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Abstract: Full details are provided for an exceedingly practical method to synthesiznd L-a-amino acids,
N-protectedo-amino acids, andN-methyl-a-amino acids, employing as a key step the asymmetric alkylation of
pseudoephedrine glycinamid®) r pseudoephedrine sarcosinamidl (Practical procedures for the synthesislof

and2 from pseudoephedrine and glycine methyl ester or sarcosine methyl ester, respectively, are presented. Optimum
protocols for the enolization and subsequent alkylatiofh afd2 are described. Alkylation reactions band2 are

found to be quite efficient with a wide range of alkyl halide substrates, and the products are formed with high
diastereoselectivity. The products of these alkylation reactions are hydrolyzed efficiently and with little to no
racemization simply by heating in water or watelioxane mixtures. This protocol provides an exceedingly practical
method for the preparation of salt-freeamino acids of high enantiomeric purity. Alternatively, the alkylation
products may be hydrolyzed in high yield and with little to no racemization by heating with aqueous sodium hydroxide.
The alkaline hydrolyzate can then be treated with an acylating reagent to provide directly highly enantiomerically
enrichedN-protected derivatives such dsBoc andN-Fmoc. Key features necessary for the successful execution
of these experimental procedures are identified.

modification of available residugsnd, of greater generality
and concern in the present context, by the use of stereoselective,
de-novo constructive synthetic reactions. The latter subject has
been thoroughly reviewed, most recently in the excellent texts

As the defining subunit of peptides and proteinsamino
acids play a central role in chemistry and biology. Their
availability is critical in basic research applications, as well as
in industry. In addition to the need for large-scale production
of the 20 common proteinogenicamino acids, there is an ever  of Williams and Duthalef. Many powerful methods have
increasing demand for the much rarer nonproteinogeramino emerged for the asymmetric synthesis @famino acids.
acids. These may be natural products or wholly synthetic, non- Conceptually, one of the most direct and general methods for

natural materials. Fueled by advances in the biochemical the preparation ofoa-amino acids is the alkylation of the
sciences, nonproteinogernieamino acids are now incorporated

into designed peptides and proteins, both in ¥itmod in vivo?
In addition, non-naturad-amino acids often appear within the

increasingly sophisticated structures of novel pharmaceutical

agents.
These factors have stimulated the development of a wealt
of methodology for the synthesis afamino acids, both by the
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o-carbon of an enolate derivative of glycine. Many variants N-acyl derivatives! The goal here was to extend this chemistry
of this reaction that involve the diastereoselective alkylation of to preparex-amino acids by the alkylation of a pseudoephedrine

chiral glycine enolate derivatives have been develdpdhe glycinamide derivative. Initial considerations focused primarily
use of chiral electrophilic glycine equivalents for the asymmetric on the choice of an appropriate protective group for the amino
synthesis oft-amino acids has also been reporteth addition, group of glycine. While several groups were examined, and
impressive advances in the asymmetric alkylatiots@—70% successfully so (vide infra), these experiments were superseded

ee) of achiral glycine derivatives using chiral phase-transfer with the finding that the optimum pseudoephedrine glycinamide
catalysts have been described in a series of papers fromderivative was the simplest possible, i.e., structurr, for
O'Donnell and co-workers. the preparation oN-methyl-a-amino acids, the sarcosinamide

Recently, we reported a new method for the asymmetric 2), in which no protective group at all was employed.
synthesis ofi-amino acids that is based on the diastereoselective Pseudoephedrine glycinamidg) (vas initially prepared by
alkylation of pseudoephedrine g|yc|nam|(@% As a process the selectiveN-acylation of pseudoephedrine (1.0 equiv) with
that employs stoichiometric quantities of a chiral auxiliary, this the mixed anhydride derived froflN-Boc-glycine (1.0 equiv)
method might initially appear to be noncompetitive with an and trimethylacetyl chloride (1.0 equiv) in the presence of
asymmetric catalytic procedure, especially in light of the truly triethylamine (2.2 equiv) in dichloromethane at®@, affording
spectacular recent achievements in the asymmetric hydrogenaN-Boc-pseudoephedrine glycinamid) @s a viscous oil (88%
tion of o,B-didehydroe-amino acid$. However, the latter
advances must be weighed considering the availability of the CHy N-Boc-Gly, NEts, CH3 O
o,3-didehydroe-amino acid precursofé. These are frequently i _ - N)K,NHR
prepared by multistep methods (one of which typically involves I NHCH, +BuCOCI, 0 °C )

. . . . . . H OH CHj
an alkylative construction reaction), and invariably require that .
the amino group be protected. We believe that, in many cases, H 5‘/3' oH (5,5)-(+)-3 R =Boc (?s %)
the methodology described herein offers practical advantages 2oie (5,5)-(+)]1 R=H (88%, 2 steps)
over existing procedures for the asymmetric construction of
a-amino acids. These include the low cost and availability in yield).*#13 Treatment oB with trifluoroacetic acid and anisole
bulk of both enantiomeric forms of pseudoephedrine, the (3:1) in dichloromethane at 2 or with mixtures of aqueous
tendency of many pseudoephedrine amides to be crystalline,hydrochloric acid (3 M) and methanol at 23 cleanly cleaved
the high diastereoselectivity of the alkylation reactions, and the the N-Boc group to providel. After thorough dehydration of
facility of and lack of racemization in the hydrolytic removal @ solution of1 in dichloromethane (drying with potassium
of the chiral auxiliary. The method is also distinguished by carbonate), the product was precipitated from toluene solution,
the fact that each of the synthetic manipulations may be executedand the isolated solid was further dried in vacuo at66 °C
without the use of protective groups on the amino group of for 12 h to afford anhydrous, solid pseudoephedrine glycinamide
glycine. These and other features lend practicality to the (1) in 80—90% yield. This two-step acylation/deprotection

methodology, be it for the preparation of large or small quantities sequence for the preparationlo€ould be conducted in a single
of highly enantiomerically enriched- or L-a-amino acids. reaction flask. Thus, after addition of pseudoephedrine to the

Presented herein are complete details of the preparation andMx€d anhydride derived fror\-Boc-glycine and trimethyl-

alkylation of pseudoephedrine glycinamid &nd pseudoephe- acetyl chloride, as described above, removal of the solvent and
drine sarcosinamide2), as well as for the transformation of addition of methanol and aqueous hydrochloric acid solution,

the alkylation products into free and/dkprotectedo-amino and isolation, as outlined above, anhydrous pseudoephedrine
acids of high enantiomeric purity. glycinamide () was obtained in 88% yield.

After initial alkylation studies established the valueldfor
the preparation ofi-amino acids, a more economical, single-

¢Hs 0 NH gHa O NHCH step method for the preparation bfrom pseudoephedrine was
2 3 2 . . .
N N developed? This procedure effects a direct condensation
OH CHs OH CHg between pseudoephedrine and glycine methyl ester under basic
1 2 conditions. The reaction is noteworthy in that the secondary
amino group of pseudoephedrine is amidated by the glycine
Initial Studies carboxylic ester without significant competition from the amino

group of glycine, thus obviating the need for protection of this
Preparation of the Alkylation Substrates Pseudoephedrine  functionality. The initial protocol developed for this condensa-
Glycinamide (1) and Pseudoephedrine Sarcosinamide (2). tion involved deprotonation of the hydroxyl group of pseu-
This project was initiated by the finding that the simple chiral doephedrine (1 equiv) with-butyllithium (10 M solution in
amino alcohol pseudoephedrine serves as a valuable chirahexaned#0.2—0.9 equiv) in the presence of anhydrous lithium
auxiliary for the asymmetric alkylation of a wide range of its chloride!> (2.0 equiv) in tetrahydrofuran at @. Subsequent
addition of a solution of glycine methyl ester (1.25 equiv) in

(7) O’'Donnell, M. J.; Bennett, W. D.; Wu, S. Am. Chem. Sod.989

111, 2353. (b) O’Donnell, M. J.; Wu, S.; Huffman, J. Tetrahedrorl994 (11) Myers, A. G.; Yang, B. H.; Chen, H.; Gleason, JJLAm. Chem.
50, 4507. Soc.1994 116 9361.

(8) Myers, A. G.; Gleason, J. L.; Yoon, T. Am. Chem. Socd995 (12) Myers, A. G.; Yoon, T.; Gleason, J. Letrahedron Lett1995 36,
117, 8488. 4555,

(9) See for example: Burk, M. J.; Feaster, J. E.; Nugent, W. A.; Harlow, (13) It was shown more than 80 years ago that pseudoephedrine
R. L.J. Am. Chem. S04993 115 10125. For comprehensive reviews see undergoes selectivi-acylation with both carboxylic acid chlorides and

ref 4 and (a) Koening, K. E. IAsymmetric Synthesislorrison, J. D., Ed.; anhydrides. See: (a) Schmidt, E.; Calliesz, F.Akth. Pharm.1912 250,
Academic Press: Orlando, 1985; Vol. 5. (b) Bosnich, Aymmetric 154. (b) Mitchell, W.J. Chem. Soc194Q 1153. (c) Welsh, L. HJ. Am.
Catalysis Martinus Nijhoff: Dordrecht, The Netherlands, 1986. Chem. Soc1947, 69, 128.
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Synthesisl988 159. (b) Schmidt, U.; Hausler, J.; Ohler, E.; Poisel, H. the reaction.
Progress in the Chemistry of Organic Natural Prody&gringer-Verlag: (15) For a discussion of the role of lithium chloride in this reaction, see

Wein, 1979; Vol. 37, p 251. ref 12.
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tetrahydrofuran and stirring the resulting mixture fioh at 0
°C afforded1l as the major reaction product. The primary

©\‘£“3 n-BuLi or CH5OLi, W3L
NHCH3 LicI, Gly-OMe, 0 °C N
OH OH CH,
68-76%
(S,5)-(+)1

NH,

Myers et al.

sarcosinamide?). After thorough dehydration of a solution

sOLL H NHCH
L NHCHs o coMe, 0 G : NJ\/ ’
OH arc-ome, OH CHjy

65% (RA)S(-)-2

of 2 in dichloromethane (drying with potassium carbonate), the

byproduct in the reaction was the dipeptide pseudoephedrineproduct was precipitated from toluene solution, and the isolated

glycylglycinamide (structur® below), formed to the extent of

solid was further dried in vacuo at 5@ for 12 h to afford

<10%. This and any other impurities were readily removed in pyre, anhydrous pseudoephedrine sarcosinangjién(65%

a convenient procedure for the purificationlafhat capitalized
upon the fact thafl forms a highly crystalline monohydrate.

yield. A noteworthy observation in the preparatior2das that
very little dipeptide byproduct is produced in the reaction

Direct crystallization of the crude acylation reaction mixtures (presumably a consequence of the increased steric hindrance
from hot aqueous tetrahydrofuran afforded the pure monohydratepf the N-methyl group of sarcosine), thus simplifying the
in 76% yield. purification of 2. In the anhydrous state, pseudoephedrine
This one-step synthesis of pseudoephedrine glycinami)de (  sarcosinamide] is a stable, colorless solid. Like it may be
is believed to proceed by the initial transesterification of glycine handled in the atmosphere for brief periods without consequence,
methyl ester with the secondary hydroxyl group of pseudoephe- hyt should be stored with scrupulous avoidance of moisture to
drine;'® followed by rapid intramolecula®—N-acyl transfef3 prevent hydration. If the material becomes partially hydrated,
The fact that the acylation reaction proceeded to completion as evidenced by incomplete conversions in the alkylation
with substoichiometric amounts ofbutyllithium suggested that  reaction, it should be redried by heating in vacuo at68°C
lithium methoxide liberated during the reaction was capable of fgr 12 h.
acting as a catalyst for the transesterification step. This  Enolization of Pseudoephedrine Glycinamide.One of the
supposition was confirmed and beneficially exploited in a ynique features of the use df as a chiral glycine enolate

refinement wherein lithium methoxide (05 eqUiV) was substi- precursor is the fact that the primary amino groumds not

tuted for n-butyllithium in the acylation reaction, with no
discernible difference in the yield df.l”

The attainment of high yields in alkylation reactionsldfide
infra) is possible only when rigorously anhydrolids used.
Failure to properly dehydratd leads to a stoichiometric
consumption of the strong base that would otherwise endlize
(n-butyllithium or lithium diisopropylamide; see below) and
therefore to incomplete conversion df in the alkylation

protected® This introduces a potential complication in the
enolization ofl in that three different acidic functional groups
are present in the molecule (listed in order of decreasing
thermodynamic acidity): the secondary hydroxyl group, the
glycine a-carbon, and the primary amino group. It was
anticipated that theZ)-enolate4 would be the thermodynamic
product from the reaction of 2 equiv of strong base wiitfout

it was recognized, and later confirmed experimentally, that

reaction. For this reason, it is essential that the recommendedmight not be the kinetic product of the reaction.

protocol for the drying ofl be followed punctiliously. The
highly crystalline monohydrate is ideal for the purificationlof

All evidence to date suggests that the addition of slightly less
than 2 equiv of strong base (lithium diisopropylamide or

where significant contaminants exist (vide supra), but it cannot n_pytyllithium, 1.95 equiv) to a solution ol (1 equiv) in

be dehydrated efficiently by simply heating in vacuo. Dehydra- tetrahydrofuran at-78°C in the presence of anhydrous lithium
tion of the crystalline monohydrate is achieved by dissolution chjoride (6.00 equiv) leads to kinetic deprotonation of the
of the solid in dichloromethane and drying of the resulting hydroxyl and amino groups dfto generate th®,N-dianion5
solution over potassium carbonate, followed by precipitation (Scheme 1). Evidence for the intermediacys@nd for anionic
from toluene and drying in vacuo, as outlined above. An equilibration in the reaction is provided by the observation that
alternative dehydration protocol was also developed wherein the N N-diallylated compound is formed as a reaction product
the monohydrate is dissolved in acetonitrile and the resulting (30%) when allyl iodide is added to a mixture {1 equiv),
solution is concentrated in vacuo (azeotropic removal of water) |ithium chloride (6.00 equiv), and lithium diisopropylamide (1.95

to afford anhydroud, which is subsequently precipitated from

equiv) at—78 °C (20 min incubation at-78 °C prior to and

toluene solution and dried in vacuo, as described above. Injmmediately after the addition df, —78 °C quench)? If the

the anhydrous state, pseudoephedrine glycinani)de & stable,

reaction mixture is allowed to warm to°C prior to the addition

colorless solid. It may be handled in the atmosphere for brief of ajlyl iodide, equilibration to the thermodynamically more
periods without consequence, but should be stored with staple enolatet must occur, for addition of allyl iodide (at O
scrupulous avoidance of moisture to prevent hydration. If the c) affords theC-alkylated product? exclusively (77-83%
material becomes partially hydrated, as evidenced by incompleteyje|d): no products arising fron\-alkylation are observe?.

conversions in the alkylation reaction, it should be redried by

heating in vacuo at 56065 °C for 12 h.
The single-step procedure described for the synthesis of

was easily adapted for the preparation of pseudoephedrine

sarcosinamide?), a precursor for the synthesis Nfmethyl-

The use of 1.95 equiv of basa-butyllithium or lithium
diisopropylamide) in the enolization dfis essential to obtain

(18) Tsunoda et al. have also described the enolization (and subsequent
Claisen rearrangement) of a glycinamide bearing a free amino group. See:
Tsunoda, T.; Tatsuki, S.; Shiraishi, Y.; Akasaka, M.; Ito,T&trahedron

a-amino acids. Thus, addition of sarcosine methyl ester (1.15 Lett. 1993 34, 3297.

equiv) to a mixture of pseudoephedrine (1 equiv), lithium
chloride (2 equiv), and lithium methoxide (0.5 equiv) in
tetrahydrofuran at (°C, followed by stirring the resulting

suspension for 12 h at 23C, produced pseudoephedrine

(16) Brenner, M.; Huber, WHelv. Chim. Actal953 36, 1109.
(17) Myers, A. G.; Gleason, J. I0Org. Synth.submitted for publication.

(19) TheN,N-diallylated product is accompanied by son@-allylated
product7c (13%) and recovered (32%).

(20) Care must be exercised when reactions employing an excess of
alkylating agent are worked up, for bofhand its C-alkylation products
will undergoN-alkylation when concentrated at ambient temperature in the
presence of an alkyl halide. The desir&dalkylation product can be
separated from excess alkylating agent by acid/base extraction (see the
Experimental Section), thereby avoidihgalkylation entirely.
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Scheme 1Enolization and Alkylation of Pseudoephedrine Glycinamite (

CH; O LDA, LiCl CH; O A CH O
: NH ' NHLi : N
N 2 —78°C [;j _78°C ’:J \/\
OH CHj OLi CHs OH CH,
1 5 6
0°C
CHj OLi CH; O
H R-X H
N)\/NHz s N NH,
) | B
OLi CH, OH CH; R
4 7a-}

high yields of alkylated product. The use of slightly less than

(e.g., to form reactive ketene arlactam intermediates) appear

2 equiv of base (1.95 equiv is recommended) ensures a vehicleunlikely. The amount of byproduct formation increases when

for anionic equilibration I monoalkoxide), but, moreover,

2.5 equiv of lithium diisopropylamide is used in the deproto-

avoids the onset of a deleterious side reaction that occurs whemation reaction (18% dipeptidg 34% pseudoephedrine), but

>2 equiv of base is used in the deprotonation reaction. This
decomposition is evidenced by the liberation of free pseu-
doephedrine in the reaction and, in the case of lithium
diisopropylamide-mediated deprotonation, produces a distinct
orange color which contrasts with the normal yellow color of
the enolate suspensions prepared with 1.95 equiv of Base.
Because of the need for precise control of the amount of base
in the deprotonation reaction, it is imperative that the solutions
of n-butyllithium used in the reaction be accurately titrated. We
highly recommend an adaptation of the procedure of Watson
and Eastham for the titration oh-butyllithium (see the
Experimental Sectior’? Also, because the base (lithium
diisopropylamide om-butyllithium) is the limiting reagent in
the alkylation reaction, it is critical to ensure that both the lithium
chloride and pseudoephedrine glycinamide gre thoroughly

not when 3.0 equiv of lithium diisopropylamide is used (9%
dipeptide8, 16% pseudoephedrine). These data suggest that
mechanisms invoking the unimolecular decomposition of an
intermediate trianion (e.gd) are also unlikely. The data support

CH; OLi

: N/l\/NHLi

OLi CHg
9

the idea that the dipeptid®and pseudoephedrine arise from a
bimolecular decomposition pathway, perhaps by the combination
of two molecules of th®,N-dianion5 in a nucleophilic cleavage

of the amide bond, or, similarly, by nucleophilic attack of the

t_putative trianior® on theO,N-dianion5.2> We emphasize that
these decomposition reactions can be almost entirely avoided
simply by using 1.95 equiv of base in the deprotonation reaction
(<5% free pseudoephedrine is observed), presumably because
fIhe equilibration of dianionS and4 is faster than the proposed

dried in order to achieve good conversions to product. Reagen
grade anhydrous lithium chloride is exceedingly hygroscopic,
and as a precaution, we further dry it immediately prior to use
by heating with a flame in vacuo, followed by cooling under

an inert atmosphere. It has been our experience that one o
these three factors (incorrect titerbutyllithium, improperly
dried 1, and/or improperly dried lithium chloride) is invariably

responsible when less than optimum results are obtained in an

alkylation reaction.

