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Abstract: A series of prolyl and 4-substituted prolyl sulfonamidesthe following two criteria: (a) it contains an acidic hydro-

were prepared and were evaluated as organocatalysts of asymm&ﬁ@ Wlth. a pig value similar to that of th.e carboxyl grQL_Jp,
aldol reaction. Using prolyl methanesulfonamide, 4-benzyloxy-pr@nd (D) it allows for structural elongations and modifica-

lyl methanesulfonamide and toluenesulfonamide and 4-hydrox{ons.

prolyl toluenesulfonamide the aldol product was obtained in mus\pery recently, it has been demonstrated that a proline-de-
higher enantiomeric excess (ee) in comparison to that observed us- ’ .
ing proline itself. In addition, these new catalysts may be used ived tetrazole successfully catalyzes asymmetric Man

; . P
lower sub-stoichiometric amounts than proline, because of their iffich, O-nitroso aldol/Michael and aldol reactiotis:®
proved solubility in organic solvents. However, in the aldol reaction the tetrazole derivative did
Key words: aldol reactions, amino acids, asymmetric catalysis, CQ-Ot ,Iea(lj4 to an increase in enant_loselectlvny c?mpared to
talysis, sulfonamides proline!* When our work was in progress, L'&yand
BerkesséP reported an aldol reaction catalyzed by prolyl

methane- ang-toluenesulfonamide. Thus, the present ar-

Organocatalysis is a rapidly expanding field of asymmett'-(:'e focuses on our results obtained with 4-substituted-
ric catalysis that promises interesting applications for tHgCly! sulfonamides.

synthesis of a variety of enantiomerically pure chemic§2S 4R)-tert-Butoxycarbonyl-4-benzyloxy-proline (1)
productst Small organic molecules from the chiral poolwas coupled with methanesulfonamide gmtbluene-
may efficiently catalyze numerous classical organic reasulfonamide  using N,N’-dicyclohexylcarbodiimide
tions. Among the organocatalysts reported so far, the n2CC) as a coupling reagent in the presence of an equiv-
ural amino acid proline has found wide applications faalent amount of 4-(dimethylamino)pyridine (DMAP}o

the catalysis of enantioselective transformatfoAsfirst, ~produce derivative®a,b (Scheme 1). Removal of the Boc
Hajos, Parrish, Eder, Sauer and Wiechert employed pigrotecting group frona,b by treatment with HCI in
line for the catalysis of an intramolecular aldol reactionMeOH produced derivative3a,b, respectively. In addi-
Since the work of List, Lerner and Bardasho studied tion, 4-hydroxy derivativeSa,bwere prepared after cata-
the proline catalyzed direct intermolecular aldol reactiofytic hydrogenation of compoun@s,band Boc removal.

a series of investigations have demonstrated that proliReaction o#a with (15)-10-camphorsulfonyl chloride in
may efficiently catalyze Michaé&lMannich® a-amina- the presence df-methylmorpholine (NMM) and anhy-
tion,” and a-aminoxylation reaction%.The aim of this drous THF afforded the protected sulfon@tevhich was
work was to develop proline-based catalysts with insonverted to the deprotected derivative(Scheme 1).
proved catalytic properties for aldol reactidns. Prolyl sulfonamideslOa—d were prepared in a similar

The pyrrolidine ring of proline seems to be a suitable tergpanner starting fromert-butoxycarbonylk-proline @)
plate for the construction of new organocatalysts. It h4SC1€Me 2). The enantiomer b, compoundll, was
been proposed that the asymmetric aldol reaction ca so prepared.

lyzed by proline occurs via an enamine mechadiBoth  (S-2-[(N-Methanesulfonyl)aminomethyl]pyrrolidinel §)

the secondary amine of the pyrrolidine ring and the cawvas also prepared as depicted in Schemie@-But-
boxylic acid functionalities are required for the catalytioxycarbonylt-prolinol (12), obtained from the corre-
activity. In medicinal chemistry bioisosteric replacementsponding proliné/ was converted into azidea3®

in lead substances have frequently been utilized in ord@eduction of the azide group by i the presence of 10%
to retain or enhance potencies and to simultaneously ifd/C, followed by treatment with methanesulfonyl chlo-
prove pharmacokinetics properti@sAmong the carbox- ride and deprotection, led to derivatii/g

ylic acid bioisosters, the acyl sulfonamide functionalityne aldol reaction serves as an excellent comparison of
was selected in order to replace the carboxylic acid 9roPkolyl sulfonamides with proline, since it has been thor-

of proline. The rationale behind our design was to replaggghly investigated by Barbas and coworkers using pro-

