethylene carbonate in a volume of approximately
that boundary condition Il was applicable even when only 0.64 0.5 mL for 1 h, an 84/18ac-28grac-31gproduct ratio resulted

mmol of ethylene carbonate was added. T3@a = 25a (tz2 ~ 12 min). When the concentration of ethylene carbonate

equilibrium therefore lies far to the righeq~ 99 from eq 12. was increased te~190 umol, in a volume of approximately
Ratio of ks to kg for Various Zirconaaziridines (eq 11). 0.5 mL, a 94/Gac-28drac-31gproduct ratio resulted after about

Becauseeq (17.2) is known for the80g== 25g equilibrium in 10 min {12 &~ 2 min) (Scheme 7). The diastereomeric excess

the upper limit (entry 10, Table 4) of ethylene carbonate (de) ofrac-28gincreased from 68% to 88% (recall that a similar
concentration, we can calculate whatkg would be if entry 7 change in ethylene carbonate concentration increased the ee of
(Table 4) represents the lower limit (boundary condition I). The its methanolysis producg-(+)-16gfrom 53% to 89%). This

ee of 53% implies thakgkr < 0.19 (eq 11). Thég[ethylene result implied that the minor diastereontac-30g must have
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Scheme 7
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Table 5. Product Yields, Configurations, and ee’s of Amidk%

20, 23, and24 from the Reaction of RNCO with (SSR)-25aand
(SSR)-25k# (Scheme 8)

yield of amide
configuration/ R"NHCOCH(Ph)NHR" e¢

product R R" (optical sign) (%) (%)
19 Ph t-Bu S(+) 62 92
20 Ph H S(+) 51 80
23 Ar t-Bu 9(-) 31 >99
24 Ar H S(-) 25 98

a(SSR)-25a,bwere prepared at room temperatutésolated yields,
>98% pure by HPLC anéH NMR. ¢ Obtained from stationary phase
chiral HPLC.9 Ar = o-anisyl.

Scheme 8

D8f .
N R R"NCO b8 N___rn
, ®
z HY R"HNOC
\ r — 7

QO >N Wi

NHPh

(5,5,R)-25a (5,5,9-33 R"=t-Bu  (5)-19 R" = t-Bu (62%)
34 R" = MeySi 20 R" = H (51%)
Me!
R"NCO
B8 BBZ: X”‘ 1 ® HNocYNH-%D
PhH
(S,S,R) b GSHBR =By G)BR = LBy (1%

36R"=MeSi  24R"=H (25%)

been present in equilibrium wittac-25g (The absence of the
minor diastereomarc-30gin the previousH NMR experiment
suggests that theac-30g = rac-25g interconversion is fast
relative to the NMR time scale.)

Asymmetric Carboamidation of 25a. We then examined
the stereoselectivity of the isocyanate insertion reactior2bof
Treatment of §SR)-25a (prepared as in Scheme 2) with
t-BUNCO should give the metallacycl&§$9-33 and, after
protonolysis, amideS)-19. In fact, we obtainedS)-(+)-19in
high ee (92%). Similar treatment o§ER)-25a with Mes-
SINCO gave, after protonolysisS(+)-20 in good ee (80%)
(Table 5, Scheme 8). The absolute configurations-gf19
and (+)-20 were assumed to & because they were from the
same §SR)-25a that had given 9-16a (see Table 1 and
accompanying discussion).

Asymmetric Carboamidation of 25b. In contrast, treatment
of (SSR)-25b with t-BUNCO gave, after protonolysisSf
(—)-23in excellent ee¥99%) but low yield. Similar treatment
of (SSR)-25b with MesSINCO gave, after protonolysisS)

Gately and Norton

Scheme 9

rac-30b rac-25b
kglt-BuNCO] 6d ks [-BuNCO]
THF4,
DB X BB ¢
Nt-Bu Nt-Bu
rac-37 rac-35

(—)-24 (98% ee), also in low yield (Table 5, Scheme 8). The
absolute stereochemistry of}-23 and (~)-24 formed by the
same procedure (Scheme 8) was also presumed ® be

Zr — O Chelation in 25b Slows Insertion Reactions.The
low yields of §-(—)-23and §)-(—)-24 reflect the slow insertion
reaction of RNCO with (SSR)-25b, presumably because of
the Zr<— O interaction from thé\-o-anisyl fragment in§SR)-
25b. When rac-25b was treated with about 4.1 equiv of
t-BUNCO in THFdsg, 6 days {12 ~ 29 h) was required to obtain
the metallacycleac-35 in quantitative yield (Scheme 9) (the
minor diastereomerac-37 was not detected byH NMR).
Overall, inserting reagents react much faster wheis Rh in
25 (or when R is Ph in13) than they do when Rs o-anisyl.

Origin of Stereochemistry in the Amides 19, 20, 23, and
24. As with the esters9)-16in egs 16-12, the enantiomeric
purity of the amided9, 20, 23, and24 from Scheme 8 should
reflect the operation of the CurtirHammett-Winstein—
Holness equations (egs 135).

(S,5)-26

kRrIR"NCO) ks
(R)-msertlon(— IN=—"-=25

product k3o

ks[R"NCO]
—» (S)-insertion
product
(13)

(R)-amide (S)-amide

(Boundary Condition I,
ks, k3p >> kg[R"NCO], ks[R"NCO])

(5)-amide _
(R)-amide ~

(S)-insertion product k
(R)-insertion product =

(14)

(Boundary Condition II,
kas, k3p << kr[R"NCO], ks[R"NCO])

(S)-amide

_ (S)-insertion product
(R)-amide ~

(R)-insertion product =he

(15)

Effect of -BUNCO Concentration on the Stereochemistry
of the Amides. The addition of a dilut¥ solution oft-BuNCO
to excess $SR)-25a gave a significant decrease in the ee of
(9-(+)-19from the one (92% ee) found above (Scheme 8, Table
5). When §SR)-25a(0.320 mmol) was treated withBuNCO
(32 mM, 0.256 mmol), the ee of5|-(+)-19 decreased to 36%
(Scheme 10).

