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N,O- and N, N-Acetals and Hemiacetal:
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useful amino acid derivatives 5 in high yleld (73-93%) and enantioselectivity (70-96%). We have extended
the utility of our reaction to include a simple one-pot procedure from readily available starting materials. We
also provide several different N-based protecting groups that greatly increase the flexibility of the reaction. In
addition, we have elucidated novel mechanistic information including the discovery of unique transilylations
that start off the catalytic reactions of enol silane nucleophiles with N,O-acetals. These details will guide us in
further explorations of the reaction’s scope and utility. © 1999 Elsevier Science Ltd. All rights rescrved.
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general method of C-C bond construction.! Methods employing either chiral acetals or
promoters have been most extensively studied, whereas those utilizing a substoichiometric
quantity of catalyst with either achiral or racemic acetals are much less studied,? and
procedures employing N,O- or N,N-acetals remain unknown. We believed that the
asymmetric alkylation of N,O-acetals could efficiently lead to chiral amines and amino acid
derivatives if the RO-substituent were the leaving group (Path A, eq 1), and to chiral
alcohols if NR, were the leaving group (Path B, eq 1). In order for an asymmetric variant

to be successful, the catalyst must effectively serve a dual role, namely to dissociate RO~

¢]

and subseauently activate the nutative intermediate 1imine towards an enantioselective
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is an electron-withdrawing group, we found that racemic hemiacetals 1la-1h (R = H)
possessing a flexible range of N-protecting groups become stable, convenient precursors to
useful enantioenriched products. We wish to describe, with full experimental detail, the
first high yielding (73-93%) asymmetric alkylations (ee's up to 96%) of conveniently
prepared N,O-acetals using an effective chiral Cu(l)-based Lewis acid catalyst. We have
used this catalyst in the catalytic, highly enantioselective alkylation of a-imino esters with
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enol silanes and alkenes.? Our report also includes the use of N,N-acetals as useful
alkylation substrates. In this report, we also summarize a method to synthesize several
nonnatural amino acids* in high yield using readily available precursors via an in situ
generation of N,O-acetals in a versatile one-pot procedure.5 We documented that a novel

transilylation reaction starts off the catalytic, enantioselective alkylation; other mechanistic
mvest}gaﬂons of our process reveal features that may lend general significance to
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Resuits and Discussion. When a solution of 1a and catalyst 2 (5 moi%) was mixed
at 0°C with 2 equiv of enol silane 4a for 5 h, compound Sa was produced in 93% yield and
95% ee (Table 1, entry 1). Although substrate 1a (X = Ts, R = H) is a highly crystalline
and stable starting material, removal of the tosyl group in a subsequent step requires long
reaction times and highly acidic conditions.6 We envmaged that other more easily

removable sulfonamido nrgte.gt_in_g grot
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presence of 5 m 1% 2to yleld 87% of compound 5d (94% ee, entry 4) It is noteworthy
that the nature of the leaving group in substrate ic (OH vs OEt) does not significantly
diminish the yield or selectivity of product 5d (entry 5). Similarly, the 4-
nitrophenylsulfonamido (Ns)8 acetal 1d affords product 5e in 87% ee and 89% yield
(entry 6). Excellent selectivity (up to 96% ee) can also be achieved by using the
trimethylsilylethanesulfonamido (SES)® substituent on the N,O-acetal to form products 5g,
5h, and 5i (entries 8-10). Minimal loss in selectivity is noted even when the steric bulk of

the sulfonamldo group is diminished, as shown in the alkylation of 1e (X = Ms; 85% ee

>

entry 7). The decrease in selectivity is more pronounced in the alkylations of amide acetals
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conditions specified above (entries 11 and 12). These results also confirm that the sulfonyl
group is an important factor in determining enantioselectivity.

An interesting result was obtained when the benzoyl N,O acetal 1i was subjected a
catalytic alkylation with nucleophile 4a in the presence of 2. Instead alkylating the

intermediate imine (Path A), ethyl glyoxylate 6 formed and was subsequently alkylated
(Path B) to give product 7a in 83% yield without a trace of the expected benzoylated
amino acid '{n auditi’)"i, alcohol 7a was 70% enantiomerically enriched {eniry 14).1°
Table 1. Reactions of N,O-acetals and various nucleophiles catalyzed by complex 2
entry | Acetal | Nu X R | yield | ee% |prod

1 la ld4a Ts | H 93 [ 95 | Sa

2 la 14bhe | Ts | H 85 190 | Sh

3 la |4c Ts | H 81 76 | Sc

4 1b }da« | Mds| H 87 94 | Sd

5 1¢c  ld4as I Mds! Et 92 190 | 5d

6 1d [4a2 | Ns | Et 89 | 87 | Se

7 le lda Ms | H 8 | 85 | Sf

8 1f 14a ISES!| H 78 196 | 5¢g

9 1f 14be ISES| H 73 189 | 5h

10 1f |4c |SES| H 75 [ 700 | Si

11 lg l4a Ac | H 86 | 50 | 5j

12 1h |4a Ac | Ac 88 |42 | 5j

13 1d [4dc | Ns | Et 8 187 | 5k

14 1i |4a Bz | H 83 |70 | 7a

Abbreviations: Ts = p-toluenesuifonyl, Mds = 2,6-dimethyl-4-
methoxybenzenesulfonyl, Ns = p-nitrobenzenesulfonyl, Ms = methanesulfonyt, SES =
trimethylsilylethanesulfonyl. Enantiomeric excesses were determined by CHIRALCEL

