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Abstract: Mechanistic and structural studies show the high enantioenrichments in the products from lithiation
substitutions oN-Boc-N-(p-methoxyphenyl)benzylaminé) by n-BuLi/(—)-sparteine) arise from an enantioselective
deprotonation ofl to provide configurationally stabléRf-2/6. NMR spectroscopy establishes tR&E, 6Li labeled
(R)-2/6 and §)-2/6 are monomeric with lithium complexed to the benzylic position, the carbonyl of the Boc group
and ()-sparteine. Deprotonations of the tertiary protons R)-(and §)-N-Boc-N-(p-methoxyphenyl-
methylbenzylamine §)-8 and §)-8) with n-BuLi/TMEDA provide (R)-9/TMEDA and (§-9/TMEDA, respectively,

with high enantioenrichments. Absolute configurations assigneR)t@ énd R)-1-d; allow analysis of the electrophile
dependent stereochemistry of the reactions of these configurationally stable organolithium intermediates.

Introduction mono- and disubstituted produ@snd5.22 In this sequencé

is deprotonated witln-BuLi/(—)-sparteine §) to generate an
organolithium complex2, which reacts with alkylating and
carbonyl electrophiles to provide the new carb@arbon bonds
of 3 with high enantioenrichments. The tertiary carbardon

. . . . which can be generated subsequently frdwith the achiral
sequences with—()-sparteine as the chiral ligand have been basen-BuLiTMEDA at —78 °C, reacts with electrophiles

shown to provide products with high enantiomeric ratios (er%). stereoselectively to produ&ealso with high enantioenrichment.

We have reported enantioselective sequences beginning With\Ne now report investigations of the pathways and structures
N-Boc-N-(p-methoxyphenyl)benzylamind X which afford the involved in these asymmetric lithiatiersubstitution sequences.

Methods for asymmetric carbertarbon bond formation are
of considerable current interest. Understanding the pathways
of these reactions should provide a basis for rational improve-
ment of the methodology. Asymmetric lithiatiessubstitution

® Abstract published irdvance ACS Abstract®yovember 1, 1997. _ The formati_on_ _Of enanti_oenriChed produgtsan a!'ise from
(1) (@) Paulsen, H.; Graeve, C.; Hoppe, Synthesis1996 141. (b) either of two limiting reaction pathways under the influence of
Hoppe, D.; Marsch, M.; Harms, K.; Boche, G.; HoppeAhgew. Chem., g chjral diamine ligand 18 One pathway is asymmetric

Int. Ed. Engl.1995 34, 2158. (c) Hoppe, D.; Hintze, F.; Tebben, P.; Paetow, . . - . .
M.; Ahrens, H.; Schwerdtfeger, J.; Sommerfeld, P.; Haller, J.; Guarnieri, deprotonation, in which one of the prochiral benzylic hydrogens

W.; Kolczewski, S.; Hense, T.; Hoppe Rure Appl. Cheml994 66, 1479. (4) Klein, S.; Marek, I.; Poisson, J.-F.; Normant, JJFAm. Chem. Soc.
(2) (a) Park, Y. S.; Boys, M. L.; Beak, B. Am. Chem. S0d.996 118 1995 117, 8853.
3757 (b) Gross, K. M. B.; Jun, Y. M.; Beak, B. Org. Chem1997, in (5) Muci, A. R.; Campos, K. R.; Evans, D. A. Am. Chem. S0d.995
press. (c) Weisenburger, G. A.; Beak, P.Am. Chem. Sod996 118 117, 9075.
12218. (d) Basu, A.; Beak, B. Am. Chem. S0d.996 118, 1575. (e) Wu, (6) (@) Voyer, N.; Roby, JTetrahedron Lett.1995 36, 6627. (b)
S.; Lee, S.; Beak, B. Am. Chem. S04996 118 715. (f) Thayumanavan, Schlosser, M.; Limat, DJ. Am. Chem. S0d.995 117, 12342.
S.; Basu, A.; Beak, P1. Am. Chem. S0d.997, 119 8209. (7) Park, Y. S.; Beak, R]. Org. Chem1997, 62, 1574.
(3) Tsukazaki, M.; Tinkl, M.; Roglans, A.; Chapell, B. J.; Taylor, N. J.; (8) Beak, P.; Basu, A.; Gallagher, D. J.; Park, Y. S.; Thayumanavan, S.
Snieckus, VJ. Am. Chem. S0d.996 118 685. Acc. Chem. Red.996 29, 552 and references cited therein.
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is preferentially abstracted by the chiral base RLifilom the
substratel to provide a configurationally stable specizsThe
organolithium intermediat® then undergoes stereoselective
electrophilic substitution to provide the enantioenriched product
3. The second pathway, which we refer to as asymmetric
substitution, involves the formation of a racemic organolithium
speciesrac-2 either initially or by racemization o2. Com-
plexation ofrac-2 with L* and reaction of the complex with an
electrophile provides the enantioenriched prod8ctin the
asymmetric deprotonation pathway the stereoinformation which
is transferred to the products is introduced in the initial step,
whereas in asymmetric substitutions the asymmetric induction
leading to the products occurs in a post-deprotonation8step.

Asymmetric ;
Deprotonation L'/,,/,(H E
RLIL* Bocl:l Ph
Ar
2
HH H, E
Bocl}l Ph Bocr;l Ph
Ar Ar
1 3
. Asymmetric
} AL Li, H Substitution
— BocN Ph )L
Ar 2)E
L* = chiral ligand rac2

Results and Discussion

Reaction Pathways. Treatment ofl with 1.2 equiv of
n-BuLi/6 in toluene at—78 °C provided after alkylation with
methyl triflate )-8 in 87% yield with a 97:3 er. The absolute
configuration of §-8 is assigned after oxidative cleavage of
the p-methoxyphenyl group with ceric ammonium nitrate
(CAN)?® by comparison of CSP-HPLC retention times with that
of the authentic compound. The tin derivativg)-{ was
prepared in 97% yield with a 95:5 er using the same methodol-
ogy as described for§-8.22 The absolute configuration
assigned to)-7 was determined by X-ray crystallograpHy.
Reaction of the enantioenriched tin compourf§-{ with
n-BuLi/6 provides R)-8in 81% yield and with a 95:5 é&Thus,

a convenient route to either enantiomer&fs available via
either the deprotonatiermethylation ofl or via the transmeta-
lation—methylation of §-7. These results are consistent with
an asymmetric deprotonation pathway as shown in Scheme 1
The assignments of absolute configuration Rf-2/6 and §)-

2/6 are also obtained from these transformatiosid€ infra).

To further distinguish the two limiting pathways we generated
the racemic intermediatac-2 via tin—lithium exchange under
conditions which exposed it to the chiral ligand. Transmeta-
lation of racemic7 with n-BuLi/6 in toluene at-78 °C followed
by reaction with methyl triflate afforded racen@dn 83% yield

(9) Kronenthal, D. R.; Han, C. Y.; Taylor, M. KI. Org. Chem1982
47, 2765.
(10) We have previously deposited the X-ray data ®rq”
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Scheme 1
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Ar Ar Ar
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Ar Ar Ar
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Scheme 2
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BocN Ph ——— BocN” “Ph f’Boclﬂ Ph
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Route C BoocN™ “Ph  erosion  BocN” “Ph
Ar in % d Ar
relative to
No Reaction- (R-2 rac-1-d, (5-8
erosion in % yield
relative to 1

as shown in Table 2. If the same organolithium intermedate

is obtained from lithiodestannylation as from deprotonation, this
result demonstrates that the racemic organolithium intermediate,
rac-2, is not transformed into enantioenriched products in the
presence of-)-sparteine under the reaction conditions.

SnMeg }Li\/s }C\Ha
BooN” ~ph —TBUL _ goonpn MEOTL_ goonpn
Ar Ar Ar
rac-7 rac-2 rac-8

The two pathways can be distinguished also by submitting
the racemic analogueac-1-d; to the standard lithiation
substitution protocol and comparing the results to the reaction
of 1.2e.6b1112 The synthesis ofac-1-d; was accomplished by
treating 1 with n-BuLi/TMEDA at —78 °C. After 2 h, the
reaction mixture was quenched with MeOD to furnial-1-d;
with 99%d; according to FIMS, which was also confirmed by
IH NMR. The pertinent comparisons are summarized in Table
1.