(19) Low concentrations of isocyanates must be used to effect a
significant change in the ee’s of the phenyl-substituted amiesnd 20;
the isocyanate must be added as a dilute solution so that mixing is complete
before the insertion reaction occurs. In contrast, because-trasyl-
substituted zirconaaziridines react more slowly, the concentrations of
isocyanate low enough to effect a change in the ee’s ofctamisyl-
substituted amide83 and24 can be added neat &bb.
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Scheme 10
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Scheme 12
stereochemical outcome opposite that predicted by Keq

klinserting reagent]Tslow

Keq
30— >25

klinserting reagent]lfast

stereochemical outcome determined by Keq

Ratio of ks to kg for the Zirconaaziridines in Scheme 10.
The ee (36%) of §-(+)-19 in the limit of low t-BuNCO
concentration implies thds/kr < 0.02 from eq 14. Thus, the
kg[t-BUNCOQ] step with the minor diastereom@dain Scheme
10 is at least 50 times faster than tkft-BuNCO] step with
the major diastereoméba

Keq Is Independent of Inserting Reagent. Keq for the
30=25equilibrium is independent of the nature of the inserting
reagent (ethylene carbonate tetBUNCO). Thus, the product
ratio in eq 15 should be the same as that in eq 12. In fact,
whenrac-25g(ca. 20.1umol) was treated with exces8uNCO
(ca. 454umol, in a volume of approximately 0.5 mL), a 95/5
rac-38/rac-39 ratio was obtained in thtH NMR (Scheme 11).
This result givesKeq = 19.0 from eq 15 for the80g = 25¢g
equilibrium mixture, similar to the onégq= 17.2) found (see
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Scheme 13

30 25
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@(ﬂl) NR' rotate :tnd mNE"
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should reflecKeq (Scheme 12); the ee of the hydrolysis product
should therefore be high. The opposite effect is predicted when
an inserting reagent adds in a slow stiingerting reagenti
Kiorward OF Kpack Of the equilibrium).

The validity of Scheme 12 is evident when the rates and
stereoselectivities of the ethylene carbonate insertio2% afe
compared with those of the isocyanate ones. Ethylene carbonate
reacts about 3 times more rapidly witB5g than does
t-BuNCO: whenrac-25g (ca. 17.6umol) was treated at room
temperature with ca. 22 2mol of either reagent in a volume
of approximately 0.5 mL, the ethylene carbonate reaction
(Scheme 7) took ogll h (12~ 12 min) whereas theBUNCO
reaction (Scheme 11) t&® h (ty2 ~ 36 min). As predicted
by Scheme 12, the de was considerably higher (68% vs 28%)
with ethylene carbonate.

Reagents less reactive than isocyanates put us closer to
boundary condition | and give results even further removed from
Keq Treatment ofac-25a(~20umol) with 2-butyne (ca. 83.0
umol, in a volume of approximately 0.5 mL) gavac-4lain
28% de (eq 16), whereas treatment of #B&CO (ca. 24.0

N
B82r’
O
O™ “NSiMe,

rac-40 (80% de)

MeySiNCO
minutes

(16)

rac-4la (28% de)

umol, in a volume of approximately 0.5 mL) gavac-40 in

80% de. However, sufficiently high concentrations of even a
relatively unreactive reagent such as 2-butyne move us back
toward the bottom of Scheme 12 (boundary condition II).
Increasing the concentration of 2-butyne from 0.03 to 12.8 mM

discussion below eq 12) from the addition of excess ethylene increased the de abc-41afrom 24% to 99%!

carbonate to the equilibrium mixtu@0g= 25g
Influence of the Rate of Insertion on Stereoselectivity.
Two reagents that insert at different rates may give different

Mechanism of 30= 25 Epimerization? In order for the
30 = 25 epimerization to occur, the ZC bond must cleave
from 30 to give either a Zr(ll)-imine complex such a42 or a

stereochemical results with the same zirconaaziridine. EquationsZ'(Ill) complex such as43 with a carbon radical® After

10 and 13 predict that the stereochemistry of the insertion

rotation of the (Ph)CHN bond and inversion of configuration

product should depend on the rate at which inserting reagentsof the carbon 43), recombination of the ZrC bond in43

add to the equilibrium mixtur80==25. If an inserting reagent
adds to the30 = 25 equilibrium mixture in a fast step
(K[inserting reagent}> Ksorward OF Koack Of the equilibrium) and

would give25. With 42, recombination of its ZrC bond is
all that is required to give5 (Scheme 13).

(20) Grossman suggested that 8@= 25 epimerization involved the

Keqis large, the stereochemical outcome of the insertion product 43 = 43 equilibrium in Scheme 13 (see ref 10b).
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Scheme 14
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In an unrelated study we found evidence of a Ztitphine
complex like the one showr®) in Scheme 13. We expected
treatment of the lithium amideo{anisyl) CHN(Li)CH,Ph with
CpZrMe(OTf) to give the (methyl-)zirconium amidé4 an-
d,after regioselective €H activation and loss of methane, the
zirconaaziridinel 3i in eq 17.

MeOQ

SR

LiN,

\—ph 2 Y, N
Ve
+ — Cp22r< Nrh £ 5 Cp,Zr\L (17)
Me A, -MeH ~~H
Cp,ZrMe(OTf) 44 13i Ph

The (methyl-)zirconium amidé4 was easily isolated. How-
ever, to our surprise, we obtainel){45 (84%) and Z)-45
(16%) instead ofL3i (Scheme 14)! The NMR of5 shows a
IH methine singlet resonancé 8.09,0 7.95) and &3C methine
carbon resonance) (176.0), indicative of the CHN imine
fragment in45; these!H and3C resonances are well downfield
of the 'H methine proton resonancé @—4 ppm) and3C
methine carbon resonancé 60—70 ppm) expected in the
zirconaaziridinel3i. Moreover, the'H resonance of the Cp’s
for (E)-45 (6 5.71) and Z)-45 (6 5.85) and théH resonance
of the methylene signals foE}-45 (6 4.52) and Z)-45 (6 4.46)
were all singlets, indicative of a plane of symmetry bisecting
the CpZrCp and HCH planés.

Possible intermediates in tt&0 = 25 interconversion are
thus46 when R = o-anisyl and47 when R = Ph.

A

o
%z"ﬁkn

46 47

Experimental Section

Materials. All air-sensitive compounds were prepared and handled

Gately and Norton

tion. CpZrMe,,?? rac-[EBTHI]ZrMe,,? (SS-[EBTHI)ZrMe,, % and
(S9-[EBTHI]ZrMe(OTf)% were prepared by standard procedures: Cp
ZrCl, was generously supplied by Boulder Scientific. Anilines were
prepared by reduction of the carboxamide with #sMe/BF;-E,O

as described by Brown and co-workéts.