OD chlra] HPL(, Lolumn unless otherwise noled YReaction carried out in relluxmg

CH,Cl,. YEnantiomeric excesses determined by 'H NMR in the presence of Pr(hfc),
chiral shift reagent. “Reaction carried out in THF for increased solublity of reagents
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To demonstrate the flexibility of the alkylation reaction, we tested a number of
nucleophiles representing several classes. For example, allylsilane 4b!! reacts with both
substrates 1a and 1f to afford products S¢ and Sh in excellent yield and selectivity (entries
2 and 9). Ketene acetal 4¢ also reacts well with these substrates to yield compounds Sc¢
and 5i in 76% ee and 70% ee, respectively (entries 3 and 10). Once again, an array of

sulfonamide groups such as SES,® Mds? and Ns8 were highlighted. In the deprotection
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methodology for the multigram synthesis (2.0g) of (L)-3-nitrobenzoylalanine (8b, eq 2) in
48% overall yield from 1d (entry 13) using only 1 mol% 2. This compound is currently
of interest as an inhibitor of enzymes that metabolize trypotophan such as kynurenine-3-
hydroxylase and kynureninase.'3

X
/
HN o] NHz+CI ©Q
| " deprotection .
AN, T AP
EtO0C Ar EtO0C Ar
5 8a, Ar = Ph

8b, Ar = 3-NO2Ph

6d X = Mds, conditions = 9:1 TEA/MSA, PhSMe

5e X = Ns, conditions = PhSH, K,COgy

5g X = SES, conditions = CsF/DMF

In an effort to further simplify the synthesis of protected amino acids 5a-5j, an

efficient one pot procedure was developed. The condensation of ethyl glyoxylate and p-
toluenesulfonamide was done in CH,Cl,over a 6 h period in the presence of catalyst 2 (5
mol%). The reaction mixture was then cooled to 0°C and 2 equiv of the nucleophile 4a
was added. After 2h, the reaction was subjected to aqueous workup and the product was
zwlated in 89% yleld and 95% ee. A one-pot procedure was also implemented for the
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Table 2. Reactions of N,N-Acetals and nucleophile 4a catalyzed by complex 2

entry | Acetal | Nu X R | yield | ee% | prod

1 1j |4aa | Ts | Ts 90 |95 | Sa

2 1k 4a2 | Ns | Ns 87 85 Se

3 11 4a Ms | Ms 86 82 5f
Abbreviations: Ts = p-toluenesulfonyl, Ns = p-nitrobenzenesulfonyl, Ms =

methanesuifonyl. Enantiomeric excesses were determined by CHIRALCEL OD chirai
HPLC column unless otherwise noted. “Reaction carried out in refluxing THF for
increased solubility.

The alkylation of N,N-acetals can also be accomplished under these conditions. Acetals
1j-1 were synthesized in high yield and purity by mixing two equivalents of the requisite
sulfonamide with ethyl glyoxylate in toluene with azeotropic removal of water. The
reaction of enol silane 4a w1th N,N-Acetals 1j-1 in the presence of 5 mol % 2 produced
ield (86-90%) and ee (82-95%) (eq 3).
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Mechanism. To our surprise, the use of one equiv enol silane 4a with N,O-acetal 1a
did not lead to product Sa with 5 mol% 2; however, when two equiv were used, product
Sa was formed in good yield. Although silyl ketene acetals can be quenched through silyl
transfer reactions with alcohols, enol silanes are not precedented to act as silylating

(=4

reagents.!'4 This anomaly prompted us to determine mechanistic details of the enol silane

reaction through 'H NMR experlments For example when acetal 1a was dissolved i
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s disappeared and those characteristic o
acetophenone developed. In addition, the alcohol proton disappeared, 1ncllcatmg O-
silylation (Scheme 1). A second equiv of enol silane 4a was then added to the mixture and
the reaction was monitored; no product formation was noted even after extended periods
of time. After addition of the catalyst 2 however, resonances due to product began to
appear. Interestingly, peaks due to the putative intermediate imine 3!5 were not observed,
nor were those for the N-trimethylsilylated product 9 (Scheme 1). In our previous work,
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imine 3 (X = Ts) reacts with enol silane 4a in the presence of catalyst 2, to produce 9
avelngivaly (Qohame 1\3 that rotaing ite cilul grmniim thrniiagh annaniie warkyin T Fart
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product 9 will only partially desilylate in the presence of 1:1 THF:H,O even after several

1. 0™

hours, but can be desilylated immediately upon treatment with fluoride or standard column
chromatography on silica gel. In the reaction of N,O-acetal 1a with enol silane 4a no
silylated product 9 is observed by 'H NMR or TLC. This finding leads us to suggest that
adventitious water, silanol or an L,Cu*ROH species is protonating the product immediately
after alkylation,!6 as shown in a possible mechanism (Scheme 1). Not surprisingly, only 1
equiv of enol silane 4a is needed to alkylate N,O-acetals 1¢ and 1d in which O-silylation

can not take place. Further studies on the scope and mechanism of the asymmetric

Scheme 1. Proposed mechanism of N,O-alkylation
X X X
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. | " + TMSOH H,O
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Conclusion. In summary, we have developed the first practical method for catalytic,
enantioselective alkylation of N,O- and N, N-acetals. Stable, readily available acetals 1a-1
can be alkylated with a variety of nucleophiles in up to 96% ee with as little as 1 mol % of
catalyst 2. This research has many practical applications including the large scale
synthesis of y-oxo-o-amino acids. In addition, the mechanistic work in this manuscript
provides new insight into the alkylation of acetals.
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General. Unless otherwise stated, all reactions were carried out under strictly
anhydrous, air-free conditions. Formation of ligand-metal complex 2 was done in a glove
box under N,. All solvents were dried and distilled by standard procedures. The 'H and

