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(4. XII. 95) 

The bicyclic and tricyclic meso-N- (methylsulfony1)dicarboximides la-f are converted enantioselectively to 
isopropyl [(sulfonamido)carbonyl]-carboxylates 2a-f by diisopropoxytitanium TADDOLate (75-92 % yield; see 
Scheme 3 ) .  The enantiomer ratios of the products are between 86:14 and 97:3, and recrystallization from 
CH2C12/hexane leads to enantiomerically pure sulfonamido esters 2 (Scheme 3). The enantioselectivity shows a 
linear relationship with the enantiomer excess of the TADDOL employed (Fzg.3). Reduction of the ester and 
carboxamide groups (LiAIH,) and additional reductive cleavage of the sulfonamido group (Red-Al) in the 
products 2 of imide-ring opening gives hydroxy-sulfonamides 3 and amino alcohols 4, respectively (Scheme 4 ) .  The 
absolute configuration of the sulfonamido esters 2 is determined by chemical correlation (with 2a, b; Scheme 6 ) ,  by 
the X-ray analysis of the camphanate of 3e (Fig. I ) ,  and by comparative I9F-NMR analysis of the Mosher esters of 
the hydroxy-sulfonamides 3 (Table 1). A general proposal for the assignment of the absolute configuration of 
primary alcohols and amines of Formula HXCH2CHR'R2, X = 0, NH, is suggested (see 11 in Table I ) .  It follows 
from the assignment of configuration of 2 that the Re carbonyl group of the original imide 1 is converted to an 
isopropyl ester group. This result is compatible with a rule previously put forward for the stereochemical course of 
reactions involving titanium TADDOLate activated chelating electrophiles (12 in Scheme 7). A tentative mecha- 
nistic model is proposed (13 and 14 in Scheme 7). 

1. Introduction. - Enantioselective reactions of C,-symmetrical molecules containing 
enantiotopic groups on a so-called prochirality center [l] or in compounds of meso-con- 
figuration3) are among the most useful conversions in asymmetric synthesis (Scheme 1 ), 

Scheme 1. Enantioselective Transformations of C,-Symmetrical Molecules. FG and FG', functional groups. 

') 
2, 

') 
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The advantages of using meso starting materials have been pointed out in an earlier discussion [2a], and the 
term 'meso-trick' introduced therein has subsequently become quite popular; see, e.g., the recent paper [2b]. 
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and much methodology can be derived from them, The underlying principle has been 
called ‘asymmetric desymmetrization’ [3]. Differentiation between two enantiotopic func- 
tional groups in meso-compounds leads to the creation of two or more chirality elements, 
and subsequent manipulation of functional groups provides a straightforward approach 
to either enanti0me.r of a desired product in a theoretical yield of 100% [4]. While 
the ability of enzymes to differentiate between enantiotopic functional groups is well 
known [5], the utility of nonenzymatic methods to achieve the same goal is less well 
recognized [6]. 

The synthesis of enantiomerically pure or enantiomerically enriched compounds from 
meso -dicarboxylic-acid derivatives, using diastereoselective [7] as well as enantioselective 
steps [8], is one of the most studied methods. However, the analogous reactions of imides 
[9] have been less well studied and, in every case to date, the transformation has been 
achieved by enantioselective reduction. 

2. Preparative Results. - We now present the first enantioselective ring opening of 
imides in a nonreduc:ing process, using titanium TADDOLate derivatives as the reagents. 

l a  l b  l c  

Id l e  I f  

We first used cis-N-benzylcyclohexane- 1,2-dicarboxirnide and 4-cyclohexene- 1,2-di- 
carboximide and titanium tetraisopropoxide to test the reactivity, where we found that no 
reaction occurs at room temperature. Since the titanatlz-mediated alcoholysis [ 101 of 
N-acylsultams [ 1 I]  has been reported, we next investigated N-sulfonylimide derivatives. 
Due to difficulties with the preparation of N-tosyl- or N-triflylimide~~), we used methyl- 
sulfonyl (mesyl) derivatives throughout this work. The mesyl derivatives were prepared 
by the following procedure: Cyclic anhydrides and NH4C:1 were allowed to react to give 
the corresponding dicarboximides, and subsequent reaction with a base followed by the 

4, The procedure described for the preparation of N-tosylphthalimide [I  21 was not applicable to the preparation 
of the corresponding If-tosylimides of the aliphatic derivatives necessary for the present investigation. Also, 
we were unable to prepare the corresponding N-triflylimides. Apparently, the aliphatic N-tosyl- and N-triflyl- 
imides have not been described in the literature! 
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addition of methanesulfonyl chloride yielded the N-mesyldicarboximides la, c, e. The 
imides lb,  d, f were obtained by hydrogenation of the corresponding unsaturated N-me- 
syldicarboximide (see Exper. Parl). 

Initially, the reaction of the imides 1 with [Ti(OCHMe,),] was checked, and it was 
encouraging to find that l a  was converted to rac-2a (96%; room temperature, overnight 
in THF). Subsequently, the diisopropoxytitanium TADDOLate A [ 131 was tested on la  
at -10" under otherwise identical conditions: in a slow reaction, optically active sulfon- 
amido ester was formed as a mixture of the two enantiomers 2a and ent-2a in a ratio of 

Scheme 2. Optimization ofEnantioselective Ring Opening of meso-Compound l a  
with Diisopropoxytitanium TADDOLates 

aco2cHMe2 Ti 
/ \  

0 OCHMe2 
+ 

Ar Ar CONHS02Me 

0 
NS0,Me 

0 

l a  
A (Ar = Ph) 
B (Ar = 2-Naphth) 2a 
THF solvent 

Entry Ar Temp. ["I Additive Time [d] Yield [%I Enantiorner ratio (e.r.) 

1 Ph -10 - 7 95 72.5:27.5 
2 Ph -20 - 7 70 79.5 :20.5 
3 Ph -30 - 11 45 81.5:18.5 
4 Ph -30 - 21 95 81.5:18.5 
5 2-Naphth -30 - 21 92 86.5:13.5 
6 Ph -30 4 A molecular sieves 7 94 77.5:22.5 
7 2-Naphth -50 4 A molecular sieves 21 25 84:16 
8 Ph -30 H,O") 21 45 50 : 50 
9 Ph -30 MeCNb) 21 43 79.5:20.5 

I O C )  2-Naphth -30 [Ti(OCHMe& 21 51 67:33 
I l C )  Ph -30 [Ti(OCHMe,),] 21 46 68:32 

4 A molecular sieves 

4 A molecular sieves 
127 Ph -30 i-PrOH 21 < I  - 

~~ 

") 1 Equiv. of H,O was added. b, THF/MeCN 1 :1 was used. ") 20% of TADDOL was used. 

72.5:27.5 (for determination of the enantiomer ratio (e.r.) and of the absolute configura- 
tion of the major product, see Sect. 3 ) .  In a subsequent series of experiments (see Scheme 
2), compound la  was chosen as the standard to optimize the conditions for imide 
'desymmetrization', and the chiral titanium TADDOLate derivatives A and B were 
prepared by mixing equimolar amounts of TADDOL [ 14-16] and titanium tetraiso- 
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propoxide in Et,O with subsequent removal of solvents [8fl. As can-be seen from 
Scheme 2 (Entries 1-3), lowering the temperature led to an increased enantioselectivity 
but, of course, at the cost of longer reaction times. 

We chose to study the influence of other parameters at -30" and left the homogeneous 
reaction mixtures in a freezer for 3 weeks. The separation of product 2 from the TAD- 

Scheme 3. Ring Opening of"-jMethy1suIjonyl)dicarboximides la-f with the Diisopropoxytiranium TADDOLate B 
under Optimized Conditions and Enantiomer Ratios (e.r.) of the Products 2a--f before and after Recrystallization from 
CH2CI2/Hexane. The e.r. were determined by I9F-NMR spectroscopy of the Mosher esters obtained from the 

hydroxysulfonamides (see Scheme 4 and Sect. 3 ) .  

C02CHMe2 
NS02Me Ti-TADDOLate B 

workup, isolation, 
and purification 

1 a - f  2 a - f  
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material 

l a  
l b  
l b  
l c  
l c  
Id 
Id 
l e  
l e  
If 
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["I 

-30 
-30 
-50 
-30 
-50 
-20 
-30 
-20 
-30 
-20 
- 30 

Reaction 
time [d] 

21 
14 
28 
7 

15 
21 
42 
21 
42 
21 
42 

Product 

2a 
2b 
2b 
2c 
2c 
Zd 
2d 
Ze 
2e 
2f 
2f 

Yield 
["/.I 

92 
85 
63 
89 
90 
89 
85 
92 
75 
83 
84 

Enantiomer ratio (ex,) 

before recryst. 

86.5:13.5 
92:8 

92.5:7.5 
86:14 

97.5 :2.5 
87.5: 12.5 
88.5:11.5 
90.5:9.5 

93:7 
86.5: 13.5 
87.5:12.5 

after recryst. 

> ?9.5:0.Sa) 
94:6 

> P9.5:0.5a) 
> i39.5:0.5a)b) 

'?7.5:2.5 
> 139.5:0.5a) 
> 09.5:0.5a) 

'38.5 : 1.5 
99:l 

> i29.5:0.5a) 

- 

Number 
of recryst. 

3 
1 
3 
3 

Recovery 
["/I 

31 
74 
36 
33 

72 
33 
42 
71 
13 
42 

") Only one enantiomer detected. 
b, Recrystallized from CHCl,/hexane 

DOL auxiliary was easily achieved by aqueous workup: an aqueous NH,CI solution was 
added, the aqueous phase extracted with CH,Cl,, and 2 removed from the organic phase 
into 1~ NaOH from which it was liberated by acidification with HCl. The crude products 
2 thus isolated crystallized and were purified without chromatography. The following 
observations are noteworthy: i )  the (2-naphthyl)-substituted TADDOL B gave slightly 
better selectivities than A (cf. Entries 4 and 5 in Scheme 2), i i )  addition of molecular 
sieves') increased the rate of reaction by a factor of ca. 3, but decreases the selectivity 
somewhat (Entries 4 and 6 ) ;  iii) after 45 % conversion, the product had the same e.r. as 
after complete conversion (cf. Entries 3 and 4 ) ;  i v )  addition of MeCN as a cosolvent led to 
a decrease in rate but to hardly any change in selectivity (cJ. Entries 4 and 9 ) ;  v )  in the 

') In the case of the transesterifying kinetic resolution with S-(pyridin-2-yl) 2-phenylbutanthioate, molecular 
sieves caused a drastic improvement of enantioselectivity and allowed the reaction to be carried out catalyti- 
cally [17]. 
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presence of 0.5 equiv. of H,O, the selectivity was still 75:25 (yield 54%), whereas when 
1 equiv. of H,O was added, the reaction (yield 45%) was no longer enantioselective 
(Entry 8)7;  vi) attempts to carry out the reaction under catalytic conditions (using 

Scheme 4. Reduction of the Methanesulfonamido Esters 2 to the Hydroxy-sulfonamides 3 and Reductive Sulfonamide 
Cleavage to Amino Alcohols 4. Mosher esters of the hydroxy compounds 3 were used for e.r. determination and for 
configurational correlation (see Sect. 3). The amino alcohols 4 were characterized as (hydroxymethyl)-3,5-dini- 

trobenzamides 4a‘, b’,d’, e’. Red-AI = NaAlH,[O(CH,),OMe],. 