nitrobenzaldehyde with acetone was used as a model reac-

SYNTHESIS 2005, No. 14, pp 2407-2413 tion to test the efficacy of our new catalysts against pro-
Advanced online publication: 14.07.2005 line itself. The results obtained using prolyl sulfonamides
DOI: 10.1055/8-2005-870026; Art ID: TOO505SS as Catalysts are Summarized in Table 1.
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Boc Boc
1 2a,b
b DANHSOZCH;;;, D/\NHSOZCH:;
¢ Boc H N Hl
BnQ o HO o 14 15
[NMNHR [NVLNHR Scheme 3 Reagents and condition@) (i) MsCl, EtN, CH,Cl,, r.t.,
H HCI Boc 3 h, 100% (ii) Nal, DMF, 60 °C, 18 h, 55%; (b) (i) $110% Pd/C,
3ab / 4a,b THF, r.t.,, 2 h, 100% (ii) MsCI, BN, CH,Cl,, 0 °C, 10 min, r.t., 24 h,
HO 63%; (c) 5 N HCI-MeOH, r.t., 1 h, 96%.
) o) d
NHR
N'Hel Table 1 Direct Asymmetric Aldol Reaction of Acetone and 4-Ni-
H 5ab trobenzaldehyde Using Various Proline-Based Catalysts.
0 CHO O OH
/So? O . catalyst (10-20 mol%)
o o] N O,N EtsN, DMF
b | SO,CeHaCHs D)LNHSOZC,_B 20 vol% NO»
N
. Entry Catalyst Catalyst  Yield (%) ee (%%
6R:B
b[ 7R: HOC loading (%)
Scheme 1 Reagents and conditionga) Methanesulfonamide or 1 3a 20 61 88
para-toluenesulfonamide, DCC, DMAP, r.t., 18 h, 63% farand
80% for2b; (b) 5 N HCI-MeOH, r.t., 1 h, 85-95%; (C,H.0% Pd/ 2 3a 10 63 89
C, 1,4-dioxane, r.t., 24 h, 89% fda and 72% fordb; (d) (19-10- 3 3 20 60 89
camphorsulfonyl chloride, NMM, THF, 0 °C, 30 min, r.t., 18 h, 89%.
4 3b 10 62 87
o) o]
5 5a 20 58 50
a b
WOH — U)LNHR —
’é‘ N 6 5b 20 63 90
8 Sa-d 7 5b 10 63 89
9,10
LT 8 7 20 22 63
a SO,CH;
D)\NHR 10 10b 20 62 76
N Hel ¢l o
10a-d 0,8 11 10c 20 47 63
g 12 10d 20 78 60
o]
o, 13 11 20 58 74
?J)\ 14 15 20 12 23
S NHSO,CgH4CHs .
N Hel 15 L-Prd! 20 63 69
B 16 L-Pro-HCI 20 60 63

Scheme 2 Reagents and conditionga) Methanesulfonamide or 2 |solated yields after column chromatography

para-toluenesulfonamide or R)-10-camphorsulfonamide or $ . : .
10-camphorsulfonamide, DCC, DMAP, r.t., 18 h, 58-67%; (b) 5 NThe ee was determined by HPLC on a Daicel Chiralpak AD-RH col-

N "~ 0R0 umn.
HCI-MeOH, r.t,, 1 h, 94-96%. ¢ (9-Enantiomer of the aldol product.

4In the absence of M.
Under the conditions employed, using both 4-benzyloxy
derivatives3aand3b the product of the aldol reaction was
isolated in the same chemical yield but in significantlyentry 8) produced product in low yield and moderate ee.
higher ee (entries 1-4) than those observed using prolidethanesulfonamide aqra-toluenesulfonamide deriv-
itself or proline hydrochloride in the presence gfNHien-  atives10aand10b (entries 9 and 10) led to 85% and 76%
tries 15 and 16). However, among the derivatb@and ee, respectively, while sulfonamid&6c and10d based
5b containing the hydroxyl group at the 4-position, onlyn the bulky chiralR)- or (S)-camphor moiety (entries 11
the para-toluenesulfonamide derivative led to a producind 12) led to results similar to those obtained by using
of high ee (entry 6). 4-Camphorsulfonyloxy derivative proline. The enantiomer dfOb, compoundll, (entry 13)
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produced the$)-aldol product in similar yield and ee. A Melting points were determined on a melting point apparatus and
dramatic decrease in both yield and ee was observétf uncorrected. Specific rotations were measured on a Perkin El-

when derivativel5 (entry 14) was tested, indicating themer 841 polarimeter using a 10 cm cell. NMR spectra were recorded
' n a Varian Mercury 200 MHz spectrometer. Where rotamers are

|mp_ortance of the pres_ence of the carbonyl group. Corgbparent and resolved, peaks for major and minor rotamers are re-
paring the results obtained by using acyl sulfonarh@® ,iteq. Analytical TLC plates (silica gel 65 and silica gel 60

and simple sulfonamidEs, it is obvious that the presence(70-230 or 230-400 mesh) for column chromatography were pur-
of the carbonyl group is necessary, possibly contributingjased from Merck. Visualisation of spots was effected with UV
to the acidity of the sulfonamide hydrogen. It should beht and/or phosphomolybdic acid and/or ninhydrin stains. THF
noticed that the rather poor solubility of proline in man nd 1,4-dioxane were freshly distilled from sodium-benzophenone
solvents requires its use in catalytic amounts up to %@tyl radical under an Ar atmosphere and immediately prior to use.