13C NMR spectra were acquired on a Varian Unity 400 MHz Spectrometer. The 'H (400
MHz) and 13C chemical shifts (101 MHz) are mvpn in parts per r million (8) with respect to
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internal TMS standards or residual solvent peaks. FTIR spectra were recorded o

1s were recorded on a Perkin Eln

Bruker IFS-55 spectrometer and optical rotatior

tic er 12
polarimeter at room temperature. When possible, enantiomeric ratios were obtained using
a Chiralcel OD chiral HPLC column. The ethyl glyoxylate was synthesized and purified by
a known procedure.!” The Cu(I)ClO4*(CH;CN), was made according to the Kubas
procedure.!8 Trimethylsilylethanesulfonamide'® and 4-Methoxy-2,6-
dimethylbenzenesulfonamide,2® and nucleophiles 4a-4d!!2! were prepared according to
published procedures. All other starting materials were purchased from Aldrich Chemical

Company, except for (R)-Tol-BINAP which were purchased from Strem Chemical. N, O-
aratale 1a and 1 22 and nradnecte 8a Sh 3and 7a23 are bnnwn en crharartarizatinn data 1c¢
aClidis ag a0 i<~ allh proGulss Jda, 0,7 adlil /a alC RIIOWI1 SO CilafaCilriZauon Gawa is
PR TR B |
CXCIUdcu.

General Synthesis of N,O Acetals 1a-h. The requisite amide or sulfonamide (5.0 g,
29.2 mmol) was mixed with ethyl glyoxylate (3.0 g, 29.2 mmol) in CHCl; and refluxed for
several hours depending on the amide or sulfonamide. The reactions were monitored by
'H NMR assays and glyoxylate was added when necessary to drive the reaction to
completion. The reactions were worked up by removal of the solvent and any excess
glyoxylate in vacuo. The crystallme re51due was recrystalhzed from EtOAc/Hexanes,

I'ad l
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21.5, 13.8 ppm; IR (CH,Cl,): 3459, 3278, 2955, 1736, 1338, 1161, 1096; Anal. Calcd for
C,1H;5sNOsS: C, 48.34; H, 5.54; N, 5.13. Found C, 48.24; H, 5.55; N, 5.16.

N-2,6 Dimethyl-4-methoxybenzenesulfonylhydroxyglycine ethyl ester (1b).
White crystalline solid recrystallized from Et,O; mp = 98-100 °C, Yield = 85%. 'H NMR
(CDCl») 5 6.60 (s, 2H), 5.68 (d, 1H), 5.18 (d, 1H), 4.19 (m, 2H), 3.80 (s, 3H), 3.50 (d,

1H), 2.64 (s, 6H), 1.25 (t, 3H) ppm; 13C NMR (CDCl;) 5 161.4, 141.7, 129.0, 116.1, 94.3,
T8 A R 8§82 I ’1 12 nnm- TR (CH.CC1.\Y 22AT7 7721 1724 1804 1AA1 120Q 1719
T Jeduy ULaOy JJ.Jy & y 1.0 PP, LIN (U AI0 UG ). JaU T, &Fal, L1JU, 1J7U, 19UL, 1JUF, 1414,
11872 1NQQ. Awcl Mold Fore 7 IT NN Q.o AQAN. IT £N0A.NT A AA Trnd M AQ AN, 1T
1105, 1U60;, ANAl. LalCd 10T U3njoiNUgd: U, 47.2U; 1, O.u4; N, 4.42. rounda C, 48.49, i1,
6.08; N, 4.42

N-2,6 Dimethyl-4-methoxybenzenesulfonylethoxyglycine ethyl ester (1c¢). The
general procedure was followed except that the reaction was carried out in EtOAc and
heated for several days to get the ether 1¢ (45% yield) as the major product upon workup
and column chromatography on silica gel (EtOAc/Hexanes). White crystalline solid mp =
89-91 °C; 'TH NMR (CDCl,) § 6.60 (s, 2H), 5.82 (d, 1H), 4.97 (d, 1H), 4.11 (q, 2H), 3.78
(s, 3H), 3.42 (m, 2H), 2.60 (s, 6H), 1.19 (1, 3H), 0.98 (t, 3H) ppm; 3C NMR (CDCl,;) &

A s

FOVIY MY N\ OaNngL  "TNOIAN 172 L 1 &0N 1477
(L) 3288, 2996, 2932, 1736, 1590, 147

v

T A N b 1 H

Calcd for C5sH3NOGS: C, 52.16; H, 6.72; N, 4.06. Found C, 52.27; H,
N-Methanesulfonylhydroxyglycine ethyl ester (1d). White crystalhne solid
recrystallized from Et,O/hexane, mp = 76-78 °C, yield = 83%; 'H NMR (CDCl,;) 5 6.21 (d,
1H), 5.28 (d, 1H), 4.22 (q, 2H), 3.70 (bs, 1H), 3.08 (s, 3H), 1.28 (t, 3H) ppm; 3C NMR
(CDCly) 5 169.2, 75.5, 63.0, 43.2, 13.9 ppm; IR (CH,Cl,): 3285, 2927, 1744, 1334, 1159,
1094; Anal. Calcd for CsH;;NOsS: C, 30.45; H, 5.63; N, 7.11. Found C, 30.54; H, 5.59;
N, 7.14.