Red-A// Toluene 

2 3 4 

OH OH OH 

3a (94-99%) 3b (89-97%) 3C (91-97%) 

+ H lS02Me + H ,“,,e + H lsozMe 
3e (90-96%) 3f (91 -990/0) 3d (92-99%) 

4a (66%) 4b (72%) 4d 4e 

6, In the case of titanium BINOLates, addition of H2O led to a complex which was more effective in the 
enantioselective catalysis of ene [18] and Mukaiyama aldol reactions [19]. 
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i-PrOH or [Ti(OCHPvle,),] as source for the Me,CHO group in 2a and only 20% of 
titanium TADDOLate) led to poorer results (Entries IO-Ii!)’); vii) a mixture of 1.2 equiv. 
of achiral titanate andL 0.2 equiv. of titanium TADDOLate A gave rise to a 2: 1 preference 
for the formation of one enantiomer (vs. 5:l with 1.2 equiv. of A), evidencing the higher 
reactivity of the Ti-center bearing the bulky chelating all~oxide ligand, a phenomenon 
which we have previously observed with many other reactions’). 

Under the optimized conditions established for la,  the N-mesyldicarboximides lb-f 
were opened to the sulfonamido esters 2bf.  The results9) are collected in Scheme 3. The 
yields were generally in the 80-90% range, all products were solid and, except for 2a, 
laevorotatory, the enantiomer excesses varying from 70 to 95 %. Enantiomerically pure 
products could easily be obtained by recrystallization. For assignment of the absolute 
configuration, see Sect. 3. 

The carboxylate a.nd carboxamide groups of the sulfcmamido esters 2 were reduced 
with LiAlH, to give the hydroxy-sulfonamides 3 in excellent yields (Scheme 4 ; a yield 
range is given since we performed this reduction many times for the e.r. determination 
(vide infra)). 

While the methariesulfonamido group of 3 resisted all cleavage attempts including 
treatment with 48 YO aqueous HBr solution/phenol and Li/naphthalene, it was smoothly 
converted to an amino group with the hydride complex iPed-A1[23] yielding the amino 
alcohols 4 (Scheme 4 ) .  These amino alcohols could also be obtained in one step from the 
sulfonamido esters 2 by reaction with Red-Al, the yields being comparable to those of the 
two-step process. 

Scheme 5. Cleavage of an N-Mesyllactam with T.4DDOLate B 

I 35d  I -/p,r /\ H 

5 enf-5 ent-5 6 

[a], = + 2.05 [ a ] ~  = -28.27 

e.r. 52 : 48 e.r. 63 : 37 

In one case, we .also applied the reaction conditions optimized for sulfonylimide 
opening to a kinetic tesolution of an N-mesyllactam (Scheme 5 ) .  The reaction of lactam 
rue-5 was stopped at ca. 15% conversion, the starting material and the sulfonamido ester 

’) 

’) 

9, 

With [TiCl(OCHMe,)(TADDOLate)], the reaction was slower than with A and the selectivity dropped to 
13 :21. 
Nucleophilic addition of R,Zn and of [TiR(OCHMe,),] to aldehydes [15] [20] [21], Diels-Alder additions of 
2-crotonyl-oxazolidinone to cyclopentadiene [ 161 [22], and opening ol’cyclic anhydrides to half-esters [Sq. 
Much to our surprise, we were not able to cleave the N-(methylsulfon~~l)-bicyclo[2.2.2]oct-5-ene-2,3-dicarbox- 
imide (lf’), the unsaturated analog of If (with a double bond in the ‘SJVI’ bridge). It was stable to the standard 
conditions, even when the mixture was heated at the reflux temperature of the solvent! 
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6 were separated, and both were found to be optically active. The ring-opened product 6 
was chemically correlated with the corresponding lactam [24] (see Exper. Part), which 
proved that the enantiomer having the carbonyl group in the Si half-space was cleaved 
more rapidly. 

3. Configurational Assignments. - The sulfonamido ester 2a, which had been used in 
all the optimization experiments, was chemically correlated with the known half-ester 8 
of cyclohex-4-ene-l,2-dicarboxylic acid and with the known lactone 10 as shown in 
Scheme 6.  To this end, anhydride 7 was opened enantioselectively with diisopropoxytita- 
nium TADDOLate A to the half-ester 8 in 85% yield [8fl. Reaction of the latter with 
oxalyl chloride and subsequent reduction with NaBH, [25] led to the hydroxy ester 9 in 

Scheme 6. Configurational Assignments by Chemicai Correlation. CSA = camphorsulfonic acid 

C02CHMe2 

1) (CIC0)2 
C0zH 2) NaBH4 

- HMe* 

0 
OH 

7 8 9 

1 ) (CIC0)Z 
2) LiNHS02Me 

acozcHMe2 H2, Pd/C a ' COZCHMez 

CONHSOzMe 2 CONHS0,Me 

2b 2a 10 

[ a ] D  = - 2.0 (C = 1.25, CHC13) [ a ] ~  = + 8.8 (C = 4.8, CHCI,) 

e.r. 66 : 34 ex. 66 : 34 

90% yield (e.r. 91 :9, determined by "F-NMR spectroscopy of the corresponding Mosher 
esters, vide infra). The lactonization in refluxing toluene, catalyzed by camphorsulfonic 
acid (CSA), gave lactone 10 in 92% yield and with [cL];~' = +46.7 (CHCI,); for the 
(1 S,6R)-isomer of 96% ee, [CL = f45.1 was reported [9d]. These reactions establish the 
absolute configuration of half-ester 8 and alcohol 9. Therefore, it only remained to 
synthesize compound 2a from 8. The reaction of 8 with oxalyl chloride, as above, 
followed by addition of lithium methanesulfonamide gave the sulfonamido ester 2a in 
92% yield and with the same sense of rotation as the product obtained from the direct 
reaction of imide l a  with diisopropoxytitanium TADDOLate, but with an ee of only 
32 YO. The partial racemization which occurred is probably due to a reversible cyclization 
of the intermediate lithium derivative of compound 2a to give the achiral dicarboximide 
l a  and lithium isopropoxide. There is no indication of a cisltrans-isomerization en route 
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from anhydride 7 to the sulfonamido esters 2a and 2b. In any case, a comparison of the 
optical activity and of the I9F-NMR spectra of the Moslzer esters from 2a, which were 
prepared by two routles, proves that the absolute configura.tion of 2a must be (1R,2S) (see 
Schemes 2, 3, and 6). 

Thus, the Re-carbonyl group of both anhydride 7 ;and imide l a  are attacked by 
the isopropoxy nucleophile in the ring-opening processes. Hydrogenation of 2a to the 
saturated analog 2b also confirms the configurational assignment of this compound 
(Scheme 6). 

All other ring-opening products 2 are assigned (R)-configuration at the ester and 
(S)-configuration at the amide positions by analogy, on 1he basis of the following three 
facts: i )  All but 2a are laevorotatory, ii) the X-ray crystal structure of the camphanate of 
the hydroxy-sulfonamide 3e establishes its (2S,3R)-config,uration (see Fig. I ), and iii) all 

Fig. 1. ORTEP Plot of the cryslal structure o j  zhe camphanate of 3e. For the preparation of this ester (from 
(1 S,4R)-camphanoyl chloride), its characterization, and the crystal data, ste Exper. Part (Sect. 8). The coordinates 

have been deposited in the Cambridge Crystullogrophic Data Base. 

Moshev esters ( = mt:thoxy(phenyl)(trifluoromethyl)acetates = MPTA) [26] of the hy- 
droxy-sulfonamides 3 obtained from the major enantiomer of the sulfonamido esters 
have the I9F-NMR signal at higher field with (R)-MPTA and at lower field with (S ) -  
MPTA (see Table ). 

We felt that this olbservation may be applicable to other primary alcohols and primary 
amines with a chirality center in the p -position, with the same correlation between the 
CF,-shift of their Masher derivatives and the relative configuration being found"). Thus, 
a number of such esters and amides were prepared from precursors of known absolute 

'") Analogous NMR assig,nments of absolute configurations of secondary alcohols and of primary amines with a 
chirality center in &-position through their Mosher esters or amides have turned out to be very reliable [27] 
WI. 
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Table. Correlation of the Relative Configuration of Mosher Arnides and Esters Derived from Primary Alcohols and 
Primary Amines ofthe General Formula HX-CH2-CHRkRSm with the IF-NMR Chemical Shift of the CF, Group 

NHS0,Me NHS0,Me 

M 2 p o + ; ; ;  ::)Ao+..; (s) .__- 

CF3 ..__*- (R) 
CF3 

3-[(FI)-MPTAJa) 3-[(S)-MPTAIa) 

higher field "F-NMR signal lower field 

11, X = 0 or NH') 

(S, s) if priority is XCH, > R'g > RSm 

Higher-field lgF-NMR-signal 
as compared 10 epimer 

Compoundb) Config. 6(F) of MPTAC) Compoundb) Config. 6(F) of MPTA') 

( S )  ( R  ) ( S )  ( R  1 

-69.54 

-69.49 

-69.50 

S -69.54 

Octyl 
"2,- S -69.55 

R -69.50 
p y r  

H2N "0 
S -69.44 

R -69.70 

-72.10 

-69.50 

-69.48 

-69.46 

-69.38 

-69.48 

-69.50 

-69.55 

-69.40 

-69.40 

"'"5 R 

3a R 

3b R 

3c R 

3d R 

3e R 

3f R 

9 S 

-69.47 

-69.46 

-69.42 

-71.97 

-71.58 

-71.51 

-71.76 

-71.76 

-71.81 

-72.10 

-69.41 

-69.39 

-69.35 

-72.02 

-71.87 

-71.84 

-71.98 

-72.00 

-71.98 

-72.07 

") The conformation of the 3,3,3-trifluoro-2-methoxy-2-phenylpropanoyl (MPTA) group as presented in the 
Formula 3-[MPTA] and 11 was chosen by comparison with an X-ray structure of a Mosher ester [30] in the 
Cambridge Crystallographic Data Buse (code: WEVCOP). 
The hydroxy-sulfonamides 3a-f are described in the Exper. Part, 2-methylbutanol is commercially available, 
and the 2-arylalkylamines have been described and configurationally assigned in a recent paper [29]. For the 
preparation of the MPTA derivatives, see Exper. Part. 
Chemical shifts 6 in ppm relative to the internal standard CC1,F. 

b, 

") 

37 
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configuration at the chirality center in @-position, and the I'F-NMR spectra of both 
diastereoisomers were measured. The results (Table) show that we can be quite confident 
in applying the correlation shown by Formula 11 in the Table for configurational assign- 
ments. 

4. Mechanistic Considerations. - So far, full mechaniistic investigations of the enan- 
tioselective ring opening of anhydrides or N-(methylsulfony1)dicarboximides by titanium 
TADDOLates have not been completed. However, it is possible to put forward some 
models for describing the course of the reaction leading to the observed products 2. 