H NMR data were collected on a Bruker WNX 300-MHz FT
spectrometer; residual solvent proton shifts were used as internal
standards. Elemental analyses of air- and moisture-sensitive compounds
were performed by Analytische Laboratorien, Gummersbach, Germany;
those of all other compounds were performed by Midwest Laboratories,
Indianapolis, IN.

Chiral stationary phase HPLC data were collected on a Varian 9050
Star Detector. Compound$c 19, 20, 23, and24 were separated on
a Bakerbond OD chiralcel column; all others were separated on a
Bakerbond OJ chiralcel column. All compounds were detected at 254
nm. The presence of enantiomerically enriched edtérand amides
19, 20, 23, and24 was confirmed by spiking the HPLC samples with
authentic f£)-16 and &)-19, -20, -23, and 24. Optical rotations were
obtained on a Rudolph Research automatic polarimeter Autopol Ill.
The optical rotations ({]measurey for 16 and 18 were obtained at 26
°C. Specific rotations (f]p) are reported in deg/dm, and the concentra-
tion (c) is given in g/100 mL (THF). The ee-@9%) of §9)-[EBTHI]-
ZrMe;, was determined by treatment with exceR¥(—)-O-acetylman-
delic acid in GDsg; the ratio of the resulting diastereomers was
determined by'H NMR from the sp CH indenyl resonance§®

General Procedure for the Preparation of ()-16b,c (MeQ,CCH-
(R)NHR"). The following procedure is modified from the one described
earlier? A solution containing CgZrMe; (378 mg, 1.5 mmol) and THF
(10 mL) was cooled to-78 °C and treated with TfOH (12#4L, 1.44
mmol). The pale yellow solution was warmed to room temperature,
stirred for 1 h, and again cooled to78 °C. In a separate flask BuLi
(1.6 M, 900uL, 1.44 mmol) was added to a cold {C) ether (10 mL)
solution containing RCENHR' (1.44 mmol), and the solution stirred
for 5 min. The RCHN(Li)R' was transferred by cannula to the £p
ZrMe(OTf) and stirred for 0.5 h at78 °C; the solution was warmed
to room temperature and stirred overnight. The solvent was removed
and replaced with benzene (20 mL) containing ethylene carbonate (136
mg, 1.54 mmol). After stirring overnight, the solution was treated with
MeOH (1 mL) and stirred for an additioh@ h at 80°C. The solvent
was removed, and the residue was treated with@H?20 mL) and
filtered. The residue from the filtrate was spotted on a Chromatotron
plate eluted with hexanes/ethyl acetate (25/1); further purification was
not needed.

(£)-16b (MeO,CCH(Ph)NH(o-anisyl)). Yield: 252 mg (64%).'H
and**C NMR data for &)-16b prepared by a different procedure were
reported earlie?.

(£)-16c (MeOQ,CCH(o-anisyl)NH(o-anisyl)). Yield: 247 mg (52%).

H NMR (CDCl): 6 7.45 (d, 1 H), 7.32 (t, 1 H), 6.98 (t, 2 H), 6.88

6.69 (m, 3 H), 6.58 (d, 1 H), 5.65 (s, 1 H), 5.47 (v br s, 1 H), 3.97 (s,
3 H), 3.88 (s, 3 H), 3.77 (s, 3 H)**C NMR (CDCk): 6 172.7, 157.0,
147.0, 136.2, 129.2, 127.8, 126.3, 121.0, 117.1, 111.0, 110.3, 109.5,
55.7,55.3,54.0,52.4. Anal. Calcd foi8:sNOs: C, 67.76; H, 6.35;

N, 4.65. Found: C, 67.89; H, 6.38; N, 4.71.

General Procedure for the Preparation of &)-16d—g (MeO,-
CCH(R)NHR"). The procedure was the same as that described above
for (£)-16b,g but with the following modifications. After addition of
the RCHN(LI)R' to Cp.ZrMe(OTf), the solution was warmed to room
temperature. The solvent was removed and replaced with benzene (20
mL) containing ethylene carbonate (136 mg, 1.54 mmol); the solution

under a nitrogen atmosphere, using standard Schlenk and inert-was transferred to a vacuum bulb, and the bulb was sealed and then
atmosphere-box techniques. Most of the solvents used were distilledheated to 70C overnight.

under N from sodium-benzophenone ketyl; hexanes were stirred over
H>S0O;, and distilled from sodiurtbenzophenone ketyl in the presence
of tetraglyme. Trifluoromethanesulfonic acid (TfOH) was degassed
by three freeze/pump/thaw cycles-a196 °C, and finally transferred
into a flame-dried vacuum bulb. Isocyanates were stirred oy®ioP
for 24 h and transferred by high vacuum into a flame-dried vacuum
bulb. All other reagents employed were used without further purifica-

(21) Complex45 failed to give crystals suitable for X-ray analysis; it
was unaffected by ethylene carbonate at room temperature or°a 80
CeDes. Moreover, f-anisyl)N=CH(Ph) did not displace the imine fragment
in 45 to give the known comple3b.

(£)-16d (MeO,CCH(Me)NHPh). Yield: 124 mg (48%).*H NMR
(CDCly): 6 7.17 (t, 2 H), 6.74 (t, 1 H), 6.62 (d, 2 H), 4.18 KCq
overlapped with M br s, 2 H), 3.76 (d, 3 H).13C NMR (CDCk): 6
175.1, 146.5, 129.3, 118.3, 113.8, 52.2, 51.9, 19.0. Anal. Calcd for
CiH1aNO2: C, 67.02; H, 7.31; N, 7.82. Found: C, 67.29; H, 7.31; N,
7.78.

(22) (a) Samuel, E.; Rausch, M. D.Am Chem Soc 1973 95, 6263.
(b) References 7 and 9.

(23) Waymouth, R. M.; Bangerter, F.; Pino, IRorg. Chem 1988 27,
758.

(24) Brown, H. C.; Choi, Y. M.; Narasimhan, 3. Org. Chem 1982
47, 3153.
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(£)-16e (MeQCCH(Me)NH(o-anisyl)). Yield: 198 mg (66%).'H overnight. §-(+)- or (9-(—)-16d—g was >98% pure by'H NMR
NMR (CDCl): 6 6.88-6.67 (m, 3 H), 6.54 (d, 1 H), 4.73 (v brs, 1  with the exception of §-(—)-16d (95% pure by*H NMR).
H), 4.17 (q, 1 H), 3.87 (s, 3 H), 3.72 (s, 3 H), 1.52 (d, 3 HJC NMR Data for (S)-(—)-16d (MeO,CCH(Me)NHPh): yield ~3 mg (5%),

(CDCly): 6174.9, 146.8,136.3, 121.0, 117.3, 110.0, 109.6, 55.2, 52.0, 21% ee, hexane/ethanol (95/5), flow rate 0.85 mL/min, retention time

51.5, 18.8. Anal. Calcd for GH1sNOs: C, 63.14; H, 7.23; N, 6.69. (min) 24.4 and 37.3,d]p = —85° (c = 0.040).