N -p-Nitrghenzenesul 1Ifanvyl ethoxve alveoeine athvl nctor {1p0) Thea aA_
iV l.’ ivNze:r UIJ llb‘ull‘aﬂ“llull.y wRAIUN J IJ SRR W \(‘ll.’ a A LA \‘. , A PRN X
PO R 4o I 4 TP T smirvnmnl) xxrno PR P | EtM A~ (& caxT \ sx;ie 1.
lllLlUUCllLClleu 1dimiae (<.JU g, LU Imui ) wad 1CHIUACU 111 LluvAac \a .L4} Wll.ll Cl.llyl
diethoxy acetate (1 , 10 mmol) and a catalytic amount of p—toluenesulfomc acid for

several days to gct the ether 1e (2.5 g, 75% vyieild) upon workup and column
chromatography on silica gel (EtOAc/Hexanes). Yellow crystalline solid mp = 94-96 °C,
'H NMR (CDCls) 5 8.31 (d, 2H), 8.04 (d, 2H), 6.26 (d, 1H), 5.14 (d, 1H), 4.18 (q, 2H),
3.54 (m, 2H), 1.25 (1, 3H), 1.04 (t, 3H) ppm; '3C NMR (CDCl3) s 166.9, 150.0, 146.7,
128.2, 124.1, 81.3, 64.1, 62.7, 14.5, 13.9 ppm; IR (CH,Cl;): 3279, 2983, 1746, 1533,

1351, 1172; Anal. Calcd for C;HcN,O+S: C, 43.36; H, 4.86; N, 8.43. Found C, 43.56; H,
4.79- N. 8.46.

T4 1N, R 8

AT ("I’..-mnl- werloilay I\A‘Lnnnn‘]l‘.nni Thuvudravvaolyrina athvyl agtar (1) OCalarlece N1l
LV= A THUOCLHY DY DHULHAIIUOULIUMYILYULUVAY Sy LVIIT Tyl ©3T1 (ii). LULULIVGS Ui,
NNy 1L AITRATY 77N\ o 2O 73 1YIN &£ ™7 743 11T\ A MNE /.. ALI\N D £E . 1LIN

ylel(l = Y37; 'H NMK (LDUCUI3) 0 J0.¥2 (Q, 11, 3.2/ (4, 111), 4.23 \{j, £1r1), 5.03 \US, 1r11),
3.04 (m, 2H), 1.30 (t, 3H), 1.03 (m, 2H) 0.02 (s, 9H) ppm; 3C NMR (CDCIl3) 5 169.3,
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75.4, 62.9, 51.6, 13.9, 10.2, -2.05 ppm; IR (CH,Cl,): 3273, 2956, 1743, 1266, 1147; Anal.
Calcd for CoH,NOsSSi: C, 38.15; H, 7.48; N, 4.95. Found C, 38.26; H, 7.49; N, 4.97.

Synthesis of Trimethyl(2-phenyl-2-propenyl)silane (4b). This material was
generated by a modification of a known route to the corresponding stannane.?* A flask
was loaded with potassium tert-butoxide (4.52 g, 40.27 mmol) and o-methyl styrene (4.73
g, 40.00 mmol). The reagents were dissolved i

in THF (120 mL) and the resultant pale
vallaw enlintinn ranlad tn =‘7Q 0(1 T thiec enlntinn wacg qur]nrl a |1 20 N cnliitinan f
yULIUW JSuluuull VUUIvu W 7o 10 ulls sOUuon wdas aaGeéd a 1.£4ry Vi SO1Uuon oO1
| PRI BT PO A 21 T AN NN e 1Y [ -~ ine colo L PREPRSTE: D P
DULYHIIULULI I nexdaiucs (o1 ik, 4U.UU Inioi) over o I Ldl.lb ng LU or c dl’lgﬁ 1O ddrk
red. The solution was warmed and aliowed to stir for 5 h at -50 °C. This solution was

a
then added to rapidly stirring -78 “C solution of chlorotrimethylsilane (11 mL, 86.67
mmol) in THF (30 mL). During the addition, the solution of silane becomes very thick
and cloudy. The solution is then allowed to warm and stir at rt overnight. The THF was
removed and the residue taken up in n-pentane. The solution was filtered through celite,
the solvent removed and the residue purified by column chromatography on florisil
(5x13cm Pet Ether to 1% Et,(/Pet Ether) to give 79% yield of a clear colorless oil (6.06g

A%ake VA & RAAUGL DRUARLAUSS Vi

31.77 mmol) identical to that reported prevmusly in the literature.!!
1
(R)Tol-BINAP (15 mg, 0.022 mmol) and &,UCLU‘;‘( H->C
CH,Cl,. To the tosyl acetal 1a (100 mg, 0.37 mmol), in CH,Cl, (2 mL) was added the
solution of catalyst 2. This reaction mixture was cooled to () °C and the enol silane 4a
(142 mg, 0.74 mmol) was added to the reaction mixture over a period of 30 minutes. The
reaction was stirred at room temperature or heated to reflux until completion as shown by
TLC (30% EtOAc/Hexanes). The reaction was partitioned with water (3 mL) and CH,Cl,

(3 mL). The nror—mm laver was dried with MeSQ., and the solvent removed in vacuo. The
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(S)- Ethyl 3- (phenylcarboxy) -2- (tosylammo)propanoate (5¢). White crystalline
solid. mp = 88-90 °C; [a]p= +16.6 (c = 0.03, CH,Cl,); 'H NMR (CDCl;) 6 7.78 (d, 2ZH),
7.30 (m, 5H), 7.00 (d, 2H), 5.61 (d, 1H), 4.22 (m, 1H), 4.03 (m, 2H), 3.16 (m, 2H), 2.40
(s, 3H), 1.07 (t, 3H); 13C NMR (CDCl;) 8 169.6, 168.8, 150.1, 143.8, 136.5, 129.7, 1294,
127.2, 126.1, 121.3, 62.4, 52.2, 38.2, 21.5, 13.8; IR (CH,Cl,): 3283, 2926, 1743, 1493,
1342, 1267, 1164; HPLC (10% iPrOH/chane 0.7 mL/min) (R) = 42.5, (S) = 48.2 min.