Scheme 7. Reaction Leading to N-(MethylsuIfonyl)dicarbo.ximide Ring Opening and Corresponding Mnemonic 
Picture and Mechanistic Model 

0 

0, ,OCHMe 2 %  
NS02Me+ * ,Ti, 

OCHMe, 

1 

Nucleophilic attack on Re carbonyl 
group from the bottom aiid 'exo'face 

12 

_--. -1 , .  ,--. , .  - 

13 14 

In all cases, the Re-carbonyl group of the meso-starting materials reacts with an 
isopropoxy nucleophile, with formation of a titanio-sulfonamido ester (see equation in 
Scheme 7 and 2a' in Fig. 2). As can be seen from Fig. 3, there is a linear correlation between 
the enantiomer excesses of the TADDOL employed and of the product 2a formed. This 
suggests, but does not irigorously prove, that only one TADDOL moiety is involved in the 
rate-determining step of the ring opening"). If we applj the mnemonic rule derived 

' I )  A linear relationship such as shown in Fig. 3 is usually laken as evidence for the involvement of only one chiral 
ligand in the podnct-forlming step. In cases in which two chiral ligands are cooperating, a linear relationship 
may, e.g., result if their homochiral combinations are product-forming and the heterochiral ones are not 
formed at all. For a detailed discussion of all the possibilities, see [31] [32]. 
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NS02Me 

0 

l a  

l a  

I 

OTi(OCHMe& 
2a' 

\- 

aco2cHMe2 CONHS02Me 

2a 

Fig. 2. 'H-NMR Spectra of the starting materials [Ti(OCHh4e,)4J and l a ,  ofthe initiul product, a N-(methylsul- 
fonyl)-0-titaniocarboxamide 2a', and of the amino ester 2a isolated after aqueous workup. Only one enantiomer of 
2a and 2a' is shown. A derivative similar to 2a', bearing a TADDOLate and an isopropoxy group on the Ti-atom, 

must be formed in the enantioselective reaction, see equation in Scheme 7. 
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100 ' ' I ' ' ' ' ' ' ' ' ' ' ' ' ' ---t 
e.e. 2a 

[%I 
8 0  

0 20 40 6 0  8 0  100 

Fig. 3. Correlation of enuntiomer excesses of the TADDOL B and of the product 2a in the ring opening of imide la. 
The reaction was carried out at -20" for 10 d and gave yields greater than 90% in all five cases. 

for reactions of bidentate electrophiles activated by titanium (R,R)-TADDOLates, the 
course of the reaction can be pictured as shown in 12 (cf: Chart 4 in [16])'2)'3). 

How does this strictly formalistic rule translate into a mechanistic model? For this, we 
need to make some assumptions: i) the N-sulfonylimide acts as a bidentate ligand on a 
neutral hexacoordinate or on a positively charged penlacoordinate Ti-center, ii) the 
product-forming complex undergoes nucleophilic attack on the carbonyl group which is 
attached to the Ti-atomI4), iii) nucleophile approach froin the 'exo' face of the bi- and 
tricyclic substrates 1 is preferred over 'endo ' attack"). 

The conclusion is, therefore, that the active complex (shown with a pentacoordinate, 
positively charged Ti-center) might be as pictured in 13 and the product complex as 
pictured in 14 (Scheme 7). 

We gratefully acknowledge the polishing of our English by Dr. Jennijier L. Mutthews. We wish to thank the 
Ministerio de Educacibn y (Ciencia, Spain, for a post-doctoral grant to one of us (0. J.  R.) and Sandoz Pharmu AG 

12) Since we compiled the exam- 
ples in our previous paper 
[I6], several new cases have 
been published to which the 
rule may be applied. One of 

C', O? I Me,CHO, O T ; )  1 
Me,CHOTTICo C I T T i C o  

0 0  

these tions involving are Diels-Alder C C , ~  -unsatu- addi- ,' H 
&+J \ i::H 3 ii 

Me*::;; 

rated a'-sulfonyl ketones 
[33] [34] (see i). 

13)  Note that the faster-reacting enantiomer of the N-mesyllactam 5 is the one which has its ex0 face at the back 
when drawn according to the mnemonic rule: see ii in Footnote 12 and compare with 12 in Scheme 7. 

14) We consider the alternative posibility assuming attack on the non-complexed carbonyl group to be less likely. 
In this case, the complexation with Ti would create a leaving group rather than a highly electrophilic carbonyl 
C-atom. The conclusions drawn here would, of course, therefore, be: reversed! 
We have no way of telling whether the Me,CHO group is transferred from Ti to the CO group by an 
intramolecular shift 1111 the reactive complex or by intermolecular attack. Sophisticated kinetic investigations 
will be necessary to find out! 

15) 
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Experimental Part 

1. General. All solvents were either puriss p .  a. quality or distilled over appropriate drying agents. TLC: 
Merck-TLC-F,,, precoated glass plates; detection by UV,,, light, staining with phosphomolybdic acid (25 g of 
phosphomolybdic acid, 10 g of Ce(SO4),.4 H20, 60 ml of conc. H,SO,, and 940 ml of H,O), with CI, (KMnO,/aq. 
HC1 soh.), or with ninhydrin (5.25 g of N,N,N',N'-tetramethyl-4,4'-diaminodiphenylmethane ( = 4,4'-methylene- 
bis[N,N-dimethylbenzenamine]), 34 mg of ninhydrin, 10.2 g of NaI, 25 ml of AcOH and 375 ml of H20). Flash 
chromatography (FC): silica gel 60 (Merck) 40-63 pm. Enantiomer ratios (e.r.) were determined by GC, anal. 
HPLC, and Mosher derivatives. GC: Carlo-Erba-Fractovap-5160-HRGC, injector temp. 220", detector temp. 250°, 
H2 carrier gas using a FS-Lipodex E (50 m x 0.25 mm, y-CD column). HPLC: Konrron HPLC system (UV detector 
Uvikon LCD-75, programmer 200, integrator Shimadzu C-R IB Chromatopak) using a Daicel column (Chiralcel 
OD, 250 x 4.6 mm, 10 pm), hexane/i-PrOH (YO); flux in ml/min; tR in min. Mosher derivatives: One crystal of 
4-(dimethylamino)pyridine and a small drop of Mosher acyl chloride derivative was added to 2-10 mg of the 
appropriate amine or alcohol, which had been dissolved in CDCI, in a NMR tube, and the "F-NMR spectrum was 
recorded. Melting points: Buchi 510 ; not corrected. Specific rotation: Perkin-Elmer-241 polarimeter. IR Spectra: 
Perkin-Elmer-297 spectrometer; in KBr, CHCI3 s o h ,  or film. 'H-, 13C-, and I9F-NMR Spectra: Varian Gemini300 
(300,75, and 282 MHz, resp.); chemical shifts 6 in ppm rel. to internal SiMe, or CCI,F, coupling constants J i n  Hz. 
MS: VG-Tribrid spectrometer; in m/z (rel. intensities (%)). Elemental analysis: Microanalytical Laboratory of the 
ETH-Zurich. 

2.1. Preparation of h i d e s .  According to [35], AcONa (19 mmol) was added to a suspension of anhydride 
(5 mmol) and NHdCI (15 mmol) in AcOH (100 ml) at r.t., and the mixture was refluxed for 3 d. The resulting 
suspension was allowed to cool to r.t., H2O (150 ml) was added, and the mixture was extracted with CH2C1, 
(3 x 100 ml). The combined org. layers were dried (Na,SO,) and evaporated. Chromatography of the residue 
yielded the expected imides. 

cis-Cyclobufane-1,2-dicarboximide: Yield 72%. Rr0.60 (Et,O). M.p. 133-134" ([36]: 137.5138'). IR (KBr): 
3446s, 3189m, 3070m, 1706w, 1172m. 'H-NMR (CDCI,): 2.20-2.35, 2.60-2.75, 3.20-3.40 (3m, 2 CH2CH); 8.80 
(s, NH). "C-NMR (CDCI,): 180.45; 39.85; 22.9. EI-MS: 125 (53, M'), 82 (51), 55 (15), 54 (IOO), 53 (14). 

Bicyclo[2.2.1]hept-S-ene-2-endo,3-endo-dicurboximide : Yield 87 YO. Rf 0.36 (hexane/AcOEt 1: I). M.p. 170- 
172' (CH2C12/hexane). IR (KBr): 3164m, 3 0 6 3 ~  1767w, 1700w, 1187m. 'H-NMR ((D,)DMSO): 1.40-1.60 (m, 
CH,); 3.10-3.45 (m, H-C(l), H-C(2), H-C(3), H-C(4)); 6.10-6.15 (m, CH=CH); 10.85 (s, NH). ' k - N M R  
((D,)DMSO): 179.1; 134.8; 134.6; 52.15; 47.0; 44.4. EI-MS: 163 (8, M'), 98 (19), 91 (15), 66 (100). 

Bicyclo[2.2.2]oct-5-ene-2-endo,3- endo-dicarboximide: Yield 77 YO. R, 0.85 (Et20). M.p. 198-199' (CH,CI,/ 
pentane). IR (KBr): 3230w, 3068s, 1759m, 1707w, 1184m. IH-NMR (CDCI,): 1.30-1.70 (m, 2 CH,); 2.80-2.90, 
3.00-3.15 (2m, H-C(l), H-C(2), H-C(3), H-C(4)); 6.104.30 (m. CH=CH); 8.75 (s, NH). 13C-NMR (CDCI,): 
179.7; 132.4; 45.5; 41.4; 23.4. EI-MS: 177 (25, MC),  149 (201, 99 (43), 80 (71), 79 (29), 78 (loo), 77 (12), 51 (10). 

2.2. N-Mesylimides la,c. According to [37], Et3N (40 mmol) was added to a s o h  of imide (20 mmol) in dry 
MeCN (60 ml) at 0" under Ar. After 10 min, MeS0,CI (40 mmol) in MeCN (20 ml) was added within 30 rnin. The 
resulting mixture was stirred for 2 h. The precipitate was filtered off and the filtrate evaporated. Et,O (40 ml) was 
added to the residue and the org. layer washed with cold HCI soh. (2 x 20 ml), dried (Na2S0,), and evaporated. 
The resulting residue was purified by FC. 

cis-N-(Methylsutfbnyl)cyclohex-4-ene-1.2-dicarboximide (la): Yield 82%. R, 0.48 (Et20). M.p. 116-1 17" 
(CH2C12/hexane). IR (KBr): 3004s, 1806m,1736w, 1371w, 1253w, 1175m. 'H-NMR (CDCI,): 2.20-2.35,2.60-2.70 
(2m, 2 CH,); 3.2k3.25 (m, 2 CHCO); 3.32 (s, Me); 5.9k5.95 (m, CH=CH). "C-NMR (CDC13): 175.35; 127.5; 

cis-N-(Methylsulfonyl)cyclobutane-1,2-dicarboximide (lc): Yield 78%. Rr 0.15 (Et,O). M.p. 109-1 10' 
(CH2C12/hexane). IR (KBr): 1723w, 1359m, 1174m. 'H-NMR (CDCI,): 2.30-2.40, 2.70-2.80 (2m, 2 CH,); 3.30- 
3.40 (m, CHCO); 3.42 (s, Me). 13C-NMR (CDCI,): 174.8; 42.2; 38.5; 23.1. EI-MS: 203 (4, M'), 82 (18), 54 (100). 