Found: C, 63.00; H, 7.27; N, 6.73. Data for (S)-(—)-16e (MeQCCH(Me)NH(o-anisyl)): yield 39 mg
(£)-16f (MeO,CCH(i-Bu)NH(o-anisyl)). Yield: 195 mg (54%). (58%), 97% ee, hexane/ethanol (95/5), flow rate 0.9 mL/min, retention

IH NMR (CDCl): 6 6.89-6.63 (m, 3 H), 6.56 (d, 2 H), 4.58 (brd, 1  time (min) 17.0 and 21.30]p = —42.8 (c = 0.150).

H), 4.12 (g, 1 H), 3.87 (s, 3 H), 3.71 (s, 3 H), 1.83 (m, 1 H), 1.71 (¢, Data for (S)-(—)-16f (MeO,CCH(i-Bu)NH(o-anisyl)): yield 49 mg

2 H), 1.04 (d, 3 H), 0.97 (d, 3 H)}3C NMR (CDCk): 6 175.1, 147.0, (61%), 54% ee, hexane/ethanol (99/1), flow rate 0.9 mL/min, retention

136.9, 121.1, 117.3, 110.1, 109.7, 55.4, 54.7, 51.9, 42.3, 24.9, 22.7,time (min) 12.4 and 16.50]p = —70.9 (c = 0.170).

22.1. Anal. Calcd for gH2NOs: C, 66.91; H, 8.42; N, 5.57. (9)-(—)-16f (MeO,CCH(i-Bu)NH(o-anisyl)) (entry 6, Table 4)was
Found: C, 66.80; H, 8.39; N, 5.67. prepared by the general Scheme 3 procedure, except that 20 equiv (6.4
(4)-16g (MeO,CCH(CH Ph)NH(o-anisyl)). Yield: 191 mg (46%). mmol) of ethylene carbonate was used (yield 19 mg (24%, 79% ee),

IH NMR (CDCly): ¢ 7.33-7.18 (m, 5 H), 6.876.68 (m, 3 H), 6.55 [oJo = —69.2 (c = 0.105)).

(d, 1 H), 4.79 (br s, 1 H), 4.36 (t, 1 H), 3.82 (s, 3 H), 3.65 (s, 3 H),  Datafor (S)-(+)-16g (MeQ,CCH(CHPh)NH(o-anisyl)): yield 31

3.16 (d, 2 H). 13C NMR (CDCk): 6 173.5, 147.0, 136.4, 136.2,129.1, Mg (34%), 53% ee, hexane/ethanol (80/20), flow rate 0.85 mL/min,

128.3, 126.7, 121.0, 117.4, 110.3, 109.7, 57.6, 55.3, 51.8, 38.7. Anal. retention time (min) 16.3 and 30.5¢]p = +9.6° (c = 0.650).

Calcd for GHi1NOs: C, 71.56; H, 6.71; N, 4.91. Found: C, 71.35; (S)-(+)-16g (MeQ,CCH(CHPh)NH(o-anisyl)) (entry 8, Table 4)

H, 6.65; N, 4.89. was prepared by the general Scheme 3 procedure, except that 5 equiv
Preparation of Methyl a-Amino Acid Esters by Scheme 2. A (1.6 mmol) of ethylene carbonate was used (yield 28 mg (31%, 77%

Schlenk flask containing RGNHR' (0.323 mmol) in cold (OC) ether ee), p]o = +10.6" (c = 0.360)).

(5 mL) was treated with BuLi (1.6 M, 200L, 0.320 mmol) and stirred (9)-(+)-16g (MeO;CCH(CH Ph)NH(o-anisyl)) (entry 9, Table 4) _
for 5 min. The RCHN(L)R' was transferred by cannula to a cold ~Was prepared by the general Scheme 3 procedgre, except that 20 equiv
(—40 °C) THF (5 mL) solution containinggS)-[EBTHI]ZrMe(OTf) (6.4 mmol) of ethylene carbonate was used (yield 25 mg (27%, 85%

(169 mg, 0.325 mmol). After 5 min at40 °C and 2 h atroom ee), o = +10.4 (c = 0.590)). _
temperature, the red (or orange) solution was evaporated to dryness (9)-(1)-16g (MeQ,CCH(CH:Ph)NH(o-anisyl)) (entry 10, Table

and the residue was treated with benzene (20 mL). A separate solution®) Was prepared by the general Scheme 3 procedure, except that 60

containing ethylene carbonate (56 mg, 0.640 mmol)Z@de, (202 equiv (19.2 mmol) of ethylene carbonate was used (yield 13 mg (14%,
mg, 1.28 mmol), and benzene (20 mL) was transferred by cannula to 89% €€), &o = +10.I" (¢ = 0.310)). )
the solution containin@5. After stirring overnight, the pale yellow Preparation of Methyl a-Amino Acid Esters in Scheme 4. After

solution was treated with MeOH (3QfL) and heated to 80C for 4 addition of the RCEN(L)R' to (SS)-[EBTHI]ZrMe(OTf) (Scheme 2

h or until theg-hydroxyethyl esteP9 was consumed (as detected by procedure), the solution was warmed to_ room temperature. The_solvent

TLC). The solvent was filtered and evaporated to dryness. The residueWas removed, and the residue containig(26 was treated with

was spotted on a Chromatotron plate and eluted with hexanes/ethy/Penzene (20 mL). The solution was transferred to a vacuum bulb

acetate (25/1). RCIMHR' (R ~ 0.6) was separated (typically 45 containing ethylen_e carbonate (56 mg, 0.640 mmol) and Bfe, (202

30%) from the band that containe8){(+)- or (9-(—)-16a—c (R ~ mg, _1.28 mmol) in benzene_ (20 mL); the bulb was sealed and the

0.3). ©-(+)- or (9-(-)-16a—c were >98% pure by'H NMR. ?Ogugg” heated tgg:f Ove”t])lglllt.N?/l-lg_)-lGd’fand R-(+)-or R-
(9)-(+)-16a (MeO,CCH(Ph)NHPh) was prepared by the general ~)-1be.gwere =98% pure : o