The decomposition reactions that occur whes treated with
excess base>2 equiv) vary with the base used. When an
excess ofn-butyllithium is used, not surprisingly, products
resulting from the addition oh-butyllithium to the amide
carbonyl are observed. Deprotonatiorlofith excess lithium
diisopropylamide (2.20 equiv) also leads to decomposition of
the amide; however, in this case the products are pseudoephe
drine glycylglycinamide §;, 12% yield) and pseudoephedrine
(15% vyield)2® The mechanism of the latter base-induced

CHy O LDA CHa JOK/ H
A NH, — A N
N ? 52 equiv N Y\NHz
OH CH, OH CHs 0
8
(5,5)-(+)-1
CHs
+ NHCH

OH

glycine transfer reaction is of intere’t. The reaction occurs
when the solution of lithium diisopropylamide atds warmed
from —78 to 0°C. Because solutions of the enola# ¢xhibit
good thermal stabilityt{,, > 1 h at 23°C) once generated,
mechanisms involving the unimolecular decomposition4of

bimolecular decomposition reaction(s).

There are three protocols that we have used for the depro-
onation of1 which differ in the type of base used and in the
order of addition of reagents: (method A) slow, dropwise
addition of a solution of lithium diisopropylamide (1.95 equiv)
in tetrahydrofuran to a slurry of (1 equiv) and anhydrous
lithium chloride (6.00 equiv) in tetrahydrofuran at©;?® (method
B) addition of a solution ofl (1 equiv) in tetrahydrofuran to a

fi

(21) The distinct orange color dissipates immediately upon addition of

alkylating agents, producing a bright yellow suspension.

_ (22) (a) Watson, S. C.; Eastham, J. F.Organomet. Chenl967, 9,

165. (b) Gall, M.; House, H. OOrganic Synthesediley: New York,

1988; Collect. Vol. VI, p 121. We have also successfully employed
diphenylacetic acid as an indicator for the titratiomdgutyllithium (Kofron,

W. G.; Baclawski, L. MJ. Org. Chem1976 41, 1879). However, we are
aware of two instances where titration with diphenylacetic acid failed to
give an accurate titer af-butyllithium in other laboratories, whereas the
titration method of Watson and Eastham was successful. The reasons for
the erroneous titrations with diphenylacetic acid were not identified.

(23) Yields of the decomposition products were determined by reversed-
phase HPLC analysis (mobile phase 15% acetonitrile, 0.1% trifluoroacetic
acid; 25 cmx 4.6 um Cyg column; 220 nm detection). Response factors
were determined by the injection of standard solutions of authdnig;
and pseudoephedrine.

(24) The mechanism is complicated by the presence of two amide
rotamers ofl, essentially nonequilibrating at78 °C.

(25) In support of a nucleophilic cleavage mechanism, we find that when
a crossover experiment is conducted with a mixturé @.5 equiv) and?

(0.5 equiv) using excess LDA (2.5 equiv), products of both sarcosine and
glycine transfer to the glycinamidg, but not the sarcosinamid® are
observed. This result suggests that the transfer reaction is sensitive to the
steric bulk of the amino group, consistent with a nucleophilic addition
mechanism.
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Table 1. Diastereoselective Alkylation of Pseudoephedrine Glycinamijle (

CHa @ 1. n-BuLi or LDA PHs O
NH, NH,
b 2.R-X NTY
OH CHg OH CHs R
1 7a-j
entry RX method of enolization tempQ) time () product yielt(%) de (%) mp CC)

1 CHal B 0 1 7a 75 82

2 CHal B —45 3 7a 73 85

3 CHal C —-78 5 7a 614 94

4 CHCHyl C 0 15 7b 80 (76) 976£99) 92-97

5 CH;CH,Br B 0 27 7b g 96

6  CH~=CHCH,Br B 0 0.3 7c 80(69) 93£99) 79-83

7 CH,=CHCH,l C 0 0.5 7c 77—-83 90-92

8 (CHg).,CHCH.I C 0 48 7d 55 97

9 (CHs).CHCH C 23 24 7d 66(43) 94£99) 86-88
10 (CH).CHCH,I C 23 & 7d 73 95
11 (CH;),CHCH,O0SO,CHjs C 0 24 NR
12 (CH;).CHCH,OSOCF; C 0 1.3 7d 50 97
13 ¢-GHsCHal C 0 10 7e 82(66) 98(=99) 82-84
14 GHsCH.CI B 0 5 7f 80! 75
15  GHsCH,Br A 0 1 7f 79(65) 916£99) 131.5-133
16 GHsCH.Br C —78 12 7f 73 91-93
17 GsHsCHal B 0 0.8 7f 70 94
18 2-(CH0)-CsH4CH,Br C 0 2 79 83 91
19 (CHy)sSICH,Br A 23 22 7h 89(57) 91£99) 92-94
20 [ x =1 A 0 0.3 7i 8 89"
21 FhS0s B X=1 A —78——45 3,3 7i 9% 90-91"
22 N7 CH,X X=1 A —78 68  7i 57-967  94-95
23 \ X=Br A 0 0.8 7i 8% 85"
24 MOMO._~ [ X=1 C 0 0.25 7j 72 88
25 I:L X=1 c —78 5 7 8% 93
26 Q7 NTCHX | x =pr c 0 025 7 70-85 85"
27 \ X=cCl C 0 0.5 7j 660 70

2Values in parentheses are for products isolated by recrystallizat®electivity determined by capillary GC analysi®roduct isolated as the
diacetated Yield determined by capillary GC analysis of the corresponding diacefa®saction used 5 equiv of isobutyl iodideApproximately
7% of the homoallylic isomer (&' product) was also isolated in this reaction. The isolated product was contaminated with ca. 1% of this byproduct.
9 Yield based upon consumed iodide (22equiv of1 used)." Selectivity determined by HPLC analysis of the amino acid produced by hydrolysis
of the crude alkylation product.

slurry of lithium diisopropylamide (1.95 equiv) and anhydrous but is problematic on a larger scale due to difficulties in

lithium chloride (6.00 equiv) in tetrahydrofuran at78 °C, controlling the reaction temperature during the deprotonation
followed by warming of the resulting suspension to°0; step which, as a consequence, leads to the partial decomposition
(method C) slow addition of a solution @fbutyllithium in of 1.

hexanes (1.95 equiv) to a slurry @éfand anhydrous lithium Alkylation of Pseudoephedrine Glycinamide. A wide
chloride (6.00 equiv) in tetrahydrofuran at78 °C, followed range of alkyl halides are found to react efficiently and
by warming of the resulting suspension t¢0.?’ diastereoselectively with the enolatéTable 1). Activated alkyl

Method A is recommended as the most versatile and halides such as methyl iodide and benzyl bromide react even
convenient procedure for enolate formation, especially for large- at —78 °C, whereas substrates such as ethyl iodide react
scale applications. Method B was developed initially for conveniently at *C. Becauset exhibits the high nucleophi-
enolization of 1, but has been largely supplanted in our licity and thermal stability generally associated with amide
laboratory by the greater convenience of method A. In addition, enolates, by conducting the alkylation reactions at@3even
more concentrated solutions of enoldte€an be prepared by  poorly reactive substrates such as isobutyl iodide and (trimeth-
method A than by method B, because the additionldb ylsilyl)methyl bromidé® can be made to react. For readily
solutions of lithium diisopropylamide at78 °C leads to the available alkyl halide substrates, an excess of alkylating agent
formation of gels if the final substrate concentration is greater (1.1-1.25 equiv) is used in the reactiéh.For valuable alkyl
than 0.25 M. Moreover, method A is more tolerant of slight halides, where it is desirable that they be the limiting reagent,
errors in the titer of base than method B. Method C representsexcess enolate is employed in the reaction (typically-2.8
a convenient alternative for smaller scale reactiars fhmol), equiv). Itis important to note that reactions employing excess

oI o alkviat : o rate o addiion of Tihi enolate exhibit higher yields (based on 1 equiv of alkyl halide)
e e, sl of i, than reactions employing excess alky halide (yeld based on 1
temperature o5 °C to avoid decomposition. equiv of1). Many functional groups are found to be stable to

(27) When solutions ofi-butyllithium are added to solutions containing  the alkylation reaction conditions, including aryl benzene-

1, the alkyllithium solution should be added to the inside edge of the flask, _ _

such that it runs down the side of the flask before mixing with the bulk sulfonate ester¥tert butyl carbamate antért-butyl carbonate
solution (or slurry), allowing the reagent to cool+@8 °C before mixing. (28) (Trimethylsilyl)methyl chloride was found to be unreactive toward
Adding warm (23°C) solutions ofn-butyllithium directly into the middle enolate4. Alkylation of 1 with (trimethylsilyl)methyl iodide resulted in
of a solution containing at —78 °C will result in significant decomposition. decomposition.
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(see entries 1926, Table 1) react with-46% greater de values

CH3 OLi (93—95%) when the temperature of the alkylation reactions is
NS NHe - reduced to—78 °C from 0°C.2° The diastereoselectivity of
oLi éHs \\“->R-x the reaqtlon oft with |odomethane.shows t.he greatest sensitivity
4 to reaction temperature. Alkylation dfwith iodomethane at
0 °C proceeds with 82% de, whereas the diastereomeric excess
— at —78 °C is 94%. The advantage of achieving improved
CHg O diastereoselectivity by conducting an alkylation reaction at a
: NH, [~ 1:4-syn lower temperature must be weighed against the decrease in
o EH . reaction rate that will result from the lower reaction temperature.
; 3 For example, the latter alkylation (with iodomethane) was

incomplete afte5 h at—78°C (61% yield of product). Because
Figure 1. Mnemonic for enolate alkylation. few alkylation reactions benefit significantly from a lower
temperature, we recommend @ as a typical operating
temperature. Even reactions conducted at@38necessary for
Eindered alkyl halides) are found to be highly diastereoselective.
or example, the reaction dfwith isobutyl iodide (1.25 equiv)
at 23 °C proceeds in 94% de (24 h). The same reaction
conducted at OC proceeds in 97% de but requires 2 days for
completion.
| In certain cases, the diastereoselectivity of an alkylation
eaction is affected by the nature of the leaving group. In
general, alkyl iodides provide the highest selectivities and alkyl
chlorides the lowest. For example, alkylations4ft 0 °C

rimary role in determining the facial selectivity of the alkylation with the series benzy] chioride, bromide, and iodide proceed
Feactio); A useful mnemgnic for deriving the )s/ense of in)éIuction with de values of 75%, 91%, and 94%, respectively. This trend
: 9 is followed with other benzylic halides as well, e.g-~(halo-

in the alkylation reaction is as follows: the electrophile enters - : o .
from the same face as the methyl group of the pseudoephedrineme'[hyl)pyrldlnes (see entries 227, Table 1f° Allylic and

. . - - n-alkyl halides do not display significant differences in diaste-
residue when the (putativeX)-enolate4 is drawn in a planar, - d - .
extended conformation (see Figure 1). Thus, the alkylation of reoselectivity between bromide and iodide leaving groups, but

(S9-(+)-1 providesp-o-amino acid derivatives, and its enan- unactivated bromides react appreciably more slowly than the

tiomer, RR)-(—)-1, provides the correspondingo-amino acid iodides (cf. entries 4 and 5, Tab_le 1p-Alkyl chlorides are
derivaiive’s. Proo’f of the stereochemistry of the alkylation founql to be completely unreactive towar] a_nd benzylic
products was obtained by their conversion to and comparison chlorides  react s!owly. In two cases ex.amlned,. methane-
with o-amino acids of known configuration using optical sulfonate esters (isobutyl mesylate.and (trimethylsilyl)methyl

. . o9 mesylate) were found to be unreactive. In only one case have
rotation and chiral HPLC analysis (vide infra). In a few cases

. ] . we employed an alkyl triflate as substrate. The alkylatiod of
8g,), the absolute stereochemistry of the products was inferred, .. ~. . - AR
grogr#) the order of elution of majoryand m?nor enantiomers in with isobutyl triflate proceeded rapidly at'® and with high

the chiral HPLC analysi& diastereoselectivity (97%). The yield of this reaction was lower
A hallmark of alkylation reactions of the enoladeis their than the yield observed for alkylation dfwith isobutyl iodide

X 7m0 .

high diastereoselectivi§#. Activated alkyl halides (e.g., benzyl (o.pt|_murln 7.3/°)' pgrhaps reflecting a greater degree of
; ) NN . elimination with the triflate.

bromide and allyl bromide) afford products with diastereomeric An important extension of the alkviation methodoloay is

excesses between 90% and 94% in alkylations conducted at Oachievedpb emoloving ti-dihalides in t%e reaction. givin ?i);e

°C. Reactions with less reactive alkyl halides (e.g., ethyl iodide y empioying *; » gving

cyclopropylmethyl iodide, and isobutyl iodide) are found to be’ to cyclic a-amino acid derivatives. For example, alkylation of
even more highly diastereoselective {98B% de, 0°C). The 4 with 1-chloro-4-iodobutane proceeds rapidly &®to afford

diastereoselectivity of the alkylation reactions is found to var the amino chloridd0. This product is stable under the initial
; ) yo y ary alkylation conditions and to aqueous workup, but cyclizes when
slightly with the reaction temperature. For example, alkylation

4 - ; heated in chloroform at 50C for 5 h. In this manner, the
of 4 with benzyl bromide proceeds in 993% de at—78 °C : . . S . . . '
and 90-91% d):e at °C. gimilarly a-(halorr?ethyl)pyridines pipecolic acid derivativel1 was obtained in 76% yield (96%

groups$Ctert-butyldimethylsilyl ethers?! benzyl ethergtert-butyl
ethers, methoxymethyl ethers, and alkyl chlorides.

In every case examined thus far, the sense of stereochemica
induction in the alkylation reaction is that shown in the equation
of Table 1. This stereochemical outcome is the same as that
observed in the alkylations of simpls-acyl derivatives of
pseudoephedring. Thus, both simple and glycine-derived
pseudoephedrine amide enolates exhibit the same diastereofacia}
selectivity in alkylation reactions, if both enolates possess the
same stereochemistry (presun®d? This result suggests that
the glycine-derived primary amino group 4fmay not play a

de).

(29) Myers, A. G.; Gleason, J. . Org. Chem1996 61, 813.