. L . O was treated with CaChnd stored over Na. All other solvents
0 B
mol%. Prolyl sulfonamides exhibit better solubility prop and chemicals were of reagent grade and used without further puri-

erties allowing the employment of low sub-stoichiometrigeation. Elemental analyses were obtained in a Perkin-Elmer 2400
amounts. For example, cataly8& 3b and5b were used instrument from vacuum-dried samples (ove®Pat 1-2 mm Hag,
in 10 mol% amount (entries 2, 4 and 7, respectively) witla8 h at r.t.) and were withit0.4% of theoretical values.
out affecting the isolated yield and the enantiopurity of the
aldol product. Preparation of the Protected Acyl Sulfonamides 2a,b and 9a—d,

. General Procedure
Ley et al. reported that the product of the aldol reactiory a solution of Boe-HyPro(Bn)-OH () or Boct-Pro-OH §)
between acetone and 4-nitrobenzaldehyde was isolateq1imo mmol) in anhyd C}l, (16 mL) were added the correspond-
52% yield and 87% ee, using catal§8ia (20% catalyst ing sulfonamide (1 mmol) followed by DCC (206 mg, 1.00 mmol)
loading) and DMSO as the reaction solvEnHigher and DMAP (122 mg, 1.00 mmol). The mixture was stirred for 18 h.
yields but lower ee values were observed using other e dicyclohexylurea was filtered off, the solvent was removed and

. . . the residue was purified by column chromatography using initially
action solvents instead of DMS]@)Accordlng to Berkes- a mixture of EtOAc—petroleum ether (1:1) and subsequently a mix-

sel et al., catalystOb (30% catalyst loading) led to they,re of CHCl-MeOH (9:1) as eluents to giab and9a-d, re-
product of the same aldol reaction in 98% yield and 93%pectively.

ee, when DMSO or acetone was used as the sdfvent.
Slightly higher ee values but lower yields were observdas,4R)-tert-Butyl 4-(Benzyloxy)-2-(methylsulfonylcarbam-

when they used 5-10% catalyst loading and prolonged RyDpyrrolidine-1-carboxylate (2a)
action time*® Colorless oil (251 mg, 63%)¢],2° —60.0 ¢ = 1.0, CHC}).

1 . —

In the case of proline-catalyzed aldol reaction, the enant@'— ’(;“\(/ln'? (220H0 (',\5'/' HCZH)C 202{)3 (65_31H44S[§):r: ,)93I.-|A:0(zg('3§03],(ni.025 ,__|
selectivity has been explained with a metal free version §f,ny 4.15 (m. 1 H, CHN), 4.25-4.60 (m, 3 HH@h, OCH),

a Zimmerman-Traxler type transition state (Figur@)l%  7.10-7.48 (m, 5 H, Ph), 9.80 (m, 0.4 H, NH), 10.35 (m, 0.6 H, NH).
Computational studies have led to a better understandiag yvir (50 MHz, CDCJ): 5 = 28.1, 33.4, 33.5, 40.9, 41.3, 49.0,

of the catalytic mechanisffiIn accordance with the tran- 51 9 59.0, 70.7, 71.1, 75.7, 81.5, 127.5, 127.7, 128.3, 137.4, 154.2,
sition state proposed for proline itself, a similar framets6.0, 157.2, 172.1.

work may be proposed for prolyl sulfonamides (Figure Janal calcd for GiH,N,0,S (398.47): C, 54.26; H, 6.58; N, 7.03.
B). In this case the N-substituent of sulfonamide posse$sund: C, 54.50: H, 6.70: N, 6.90.

es a position enhancimg-facial attack.

(2S,4R)-tert-Butyl 4-(Benzyloxy)-2-(tosylcarbamoyl)pyrroli-
Rl dine-1-carboxylate (2b)
% Colorless ail (380 mg, 80%)¢],?°—64.7 € = 1.0, CHC)).

IH NMR (200 MHz, CDCJ): 8 = 1.45 [br s, 9 H, C(CH)], 2.05 (m,

,\('\‘ \H 1 H, CHHCH), 2.20-2.50 (m, 4 H, GHCH, CHy), 3.25-3.77 (m, 2
RO,y O H, CHN), 4.10 (m, 1 H, CHN), 4.20-4.60 (m, 3 H, OCH{£h),
\( i 7.09-7.50 (m, 7 H, Ph,¢8,), 7.73-8.08 (m, 2 H, &), 10.00 (m,
refacial attack S 0.6 H, NH), 10.60 (m, 0.4 H, NH).
R

(A) (B) 13C NMR (50 MHz, CDCJ): § = 21.2, 21.3, 27.6, 27.9, 32.7, 33.4,
48.8, 51.6, 58.8, 59.9, 70.5, 70.9, 75.6, 76.1, 80.8, 81.4, 127.3,
Figure 1 Transition state of the prolind\f and the prolyl sulfon- 1275 127.9,128.1, 129.2, 135.5, 137.7, 144.5, 144.7, 154.0, 156.1,
amide B) catalyzed aldol reaction. 157.2, 169.4, 170.7.
Anal. Calcd for GH3N,OgS (474.57): C, 60.74; H, 6.37; N, 5.90.
In conclusion, a series of prolyl sulfonamides has be&ound: C, 60.80; H, 6.30; N, 5.85.
prepared and it has been demonstrated that some of them
efficiently catalyze the aldol reaction. 4-BenzyloxyproIy{)s(;))‘(telgtf‘(g)g)z'('\"ahy'su'fO“y'CfirbamOy')py”o"di”e'l‘car'
and 4-hydroxyprolyl sulfonamideda,b andsh represent Colorless ol (170 mg, 58%)¢],25 —125.2 ¢ = 1.0, CHCJ).
attractive alternatives to proline offering: (a) higher enan-
tioselectivity (up to 20%) in comparison to proline, (b) a+ NMR (200 MHz, CDCJ): & = 1.43 [br s, 9 H, C(CH], 1.75-
decrease of the required catalytic amount (10%) in co é%(:ln) 33gbgzcég?r?_'z)"f“gﬁgnfsgkngcﬂ)bifo (s, 3 H,
parison to proline (20—-30%) and (c) better solubility in or- o ' T T T
ganic solvents.
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13C NMR (50 MHz, CDC)): § = 24.3, 28.2, 30.8, 41.1, 47.2, 60.4,*C NMR (50 MHz, CDC)): § = 28.3, 37.8, 39.0, 40.9, 41.3, 54.9,

81.6, 156.4, 171.3. 58.2, 60.2, 69.0, 69.7, 81.4, 81.7, 154.6, 155.8, 173.5.