For asymmetric deprotonatior§)¢1-d; is termed the matched
enantiomer as it has the proton in the favored position for

abstraction witm-BuLi/6. The enantiomerg)-1-d; should react

with n-BuLi/6 and methyl triflate essentially as dogso give
(9-8-d; as shown in Scheme 2. However, for the mismatched
enantiomer, R)-1-d;, the deuterium is in the favored position
for abstraction witm-BuLi/6, and its removal would be inhibited

(11) (a) Hoppe, D.; Paetow, M.; Hintze, Angew. Chem., Int. Ed. Engl.
1993 32, 394. (b) Rein, K.; Pappas, M. G.; Anklekar, T. V.; Hart, G. C.;
Smith, G. A.; Gawley, R. AJ. Am. Chem. S04989 111, 2211. (c) Eliel,
E. L.; Hartmann, A. A.; Abatjoglou, A. GJ. Am. Chem. Sod.974 96,
1807. (d) Curtin, D. Y.; Kellom, D. BJ. Am. Chem. S0d953 75, 6011.

(12) Gallagher, D. J.; Du, H.; Long, S. A.; Beak, R.Am. Chem. Soc.
1996 118 11391.
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Table 1. Reactions ofl andrac-1-d; with n-BuLi/6 in Toluene To
Provide(S)-8 and (S)-8-d;

Y
A 1) n-BuLif6, 2 hr Y. e
BocN Ph 2) MeOTf BocN Ph
Ar toluene, -78 °C Ar
Y=H 1 Y=H (5-8
Y=D rac1-d, Y=D E?)'a d;
Y reactant  yield (%) S:Rrati®  di? (%)

Y=H 1 100 98:2
Y =D (99%d;) rac-1-d; 88 68:32 89

a2 The percent error i£5%.

by a large deuterium isotope effect a8 °C.2e.6b11a13 Ag

shown in Scheme 2, the mismatched enantiomer may follow

three different paths in lithiationmethylation. If the proton is
abstracted (Route A), the produ§-8-d; would have an eroded
er relative to the product from the reactionloénd have a net
deuterium incorporation of the reactamac-1-d;. If the
deuterium is removed (Route B), the produg}-8-d; would

have a decreased deuterium content, but the enantioenrichmen?

would be comparable to that from the reactionlof If both

the deuterium kinetic isotope effect and the enantioselectivity
are sufficiently high to prevent reaction (Route C), the product
(9-8-d; would be produced in decreased yield relative to that
from 1 but shows similar deuterium content to thatraé-1-d;

and enantioenrichment similar to that frofn In this case
recoveredl-d; would be enriched inR)-1-d;.

Lithiation of 1 with n-BuLi/6 and subsequent reaction with
methyl triflate afte 2 h provided §-8 in quantitative yield and
98:2 er. Reaction ofac-1-d; (99% d;) under identical condi-
tions provided §-8-d; (89% d,) in 88% yield and 68:32 er.
The observed decrease in er and deuterium incorporation in th

metric deprotonation pathway in which Route A dominates but
Route B is available. The deuterium kinetic isotope effect is

more important than the inherent enantioselectivity in this case.

The conclusion that the asymmetric induction occurs through

e
product indicates that the reaction proceeds through an asym

J. Am. Chem. Soc., Vol. 119, No. 4B]136®7

Table 2. Transmetalation of to Produce8

er of reaction
entry reactant ligand time (h) yield (%) er of Product
1 racemic {)-sparteine 10 83 racemic
2 955 )-sparteine 0.5 73 95:5
3 955 )-sparteine 10 81 95:5
4 95:5 TMEDA 0.5 75 70:30
5 955 TMEDA 10 79 56:44

a|solated yield? The error in er's is judged to b&5%.

Configurational Stability and Reactivity. The data and the
sequence in Scheme 1 show that the complexe&/@®fare
configurationally stable under the reaction conditions. The
configurational stability o and2/6 under different conditions
was investigated by subjecting the enantioenriched stannane
(9)-7 to tin—lithium exchange in the presence ef)tsparteine
and TMEDA as shown in Table 2. Treatment &-{ with
n-BuLi/6 for 0.5 and 10 h and subsequent reaction with methyl
triflate provided R)-8 in 73% and 81% yields with 95:5 er,
respectively, as shown in entries 2 and 3. However, reaction
f (9-7 in the presence of the achiral ligand TMEDA gai®-8
in 70:30 and 56:44 er, respectively, after the same transmeta-
lation periods as shown by entries 4 and 5. In these lithiod-
estannylations we assume thattlithium exchange is occurring
through a retentive pathwd§16 These results further demon-
strate thab is a more effective ligand in maintaining configura-
tions of these organolithium species than is TMEBA 19

The configurationally stablility o2/6 provides an opportunity
to determine if the diastereomeric complexes react with elec-
trophiles with sufficiently different activation energies to affect
the enantiomeric ratio. In this variant of the Hoffmann test,
reaction with a deficiency and an excess of the electrophile could
reveal that possibility°
Separate reactions were conducted in which an excess (1.5
equiv) and a deficiency (0.1 equiv) of methyl triflate was added
to (R)-2 after a 2 hlithiation period withn-BuLi/6 to provide
(9-8 as shown in Table 3. In these experiments the solvent
methyl tert-butyl ether was used in order to provide a more
observable change in er. In the reference reaction with excess

asymmetric deprotonation was further tested by submitting the electrophile, the methyl triflate was allowed to react wig)-2

enantioenrichedR)-1-d; (97%d;) to the lithiation-substitution
protocol. The absolute configuration d¥)¢1-d; is based upon
the assumption that the reaction &){2 with MeOD occurs
with retention ¢ide infra).!* Treatment of R)-1-d; with
n-BuLi/6 and reaction with methyl triflate afforde&)-8 in 75%
yield (78%d;) and 60:40 er. A similar result was observed

for 1 h before the reaction was quenched with MeOD.
However, in the reaction with a deficiency of electrophile, the
methyl triflate was allowed to react withR}-2 for only 2 min
before quenching with MeOD. This protocol was followed
since the er of the initial -8 generated is of interest. In
addition, we were concerned th&){8 could undergo further

when carbon dioxide was used as electrophile. These resultSihiation, especially for the experiment using a deficiency of

further support the asymmetric deprotonation pathway. The
deuterium in R)-1-d; is in the favored position for asymmetric

deprotonation, and thus, due to the deuterium kinetic isotope

effect, the formation ofR)-2 is inhibited with the result that
(9-2 is formed leading to K)-8-d; with a 60:40 er. This
rationale is consistent with an invertive reaction pathway for
reaction of2 with methyl triflate @ide infra).

> ) HsC D
~, 1) n-BuLi6 i 1.) n-BuLi/6 ”,
BocN”"Ph ocN”~Ph BocN/(Ph

Ar 2.) MeOD Ar 2.) MeOTf )
toluene, toluene,
1 78 °C (R)-1-dy -78°C (R)-8-d;
80% yield, 75% yield,
97% dy 78% d
60:40 er

(13) Kaiser, B.; Hoppe, DAngew. Chem., Int. Ed. Endl995 34, 323.

(14) Hammerschmidt and Hoppe have found also that MeOD and AcOD
react with retention of configuration in reactions of oxygen dipole stabilized
carbanions which are similar & Hammerschmidt, F.; Hanninger, 8hem.

Ber. 1995 128 10609.

electrophile where there is a large excessR)Z relative to

(15) (a) still, W. C.; Sreekumar, Q. Am. Chem. Sod98Q 102 1201.

(c) Reich, H. J.; Borst, J. P.; Coplien, M. B.; Phillips, N. H.Am. Chem.
S0c.1992 114, 6577. (b) Aggarawal, V. KAngew. Chem., Int. Ed. Engl.
1994 33, 175.

(16) In the only case that has been reported in which tin-lithium takes
place with any inversion, retention still predominates. Clayden, J.; Pink, J.
H. Tetrahedron Lett1997 38, 2565.

(17) The configurational stability of the carbanion in the absence of ligand
could not be determined since the lithiodestannylation did not proceed with
n-BuLi alone.

(18) An alternative possibility is that, in the presence of TMERAay
react nonstereoselectively with methyl triflate.

(19) Pearson and Chong have also observed for carbamate and urea
stabilized c-aminoorganolithiums the addition of HMPA and TMEDA,
respectively, significantly diminish configurational stability. Pearson, W.
H.; Lindbeck, A. C.; Kampf, J. WJ. Am. Chem. Sod 993 115 2622.
Chong, J. M.; Park, S. Bl. Org. Chem1992 57, 2220.

(20) In order to test for this possibility we used a variant of the Hoffmann
test2! which we have termed the “poor man’s” Hoffmann test since it does
not require a chiral enantioenriched electropBfi&ince R)-2 is configu-
rationally stable, a reaction with a deficiency of electrophile could provide
an enantiomeric ratio different from that with an equivalent of electrophile.
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Table 3. Reactions of R)-2 in t-BuOMe with an Excess or
Deficiency of MeOTf To Yield §-8

H, H 6/Li,, H H, ,CH

& nBulile e 1aMeoTt 5L
BocN™ “Ph7BuOMe, ~ BooN - Ph i on :

Ar -78°C,2h Ar : Ar

1 (R)-2/6 (S-8
equiv of MeOTf yield (%) SR

15 93 92:8
0.1 2.4 96:4

aThe yield is relative tdl. ® Trapping time was 2 min.

methyl triflate. The'H NMR and field ionization mass spectra
of (-8 for both experiments showed no deuterium incorporation

(i.e. <2%), and, therefore, we concluded that in both cases

further lithiation of the product does not occur. The products

of these reactions show a difference in er of 92:8 and 96:4 for

(9-8, a difference which is only slightly beyond experimental
error. This result could be taken optimistically to indicate the
major diastereomeR)-2/6 reacts faster with methyl triflate than
does the minor diastereomé&){2/6. However, the results also

Faibish et al.

absent in the subsequent generation of an equimolar mixture of
the diastereomeric complexegde infra).