(30) SinhaRoy, R.; Imperiali, BTetrahedron Lett1996 37, 2129. 1. mBuLi LiCI CH: O

(31) Kearney, P. C.; Nowak, M. W.; Zhong, W.; Silverman, S. K.; Lester, (5,5)-(+)-1 : ! H NH
H. A.; Dougherty, D. A.Mol. Pharm, submitted for publication. ’ 2. CI(CHy)4! N™ 2

(32) It is generally assumed that the enolization of tertiary amides 2
produces theZ)-isomer. See: (a) Heathcock, C. H.; Buse, C. T.; Kleschick, OH s':a SO
W. A.; Pirrung, M. C.; Sohn, J. E.; Lampe, J. Org. Chem.198Q 45,
1066. (b) Evans, D. A.; McGee, L. Rietrahedron Lett198Q 21, 3975. 50 °C. CHCI CHy O |,
(c) Evans, D. A.; Tacaks, J. Metrahedron Lett198Q 21, 4233. bl Rkl Y X N

(33) The more rapid elution ob-o-amino acids, relative to their N \j
L-antipodes, with Crownpak CRY{) chiral HPLC columns is documented 76%, 3 steps OH CHj; =

(Instruction Manual Crownpak CR¢) column, Daicel Chemical Industries).
(34) In all cases, the diastereoselectivity of the alkylation reactions was

determined by capillary GC analysis (except as notidNMR determi-

nation of diastereomeric ratios is complicated by the presence of amide Many of the alkylation products are crystalline solids and

rotamers in solution. Diastereomeric pairs of alkylation products existwith are readily purified by recrystallization. Recrystallization
different ratios of rotamers, thus requiring the correct identification and f v | h in th f the isol
integration of all four possible reasonances for a given proton within a pair frequently leads to an enhancement in the de of the isolated

of diastereomers. product, often t0>=99% de (see the values in parentheses in

n
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Table 1). In cases where the alkylation products are not The product is a crystalline solid, and may be recrystallized to
crystalline, they may be purified by chromatography on silica 99% de in 69% yield. Alkylation o2 with ethyl iodide under
gel using a methanefitriethylamine-dichloromethane solvent  similar conditions provides th&l-methyl-2-aminobutyramide
system for elution. Resolution of the diastereomeric alkylation derivative 12b in 77% vyield (94% de) after purification by
products is sometimes possible by chromatography, particularly column chromatography.
in the case of benzylic halides, for which the minor diastere- The presence ofN-methylethanolamine in the alkylation
omers tend to elute faster than the major diastereomeric reaction is necessary to achieve reproducible diastereoselectivity
products. and may function by facilitating anionic equilibration. Reactions
As we observed in the alkylation of pseudoephedrine amides conducted in its absence are much more sensitive to variations
derived from simple aliphatic carboxylic acitfsthe presence in the reaction conditions, particularly in the amount of base
of anhydrous lithium chloride in the reaction is required to €mployed. For example, utilizing the standard enolization
accelerate the rate of enolate alkylation. The marked influence conditions for the alkylation ofl (e.g., 1.95 equiv ofn-
of lithium halide salts on enolate alkylation reactions is well butyllithium), the reaction o2 with benzyl bromide afforded
precedented, most notably in the work of Seebach &t dh 12fin 81—82% de, while the use of slightly lessbutyllithium
the alkylation of4 with ethyl iodide, the reaction is complete  (1.85 equiv) resulted in a much improved diastereoselectivity
within 1 h at 0°C in the presence of anhydrous lithium chloride (86% de, 72% yield, capillary GC analysis).
(6 equiv), but is less than 80% complete aftéh in theabsence Alkylation of N-Protected Derivatives of Pseudoephedrine
of anhydrous lithium chloride. Reaction solutions containing Glycinamide. Prior to the discovery of conditions for the
6 equiv of lithium chloride are essentially saturated; use of alkylation of pseudoephedrine glycinamidé),( alkylation
greater amounts of lithium chloride produces no discernible reactions of variousl-protected derivatives df were explored.
advantage in diastereoselectivity or reaction rate. Importantly, Among these, we examined the use of Knaplsl-dialkyl-
the exclusion of lithium chloride from the alkylation dfwith triazone methodology for the protectionb?® Unfortunately,
ethyl iodide diminishes the diastereoselectivity of the reaction the low solubility and reactivity of the derived enolates thwarted
(82% de versus 97% de in the presence of lithium chloride). these efforts. We also examined the use of carbamate protective
Such a marked decrease in de was not observed in alkylationsgroups, and although success was achieved in the alkylation of
of simpleN-acyl derivatives of pseudoephedrine conducted in CBz-protected, the limited stability of the CBz group to either
the absence of lithium chloridé. The use of lithium bromide ~ alkaline or acidic hydrolysis conditions prevented further
(6 equiv) as an additive also accelerates alkylation reactions of development of this methodology. A more successful approach
4 (reaction with ethyl iodide at OC is complete within 1 h); utilized the more robust (toward alkaline hydrolysis conditions)
however, lower levels of diastereoselectivity {93% de for ~ N-Boc protective group.N-Boc-pseudoephedrine glycinamide
ethyl iodide) are observed. (3) was transformed into a presumed enolate trianion by
treatment with lithium diisopropylamide (3.10 equiv) in the

The diastereoselectivity of the reaction of the enofatéth e i e
presence of anhydrous lithium chloride (6.00 equiv) in tetrahy-

isobutyl iodide was analyzed as a function of time in order to o _ . :
detect nonlinear effects and/or evidence of epimerization in the drofuran at=78°C, followed by warming the resulting mixture
reaction. This particular reaction was chosen because itt@ 0 C. Addition of benzyl bromide to the enolate solution at
proceeded sufficiently slowly at 2% as to make the analysis O °C resulted in selectiv€-alkylation, affording theN-Boc-
convenient. Aliquots from a reaction conducted at*23and ~ Phenylalanine derivativel3f in 79% yield and 87% de.
employing 5 equiv of isobutyl iodide and 1 equivéat 23°C

were withdrawn and quenched at several time points within a CHy O

) . ; : . LDA, LiCl :
7-h period. The aliquots withdrawn were subjected to standard (5,5)-(+)-3 LoA LS N/LK:/NHB“
workup procedures, and the products were acetylated for analysis 2. R-X OH CH, R

by capillary gas chromatography. Over the 7-h period of the
reaction, the ratio of diastereomeric products was constant (97.6:
2.4, 95.2% de). Thus, no obvious nonlinear effects were
observed, nor was their evidence of epimerization in the reaction.

Alkylation of Pseudoephedrine Sarcosinamide.The alkyl-
ation of pseudoephedrine sarcosinamidgi$¢ similar to the
alkylation of the glycinamidd, with one important experimental
modification wherein the reaction is conducted in the presence
of 1 equiv ofN-methylethanolamine. The optimum conditions
for alkylation of 2 involve the addition ofn-butyllithium or
lithium diisopropylamide (2.95 equiv) to a suspensior2dfl
equiv), anhydrous lithium chloride (6.00 equiv), and
methylethanolamine (1.00 equiv) in tetrahydrofuran-@8 °C,
followed by warming the resulting slurry to @C and the
addition of an alkylating agent (1-11.5 equiv). Under these
conditions, the alkylation a2 with benzyl bromide affords the
N-methylphenylalanine derivativE2f in 88% de and 93% yield.

13b R=Et (79%)
13f R=Bn (79%)

Similarly, alkylation of 3 with ethyl iodide at 0°C afforded
13bin 79% yield and 93% de. In contrast to the enolization of
1, the enolization of th&l-protected amid& was not sensitive
to the presence of excess lithium diisopropylamide in the
reaction mixture. Although thE-Boc derivatives generally do
not display the desirable property of crystallinity, the products
of alkylation reactions o8 are advantageous in that they may
be directly transformed intbl-Boc-protectedx-amino ketones
through the addition of alkyllithium and alkylmagnesium
reagents’

Hydrolysis of Pseudoephedrine Amides.We have found
that the products of alkylation of pseudoephedrine glycinamide
(1) are hydrolyzed with exceptional facility and efficiency

(35) See ref 5] and (a) Seebach,Angew. Chem., Int. Ed. Endl988

1. nBuli, LiCl 27, 1624. (b) Seebach, D.; Bossler, H.; Grundler, H.; Shoda, Bel.
HO(CH,),NHCH, CH; O Chim. Acta1991, 74, 197.
(RA)(-)}2 ———————— NHCH,4 (36) (@) Knapp, S.; Hale, J. J.; Bastos, B.; Gibson, FT&rahedron
2. R-X r N Lett. 199Q 31, 2109. (b) Knapp, S.; Hale, J. J.; Bastos, B.; Molina, A.;
OH CH; R Chen, K. Y.J. Org. Chem1992 57, 6239.

12b R=Et (77%) (37) N-Boc-pseudoephedrine amides have been used in the preparation
B ° of N-Boc-o-amino ketone derivatives. Myers, A. G.; Yoon,Tletrahedron
12t R =Bn (93%, 69% recryst.) Lett. 1995 36, 9429.
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simply by heating in an alkaline aqueous medium. The mild Table 2. Basic Hydrolysis of Pseudoephedrine Amides Followed
conditions of this alkaline hydrolysis reaction (vide infra) stand by N-Protection

in marked contrast to the harsh conditions necessary for the CHs O o
basic hydrolysis of simple tertiary amides. The use of secondary ©Y J\/NHz 1. NaOH /U\/NHX
HO™ ™
:

amines as chiral auxiliaries for the asymmetric alkylation of N 2. Boc,0 or FmocCl

carboxylate derivatives (tertiary amides) has been hampered by OH CHs R

the harsh conditions typically required to hydrolyze the amide 7b-9,i 15b-g X =Boc
bond in the products. In one of the earliest practical auxiliary- 16b-g,j X = Fmoc
based asymmetric alkylation procedures, Evans and Takacs 15b—g 16b—g,
showed that tertiary amides derived from prolinol underwent
acidic hydrolysis more readily than amides derived from simple

time vyield ee vyield e

a
dialkylamines by virtue of an intramoleculdr—O-acyl transfer ! R ) 0o 06 %) ()
mechanisni2e38 |t has long been known that pseudoephedrine P 8:392];2;(: ig gz igg ?g igg
amides also undergo a facile intramolecarO-acyl transfer 3 (CﬁgchCT_f__ 15 97 =99 81 ~99
reaction under acidic conditioR& It is reasonable to propose e c-GHsCHy— 2 93 >98 8& =99
that such an intramolecul&—0O-acyl transfer reaction might f CeHsCHo— 3 88 >99 90 >99
also occur under the basic conditions of our optimum hydrolysis ¢ 2-CHOGH.CH,Br 4-5 86 96 8% 98
protocol. Although it is expected that the product of the acyl 3 73 96

MOMO._~
transfer reaction, #-amino alcohol ester, would be thermody- c1]|\/N\//LCHZ—
namically unstable under the reaction conditions, this intermedi-
ate should partition favorably between hydrolysis to product *All starting materials were 0£99% de except as notetlEnan-
and reversion to starting material, thereby accounting for the tiomeric excesses (ee’s) were determined by HPLC anafyisaction

. performed using Fmobkhydroxysuccinimide? Isolated product con-
overall rate enhancement observ@é? These hydrolysis reac- tains ca. 1% of the 2-amino-5-hexenoic acid derivati@tarting

material was 91% de. Hydrolysis afforded amino acid of 94% ee;
additional ee enrichment of5g and 16g due to recrystallization.

?HQ'LN NaOH j\/NH f Starting material de not determined directlyield includes removal
N7 Y 2 H,0, A NaO”™ ™ 2 of the methoxymethyl protecting group (TFA, THR®)).
OH CHz R R
7b-g 14b-g product solution obtained after extraction of the auxiliary can
o be treated directly with an acylating agent to afford the
Boc,0 )K/NHX correspondingN-protected o-amino acid derivative. Thus,
or FmocCl HO R N-tert-butoxycarbonyl {-Boc) andN-(9-fluorenylmethyloxy)-

carbonyl (N-Fmoc) protectedx-amino acids are obtained by
treatment of an aqueous solution of tk@amino acid salt with
di-tert-butyl dicarbonate or 9-fluorenylmethyl chloroformate,
respectively. For the preparation BfFmoc-¢-amino acids, it
tions are more rapid than those of simple pseudoephedrinejs necessary to quench the excess of sodium hydroxide in
amides (e.g., alkylation products of pseudoephedrine propiona-solution with sodium bicarbonate prior to the addition of
mide)*! Itis believed that this reflects the inductive influence 9-fluorenylmethyl chloroformate; otherwise cleavage of the
of the amino group and its enhancement of the electrophilicity N-Fmoc group occurs. As a general practice, the addition of
of the amide carbonyl group. It is significant that this rate sufficient sodium bicarbonate to quench excess sodium hydrox-
enhancement is not accompanied by a correspondingly increasege is recommended for all direct acylation reactions of the basic
rate of racemization. Conversely, less racemization is observedhydrolysis mixtures. As illustrated by the examples in Table
for the hydrolysis of pseudoephedrine glycinamide alkylation 2, this two-step hydrolysis/acylation method typically proceeds
products than for the simple alkyl amides. in very high yield. Furthermore, the reaction products are
Typical conditions for the hydrolysis of the alkylation formed with a high degree of purity. For example, in the case
products involve heating at reflux for % h in agqueous  of N-Boc-protecteda-amino acids, the crude products are
sodium hydroxide solution (0.5 M, 2 equit3. Upon cooling, typically found to be analytically pure. In the caseNsfFmoc-
an agueous suspension is obtained that contains the precipitate@rotectedx-amino acids, analytically pure products are usually
pseudoephedrine auxiliary and the (soluble) sodium salt of the obtained after a single recrystallization. Occasionally, the
product a-amino acid. The auxiliary is easily recovered, preparation ofN-Fmoce-amino acids can be complicated by
quantitatively, by extracting the aqueous product slurry with the formation of dipeptide byproducts when 9-fluorenylmethyl
dichloromethane (96% recovery of pseudoephedrine,8836 chloroformate is used as the acylating ag@ntn these cases,
yield after recrystallization from water). The alkaline aqueous use of the milder acylating ageNt(9-fluorenylmethyloxycar-

(38) For the first practical demonstration of an asymmetric alkylation bonylo_x_y)succmlmlde often C!rcumvents_ this side r?act‘ﬁ)n.
reaction of a carboxylate derivative (employing a chiral amino alcohol as A critical aspect of the basic hydrolysis protocol is the fact
an auxiliary) see: (a) Meyers, A. I.; Knaus, G.; Kamata,JKAm. Chem.  that the products are formed with little to no racemization. This

.?.OX.F::-]?Z:‘lh(g?g].Zggd(Qb?) 4Mgeg eéé‘f" I.; Knaus, G.; Kamata, K.; Ford, M- B. - a0 he attributed to the low kinetic acidity of theC—H bond

(39) The hydrolysis oN-acetylpseudoephedrine under alkaline conditions ~Of the amide starting materials and the product carboxylate ions.
was reported by Mitchell. See ref 13b. Hydrolysis of alkylation products at 99% de typically affords

(40) A related observation was made earlier by Meyers and Temple _aming acid derivatives of 99% ee. Occasionally, kinetic
concerning the hydrolysis of 2-oxazolines, wherein the hydrolysis of

f-amino alcohol ester hydrochlorides (resulting from the acid-catalyzed ring €Nfichment in the hydrolysis reaction was observed. For

opening of 2-oxazolines) occurred under both acidic and basic reaction

conditions. See: Meyers, A. |.; Temple, D.L.Am. Chem. S0od97Q 92, (42) Carpino, L. A.Acc. Chem. Red987, 20, 1987. (b) Atherton, E.;

6646. Scheppard, R. C. IThe PeptidesUdenfriend, S., Meienhofer, J., Eds.;
(41) If required for solubility, methanol or dioxane may be added as a Academic Press: Orlando, 1987; Vol. 9, p 1.

cosolvent. (43) Paquet, ACan. J. Chem1982 60, 976.

15b-g X =Boc
16b-g X = Fmoc
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Table 3. Hydrolysis of Pseudoephedrine Amides in Water

100 T T T
GHs O HZ0, refl e
M nwR, HOJ\/NHFM
| B B
e (%) OH CHz R R
7b-h Ry =H 19b-h Ry=H
] 12f Ry =CHg 20f R;=CHg
& time yield crude isol
amide R h % e (%) e€ (%
R (VRN = ) 00 eo) e¢()
Time (min) 7b CHsCH,— 10 88 >99 >99
. . L . 7c CH,~=CHCH,— 10 87 98 >99
Figure 2. Hydrolysis of 7g. kinetic resolution. 7d (CH3)2:CHCH— 10 86 >99 >99
. . . 7e c-CsHsCH,— 12 79 >97 >98
example, alkaline hydrolysis of amidig of 91% de afforded 71 CeHsCH,— 18 77 98 >99
an enriched product of 94% ee. Further evidence for kinetic  7¢¢ 2-CHsOCeH,CH— 22 71 98 >99
resolution during this hydrolysis reaction was obtained by 7h (CHg)sSICH— 20 77 ND =99
withdrawing small aliquots from a reaction mixture employing 12f CeHsCHz— 96 70 96 98
79 of 84% de (2 equiv of NaOH, 4:1 MeOH:8, reflux), a All starting materials were 0£99% de except as noted. Enan-

followed by HPLC analysis. As shown in Figure 2, the tiomeric excesses (ee’s) were determined by HPLC analyBisor to
enantiomeric excess of the product is found to diminish with ”:tégﬁtci?”WVg;hgggr-;iig?::qxﬁﬁt L(; ”itllf);aﬁzof;;’n\’iitnhoE;C;"gii%'gitgdacid
tlme,_from an mlt.lal high of=95% ee tp a val_ue approaching ‘EStarting material was 91% de. This reaoction was conducted in a 4:1
the diastereomeric excess of the starting amide. After 3.3 h atmixture of water ang-dioxane. This reaction was conducted in water
reflux, the reaction was approximately 90% complete and the for 48 h, and then in 2:1 watedioxane for 48 h.
enantiomeric excess of the product was 91%. The small amount
of amide 7g recovered (8%) was found to be greatly reduced hydrolysis to produce the-amino acid and the free pseu-
in diastereomeric purity (41% de). doephedrine auxiliary (Table 3}. Again, little to no epimer-
N-Alkylpseudoephedrine amides are also efficiently hydro- ization (typically <2%) occurs during the hydrolysis reaction.
lyzed in base with little to no racemization. For example, An important advantage of this hydrolysis protocol is the total
heating the pipecolic acid derivativiel (96% de) at reflux in absence of salts, or any exogenous reagents, in the reaction
aqueous sodium hydroxide solution (0.5 M, 2 equiv) for 3 h mixture. This enormously facilitates the isolation of salt-free
followed by cooling and acylation with dert-butyl dicarbonate, o-amino acids (alternative methods for the synthesis-afmino
as described above, affordBEBoc-pipecolic acid17) in 77% acids typically require a desalting procedure, such as ion
exchange chromatography). Recovery of the chiral auxiliary
CH; O O  Boc from the hydrolysis mixture is accomplished by extraction of
: NJK_/N 1. NaOH HOJ\/N the aqueous product solution with dichloromethane. Lyo-
OH CH, \) 2. Boc,0 \J philization of the aqueous product solution then affords the free
o o-amino acid directly, typically as a solid. Trituration of the
11 77% 17 K . .
solid product with an alcoholic solvent (usually ethanol) serves
to remove any residual pseudoephedrine and often leads to

yield and 96% ee. Hydrolysis of the products from the : ) \ ° i !
alkylation of pseudoephedrine sarcosinamijeg slower. For enantiomeric enlrlchment of. the isolateeamino aC|q as well.
example, hydrolysis of thé\-methylphenylalaninamide 2f As with the sodium hydroxide-promoted hydrolysis protocol,
(=99% de) with sodium hydroxide solution (0.5 M, 2 equiv) kinetic resolution has been observed in hydrolyses in pure water
required 18 h at reflux for complete consumption of the starting @S Well. For example, hydrolysis of the amidig (91% de) in
material. DirectN-acylation of the crude sodium salt of the dioxane-water (1:5) for 22 h afforded the-amino acid19g
a-amino acid with ditert-butyl dicarbonate providedi-Boc- in 98% ee (99% ee after trituration with ethanol) and in 71%
N-methyl-phenylalanine 18f) in 85% yield and 95% ee. Yield. _
Hydrolysis of the ethylated produd®b (94% de) required 10 Hydrolyses of N-Boc- and N-Fmoc-Protected Amides
h and proceeded with kinetic enrichment to provide, after Prior to the development of the above procedures, the hydrolysis

N-acylation, N-Boc-N-methyl+-2-aminobutyric acid 18b) in of N-Boc- andN-Fmoc-protected pseudoephedrine amides was

89% yield and 98% ee. investigated as a method for the preparationNeBoc- and
N-Fmoco-amino acids. N-Boc-pseudoephedrine amid&3b,

CHg O 1 NaOH G CHg 13¢ and13f were prepared either by the direct alkylation3of

©\/'\ NHCH; — HO)H/N\BOC (vide supra) or by acylation of products of the alkylationlof

& EHB A 0c20 R with di-tert-butyl dicarbonate or 2t¢rt-butoxycarbonyloxy-

imino)-2-phenylacetonitrile. Hydrolysis ™-Boc-pseudoephe-
drine amides is readily achieved by heating in the presence of
sodium hydroxide (5 equiv) in methanelvater mixtures, or

A second cleavage protocol was developed that was madeWith tetrabutylammonium hydroxide (5 equiv) in 2-methyl-2-
possible by the fact that most products from the alkylatioh of ~Propanot-water mixtures. Epimerization occurs to a greater
display at least partial solubility in water and, owing to the extent in these hydrolyses than with the alkaline hydrolysis of
presence of a free amino group within these substrates, thethe glycinamide alkylation produc#—h described above, but
resulting aqueous solutions (or suspensions) are moderately’s nevertheless minimal. For example, hydrolysis offtiBoc-
alkaline (pH =~ 10). These factors help to rationalize the Phenylalaninamide.3f (=99% de) with tetrabutylammonium
remarkable finding, of tremendous practical importance, that hydroxide (5 equiv) in 2-methyl-2-propanelvater (4:1) at

heating at reflux (1620 h) of a solution (suspension) of an (44) For substrates with extremely low water solubility, dioxameter
alkylation product in pure water alone leads to quantitative mixtures may be used in the hydrolysis reaction.