Anal. Calcd for GH,(N,OsS (292.35): C, 45.19; H, 6.90; N, 9.58. Anal. Calcd for G;H,oN,O¢S (308.35): C, 42.85; H, 6.54; N, 9.08.
Found: C, 45.05; H, 7.20; N, 9.60. Found: C, 42.90; H, 6.50; N, 9.20.

(S)-tert-Butyl 2-(Tosylcarbamoyl)pyrrolidine-1-carboxylate (25,4R)-tert-Butyl 4-Hydroxy-2-(tosylcarbamoyl)pyrrolidine-1-
(9b) carboxylate (4b)

White solid (220 mg, 60%); mp 201-203 °@}J**-117.5€¢=1.0, White solid (277 mg, 72%); mp 213-215 °@}>*-91.2 ¢ = 1.0,
CHCL,). CHCLy).

IH NMR (200 MHz, CDCJ): § = 1.45 [br s, 9 H, C(C),], 1.70- *H NMR (200 MHz, CDCJ): § = 1.48 [br s, 9 H, C(C], 1.70—
2.25 (m, 4 H, ®,CH,CH), 2.40 (s, 3 H, C}J, 3.10-3.60 (m, 2 H, 2.10 (m, 2 H, ,CH), 2.43 (s, 3 H, CH, 3.30-3.60 (m, 2 H,
CH,N), 4.10 (m, 1 H, CH), 7.30 (d,= 8.7 Hz, 2 H, gH,), 7.90 (d, CH,N), 3.71 (d,J = 2.2 Hz, 1 H, OH), 4.25-4.55 (m, 2 H, CHN,
J=8.7Hz, 2 H, H,), 9.58 (m, 0.3 H, NH), 10.70 (m, 0.7 H, NH). OCH), 7.32 (dJ = 7.4 Hz, 2 H, @H,), 7.94 (d,J = 7.8 Hz, 2 H,

13C NMR (50 MHz, CDCJ): § = 21.5, 24.2, 24.8, 28.1, 30.5, 33.7,CeHa)-
47.1, 49.0, 60.2, 61.0, 81.5, 128.2, 129.3, 135.7, 144.7, 157:C NMR (50 MHz, CQOD): § = 21.5, 28.2, 28.6, 38.9, 39.9, 55.7,

169.3. 55.9, 60.2, 60.4, 69.8, 70.6, 81.8, 129.1, 129.4, 130.4, 130.6, 137.6,
Anal. Caled for GH,,N,0:S (368.45): C, 55.42; H, 6.57; N, 7.60. 1463, 155.5,156.1, 173.1.
Found: C, 55.40; H., 6.72: N, 7.70. Anal. Calcd for GH,N,0S (384.45): C, 53.11; H, 6.29; N, 7.29.

Found: C, 53.12; H, 6.30; N, 7.32.
(29)-tert-Butyl 2-{[((1 R,4S)-7,7-Dimethyl-2-oxobicy-
clo[2.2.1]heptan-1-yl)methylsulfonyl]carbamoyl}pyrrolidine-1-  (2S,4R)-tert-Butyl 4-{[(1S,4R)-7,7-Dimethyl-2-oxobicy-
carboxylate (9c) clo[2.2.1]heptan-1-yllmethylsulfonyloxy}-2-(methylsulfonyl-
Colorless oil (262 mg, 61%)¢],?°—91.8 € = 1.0, CHC)). carbamoyl)pyrrolidine-1-carboxylate (6)

1H NMR (200 MHz, CDCJ): § = 0.87 (s, 3 H, CKJ, 1.01 (s, 3 H, To a stirred solution ofa (308 mg, 1.00 mmol) in anhyd THF (12
CHy), 1.44 [br s, 9 H, C(CHl], 1.65-2.52 (series of m, 11 Hx5 ML) were added NMM (0.28 mL, 2.50 mmol) and5t+)-cam-

CH.. CH). 3.00-3.90 4 H CH.N). 4.38 1H phor-10-sulfonyl chloride (315 mg, 1.25 mmol) at 0 °C. The reac-
CHKI). ) (m. » CBO, CHA), (m, * tion mixture was stirred at 0 °C for 30 min and at r.t. for 3 h. NMM

L (75 pL, 0.67 mmol) and (3-(+)-camphor-10-sulfonyl chloride
°C NMR (50 MHz, CDC)): § = 19.5, 19.8, 24.2, 24.9, 26.4, 26.9,(150 mg, 0.60 mmol) were then added and the stirring was contin-
28.2,30.5,42.5,42.9,47.1, 48.4, 48.8, 50.0, 53.5, 58.4, 59.1, 8L444 at r.t. for 18 h. The solvent was removed) K.5 mL) was add-