Anal. Calcd for CoH, NOgS: C, 58.3; H, 541 N, 3.58. Found C, 58.50; H
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(CH,Cl,): 3300, 2978, 2936, 1738, 1682, 1594, 1449, 1312, 1155, 1088; HPLC (12%
EtOH/Hexane, 1.4 mL/min) (R) = 17.62, (S) = 20.95 min. Anal. Calcd for C,;;H,sNOgS: C,
60.12; H, 6.01; N, 3.34. Found C, 60.34; H, 6.07; N, 3.37.

(S)-Ethyl-3-Benzoyl-2-(4-nitrobenzenesulfonylamino)propanoate (5e). White
crystalline solid mp = 152-154 °C; [a]p= +46.2 (¢ = 0.19, CH,Cl,); 'H NMR (CDClL) 5

Y U L W ) L P S0 )

8.29 (d, 2H), 8.04 (d, 2H), 7.82 (d, 2H), 7.57 (t, 1H), 7.41 (t, 2H), 6.05 (d, 1H), 4.35 (m,
THY 403 (g. 2HY. 374 (m. TH)Y 358 {m THY 108 7+ 2H) nnm- 13C NMR (CDCl) s
111/, U Y, Lddy, JJ.iTEoNE, Lal), J.J0 \1l, 111), 1.U0 4, JIij ppiii, 1IN \C U I3) 0
1Q£ Q 10 Q 146N 128 & 1240 17Q 7 170 A 179N 194 1 LAY AN AT O 111 O

170.6, 1U7.0, 1704, 13J.9, 134.U, 1£0./, 140.4, 1£0.U, 124.1, 02.2, J4.U, 41.Y, 15.5 ppm,
TTY FOTT 71 N, DN NYNDA 17 AN 12797 ANy 1" LNn 1 P~ 4 - TTURY 7~ /4 mamt w, smwow rww

IR (CH,Cl,): 3305, 3054, 1742, 1533, 1422, 1350, 1265, 1167; HPLC (i12% EtOH/Hexane,

Z ' H
1.0 mL/min) (R) = 25.8, (S) = 30.9 min. Anal. Calcd for C;gHsN,04S: C, 53.19; H, 4.47;
N, 6.90. Found C, 53.34; H, 4.54; N, 6.67.
(S)-Ethyl-3-Benzoyl-2-(methanesulfonylamino)propanoate (5f). Colorless oil;
[a]lp= +16.4 (c = 0.02, CH,Cl,); 'TH NMR (CDCl) s 7.90 (d, 2H), 7.61 (t, 1H), 7.47 (t,
2H), 5.58 (d, 1H), 4.47 (m, 1H), 4.21 (m, 2H), 3.80 (m, 1H), 3.57 (m, 1H), 3.07 (s, 3H),

1.20 (t, 3H) ppm; 13C NMR (CDCl3) 5 171.1, 135.6, 133.9, 128.8, 128.1, 62.2, 52.2, 42.4,
41.5. 14.0 nom: IR (CH,CL,): 3056, 2075, 2026 1726, 1681 13228 1261 1152 QN&-
Tir.d, 17U PR, LN ACAGNALY S DUTU, LT 0T, aFdY, 110U, 1UO0L, 1300, 14U1, 11J4, ZUU,
HPLC (10% EtOH/Hexane, 1.0 mL/min) (R) = 42.44, (S) = 50.54 min. Anal. Calcd for

L[3H|71VUsS C, 52.16; H, 5.73; N, 4.68. Found C, 51.98; H, 5.79; N, 4.72.
(S)-Ethyl-3-Benzoyl-2-((trimethylsilyl)ethanesuifonylamino)-propanoate

(5g). Colorless oil; [alp= +17.3 (c = 0.026, CH,Cl,); 'H NMR (CDCl3) 5 7.91 (d, 2H),
7.58 (t, 1H), 7.45 (t, 2H), 5.44 (d, 1H), 4.44 (m, 1H), 4.20 (m, 2H), 3.78 (m, 1H), 3.56
(m, 1H), 3.03 (m, 2H), 1.23 (t, 3H), 1.03 (m, 2H) ppm; *C NMR (CDCl,) 5 197.3, 171.0,
135.7, 133.9, 128.7, 128.1, 62.0, 52.2, 50.0, 42.6, 14.0, 10.3, -2.02 ppm; IR (CH,Cl,):
3206, 2912, 1740, 1676, 1325, 1220, 1152, 1116, 1029; HPLC (10% EtOH/Hexane, 1.0

ml/min) (RY =42 44 (8 = 50.54 min. Anal. Caled for C.-H, Nn SSi: C. 5297- H. 7.07:
AEAR I ‘ll“.l/ \‘\/ ﬁ'b.‘r‘l’, \Ll/ «/\Jao/ T 1ik1ll. SUE S P oAV AV \Ji /l l V MIZWIE \/ S e ST 9’ “. I .\J7 L)
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N, 5.64. rouna U, 52./4; 11, /.10 IN, 3./1.
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(4D )=9-I enyl-é-(IOluene-‘i-([rlmelnylsuyl)etnanesu Oﬂyl) pen[ 4-enoic acid
ethyl ester (Sh). Colorless oil; [a]p= +5.3 (¢ = 0.004); 'H NMR (CDCl;) 5 7.33 (m, 5H),