Scheme 2 procedure, but with the following modifications. After 5 (I):)ata for (S-(—)-16d (MeO,CCH(Me)NHPh): yield 39 mg (68%,

min at —40 °C and 2 h atroom temperature, the orange solution 22% ee), o = —92.8 (c = 0.118). . .

changed immediately to cherry red upon addition of ethylene carbonate _ Pata for (R)-(+)-16e (MeQOCCH(Me)NH(o—amsyl)): yield 39 mg

(56 mg, 0.640 mmol) and GErMe; (201 mg, 0.800 mmol) in THF  (58%, 56% ee),d]o = +38.1" (c = 0.150). ] ]

(10 mL). After stirring overnight, the solvent was evaporated and the _ Data for (S)-()-16f (MeO,CCH(i-Bu)NH(o-anisyl)): yield 41 mg

residue was treated with benzene (20 mL) (yield 46 mg (60998% (51%, 14% ee),d]o = —72.7 (c = 0.138). o
ee, hexanelethanol (95/5), flow rate 0.85 mL/min, retention time (min) ~ Pata for (R)-(—)-16g (MeOQ,CCH(CHPh)NH(o-anisyl)): yield 45

42.4 and 47.5,d]p = +68.3 (c = 0.315)). mg (49%, 52% ee),dlo = —11.7 (¢ = 0.770).
R)-(—)-16g (MeO,CCH(CH ,Ph)NH(o-anisyl)) (entry 12, Table
(9)-(+)-16a (MeOQ,CCH(Ph)NHPh) (entry 2, Table 4) was pre- (
pared by the general Scheme 2 procedure, except that 20 equiv (6.44) was prepared by the general Scheme 4 procedqre, except thag 20
mmol) of ethylene carbonate was used (yield 18 mg (23988% ee equiv (6.4 mmol) of ethylene carbonate was used (yield 31 mg (34%,
0, = — =
(determined by d]measuredin THF), [a]o = +70.3 (c = 0.175)). 54% ee), flo = —11.9 (c = 0.530)).
Data for (S)-(~)-16b (MeO,CCH(Ph)NH(o-anisyl)): yield 58 mg P_rgparanon of Methy_l o-Amino Acid Esters by Scheme 5. After
(67%), 96% ee, hexane/ethanol (100/0) for 45 min, flow rate 1.0 mL/ addition of the RCEN(LR' to (S9-[EBTHIIZMe(OTH) (Scheme 2

. procedure), the solution was stirred-a40 °C for 1 h. In a separate
min and then changed to hexane/ethanol (95/5), flow rate 0.85 mL/ o : o
min, retention time (min) 60.3 and 63.91]p — —35.7 (c = 0.070). flask, a cold (40 °C) THF (20 mL) solution containing ethylene

] ) ) carbonate (56 mg, 0.640 mmol) and £fMe, (202 mg, 1.28 mmol)

Data for (S)-(—)-16c (MeO,CCH(o-anisyl)NH(o-anisyl)): yield 51 \yas transferred by cannula to the flask containi§)¢26; the solution
mg (53%), 98% ee, hexane/ethanol (95/5), flow rate 1.0 mL/min, \yas stirred for 15 min at-40 °C before warming to room temperature
retention time (min) 11.6 and 25.44]p = —52.7° (c = 0.165). and stirring overnight. The solvent was removed, and the residue was

(9)-(—)-16c (MeO,CCH(o-anisyl)NH(o-anisyl)) (entry 4, Table treated with benzene (20 mL) and MeOH (900). (S)-(—)-16cwas
4) was prepared by the Scheme 2 procedure, except that 20 equiv (6.4>98% pure by'H NMR.
mmol) of ethylene carbonate was used (yield 34 mg (35%, 92% ee), Data for (S)-(—)-16¢ (MeO,CCH(o-anisyl)NH(o-anisyl)): yield 41
[a]o = —52.3 (c = 0.065)). mg (43%,>99% ee), §lo = —57.6° (c = 0.085).

Preparation of Methyl a-Amino Acid Esters by Scheme 3.After Preparation of rac-25g. A solution containingac-[EBTHI]ZrMe,
addition of the RCEN(LI)R' to (S9-[EBTHI]ZrMe(OTf) (Scheme 2 (318 mg, 0.820 mmol) and THF (10 mL) was cooled-+t@8 °C and
procedure), the solution was warmed to room temperature. The solventtreated with TfOH (73uL, 0.820 mmol). The pale yellow solution
was removed, and the residue containigH)-26 was treated with was warmed to room temperature and stirred for 1 h, followed by
benzene (20 mL). The solution was transferred to a vacuum bulb and recooling to—78 °C. In a separate flask BuLi (1.6 M, 513, 0.820
heated to 70°C overnight. The solution was cooled to room mmol) was added to a cold (IC) ELO (5 mL) solution containing
temperature (1 h) and treated with ethylene carbonate (56 mg, 0.640Ph(CH,).NH(o-anisyl) (189 mg, 0.820 mmol), and the solution was
mmol) and CpZrMe; (202 mg, 1.28 mmol) in benzene (20 mL); the stirred for 5 min. The Ph(CHLNLi(0-anisyl) was transferred by
bulb was sealed, and the solution was stirred at room temperaturecannula to theac-[EBTHI]ZrMe(OTf); the yellow solution was stirred
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for 0.5 h at—40 °C before warming to room temperature. The solvent and the solution was filtered. The residue from the filtrate was spotted
was evaporated, and the residue was dissolved in benzene and heatedn a Chromatotron plate and eluted with ethyl acetate/hexanes (7/1);
to 70°C overnight. The solution was filtered by cannula with benzene evaporation of solvent afforded a white solid that was washed with

washes (2< 5 mL), and the filtrate was evaporated to yield an orange hexanes (yield 264 mg (62%), 92% ee, hexane/2-propanol (90/10), flow

solid. *H NMR of the product mixture showed only one diastereomer.
Yield: 434 mg (90% pure byH NMR). An analytically pure sample
was obtained from benzene/THF/hexanes (5/1/1080 NMR
(CeDg): 6 7.52 (d, 2 H), 7.31 (t, 2 H), 7.18 (t overlapped with residual
CeéHs, 1 H), 6.71 (t, 1 H), 6.32 (t, 1 H), 6.26 (d, 1 H), 6.13 (= 2.99
Hz, 1 H), 5.93 (d, 1 H), 5.30 (dl = 3.01 Hz, 1 H), 5.18 (dJ = 2.77
Hz, 1 H), 4.42 (dJ = 2.74 Hz, 1 H), 3.59-3.31 (m, 2 H), 3.20 (s, 3
H), 2.72-2.07 (m, 14 H), 1.991.78 (m, 2 H), 1.69-1.26 (m, 5 H).
Anal. Calcd for GsHzgNOZr: C, 72.37; H, 6.77; N, 2.41. Found: C,
72.14; H, 6.61; N, 2.47.