156.0, 172.0, 217.3. ed and the product was then extracted with EtOAc8 mL). The
Anal. Calcd for GHs,N,O4S (428.54): C, 56.05; H, 7.53; N, 6.54. combined organic layers were washed consecutively with 1 M
Found: C, 56.40; H, 7.52; N, 6.60. KHSO, and HO and dried (Ns&50,), and the solvent was evaporat-
ed. The product was purified by column chromatography using a
(29)-tert-Butyl 2-{[((1S,4R)-7,7-Dimethyl-2-oxobicy- mixture of CHC}-MeOH (9:1) as eluent to gi\éas a colorless olil
clo[2.2.1]heptan-1-yl)methylsulfonyl]carbamoyl}pyrrolidine-1- (464 mg, 89%);d]p**-2.2 € = 1.0, MeOH).
carboxylate (9d) H NMR (200 MHz, CDCJ): & = 0.75-2.80 (series of m, 24 Hx5
Colorless oil (286 mg, 67%)¢]>° -51.3 ¢ = 1.2, CHC)). CH,, 4% CH,, CH), 3.00 (d,) = 16 Hz, 1 H, GIHSO,), 3.10-3.30

IH NMR (200 MHz, CDCJ): 6 = 0.88 (s, 3 H, Ck), 1.08 (s, 3H, (m, 3 H, SQCH;), 3.58 (d,J = 16 Hz, 1 H, CHiSO,), 3.65-4.48
CH,), 1.47 [br s, 9 H, C(CH)5], 1.60-2.58 (series of m, 11 Hx5 (m, 3 H, CHN, CHN), 5.29 (m, 1 H, OCH), 7.50 (m, 0.5 H, NH),
CH,, CH), 3.10-3.95 (m, 4 H, G8O,, CH,N), 4.30 (m, 1 H, 7.68(m, 0.5H, NH).

CHN). 13C NMR (50 MHz, CDCJ): & = 19.5, 26.3, 26.7, 28.1, 28.4, 32.3,
13C NMR (50 MHz, CDCJ): § = 19.5, 19.7, 24.4, 25.0, 26.7, 27.2,34.5,41.0, 42.3, 42.5, 46.5, 48.0, 53.0, 57.8, 60.0, 77.2, 78.9, 82.2,
28.4,30.5,42.4, 42.7, 47.1, 48.4, 48.5, 50.2, 53.5, 58.5, 59.2, 81.85.6, 167.6, 214.4.

156.3,172.4, 217.5. Anal. Calcd for G,H3,N,0,S, (522.63): C, 48.26; H, 6.56; N, 5.36.

Anal. Calcd for GgH,,N,O6S (428.54): C, 56.05; H, 7.53; N, 6.54. Found: C, 48.52; H, 6.32; N, 5.60.
Found: C, 56.35; H, 7.55; N, 6.59.

N-Boc-(S)-2-azidomethylpyrrolidine (13)
Removal of Benzyl Group from the Protected Acyl Sulfon- To an ice-cold solution oN-Boc--prolinol (12) (201 mg, 1.00
amides 2a,b; General Procedure mmol) in anhyd CBCl, (4 mL) were added BN (0.21 mL, 1.50
To a stirred solution da,b (1.00 mmol) in anhyd 1,4-dioxane (15 mmol) and methanesulfonyl chloride (1,116, 1.50 mmol). The re-
mL), 10% Pd/C (50 mg) was added. The reaction mixture wa§tion mixture was stirred for 3 h. The solvent was removed, H
stired under K for 24 h at r.t. After filtration through a pad of (7 mL) was added and the product was then extracted with EtOAc
Celite, the solvent was removed and the residue was purified by c6l> 5 mL). The combined organic layers were washed consecutive-
umn chromatography using a mixture of CE#®MeOH (9:1) as ly with 1 M KHSQ, and HO and dried (Ng50,), and the solvent

eluent to giveta,b. was evaporated. The intermediate mesylate was obtained in quanti-

tative yield as a yellowish oil (279 mg) and used without additional
(2S,4R)-tert-Butyl 4-Hydroxy-2-(methylsulfonylcarbam- purification. Thus, the mesylate was dissolved in anhyd DMF (5
oyl)pyrrolidine-1-carboxylate (4a) mL) and NaN (195 mg, 3.00 mmol) was added. The reaction mix-
White solid (foam) (274 mg, 89%); mp 92-94 °@,f5-97.0 ¢=  ture was heated to 60 °C for 18 h, allowed to cool to r.t. and the sol-
1.0, CHCY). vent was removed under reduced pressure. Subseques@iy;1Bl

mL) was added and the product was then extracted with EtOAc
(3% 10 mL). The combined organic layers were dried,8G),

and the solvent was evaporated. The product was purified by col-
umn chromatography using a mixture EtOAc—petroleum ether (7:3)

IH NMR (200 MHz, CDCJ): § = 1.45 [br s, 9 H, C(C}}], 1.95—
2.50 (M, 2 H, ®,CH), 3.10-3.75 (m, 5 H, SOH,, CH,N), 4.20—
4.60 (M, 2 H, CHN, OCH).
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as eluent to givé3 as a colorless oil (125 mg, 55%9]§%° -50.0  (2S,4R)-4-(Benzyloxy)N-tosylpyrrolidine-2-carboxamide
(c=1.0, CHC)); [Lit.?* [a]p?°—49.5 € = 1.16, CHC))]. Hydrochloride (3b)

. . . o 5 =
!H NMR (200 MHz, CDCJ): § = 1.48 [s, 9 H, C(CH)], 1.72-2.08 White solid (352 mg, 94%); mp 187-189 °@}?°> +12.9 ¢ = 1.0,
(m, 4 H, GH,CH,CH), 3.10-3.68 (m, 4 H, IE,;NHSO,, CH,N), 3.92  MEOH).