2.3. N-Mesylimides le,f' and rac-N-Mesyllucturn 5/ent-5. BuLi (7.30 mmol) was added to a soh. of the imide 
or lactam (7.25 mmol) in THF (75 ml) at -78" under Ar. After 15 min, MeS0,CI (14 mmol) was added and the 
resulting mixture stirred overnight as the temp. rose to r.t. The mixture was quenched with H,O (30 ml) and 

42.2; 39.55; 23.25. EI-MS: 229 (10, M'), 150 (25), 122 (33), 84 (15), 81 (56), 79 (loo), 78 (17), 77 (16). 
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extracted with CH2C1, (2 x 30 ml), the combined org. layer dried (Na$O4) and evaporated, and the resulting 
residue recrystallized from CH,CI,/Et,O/pentane. 

N-( Methylsulfonyl) bi8cyclo[2.2. l]hept-5-ene-2-endo,3-endo-dicarbon:imide (le): Yield 72%. R, 0.26 (Et20). 
M.p. 167-169" (CH2C12/pentane). IR (KBr): 3006s, 1798s, 1731w, 1 3 7 0 ~ .  1 2 4 6 ~ .  1 1 7 8 ~ .  'H-NMR (CDCI,): 
1.50-1.60, 1.70-1.85 (2m, CH,); 3.25 (s, Me); 3.35-3.50, 3.50-3.60 (2m, H-C(1), H-C(2), H-C(3), H-C(4)); 
6.25-6.30 (m, CH=CH). I3C-NMR (CDCI,): 173.0; 135.0; 52.0; 46.1; 42.2. EI-MS: 241 (1, M'), 176 (loo), 66 (64). 

N-(Methylsu(fonyl)bi1:yclo[2.2.2]octJ-etze-2-endo,3-endo-dicarboxt~ide (lf'): Yield 81 YO. R ,  0.42 (Et20). 
M.p. 189-190' (CH2CI,/E1,0/hexane). IR (KBr): 3056s, 3025s, 1784m, 1738w, 1369w, 1241w, 1 1 7 4 ~ .  'H-NMR 
(CDC1,): 1.35-1.65 (m, 2 CH,); 2.95-3.05, 3.20-3.25 (2m, H-C(l), H-C(2), H-C(3), H-C(4)); 3.26 (s. Me); 
6.25-6.30 (m. CH=CH). ',C-NMR (CDCI,): 174.1; 132.7; 44.5; 42.1; 32.0; 23.3. EI-MS: 255 ( < 1, M+), 80 (IOO), 
79 (19), 78 (70), 70 (12). 

rac-N-(Methylsu~onyr')-2-azabicyclo[2.2.I]hept-S-en-3-one (5/ent-5): Yield 77 %. R, 0.68 (Et20). HPLC 
(Chiracel O D ;  hexane/i-Pr-OH (5%) 1 ml/min): tR 53.40, 61.5. M.p. 94.5-95.3' (CH,Cl,/pentane). IR (KBr): 
30983, 30063, 1 7 4 4 ~ .  1348w, 1166m. 'H-NMR (CDCI,): 2.20-2.30, 2.35-2.55 (2m, CH,); 3.08 (s, Me); 3.45-3.55 
(m, CHCO); 5.00-5.10 (m, CHN); 6.70-6.80, 6.95-7.05 (2m, CH=CH). '%J-NMR (CDCI,): 176.8; 140.0; 137.75; 

2.4. N-Mesylimides lb,d,f. PdjC (lo%,, 1.3 g) was added to a soh. of the corresponding N-mesylimide (12.5 
mmol) in AcOEt (1 50 ml). The resulting mixture was stirred overnight undix H,. The PdjC was filtered off and the 
filtrate evaporated: pure hydrogenated N-mesylimide. 

cis-N-(Methylsulfonyl)cyclohexane-I,2-dicarboximide (lb): Yield 81 %. Rf 0.43 (Et20). M. p. 160-161" 
(CH2C12/Et20/hexane). B.p. 157-163O/0.4 Torr. IR (KBr): 1785w, 1743w, 1723w, 1364w, 1251w, 1 1 7 5 ~ .  'H-NMR 
(CDCI,): 1.40-1.55, 1.70-2.00 (2m, 4 CH,); 2.90-3.05 (m, 2 CHCO); 3.37 (3, Me). ',C-NMR (CDC1,): 174.3; 

N-(Methylsu(fonyl)bic,yclo[2.2.1]heptane-2-endo,3-endo-dicarboximide (la): Yield 70%. R, 0.26 (Et,O). 
M.p. 142-143" (CH,Cl,/pentane). IR (KBr): 1800s, 1733w, 1364w, 1241w, 1 1 7 4 ~ .  'H-NMR (CDCI,): 1.40-1.50, 
1.60-1.70 (2m, 3 CH,); 2.85-2.90, 3.15-3.20 (m, H-C(1), H-C(2), H-C(3), H-C(4)); 3.37 (3, Me). "C-NMR 

N-(Methylsuljonyl)bicyclo[2.2.2]octane-2- endo.3-endo-dicarboximide (10: Yield 79 %. R, 0.50 (Et,O). M.p. 
148-149" (CH2Cl,/pentane). IR (KBr): 1728w, 1369w, 1246w, 1179w. 'H-NMR (CDCI,): 1.50-1.80 (m, 4 CH,); 
2.20-2.25,2.90-3.00 (2m, 4 CH); 3.39 (m, Me). "C-NMR (CDCI,): 175.2; 44.0; 42.3; 26.4; 24.5; 21.3. EI-MS: 257 
(4, M + ) ,  108 (IOO), 107 (21), 80 (41), 79 (12). 

64.9; 55.6; 54.5; 40.0. EI-MS: 187 ( < 1, M'), 66 (100). 

42.25; 40.9; 23.75; 21.85. EI-MS: 231 (5, M'), 82 (IOO), 81 (lo), 67 (49), 54. (24). 

(CDCI,): 173.6; 48.8; 42.5; ,41.85; 40.4; 24.7. EI-MS: 243 (1, Mf), 177 (57), 94 (14), 67 (18), 66 (100). 

3. Reaction oJ"-Mesylimides with [T i [0CHMe2)J .  [Ti(OCHMe,),] (2.7 mmol) was added to a soln. of the 
appropriate imide (2.2 mmol) in THF (20 ml) at r.t. under Ar, and the soln. was stirred overnight. A sat. NH,CI 
soln. (75 ml) was added, and the mixture was extracted with CH2Cl, (3 x .30 ml). The combined org. layers were 
dried (Na,SO,) and evaporated: ester 2. 

4. Reaction of N-Mesylimides with Chiral Titanium Derivatives. [Ti(OCHMe,),] (1.10 mmol) was added to a 
soln. of TADDOL (1.15 mmol) in Et,O (20 ml) at r.t. under Ar. After 3 h, the solvent was removed and the residue 
dried for 1 additional h under high vacuum. THF (10 ml) was added and the resulting soh. cooled to the required 
temp. After 10 min, N-mesylimide (1.0 mmol) was added as a soh .  in THF (10 ml). The resulting mixture was kept 
at this temp. for several day!$. Sat. NH4CI soh.  (20 ml) was added and the pH adjusted to 1-2 with I N  HCI. The 
mixture was extracted with CH,Cl, (3 x 20 ml) and the org. layer washed with I N  NaOH (2 x 30 ml), dried 
(Na2S04), and evaporated to give back the TADDOL. The basic aq. layer was acidified with IN HC1 to pH 1-2 and 
extracted with CH2C1, (3 x 20 ml) and the combined org. layer dried (Na,SO,) and evaporated: sulfonamido esters 
2. The e x  of 2 were determined by conversion to the hydroxysulfonamides 3 and NMR analysis of the derived 
Mnsher esters (see Scheme 311. The following anal. and spectroscopic data refer to racemic (rac) and enantiomeri- 
cally pure (e.p.) 2, as obtained after recrystallization(s) from CH,Cl,/hexanc: (see Scheme 3). The racemic samples 
were prepared by reaction of the N-sulfonyldicarboximides 1 with [Ti(OCRMe,),] in THF at r.t. 

Isopropyl cis-&[ (~ethJ~~sulfony~)aminocarbony~]cyc~ohex-3-ene-1-carhoxy~ate (2a): Rf  0.75 (Et,O). M.p. 
104-106" (rar), 119.4-120.0" (e.p.). = +18.00 (c = 0.5, CHC1,). E.r. > 99.5:0.5. IR (KBr): 3273m, 30263, 
1724w, 1325w, 1171w, 1 1 2 7 ~ .  'H-NMR (CDCI,): 1.20, 1.22 (24  J = 6.3, 2 Me); 2.20-2.60 (m. 2 CH,); 2.93-3.04 
(m, 2 CHCO); 3.26 (s,  Me); 5.67 (sept.,J = 6.3, CHO); 5.60-5.74(m,CH=CH); 9.30(s, NH). I3C-NMR (CDCI,): 
173.2; 172.5; 125.4; 124.1; 611.8; 41.1; 40.85; 40.2; 26.0; 25.45; 21.55. EI-MS: 289 ( <  I ,  M+), 230 (16), 152 (27), 
124 (67), 122 (20), 96 (12), 80 (30), 79 (IOO), 78 (21), 77 (13), 43 (17), 41 (11). Anal. calc. for Cl2HI9NO,S: C 49.81, 
H6.62,N4.84;found: C49.57,H6.55,N4.77. 
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Isopropyl cis-6-[ (Methy~siilfony~)aminocarbonyl]cycloiiexune-I-carboxylate (2b): R, 0.50 (Et,O). M.p. 96-97" 
(rac), 118.2-119.4" (e.p.). [a&'- = -8.80 (c = 0.60, CHCI,). E.r. > 99.5:0.5. IR (KBr): 3207m, 1731w, 1339w, 
1175w, 1119~.  'H-NMR (CDCI,): 1.22, 1.23 (2d, J =  6.3, 2 Me); 1.30-1.55, 1.55-1.80, 1.80-2.00, 2.05-2.20 (4m, 
(CH2)4CH); 2.65-2.75, 2.80-2.90 (2m, 2 CHCO); 3.28 (s, Me); 5.00 (sept., J = 6.3, CHO); 8.90 (br. s, NH). 
13C-NMR(CDC13): 173.45; 173.3;68.4;43.85;43.1;41.1;26.3; 25.95;23.5;23.1;21.6. EI-MS: 291 ( <  1,M+), 231 
(41),203(15), 196(17), 170(19), 155(23), 154(52), 129(18), 128(77), 126(60), 124(18), 110(19), 109(33), 108(33), 
99 (12), 96 (19), 83 (13), 81 (91), 80 (loo), 79 (16), 78 (37), 73 (lo), 68 (16), 67 (63), 55 (18), 54 (29), 53 (12), 45 (20), 
43 (43), 41 (35). Anal. calc. for C12H2,N05S: C 49.47, H 7.26, N 4.81 ; found: C 49.27, H 7.20, N 4.72. 

Isopropyl cis-2-[ (Methylsulfonyl)aminocarbonyl]cyclobutane-l-carboxylate (2c): Rf 0.24 (Et20). M.p. 120- 
121" (rac), 138.8-140.2" (e.p.). [my& = -20.20 (c = 0.5, CHCI,). E.r. > 99.5:O.S. IR (KBr): 3207m, 1736w, 1326w, 
1168w, 1128w. 'H-NMR (CDCI,): 1.24 (d, J = 6.3, 2 Me); 2.10-2.45 (m. 2 CH2); 3.30 (s, Me); 3.35-3.45 (m. 
2 CHCO); 5.00 (sept., J = 6.3, CHO); 8.92 (s, NH). "C-NMR (CDCI,): 172.75; 172.0; 68.75; 41.1; 41.75; 22.25; 
21.65; 21.4. EI-MS: 204 (3, [ M  - 59]+), 169 (loo), 127 (14), 55 (24), 54 (21), 53 (ll),  43 (20). Anal. calc. for 
C,,H,,O,S: C 45.61, H 6.51; found: C 45.43, H 6.34. 