IH NMR of rac-28g andrac-31g (Scheme 7).A 5 mm NMR tube
was charged withiac-25¢g (11.4 mg, 0.0196 mmol) an¢t0.5 mL of
CsDs. After complete dissolution ofac-25g 1.3 equiv of ethylene

rate 0.6 mL/min, retention time (min) 14.1 and 21&]d = +76.5 (c
= 0.780)). H and3C NMR data for {)-19 were reported earli€;
(9-(+)-19 was >98% pure by'H NMR.

(9)-(+)-20 (H.NCOCH(Ph)NHPh) (Scheme 8)was prepared like
(9-(+)-19, except that neat MBINCO (262uL, 1.5 mmol) replaced
t-BUNCO. The residue was spotted on a Chromatotron plate and eluted
with hexanes/ethyl acetate (2/1); after evaporation, the white solid was
washed with hexanes (yield 173 mg (51%), 80% ee, hexane/2-propanol
(85/15), flow rate 0.6 mL/min, retention time (min) 37.6 and 4803p[
=146.9 (c = 0.770)). *H and*3C NMR data for &)-20were reported
earlier? (9-(+)-20 was >98% pure by*H NMR.

(9-(—)-23 (t-BuNHCOCH(Ph)NH(o-anisyl)) (Scheme 8)was
prepared like $-(+)-19b, but with the following modifications. A

carbonate (2.3 mg, 0.0263 mmol) was added to the orange solution. Insolution containing PhCi\H(o-anisyl) (69 mg, 0.323 mmol) and £

<1 h, rac-25g was consumed and a pale yellow solution containing
rac-28grac-31g (84/16, 68% de) was obtained as shown byits
NMR. Selected'H NMR resonances ofac-31g (C¢De): O 6.63
(aromatic d,J = 7.93 Hz, 1 H), 5.82 (8 indenyl d,J = 2.44 Hz, 1
H), 5.13 (H indenyl d,J = 2.38 Hz, 1 H), 4.91 (B methine dJ =
8.05 Hz, 1 H). Similar treatment ofic-25¢g (11.7 mg, 0.0201 mmol)

(5 mL) was cooled to OC and treated with BuLi (1.6 M, 200L,
0.320 mmol), and the solution was stirred for 5 min. The PhXOLF
(o-anisyl) was transferred by cannula to a cotd4Q °C) solution
containing §9-[EBTHI]ZrMe(OTf) (169 mg, 0.325 mmol) in THF
(5 mL); the flask that contained PhGNLi( o-anisyl) was rinsed with
Et,O (2 mL). After 5 min at —40 °C and overnight at room

with 9.3 equiv of ethylene carbonate (16.4 mg, 0.186 mmol) gave, after temperature, the orange-red solution was treated with tiBaNCO

<10 min, a 94/6 (88% dejac-28dgrac-31gratio. *H NMR of rac-
289(CsD¢): 6 7.54 (d, 2 H), 7.24 (t, 2 H), 7.15 (aromatic m overlapped
with CH indenyl resonance and residuadHg, 2 H), 6.96 (t, 1 H),
6.70 (d,J = 7.74 Hz, 1 H), 6.57 (dJ) = 6.75 Hz, 1 H), 6.47 (t, 1 H),
5.55 (d,J = 2.47 Hz, 1 H), 5.44 (dJ = 2.94 Hz, 1 H), 5.13 (dJ =
2.56 Hz, 1 H), 5.03 (8 methine ddJ = 11.3 Hz, 1 H), 3.96-3.72
(m, 2 H), 3.53 (OCGi; s overlapped with m, 3 H), 3.483.04 (m
overlapped with ethylene carbonate resonance, 4 H),2%b6 (m, 8
H), 2.47-2.06 (m, 9 H), 1.66-1.09 (m, 6 H).

(£)-23 ¢-BUNHCOCH(Ph)NH(o-anisyl)). A 100 mL Schlenk flask
was charged witll3b (217 mg, 0.5 mmol), benzene (20 mL), and
t-BuUNCO (69uL, 0.6 mmol). After stirring overnight, the solution
was treated with MeOH (1 mL) and stirred for 4 h. The solvent was
removed, and the residue was treated withClb{(20 mL) and filtered.

(46 uL, 0.400 mmol) and stirred overnight. The pale yellow solution
was treated with MeOH (1 mL) and stirred-fé h (yield 30 mg (31%),
>99% ee, hexane/ethanol (95/5), flow rate 0.9 mL/min, retention time
(min) 8.0 and 10.4,d]p = —40.0 ¢ = 0.123)). §—(—)-23was>98%
pure by'H NMR.

(9)-(—)-24 (H.,NCOCH(Ph)NH(o-anisyl)) (Scheme 8yas prepared
in the same way asS[-(—)-23, except that neat M8INCO (54uL,
0.400 mmol) replacettBUuNCO (yield 22 mg (25%), 98% ee, hexane/
ethanol (80/20), flow rate 0.8 mL/min, retention time (min) 16.6 and
19.5, p]o = —100.9 (c = 0.095)). §-(—)-24 was >98% pure by
1H NMR.

Compound rac-25b was prepared likerac-25g but with the
following modifications. PhCENH(o-anisyl) (175 mg, 0.820 mmol)
replaced Ph(ChE:NH(o-anisyl). After the PhCbENLi(o-anisyl) was

The residue from the filtrate was spotted on a Chromatotron plate and transferred by cannula to thac-[EBTHI]ZrMe(OTf), the resulting
eluted with ethyl acetate/hexanes (2/1); evaporation of solvent afforded yellow solution was warmed to room temperature and the solution

a white solid that was washed with hexanes. Yield: 78 mg (52Pb).
NMR (CDCl): 6 7.48-7.31 (m, 5 H), 6.89-6.76 (m, 3 H), 6.73 (br

s, 1 H), 6.58 (d, 1 H), 5.01 (v brs, 1 H), 454 (s, 1 H), 3.82 (3 H, s),
1.31 (s, 9 H). °C NMR (CDCk): 6 170.3, 147.0, 139.1, 136.6, 128.9,

128.1,127.2,121.0, 118.4, 111.5, 109.2, 65.1, 55.2, 50.9, 28.4. Anal.