0 . JOJ; -SLi/e O--%Lie
13 n-Bu°Li/6 A
t'Buou\N/\Ph toluene-gg, (20" N13'Ph #BUOT “NT13'Ph
Ar -78°C Ar Ar
1-%¢ (R2-"%clLils  (5)-2-'3CLi6
MeOTf
O CHg
t-BuO N 13 Ph
Ar
(S)-B-‘QC
91:9er

The structure of2-13CfLi/6 was also investigated bifC
NMR spectroscopy. In addition to two peaks at 54.4 and 53.9
ppm which we assign to the two rotamerslefC, the spectrum
contained two strong absorptions at 71.1 and 71.9 ppm in a
90:10 ratio which we assign to the benzylic carbons of the

show there is not an opportunity for substantial enantioenrich- jniermediatesR)- and ©-2-13CfLi. Unfortunately, as shown

ment by using a deficiency of methyl triflate as the electrophile.

NMR Spectroscopic Studies. The work of Fraenkéf and
SeebacH provides the basis for the use of isotopic dipolar

in Figure 1b the coupling téLi is only partially resolved. In
support of théLi NMR data, the'3C NMR spectrum indicates
a monomeric organolithium intermediate. In order to insure

couplings in organolithium complexes to assign structure to the the measured integrals represented an accurate ratio of the two

intermediates in this sequence. %A and 3C NMR spectro-
scopic investigation of the structures of the lithiated intermedi-
ates R)- and §)-2 was carried out with the appropriately labeled
reactantsl-13C andn-BuSLi.2>-27 Compound1-13C was pre-
pared as described previously using labeled3C benzyl
bromide?2

Generation of the organolithium intermedi&é3C fLi was
accomplished by reaction 4f13C with 1.1 equiv ofn-BufLi/6
in tolueneds at —78 °C. As shown in Figure 1a, tHf&i NMR

species, th&3C NMR spectrum was acquired with a 100 s delay
between pulse€ Further evidence of the assignments in the
13C NMR spectrum was provided by the acquisition of a proton
coupled 13C NMR spectrum. The spectrum showed two
doublets for the two benzylic carbons at 71.1 and 71.9 ppm
indicative of two methine group$3CHSLi. After completion
of the NMR spectroscopic study, the sample was allowed to
react with methyl triflate to provideg-8-13C in 91:9 er.

In order to generate an equimolar mixture 8)<and Q-

spectrum contained two doublets at 1.29 and 1.18 ppm in an2-13C 5Li, the racemic trimethyltin labeled compoumec-7-

89:11 ratio with each showing(6Li, 13C) = 3.7 Hz. The data
are consistent with the monomeric complexBs @-13C °Li/6
and ©-2-1°C SLi/6 in which eachfLi atom is bonded to only
one 13C atom. By imposing a 30 s delay between pulses to
account for differences iniJthe ratio of the two diastereomeric
complexes is established to be 91:9 as shown in TaBi@wo

13C was prepare@® Transmetalation in toluends at —78 °C
with 1.5 equiv ofn-BubLi/6 provided thefLi and 13C NMR
spectra shown in Figure 1c,d. Tfid NMR shows two doublets
centered at 1.39 ppmJ(6Li, 13C) = 3.9 Hz) and 1.28 ppm-{(é-
Li,13C) = 3.7 Hz) in a 51:49 ratio. There is also a weak broad
absorption at 0.5 ppm which remains unassigned. TD&IMR

additional weak peaks observed at 0.81 and 1.66 ppm werespectrum contained, in addition to unreactag-7-13C, two

(21) (a) Hoffmann, R. W.; Lanz, J.; Metternich, R.; Tarara, G.; Hoppe,
D. Angew. Chem., Int. Ed. Endl987, 26, 1145. (b) Hirsch, R.; Hoffmann,
R. W. Chem. Ber1992 125 975.

(22) Basu, A.; Gallagher, D. J.; Beak, P.Org. Chem1996 61, 5718.

(23) Fraenkel, G; Fraenkel, A. M.; Geckle, M. J.; Schloss,JFAm.
Chem. Soc1979 101, 4745.

(24) (a) Seebach, D.; Siegel, H.; Gabriel, J.skig, R.Helv. Chim. Acta
198Q 63, 2046. (b) Seebach, D.;dsig, R.; Gabriel, JHelv. Chim. Acta
1983 66, 308.

(25) For some recent examples usfiljand 13C NMR spectroscopy in
the characterization of organolithium compounds, see: (a) Lichtenfeld, C.
M.; Ahlbrecht, H.Tetrahedron1996 52, 10025. (b) Sorger, K. Schleyer,
P.v.R.; Stalke, DJ. Am. Chem. Sod996 118 1086. (c) Fraenkel, G.;
Martin, K. V. J. Am. Chem. Socl995 117, 10336. (d) Bauer, W.;
Griesinger, CJ. Am. Chem. S0d.993 115 10871.

(26) For some recent examples usfihg or ’Li NMR spectroscopy in

the characterization of lithium amides, see: (a) Lucht, B.L.; Bernstein, M.
P.; Remenar, J. F.; Collum, D. B. Am. Chem. Sod.996 118 10707. (b)
Lucht, B. L.; Collum, D. B.J. Am. Chem. S0d996 118 3529. (c) Lucht,
B. L.; Collum, D. B.J. Am. Chem. S0d.996 118 2217. (d) Hilmersson,
G.; Ahlberg, P.; Davidsson, @. Am. Chem. Sod996 118 3539. (e)
Hilmersson, G.; Davidsson, @ Org. Chem1995 60, 7660. (f) Reich, H.
J.; Kulicke, K. J.J. Am. Chem. S0d.996 118 273.

(27) For a review of the advantages®of versus’Li NMR spectroscopy,
see: Guather, H. InAdvanced Applications of NMR to Organometallic
Chemistry Gielen, M., Willem, R., Wrackmeyer, B., Eds.; John Wiley &
Sons: New York, 1996; Chapter 9, pp 24290.

(28) A similar delay was used in all subsequent spectra.

benzylic lithiated carbon absorptions at 71.9 and 71.2 ppm in a
50:50 ratio. As evident from Figure 1d, the one-b&hd13C
coupling is marginally resolved. Consistent with our previous
assignments, the NMR data support the monomeric intermedi-
ates R)- and ©§-2-13C fLi with both the Boc group and-{)-
sparteine simultaneously complexing to provide the normally
encountered tetracoordinated lithium. The data indicate that the
same organolithium intermediate is obtained from either the
deprotonation ofl or the lithiodestannylation of.

The structure oR-13C SLi was also investigated by carrying
out a similar study in ethet;0.2° As shown in Figure 2a, the
6Li NMR spectrum of R)- and §)-2-13CfLi contained three
peaks centered at 1.89 ppm. The above data indicate two
partially overlapping doublets\¢ = 3.9 Hz,1J(5Li,13C) = 3.9
Hz) in a 71:29 ratio. A minor unassigned broad peak appears
at approximately 0.8 ppm.

The lithiated intermediates were also studied8g NMR
spectroscopy. The spectrum possessed two peaks at 54.6 and

(29) We also conducted an NMR investigation in Tlg-however, the
SLi spectrum showed a large singlet and several minor absorptions.
Apparently, the increased ligating ability of THF alters the structure of the
organolithium intermediate. This phenomenon may be the cause of the
reduced enantioselectivity in THE.
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(b)

721 719 717 715 71.3 711 70.9

ppm

(d)

721 719 71.7 715 71.3 711 709  ppm

Figure 1. (a) 73.6 MHz5Li and (b) 125.7 MHZ:3C NMR spectra ofl-*3C andn-ButLi in tolueneds (0.15 M) at—78 °C. (c) 73.6 MHZz5Li and
(d) 125.7 MHz*3C NMR spectra ofac-7-13C andn-BuLi in toluenedg (0.10 M) at—78 °C.