Isopropyl 3- endo-[ (Methylsulfonyl)aminocarbonyl]bicyclo[2.2.l]heptane-2-endo-carboxylate (2d): R, 0.75 
(Et20). M.p. 148.4-148.8" (rue), 168.6-169.0" (e.p.). [a&'. = -15.57 (c = 1.9, CHCI,). E.r. > 99.5:0.5. IR (KBr): 
3219w, 1701w, 1446w, 1343w, 1227w, 1143w. 'H-NMR (CDCI,): 1.14, 1.15 (24 J=6.2 ,  2 Me); 1.30-1.50, 
1.55-1.75 (2m, 3 CH,); 2.45-2.60, 2.80-3.00 (2m, H-C(l), H-C(2), H-C(3), H-C(4)); 3.22 (s. Me); 4.92 (sept., 
J = 6.2, CHO); 9.30 (br. s, NH). I3C-NMR (CDCl,): 172.1; 171.5; 67.7; 47.4; 47.0; 41.0; 40.6; 39.85; 39.4; 23.9; 

Anal. calc. for C13H2,N05S: C 51.47, H 6.98, N 4.62; found: C 51.27, H 7.12, N 4.59. 
Isopropyl 3-endo-[~Methylsulfonyl)aminocarbonyl]bicyclo[2.2.I]hept-S-ene-bendo-carboxylate (Ze): R,  

0.72 (Et20). M.p. 136.6-137.0' (ruc),  160.2-160.4' (e.p.). [c4]g. = -11.51 (c =0.9, CHCI,). Ex. > 99.5:O.S. IR 
(KBr): 3231w, 3032s, 1710w, 1445w, 1338w, 1207w, 1 1 3 3 ~ .  'H-NMR (CDCI,): 1.20, 1.21 (24 J = 6 . 3 ,  2 Me); 
1.30-1.50 (m, CHJ; 3.10-3.25, 3.30-3.40 (2m, H-C(I), H-C(2), H-C(3), H-C(4)); 3.27 (s, Me); 4.92 (sept., 
J = 6.3, CHO); 6.15-6.25,6.35-6.40 (2m, CH=CH); 8.91 (s. NH). "C-NMR (CDCI,): 171.7; 171.4; 135.4; 134.6; 

AnaLcalc. forCl3H,,NO,S:C51.81,H6.35,N4.65;found:C51.96,H6.47,N4.54. 
Isopropyl 3-endo-[(Methylsulfonyl)aminocarbonyl]bicyclo[2.2.2]octane-2-endo-curboxylate (20: Rf  0.72 

(Et20). M.p. 184.4-184.6" (rac), 188.6-188.8" (e.p.). [a&'. = -2.67 (c = 1.8, CHCI,). E.r. > 99.5:0.5. IR (KBr): 
3194m, 1703w, 1456w, 1342w, 1222~2,1132~.  'H-NMR (CDCI,): 1.23 (d, J = 6.2,2 Me); 1.40-1.90,2.00-2.15 (2m, 
5 CH,); 2.80-2.85 (m, 2 CHCO); 3.31 (s, Me); 4.99 (sept., J = 6.2, CHO); 8.54 (s, NH). ',C-NMR (CDCl,): 172.9; 

177 (19), 81 (14), 80 (loo), 79 (23), 45 (31). Anal. calc. for C,,H23NO5S: C 52.98, H 7.30, N 4.41; found: C 52.71, 
H 7.06, N 4.31. 

5.1. Reduction of Sulfonamido Esters 2 with UAIH,,. A soln. of 2 (1.0 mmol) in Et,O or THF ( 5  ml) was added 
to a suspension of LiAlH, (8.0 mmol) in Et20 (10 ml) under Ar at Oo. After 30 min, the mixture was poured into a 
sat. NH4CI soln. (75 ml), and the pH was adjusted to 1-2 with 1~ HC1. The mixture was extracted with CH,CI, 
(3 x 30 ml), thecombined org. layer dried (Na2S04) and evaporated, and the residue chromatographed to yield the 
expected mesylamino alcohol 3. If not otherwise stated, the [&ID values given for 3 refer to those samples which 
were prepared from recrystallized, enantiomerically pure amido esters 2 (see also Scheme 3) .  The e.r. of 3 were 
determined by NMR analysis of the corresponding Mosher esters. 

N-([cis-6-(Hydroxymethyl)cyclohex-3-en-I-yl]methyi)methanesulfonamide (3a): R, 0.22 (Et20). B.p. 185- 
190"/0.5 Torr (rac). [m]b'. = +7.60 (c = 0.5, CHCI,). E.r. > 99.5:0.5. IR (film): 3517w, 3284w, 3022~1, 1309w, 
1 1 4 8 ~ .  'H-NMR (CDCI,): 1.80-2.25 (m. 2 C=CCH,CH); 2.71 (s, OH); 2.94 (s, Me); 3.00-3.25 (m, CH,N); 
3.50-3.70 (m, CH,O); 5.48 (t, J = 6.3, NH); 5.55-5.70 (m. CH=CH). I3C-NMR (CDCI,): 125.55; 124.95; 63.0; 
44.05; 39.8; 36.6; 34.85; 27.3; 26.55. "F-NMR (CDCl,, Mosher ester): -71.97; -72.02. EI-MS: 219 (<  1, M + ) ,  
124 (33), 122 (25), 108 (72), 106 (27), 105 (lo), 95 (16), 94 (59), 93 (loo), 92 (30), 91 (51), 82 (17), 81 (15), 80 (25), 
79 (78), 78 (33), 77 (38), 69 (II) ,  68 (12), 67 (IS), 44 (22), 42 (12). Anal. calc. for C,H17N03S: C 49.29, H 7.81, 
N6.39; found: C49.03, H 7.53, N 6.83. 

N-{[cis-2- lHydroxymethyl)cyclohex-l-yl]methyl~methanesulfonnmide (3b): R, 0.27 (Et20). B.p. 210-21 5"/ 
0.4 Torr (rac). [a&t. = -3.10 (c = 1.00, CHCI,). E.r. 92%. IR (film): 3512w, 3280w, 1450~1, 1311w, 1152w. 
'H-NMR (CDCI,): 1.30-1.60 (m, 2 CH2CH2); 1.80-2.05 (m, 2 CH); 2.25 (s, OH); 2.94 (s, Me); 3.00-3.20 (m, 

23.8; 23.35. I9F-NMR (CDCI,, Mosher ester): -71.58; -71.87. EI-MS: 203 (3, [A4 - 18]+), 167 (26), 150 (12), 149 
(100),142(24), 129(11), 125(18), 124(42), 113(15), 112(23), lO8(29), 104(l8),96(40),95(64),93(11),83(22),82 

23.3;21.7;21.5.EI-MS:303( < I ,M+),  177(25),96(10),94(25), 79(16),67(29),66(100),45(38),43(Il),41 (13). 

68.3; 49.55; 49.3; 48.5; 46.9; 46.6; 40.8; 21.75; 21.65. EI-MS: 301 ( < 1, M'), 176 (14), 91 (15), 66 (IOO), 45 (16). 

172.4; 68.2; 45.9; 43.9; 41.2; 27.1; 26.2; 25.65; 25.45; 21.8; 21.7; 21.15; 21.1. EI-MS: 317 ( <  1, M+) ,  178 (20). 

CH2N); 3.50-3.80 (WZ, CH2O); 5.34 (t, J = 6.2, NH). "C-NMR (CDCl,): 63.9; 44.65; 39.9; 39.0; 37.8; 27.3; 27.2; 
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(13), 81 (49), 79 (23), 76 (12), 71 (43), 70 (50), 69 (26), 68 (25). 67 (62), 57 (79), 56 (27), 55 (79, 54 (25), 53 (16), 
44 (13), 43 (58), 42 (74), 41 (83). 

N-( [cis-2- (Hydroxymefhyl) cyclobut-Z-yl]methyl)methanesulfonamide (3c): Rf 0.3 1 (Et20). B.p. 230-235"/0.4 
Torr (rac). [a&'. = -17.60 (c = 0.05, CHCI,). E.r. > 99.5:0.5. IR (film): 3499w, 3282w, 1314w, 1150w. 'H-NMR 
(CDCl,): 1.40-1.70, 1.90-2.15 (2m, CH2CH2); 2.50 (s, OH); 2.60-2.85 (nr, 2 CH); 2.94 (s, Me); 3.09-3.32 (m, 
CH2N); 3.62-3.86 (m, CH2OI); 5.73 (s, NH). "C-NMR(CDC1,): 62.6; 44.1; 39.8; 37.6; 36.2; 22.1; 20.05. I9F-NMR 
(CDCI,,Mosherester): -71.51;-71.84.EI-MS: 175(2,[M- 18]+), 134(27), 114(40), 108(49), 97(13),96(60),84 
(13), 81 (17), 80 (23), 78 (431, 70 (18), 69 (22), 68 (52), 67 (66), 65 (l l) ,  58 (19), 57 (88), 56 (92), 55 (26), 54 (19), 53 
(15),43 (24),42(27),41 (82),30(100).Anal.calc.forC13H,9N0,S:C51.81, H6.35,N4.65;found:C51.96,H6.47, 
N 4.54. 

N-{[3- endo- (Hydroxymlethyl) bicyclo[2.2.l]hept-2-endo-yl/methyl~m~thanesulfonamide (3d): Rf 0.30 (Et,O). 
B.p. 245-250"/0.4 Torr (rac). [a&' = -0.49 (c = 3.25, CHC1,). Ex. 97.5:2.5. IR (film): 3504w, 3283w, 1314w, 
1151~.  'H-NMR (CDCI,): 1.20-1.50 (m. (CH2)2CHCH2); 2.00-2.30 (m. 4 CH); 2.92 (s, OH); 2.93 (s, Me); 
3.00-3.15,3.15-3.25 (2m, CH,N); 3.55-3.80 (m, CH20); 6.906.95 (m. NH). "C-NMR (CDCl,): 61.4; 42.65; 41.9; 
41.2; 40.9; 40.5; 39.6; 39.45; 22.5; 22.2. I9F-NMR (CDCI,, Masher ester): -71.76; -72.00. EI-MS: 233 ( < 1, M'), 
154 (71), 137 (28), 136 (36), I20 (16), 109 (19), 108 (72), 107 (41), 97 (26), 96 (15), 94 (18), 93 (29), 92 (14), 91 (28), 
81 (39). 80 (52), 79 (loo), 78 (14), 77 (16), 70 (13), 69 (12), 68 (16), 67 (54), 66 (66), 65 (lo), 57 (27), 56 (14), 55 (14), 
53 (lo), 41 (29). 