18b R=FEt (89%)
18f R=Bn (81%)

12b,f
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reflux for 2.5 h afforded\N-Boc-b-phenylalanine 15f) in 97%

CH; O o
¢ NaOH, MeOH/H,0
: NHBoc z HO)’\,NHBoc
'?‘ i or BuyNOH, i

OH CHs; R t-BUOH/H0 R
13b R=Et 15b (95%)
13c R =CH,CH=CH, 15c (99%)
131 R=Bn 151 (97%)

yield and 94% ee. Similarly, hydrolysis of thid-Boc-2-
aminobutyramide derivativ&é3b (=99% de) affordedN-Boc-
D-2-aminobutyric acid 15b) in 99% yield (96% ee), and
hydrolysis of theN-Boc-p-allylglycinamide derivativel 3c(99%

de) affordedN-Boc-allylglycine (L5¢) in 99% yield and 90%
ee. The milder hydrolysis conditions and lesser degree of

racemization in the hydrolyses of the unprotected pseudoephe-

drine amides have led us to favor that method, followed by
N-acylation of the hydrolysis products, for the preparation of
N-Boc-a-amino acids.

The alkylation product3b and7f were also readily acylated
with 9-fluorenylmethyl chloroformate (1.10 equiv) in mixtures
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Figure 3. Proposed reactive conformation of enoldte

1+H,0

Figure 4. Crystal structure of pseudoephedrine glycinamide mono-
hydrate.

of dioxane and saturated aqueous sodium bicarbonate solutiorthereby accounting for the extraordinarily high diastereoselec-

to provide the correspondird-Fmoc derivative21b and21f.
TheseN-Fmoc derivatives were readily hydrolyzed under acidic
conditions. For example, heating a solution of thkd-moc-
phenylalaninamid@1f (=99% de) in a mixture of dioxane and
9 N aqueous sulfuric acid (1:1) at refluxrf@ h afforded
N-Fmocb-phenylalanine 16f) in 96% yield. Cleavage of the

CH; O

o
: 9 N HySO,,
N - NHFmoc dioxane HOJJ\:-/NHFI’HOC
OH CH3 R R
21b R=Et 16b (83%)
21f R=Bn 16f (96%)

N-Fmoc group (0.5 M NaOH, MeOH) and analysis of the
resulting freen-amino acid showed that no racemizatiar®9%

ee) had occurred during the hydrolysis step. Similarly, acidic
hydrolysis of theN-Fmoc-2-aminobutyramide derivativ&lb
provided theN-Fmocb-2-aminobutyric acidX6b) in 83% yield
and =99% ee. This hydrolysis protocol is effective for the
preparation oN-Fmoc-a-amino acid derivatives that are stable

tivities observed in the alkylation reactions. Simply linking the
two oxy anions by a lithium cation in a seven-membered ring,
the somewhat classical rendering of a “chelation control”
mechanism, hardly accounts for such a bias. Our preferred
working model is depicted in Figure 3 and invokes the blocking
of the enolater-face by the secondary lithium alkoxide and,
perhaps more importantly, the solvent (tetrahydrofuran) mol-
ecules associated with this lithium cati#fn.We note that in
this model the pseudoephedrine side chain adopts a staggered
conformation in which the €H bond a to nitrogen lies in-
plane with the enolate oxygen, in accord with predictions based
on allylic strain argument¥. The oxy anions may share one
or more lithium cations in this model, but this would be a
different type of chelate structure than that alluded to atféve.

It is interesting to compare the working model of Figure 3
with the crystal structure of pseudoephedrine glycinamide
monohydrateX-H,0, Figure 4). Many of the structural features
of the proposed reactive conformation of enolae reflected
in the crystal structure of-H,0, including minimized allylic
and dihedral strain and positioning of the secondary hydroxyl

to strong acid, and thus complements the base-catalyzedgroup above one plane of the amide residue. AltholxiO
hydrolyses of the unprotected pseudoephedrine amides describeds admittedly a poor model of the enolatgthe same structural

above.

Discussion

The diastereoselectivities observed in alkylations of enolates
of pseudoephedrine amides are exceptionally high for a chiral
auxiliary that lacks the apparent organizational features of, e.g.,
a C-2 symmetric, cyclic auxiliar§® The basis for this high
diastereoselectivity is not obvious. Predicting the solution
structure(s) of the enolatkis a daunting task given the number
of potentially coordinating residues in the molecule and is further
compounded by questions of aggregation and solvation, par-
ticularly so, with the presence of lithium chloride in solution.
Furthermore, the extrapolation of any predicted ground state
structure to a transition state structure is clearly even more
tenuous. Nevertheless, it is useful for the design of future
experiments to develop working models of the alkylation
reaction. The challenge in this exercise is to find any
conformation of the pseudoephedrine side chain within the
enolated that effectively blocks the appropriate enolatéace,

(45) Kawanami, Y.; Ito, Y.; Kitagawa, T.; Taniguchi, Y.; Katsuki, T.;
Yamaguchi, M.Tetrahedron Lett1984 25, 857.

features that causeH,0 to adopt the conformation shown may
play a role in the solution conformation of the enoldizs well.
Although the origin of diastereoselectivity in alkylation

reactions o4 may be open to interpretation, there can be little
doubt that the reaction is of general utility and that the
diastereoselectivities are uniformly high. The method has been
employed in our laboratory, as well as others, for the preparation
of a wide range of nonproteinogenicamino acidg?-3! The
alkylation reaction is reliable and easy to conduct, provided that
certain simple precautionary measures are followed. The

(46) For evidence of the blocking of an enolatéace by a metal alkoxide
(and the influence of different metal ions on that blocking) see: Meyers,
A. |.; Wunsch, T.J. Org. Chem199Q 55, 4233.

(47) For a recent review of /& strain as a controlling factor in
stereoselective transformations, see: Hoffmann, RChem. Re. 1989
89, 1841.

(48) Quirion et al. have investigated the diastereoselective alkylation of
amide enolates derived frodd-methylphenylglycinol. The sense of dias-
tereoselectivity they observe corresponds with that of pseudoephedrine amide
enolate alkylations, but their proposed transition structure is different:
Micouin, L.; Schanen, V.; Riche, C.; Chiaroni, A.; Quirion, J.-C.; Husson,
H.-P.Tetrahedron Lett1994 35, 7223. See also: Micouin, L.; Varea, T.;
Riche, C.; Chiaroni, A.; Quirion, J.-C.; Husson, H.-Retrahedron Lett.
1994 35, 2529.
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amount of base (1.95 equiv) must be accurately measured;through a pad of Celite on Whatman no. 1 filter paper (note: the use
solutions of n-butyllithium used in the reaction must be of other drying agents, such as sodium sulfate, is not recommended as
accurately titrated. Pseudoephedrine glycinamider(ust be they may lead to incomplete dehydration of the product solution). The
properly dehydrated, as described above, by precipitation of thefll"até was concentrated in vacuo, producing an oily residue. The
anhydrous solid from toluene and drying the solid by heating residue was dissolved in toluene (ca. 200 mL), and the resulting solution

in vacuo. Lithium chloride emploved in the reaction must also was concentrated in vacuo. The oily residue obtained upon concentra-
Invacuo. Lithiu ! ployed1 : ust alSo 4o was dissolved in toluene (80 mL; warming with a heat gun may

be thoroughly dried, preferably by flame-drying the anhydrous tjjitate this process), and the resulting solution was seeded with
reagent in vacuo immediately prior to use. The importance of anhydrous$9-(+)-pseudoephedrine glycinamide. When precipitation
careful attention to these experimental details cannot be of the product appeared to be complete (ca. 2 h), the flask was cooled
emphasized too strongly, as they are crucial for the successfulto 0 °C and was held at that temperature for 1 h. The solid product
implementation of this methodology. was collected and reserved. The mother liquors were concentrated,

Several features of the methodology described establish a@nd the residue was dissolved in toluene (40 mL). The resulting
uniquely practical method for the asymmetric synthesis of solution was cooled to C and seeded. After 12 h, the crystals that

0-amino acids. The advantages of bseudoephedrine as a Chirai)ormed were collected and combined with the first crop. The solid
: g P P roduct was dried in vacuo (0.2 mmHg) at 36 for 12 h to afford

auxiliary have been outlined above. An exceedingly practical 35 5 ¢ of anhydrous: mp 78-80°C; TLC R = 0.18 (5% MeOH,
single-step method for the preparation of the solid reagent 5o, NEg, 90% CHCI,): 'H NMR (1:1 ratio of rotamers, CDG) (J in
pseudoephedrine glycinamidé) (from pseudoephedrine and  nertz) § 7.29-7.40 (m, 5H), 4.53-4.63 (m, 1.5H), 3.88 (m, 0.5H),
glycine methyl ester was described. Deprotonatiot ohder 3.72 (d, 0.5HJ = 15.5), 3.46 (g 1H,J = 16.6), 3.37 (d, 0.5H] =
equilibrating conditions produces an enolate derivative with the 17.1), 2.97 (s, 1.5H), 2.79 (s, 1.5H), 2.11 (s (br), 3H), 1.09 (d, 1.5H,
desirable properties of high reactivity, thermal stability, and J = 6.7), 0.99 (d, 1.5HJ = 6.7); C NMR (CDC}k) ¢ 174.1, 173.5,
diastereoselectivity in its alkylation reactions. The intrinsic 142.3,142.1,128.7,128.5,128.2,127.9,126.9, 126.7, 75.8, 74.9, 57.5,
ability of pseudoephedrine amides to undergo facile intramo- 27-2: 437, 43.4, 30.1, 27.1, 15.3, 14.4. Anal. Calcd foHaNO.:
lecularN—O-acyl transfer reactions is believed to account for % 64.84, H, 8.16; N, 12.60. Found: C, 64.54; H, 7'2%3' N, 12.45. [
the remarkably facile hydrolytic cleavage of the auxiliary from ° — +102.0 (¢ = 1.1, CHOH). For RR)-(-)-1, [o] p = ~101.2

) , Iy (c = 1.2, CHOH).
the alkylation products observed under alkaline conditions. The ™ - = N-Boc-pseudoephedrine Glycinamide (3) Aqueous hydro-

hydfo'}’s's_ reaction typically proceeds with less _than 2% chloric acid solution (3 M, 100 mL) was added to a solutior3¢8.27
racemization. A further advantage of the method is the fact g 257 mmol, 1 equiv) in methanol (100 mL) afG. After stirring

that no protection of the glycine amino group is required. These for 3 h at 0°C, the reaction mixture was freed of methanol by
features combine to define a practical procedure for the concentration in vacuo at Z&. The aqueous concentrate was cooled
preparation ofo-amino acids on both large and small scales. in ice while the pH was adjusted to 14 by the slow addition of 50%
aqueous sodium hydroxide solutiara(ition! exothermn The addition

rate was moderated so as to maintain a solution temperaturel®f

°C. The basic aqueous solution was extracted with one 300-mL and

General Experimental Procedures. Commercial alkyl halides were ~ three 100-mL portions of dichloromethane. The combined organic
either filtered through activated basic alumina (Brockman Grade 1) or extracts were dried over solid anhydrous potassium carbonate, and the
distilled from calcium hydride immediately prior to use. Reagent grade dried solution was filtered through a pad of Celite on Whatman no. 1
anhydrous lithium chloride was further dried by heating under vacuum filter paper (note: the use of other drying agents, such as sodium sulfate,
(150 °C, 1 mmHg, 12 h) and was flame-dried under vacuum in the iS not recommended as they may lead to incomplete dehydration of
reaction flask immediately prior to use. Solutions for alkylation the product solution). The filtrate was concentrated in vacuo, producing
reactions were deoxygenated by alternate evacuation and flushing ofan oily residue. The residue was dissolved in toluene (ca. 100 mL),
the reaction flask with argon (three iterations). All reactions were and the reSUlting solution was concentrated in vacuo. The Olly residue
performed in flame-dried round bottom or modified Schlenk (Kjeldahl ©obtained upon concentration was dissolved in warm toluene (20 mL,
shape) flasks fitted with rubber septa under a positive pressure of argon,80 °C), and the resulting solution was seeded with anhydr&8-(
unless otherwise noted. Thin-layer chromatography plates were visual-(+)-pseudoephedrine glycinamide. When precipitation of the product

ized by exposure to ultraviolet light and/or by immersion in a staining appeared to be complete (2 h), the flask was cooled %6 @nd was
solution (ninhydrin) followed by heating on a hot plate. held at that temperature for 1 h. The solid product was collected and

Synthesis of 6,9)-(+)-Pseudoephedrine Glycinamide [,9)-(+)- was dried in vacuo (0.2 mm_Hg) at 6C for 12 h to aﬁord 4779
1]. From N-Boc-glycine. Trimethylacetyl chloride (14.1 mL, 0.114 (84%) of anhydrousl. The isolated product was identical to that
mol, 1.00 equiv) was added dropwise to a vigorously stirred solution ©Ptained from the procedure described above.

of N-(tert-butoxycarbonyl)glycine (20.0 g, 0.114 mol, 1.00 equiv) and  rom Glycine Methyl Ester with n-Butyllithium as Catalyst. A
triethylamine (19.1 mL, 0.137 mol, 1.20 equiv) in dichloromethane Solution ofn-butyllithium (25.0 mL, 10 M in hexane, 0.250 mol, 0.830
(400 mL) at 0°C. After 5 min, a fine white solid precipitated from ~ €quiv) was added dropwise to an ice-cold solution 8Sk(+)-
the reaction mixture. After 30 min, a second portion of triethylamine PSeudoephedrine (50.0 g, 0.300 mol, 1 equiv) and anhydrous lithium
(19.1 mL, 0.137 mol, 1.20 equiv) and soli§l$)-(+)-pseudoephedrine chloride (2_5.0 g, 0.590 mol, 1.97 equiv) in tetrahydrofuran (500 mL).
(18.9 g, 0.114 mol, 1 equiv) were added sequentially to the cold reaction Aftér 10 min, a solution of glycine methyl est®(32.0 g, 0.360 mol,
mixture. The reaction mixture was stirred for 45 min &0 Volatiles 1.20 equiv) in tetrahydrofuran (50 mL) was added dropwise to the
were removed in vacuo, and the resulting slurry was dissolved in 1:1 réaction mixture over a 1.5-h period. After completed addition, the
methanotwater (400 mL). The resulting solution was cooled in an Mixture was stirred at 6C for 1 h. Water (50 mL) was added, and
ice bath, and concentrated hydrochloric acid (150 mL) was added the reaction mixture was concentrated in vacuo to remove tetrahydro-

carefully to the cold solution. Vigorous gas evolution was observed furan. The liquid residue was diluted Witl N aqueous sodium
during and immediately following the addition. After stirring for 3 h hydroxide solution (200 mL), and the product was extracted with three

at 0°C, the reaction mixture was freed of methanol by concentration 200-mL portions of a 10:1 mixture of dichloromethar@propanol.

in vacuo at 2FC. The aqueous concentrate was cooled in ice while 1he combined organics were dried over anhydrous sodium sulfate,
the pH was adjusted to 14 by the slow addition of 50% aqueous sodium filtered, and concentrated. The residue was dissolved in hot tetrahy-
hydroxide solution ¢aution! exothery The addition rate was  drofuran (120 mL), water was added (6 mL), and the solution was
moderated so as to maintain a solution temperature4% °C. The allowed to cool, whereupon extensive crystallization of the product

basic aqueous solution was extracted with four 250-mL portions of ™49y a) Frankel, M.; Katchalski, E1. Am. Chem. S0d942 64, 2264.
dichloromethane. The combined organic extracts were dried over solid (h) Almeida, J. G.: Anaya, J.; Martin, N.; Grande, M.; Caballero, M. C.

anhydrous potassium carbonate, and the dried solution was filtered Tetrahedron: Asymmetry992 3, 1431.