Table 4. Ratio of Diastereomeric Complexes Observed by NMR
and upon Trapping with Methyl Triflate{78 °C)

(R)-2-13C 5Li:(9-2-13C fLi

etherdo tolueneds
5Li NMR 71:29 89:11
13C NMR 73:27 90:10
trap with MeOTf 81:19 91:9

53.9 ppm which are assigned to the two rotamers-5tC. The

and tolueneds are 16.7 and 17.4 ppm, respectivély These
values are consistent with a pyramidal benzylic carbon atom
with some degree of delocalization into the benzene ¥ing.
The NMR data reveal that the organolithium intermediate is
monomeric, and the resulting diastereomeric complexes are
configurationally stable consistent with an asymmetric depro-
tonation mechanism. In toluerdy; the observed ratio of
diastereomeric complexes agrees well with the enantiomeric
ratio of the products obtained on reaction with methyl triflate.
However, in ethed;p an increase in er in the products relative

spectrum also contained two strong absorptions at 71.5 and 70.4 the ratio of complexes observed by NMR may be a result of

ppm in a 73:27 ratio which we assign to the benzylic carbons
of the intermediatesR)- and §-2-13C SLi. Each peak showed
coupling toSLi (1J(5Li,*3C) = 3.9 Hz for both absorptions) as
indicated by the 1:1:1 triplet in Figure 2b. The proton coupled
13C NMR spectrum showed two doublets of triplets for the
benzylic carbons at 71.5 and 70.4 ppm indicative of #&o
CHBSLi absorptions. As shown in Table 4, reaction with methyl
triflate provided §-8-1°C in 81:19 er. Hence, in toluerdy
and ethems, thebLi and 13C NMR spectra are fully consistent
with the monomeric structureR)- 2-13C 5Li/6 and ©)-2-13C 8-
Li/6.

The chemical shifts of the benzylic resonance intieNMR
specrtra oR-13C BLi relative to the unlithiated starting material
1-13C can be used to estimate the hybridization of the lithiated
benzylic stereogenic cent&3° Previous studies by Peoples
and Grutzner showed that the formation of the planar (7-
phenylnorbornyl)potassium caused a 33.9 ppm downfield shift,
while the pyramidal species (7-phenylnorbornyl)lithium caused
only a 10.1 ppm downfield shift relative to unmetalated
7-phenylnorbornan&. The averaged downfield shifts for the
13C signals of §-2-13C5Li/6 and R)-2-13C 5Li/6 in etherdyg

(30) Lutz, G. P.; Wallin, A. P.; Kerrick, S. T.; Beak, B. Org. Chem.
1991, 56, 4938.
(31) Peoples, P. R.; Grutzner, J. B.Am. Chem. Sod98Q 102 4709.

some background asymmetric substitution

Tertiary Benzyllithium Analogues. We have investigated
the lithiation—substitution at the tertiary benzylic carbons of
(R)-8 and )-8 with the results shown in Scheme 3 and Table
522 The reactant9-8 was obtained by subjecting to the
standard lithiatior-substitution protocol and carrying out a

(32) Interestingly, we observed almost an identical chemical shift change
for our previous study on the dilithio-N-methyl amide shown below in THF-
d 12

.

(33) For a large number of organolithium compounds, an empirical rule
has emerged which usually correctly predicts the valubl@Li,13C) (see
eq 1)3* Thus despite differences in hybridizati&tthis rule predicts a value
of approximately 17 Hz for monomers, 8.5 Hz for dimers, and 5.7 Hz for
static tetramers or hexamers. Benzyllithiums represent a specific class of
compounds which possess significantly lower coupling constants than that
predicted by eq 23¢36 For example, Fraenkel and Martin found for the
parent monomeric benyllithium with 0.005 M TMEDA in THif; a
coupling constant of 3.8 H2¢Fraenkel proposed that benyllithiums possess
increased ionic character and thus, as derived by Karplus, Grant, and
Litchmar?” for 1J@3C*H), the magnitude otJELi,13C) decreases

6/Lj---NCHg
I )

1L, BC) ~ 17h Hz
wheren = number of equivalently coupleli or °C nuclei.

@)
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(b)
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Figure 2. (a) 73.6 MHzLi and (b) 125.7 MHZ!3C NMR spectra ofl-13C andn-BufLi in ether-d; (0.15 M) at—78 °C.

Scheme 3
O E Me
t-BuOJ\I:J/(Ph
Ar
E (S)-8-d; and (S)-10
retention
Me n-BuLi/ O--Li, Me
A meoa I
Bocf}l Ph +-BuO l}l Ph
Ar Ar
(58 (S)-9/TMEDA
inversion
E
1 Yef
t-BuO l}l Ph
Ar
(S)-11 and (A)-12
Me  pn-BuLi/ j)l\_—li*\"Me J?\ME):E
BooN”~pp _MEDA +BuO N Ph +BuO” N”Ph
Ar Ar inversion Ar
(R)-8 (R)-9/TMEDA (R-1

Table 5. Lithiation—Substitution at the Tertiary Benzylic Carbons
of (R)-8 and -8

reactant (er) E product (er, yield)
(9-8(97:3) MeOD ©-8-d; (97:3, 80%)
(9-8(97:3) CICQCH; (9-10(95:5, 61%)
(9-8(99:1) allyl triflate ©-11(98:2, 96%)
(9-8(99:1) ca (R)-12(70:30, 84%)
(9-8(99:1} CO, (R)-12(99:1, 81%)
(R)-8(99:1) allyl triflate R)-11(99:1, 92%)

an-Buli/6 was used.

single recrystallization to affordf-8 in 99:1 er. The reactant
(R)-8 was synthesized front|-7 via a tin—lithium exchange-
lithiation to provide R)-8 in 99:1 er after a single recrystalli-
zation.

When )-8 of 97:3 er was treated with 1.2 equiv ofBuLi/
TMEDA in toluene at—78 °C for 8 h followed by addition of
MeOD, (§)-8-d; (98%-d;) was obtained in 80% yield with an
er of 97:3 with retention of configuratio¥:3® With (9-8 as
the reactant and methyl chloroformate as the electropf8Je, (

(34) Bauer, W.; Schleyer, P. v. R. Advances in Carbanion Chemistry
Snieckus, V., Ed.; JAI Press: Greenwich, CT, 1992; Vol. 1, p 89.

(35) This unusual behavior has recently been concluded to arise from a

simultaneous increase in s-character and decrease in littéarbon
covalency. Lambert, C.; Schleyer, P. v. Ragew. Chem., Int. Ed. Engl.
1994 33, 1129.

(36) (a) Hoell, D.; Lex, J.; Mlien, K. J. Am. Chem. Sod 986 108
5983. (b) Ruland, T.; Hoffmann, R. W.; Schade, S.; BocheCem. Ber.
1995 128 551.

10 was obtained in 61% yield and 95:5 er with retention. The
absolute configuration dfO is based on comparison of optical
rotation to the N-benzoyl amides of previously assigned
authentic enantiome#s.

Reaction of §-8 of 99:1 er with n-BuLi/TMEDA and
subsequent reaction with allyl triflate provide§-11 in 96%
yield and 98:2 er with inversiof? The enantiomerR)-11was
prepared in 92% yield and 99:1 er froR){8 using the same
reaction sequence. The absolute configuratiodbfs based
on comparison to the Mosher amides of previously assigned
authentic enantiomef8. With (9-8 as the substrate, TMEDA
as the ligand, and carbon dioxide as the electrophi®e;1¢
was obtained in 84% yield with 70:30 er, while with-}-
sparteine as the ligandR)-12 was obtained in 81% yield and
99:1 er with inversion. The absolute configurationl®was
assigned by comparing the CSP-HPLC retention times of the
corresponding methyl ester with that d§){10. This result
shows that the electrophilic substitution of the tertiary lithium
intermediate $-9/TMEDA with CO; is highly stereoselective
in the presence of sparteine but not in the presence of TMEDA.
We also observed that, in the presence of TMEDA, allyl bromide
and allyl iodide react with9-9/TMEDA nonstereoselectively
to afford (§-11in 67:33 and 53:47 er, respectively.

An alternative approach which provides both enantiomers at
the quaternary center is to change the order of the substitution
reactions. For example, compoun8)-(3 of 99:1 er was
obtained in 89% yield by deprotonatieethylation of §-8 in
toluene. The enantiomeR)-13 was obtained in 47% vyield
and 93:7 er by deprotonatiermethylation of §)-14in toluene
which was obtained fromi by a deprotonatiorethylation se-
guencett

The capability of generating either enantiomer ®fwas
investigated. An enantioenriched sample (99:1 erpB(was
deprotonated witm-BuLi/TMEDA and then allowed to react
with trimethyltin chloride to provide §-15. Lithiodestanny-
lation of (9-15 was then carried out with-BuLi/TMEDA to
generateR)-9/TMEDA and subsequently reacting with MeOD.
The transmetalation was allowed to proceedf and provided
(R)-8-d; with 99:1 er. Since R)-8-d; was obtained with the
same enantioenrichment as the initial substré&e9(TMEDA
and §)-9/TMEDA must be configurationally stable under these

(37) (a) Karplus, M.; Grant, D. MProc. Natl. Acad. U.S.A1959 45,
1269. (b) Grant, D. M.; Litchman, W. MJ. Am. Chem. Sod 965 87,
3994. (c¢) Litchman, W. M.; Grant, D. MJ. Am. Chem. Sod 967, 89,
2228.