5.38 (s, 1H), 5.18 (s, 1H), 4.77 (d, 1H), 4.12 (m, 1H), 4.00 (m, 2H), 3.01 (m, 1H), 2.92
(m, 1H), 2.76 (m, 2H), 1.20 (t, 3H), 0.90 (m, 2H), -0.03 (s, 9H) ppm; 3C NMR (CDCl,) 5
171.8, 142.9, 139.2, 128.5, 128.0, 126.3, 117.1, 61.7, 54.7, 49.9, 39.4, 14.0, 10.1, -2.07
ppm; IR (CH,CL): 3209, 1736, 1339, 1145, 910; HPLC (10% iPrOH/Hexane, 1.0 mL/min)
(R) = 8.25, (S) = 9.15 min. Anal. Calcd for C;sHsNO,SSi: C, 56.37; H, 7.63: N, 3.65.
Found C. 56.57: H. 7.60: N. 3.55
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(S)-Ethyl-3- (phenylcarboxy) -2-(trimethylsilylethanesulfonylamino)-

nnnnnnnn b FEN M 1.« A.-g.-, ~c1. Tl 3 K77 A NN MOLT M1 N\, UT\T\HD (Y N\ ¢ 7 277
propamnoate (Sij. LOIOTIESS Oil) jajp= + 3./ (C = U.UlLL, UIiytLiy); INIVIR (U1JCI3) 6 /.07
7.05 (d, 2H), 5.38 (d, 1H), 4.42 (m, 1H), 4.22 (m, 2H), 3.24 (m, 1H),

(t, 2H), 7.22 (t, iH),
3.00

3.10 (m, 1H), 3.00 (m, 2H), 1.26 (t, 3H), 1.08 (m, 2H), 0.02 (s, 9H) ppm; 13C NMR
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(CDCl3) 8 170.3, 169.3, 150.1, 129.5, 126.2, 121.2, 62.4, 52.6, 50.1, 38.4, 14.1, 10.3,
-2.05 ppm; IR (CH,Cl,): 3296, 2955, 1751, 1593, 1332, 1251, 1194, 1145; Anal. Calcd for
C7H27NO6SSi: C, 50.86; H, 6.78; N, 3.49. Found C, 50.67; H, 6.85; N, 3.52.25

(S)-Ethyl-3-(benzoyl)-2-(acetamino)propanoate (5j). Colorless oil; [a]p= +31.3 (¢
= 0.064, CH,Cl,); 'H NMR (CDCls) 5 7.89 (d, 2H), 7.56 (t, 1H), 7.41 (t, 2H), 6.72 (d, 1H),

——————————

b ? b
13C NM (FﬁPI-\x 197 8 171.1. 1 QO 1358 1337 1207 1280 A1 7 4992 AN 4
N ANAVARN \MdsR a3y U AUy 1.2y RUS Ty 10y MU Ty L&AUlTy 140Uy, Ulliy 0.4, U,
720 120 menm- TR /(OCIT 01\ 2427 2088 1741 1£Q0 18N12 19748 17210. LINDT 71 r1ng7
Ld Ny LJ.7 PPLL, MIN \NLID N2 ). 0D, JUJJ, 1771, 1U0V, 10UD, 1£LVD, 1417, IIriC klUV/U
NTTITY n A R S SRS YA 5 RN A1 1 Vo oA Ay A A 1 e PR | R BN ~~ rr TN Pl
irrUn/nexane, U.4 mi/min) (R) = 41.1, (5) = 43.4 min. Anal. Caicd for C,;4,H;,NOy: C,

63.85; H, 6.51; N, 5.32. Found C, 63.74; H, 6.45; N, 5.26.

(S)-Ethyl-3-(phenylcarboxy)-2-(amino)propanoate hydrochloride (8a).?
Potassium carbonate (45 mg, 0.33 mmol) was added to a solution of optically pure (S)-5e
(40 mg, 0.10 mmol) and thiophenol (13 mg, 0.11 mmol) in acetonitrile (3 mL). The
reaction mixture was stirred at room temperature overnight. The volatiles were removed
in vacuo and the residue was taken up in Et;O and extracted with 1 N HCL. The acid layer
was basified with solid potassium carbonate and extracted with EtOAc (3 mL) to afford 28

tha ~mida amiina  Tha ~Aviida ~nmmaiin wae Adicaenlivad 3m D¢ MY nnd sncamiie —
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solution to precipitate the hydrochloride salt 6a (22 mg, 88% yield):
10, D,O); 'TH NMR (D,0) s 8.00 (d, 2H), 7.72 (t, 1H), 7.538 (t, 2ZH),
4.58 (m, 1H), 4.28 (m, 2H), 3.94 (q, 2H), 1.22 (t, 3H) ppm; 3C NMR (D,0O, dioxane
reference) s 199.7, 170.3, 135.5, 135.4, 129.6, 128.9, 64.3, 49.5, 38.7, 13.7 ppm; IR
(NaCl): 3305, 3054, 1740, 1350, 1265, 1167; HPLC (amine) (20% EtOH/Hexane, 1.4

mL/min) (R) = 8.15, (§) = 9.54 min. Anal. Calcd for ClemClNO3 C, 65.13; H, 6.84; N,