Experimental Section
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occurred. Crystallization was completed by allowing the flask to stand
for 24 h at—20°C. The crystals were collected and air-dried to give
53.0 g of §9-(+)-1-H.0 (73%, mp 84-86°C). Further crystallization
from the mother liquors provided an additional 2.20 g of product (3%).
The spectral datdi NMR and IR) are identical to those listed above
for anhydrousl: [a] 3 = +96.6° (c = 2.0, CHOH). Anal. Calcd

for CioH20NOs: C, 59.93; H, 8.32; N, 11.66. Found: C, 59.85; H,
8.58; N, 11.58.

From Glycine Methyl Ester with Lithium Methoxide as Catalyst
(Described for (R,R)-(—)-1). Solid, anhydrous lithium methoxide (6.89
g, 0.182 mol, 0.500 equiv) was added in one portion to an ice-cold
solution of RR)-(—)-pseudoephedrine (60.0 g, 0.363 mol, 1 equiv)
and anhydrous lithium chloride (30.8 g, 0.726 mol, 2.00 equiv) in
tetrahydrofuran (500 mL). After 10 min, a solution of glycine methyl
estef? (40.4 g, 0.454 mol, 1.25 equiv) in tetrahydrofuran (100 mL)
was added dropwise to the reaction mixture over a 1-h period. After
completed addition, the mixture was stirred at@ for 7 h. Water
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toluene. The resulting oily residue was dissolved in toluene (22 mL).

Crystallization was induced by scratching the inside of the crystallization

flask with a metal spatula. After standing under an atmosphere of argon

at 23°C for 9 h, the white crystals were collected and dried in vacuo

(0.2 mmHg) at 50°C for 12 h to afford R,R)-(—)-2 (10.82 g, 73%).

TLC R = 0.08 (5% MeOH, 1% NEt 94% CHCl,); mp 100-101

°C; 'H NMR (CDClz, 1:1.1 mixture of rotamers)J(in hertz)o 7.39—

7.25 (m, 5H), 4.61 (d, 0.5H] = 7.9), 4.49 (d, 0.5HJ = 9.3), 3.94-

3.88 (m, 1H), 3.61 (d, 0.5H] = 13.7), 3.36 (d, 0.5H) = 13.7), 3.34

(d, 0.5H,J = 16.2), 3.28 (d, 0.5H) = 16.2), 2.95 (s, 1.5H), 2.78 (s,

1.5H), 2.51 (s, 1.5H), 2.41 (s, 1.5H), 1.11 (d, 1.5H 6.8), 0.98 (d,

0.5H,J = 6.7); 13C NMR (CDCb, 1:1.1 mixture of rotamers) 172.5,

171.3, 142.5, 142.4, 128.5, 128.2, 127.9, 127.6, 126.7, 126.5, 75.9,

75.0, 58.0, 57.5, 52.9, 52.7, 36.3, 30.8, 26.7, 15.6, 1413 =

—117.6 (c = 1.0, CHC}). Anal. Calcd for GsHzoN202: C, 66.06;

H, 8.54; N, 11.86. Found: C, 66.22; H, 8.21; N, 11.83.
(S,9)-(+)-N-Boc-pseudoephedrine Glycinamide (3).Trimethyl-

(500 mL) was added, and the reaction mixture was concentrated in acetyl chloride (5.62 mL, 45.7 mmol, 1.00 equiv) was added slowly to

vacuo to remove tetrahydrofuran. The liquid residue was diluted with
water (250 mL), and the product was extracted with one 500-mL and
four 250-mL portions of dichloromethane. The combined organics were

a solution of N-Boc-glycine (8.00 g, 45.7 mmol, 1.00 equiv) and
triethylamine (7.04 mL, 50.2 mmol, 1.10 equiv) in dichloromethane
(150 mL) at 0°C, producing a colorless suspension. After stirring at

dried with anhydrous potassium carbonate, filtered, and concentrated.0 °C for 30 min, a second portion of triethylamine (7.04 mL, 50.2
The residue was dissolved in hot tetrahydrofuran (300 mL), water was mmol, 1.10 equiv) was added, followed by the addition of sdH&)¢

added (10 mL), and the solution was allowed to cool, whereupon
extensive crystallization of the product occurred. Crystallization was
completed by allowing the flask to stand @®h at—20°C. The crystals
were collected and dried in vacuo (0.5 mmHg) at’23to afford 62.8
g of (RR)-(—)-1-H.,0 (72%) which was identical in all respects (with
the exception of displaying the opposite optical rotation) to the material
obtained using the procedure described above.

Dehydration of 1-H,O. Method A. A suspension o1-H,O (62.8
g) in dichloromethane (1.2 L) was stirred vigorously for 1 h, to break
up all large lumps of solid. Anhydrous potassium carbonate (60 g)

(+)-pseudoephedrine (7.55 g, 45.7 mmol, 1 equiv). After stirring for

1 h at 0°C, the reaction mixture was diluted Wwitl M aqueous
hydrochloric acid solution (150 mL), saturated aqueous sodium chloride
solution (100 mL), and ethyl acetate. The layers were separated, and
the aqueous layer was extracted with a second portion of ethyl acetate
(100 mL). The combined organic layers were washed with saturated
aqueous potassium carbonate solution (200 mL), dried over anhydrous
sodium sulfate, and concentrated in vacuo. The residue was purified
by chromatography on silica gel eluting with a gradient of ethyl acetate
in hexanes (40%> 60%) to afford 13.0 g (88%) of amicias a viscous

was added to the suspension (note: the use of other drying agents@il. *H NMR (1:1 rotamer ratio, CDG) (J in hertz)6 7.25-7.33 (m,
such as sodium sulfate, is not recommended as they may lead toSH), 5.62 (m, 1H), 4.584.62 (m, 1.5H), 4.13 (dd, 0.5H] = 16.5,

incomplete dehydration of the product solution). After stirring for 10
min, the resulting translucent solution was filtered through 40 g of Celite
on Whatman no. 1 filter paper, and the resulting clear filtrate was

3.5), 3.98 (dd, 0.5H] = 16.6, 5.0), 3.86 (d, 1H] = 4.2), 3.81 (m,
0.5H), 2.91 (s, 1.5H), 2.84 (s, 1.5H), 1.43 (s, 9H), 0.99 (d, 1.5H,
6.6), 0.93 (d, 1.5HJ = 6.7); 13C NMR (CDCk) 6 169.9, 169.4, 155.8,

concentrated in vacuo. The oily residue was dissolved in toluene (200 155.7, 141.6, 141.2, 128.5, 128.3, 128.2, 127.8, 126.8, 126.5, 79.4,
mL), and the resulting solution was concentrated to remove residual 79.3, 75.6, 74.9, 57.4, 56.8, 42.7, 42.4, 29.9, 28.2, 26.8, 15.0, 14.1;

dichloromethane. The resulting oily residue was dissolved in hot
toluene (175 mL). Upon cooling to 23, anhydrousl precipitated
from solution. The solid was collected by filtration, was rinsed with
200 mL of ether, and was dried in vacuo (0.5 mmHg) ate3for 1
h and at 60°C for 12 h to afford 53.8 g of anhydrous (93%, mp
78—80°C). Anal. Calcd for G:H1gN2O,: C, 64.84; H, 8.16; N, 12.60.
Found: C, 64.65; H, 8.25; N, 12.53.

Dehydration of 1-H,O. Method B. A solution of1-H,0 (50.3 g)
in warm acetonitrile (ca. 200 mL) was concentrated in vacuo. The

[o] 2= +80.6 € = 1.09, CHCl,). Anal. Calcd for GHzeN,Os: C,
63.33; H, 8.13; N, 8.69. Found: C, 63.20; H, 7.85; N, 8.58.
Titration of n-Butyllithium. 22 A solution of n-butyllithium in
hexanes+{2.5 M, 5-10 drops) was added to a solution of 2jByridyl
(2 mg) in ether (25 mL) at 23C until a dark red solution was obtained.
A solution of secbutanol in toluene (1.00 M) was added by drops to
the solution until the red color was discharged. The solution of
n-butyllithium in hexanes was then added dropwise to the resulting
yellow solution until a single drop turned the solution red. An

residue was dissolved in toluene (250 mL), and the resulting solution accurately measured aliquot of the solutionsetbutanol in toluene

was concentrated. Anhydrodswas obtained by precipitation of the
residue from toluene and was dried as in method A to give 45.7 g of
anhydrousl (98%). Anal. Calcd for GH1gN2O.: C, 64.84; H, 8.16;

N, 12.60. Found: C, 64.56; H, 8.13; N, 12.57.

(R,R)-(—)-Pseudoephedrine N-Methylglycinamide (2). Solid,

(1.00 M, 2.5 mL) was then added to the solution. The solution of
n-butyllithium in hexanes was added slowly to the indicator solution
until a single drop turned the solution red, taking care to note the exact
volume added. Two to three iterations were conducted using the same
indicator solution to determine an averaged value for the concentration

anhydrous lithium methoxide (1.19 g, 31.3 mmol, 0.50 equiv) was added Of the n-butyllithium solution.

to a slurry of R R)-(—)-pseudoephedrine (10.33 g, 62.5 mmol, 1 equiv)
and anhydrous lithium chloride (5.57 g, 131 mmol, 2.10 equiv) in
tetrahydrofuran (110 mL) at®C. After 10 min, a solution of sarcosine
methyl ester (7.42 g, 72.0 mmol, 1.15 equiv) in tetrahydrofuran (15
mL) was added dropwise to the reaction mixture over a 45-min period.
After completed addition, the resulting slurry was stirred &C0for
1.5hand at 23C for 12 h. Water (15 mL) was added, and the mixture
was concentrated in vacuo to remove tetrahydrofuran. The liquid
residue was diluted wit1 N aqueous sodium hydroxide solution (100
mL), and the resulting solution was extracted with one 125-mL portion

General Procedures for Determination of Diastereomeric Ex-
cesses of Alkylation Products.Diastereomeric ratios for the alkylation
products were determined by acetylation of the products, followed by
capillary GC analysis. The procedure for acetylation is as follows.
Acetic anhydride (1 mL) and 4-(dimethylamino)pyridine (ca. 2 mg)
were added to a solution of the alkylation product {20 mg) in
pyridine (1 mL). The resulting solution was stirred at Z3 for 1 h
and then was diluted with water (20 mL). The agueous solution was
extracted with ethyl acetate (2 20 mL), and the combined organic
layers were washed with saturated aqueous sodium bicarbonate solution

and three 100-mL portions of dichloromethane. The combined organic (25 mL). The organic layer was dried over anhydrous sodium sulfate,
layers were dried over anhydrous potassium carbonate, filtered, andfiltered, and concentrated in vacuo. The residue was dissolved in ethyl
concentrated to afford a slightly yellow oil (note: the use of other drying acetate (10 mL) and the resulting solution was analyzed by capillary
agents, such as sodium sulfate, is not recommended as they may leadC analysis using a Chirasil-Val column.

to incomplete dehydration of the product solution). The oily residue ~ The minor diastereomers were identified by epimerization of the

was dissolved in, and concentrated from, two 100-mL portions of alkylation products, conducted as follows (#1). n-Butyllithium (2.60
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M in hexanes, 117L, 0.305 mmol, 1.5 equiv) was added to a solution and extracted with a second portion of aqueous hydrochloric acid
of 7h (57 mg, 0.203 mmol, 1 equiv) in tetrahydrofuran (3 mL)-a&8 solution (1 M, 150 mL). The combined aqueous layers were cooled
°C. After stirring for 15 min at—78 °C, the yellow solution was in an ice bath and carefully basified to pH 14 by the addition of 50%
warmed to °C. After stirring at 0°C for 30 min, water (15 mL) was aqueous sodium hydroxide solution. The basic aqueous solution was
added, and the resulting mixture was extracted with dichloromethane then extracted with four 150-mL portions of dichloromethane. The
(3 x 15 mL). The combined organic layers were dried over anhydrous combined organic extracts were dried over potassium carbonate, filtered,
potassium carbonate, filtered, and concentrated in vacuo. The oily and concentrated in vacuo to give an oil which crystallized slowly upon
residue was acetylated and analyzed by capillary GC as described abovestanding. The solid product was dissolved in hot toluene (20 mL),
Analysis of N-Boc-protected alkylation products was effected by and the resulting solution was seeded with autherdiand then was
cleavage of the Boc protecting group X133 M aqueous hydrochloric cooled to—20°C. After crystallization was complete, the product was
acid solution-methanol, 30 min) followed by concentration, acetylation ~collected by filtration and was washed with ether to give 3.18 goof
(as described above), and analysis by capillary GC. Analysis of (55%). The mother liquors were concentrated in vacuo, and the residue
N-methylated alkylation products was carried out by acetylation as was purified by chromatography on silica gel eluting with a mixture
described above, with the exception that the acetylation reaction was of 4% methanol, 4% triethylamine, and 92% dichloromethane to provide

conducted at 50C for 1 h. an additional 1.70 g of product as an oil. The oil was dissolved in hot
Alkylation of ( S,9)-(+)-Pseudoephedrine Glycinamide (1) Using toluene (15 mL), and the resulting solution was cooleé- 29 °C and
Lithium Diisopropylamide as Base (Method A). §,S)-Pseudoephe- was seeded as before. The crystals that formed were collected and