N-{ [3-endo-(Hydroxyn~ethyl)bicyclo[2.2.l/hept-5-en-2-endo-yl]metl~,yl~methanesulfonamide (3e): R, 0.24 
(Et20). M.p. 107-108" (CH2C12/Et20/hexane; rac). [a]r$ = -20.97 (c = 3.0, CHCl,). E.r. 98.5:1.5. IR (KBr): 
3507w, 3159w, 3005s. 1297w, 1149~.  'H-NMR (CDCI,): 1.30-1.55 (m, CH,CH); 2.19 (s, OH); 2.40-2.60, 2.75- 
2.95, 3.00-3.15 (3m, 4 CH, Me, CH,O); 3.20-3.45, 3.55-3.75 (2m, CH,CI); 5.854.00 (m, NH); 6.054.15 (m, 
CH=CH). I3C-NMR (CDCI,): 135.35; 134.8; 63.2; 49.6; 47.2; 46.4; 44.8; 43.8; 42.85; 39.75. "F-NMR (CDCl,, 
Mosher ester): -71.76; -71.95. EI-MS: 232 ( < 1, M+) ,  147 (36), 145 (15). 6'7 (12), 66 (13), 66 (100). Anal. calc. for 
C,~Hl,NO3S:C51.92,H7.41,N6.06;found:C52.18,H7.36,N6.00. 

N-{ [3-endo-(Hydroxyniethyl) bicyclo[2.2.2 ]ocf-2-endo-yl]methyl}merhanesulfonamide (30: R,  0.28 (Et20). 
M.p. 70-71" (CH,Cl,/pentane; rac). [alb' = -4.19 (c = 2.6, CHCl,). E.r. 99:l. IR (film): 3466w, 3177w, 1301w, 
1145~.  'H-NMR (CDCI,): 1.25-1.55, 2.00-2.20 (2m, 2 (CH,),CHCH); 240 (s, OH); 2.95 (s, Me); 3.00-3.20, 
3.35-3.50 (2m, CH2N); 3.60-3.75,3.804.00 (2m, CH,O); 6.00-6.25 (m, NH). "C-NMR (CDCl,): 64.0; 44.2; 40.8; 
39.8; 39.0; 28.85; 27.9; 26.45; 26.4; 20.9; 20.6. "F-NMR (CDCI,, Masher ester): -71.81; -71.98. EI-MS: 248 
(i 1, [ M  + l]'), 168 (82), 1S1 (42), 149 (25), 139 (14), 123 (13), 122 (89), 121 (71), 110 (11), 109 (39), 108 (54), 
107(20), 105(13),96(13),951:24),94(51),93(88),92(10),91(31),81(41),80(100), 79(99),78(13),77(21),68(12), 
67 (47), 57 (ll),  55 (17), 41 (14). 

5.2. Reductive Cleavage of Mesyl Group. According to [23], sodium bis(2-methoxyethoxy)aluminium hydride 
(Red-AI; 109.3 mmol) was added to a soh. of mesylamino alcohol 3 (13.7 mniol) in toluene (300 ml) under Ar. The 
resulting soh. was refluxed for 2 d. After cooling to r.t., 10 ml of 1~ NaOH were added, and this was followed by 
the addition of anh. Na,SO,. After filtration, the filtrate was evaporated and the residue distilled: amino alcohol 4. 

cis-6-(Aminomethyl)cyclbhex-3-enemethanol(4a): B.p. 145-1 50°/0.5 Torr. IR (film): 3296w, 3021rn, 2897w, 
1043m. 'H-NMR (CDCI,): 1.80-2.25 (m, 2 C=CCH2CH); 2.63, 2.77 (2dd, J = 3.5, 12.4, 8.3, 12.4, CH2N); 
2.95-3.75 (m, CH20H, NH3; 5.50-5.70 (m, CH=CH). 13C-NMR (CDCl,): 126.3; 124.7; 63.7; 42.3; 38.75; 38.6; 

95 (14), 94 (32), 93 (61), 92 (28), 91 (75),83 (12), 82 (21), 80 (38), 79 (loo), 78 (43), 77 (60), 70 (13), 69 (22), 68 (44), 
67 (20), 66 (13), 64 (1% 58 (IM), 57 (29), 56 (19), 5 5  (17), 53 (17), 50 (15), 44 1:42), 43 (47), 42 (13), 41 (32). 

cis-2-(Aminomethyl)cyclohexanemethanol(4b): B.p. 145-1 50°/0.5 Torr. IR (film): 3374~2, 1029m. 'H-NMR 
(CDCl,): 1.10-1.85 (m. 2 CH,,CH,CH); 1.90 (s, OH); 2.60 (br. s, NH,); 3.50-3.60, 3.65-3.80 (2m, CH2N, CH20). 

29.4;26.O.EI-MS: 141 (9,Mi-), 124(22), 123(21), 120(12), 119(16), 111 (16), 110(14), 106(19), lOS(ll), 104(10), 

I3C-NMR(CDCI,): 64.25;39.85;27.20;24.05. EI-MS: 126( < 1,[M - 17]+), 111 (11),97(18),96(100),95(72),93 
(16), 83 (15), 82 (29), 81 (60), 79 (15), 69 (17), 68 (22), 67 (58), 57 (12), 55 (24),54 (12), 41 (13). 

5.3. Esterifcation of Amino Alcohols 4. At O", 3,5-dinitrobenzoyl chloride (3.1 mmol) was added to a soln. of 
amino alcohol 4 (1 mmol) and Et,N (5  mmol) in CH2C12 (10 ml). After 3 h, the mixture was quenched with 1~ HC1 
(10 ml) and extracted with CH2C12 (2 x 30 ml). The combined org. layer was washed with cold 1~ NaOH (10 ml), 
dried (Na,SO,) and evaporated and the resulting residue chromatographcd: amido esters (rather labile ester 
group). Only the bis(3,5-dinitrobenzoyl) derivative of 4a was isolated and purified. In all other cases, the 
dinitrobenzoate group was saponified, and the resulting (hydroxymethy1)-dinitrobenzamide characterized (see 
4a',b',d',e' in Sect.5.4). 

~cis-~[6-(3,5-Dinitrobenzoyl)amino]methyl~cyclohex-3-en-l-yl~methyl .?,5-Dinitrobenzoate (Bis(3J-dinitro- 
benzoyl) Derivative of 4a): Yield 73%. Rf 0.41 (pentane/AcOEt 7:3). M.p. 157-159" (AcOEt/pentane; rac). 
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[a]bt.= -5.20 (c =0.15, CHCI,). IR (film): 3419m, 3101m, 3069m, 1728m, 1666m, 1542w, 1344m. 'H-NMR 
(CD,COCD,): 2.10-2.75 (m, 2 CH2CH); 3.30-3.60, 3.65-3.90 (2m, CH2N); 4.354.80 (m, CH20); 5.74 (s, 
CH=CH); 8.62 (br. s, NH); 9.10-9.25 (m, arom. H). I3C-NMR ((D6)DMSO): 162.8; 162.3; 148.6; 148.3; 137.1; 

149 (28), 106 (38), 105 (IS), 103 (13), 93 (27), 92 (16), 91 (44), 79 (22), 78 (25), 77 (26), 76 (Il), 75 (loo), 74 (34), 
63 (18), 58 (ll), 53 (12), 50 (13), 44 (41), 43 (92). 

5.4. Hydrolysis of Dinitrobenzoate Derivatives. The dinitrobenzoate group (see 5.3) was cleaved to give the 
(hydroxymethy1)-dinitrobenzamides 4': NaOH (5.1 mmol) was added to a mixture of dinitrobenzoyl derivatives 
(1 mmol; see 5.3) in THF (10 ml) and H 2 0  (5 ml). The mixture was stirred overnight at r.t. and extracted with 
CH2C12 (2 x 10 ml). The combined org. layer was dried (Na2S0,) and evaporated and the resulting residue 
chromatographed: 4'. 

N- {[cis-6-(Hydroxymethyl)cyclohex-3-en-l-yl]methyl}-3,5-dinitrobenzamide (4a'): Yield 59 YO (from 4a). 
R, 0.53 (pentane/AcOEt 1: 1). M.p. 125-127" (CH2C12/pentane; rac). [ctlfjt. = +14.67 (c = 0.3, CHCI,). Ex. 71.5: 
28.5. HPLC (Chiracel OD, hexane/i-PrOH ( 5 % ) ,  1 ml/min): tR 121.4, 140.3 (major). IR (film): 3340m, 3206m, 
3105m, 3034s, 1649w, 1536w, 1340w. 'H-NMR (CDCI,): 1.80-2.35 (m, 2 CH2CH); 3.3Ck3.45, 3.55-3.90 (2m, 
CH2N, CH20, OH); 5.55-5.65 (m, CH=CH); 8.48 ( t ,  J = 5.6, NH); 9.00-9.10 (m, arom. H). I3C-NMR (CDCI,): 
163.1; 148.5; 137.9; 127.4; 125.6; 125.0; 120.8; 63.7; 41.1; 37.2; 34.2; 28.1; 26.3. EI-MS: 335 (1 1, M+), 225 (23), 224 
(36), 208 (14), 194 (63), 149 (35), 124 (lo), 107 (Il), 106 (IOO), 105 (lo), 102 (13), 94 (20), 93 (89), 92 (21), 91 (56), 81 
(lO),8O(13),79(31),78(30),77(34),75(44),67(11).Anal.calc.forC15Hl7N306:C53.73,H5.11,N 12.53;found: 
C 53.61, H 5.32, N 12.42. 

N- {[cis-l'-(Hydroxymethyl)cyclohex-l-yl]methyl}-3,5-dinitrobenzamide (4b'): Yield 49 % (from 4b). Rf 0.49 
(pentane/AcOEt 1:l). M.p. 119-121' (CH2C12/pentane; rac). [a&'. = +6.00 (c = 0.5, CHCl,). Ex. 95:s. HPLC 
(Chiracel OD, hexane/i-PrOH   YO), 1 ml/min): tR 143.6 (major), 158.5. IR (film): 3311m, 3103m, 1649w, 1542w, 
1344~. 'H-NMR (CDCI,): 1.35-1.60 (m, 2 CH,CH2); 1.95-2.05, 2.15-2.20 (2m, CHCH); 3.10 (s, OH); 3.45-3.60, 
3.70-3.80 (2m, CH2N, CH,O); 8.20 (s, NH); 9.00-9.10 (m, arom. H). '-'C-NMR (CDCl,): 162.5; 148.5; 138.1; 
127.2; 120.7; 64.2; 41.4; 40.0; 36.0; 28.7; 26.4; 24.2; 23.1. EI-MS: 337 (9, M+),  225 (28), 224 (20), 212 (16), 195 (49, 
149 (33), 142 (13), 125 (22), 108 (78), 103 (15), 96 (39), 95 (loo), 93 (23), 82 (ll), 81 (28), 80 (lo), 79 (22), 75 (60), 
69 (14), 68 (12), 67 (50), 55 (29), 54 (12), 41 (24). Anal. calc. for CISH19N306: C 53.41, H 5.68, N 12.46; found: 
C 53.19, H 5.66, N 12.37. 