(38) When CHCOOD was used as the electrophilg&)-8-d; (99%-d;)
was obtained in 78% yield with a 92:8 er.

(39) Obrecht, D.; Bohdal, U.; Broger, C.; Bur, D.; Lehmann, C.; Ruffieux,
R.; Schonholzer, P.; Spiegler, C.;"Nar, K. Helv. Chim. Acta.1995 78,
563.

(40) Hua, D. H.; Miao, S. W.; Chen, J.-S.; Iguchi, $.0rg. Chem.
1991 56, 4.
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CH3; C,H
CHa 4 1 BULITMEDA /3( 2
BocN” “Ph 3 Etnyi Triflate . 2oo PR
Ar Ar
(5)-8 (5)-13
/ 99:1 er,
BooN”“Ph 99:1 er 89% yield
Ar
1 CoHs CzHg CHg
1. n-BuLi/TMEDA 2
BocN” “Ph BocN™ "Ph
/|\r 2. Methyl Triflate Ar
(S114 o
. 7:3 er,
g7:3er 81% yield

reaction conditions. Corresponding tertiary lithiated dipole-
stabilizeda-oxygen carbanions have been shown by Hoppe to
be configurationally stablé!

H CH ) Li, CH HsC SnMe.
L nBuly 4 MesSnCl L
Boc[:j Ph TMEDA BocN” “Ph —— BocN™ "Ph
Ar toluene, Ar 75% yield Ar
" -78°C (5)-15
991 er (S)-9/ TMEDA 99:1 er
HsC D
HsC Li P
n-BuLiTMEDA A MeOD  BocN” “Ph
BocN”™ ~Ph Ar
toluene, -78 °C Ar (R)-8-d,
(R)-9/ TMEDA 80% yield,
99:1 er

We achieved a moderate kinetic resolutionra€-8 with
n-BuLi/6. Lithiation of 8 with 0.5 equiv of n-BuLi/6 and
reaction with CQ provided R)-8 and R)-12in 55% and 22%

J. Am. Chem. Soc., Vol. 119, No. 4B13®D7

Table 6. Kinetic Resolution of R)-8

n-BuLi/(—)-sparteine  extent of er (yield) of er (yield) of
(equiv) reactiort (%) (R)-8 (R)-12
0.5 30 75:25 (55%) 87:13 (22%)
0.8 83 81:19 (12%) 57:43 (66%)

aThe extent of reaction was determined by proton NMR of the crude
reaction mixture.

AAG¢= 1.5 keal/mol

(5)-8

Reaction Coordinate ~——
Figure 3. Energy diagram for asymmetric deprotonation.

that the proton would be removed by the organolithium
associated with the carbonyl oxygen in the preequilibrium
complex&44 With these assignments, the stannylationg ahd
9 must proceed with inversion.

Reactions of the benzylic lithiated speciéd-¢/6, (5-2/6,
(R-9/TMEDA, and §)-9/TMEDA with electrophiles can occur

yield and 75:25 and 87:13 er, respectively, as shown in Table With retention or inversiori:**44 Both stereochemistries have

6. With 0.8 equiv ofn-BuLi/6 provided R)-8 and R)-12 in
12% and 66% yield and with 81:19 and 57:43 ers, respectively.

CHs  pguLi HiC H Hi, pOoM
BocN)\Ph (-)-sparteine BocN” “Ph 4+ BooN” “Ph
Ar CO; Ar Ar
rac8 (R)-8 (R)-12

Reaction Pathway. Our experimental work establishes that
the lithiation-substitutions df at the benzylic position proceed
by the pathway of asymmetric deprotonation. The lithiated
intermediate R)-2/6 is a configurationally stable monomeric
species with the carbonyl oxygen complexed to the lithium. The
same specie? is generated by deprotonation as by destanny-
lation from the appropriate precursors. The absolute configu-
ration of (§-7 is established, and lithiatierdeuteration se-
quences at the tertiary benzylic carbon Bj-8 and )-8 give
net retention.

From well established precedents which show thatlithium
exchange proceeds with retention, the configurationR}{2
and ©-2 can be assigned with confiden¥e® Hence, the chiral
basen-BuLi/6 preferentially removes the pfeproton from1l
to give (R)-2/6. The assignment of retention of configuration
in the lithiation of 1 and 8 is consistent with the expectation

(41) The loss of enantioenrichment and low conversion in toluene was
improved by using ether as the solvent to gi®-12 in 81% yield and
97:3 er.

(42) The reaction of the secondary lithium intermedi&e with CICO,-

Me and CQ also provided the opposite configuration with CI@
proceeding through a retentive pathway and.@Ebceeding through an
invertive pathway.

(43) For examples of both invertive and retentive electrophilic trapping
of organolithium intermediates, see: (a) Thayumanavan, S.; Lee, S.; Liu,
C.; Beak, PJ. Am. Chem. S0d.994 116 9755. (b) Derwig, C.; Hoppe,

D. Synthesid996 149. (c) Gawley, R. E.; Zhang, Q. Org. Chem1995
60, 5763.
(44) Carstens, A.; Hoppe, Oretrahedron,1994 50, 6097.

been observed for reactions of a number coheteroatom
organolithiums species with electrophif@g344 The reaction
pathways are shown in Scheme 4 foand §-8. On the basis
of above assignments, electrophilic substitutionsdR)}$2/6 and
(9-9/TMEDA proceed with inversion with methyl triflate,
trimethyltin chloride, and carbon dioxide, while MeOD and
methyl chloroformate proceed with retentitnThe pattern that
reactions of highly reactive and/or non-lithium coordinating
electrophiles proceed with inversion and less reactive and/or
lithium coordinating electrophiles proceed with retention is
consistent with previous suggestich#!

The energetics of the lithiatiermethylation can be analyzed
as shown in Figure 3 for the conversion dfto 3. In the
asymmetric deprotonation the pRohydrogen ofl is prefer-
entially abstracted with AAG* = 1.5 kcal/mol to provideR)-

2/6 and §)-2/6 which are configurationally stable in a ratio of

98:2. With methyl triflate as the electrophile, the major
diastereomerR)-2/6 reacts faster than does the minor diaste-
reomer §-2/6 with the difference in free energy between

transition structures estimated as 0.28 kcal/mot-@8 °C.

Summary

The present work provides analysis of an asymmetric
deprotonatiorsubstitution pathway which provides products
with high enantioselectivities in replacements of prochiral
methylene protons with carbertarbon bonds. Either enanti-
omer of products with one or two new carbecarbon bonds
can be obtained by proper choice of the electrophile or by use
of lithiation—substitution-lithiation sequences. Application of
this methodology and extensions to other systems are under
further study.

(45) For the reaction with MeOD, we suggest that complexation with
(R)-2/6 and §)-9/TMEDA occurs prior to deuterium transfer.
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Scheme 4
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Experimental Section

Preparation of NMR Samples. To a solution of {-)-sparteine £
0.16 mmol) in 0.6 mL of toluenes or etherd;o (previously distilled
over CaH) at —78 °C was addeah-BubLi. The reaction mixture was
stirred for 30 min and transferred via cannula to a solutioh-8C or
rac-7-3C (~ 0.14 mmol) in 0.3 mL of toluenes or etherd,o. After
5 min, the resulting solution was transferred via cannula to a septum-
capped 5 mm NMR tube (dried in oven at 1ZDovernight) immersed
in a —78 °C bath.

Acquisition of NMR Spectra. The®Li and *C NMR spectra were
recorded at-78 °C on a Varian UI500WB spectrometer operating at
73.6 MHz for6Li (delay = 30 s) and 125.7 MHz fot’C (delay= 100
s). The®Li NMR spectra were referenced to a solutionSafBr in
THF-dg and the'®C spectra to the residual solvent peaks in toluége-
(137.5 ppm) or ethetho (65.3 ppm). Due to the relatively small
difference in resonance betwe&mand 2H, the®Li NMR spectra were
run unlocked. This protocol improved spectral quality.

Preparation of SLi-Butyllithium. ©Li metal (rod) 2.90 g (482
mmol) in a drybox was hammered flat, cut into small pieces, and loaded
into a Schlenk flask. The flask was removed from the drybox, and 80
mL of pentane and 25.2 mL (241 mmol) of 1-chlorobutane were then
added. The reaction was sonicated overnight &0 °C and filtered
through Celite using stardard Schlenk apparatus to yield a yellow
solution of n-BuSLi.