drine p-Phenylalanamide (7f). A solution ofn-butyllithium in hexanes ~ Washed with ether to give an additional 0.80 g of product (14%). The
(2.69 M, 1.63 mL, 4.39 mmol, 1.95 equiv) was added to a solution of total yield of 7c was 3.98 g (69%, 73% of theoretical based on 0.95
diisopropylamine (63@L, 4.50 mmol, 2.00 equiv) in tetrahydrofuran ~ €quiv of dianion). The diastereomeric excess of the product was
(4 mL) at 0°C. After 10 min, the resulting solution of lithium determined by capillary GC analysis as described in the general
diisopropylamide was transferred via cannula over 5 min to a stirred Procedures (196C, majorR; = 18.7 min, minorR = 14.7 min). The
slurry of anhydrous $9-(+)-1 (500 mg, 2.25 mmol, 1 equiv) and crude product was shown to be 93% de, and the recrystallized product
flame-dried lithium chloride (572 mg, 13.5 mmol, 6.00 equiv) in Was shown to be:99% de: mp 79-83°C; TLC R = 0.59 (5% MeOH,
tetrahydrofuran (6 mL) at 0C. After Stirring at 0°C for 20 min’ 5% NEE, 90% CHzC|2), 1H NMR (31 rotamer I’atiO, the asterisk denotes
benzyl bromide (28LL, 2.36 mmol, 1.05 equiv) was added dropwise ~Minor rotamer peaks, CD@I(J in hertz) 7.23-7.38 (m, 5H), 5.64
to the bright yellow suspension. After 1 h, aqueous hydrochloric acid .85 (M, 1H), 5.075.14 (m, 2H), 4.554.59 (m, 2H), 4.03*(m, 1H),
solution (1 M, 25 mL) was added to the reaction mixture, followed by 3.69* (m, 1H), 3.65 (dd, 1H] = 7.5, 5.3), 2.93* (s, 3H), 2.87 (s, 3H),
ethyl acetate (50 mL). The organic layer was separated and extracted?2-61-2.66* (m, 2H), 2.23 (m, 1H), 2.13 (m, 1H), 1.03 (d, 3B1=
with a second portion of aqueous hydrochloric acid solution (1 M, 25 6.4), 0.96* (d, 3HJ = 6.7);°C NMR (CDCk) 6 176.1, 175.1*, 142.1,
mL). The aqueous extracts were combined, and the resulting solution 141.8* 134.7, 133.7, 128.5*, 128.2, 128.1%, 127.6, 126.8*, 126.5,
was cooled in an ice bath and carefully basified to pH 14 by addition 118.1, 117.9%, 75.5, 74.9% 57.6, 51.2, 51.0%, 39.8%, 39.6, 31.4, 27.0%,
of 50% aqueous sodium hydroxide solution. The basic aqueous solution15.5* 13.4. Anal. Calcd for H2N.0,: C, 68.67; H, 8.45; N, 10.68.
was extracted with three 40-mL portions of dichloromethane. The Found: C, 68.55; H, 8.55; N, 10.72.
combined organic extracts were dried over potassium carbonate, filtered, Small-Scale Alkylation of (S,S)-(+)-Pseudoephedrine Glycina-
and concentrated in vacuo to provide a solid residue. The solid was mide (1) Using n-Butyllithium as Base (Method C). (S,9)-Pseu-
recrystallized from hot (90C) toluene (ca. 5 mL). Upon cooling to  doephedrinep-2-Aminobutyramide (7b). A solution of §9)-(+)-1
23°C, the product crystallized rapidly. The recrystallization flask was (339 mg, 1.53 mmol, 1 equiv) in tetrahydrofuran (4 mL with a 4-mL
cooled to 0°C and was held at that temperature for 1 h, at which time wash) was transferred via cannula to a flask containing anhydrous
the crystals were isolated by filtration, washed with a small amount of lithium chloride (388 mg, 9.15 mmol, 6.00 equiv). The resulting
ether (10 mL), and dried in vacuo (0.5 mmHg) to afford 459 mg (65%) suspension was cooled te78 °C. A solution of n-butyllithium in
of 7f. The diastereomeric excess of the product was determined by hexanes (2.67 M, 1.11 mL, 2.97 mmol, 1.95 equiv) was added slowly
capillary GC analysis as described in the general procedures’@30  to the inner edge of the reaction flask such that the solution was cooled
major R = 22.8 min, minorR = 17.9 min). The crude product was  before mixing with the reaction suspension. After 20 min, the dark
shown to be 90% de, and the recrystallized product was shown to beyellow slurry was transferred to an ice bath. After 20 min Q)
>99% de: mp 131.5133°C; TLC R = 0.53 (5% MeOH, 5% NEt iodoethane (15%L, 1.98 mmol, 1.30 equiv) was added to the bright
90% CHCly); 'H NMR (5:1 rotamer ratio, the asterisk denotes minor yellow reaction suspension. After 90 min, aqueous hydrochloric acid
rotamer peaks, CD@) (J in hertz)6 7.18-7.34 (m, 10H), 4.494.57 solution (1 M, 25 mL) was added to the reaction mixture, followed by
(m, 2H), 4.15* (m, 1H), 3.96* (dd, 1H) = 8.7, 4.2), 3.86 (t, 1H) = ethyl acetate (60 mL). The organic layer was separated and extracted
7.1), 3.28* (dd, 1HJ = 13.6, 4.3), 2.95* (s, 3H), 2.82 (dd, 1H,= with a second portion of aqueous hydrochloric acid solution (1 M, 25
13.3,7.0), 2.72 (dd, 1H1 = 13.2, 7.2), 2.64 (s, 3H), 1.72 (s (br), 3H), mL). The aqueous extracts were combined, and the resulting solution
0.99* (d, 3H,J = 6.7), 0.88 (d, 3HJ = 6.2); 13*C NMR (CDCk) 6 was cooled in an ice bath and carefully basified to pH 14 by the addition
176.5, 175.3%, 142.0, 141.6*, 138.5%, 137.6, 129.4*, 129.2, 128.7*, of 50% aqueous sodium hydroxide solution. The basic aqueous solution
128.5, 128.4, 128.3, 127.7, 126.8*%, 126.6, 126.4, 75.8, 75.2*, 57.9%, was extracted with four 40-mL portions of dichloromethane. The
57.2,53.5, 53.3*%, 42.4, 42.1*, 30.9, 27.1*, 15.6*, 14.2. Anal. Calcd combined organic extracts were dried over potassium carbonate, filtered,
for CigH24N202: C, 73.05; H, 7.74; N, 8.97. Found: C, 73.02; H, and concentrated in vacuo. The residue was purified by chromatog-
7.80; N, 8.88. raphy on silica gel eluting with a mixture of 4% methanol, 4%
Alkylation of ( S,9)-(+)-Pseudoephedrine Glycinamide (1) Using triethylamine, and 92% dichloromethane to give the prodic(304
Lithium Diisopropylamide as Base (Method B). §,5)-Pseudoephe- mg, 80%, 84% of theory based on 0.95 equiv of dianion) as an oil
drine p-Allylglycinamide (7c). A solution ofn-butyllithium in hexanes which crystallized upon standing. The product was recrystallized by
(2.85 M, 15.0 mL, 42.6 mmol, 1.95 equiv) was added to a slurry of dissolving in hot toluene (8 mL) and cooling the resulting solution to
anhydrous lithium chloride (5.56 g, 131 mmol, 6.00 equiv) and —20 °C. The crystals that formed were collected and washed with
diisopropylamine (6.13 mL, 43.7 mmol, 2.00 equiv) in tetrahydrofuran ether to afford 273 mg ofb (72%, 75% of theory based on 0.95 equiv
(60 mL) at—78°C. After 10 min, a solution of$S)-(+)-1 (4.86 g, of dianion). The diastereomeric excess of the product was determined
21.9 mmol, 1 equiv) in tetrahydrofuran (30 mL with a 10-mL wash) by capillary GC analysis as described in the general procedures (200
was added via cannula to the lithium diisopropylamide slurry over a °C, majorR = 9.7 min, minorR; = 8.0 min). The crude product was
5-min period. After 20 min, the dark yellow suspension was transferred shown to be 97% de, and the recrystallized product was shown to be
to an ice bath. After 20 min at 0C, allyl bromide (2.08 mL, 24.1 >99% de: mp 9297 °C; TLC R = 0.54 (5% MeOH, 5% NEf 90%
mmol, 1.10 equiv) was added to the bright yellow, opaque suspension. CH,Cl,); *H NMR (5:1 rotamer ratio, the asterisk denotes minor rotamer
The yellow color was observed to dissipate within 15 min. Aqueous peaks, CDG) (J in hertz)6 7.21-7.36 (m, 5H), 4.65 (m, 1H), 4.52
hydrochloric acid solution (1 M, 150 mL) was addatl this point (d, 1H,J = 8.4), 3.93* (m, 1H), 3.46 (dd, 1H = 6.9, 5.9), 2.89* (s,
followed by ethyl acetate (200 mL). The organic layer was separated 3H), 2.84 (s, 3H), 2.63.2 (s (br), 3H), 1.87* (m, 1H), 1.52 (m, 1H),
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1.39 (m, 1H), 0.97 (d, 3H] = 6.8), 0.92-0.99* (m, 6H), 0.87 (t, 3H, 9H), 0.03 (s, 9H)C NMR (CDCk) 6 177.9, 177.2*, 142.2*, 142.1,
J=7.4);3C NMR (CDCk) 6 176.3, 175.5%, 142.2*, 142.1, 128.2*, = 128.3, 128.0, 127.8*, 127.3, 126.6, 126.4, 75.3, 74.7*, 57.4*, 56.5,
128.0, 127.7*, 127.3, 126.6*, 126.4, 75.0, 74.4* 57.3* 56.4, 52.6*, 48.9*% 48.6, 30.6, 26.9*%, 23.2*, 22.9, 15.4* 14:60.9*, —1.0. Anal.
52.4,30.6, 27.8*%, 27.7, 26.8, 15.3%, 14.2, 10.0*, 9.8. Anal. Calcd for Calcd for GeH.aN2O,Si: C, 62.29; H, 9.15; N, 9.08. Found: C, 62.64;
C1H2N0,: C, 67.17; H, 8.86; N, 11.19. Found: C, 66.80; H, 8.77; H, 8.75; N, 9.08.
N, 11.19. (S,9)-Pseudoephedrine-Pipecolinamide (11). A solution of §9-
Pseudoephedrine p-f-[6-Chloro-5-[(methoxymethyl)oxy]-2-py- (+)-1 (511 mg, 2.30 mmol, 1 equiv) in tetrahydrofuran (10 mL with a
ridyl]alaninamide (7). A solution ofn-butyllithium in hexanes (2.60 8-mL wash) was transferred via cannula to a flask containing anhydrous
M, 1.47 mL, 3.83 mmol, 2.73 equiv) was added slowly to the inner lithium chloride (585 mg, 13.8 mmol, 6.00 equiv). The resulting slurry
edge of a flask containing a slurry of anhydro&S-(+)-1 (437 mg, was cooled to-78 °C. A solution ofn-butyllithium in hexanes (2.85
1.96 mmol, 1.40 equiv) and flame-dried lithium chloride (500 mg, 11.8 M, 1.57 mL, 4.48 mmol, 1.95 equiv) was added slowly to the inner
mmol, 8.43 mmol) in tetrahydrofuran (12 mL)-a¥78°C. After stirring edge of the flask such that it was cooled before mixing with the reaction
for 20 min at—78 °C, the reaction flask was transferred to an ice bath. slurry. After 20 min, the dark yellow suspension was transferred to
After stirring for 20 min at °C, the reaction flask was cooled 678 an ice bath. After stirring for 20 min at @, 1-chloro-3-iodopropane
°C. After stirring for 5 min at—78 °C, a precooled-{78 °C) solution (404uL, 3.22 mmol, 1.40 equiv) was added to the bright yellow reaction
of 2-chloro-3-[(methoxymethyl)oxy]-6-(iodomethyl)pyridine (440 mg, suspension. After 100 mirl M aqueous hydrochloric acid solution

1.40 mmol, 1 equiv) in tetrahydrofuran (3 mL, Wia 3 mLwash) was (30 mL) was added to the reaction mixture, followed by ethyl acetate
added to the pale yellow suspension. After stirringSd at—78 °C, (75 mL). The organic layer was separated and extracted with a second
the reaction was terminated by the additiéri & aqueous hydrochloric portion of aqueous hydrochloric acid solution (1 M, 30 mL). The
acid solution (30 mL). The resulting mixture was warmed to°23 aqueous extracts were combined, and the resulting solution was cooled

and extracted with ethyl acetate (50 mL). The organic layer was washedin an ice bath and was carefully basified to pH 14 by the addition of
with a second portionfal M aqueous hydrochloric acid solution (30  50% aqueous sodium hydroxide solution. The basic agueous solution
mL). The combined aqueous extracts were cooled in an ice bath andwas extracted with four 40-mL portions of dichloromethane. The
basified to pH 14 by the addition of 50% aqueous sodium hydroxide combined organic extracts were dried over potassium carbonate, filtered,
solution. The resulting alkaline aqueous solution was extracted with and concentrated in vacuo to provide an oily residue. The residue was
four 25-mL portions of dichloromethane. The combined organic layers dissolved in chloroform (20 mL), and the resulting solution was warmed
were dried over anhydrous potassium carbonate, filtered, and concen-to 48°C. After stirring at 48°C for 5 h, the solution was cooled and
trated. A small amount (34 mg) of the crude residue was reserved for diluted with 0.5 M aqueous sodium hydroxide solution (25 mL) and
chiral HPLC analysis, and the remaining crude residue (607 mg) was the layers were separated. The aqueous layer was extracted with two
purified by chromatography on silica gel eluting with 4% methanol, 30-mL portions of dichloromethane, and the combined organic layers
4% triethylamine, and 92% dichloromethane to afford 480 mg (89%) were dried over anhydrous potassium carbonate, filtered, and concen-
of the alkylation product as an oil. The diastereomeric excess of the trated in vacuo. The residue was purified by chromatography on silica
crude product was estimated by hydrolysis (2 mL of 0.5 M aqueous gel eluting with 4% methanol, 4% triethylamine, and 92% dichlo-
sodium hydroxide solution, reflux 4 h), followed by extraction of the romethane to afford the produdtl (457 mg, 76%) as an oil. The
aqueous mixture with dichloromethanex3L0 mL), and acidification diastereomeric excess of the product was determined by capillary GC
of the aqueous layer to pH 1 with concentrated perchloric acid followed analysis as described in the general procedures {€20najorR; =

by chiral HPLC analysis (pH 2.0 HCID0.8 mL/min, 220 nm, major 14.6 min, minorR, = 16.9 min). The product was found to be 96%

R = 7.0 min, minorR; = 10.4 min), indicating a de of 93%: TL& de: TLCRs = 0.45 (5% MeOH, 5% NEf 90% CHCl,); *H NMR
= 0.51 (5% MeOH, 5% NEt 90% CHCI,); *H NMR (1.2:1 rotamer (4:1 rotamer ratio, the asterisk denotes minor rotamer peaks, {LDCI
ratio, CDCh) (J in hertz)d 7.50 (d, 0.5H,J = 7.1), 7.22-7.42 (m, (Jin hertz)o 7.22-7.36 (m, 5H), 4.61 (d, 1H] = 8.0), 4.53* (d, 1H,

5.5H), 7.10 (d, 0.5H] = 8.2), 7.04 (d, 0.5H] = 8.2), 5.22 (s, 1H),  J = 8.7); 4.40 (m, 1H), 4.12* (m, 1H), 3.68 (dd, 18,= 10.9, 2.2),
5.20 (s, 1H), 4.62 (d, 0.5H] = 9.2), 4.52-4.57 (m, 1H), 4.29 (m,  3.11(d, 1H,J = 12.1), 2.90* (s, 3H), 2.84 (s, 3H), 2.64 (m, 1H), 1.87

0.5H), 4.13 (m, 1H), 3.49 (s, 1.5H) 3.48 (s, 1.5H), 3.40 (dd, 0.5H, (m, 1H), 1.29-1.60 (m, 5H), 1.07 (d, 3H] = 6.9), 0.95* (d, 3HJ =
14.0, 3.0), 2.94 (s, 1.5H), 2.92 (s, 1.5H), 2.8894 (m, 1H), 2.77 (dd,  6.5);3C NMR (CDCk) 6 173.8*, 173.6, 142.0, 128.3*, 128.0, 127.7*,
0.5H,J = 14.0, 7.4), 0.94 (d, 1.5H] = 6.7), 0.91 (d, 1.5H) = 6.2); 127.3, 126.7*, 126.6, 75.4*, 74.8, 57.7* 57.0, 56.5, 45.6*, 44.5, 31.0,

13C NMR (CDCk) 6 175.7, 174.7, 151.3, 150.8, 147.7, 147.6, 142.0, 29.6*, 28.4, 26.4*, 25.4, 24.1*, 23.5, 15.3*, 14.2; HRMS calcd for
141.4, 140.3, 128.5, 128.2, 128.1, 127.5, 127.2, 126.5, 124.1, 124.0,C16H2sN.0, (M + H) 277.1916, found 277.1907.
1235, 1234, 950, 949, 753, 577, 563, 517, 514, 422, 421, 313, (R,R)_Pseudoephedr|nd\|_Methy|_L_pheny|a|an|nam|de (12f) A
26.7, 15.5, 14.2; HRMS calcd forz127CIN;O4 (M + H) 408.1690, solution ofn-butyllithium in hexanes (2.60 M, 1.20 mL, 3.12 mmol,
found 408.1682. 2.95 equiv) was added slowly to the inner edge of a flask containing
(R,R)-Pseudoephedrine.-(Trimethylsilyl)alaninamide (7h). 7h a slurry of anhydrous RR)-2 (250 mg, 1.06 mmol, 1 equiv),
was prepared by alkylation oR(R)-(—)-1 (10.6 g, 47.9 mmol, 1 equiv) N-methylethanolamine (8bL, 1.06 mmol, 1.00 equiv), and anhydrous
with (bromomethyl)trimethylsilane (10.0 g, 59.8 mmol, 1.25 equiv) lithium chloride (269 mg, 6.35 mmol, 6.00 equiv) in tetrahydrofuran
following the procedure outlined forf (alkylation time 22 h at 23 (10 mL) at—78 °C. The resulting yellow suspension was stirred at
°C). The product was purified by chromatography on silica gel eluting —78 °C for 20 min, at which time the reaction flask was warmed to 0
with 4% methanol, 4% triethylamine, and 92% dichloromethane to °C. After stirring at 0°C for 20 min, benzyl bromide (138L, 1.16
afford 13.12 g of7h as an oil which crystallized upon standing. The mmol, 1.1 equiv) was added to the colorless slurry. After stirring for
product was recrystallized from butyl acetate (15 mhgxanes (15 1 h at 0°C, aqueous hydrochloric acid solution (1 M, 30 mL) was
mL) at —20 °C to afford 4.87 g of analytically pur@h. Three added to the colorless solution, followed by ethyl acetate (50 mL). The
additional crops of product afforded an additional 3.72 g of product organic layer was separated and extracted with two 25-mL portions of
(total 8.59 g, 57%). The diastereomeric excess of the product was 1 M aqueous hydrochloric acid solution. The aqueous extracts were
determined by capillary GC analysis as described in the general combined, and the resulting solution was cooled in an ice bath and
procedures (220C, majorR, = 11.6 min, minorR = 9.6 min). The carefully basified to pH 14 by the addition of 50% aqueous sodium
chromatographed product was 90% de (the de of the crude producthydroxide solution. The basic aqueous solution was extracted with
could not be determined because the minor diastereomer and the startinghree 40-mL portions of dichloromethane. The combined organic
material coeluted), and the recrystallized product w&9% de: H extracts were dried over anhydrous potassium carbonate, filtered, and
NMR (3:1 rotamer ratio, the asterisk denotes minor rotamer peaks, concentrated in vacuo to provide 372 mg of the crude alkylation product
CDCls) (Jin hertz)é 7.24-7.36 (m, 5H), 4.62 (m, 1H), 4.52 (m, 1H),  as an oily residue. A small portion of the residue (37 mg) was reserved
3.97* (m, 1H), 3.77* (dd, 1H,J = 10.3, 3.9), 3.63 (dd, 1H] = 9.0, for analysis, and the remaining residue (335 mg) was purified by
5.0), 2.90* (s, 3H), 2.81 (s, 3H), 1.20* (dd, 18,= 15.0, 3.8), 0.98 chromatography on silica gel eluting with 4% methanol, 4% triethyl-
(d, 3H,J=6.7),0.93* (d, 3HJ = 6.7), 0.85* (d, 1HJ = 15.0, 10.3), amine, and 92% dichloromethane to afford 289 mg (93%d)2fas an
0.78 (dd, 1H,J = 14.9, 4.8), 0.66 (dd, 1H] = 14.7, 9.2), 0.09* (s, oil which rapidly crystallized upon standing. The solid was recrystal-
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lized by dissolution in hot (80C) toluene (2 mL) and allowing the mixture with dichloromethane (8 20 mL), acidification of the aqueous
resulting solution to cool to 23C, whereupon the product crystallized  layer with concentrated perchloric acid solution, and analysis of the
rapidly. The recrystallization flask was cooled in an ice bath for 30 resulting solution by HPLC. The enantiomeric excesseN-8oc-o.-

min, and the product was isolated by filtration. The solids were washed amino acids were determined by hydrolysis of tii&oc protective
with two portions of cold (°C) toluene (2x 2 mL) and one portion group (11 3 M aqueous hydrochloric acid solutiemethanol, 23C,

of cold (0°C) ether (5 mL) and were dried in vacuo to afford 178 mg 30 min) followed by concentratioand chiral HPLC analysis of the
(57%) of 12f. The mother liqguors were concentrated in vacuo, the cleavage reaction mixture. The enantiomeric excess&skrhoca-
residue was dissolved in toluene (1.5 mL), and the resulting solution amino acids were determined by cleavage of the protective group (1:1
was cooled to-20 °C and seeded with authentl@f. After 12 h, the 0.5 M aqueous sodium hydroxide solutiemethanol, 30 min) followed
crystals which had formed were collected by filtration and were rinsed by 4-fold dilution with water and filtration of the resulting solution
with cold toluene (2 mL, 0C) and ether (4 mL, OC) to afford 48 mg through Celite, concentration of the filtrate in vacuo, dilution of the
of 12f (total 226 mg, 69% yield). The isolated product was determined residue in pH 1 aqueous perchloric acid solution, and chiral HPLC
to be a monohydrate byH NMR and elemental analysis. The analysis of the resulting solution.