N- { 13- endo- (Hydroxymethyl) bicyclo[2.2.l]hept-2- endo-yl]methyl}-3,5-dinitrobenzamide (4d') : Yield 43 % 
(from 4d). Rf0.52 (pentane/AcOEt 1: 1). M.p. 163-165' (CHzC12/pentane; rac). [a]T&. = -25.17 (c = 0.6, CHCI,). 
Ex. 95:5. HPLC (ChiracelOD, hexane/i-PrOH (5%), 1 mlimin): f R  82.1 (major), 102.6. IR (film): 3310m, 3100m, 
1647w, 1540w, 1340~. 'H-NMR (CDCI,): 1.20-1.65, 1.95-2.40 (2m, CH2CH,, CH,(CH),, OH); 3.25-3.34, 3.90- 
4.20 (2m, CHIN, CH20); 8.50-8.55 (m. NH); 9.00-9.15 (m, arom H). ',C-NMR (CDCI,): 161.8; 148.7; 138.6; 
127.2; 120.6; 62.6; 43.4; 41.9; 41.3; 41.2; 40.0; 39.0; 31.0; 22.8; 22.6. EI-MS: 349 (9, M'), 212 (14), 195 (75), 
149 (41), 138 (loo), 137 (12), 121 (12), 120 (IOO), 110 (16), 109 (25), 108 (22), 107 (63), 105 (15), 103 (14), 95 (14), 
94 (23), 93 (15), 92 (26), 91 (31), 81 (26), 80 (22), 79 (74), 78 (lo), 77 (13), 75 (49), 67 (28), 66 (29), 57 (13), 41 (18). 

N- {[3- endo-(Hydro.uymethy1)bicyclo [2.2.I]hept-5-en-2-endo-yl]methyl}-3,5-dinitrobenzamide (4e'): Yield 
41 % (from 4e). R, 0.34 (pentane/AcOEt 1: 1). M.p. 164-166" (CH2C12/pentane; rac). = -2.00 (c = 0.4, 
CHCI,). Ex. 86:14. HPLC (Chiracel OD, hexane/i-PrOH (5%), 1 ml/min): tR99.5 (major), 121.5. IR (film): 3364m, 
3097s, 1630m, 1543w, 1344~. H-NMR (CD3COCD3): 1.30-1.45 (m, CH2CH); 2.45-2.60, 2.90-2.95 (2m, 
2 CHCH); 3.20-3.30, 3.40-3.60 (2m, CH2N, CH20); 4.12 (1, J = 4.7, OH); 6.154.20, 6.20-6.30 (2m, CH=CH); 
8.70-8.75 (m, NH); 9.05 (s, aroni. H). "C-NMR (CD3COCD3): 162.5; 149.4; 139.1; 135.9; 135.8; 127.9; 121.2; 

6. Reaction ofrac-N-Mesyllactam 5/ent-5 with Chiral Titanium Derivatives. [Ti(OCHMe2),] (1.20 mmol) was 
added to a s o h  of TADDOL (1.20 mmol) in EtzO (20 ml) at r.t. under Ar. After 3 h, the mixture was evaporated 
and the residue dried for 1 additional h. THF (10 ml) was added and the resulting soh. cooled to -2OO. After 
10 min, rac-5 (2.4 mmol) in THF (10 ml) was added. The resulting mixture was kept at -2OO for 35 days. Sat. 
NH4C1 (20 ml) was added, the mixture extracted with CH2CI2 (3 x 20 ml), the org. layer dried (Na,S04) and 
evaporated, and the resulting residue chromatographed : ent- 5 and isopropyl4-[ (Methylsulfonyl)amino]cyclopent- 
2-ene-I-carboxylate (6). 6: R, 0.81 (Et20). M.p. 61-63" (CH2C12/pentane, rac). B.p. 215-220°/0.4 Torr (rac). 
[a&'- = -28.27 (c = 1.0, CHCI,). E.r. 63:37. GC (7-CD; 0.9 KPa, 155O (for 5 min), rate O.l"/min, 190' (for 10 
min)): tR 140.84(6), 144.71 (ent-6). IR(fi1m): 3620m, 3550m, 3281w, 30233, 1718w, 1437m, 1323w, 1199m, 1151m. 
'H-NMR (CDCI,): 1.19, 1.20 (2d, J = 6.3, 2 Me); 1.98, 2.42 (2dt, J = 3.45, 13.9, 8.3, 13.9, CH2); 2.95 (s, Me); 
3.35-3.45 (m, CHCO); 4.454.55 (m. CHN); 4.94 (sept., J = 6.3, CHO); 5.12 (d, J = 9.7, NH); 5.85-5.92 (m, 
CH=CH). I3C-NMR (CDCI,): 173.65; 133.9; 132.4; 68.7; 58.65; 49.45; 41.6; 34.65; 21.5. El-MS: 204 (1, 

132.9; 129.1; 127.6; 125.7; 125.3; 122.7; 120.9; 67.0; 40.4; 33.8; 33.7; 27.5; 26.2. €1-MS: 529 ( <  1, M+) ,  195 (33), 

62.7; 49.5; 47.1; 46.8; 45.5; 42.7; 40.9. €1-MS: 347 ( <  1, M+),  264 (ll), 195 (13), 149 (1 I), 75 (14), 66 (100). 
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[ M  - 43]+j, 168 (27), 160 (27), 126 (27), 108 (13), 96 (1 I), 82 (25), 81 (22), 80 (85),67 (lo), 66 (loo), 53 (16), 43 (76), 
41 (14). Anal. calc. for ClOH1,NO4S: C 48.57, H 6.93, N 5.66; found: C 48.60, H 6.90, N 5.61. 

7. I .  Absolute Configuration ofSu(fonamido Ester 2a and2b. [Ti(OCHMe,),] (1 1 .SO minol) was added to a soln. 
of TADDOL (12.0 mmol) in Et,O (50 ml) at r.t. under Ar. After 3 h, the solvent was evaporated and the residue 
dried for 1 additional h. THF: (80 ml) was added and the resulting soln. cooled to -20". After 10 min, the anhydride 
7 (10.0 mmol) in THF (20 nil) was added. The resulting mixture was kept ,it -20" for 10 days. Sat. NH,CI soln. 
(80 ml) was added and the pH adjusted to 1-2 with I N  HCI. The mixture was 'extracted with CH,CI, (3 x 50 ml) and 
the org. layer washed with I N  NaOH (2 x 50 ml), dried (Na,SO,), and evaporated: TADDOL. The basic aq. layer 
was acidified with I N  HCI t'o pH 1-2, the mixture extracted with CH,CI, (3 x 50 ml), and the org. layer dried 
(Na,SO,) and evaporated: ( I  S,6R/-6-(isopropoxycarbonyl)c,yclohex-3-ene-l-carboxylic acid (8). B.p. 155-160"/ 
0.5 Torr (ruc). [akt. = +5.486 (c = 1.85, CHCI,). IR (film): 2986w, 1738w, 1 1 8 9 ~ .  'H-NMR (CDCI,): 1.20 (d, 
J = 6.2,2 Me); 2.25-2.65, 3.00-3.10 (2m, 2 CH,CHCO); 5.02 (sept., J = 6.2, CHO); 5.60-5.75 (rn, CH=CH); 11.0 
(br. s, OH). "C-NMR (CDCI,): 179.7; 172.5; 125.25; 124.9; 68.2; 39.7; 25.85; 21.6. EI-MS 212 ( < 1, M'), 153 
(14), 152(17), 124(56),80(13),79(100),77(13),43(12). 

According to [25], oxalyY chloride (7.0 mmol) was added to a soh.  of 8 ( 5  mmol) in CH,C1, at 0". The resulting 
mixture was stirred at r.t. for 3 h. The solvent was removed under high vacuum to yield the acyl chloride derivative. 
IR (CHCI,): 3020s, 1800w, 1760w, 1205m, 11 10m. The resulting residue WBS dissolved in 10 ml of dry THF and 
divided into two portions. 

First portion: BuLi (2.5 mmol) was added to a soh.  of methanesulfonamide (2.5 mmol) in THF (20 ml) 
at -78O under Ar. The resulting milky suspension was warmed to r.t., and after 20 min at r.t., the mixture was 
cooled to -78O and the acyl chloride derivative added (2.5 mmol in 5 ml of THF, see above). The temp. was allowed 
to reach to r.t. overnight. Sat. NH,CI soln. (10 ml) was added and the pH adjusted to 1-2 with 1~ HCI. The mixture 
was extracted with CH,CI, (3 x 20 ml) and the org. layer washed with H 2 0  (2 x 10 ml), dried (Na2S04), and 
evaporated: 2a. Pd/C (10%; 25 mg) was added to a soln. of Za (0.9 mmol) in AcOEt (20 ml). The resulting mixture 
was stirred overnight under €I2. PdjC was filtered off and the filtrate evaporated: pure 2b. 

Second portion: According to [25], the acyl chloride derivative (2.5 mmol in 5 ml of THF, see above) was 
added to NaBH, (5.0 mmol) in EtOH (1 5 ml) at -4OO under Ar. The mixtur'e was stirred at -40" for 3 h. Then 4N 
H,SO4 (5 ml) was added, the mixture extracted with CH,C12 (3 x 50 ml), the combined org. layer washed with H,O 
(2 x 10 ml), dried (Na2S04), and evaporated, and the residue chromatogra.phed: isopropyl ( I  R.6 Sl-6-hydroxy- 
methyl)cyclohex-3-ene-l-carboxylute (9): Rr 0.60 (hexane/AcOEt 1:2). Ex. '91 :9 (I9F-NMR). 'H-NMR (CDCI,): 
1.20, 1.22 (24  J = 6.3,2 Me): 1.80-2.80 (m, 2 CH,CHCO, OH); 3.40-3.70 (n?, CH,O); 4.97 (sept., J = 6.3, CHO); 
5.50-5.65 (m, CH=CH). 19F-NMR (CDCl,, Mosher ester): -72.07; -72.10. 

According to [25], camphorsulfonic acid (0.02 mmol) was added to a soh.  of 9 (1.4 mmol) in toluene (100 ml) 
at r.t. The resulting soln. was refluxed with azeotropic removal of i-PrOH for 5 h (Dean-Stark apparatus). The 
solvent was removed and the residue filtered through silica gel (25 g) using AcOEt (200 ml). After evaporation, the 
residue was distilled: ( I  S,6R)-8-oxabicyclo[4.3.O]non-3-ene-7-one (10) [9d]. R, 0.74 (hexane/AcOEt 1 : 1). B.p. 
130-135"/0.5 Torr. [alb'. = +46.7 (c = 1.0, CHCI,). IR (film): 3034m, 1770w, 1208w, 1144w, 1 0 2 2 ~ .  'H-NMR 
(CDCI,): 1.70-1.95, 2.10-2.85 (2m, 2 CH,CHCO); 3.96, 4.26 (2dd, J =2.0, 8.8, 5.1, 8.8, CH20); 5.55-5.75 (m, 
CH=CH). ',C-NMR (CDC13): 178.9; 124.85; 124.7; 72.6; 37.0; 31.7; 24.45; 21.8. EI-MS: 138 (51, M+),  197 (55) ,  
93 (loo), 92 (16), 91 (34), 80 (20), 79 (85),78 (16), 77 (63), 66 (17), 53 (1  I), 51 (11). 

7.2. Absolute Configuration of N-Mesyllactam ent-5 and Mesylamino E.ster 6 .  Compound ent -5 was prepared 
from (lS,4R)-2-azabicycIo[2.:!. lIhept-S-en-3-one according to the procedure 'of 2.3 : (1  S,4R)-  N-(methylsulfonyl)- 
2-uzabicyclo[Z.Z.I]hept-5-en-3-one (ent-5). M.p. 88.4-88.6" (CH2Cl,/pentanl:). [a]b' = +204.7 (c = 1.52, CHCI,). 
EJ. > 99.5:O.S. 