(m, 1 H, CH). H NMR (200 MHz, CQOD): & = 1.96 (m, 1 H, CHCH), 2.43 (s,
. . . 3 H, CHy), 2.72 (m, 1 H, &HCH), 3.34-3.58 (m, 2 H, CM),
Anal. Calcd f H.gN 226.28): . H, 8.02; N, 24.76.
Anal. Bajed Tor GoPlafla0z (226 26): C, 53.08: H, 8.02 N, 2476 364,52 (m, 2 H, CHN, OCH), 456 (s, 2 H4@h), 7.20-7.47
T e e (m, 7 H, Ph, @H,), 7.93 (dJ =8.0 Hz, 2 H, gH,).
N-Boc-(S)-2-(methanesulfonyl)methylpyrrolidine (14) 13C NMR (50 MHz, CROD): § = 21.6, 36.4, 52.6, 60.5, 72.0, 78.2,

To a stirred solution of azide8 (120 mg, 0.53 mmol) in anhyd THF 129.0, 129.1, 129.4, 129.5, 130.7, 137.1, 138.6, 146.8, 168.2.
(5 mL), 10% Pd/C (50 mg) was added. The reaction mixture w . on) —

stirred under Kifor 2 h at r.t. After filtration through a pad of Celite,‘f\l"f’S (FAB):m'z (%) = 375 (100) [M + H.

the solvent was removed ang®(5 mL) was added. The pH of the Anal. Calcd for GoH,3CIN,O,S (410.91): C, 55.54; H, 5.64; N,
aqueous phase was lowered to 2 with 1 M Ki{S®e aqueous lay- 6-82. Found: C, 55.70; H, 6.00; N, 6.70.

er was washed with EtOAc £&5 mL), and the pH was then adjust- o

ed to 13 with NgCO, (sat. solution). After extraction with EtOAc (25,4R)-4-Hydroxy-N-(methylsulfonyl)pyrrolidine-2-carbox-

(6 x 5 mL), the combined organic phases were dried ovgB®a amide Hydrochloride (5a)

and concentrated under reduced pressure. The intermediate an¥i{tite, sticky solid (hygroscopic) (232 mg, 95%)}%; —11.0 ¢ =
was obtained in quantitative yield as a yellowish oil (106 mg) ank0. MeOH).

used without additional purification. Henchl-Boc-(§)-amino- 4 NMR (200 MHz, CQOD): 6 = 2.17 (m, 1 H, CHCH), 2.47 (m,
methylpyrrolidine (106 mg, 0.53 mmol) was dissolved in anhyd H, CHHCH), 3.20-3.45 (m, 5 H, SGH,, CH,N), 4.45-4.67 (m,
CH,CI, (4 mL), the solution was cooled to 0 °C ang\&(0.22 mL, 2 H, CHN, OCH).

1.59 mmol) and methanesulfonyl chloride (82 1.06 mmol) were e
added. The mixture was stirred for 24 h at r.t. and then the solv 13Q4N'\é|§5(590M6HZ7’009Q?6D&95 =38.5,39.4,41.6,54.0, 55.0, 55.3,
was removed under reduced pressur®) Kb mL) was added and ~7 7 YT TR TR o
the product was then extracted with EtOAc(3 mL). The com- MS (ESI):m/z (%) = 209 (22) [M + H].

bined organic layers were washed consecutively with 1 M KHSQ\n4. caled for GH,:CIN,O,S (244.70): C, 29.45; H, 5.35; N,
and HO and dried (Ng£50,), and the solvent was evaporated. The 1 45 Found: C,29.30: H, 5.61: N, 11.48.

product was purified by column chromatography using a mixture of

EtOAc—petroleum ether (8:2) as eluent to dives a yellowish olil 25,4R)-4-Hydroxy-N-tosylpyrrolidine-2-carboxamide Hydro-
(175 mg, 63%);],*~17.1 ¢ = 0.7, CHCJ). i ey roxy-Ntosyipy Y

'H NMR (200 MHz, CDCJ): § = 1.44 [br s, 9 H, C(CH,], 1.60— White solid (302 mg, 94%); mp 123-125 °G]J* +3.4 € = 1.0,
2.12 (m, 4 H, ®,CH,CH), 2.90 (s, 3 H, S{&H,), 3.05-3.55 (m, 4 MeOH).

H, CHNHSO,, CHN), 3.94 (m, 1 H, CH), 5.05 (m, 0.3 H, NH), 14 N(R (200 MHz, CROD): § = 1.94 (m, 1 H, CHCH), 2.34—

5.97 (m, 0.7 H, NH). 2.58 (m, 4 H, CH CHHCH), 3.22-3.45 (m, 2 H, CM)), 4.40-4.66
13C NMR (50 MHz, CDCJ): § = 23.7, 28.4, 29.3, 39.8, 47.2, 47.9,(m, 2 H, CHN, OCH), 7.40 (dl = 8.0 Hz, 2 H, GH,), 7.91 (d,J =
56.8, 80.2, 156.2. 8.4 Hz, 2 H, GH,).