diastereomeric excess of the product was determined by capillary GC  Hydrolysis and N-Boc Protection of Alkylation Products. N-Boc-
analysis as described in the general procedures {€30najorR = p-2-aminobutyric Acid (15b). An aqueous solution of sodium
14.5 min, minOR =157 mln) The crude prOdUCt was 88% de, and hydroxide (1 M’ 2.78 mL‘ 2.78 mm0|, 2.00 equiv) was added to a
the recrystallized product was99% de: mp 119120°C; TLC R = solution of §9-pseudoephedrin®)-2-aminobutyramidenb) (348 mg,
0.55 (5% MeOH, 5% NEf 90% CHCly); *H NMR (5:1 rotamer ratio, 1.39 mmol, 1 equiv) in water (2.8 mL). The resulting solution was
the asterisk denotes minor rotamer peaks, Gp@lin hertz)é 7.17— heated at reflux for 90 min. Upon cooling to 28, pseudoephedrine
7.35 (m, 10H), 4.67 (m, 1H), 4.48 (d, 1H,= 8.3), 4.07* (m, 1H), was observed to crystallize from the reaction mixture. Water (15 mL)
3.81* (tpp 1H,J=7.2), 3.72 (dd, 1HJ = 9.0, 5.7), 3.14* (dd, 1H] was added, and the aqueous mixture was extracted with two 30-mL
= 5.6, 13.4), 3.00 (dd, 1H1 = 13.0, 5.5), 2.96* (s, 3H), 2.77 (dd, 1H,  portions of dichloromethane. The combined organic layers were
J=12.9,9.2), 2.50 (s, 3H), 3.32 (s, 3H), £8.3 (s (br), 4H), 0.96* washed with a second portion of water (20 mL), and the aqueous layer
(d, 3H,J=6.7), 0.78 (d, 3HJ = 6.8); *C NMR (CDC}) 6 176.1, was extracted with dichloromethane (15 mL). All aqueous layers were
142.0,137.5,129.3%,129.1, 128.6*, 128.4%, 128.3, 128.2, 127.7, 126.8%, combined, and the resulting solution was concentrated in vacuo to a
1265, 765, 75.7*, 617, 564, 403, 34.5*, 343, 304, 15.7*, 14.0. Anal. volume of approximate|y 10 mL. Ana|ysis of a small a"quot w
Calcd for GoHzeN20, + H20: C, 69.74; H, 8.19; N, 8.13. Found: C,  of the combined aqueous layers showed thatdkemino acid was
69.60; H, 8.54; N, 7.90. formed with>99% ee. Solid sodium bicarbonate (234 mg, 2.78 mmol,
(S,9)-PseudoephedrineN-Boc-d-2-aminobutyramide (13b). A 2.00 equiv) andp-dioxane (10 mL) were added sequentially to the
solution of n-butyllithium in hexanes (2.71 M, 794L, 2.14 mmol, alkaline solution. The resulting solution was cooled in an ice bath,
3.10 equiv) was added slowly to a slurry of anhydrous lithium chloride and ditert-butyl dicarbonate (364 mg, 1.67 mmol, 1.20 equiv) was
(176 mg, 4.15 mmol, 6.00 equiv) and diisopropylamine (8L02.21 added to the reaction mixture afQ. After stirring for 1 h, the reaction
mmol, 3.20 equiv) in tetrahydrofuran (4 mL) a8 °C. After stirring mixture was allowed to warm to 23C, and was stirred at that
at—78°C for 10 min, a solution of$9)-(+)-3 (223 mg, 0.692 mmol, temperature for 30 min. Water (30 mL) was added, and the aqueous
1 equiv) in tetrahydrofuran (4 mi- 2 mL wash) was added via cannula  product solution was extracted with ethyl acetate (60 mL). The organic
to the lithium diisopropylamide slurry. After stirring for 20 min at  layer was washed with 2% aqueous sodium bicarbonate solution (20
—78 °C, the reaction suspension was warmed 0 After stirring mL). The aqueous layers were combined, and the resulting solution
for 20 min at 0°C, iodoethane (6@L, 0.830 mmol, 1.20 equiv) was was carefully acidified to pH 3.5 by the addition of saturated aqueous
added to the pale yellow suspension. After stirringXfd at 0°C, the citric acid solution. The acidified solution was extracted with three
reaction was terminated by the additiohloM aqueous hydrochloric 25-mL portions of ethyl acetate. The combined organic layers were
acid solution (30 mL). The biphasic mixture was extracted with two washed with two 25-mL portions of water and then were dried over
portions of ethyl acetate (50 and 40 mL). The organic layers were sodium sulfate, filtered, and concentrated in vacuo to give the carboxylic
combined, and the resulting solution was washed with saturated aqueousacid 15b as an oil (278 mg, 97%) which was pure by spectroscopic
sodium bicarbonate solution (30 mL), dried over anhydrous sodium and elemental analysis. (Note: Omitting the final aqueous extractions
sulfate, filtered, and concentrated in vacuo. A small amount of the will result in contamination of the product with citric acid. Agueous
crude residue (27 mg) was reserved for GC analysis. The remaining hydrochloric acid solution (1 M) may be used in lieu of saturated
crude residue (201 mg) was purified by chromatography on silica gel aqueous citric acid solution (see the procedure below for the preparation
eluting with a gradient of ethyl acetate in hexanes (46960%) to of 15f), provided that the basic, aqueous product solution is cooled
afford 169 mg (79%) ofil3b as an oil. The diastereomeric excess of during the acidification and the addition of acid is terminated at pH
the product was determined by capillary GC analysis, as outlined above,2.) The enantiomeric excess of the product was determined by chiral
to be 93% (se&b for retention times):'H NMR (2:1 rotamer ratio, HPLC analysis as described above (pH 1.5 HOMbile phase, 0.4
the asterisk denotes minor rotamer peaks, GP@lin hertz)o 7.22— mL/min, 200 nm, majoR = 4.1 min, minorR, = 5.2 min). The
7.39 (m, 5H), 5.42 (d, 1H] = 8.2), 5.38* (d, 1HJ = 9.7), 4.41-4.62 product was shown to be99% ee: 'H NMR (2:1 rotamer ratio, the
(m, 3H), 4.28 (s (br), 1H), 4.16* (m, 1H), 2.93 (s, 3H), 2.32* (s (br), asterisk denotes minor rotamer peaks, CPQ in hertz) 6 9.64 (s
1H), 1.86* (m, 1H), 1.371.66 (m, 2H), 1.43 (s, 9H), 1.41* (s, 9H),  (br), 1H), 6.50* (s (br), 1H), 5.09 (d, 1H,= 7.5), 4.29 (m, 1H), 4.10*
1.05 (d, 3H,J = 6.7), 0.98* (d, 3HJ = 6.7), 0.93* (t, 3H,J = 7.4), (m, 1H), 1.90 (m, 1H), 1.75 (m, 1H), 1.45 (s, 9H), 0.98 (t, 3H+
0.88 (t, 3H,J = 7.4);13C NMR (CDCk) 6 174.1, 173.0%, 155.7, 155.4*, 7.0); 3C NMR (CDCk) 6 177.3, 156.9%, 155.6, 81.6*, 80.1, 55.8*,
141.7, 141.3*, 128.6, 128.2, 128.0, 127.8, 126.9, 126.4, 79.6, 79.2*, 54.4, 28.3, 25.6*, 9.7*,9.5. Anal. Calcd ford:;NO,4: C, 53.12; H,
75.5, 75.2*, 58.3, 57.8* 52.0, 51.4% 32.0, 28.2, 27.0*% 26.1*, 25.8, 8.43; N, 6.89. Found: C, 53.26; H, 8.54; N, 6.98.
15.4%,14.3,9.8*,9.6. Anal. Calcd forigHsNOs: C, 65.12; H, 8.63; Hydrolysis and N-Boc Protection of Alkylation Products Includ-
N, 7.99. Found: C, 65.06; H, 8.49; N, 7.89. ing Recovery of Pseudoephedrine N-Boc-b-phenylalaninine (15f).
General Procedures for the Determination of the Enantiomeric An aqueous solution of sodium hydroxide (1 M, 2.12 mL, 2.12 mmol,
Excesses ofi-Amino Acids. Primarya-amino acids were analyzed  2.00 equiv) was added to a solution &%)-pseudoephedrineR}-
by HPLC using a Crownpak CR{ column, except as noted. phenylalaninamide7f) (316 mg, 1.01 mmol, 1 equiv) in water (2.1
Secondary-amino acids were analyzed by HPLC with a Chiralpak mL). The resulting solution was heated at reflux for 2 h. Upon cooling
WH column. Baseline separation was achieved in all cases. The minorto 23°C, pseudoephedrine was observed to crystallize from the reaction
enantiomers were identified by comparison with authentic materials mixture. Water (15 mL) was added, and the aqueous mixture was
(either racemic mixtures or the optically pure antipodes). Racemates extracted with two 30-mL portions of dichloromethane. The combined

for noncommerciati-amino acids were identified by epimerization of
the alkylation products (as described above Toj and subsequent
hydrolysis of the residue obtained (2 mL of 0.5 M aqueous sodium
hydroxide solution, reflux, 5 h), followed by extraction of the hydrolysis

organic layers were washed with a second portion of water (20 mL),
and the aqueous layer was extracted with dichloromethane (15 mL).
All aqueous layers were combined, the resulting solution was concen-
trated in vacuo to a volume of approximately 10 mL, and the resulting
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solution was reserved. Analysis of a small aliquot (40 of the 5.8 min). The product was shown to ke99% ee: mp 1345136
combined aqueous layers showed that dh@mino acid was formed °C; 'H NMR (9:1 rotamer ratio, the asterisk denotes minor rotamer
with =99% ee. The combined organic layers were dried over peaks, CDG) (Jin hertz)é 10.85 (s (br), 1H), 7.74 (d, 2H, = 7.4),
anhydrous potassium carbonate, filtered, and concentrated in vacuo t67.56 (m, 2H), 7.38 (t, 2HJ = 7.3), 7.29 (t, 2HJ = 7.3), 6.32* (d,
afford a solid. The solid was dried in vacuo to afford 161 mg (96%) 1H,J = 5.6), 5.65-5.76 (m, 1H), 5.38 (d, 1H) = 8.0), 5.0#5.19
of recovered pseudoephedritte. (m, 2H), 4.50 (m, 1H), 4.40 (d, 2H] = 7.0), 4.21 (t, 1HJ = 6.9),
p-Dioxane (10 mL) was added to the reserved alkaline, aqueous 4.15* (m, 1H), 2.57 (m, 2H), 2.40* (m, 2H):*C NMR (CDCk) ¢
product solution. The resulting solution was cooled in an ice bath, 176.5, 155.9, 143.7, 143.6, 143.5, 141.2, 131.7, 131.5%, 127.7, 127.0,
and ditert-butyl dicarbonate (364 mg, 1.67 mmol, 1.20 equiv) was 126.7, 125.0, 124.6* 120.0, 119.7, 119.5, 67.6*, 67.2, 53.7%, 53.1,
added. After stirring for 1 h, water (30 mL) was added and the aqueous 47.0, 36.3. Anal. Calcd for £H:1gNO4: C, 71.20; H, 5.68; N, 4.15.
product solution was extracted with ethyl acetate (60 mL). The organic Found: C, 71.12; H, 5.63; N, 4.19.
layer was washed with 0.5 M aqueous sodium hydroxide solution (15  N-Fmoc-b-2-aminobutyric Acid (16b). 16bwas prepared by the
mL). The aqueous layers were combined, and the resulting solution hydrolysis of7b (405 mg, 1.62 mmol, 1 equiv) following the procedure
was cooled in an ice bath and carefully acidified to pH 2 by the slow, described fod6c(hydrolysis time 90 min) with the exception tHg(9-
cautious addition o1 M aqueous hydrochloric acid solution. The fluorenylmethylcarbonyloxy)succinimide (600 mg, 1.78 mmol, 1.1
acidified solution was extracted with three 25-mL portions of ethyl equiv) was used in the acylation step in place of 9-fluorenylmethyl
acetate. The combined organic layers were dried over sodium sulfate,chloroformate. The product was purified by recrystallization in two
filtered, and concentrated in vacuo to give the carboxylic 4&flas crops from ethyl acetatehexanes (1:2, 9-mL first crop, 3-mL second
an oil (237 mg, 88%) which was pure by spectroscopic and elemental crop) to afford 525 mg (99%) of analytically pui&b. The enantio-
analysis. The enantiomeric excess of the product was determined bymeric excess of the product was determined by chiral HPLC analysis
chiral HPLC analysis as described above (pH 2.0 HGi®bile phase, as described above (pH 1.5 HGl@obile phase, 0.4 mL/min, 200

0.8 mL/min, 200 nm, majoR; = 9.5 min, minorR = 12.7 min). The nm, majorR; = 4.1 min, minorR = 5.2 min). The product was shown
product was shown to be99% ee: *H NMR (2:1 rotamer ratio, the to be 299% ee: mp 155158 °C; *H NMR (3:1 rotamer ratio, the
asterisk denotes minor rotamer peaks, CPQJ in hertz) 6 9.23 (s asterisk denotes minor rotamer peaks, CPQ in hertz)6 11.11 (s

(br), 1H), 7.2%7.34 (m, 5H), 6.54* (d, 1HJ = 7.3), 5.05 (d, 1H)J (br), 1H), 7.79 (d, 2HJ) = 7.4), 7.62 (m, 2H), 7.42 (t, 2H] = 7.4),
=7.9), 4.63 (m, 1H), 4.41* (m, 1H), 2.913.25 (m, 2H), 1.43 (s, 9H), 7.33 (t, 2H,J = 7.3), 6.52* (d, 1H,J = 6.4), 5.44 (d, 1HJ = 8.0),
1.30* (s, 9H); 3C NMR (CDCk) 6 175.9, 175.7*%, 156.5*%, 155.4, 4.38-4.54 (m, 3H), 4.25 (t, 1HJ = 6.9), 4.09* (m, 1H), 1.98 (m,
136.4*, 135.9, 129.3, 128.4, 126.9, 81.5% 80.2, 56.0%, 54.2, 38.9*, 1H), 1.77 (m, 1H), 1.00 (t, 3H) = 7.3), 0.92* (t, 1H,J = 6.8); 1°C
37.7,28.2, 27.9*. Anal. Calcd forigH;oNO,: C, 63.38; H, 7.22; N, NMR (CDCl3) 6 177.2, 156.1, 143.8, 143.6, 141.3, 127.7, 127.0, 125.0,
5.28. Found: C, 63.41; H, 7.31; N, 5.21. 124.7*, 120.0, 67.6%, 67.1, 54.9, 47.1, 25.5, 9.5. Anal. Calcd for
Hydrolysis and N-Fmoc Protection of Alkylation Products. CigH1sNO4: C, 70.14; H, 5.89; N, 4.30. Found: C, 70.01; H, 5.87; N,
N-Fmoc-p-allylglycine (16c). An aqueous solution of sodium hy-  4.28.
droxide (1 M, 633uL, 633 umol, 2.00 equiv) was added to a solution N-Fmoc-D-f#-(6-chloro-5-hydroxy-2-pyridyl)alanine (16j). A sus-
of (S9-pseudoephedrind}-allylglycinamide {c) (83 mg, 316umol, pension of amidgj (480 mg, 1.18 mmol, 1 equiv) in 0.5 M aqueous
1 equiv) in water (2.53 mL). The resulting solution was heated at reflux sodium hydroxide solution (4.70 mL, 2.35 mmol, 2.00 equiv) was
for 90 min. Upon cooling to 23C, pseudoephedrine was observed to  heated at reflux for 3 h. The resulting homogenous mixture was cooled,
crystallize from the reaction mixture. Water (10 mL) was added, and diluted with water (20 mL), and extracted with dichloromethanex(2
the aqueous mixture was extracted with two 15-mL portions of 30 mL). The organic layers were extracted with a second portion of
dichloromethane. The combined organic layers were washed with awater (15 mL). The aqueous extracts were combined, and the volume
second portion of water (20 mL), and the aqueous layer was extractedof the resulting solution was reduced to ca. 10 mL by concentration in
with dichloromethane (15 mL). All aqueous layers were combined, vacuo. Dioxane (10 mL) and solid sodium bicarbonate (198 mg, 2.35
and the resulting solution was concentrated in vacuo to a volume of mmol, 2 equiv) were added to the alkaline product mixture, and the
approximately 5 mL. Analysis of a small aliquot (50.) of the resulting solution was cooled in an ice batN-(9-Fluorenylmethyl-
combined aqueous layers showed that ¢hamino acid was=99% carbonyloxy)succinimide (476 mg, 1.41 mmol, 1.2 equiv) was added
ee. Solid sodium bicarbonate (53 mg, 6afol, 2.00 equiv) and to the cooled solution. After stirring at @ for 1.5 h, the ice bath
p-dioxane (10 mL) were added sequentially to the alkaline product was removed and the reaction suspension was allowed to warm to 23
solution. The resulting solution was cooled in an ice bath, and °C. After stirring for 2.5 h at 23C, 1 M aqueous hydrochloric acid
9-fluorenylmethyl chloroformate (90 mg, 348nol, 1.10 equiv) was solution (15 mL) was added to the suspension and the resulting mixture
added. After stirring at OC for 1 h, the reaction mixture was allowed  was extracted with ethyl acetate 250 mL). The organic layers were
to warm to 23°C and was stirred at that temperature for 2 h. Water washed with water, and the combined organic layers were dried over
(15 mL) was added, and the aqueous product solution was extractedanhydrous sodium sulfate, filtered, and concentrated in vacuo to provide
with a 1:1 mixture of ether and ethyl acetate (30 mL). The organic an oily residue.
layer was washed with 2% aqueous sodium bicarbonate solution (15  The oily residue was dissolved in tetrahydrofuran (6 mL) and water
mL). The aqueous layers were combined, and the resulting solution (4 mL), the resulting solution was cooled to°G, and trifluoroacetic
was acidified to pH 1 by the additionf d M aqueous hydrochloric  acid (8 mL) was added. The resulting solution was stirredlfty at
acid solution. The acidified solution was extracted with two 30-mL q °C, at which time the cooling bath was removed and the solution
portions of ethyl acetate. The combined organic layers were dried over yas allowed to warm to 23C. After stirring fa 2 h at 23°C, the
sodium sulfate, filtered, and concentrated in vacuo. Residual solventsggjyents were removed by concentration in vacuo. The residue was
were removed by dissolving the residue in toluene (50 mL) and dissolved in a mixture of ethyl acetate (25 mL) and ether (25 mL), and
concentrating in vacuo, followed by dissolving in chloroformx25 the resulting solution was extracted with saturated aqueous sodium
mL) and concentrating in vacuo. The product was obtained as a white picarbonate solution (ca. 15 mL), taking any solids present into the
crystalline solid (102 mg, 96%). A small amount of the product (5 aqueous layer. The organic layer was washed with 2% aqueous sodium
mg) was reserved for analysis, and the remainder was recrystallizedpjicarbonate solution (& 15 mL, until no solids remained in the organic
from ethyl acetatehexanes (4 mL, 1:3) to afford 76 mg (75%) of |ayer). The aqueous extracts were combined with ethyl acetate (50
analytically purel6c The enantiomeric excess of the product was mL), and the resulting biphasic mixture was acidified by the slow,
determined by chiral HPLC analysis as described above (pH 1.5 HCIO cautious addition 96 M aqueous hydrochloric acid solution until the
mobile phase, 0.4 mL/min, 200 nm, majgr = 4.8 min, minorR = aqueous layer was acidic (pH 1). The layers were separated, and the
organic layer was washed with water (30 mL). The aqueous washings