Compound e n - S  (1.4 ninnol) was ringopened with [Ti(OCHMe,),J (1.6 nmol) at r.t. over 3 days to give ent-6 
(see above): M.p. 86.8M7.4O (CH,CI,/pentane). [a]b' = +114.96 (c = 1.25, CHCI,). E.r. > 99.5:0.5. 

8. Crystu/-Structure Analysis oj'the Camphanate of3e. Synthesis : A soln. of camphanoyl chloride (0.18 mmol) 
in CH,Cl, (2 ml) was added ,at r.t. to the soln. of 3e (0.15 mmol) and Et,h (0.23 mmol) in CH,C12 (5 ml). The 
mixture was stirred overnight and then hydrolyzed with H 2 0  (20 ml) and extracted with CH,CI, (2 x 20 ml). The 
org. layer was dried (Na2S04:I and evaporated and the residue chromatographed: 84% of the camphanate of 3e. 
R f  0.53 (Et,O). 'H-NMR (CDCI,): 6.21, 6.15 (2m, CH=CH); 4.79 ( 1 ,  J := 3.1, NH); 4.17, 3.85 (dd, J = 3.8, 
5.3,CH20);2.97(s, S02Me):2.78-3.06(m,CH2N, CH);2.35-2.62, 1.86-2.11, 1.62-1.80, 1.50-1.60, 1.32-1.40(5m, 
3 CH,, 3 CH); 1.11 (s, Me); I 06 (s, Me);0.98 (s, Me). 

Structuru : Recrystallization of the camphanate of 3e from CH,CI, gave a suitable crystal for X-ray analysis. 
Determination of the parameters and collection of the reflection intensities were performed on an Enrurf-Nonius- 
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CAD4 four-circle diffractometer (graphite monochromatized CuK, radiation, I = 1.5418 A) at 295 K. Or- 
thorhombic, space group P2,2,2,, a = 9.263 (1) A, b = 10.222 (1) A, c = 21.786 (1) A, V = 2062.8 (4) A3, 2 = 4, 
pcalc = 1.32 g ~ m - ~ ,  p = 1.70 mm-’, F(000) = 880. Number of reflections measured 1512 (scan type w/O, 0 < 28 
< IIOa); 1512 unique reflections, of which 1453 with I > 2u(1) were used for the determination (direct method, 
SHELXS 86 [38]). The non-H-atoms were refined anisotropically (SHELXS PLUS). The H-atoms were located 
from differential Fourier syntheses and refined isotropically. Neither extinction nor absorption corrections were 
applied. The refinement converged at R = 0.039 (wR2 = 0.047, number of variables 279). 

REFERENCES 

[l] H. Hirschmann, in ‘Comprehensive Biochemistry’, Eds. M. Florkin and G.  H. Stotz, Elsevier, New York, 
1964, Vol. 12, p.236. 

[2] a) D. Seebach, E. Hungerbiihler, in ‘Modern Synthetic Methods 1980’, Ed. R. Scheffold, Salle and Sauerlan- 
der, Frankfurt/Aarau, 1980, p. 91; b) P. Breuilles, T. Schmittberger, D. Uguen, Tetrahedron Lett. 1993,34, 
4205. 

[3] K. Mislow, J .  Siegel, J .  Am. Chem. SOC. 1984, 106, 3319; S. Fujita, ‘Symmetry and Combinatorial Enumera- 
tion in Chemistry’, Springer-Verlag, Berlin, 199 I .  

[4] D. Seebach, Angew. Chem. 1990,102, 1363; ibid. Inr. Ed. 1990,29, 1320. 
[S] C.H. Wong, G.H. Whitesides, ‘Enzymes in Synthetic Organic Chemistry’, Eds. J.E. Baldwin and 

P. D. Magnus, Pergamon, Oxford, 1994; K. Drauz, H. Waldmann, ‘Enzyme Catalysis in Organic Synthesis’, 
VCH, Weinheim, 1995, Vol. 1 and 2. 

[6] R.S. Ward, Chem. Soc. Rev. 1990, 19, 1; W.A. Nugent, J .  Am. Chem. Soc. 1992, 114, 2768; K. Mikami, 
S. Narisawa, M. Shimizu, M. Terada, ibid. 1992, 114, 6566; W. A. Nugent, R. L. Harlow, ibid. 1994, 116, 
6142; L. E. Martinez, J. L. Leighton, D.H. Carsten, E.N. Jacobsen, ibid. 1995,117, 5897. 

[7] M. North, G. Zagotto, Sydett 1995,639; H. Imado, T. Ishizuka, T. Kunieda, Tezruhedron Lett. 1995,36,931; 
R. S. Ward, A. Pelter, M. 1. Edwards, J. Gilmore, Tetrahedron: Asymmetry 1995,6, 843. 

[8] a) K. Osakada, M. Obana, T. Ikariya, M. Saburi, S. Yoshikawa, Tetrahedron Lett. 1981, 22, 4297; 
b) J .  Hiratake, Y. Yamamoto, J. Oda, J .  Chern. Soc., Chem. Commun. 1985, 1717; c) S.A. Miller, 
A. R. Chamberlin, J .  Am. Chem. Soc. 1990,112,8100; d) K. Matsuki, H. Inoue, M. Takeda, Tetrahedron Lett. 
1993, 34, 1167; e) M. Shimizu, K. Matsukawa, T. Fujisdwa, Bull. Chem. Soc. Jpn. 1993, 66, 2128; 
f )  D. Seebach, G. Jaeschke, Y .  M. Wang, Angew. Chem. 1995,107,2605; ibid. Int. Ed. 1995,34,2395. 

[9] a) K. Matsuki, H.  Inoue, A. Ishida, M. Takeda, Heterocycles 1993, 36, 937; b) K. Matsuki, H. Inoue, 
A. Ishida, M. Takeda, M. Nakagawa, T. Hino, Chem. Pharm. BUN. 1994,42,9; c) R. Romagnoli, E. C. Roos, 
H. Hiemstra, M. J. Moolenaar, W.N. Speckamp, B. Kaptein, H.E. Schoemaker, Tetrahedron Lett. 1994,35, 
1087; d) J. Kang, J. W. Lee, J .  I. Kim, C. Pyun, ibid. 1995,36,4265. 

[lo] D. Seebach, B. Weidmann, L. Widler, in ‘Modern Synthetic Methods 1983’, Ed. R. Scheffold, Verlag 
Sauerlander, Aarau, 1983, p. 217. 

[I I] W. Oppolzer, P. Lienard, Helv. Chim. Acta 1992, 75, 2572. 
[I21 T. W. Evans, W. M. Dehn, J. Am. Chem. SOC. 1929,5l, 3651. 
[13] D. Seebach, D. A. Plattner, A. K. Beck, Y. M. Wang, D. Hunziker, W. Petter, Helv. Chim. Acta 1992, 75,2171. 
[14] A.K. Beck, B. Bastani, D.A. Plattner, W. Petter, D. Seebach, H.  Braunschweiger, P. Gysi, L. La Vecchia, 

[I51 Y. N. Ito, X. Ariza, A. K. Beck, A. Bohac, C. Canter, R. E. Gawley, F. N. M. Kuhnle, J .  Tuleja, Y. M. Wang, 

[I61 D. Seebach, R. Dahinden, R. E. Marti, A. K. Beck, D. A. Plattner, F.N. M. Kiihnle, J .  Org. Chem. 1995,60, 

[I71 K. Narasaka, F. Kanai, M. Okudo, N. Miyoshi, Chem. Lett. 1989, 1187. 
[I81 M. Terada, K. Mikami, J .  Chem. SOC., Chem. Commun. 1994, 833; D. Kitamoto, H. Imma, T. Nakai, 

[19] T. Mukaiyama, A. Inubushi, S. Suda, R. Hara, S. Kobayashi, Chem. Lett. 1990, 1015. 
[20] M. Yoshioka, T. Kdwakita, M. Ohno, Tefrahedron Lett. 1989,30, 1657. 
[21] B. Schmidt, D. Seebach, Angew. Chem. 1991, 103, 100; ibid. Int. Ed. 1991,30, 99; D. Seebach, A.K. Beck, 

[22] R. Dahinden, R. E. Marti, T. Hintermann, ETH-Zurich, 1995, unpublished results. 
[23] E. H. Gold, E. Babad, 1. Org. Chem. 1972,37, 2208. 

Chimia 1991,45,238. 

D. Seebach, Helv. Chim. Acru 1994, 77,2071. 

1788. 

Tetrahedron Lett. 1995,36, 1861. 

B. Schmidt, Y.M. Wang, Tetrahedron 1994,50,4363. 



894 HELVETICA CHIMICA ACTA -Val. 79 (1996) 

[24] N. Katagiri, M. Muto, C. Kaneko, Tetrahedron Lett. 1989, 30, 164.5; C.F. Palmer, R. McCague, J .  Chem. 

[2S] H.-J. Gais, K. L. Lukas, A. Ball, S. Braun, H. J.  Lindner, Liebigs Ann. Chem. 1986, 687. 
[26] J.A. Dale, H. S. Masher, J .  Am. Chem. Soc. 1973, 95, 512. 
[27] T. Kusumi, Y. Fujita., I. Ohtani, H. Kakisawa, Tetrahedron Left .  1991,32, 2923; T. Kusumi, T. Fukushima, 

I. Ohtani, H. Kakisawa, ibid. 1991,32,2939; I. I. Ohtani, K. Hotta, Y. Ichikawa, M. Isobe, Chem. Lett. 1995, 
513. 

Soc., Perkin Trans. 1 1995,1201; R. Csuk, P. Dorr, Tetrahedron 19915,SI. 5789. 

[28] G. R. Sullivan, J.  A. Dale, H.  S. Mosher, J .  Org. Chem. 1973,38,2143. 
[29] H. Schafer, D. Seebach, Tetrahedron 1995,51,2305; D. J. Rambn, h.therto unpublished results. 
I301 L. F. Tietze, C. Schnerder, A. Montenbruck, Angew. Chem. 1994,106, 1031; ibid. Int. Ed. 1994,33, 980. 
[31] R. Noyori, M. Kitamura, Angew. Chem. 1991, 103, 34; ibid. Int. E,L 1991, 30, 49; M. Kitamura, S. Suga, 

[32] D. Guillaneux, S.-H. Zhao, 0. Samuel, D. Rainford, H. B. Kagan, J .  Am. Chem. Soc. 1994, 116,9430. 
[33] E. Wada, H. Pei, S. Kanemasa, Chem. Lett. 1994,2345. 
[34] E. Wada, H. Yasouka, S. Kanemasa, Chem. Lett. 1994,1637. 
[35] K.G. Bilyard, P. J. Garratt, R. Hunter, E. Lete, J .  Org. Chem. 1982, 47,4731. 
[36] G. C. Crockett, T. H. Koch, J.  Org. Chem. 1977,42,2721. 
[37] M.S. Heller, A.M. Adelman, Synthesis 1970, 545. 
[38] G. M. Sheldrick, ‘SHELXS-86, Program for the Solution of Crystal Structures’, University of Gottingen, 

M. Niwa, R. Noyori, .I. Am. Chem. Soc. 1995,117.4832. 

1986. 