Enantiomeric Purity Analyses. Analytical HPLC was performed
for both racemic and enantioenriched compounds using a Rainin HPXL
Solvent Delivery System attached to a Rheodyne pump, a Rainin

Faibish et al.

mixture was allowed to slowly warm to room temperature. Workup
consisted of addition of water, extraction of the aqueous layer with
diethyl ether, extraction of the combined diethyl ether extracts with
saturated NRECI solution, drying over anhydrous MgQCiltration,

and concentratioim vacuo. The crude mixture purified by chroma-
tography to give the pure product.

Removal of thep-Methoxyphenyl Group by CAN. The concen-
trated crude product mixture was dissolved infCN—H,0 (4:1; ca.
0.05 M), and CAN (ceric ammonium nitrate, 2.5 equiv) was added at
0 °C. After stirring at 0°C for 0.5 h, the mixture was diluted with
diethyl ether, poured into water, and extracted with diethyl ether. The
extracts were combined, dried over Mg @ltered through a pad of
Celite, and concentrateth vacuo. The crude mixture was further
purified by chromatography to give a pure product.

N-Boc-N-(p-methoxyphenyl)-a-trimethylstannylbenzylamine ((S)-

7). From 600 mg ofl was obtained 887 mg (97%) Gfas a white
solid: mp 84-85 °C; [a]?p = —113.2 € 0.1, CHCE); 'H NMR
(CDCls, 300 MHz)d 7.32—6.77 (m, 9H,Ph + PhOMe), 4.06 (s, 1H,
CHPh), 3.78 (s, 3H, PhO@s), 1.49 (s, 9H, -C(Els)s), 0.14 (s,2)
(1°SnH) = 26.4 Hz, 9H, Sn(Els)3); *3C NMR (CDCk, 75 MHz) 6
157.3, 156.6, 144.2, 137.9, 128.4, 128.2, 127.0, 124.3, 113.5, 80.0,
59.1, 55.2, 28.3;-6.8; EIMS (70 eV)m/z(rel intensity) 462 (5), 421

(5), 406 (30), 376 (54), 346 (4), 330 (7), 256 (24), 212 (100), 196
(68), 165 (100), 57 (99). Anal. Calcd for.13;NOsSn: C, 55.49;

H, 6.56; N, 2.94. Found: C, 55.48; H, 6.81; N, 2.85.

The enantiomeric ratio 6f was determined to be 95:5 on a Chiralcel
OD column (The major enantiomer had a retention time of 8.7 min,
and the minor enantiomer had a retention time of 9.5 min.).

N-Boc-N-(p-methoxyphenyl)-a-methylbenzylamine (§)-8). From
619 mg ofl was obtained 562 mg (87%) &fas a white solid: mp
95-96 °C; 'H NMR (CDCls, 300 MHz) 6 7.31-6.72 (m, 9H,Ph +
PhOMe), 5.70 (brs, 1H,8Ph), 3.76 (s, 3H, PhOdy), 1.44 (d,J =
7.2 Hz, 3H, CHC3), 1.38 (brs, 9H, -C(El3)3); **C NMR (CDCk, 75
MHz) 6 158.0, 155.4, 142.2, 131.8, 130.8, 128.0, 127.5, 127.0, 113.3,
79.8,55.2,54.4, 28.3, 17.9; EIMS (70 eMyz(rel intensity) 327 (12,
M), 271 (42), 227(10), 212 (23), 167 (100), 123 (170, 105 (37), 57
(29). Anal. Calcd for GH2sNOs: C, 73.37; H, 7.70; N, 4.28.
Found: C, 73.20; H, 7.68; N, 4.21.

After removal of thep-methoxyphenyl group, the enantiomeric ratio
of (S)-8 was determined to be 97:3 in favor of tl&enantiomer by
chiral HPLC analysis of the corresponding 3,5-dinitrobenzoyl derivative
on a §-N-naphthylleucine column. The absolute configuration was
assigned by comparison of CSP-HPLC retention time with authentic
material prepared from commercially availab®-{-methyl-benzyl-
amine (theS-enantiomer (major) had a retention time of 8.0 min, and
the R-enantiomer (minor) had a retention time of 5.7 min). After one
recrystallization frorm-hexane(S)-8 of 99:1 er was obtained in 81%
yield.

N-Boc-N-(p-methoxyphenyl)-a-ethyl-benzylamine (§)-14). From
239 mg of1 was obtained 239 mg (92%) @# as a colorless oil:*H
NMR (CDCls, 300 MHz) § 7.62—6.25 (m, 9H,Ph + PhOMe), 5.45
(brs, 1H,a4Ph), 3.74 (s, 3H, PhO), 1.83 (m, 2H, CHEI,CH),
1.39 (brs, 9H, -C(El3)s), 1.01 (t,J = 7.0 Hz, 3H, CHC3); 13C NMR
(CDCls, 75 MHz) ¢ 158.0, 155.6, 140.8, 131.6, 130.8, 128.3, 127.9,
127.1,113.2,79.7,61.2,55.1, 28.3, 24.4, 11.3; EIMS (70rak¢\rel
intensity) 341 (11, M), 285 (22), 240 (6), 212 (43), 167 (100), 134

Dynamax absorbance detector (254 nm), and a computer equipped with(7), 123 (8), 119 (14), 91 (42), 57 (48). HRMS calcd forldNOs

Dynamax Maclintegrator. Either a Chiralcel OD column (0.5 mL/min
flow rate, 5% MTBE in hexane), &5[-N-naphthylleucine column (2.0
mL/min flow rate, 20%i-PrOH in hexane), a Whelk-O column (1.0
mL/min flow rate, 0.75%-PrOH in hexane), or a Chiralpak AD column
(0.8 mL/min flow rate, 1.5%-PrOH in hexane) was used for the
separation of enantiomers.

General Procedure for the Asymmetric Syntheses oN-Boc-N-
(p-methoxyphenyl)-a-Substituted Benzylamines: Syntheses 08}-
7, (9-8, (R)-1-dy, and (S)-14. To a solution of {-)-sparteine (1.2 equiv)
in toluene €a.0.1 M) at—78 °C was addech-BuLi (1.2 equiv). The
reaction mixture was stirred for 30 min a8 °C, and then a solution
of 1 (1.0 equiv) in tolueneda. 0.2 M) was transferred to the above
solution at—78°C. The resulting reaction mixture was stirred-a&8
°C for 4 h, and then an electrophile (1.2 equiv) in toluece. 0.2 M)
was added after precooling. After stirringrf@ h at —78 °C, this

(M* + 1) 341.1983, found 341.1991.

After removal of thep-methoxyphenyl group, the enantiomeric ratio
of 14 was determined to be 97:3 er in favor of tBenantiomer by
chiral HPLC analysis of the corresponding 3,5-dinitrobenzoyl derivative
on a §-N-naphthylleucine column. The absolute configuration was
assigned by conversion to a commercially available amino acid (The
S-enantiomer (major) had a retention time of 7.3 min, and the
R-enantiomer (minor) had a retention time of 5.3 min.).

General Procedure for the Tin—Lithium Exchange Reaction with
n-BuLi/Ligand: Preparation of ( R)-8 from (S)-7 and Preparation
of (R)-8-d; from 15. To a solution of 1.2 equiv of-{)-sparteine (or
TMEDA) in toluene €a. 0.1 M) at—78 °C was added-BulLi (1.2
equiv). The reaction mixture was stirred for 30 min-at8 °C, and
then a solution o (1.0 equiv) in tolueneda. 0.2 M) was transferred
to the above solution at78 °C. The resulting reaction mixture was
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stirred at—78°C for 4 h, and then methyl triflate (1.2 equiv) in toluene
(ca.0.2 M) was added after precooling. After stirring ®h at—78

°C, this mixture was allowed to slowly warm to room temperature.
Workup consisted of addition of water, extraction of the aqueous layer
with diethyl ether twice, extraction of the combined diethyl ether
extracts with saturated Njgl solution, drying over anhydrous Mg30
filtration, and concentratiom vacuo. The crude product was further
purified by chromatography to give a pure product.

From 84 mg of7 was obtained 84 mg (81%) oR|-8 as a white
solid: mp 95-96 °C; 'H NMR (CDCl;, 300 MHz)6 7.31-6.72 (m,
9H, Ph+ PhOMe), 5.70 (brs, 1H, EPh), 3.76 (s, 3H, PhOids), 1.44
(d, J = 7.2 Hz, 3H, CH®13), 1.38 (brs, 9H, -C(Els)s).

After removal of thep-methoxyphenyl group, the enantiomeric ratio
of (R)-8 was determined to be 95:5 in favor of tReenantiomer by
chiral HPLC analysis of the corresponding 3,5-dinitrobenzoyl derivative
on a ©-N-naphthylleucine column. The absolute configuration was
assigned by comparison of CSP-HPLC retention time with authentic
material prepared from commercially availab®-{-methyl-benzyl-
amine (TheR-enantiomer (major) had a retention time of 5.5 min, and
the S-enantiomer (minor) had a retention time of 7.6 min.). After one
recrystallization frorm-hexane(R)-8 of 99:1 er was obtained in 80%
yield.