6.33. Found C, 65.33; H, 6.85; N, 6.26. Acidic hydrolysis of 6 in 6 M HCl yielded (L)-
benzoylalanine hydrochloride (96%) which was 1dentncal in all respects ([a], 'H NMR, 13C
ANAAD and TD) ¢~ tha Litaratiira ~rAamnnnn !2
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Deprotection of 5d.2 Compoun
of (trifluoroacetic acid:thioanisole; 9:1; I mL) followed by the addition of methyisuifonic
acid (0.2 mL). The mixture was stirred for 12 h at rt and the volatiles removed under
high vacuum. The resulting oil was diluted with 1 N HCl (2 mL) and washed repeatedly
with Et;O, the aqueous layer was basified with K,COj3, and extraction with EtOAc. The
EtOAc layer was dried over MgSOQy, filtered and concentrated in vacuo affording a yellow
oil. The crude compound was dissolved in Et20 and gaseous HCI was bubbled through the
chloride salt 6 (24 mg, 77% yield). Acidification of amine

solution to nrpclpita[e, the hvd

r
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fluoride (82 mg, 0.54 mmol) were heated together in DMF (1 mL) for 24 h. The reaction

mixture was concentrated and the resulting crude residue was partitioned between Et,O



and 1 M HCI. Basification of the acid layer followed by extraction with EtOAc (3 mL)
afforded the crude amine which was transformed to the hydrochloride salt as above (36
mg, 90% yield). The amine was refluxed for 4 h in 6M HCI and concentrated to afford 34
mg (87% overall yield) of (L)-benzoylalanine hydrochloride.

One pot Svnthesis of Sa. A solution of toluenesulfonamide (150 mg, 0. 88 mmol) and

mL). After 1 h. a solution of catalyst 2 was added and the reaction mixture was stirred at
l‘l‘-‘/ £ AEAVWA l" WNTALWALVAV AL VA v“‘“‘] LA J " AT AW ALS GALING 1AW B wdANLEVLD TIRLALUL W YYAO Juiilivy ac
vt Fre DA Tha annl cilana Aa sxrae than addad ¢~ tlhn saaiverzea ot ) O . P ¥ o N
il 1Vl &+ 11 111C Cilvl dlialivc =a ad Liiclil auucuyu tuU uic HITAWUIC diul v L OUvel d DU 11111l
11 e v h | A TT M 7D AN ral b Vall

period. After 2 h, the reaction was quenched with H,O (3 mL) and extracted with CH,Cl,
(3 mL). The aqueous layer was reextracted with CH,Cl, and the combined organics were
dried with MgSO, and concentrated. The crude reaction mixture was triturated with
hexanes and the resulting crystals were recrystallized from Et,O to yield 294 mg (89%) of
compound 5a. Chiral HPLC analysis revealed that the product was 95% enantiomerically
enriched.

Svynthesis of [L]-m-Nitrobenzoylalanine. To solution of N, O acetal 1d (2.18 g, 6.5
mmol) in THF (20 mL) was added 1-(m-Nitrophenyl)-1-(trimethylsilyloxy)ethylene2? (1.7
o TN mmmnal)y and a cnliitinn ~f ~rataluct ’) (1NN o N1 mmal)l at ot Tha ran~tinn 1700
5, F .\ 111111\}1} aAliltl d JSUIULIVULLI ULl valdlydl & \LUU 1115, uv. L llLll.lUl} al 1 1110 10Aaviivii waod
LYoo n ] L A b memed ~iimmalhad crotdl cooeo £1& TN s o) TR [P B o
renuxced 10r 24 nours dnd Juenclicud witlll wdlel (10 111L) 111C proauct wdd exirdacicd 11oin

the THF:H,O mixture with CH,Ci, (2 x 20 mL). The combined organics were dried,
concentrated and chromatographed on silica gel (1:5:5 EtOAc:Hexanes:CH,Cl,) to afford
2.45 g (85% yield, 94 %ee) of a yellow crystalline solid. Recrystallization of Sk from
EtOAc/Hexanes provided 1.8 g of 99% enantiomerically enriched material. mp = 130-
131°C [a]lp= +21.9 (c = 0.05, EtOAc); 'H NMR (CDCl;) 8 8.68 (s, 1H), 8.43 (d, 2H), 8.33
(d, 2H), 8.22 (d, 1H), 8.04 (d, 2H), 7.68 (t, 1H), 6.00 (d, 1H), 4.37 (m, 1H), 4.03 (m, 2H),
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(15% EtOH/Hexane, 1. mL/‘min) (R) = 41.1, (§) = 43.1 min. Anai. Caicd for
C,sH7N306S: C, 47.89; H, 3.80; N, 9.31. Found C, 47.75; H, 3.84; N, 9.28. Deprotection
of the nitrosulfonyl group was done analagously to compound (§)-5e stated above. The
ethyl ester was cleaved by heating in 6M HCI (10 mL) to yield 0.703 g (77% overall) of
the enantiomerically pure [L]-m-Nitrobenzoylalanine.!3

General Synthesis of N,N-Acetals. The requisite amide or sulfonamide (5.0 g, 29.2
lyoxylate (1.5 g, 14.6 mmol) and refluxed for several hours

ol) was mixed with eth

in tolnene wi n to remave water The reactions were monitored bv |
11 LULUV LW VY I QG i1 tl VW AWLRIANS VW VYV lavwa A ARV k2 WwiAW CANSRANV AL ARAINSRAACANRS A A
ANIAAD AoanaTro Tha w+anrtinne wara wnrlad 119 hy ramnvyal Af the cnlvent and
INIVIIN aasay\ 111C 1CdACLIVIID WUIU wUulnucvu u U LCHIUvVal Ul wil dulvuiil ailu
recrystallization of the crude material in EtOAc or Et,O



Representiaiive Alkylation Procedure of N,N-Acetais. The catalyst was made by
dissolving (R)Tol-BINAP (15 mg, 0.022 mmol) and CuClO4*(CH,CN), (7 mg, 0.021
mmol) in THF. To the 4-Nitrobenzenesulfonyl N,N-acetal (150 mg, 0.30 mmol), in THF
(2 mL) was added the solution of catalyst 2. To this reaction mixture was added the enol
silane of acetophenone (114 mg, 0.60 mmol) at room temperature. The reaction was
stirred at room temperature or heated to reflux until completion as shown by TLC (30%

EtQAc/Hexanes) e reaction was nartitioned with water (3 mL) and CH-Cl, (3 mL)
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residue was subject to column chromatography on silica gel to yield the final product (85%

yield, 87% ee).