NMR analysis. If desired, the recovered solid can be recrystallized from were extracted with a second portion of ethyl acetate (25 mL), and the

water and dried in vacuo to afford analytically pure material (typical COmMbined organic layers were dried over anhydrous sodium sulfate,
recovery 83-85%). See: Perrin, D. D.; Armarego, W. L. Purification filtered, and concentrated in vacuo. The waxy solid residue was

of Laboratory ChemicalsPergammon Press: Oxford, 1988; p 266. dissolved in warm chloroform (15 mL, 58C). After the resulting

(50) The recovered pseudoephedrine is typically found to be putel by
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solution had cooled to 23C, hexanes (10 mL) were added slowly.
The precipitate which formed was isolated by filtration and was dried
in vacuo to afford 378 mg (73%) of analytically pufsj. The

Myers et al.

N-Methyl-b-phenylalanine (20f). A suspension of $S)-pseu-
doephedriné\-methyl-p-phenylalaninamidest-12f, prepared from the
alkylation of §9)-(+)-2) (850 mg, 2.60 mmol, 1 equiv) in water (10

enantiomeric excess of the isolated product was determined by cleavagenL) was heated at reflux for 48 h, at which time some solids remained.
of the Fmoc protective group as described above, followed by chiral Dioxane (6 mL) was added, and the resulting solution was heated at

HPLC analysis (pH 2.0 HCI® 0.8 mL/min, 220 nm, majoR. = 7.0
min, minor R = 10.4 min) which revealed that the product was 96%
ee: mp 185187 °C; 'H NMR (>10:1 rotamer ratio, minor rotamer
peaks not reported, GDD) (J in hertz)o 7.76 (d, 2HJ = 7.5), 7.56
(m, 2H), 7.36 (t, 2HJ = 7.3), 7.27 (d, 2H) = 7.5), 7.17 (d, 1HJ =
8.1), 7.07 (d, 1H, = 8.1), 4.53 (dd, 1HJ = 9.6, 4.6), 4.24 (t, 2H)
=7.7),4.16 (gpp 1H,J=6.8), 3.23 (dd, 1HJ = 14.1, 4.6), 2.99 (dd,
1H,J = 14.0, 9.8);23C NMR (CD;0D) ¢ 174.8, 158.3, 149.9, 149.2,

reflux for an additional 48 h and then was cooled t®23 The cooled
mixture was diluted with water (25 mL) and was extracted with
dichloromethane (% 30 mL). The organic layers were extracted with
two additional 25-mL portions of water. The combined aqueous layers
were concentrated in vacuo to provide a solid residue. The solid was
triturated with ethanol (20 mL) and dried in vacuo to afford 324 mg
(70%) of20f. The product was shown to k€99% ee by chiral HPLC
analysis (sed 8f for conditions): ] 2 = —18.6 (c = 0.97, 1 M

145.2, 145.1, 1425, 128.7, 128.1, 126.2, 125.7, 124.9, 120.9, 68.0,HCI), lit.5 [a] %0 —24.7 (c= 1.6, 1 M HCI); H NMR (D;0) (J in

55.4, 48.3, 38.9. Anal. Calcd for,gH1CIN,Os: C, 62.95; H, 4.36;
N, 6.38. Found: C, 62.91; H, 4.25; N, 6.23.

Aqueous Hydrolysis of Alkylation Products. Isolation of Free
o-Amino Acids. Dp-Allylglycine (19c). A suspension of §9-
pseudoephedrine-allylglycinamide {c) (697 mg, 2.59 mmol) in water
(5.20 mL) was heated at reflux for 9 h. The reaction mixture was
cooled to 23°C and was diluted with water (25 mL). The aqueous
product solution was extracted with two 25-mL portions of dichlo-

hertz) 6 7.25-7.39 (m, 5H), 3.80 (t, 1H) = 6.2), 3.18 (d, 2HJ =
6.2), 2.63 (s, 3H). Anal. Calcd forigH:sNO,: C, 67.02; H, 7.31; N,
7.82. Found: C, 66.59; H, 7.28; N, 7.82.

Preparation of N-Boc-Protected Pseudoephedrine Amides from
Pseudoephedrine Glycinamide Alkylation Products. $,S)-Pseu-
doephedrine N-Boc-h-allylglycinamide (13c). Di-tert-butyl dicar-
bonate (203 mg, 0.929 mmol, 1.2 equiv) was added to a biphasic
mixture of 7¢ (203 mg, 0.774 mmol, 1 equiv) in dioxane (2 mL) and

romethane. The combined organic extracts were extracted with water saturated aqueous sodium bicarbonate solution (1 mL). After stirring

(25 mL). Analysis of a small aliquot (5@L) of the combined aqueous

the resulting mixture vigorously fal h at 23°C, water (10 mL) and

extracts showed that thee-amino acid had been formed with 98% ee. ether (25 ml_) were added and the |ayers were Separated' The aqueous
The aqueous layers were combined, and the resulting solution was|ayer was extracted with a second portion of ether (10 mL), and the
concentrated in vacuo to afford a white crystalline solid. The solid combined organic layers were dried over sodium sulfate, filtered, and
was triturated with ethanol to remove residual pseudoephedl’ine. The concentrated in vacuo. The residue was puriﬁed by Chromatography
crystalline product was dried under vacuum (0.2 mmHg) to give 258 o silica gel eluting with a gradient of ethyl acetate in hexanes (40%

mg (87%) ofp-allylglycine (199. The combined organic extracts were

— 45%) to afford 278 mg (99%) df3c *H NMR (2:1 rotamer ratio,

dried over anhydrous potassium carbonate, filtered, and concentratedine asterisk denotes minor rotamer peaks, Gp@lin hertz)é 7.25-

in vacuo to afford 331 mg (78%) ofS(S)-(+)-pseudoephedrine The
enantiomeric excess of the prodd&cwas determined by chiral HPLC
analysis as described above (pH 1.5 HECI@obile phase, 0.4 mL/
min, 200 nm, majoR; = 4.8 min, minorR, = 5.8 min). The product
was shown to bex99% ee: §] ¥ = +37.5 (c = 4.09, HO), lit.5
[o] 2 +37.8 (c = 4, H0); 'H NMR (D,0) (J in hertz) 6 5.64 (m,
1H), 5.14 (d, 1HJ = 18.6), 5.13 (d, 1HJ = 10.0), 3.67 (dd, 1HJ =
7.0,5.1), 2.50 (m, 2H). Anal. Calcd forsB3sNO,: C, 52.16; H, 7.88;
N, 12.17. Found: C, 52.10; H, 7.74; N, 12.19.
D-2-Methoxyphenylalanine (19g). 19gwvas prepared by the hy-
drolysis of7g (810 mg, 2.36 mmol, 1 equiv) in water (20 mL) following
the procedure outlined fdrOc.  After an initial 12 h at reflux, 4 mL of
dioxane was added and reflux was continued for 10 h. After workup
as described forl9¢ 328 mg (71%) of19g was isolated as a

7.36 (m, 5H), 5.81* (m, 1H), 5.68 (m, 1H), 5.37 (d, 1B= 8.2),
5.32* (d, 1H), 5.06-5.18 (m, 2H), 4.71* (m, 1H), 4.494.63 (m, 3H),
4.19* (m, 1H), 4.03* (s (br), 1H), 2.95 (s, 3H), 2.60* (m, 1H), 2.46*
(m, 1H), 2.26-2.39 (m, 2H), 1.43 (s, 9H), 1.40* (s, 9H), 1.05 (d, 3H,
J=6.7), 0.99* (d, 3HJ = 6.7); *3C NMR (CDCk) 6 173.5, 172.4*,
155.5, 155.2*, 141.7, 141.2*, 133.7*, 132.6, 128.7, 128.4*,128.3, 127.8,
126.9*%, 126.5, 118.6, 118.0%, 79.8, 79.4*, 75.6, 75.3*, 58.4, 58.0*%,
50.6, 49.9%, 37.3*% 37.1, 32.1, 28.3, 27.1*%, 15.5%, 14.4; HRMS calcd
for CyoH31N204 (M + H) 363.2283, found 363.2286.

Hydrolysis of N-Boc-pseudoephedrine Amides.N-Boc-p-allyl-
glycine (15c). A solution of13c (181 mg, 0.499 mmol, 1 equiv) and
1 M aqueous sodium hydroxide solution (2.50 mL, 2.50 mmol, 5.00
equiv) in methanol (10 mL) was heated to reflux. After heating at
reflux for 3.5 h, the solution was cooled and methanol was removed

hemihydrate. The enantiomeric excess of the product was determinedpy concentration in vacuo. The resulting aqueous product mixture was

by chiral HPLC analysis as described above (pH 2.0 HC3%% MeOH
mobile phase, 0.7 mL/min, 200 nm, maj@r= 17.3 min, minorR; =

diluted with water (10 mL) and extracted with ether (25 mL). The
organic layer was washed with 0.5 M aqueous sodium hydroxide

24.6 min). The crude hydrolyzate was shown to be 98% ee, and the solution (10 mL). The combined aqueous layers were cooled in an

isolated product was 99% eétH NMR (D;O) (J in hertz)d 7.33 (t, 1
H,J= 7.5 Hz), 7.19 (d, 1 HJ) = 7.3 Hz), 7.03 (d, 1] = 8.2 Hz H),
6.96 (t, 1 H,J = 7.4 Hz), 3.97 (dd, 1 H) = 8.0, 4.7 Hz), 3.83 (s, 3
H), 3.32 (dd, 1 HJ = 14.3, 4.7 Hz), 3.00 (dd, 1 H,= 14.3, 8.0 Hz).
Anal. Calcd for GoH1sNOs-%,H,O: C, 58.81; H, 6.91; N, 6.86.
Found: C, 58.64; H, 6.99; N, 6.75.

L-(Trimethylsilyl)alanine (19h). 19hwas prepared by the hydroly-
sis of 7h (1.09 g, 3.89 mmol, 1 equiv) in water (15 mL) following the
procedure outlined fol9c (hydrolysis time 20 h) to afford 468 mg
(82%) of L-(trimethylsilyl)alanine. The enantiomeric excess of the
product was determined by the method of Maffegchiral HPLC
analysis of the Marfey derivative: 25 cmw 4.6 um Cig column, 1
mL/min, 0.1% TFA/40-60% MeCN gradient over 20 min, maj&%
= 13.7 min, minorR, = 17.2 min). The isolated product was shown
to be 299% ee: §] ¥ = +33.2 (c = 0.526 4 M HCI), lit.5¢ [o] ¥°
+31° (c = 0.51, 4 M HCI); *H NMR (D20) (J in hertz) ¢ 3.61 (dd,
1H,J= 9.6, 5.9), 1.00 (m, 2H);-0.04 (s, 9H). Anal. Calcd for 15
NO,;Si: C, 44.69; H, 9.38; N, 8.69. Found: C, 44.85; H, 9.32; N,
8.80.

(51) Dictionary of Organic Compoundsth ed.; Chapman and Hall:
London, 1996.

(52) (a) Marfey, PCarlsberg Res. Commuh984 49, 591. (b) Adamson,
J. G.; Hoang, T.; Crivici, A.; Lajoie, G. AAnal. Biochem1992 202 210.

ice bath and acidified to pH 1 by the slow, cautious addition of 1 M
aqueous hydrochloric acid solution. The acidified aqueous solution
was extracted with two 50-mL portions of ethyl acetate. The combined
organic layers were dried over sodium sulfate, filtered, and concentrated
in vacuo to afford 107 mg (99%) df-Boc-allylglycine (L5¢) which

was identical with material prepared by the hydrolysis7af The
product was shown to be 90% ee by chiral HPLC analysis {&&e
above).

Preparation of N-Fmoc-pseudoephedrine Amides from Pseu-
doephedrine Glycinamide Alkylation Products. §,S)-Pseudoephe-
drine N-Fmoc-b-2-aminobutyramide (21b). 9-Fluorenylmethyl chlo-
roformate (119 mg, 0.460 mmol, 1.20 equiv) was added to a biphasic
mixture of 7b (96 mg, 0.383 mmol, 1 equiv) in dioxane (1 mL) and
saturated aqueous sodium bicarbonate solution (1 mL). After stirring
vigorously fa 2 h at 23°C, saturated aqueous sodium bicarbonate
solution (10 mL) was added, and the resulting mixture was extracted
with ethyl acetate (2< 25 mL). The combined organic layers were
dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo.
The residue was purified by chromatography on silica gel eluting with
a gradient of ethyl acetate in hexanes (30960%) to afford 180 mg
(99%) of21bas a viscous oil*H NMR (2:1 rotamer ratio, the denotes
minor rotamer peaks, CDgI(J in hertz)d 7.76 (d, 2HJ = 7.4), 7.62*

(d, 2H,J = 6.7), 7.60 (d, 2H,] = 5.1), 7.277.42 (m, 9H), 5.70* (d,
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1H,J = 8.1), 5.68 (d, 1HJ = 8.1), 4.47-4.67 (m, 3H), 4.36-4.42

(m, 2H), 4.22 (t, 1HJ = 6.9), 3.97 (s (br), 1H), 2.97*, (s, 3H), 2.95
(s, 3H), 2.04 (s (br), 1H), 1.97* (m, 1H), 1.47.78 (m, 2H), 1.10 (d,
3H,J = 6.9), 0.98* (m, 6H), 0.89 (t, 3H] = 7.4); 3C NMR (CDC})

0 173.5, 172.7*, 156.1, 156.0*, 143.9, 143.8*, 143.7, 141.8, 141.2,
128.3, 127.7*, 127.6, 127.0, 126.8*, 126.4, 125.1, 119.9, 75.6, 75.2*,
66.9, 66.8*, 58.0, 52.5, 52.1*, 47.1, 32.1, 27.0, 26.1*, 25.8, 15.5, 14.4,
9.8*, 9.5; HRMS calcd for @H33N.O4 (M + H) 473.2440, found
473.2442.

Hydrolysis of N-Fmoc-pseudoephedrine Amides. N-Fmoc-d-
phenylalanine (16f). A solution 0f21b (151 mg, 0.282 mmol, 1 equiv)
in a mixture of dioxane (2 mL), water (1.5 mL) and concentrated
sulfuric acid (0.5 mL) was heated to reflux. After heating at reflux
for 8 h, the solution was cooled, water (20 mL) was added, and the
resulting solution was extracted with ethyl acetate<(30 mL). The
combined organic layers were washed with water (10 mL), dried over
sodium sulfate, filtered, and concentrated in vacuo to afford 105 mg
(96%) of 16f which was identical with the product prepared by the
hydrolysis of7f. The product was shown to be 99% ee by chiral HPLC
analysis (sed 6f above).

N-Fmoc-p-2-aminobutyric Acid (16b). 16bwas prepared by the
hydrolysis of 21b (105 mg, 0.222 mmol, 1 equiv) following the
procedure outlined fot6f. Upon initial isolation,'H NMR analysis
of the crude reaction product indicated that it contained a minor
byproduct, tentatively identified (on the basis of its reversio21b
upon neutralization with base) as the sulfate salt of NkeO-acyl
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transfer product. The crude product was dissolved in a mixture of ethyl
acetate and hexanes (20 mL, 1:1), and the resulting solution was
extracted with saturated aqueous sodium bicarbonate solutignl&

mL, until no solids were observed in the aqueous layer). The aqueous
extracts were combined, and the resulting solution was cooled in an
ice bath and was acidified to pH 1 by the slow, careful addition of 6
M aqueous hydrochloric acid solution. The resulting acidified solution
was extracted with ethyl acetate 225 mL), and the combined organic
layers were dried over sodium sulfate, filtered, and concentrated in
vacuo to afford 60 mg (83%) df6b, which was identical with material
prepared by the hydrolysis @b. The product was shown to be 99%
ee by chiral HPLC analysis (sd&b above).
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