Transmetalation of 15 To Provide R)-8-d;. To a solution ofl5
(152 mg, 0.310 mmol) and TMEDA (0.056 mL, 0.372 mmol) in toluene
(5.3 mL) at—78 °C was addead-BuLi (0.248 mL, 0.372 mmol, 1.5
M). After 1 h, CHOD (3 mL) was added, and this mixture was allowed
to warm to ambient temperature. This mixture was washed with 4
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(9-10, the amine was treated with benzoyl chloride angNEh THF

to provide methyl-§)-N-benzoyl-2-methyl-2-phenylglycinatéH NMR
(CDCls, 500 MHz) 8 7.84-7.26 (m, 11H, Ph + NH), 3.74 (s, 3H,
OMe), 2.18 (s, 3H, ®1e). The absolute configuration of)-10 was
determined by optical rotation of the amide by comparison to authentic
compound: ¢]?% = +20.1 € 0.02, CHC}).

N-Boc-N-(p-methoxyphenyl)-a-allyl- a-methyl-benzylamine (§)-

11) from (S)-8. From 197 mg of(S)-8 (99:1 er) was obtainedll as

212 mg of a colorless oil in 96% yield*H NMR (CDCl;, 300 MHz)

0 7.51-6.71 (m, 9H,Ph + PhOMe), 5.56 (m, 1H, EI=CH,), 5.03

(m, 2H, CH=CH,), 3.81 (s, 3H, PhOH,), 2.77 (brt, 1H, G
CH=CHy), 2.51 (dd,J = 6.0 Hz, 13.1 Hz, 1H, 8,CH=CH,), 1.37

(s, 3H, NCQHs), 1.11 (brs, 9H, -C(Bl3)3); *3C NMR (CDCk, 75 MHz)

0 158.2, 148.5, 134.4, 133.9, 131.4, 127.9, 125.8, 125.2, 125.1, 118.5,
113.7, 79.9, 63.7, 55.3, 45.3, 28.0, 27.1; EIMS (70 e¥g (rel
intensity) 367 (2, M), 326 (1), 270 (2), 226 (26), 167 (100), 108 (9),
57 (17).

The enantiomeric ratio ol1 was determined to be 98:2 using
racemic material as a standard'b¥NMR. The absolute configuration
was assigned by comparison to the Mosher amides of previously
assigned authentic enantiomers (300 MiHzNMR using chiral shift
reagent ¢)-Eu(hfc) derivatives in benzenesdPhOHs, (S) 6 3.58,

(R) 6 3.68).

N-Boc-N-(4-methoxyphenyl)e-allyl- o-methyl-benzylamine (R)-

11) from (R)-8. The produci(R)-11 of 99:1 er was prepared in 92%
yield from (R)-8 of 99:1 er by the same procedure for the preparation
of (S)-11. After removingp-methoxyphenyl group and Boc group of

mL of NH4CI (aqueous), the two layers were separated, and the AqUEOUSR)_11, the amine was treated witRY-Mosher acid chloride and B

layer was extracted with D (2 x 5 mL). The combined organic
layers were dried (MgS¥), filtered, and concentrated. The remainder
was filtered through a short plug of silica with @€, and concentrated.
Purification by preparative HPLC {15% EtOAc in hexane; 10.0 to
12.5 mL/min; 25 cmx 21.4 mm i.d.) yieldedR)-8-d; as a white solid
(56 mg, 57%). mp= 101-103 °C. The enantiomeric excess was
determined to be 99:1 er in favor of tieenantiomer by CSP HPLC
(Whelk-0 column; 0.75%-PrOH in hexane; 1.0 mL/min; retention time
for the R enantiomer: 19 min). The deuterium incorporation was
determined to be-95% by'H NMR.

General Procedure for the Preparation of o,a-Disubstituted
N-Boc Benzylamines. To a solution of 1.2 equiv of TMEDA in toluene
(ca.0.1 M) at—78 °C was added-BuLi (1.2 equiv). The reaction
mixture was stirred for 10 min at78 °C, and then a solution of
o-substituted benzylamine (1.0 equiv) in toluere (0.2 M) was
transferred to the above solution &8 °C. The resulting reaction
mixture was stirred at-78 °C for 4 h, and then allyl triflate (1.2 eq)
in toluene ¢a.0.2 M) was added after precooling. After being stirred
for 3 h at—78 °C, this mixture was allowed to slowly warm to room
temperature. Workup consisted of addition of water, extraction of the
aqueous layer with diethyl ether twice, extraction of the combined
diethyl ether extracts with saturated N solution, drying over
anhydrous MgSQ filtration, and concentratiom vacuo. The crude
product was further purified by chromatography to give a pure
disubstituted product.

N-Boc-N-(p-methoxyphenyl)-2-methyl-2-phenylglycine Methyl
Ester ((S)-10) from (S)-8. From 276 mg o8 (97:3 er) was obtained
197 mg (61%) of10 as a colorless oil'H NMR (CDCls, 400 MHz)

0 7.57-6.74 (m, 9H,Ph + PhOMe), 3.82 (s, 3H), 3.76 (s, 3H), 1.57
(s, 3H, QVe)1.39 (s, 9H, C(El3)s3); *°C NMR (CDCk, 100 MHz) &

173.8, 158.3, 155.1, 132.6, 130.9, 127.6, 127.0, 114.1, 113.3, 80.6,

67.8, 55.2, 52.4, 28.0, 26.5; HRMS calcd fos8,;NOs 385.1889,
found 385.1888.

In order to prepare the Boc deprotected methyl ester for the CSP-
HPLC analysis, 10 was treated with 20% trifluoroaceticacid in
methylene chloride at room temperatufél NMR (CDCls, 300 MHz)

0 7.58-6.39 (m, 9H,Ph + PhOMe), 4.78 (brs, 1H), 3.69 (s, 3H), 3.68
(s, 3H), 1.89 (s, 3H, ®e). The enantiomeric ratio ofl0 was
determined to be 95:5 in favor of ti@enantiomer by chiral HPLC
using racemic material as a standard (Chiralpak-AD column; 1.5%
isopropyl alcohol in hexane; 0.8 mL/min; tf&enantiomer (major)
had a retention time of 18.0 min, and tReenantiomer (minor) had a
retention time of 19.0 min.).

After removal of thep-methoxyphenyl group and the Boc group of

in THF. The absolute configuration oRf-11 was determined biH-
NMR of the R,R-Mosher amide by comparison to the authetic
diastereomersH NMR (CDCl;, 300 MHz) 6 7.55-7.22 (m, 10H,
2Ph), 5.56 (m, 1H, G1=CH,), 5.14 (m, 2H, CH=CH,), 3.45 (s, 3H,
OMe), 2.90-2.60 (m, 2H, G,CH=CH,), 1.76 (s, 3H, NCEs).
N-Boc-N-(p-methoxyphenyl)-2-methyl-2-phenylglycine (R)-12)
from (S)-8. From 128 mg oB was obtained 122 mg (84%) dR)-12
as a colorless oil:'H NMR (CDCl;, 300 MHz) 6 10.73 (brs, 1H,
CO,H), 7.70-6.81 (m, 9H,Ph + PhOMe), 3.78 (s, 3H, €30), 1.54
(s, 3H, QVie), 1.41 (s, 9H, C(El3)3); 13C NMR (CDCk, 125 MHz) 6
176.6, 158.7, 157.0, 141.1, 132.3, 130.7, 128.0, 127.4, 126.1, 113.8,
82.1, 68.8, 55.4, 28.2, 28.1; HRMS calcd fos;E,sNOs 371.1733,
found 371.1731.

In order to prepare the ester for the CSP-HPLC analy§is,12
was refluxed fo 2 h in MeOH containing excess thionyl chloride to
give the corresponding Boc deprotected methyl esteéiNMR (CDCls,
300 MHz) 6 7.58-6.39 (m, 9H,Ph + PhOMe), (brs, 1H), 3.69 (s,
3H), 3.68 (s, 3H), 1.89 (s, 3H,Me). The enantiomeric ratio olR)-
12 was determined to be 70:30 (99:1 wi8) in favor of the R
enantiomer by chiral HPLC. (Chiralpak-AD column; tResnantiomer
(major) had a retention time of 19.0 min, and Bienantiomer (minor)
had a retention time of 18.1 min.).