Anal. Caled for GH,,N,0,S (278.37): C, 47.46; H, 7.97; N, 10.06.1°C NMR (50 MHz, CQOD): § = 21.6, 39.3, 55.1, 60.4, 70.9, 129.3,
Found: C, 47.41; H, 7.90; N, 10.12. 130.7, 137.2, 146.6, 168.7.

_ MS (FAB): Mz (%) = 285 (100) [M + H.
Removal of Boc Group from the Protected Acyl Sulfonamides
2a,b, 4a,b, 6, 9a—d, and fronN-Boc-(S)-2-(methanesulfon- Anal. Calcd for G,H,,CIN,O,S (320.79): C, 44.93; H, 5.34; N,
ylmethylpyrrolidine (14); General Procedure 8.73. Found: C, 45.01; H, 5.70; N, 8.70.
Thetert-butoxycarbonyl groups &a,b, 4a,b, 6, 9a—d, and14 (1.00 o
mmol) were removed by treatment with 5 N HCI in MeOH (7 mL{3R,59)-5-(Methylsulfonylcarbamoyl)pyrrolidin-3-yl [(1 S,4R)-
35 mmol) for 1 h at r.t. After evaporation under reduced pressure g/ -Dimethyl-2-oxobicyclo[2.2. 1]heptan-1-ylmethane-
a small volume (1 mL), anhyd /& was added (5 mL) and the pre-Sulfonate Hydrochloride (7)

cipitated product was afforded through decantation. \I\I/IVhiOtel-SO"d (422 mg, 92%); mp 165-166 °@}4*> +31.6 ¢ = 1.0,

eOH).
(28,4R)_-4-(Benzonxy)_N-(methylsulfonyl)pyrrolidine-2-car- 'H NMR (200 MHz, CQOD): 8 = 0.90 (s, 3 H, CH), 1.09 (s, 3 H,
boxamide Hydrochloride (3a) CH,), 1.40-2.95 (series of m, 9 Hx4CH,, CH), 3.25-3.38 (m, 4
White solid (285 mg, 85%); mp 190-192 °@]{** +1.7 € = 1.0, H, CHHSO,, CH,S0Q,), 3.60-3.84 (m, 3 H, CHSQ,, CH,N), 4.60
MeOH). (m, 1 H, CHN), 5.61 (m, 1 H, OCH).

'H NMR (200 MHz, CRQOD): 3 = 2.19 (m, 1 H, CHCH), 2.71 (m,  3C NMR (50 MHz, CQOD): 6 = 19.7, 19.9, 26.4, 27.7, 37.5, 41.6,
1H, GHHCH), 3.30 (s, 3 H, C}, 3.36-3.65 (m, 2 H, Cjl), 4.36—  43.4, 44.1, 47.3, 49.2, 53.5, 59.3, 60.7, 80.9, 169.2, 216.5.

4.55 (m, 2 H, CHN, OCH), 4.59 (s, 2 HHgPh), 7.23-7.45 (m, 5 _

" Ph(). ), 4.59 (s, 2 HHePh) (M5 Ms (FAB): iz (%) = 423 (50) [M + H].

13C NMR (50 MHz, CRQOD): 5 = 35.6, 36.4, 41.6, 52.4, 52.7, 59.5,’21%" Eoﬂfg_fgr %H()ZZ)(?:L\'ZE’?S%_ (352'82)' C, 4187, H, 593 N,
60.6, 72.0, 78.0, 78.3, 129.0, 129.1, 129.5, 138.7, 169.5. i P e T I T DS

MS (FAB):m/z (%) = 299 (78) [M + H. (S)-N-(Methylsulfonyl)pyrrolidine-2-carboxamide Hydrochlo-

Anal. Calcd for GH,CIN,O,S (334.82): C, 46.63; H, 5.72; N, rde (10a) _ _

8.37. Found: C, 46.30; H, 5.99: N, 8.38. Pale yellow, sticky solid (hygroscopic) (217 mg, 95%);$°—-11.2
(c= 0.5, MeOH).
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'H NMR (200 MHz, CRQOD): & = 1.95-2.25 (m, 3 H, Aldol Reactions between 4-Nitrobenzaldehyde and Acetone;
CH,CHHCH), 2.47 (m, 1 H, 6HCH), 3.31 (s, 3 H, S{@CH;), General Procedure

3.35-3.50 (m, 2 H, Cji), 4.36 (m, 1 H, CH). To a mixture of anhyd DMF (1.60 mL) and anhyd acetone (0.40
1 .S = mL) were added 4-nitrobenzaldehyde (30 mg, 0.20 mmol) followed
“CNMR (50 MHz, CROD): & =24.8, 304, 41.5, 47.5, 61.7, 169'7'by the catalyst8a,b or5a,bor7 or 10a-d or 15 (10—20 mol%) and

MS (FAB):m/z (%) = 193 (100) [M + H. an equivalent amount of f&. The resulting mixture was stirred at
Anal. Calcd for GH,sCIN,O:S (228.70): C, 31.51; H, 5.73; N, r.t. for 18-24 h. Following aqueous workup with sat.,NHsolu-
12.25. Found: C, 31.44; H, 6.02; N, 12.27. tion and extraction several times with EtOAc, the combined organic
layers were dried (N8Q,), and the solvent was evaporated. The
product was purified by column chromatography using a mixture of
EtOAc—petroleum ether (1:1) as eluent to give the pure aldol prod-
uct as a yellowish oil. HPLC [Daicel Chiralpak AD-RH, HN—

H,0 (30:70), flow rate 0.5 mL/mif, = 254 nm]t; (major) = 15.99
min, tg (minor) = 19.61 min.