N,N-di-p-Toluenesulfonylglycine ethyl ester (1j). White crystalline solid
recrystallized from EtOAc; mp = 178-180 °C, Yield = 89%. 'H NMR (CDCl;) § 7.72 (d,
4H), 7.40 (d, 2H), 7.38 (d, 4H), 5.40 (t, 1H), 3.87 (q, 2H), 2.41 (s, 3H), 1.03 (t, 3H) ppm;
13C NMR (CDCly) 8 167.5, 143.8, 139.5, 130.0, 127.6, 64.6, 62.6, 29.0, 13.7 ppm; IR
(NaCl): 3279, 2917, 1746, 1531, 1436, 1348; Anal. Calcd for C;3sH,N,04S,: C, 50.69; H,

5.20; N, 6.57. Found C, 50.75; H, 5.23; N, 6.59
A A _dicnonitrahanzanacnlifanvialveine athvyl actoar (1LY Vallau wrygtallina enlid
¥y [V =GI=p=NITOOCRZCINCSULONY g1 YCiIC Culy: S50 (axj. ICu0OW (rysudaliiC sGild
rarrvctallizad fensm LT N o — 1ON_1Q9D °C Viald — Q207 1LY NIRAD /Y N £ Q 9Q /A
1 \al_yblalll CU LIULH CLI3GUN, Y = 1 7UT1 74 o, LIVIU = OJ /U, A1 INIVIIN (L7300 ) O 0.40 (U,
E & 2% s 3 A ™ e BN AYAY Fah | ﬂ"' A1 1 h B % ~ N~ s MY TN\ n~s MY TN ® TR
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)s
(CD;3CN) 8 1670 151.1, 147. 3 1292 1252 64.6, 63.8, 14.0 ppm; IR (NaCl) 3281,
3108, 1749, 1607, 1531, 1444, 1351, 1311; Anal. Calcd for C;¢HsN4O10S,: C, 39.34; H,
3.30; N, 11.48. Found C, 39.50; H, 3.34; N, 11.41.
N, N-dimethanesulfonylglycine ethyl ester (1l). White crystalline solid
recrystallized from EtOAc; mp = 152-154 °C, Yield = 86%. 'H NMR (CDCl,) § 7.21 (d,
1H), 5.43 (t, 1H), 4.28 (g, 2H), 3.11 (s, 3H), 1.09 (t, 3H) ppm; 13C NMR (CDCls) § 168.5,

A4 Q A’ZQ A’)R 14 2 ppm; IR (CH.(C1,): 3284 1'7A7 1447 1310- Anal Caled for
AP § S LR ITT i LT Ty ) [RS8 N7l

V.7, UJ.Jy Ti. 17r.J ppiu FEANNRY LA NPS 5 N 1.1 7,4 xi1did. a

CeH14sN,O6S,: C, 26 27: H, 5.15; N, 10.22. Found C, 26.41; H, 5.17; N, 10.26.
O-Silylation NMR Experiment: The following 0.5 mL CD,Cl, solutions were made
up A) N-p-Toluenesulfonylhydroxyglycine ethyl ester 1a (25 mg, 0.091 mmol) B)
Cu()C10,4+(CH3CN)4 (30 mg, 0.091 mmol) and (R)-Tol-BINAP (62 mg, 0.091 mmol) C)
1-phenyl-1-(trimethylsilyloxy)ethylene 4a [35 mg, 0.181 mmol, 'H NMR: 5 7.65 (d, 2H),
7.38 (m, 3H), 5.00 (s, 1H), 4.51 (s, 1H), 0.38 (s, 9H) ppm]. Solutions A and B were mixed
together. No detectable peak shifts were observed. A solution of C (0.125 mL) is added to
the solution of A/B. The spectra contained peaks corresponding to both the enol silane (see
H), 7.50 (1, 2H), 2.62 (s, 3H)

ration. The relative
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the spectra taken at 5 min and i hr after the addition. After 1 hr all new peaks can be
attributed to the product Sa. The rest of C is added to A/B and the proton spectra collected
at S min, 1 hr, 2 hr, 4 hr and 18 hr. During this period the smooth conversion to product
is observed. As indicated in the text: 1) peaks corresponding to the silylated product 9 are
not observed during the reaction. 2) peaks corresponding to the imine 3 are not observed.
In a separate experiment, N-p-Toluenesulfonylhydroxyglycine ethyl ester la (25 mg,

1 mno nd 1-n vl-1-(trimethvlsilvloxv)ethvlene da (70 mo. 0.264 mmol) were
0.091 mmol ) and 1-phenyl-1-(trimethylsilyloxy)ethylene 4a (70 mg, } mmol) wer
dissolved in CD;Cl; (0.75 mL) and a 'H spectra was obtained. There is no evidence for
........ Yoot Lot rmem s1emdanm thhnon ~remdibi e Acrmee b 10Q 1.
dily product 101H1dlO Uuaci tics>ce CONUIUVILD CVeIl dilel 10 1.
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