N-Boc-N-(p-methoxyphenyl)-a-ethyl-o-methyl-benzylamine (8)-
13) from (S)-8. From 244 mg of(S)-8 was obtained 237 mg (89%)
of 13 as a colorless oil:!*H NMR (benzeneds, 300 MHz) 6 7.50—
6.67 (m, 9H,Ph + PhOMe), 3.24 (s, 3H, PhOR3), 1.87 (m, 1H,
NCCHHy), 1.53 (m, 1H, NCCkHy), 1.51 (s, 3H, El3), 1.09 (brs, 9H,
-C(CHg)s), 0.59 (t,J = 7.4 Hz, 3H, CHCHg); 3C NMR (CDClk, 100
MHz) 6 158.1, 155.1, 148.1, 134.0, 131.2, 127.7, 125.6, 125.3, 113.7,
79.7,64.5,55.3, 35.7, 27.9, 24.6, 9.2; EIMS (70 @V)(rel intensity)
355 (1, M), 254 (2), 223 (11), 167 (100), 133 (13), 123 (16), 91 (40),
57 (29); HRMS calcd for gH2gNO3 355.2147, found 355.2151.

The enantiomeric ratio of§)-13 was determined to be 99:1 using
racemic material as a standard'B*NMR. The absolute configuration
was assigned by analogy to the formation Bj-{1 (300 MHz *H-
NMR using chiral shift reagent¥)-Eu(hfc) derivatives in benzene-
ds; PhOQH;3, () 6 3.62, R) o 3.67).

N-Boc-N-(p-methoxyphenyl)-a-ethyl-a-methyl-benzylamine (R)-
13) from (S)-14. From 194 mg ofS)-14 was obtained 164 mg (81%)
of (R)-13 as a colorless o0il*H NMR (benzeneds, 300 MHz)d 7.50—
6.69 (m, 9H,Ph + PhOMe), 3.24 (s, 3H, PhO€3), 1.87 (m, 1H,
NCCHHp), 1.55 (m, 1H, NCCHHy), 1.51 (s, 3H, El3), 1.09 (brs, 9H,
-C(CHs)3), 0.59 (t,J = 7.4 Hz, 3H, CHCHs).
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The enantiomeric ratio ofR)-13 was determined to be 97:3 using
racemic material as a standard'®b#¥NMR. The absolute configuration
was assigned by analogy to the formation Bj-{1 (300 MHz 'H-
NMR using chiral shift reagentX)-Eu(hfc) derivatives in benzene-
ds; PhOQH5, (S 6 3.39, R) 0 3.44).

N-Boc-N-(p-methoxyphenyl)-a-methyl-a-trimethylstannyl-ben-
zylamine (15) from (S)-8. To a solution 0fS)-8 (145 mg, 0.443 mmol;
99:1 er) and TMEDA (0.080 mL, 0.532 mmol) in toluene (7.5 mL) at
—78 °C was addedh-BuLi (0.355 mL, 0.532 mmol). After 8 h,
trimethyltin chloride (0.532 mL, 0.532 mmol, 1.0 M solution in
hexanes) was added. After.&h at—78°C, this mixture was allowed
to warm to ambient temperature over. dah and then left at ambient
temperature for ca. another 7 h. This mixture was washed with 5 mL

Faibish et al.

CHsOD was added and this mixture was allowed to warm slowly to
ambient temperature. Workup consisted of addition of water, extraction
of the aqueous layer with diethyl ether, extraction of the combined
diethyl ether extracts with saturated NME solution, drying over
anhydrous MgSQ filtration, and concentratiom vacua The crude
mixture purified by column chromatography using EtOAc:petroleum
ether (1:10) as eluent to giv&)(8 in 93% yield. The enantiomeric
ratio was determined to be 92:8 by CSP HPLC (Whelk-O column; the
S enantiomer (major) had a retention time of 21 min and ke
enantiomer (minor) had a retention time of 19 min.). The deuterium
incorporation was determined to be 1.1% by FIMS. The reaction with
0.1 equiv of MeOTf was carried out in a similar manner, except the
reaction with 0.1 equiv of MeOTf was quenched with £LHD after 2

of NH,CI (aqueous), the two layers were separated, and the agueousmin to provide §-8 in 2.4% vyield (1.6%d;, 96:4 er).

layer was extracted with ED (2 x 5 mL). The combined organic
layers were dried (MgSg), filtered, and concentrated. The remainder
was filtered through a short plug of silica with @El, and concentrated.
Purification by preparative HPLC (1% EtOAc in hexane; 10.0 mL/
min; 25 cmx 21.4 mm i.d.) yieldedl5 as a clear, colorless oil (163
mg, 75%): H-NMR (CDCls, 500 MHz) 6 —0.04 (t,J = 25.3, 9H,
MesSn), 1.36 (s, 9H, C(Ch)s), 1.46 (s, 3H, CHCN), 3.73 (s, 3H,
OCHg), 6.65-7.29 (m, 9H, Ar). 3C-NMR (CDCk, 125 MHz)d —5.4

(t, J=176.6 Hz, MgSn); 22.7 CH3-CN); 28.3 (CCHs3)3); 55.2 (CHO);
56.6 (NCSn); 80.1Q(CHs)s); 113.0, 124.2, 124.8, 127.98, 128.01,
129.7, 147.8, 157.4 (Ar); 157.7 £60); HRMS calcd for GsHzaNO3!26-

Sn (M*) 487.1473, found 487.1477 (0.4 mDa).

Reaction of R)-1-d; with n-BuLi/6. To a solution o6 (0.13 mL,
0.576 mmol) in toluene (6.0 mL) at78 °C was addech-BuLi (0.40
mL, 0.576 mmol). After 30 min, a solution oR}-1-d; (151 mg, 0.480
mmol; 97%d,) in toluene (4.0 mL) at-78 °C was added. After 1.5
h, methyl trifluoromethanesulfonate (0.065 mL, 0.576 mmol) was
added. The resulting reaction mixture was then allowed to slowly warm
to room temperature. Workup consisted of addition of water, extraction
of the aqueous layer with diethyl ether, extraction of the combined
diethyl ether extracts with saturated NE solution, drying over
anhydrous MgS@ filtration, and concentratiom vacua The crude
mixture purified by column chromatography using EtOAc:petroleum
ether (1:10) as eluent to givR)-8-d; in 75% yield. The enantiomeric
ratio was determined to be 60:40 by CSP HPLC (Whelk-O column;
the S enantiomer (major) had a retention time of 21 min, andRhe
enantiomer (minor) had a retention time of 19 min.). The deuterium
incorporation was determined to be 78% by FIMS.

Reaction of 1 with 1.5 and 0.1 Equiv of MeOTf int-BuOMe To
Provide (S)-8. To a solution 06 (0.13 mL, 0.553 mmol) it-BuOMe
(6.0 mL) at—78 °C was addea-BuLi (0.38 mL, 0.553 mmol). After
30 min, a solution ofl (144 mg, 0.460 mmol) in-BuOMe (4.0 mL)
at —78 °C was added. After 2 h, methyl trifluoromethanesulfonate
(0.078 mL, 0.690 mmol) was added. Afteh at—78°C, 0.25 mL of

Preparation of rac-1-d;. To a solution of TMEDA (0.30 mL, 1.98
mmol) in toluene (6.0 mL) at-78 °C was added-BuLi (1.37 mL,
1.98 mmol). After 30 min, a solution df (516 mg, 1.65 mmol) in
toluene (4.0 mL) at-78 °C was added. After 2 h, MeOD (0.33 mL,
8.23 mmol) was added. The resulting reaction mixture was then
allowed to slowly warm to room temperature. Workup consisted of
addition of water, extraction of the aqueous layer with diethyl ether,
extraction of the combined diethyl ether extracts with saturateg\H
solution, drying over anhydrous MgQJiltration, and concentration
in vacua The crude mixture purified by column chromatography using
EtOAc:petroleum ether (1:10) as eluent to give tadrin 100% yield.

The deuterium incorporation was determined to be 3%y FIMS.

Reaction of 1 andrac-1-d; with n-BuLi. To a solution o6 (0.14
mL, 0.506 mmol) in toluene (6.0 mL) at78 °C was added-BulLi
(0.42 mL, 0.607 mmol). After 30 min, a solution ofc-1-d; (159
mg, 0.506 mmol) in toluene (4 mL) at78 °C was added. After 2 h,
methyl trifluoromethanesulfonate (0.069 mL, 0.607 mmol) was added.
Workup consisted of addition of water, extraction of the aqueous layer
with diethyl ether, extraction of the combined diethyl ether extracts
with saturated NECI solution, drying over anhydrous MgS$@iltration,
and concentratioin vacua The crude mixture purified by column
chromatography using EtOAc:petroleum ether (1:10) as eluent to give
(9-8-d; in 89% vyield. The enantiomeric ratio was determined to be
68:32 by CSP HPLC (Whelk-O column; ti&enantiomer (major) had
a retention time of 21 min, and tlienantiomer (minor) had a retention
time of 19 min.). The deuterium incorporation was determined to be
89% by FIMS. The reaction with was carried out in a similar manner
to provide §-8 in 100% vyield.
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