H NMR (200 MHz, CDCJ): § = 2.21 (s, 3 H), 2.83 (m, 2 H), 3.56
(d,J=3.2 Hz, 1 H), 5.25 (m, 1 H), 7.52 @~ 7.0 Hz, 2 H), 8.20
'(d,J=7.0 Hz, 2 H).

(S)-N-Tosylpyrrolidine-2-carboxamide Hydrochloride (10b)
Pale yellow, sticky solid (hygroscopic) (286 mg, 94%};,1° +5.3
(c=0.57, MeOH).

IH NMR (200 MHz, CROD): § = 1.10-2.15 (m, 4 H, I§,CH,CH),
2.43 (s, 3 H, Ch), 3.20-3.40 (m, 2 H, CI), 4.27 (m, 1 H, CH),
7.41 (d,J=8.0 Hz, 2 H, gH,), 7.92 (d,J = 8.2 Hz, 2 H, GH,).

13C NMR (50 MHz, CQOD): 5 = 21.6, 24.7, 30.3, 34.7, 47.4, 61.5
129.4, 130.7, 137.2, 146.8, 168.4.

MS (FAB): mz (%) = 269 (100) [M + H].

Anal. Calcd for GH,,CIN,O,S (304.79): C, 47.29; H, 5.62; N,
9.19. Found: C, 47.02; H, 5.98; N, 9.25.
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(29)-N-{[(1R,4S)-7,7-Dimethyl-2-oxobicyclo[2.2.1]heptan-1-
yllmethylsulfonyl}pyrrolidine-2-carboxamide Hydrochloride
(10c) References

Pale yellow, sticky solid (hygroscopic) (350 mg, 96%);$°—35.1
(c=0.58, MeOH).

IH NMR (200 MHz, CROD): 5 = 0.89 (s, 3 H, CH, 1.10 (s, 3 H,
CHy), 1.40-2.58 (series of m, 11 Hx5CH,, CH), 3.10 (d,) = 14
Hz, 1 H, GHHSO,), 3.25-3.53 (m, 2 H, CIN), 3.95 (dJ = 15 Hz,
1 H, CHHSO), 4.44 (m, 1 H, CHN).

13C NMR (50 MHz, CQOD): § = 19.8, 19.9, 24.9, 26.3, 27.8, 30.2,
43.4,44.0, 46.0, 47.6, 51.7, 59.7, 61.8, 169.6, 217.7.

MS (ESI):mVz (%) = 329 (100) [M + H.

Anal. Calcd for GH,sCIN,O,S (364.89): C, 49.37; H, 6.91; N,
7.68. Found: C, 49.55; H, 7.28; N, 7.80.

(29)-N-{[(1S,4R)-7,7-Dimethyl-2-oxobicyclo[2.2.1]heptan-1-
yllmethylsulfonyl}pyrrolidine-2-carboxamide Hydrochloride
(10d)

Pale yellow, sticky solid (hygroscopic) (346 mg, 95%),°> +39.6
(c=0.50, MeOH).

!H NMR (200 MHz, CQOD): 5 =0.89 (s, 3 H, CkJ, 1.08 (s, 3 H,
CH,), 1.18-2.59 (series of m, 11 Hx8CH,, CH), 3.20-3.50 (m, 3
H, CH,N, CHHSO,), 3.92 (dJ=15.4 Hz, 1 H, CHSO,), 4.36 (m,

1 H, CHN).

13C NMR (50 MHz, CRQOD): § = 19.7, 19.9, 25.0, 26.4, 27.9, 30.3,
43.4,43.6,44.0,47.6,51.1, 59.8, 61.9, 170.4, 217.5.

Anal. Calcd for GsH,:CIN,O,S (364.89): C, 49.37; H, 6.91; N,
7.68. Found: C, 49.50; H, 7.27; N, 7.78.

(9)-2-[(N-Methanesulfonyl)aminomethyl]pyrrolidine Hydro-
chloride (15)

White, sticky solid (hygroscopic) (206 mg, 96%)]?°-11.0 € =
1.0, MeOH).

'H NMR (200 MHz, CRQOD): § = 1.79 (m, 1 H, &IHCH), 1.95—
2.58 (m, 3 H, €1,CHHCH), 3.02 (s, 3 H, S&TH,), 3.20-3.55 (m,
4 H, CH,NHSO,, CH,N), 3.73 (m, 1 H, CH).

13C NMR (50 MHz, CQOD): § = 24.1, 28.3, 39.6, 44.3, 46.6, 61.8.
MS (ESI):m/z (%) = 179 (100) [M + H.

Anal. Calcd for GH,:CIN,O,S (214.71): C, 33.56; H, 7.04; N,
13.05. Found: C, 33.40; H, 7.40; N, 13.12.
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