Calcd for GgH24N202: C, 73.05; H, 7.74; N, 8.97. Found: C, 72.69;
H, 7.80; N, 8.97.

(£)-24 (H.NCOCH(Ph)NH(o-anisyl)). Preparation of£)-24was
carried out as described above fet){23, except that MgSiNCO (160
uL, 1.0 mmol) replaced-BuNCO. The residue from the filtrate was

turned red. After 1 h, the solvent was evaporated and the orange red
solid was dissolved in benzene (25 mL); the solution was filtered by
cannula, the solid was washed with benzeng @mL), and the filtrate

was evaporated to yield crudac-25b. *H NMR of the product mixture
showed only one diasteromer. Yield: 440 mg (85% purébXMR).

An analytically pure sample was obtained from benzene/THF/hexanes
(5/1/100). *H NMR (CeDe): 6 7.48 (d, 2 H), 7.39 (t, 2 H), 7.07 (t, 1

H), 6.98 (t, 1 H), 6.68 (d, 1 H), 6.53 (t, 1 H), 6.48 (d, 1 H), 5.411d,

= 3.07 Hz, 1 H), 5.18 (dJ = 2.80 Hz, 1 H), 4.84 (dJ = 3.09 Hz, 1

H), 4.70 (d,J = 2.76 Hz, 1 H), 3.78 (s, 1 H), 3.27 (s, 3 H), 2:67.94

spotted on a Chromatotron plate and eluted with ethyl acetate/hexanegm, 15 H), 1.69-1.18 (m, 5 H).

(7/1); evaporation of solvent afforded a white solid that was washed
with hexanes. Yield: 54 mg (42%)H NMR (CDCl): 6 7.53-7.36

(m, 5 H), 6.89-6.66 (m, 3 H), 6.61 (br s, 1 H), 6.58 (d, 1 H), 5.53 (br
s, 1 H), 4.71 (s, 1 H), 3.82 (s, 3 H)}3C NMR (CDCk): 6 174.1,

Compound rac-25a was prepared likerac-25b, but with the
following modifications. PhCENHPh (59 mg, 0.320 mmol) replaced
PhCHNH(o-anisyl). After the PhCENLiPh was transferred by cannula
to the rac-[EBTHI]ZrMe(OTf), the yellow solution turned red as it

147.1, 138.5, 136.3, 129.2, 128.6, 127.4, 121.2, 118.7, 111.3, 109.5,warmed to room temperature. After 1 h, the solvent was evaporated

64.1,53.4. Anal. Calcd for H16N20,: C, 70.29; H, 6.29; N, 10.93.
Found: C, 70.24; H, 6.29; N, 10.87.

(9-(+)-19 (-BuNHCOCH(Ph)NHPh) (Scheme 8). A solution
containing §9-[EBTHI]ZrMe; (579 mg, 1.5 mmol) and THF (10 mL)
was cooled to—78 °C and treated with TfOH (133L, 1.5 mmol).

to yield an orange solid. Compourrdc-25a was ~38% pure (the
remaining 62% was a mixture of LIOTf, THF, and ca.-116%
PhNHCHPh) and was used without further purification. Selected
NMR resonances afac-25a(THF-dg): ¢ 6.28 (aromatic t, 1 H), 5.51
(CH indenyl d,J = 2.49 Hz, 1 H), 5.40 (€ indenyl d,J = 2.55 Hz,

The pale yellow solution was warmed to room temperature and stirred 1 H), 5.26 (G4 indenyl d,J = 2.61 Hz, 1 H), 4.28 (€l indenyl d,J =

for 1 h followed by recooling to—-78 °C. In a separate flask BuLi
(2.0 M, 750uL, 1.5 mmol) was added to a cold (@) ELO (5 mL)
solution containing PhC#NHPh (275 mg, 1.5 mmol), and the solution
was stirred for 5 min. The PhGNLIi(Ph) was transferred by cannula
to the §9)-[EBTHI]ZrMe(OTf), and the solution was stirred for 0.5 h
at—78°C and then warmed to room temperature and stirred overnight.
Neatt-BUNCO (177uL, 1.5 mmol) was added, and the resulting red
solution was stirred fol h and then treated with MeOH (1 mL). The
solvent was removed, the residue was treated withGTH20 mL),

2.61 Hz, 1 H), 3.55 (8 methine s, 1 H).

H NMR of rac-35 (Scheme 9).A 5 mm NMR tube was charged
with rac-25b (12.0 mg, 0.0210 mmol), THEs (~0.5 mL), and 4.1
equiv of neat-BuNCO (6.2 mg, 0.0625 mmol); after 6 dayac-25b
was consumed. Selectéd NMR resonances afac-35 (THF-dg): 6
7.47 (aromatic d, 2 H), 6.53 (aromatic t, 1 H), 6.28 (aromatic d, 1 H),
5.98 (aromatic d, 1 H), 5.88 (€indenyl d,J = 2.61 Hz, 1 H), 5.84
(CH indenyl d,J = 2.58 Hz, 1 H), 5.80 (€ indenyl d,J = 2.65 Hz,

1 H), 5.61 (G indenyl d,J = 2.70 Hz, 1 H), 5.26 (€ methine s, 1
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H), 4.33 (OCHs s, 3 H), 1.19{-Bu s, 9 H). The minor diastereomer
rac-37 was not detected biH NMR.

(9)-(+)-19 (-BuNHCOCH(Ph)NHPh) (Scheme 10)was prepared
like (9-(+)-19, but with the following modifications. The solution
that contained %$SR)-25a (0.320 mmol, 20 mM) was treated with a
dilute benzene solution dfBUNCO (0.256 mmol, 32 mM); metha-
nolysis and workup gaveS[-(+)-19 in 45% vyield (36% ee, hexane/
2-propanol (92/8), flow rate 0.85 mL/min, retention time (min) 11.8
and 20.3).

IH NMR of rac-38 andrac-39 (Scheme 11).A 5 mm NMR tube
was charged withac-25g(11.7 mg, 0.0201 mmol) and THé&s (~0.5
mL). After complete dissolution afc-25g 26 equiv of neat-BuNCO
(45 mg, 0.454 mmol) was added to the orange solution<%min,
therac-25gwas consumed and a 95/5 (90% d&g-38/rac-39 product
ratio was shown byH NMR. SelectedH NMR resonances afac-
38(THF-dg): 6 7.47 (d,J=7.14 Hz, 2 H), 7.12 (t, 2 H), 7.03 (t, 1 H),
6.94 (d, 1 H), 6.75 (d, 1 H), 6.38 (t, 1 H), 6.17 (d, 1 H), 5.69 (apparent
g, two overlapping d from 8 indenyl resonances,= 2.71 Hz, and
J=2.71 Hz, 2 H), 5.57 (dJ = 2.72 Hz, 1 H), 5.45 (dJ = 2.70 Hz,

1 H), 4.44 (G methine ddJ = 7.68 Hz, 1 H), 4.23 (OH3 s, 3 H),
3.46-3.40 (dd, 1 H), 1.41 (t-Bu s, 9 H). Similar treatmentrat-25¢g
(10.2 mg, 0.0176 mmol) with 1.3 equiv 6BuUNCO (2.2 mg, 0.0222
mmol) in THFdg gave, after 3 h, a 64/36 (28% degc-38/rac-39
product ratio. SelectetH NMR resonances ofac-39 (THF-dg): o
7.51 (aromatic d overlapped witlac-38 d, J = 7.36 Hz, 2 H), 5.92
(CH indenyld, J = 2.86 Hz, 1 H), 5.79 (8 indenyl d,J = 2.50 Hz,
1H), 5.46 (Hindenyl d,J=2.71 Hz, 1 H), 4.34 (083 s, 3 H), 1.27
(t-Bu s, 9 H).

H NMR of rac-40 (Reaction 16). A 5 mm NMR tube was charged
with rac-25a(~11 mg, 0.02 mmol), THFes (~0.5 mL), and neat Mg
SiNCO (2.8 mg, 0.024 mmol). After 5 min, thel NMR showedrac-
40 (ca. 90% de). SelectetH NMR resonances afac-40 (THF-dg):

0 7.47 (aromatic d, 2 H), 6.13 (€indenyl d, 1 H), 5.93 (€l indenyl
d, 1 H), 5.88 (aromatic d, 2 H), 5.56 KOndenyl resonance overlapped
with CH methine s, 2 H), 5.24 (8 indenyl d, 1 H), 0.02 (s, 9 H).

IH NMR of rac-4la (Reaction 16). A 5 mm NMR tube was
charged withrac-25a(~11 mg, 0.02 mmol) and-0.5 mL of THFds.
After complete dissolution afac-25a 4.2 equiv of 2-butyne (4.5 mg,
0.083 mmol) was added to the orange-red solution. After 24 h, 2-butyne
was consumed and the red solution showed4lain 24% de.

In a similar fashiona 5 mm NMRtube was charged withac-25a
(~11 mg, 0.02 mmol) and neat 2-butyned.5 mL, 6.4 mmol). After
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Similar treatment ofac-25a(0.02 mmol) withn equiv of 2-butyne
(mg, mmol) gave the following de’s afic-41a 4.2 equiv (4.5 mg,
0.083 mmol), 28% de; 13 equiv (14 mg, 0.26 mmol), 46% de; 32 equiv
(35 mg, 0.64 mmol), 60% de.

Preparation of 44. A solution containing CgZrMe; (3.02 g, 12
mmol) and THF (40 mL) was cooled t678 °C and treated with TfOH
(1.06 mL, 12 mmol). The pale yellow solution was warmed to room
temperature, stirred for 1 h, and again coolee-#8 °C. In a separate
flask BuLi (2.0 M, 6 mL) was added to a cold (@) ELO (40 mL)
solution containing ¢-anisyl)CHNHCH,Ph (2.73 g, 12 mmol); the
solution was stirred for 5 min. The pink solution containioeafisyl)-
CHaN(LI)CH2Ph was transferred by cannula to the,2ye(OTf),
stirred for 0.5 h at=78 °C, and warmed to room temperature. The
solvent was evaporated from the red solution, the residue was treated
with benzene (75 mL), the solution was filtered by cannula, and the
residue was washed with benzene (25 mL). The filtrate was evaporated,
and the residue was treated with hexanes (100 mL) to give a tan
precipitate. The solid was filtered by cannula, washed with hexanes
(2 x 30 mL), and dried overnight under vacuum. Yield: 3.43 g (62%).
IH NMR (CeDe): 6 7.39 (d, 1 H), 7.3£7.09 (m, 7 H), 6.59 (d, 1 H),
5.75 (Cp s, 10 H), 4.53 (@: s, 2 H), 4.35 (&1, s, 2 H), 3.25 (OCl;

s, 3 H), 0.32 (Zr®is s, 3 H). °C NMR (CeDg): ¢ 158.1, 142.4, 129.5,
128.6, 128.4 (DEPT), 128.0 (DEPT), 127.4 (DEPT), 126.5, 120.4,
110.2,110.0 (Cp), 59.80H,, DEPT), 54.5 (@H3, DEPT), 54.0 CH_,
DEPT), 20.9 (Z€H3, DEPT). Anal. Calcd for @H,dNOZr: C, 67.49;

H, 6.32; N, 3.03. Found: C, 67.20; H, 6.14; N, 2.99.

1H and 3C NMR of 45 (Scheme 14). A 5 mm NMR tube was
charged with44 (50 mg, 0.108 mmol) and s (~0.5 mL). The
sample was sealed, and the tan solution was heated %G & 1 h to
give a deep red solution'H NMR showed the majorH)-45 (84%)
and minor g)-45 (16%) isomers.*H NMR of (E)-45 (Ce¢Ds): 6 8.09
(CH=N s, 1 H), 7.43 (d, 1 H), 7.237.07 (aromatic m overlapped
with aromatic resonances af)(45), 5.71 (Cp s, 10 H), 4.56 (4; s,
2 H), 3.69 (OCss, 3 H). SelectedH NMR of (2)-45(CsDe): 0 7.95
(CH=Ns, 1 H),5.85(Cps, 10H), 452 s, 2 H), 3.79 (OEi; s,
3 H). 13C NMR of (E)-45 (CsDg): 6 176.0 (CH=N, DEPT), 142.5,
141.7,140.3, 129.5, 128.8, 128.2 (DEPT), 128.1 (DEPT), 127.7, 127.1,
123.2, 111.0 (Cp of4)-45), 109.9 (Cp of E)-45), 61.6 CH,, DEPT),
59.2 (CCH3, DEPT).
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