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Abstract - During studies aimed at the total synthesis of gelsemine an 
exceptional example of regioselectivity has been discovered. cis-Hexahydr- 
phthalimides, which are non-symnetrical through the presence of one alkyl 
group (see Figure 11, are reduced by sodium borohydride into the correspond- 
ing hydroxy lactams with very high regioselectivity. The corresponding cis- 
tetrahydropht&Limides exhibit much lower selectivity. These findings are 
explained on the basis of the conformational preference of the imide molec- 
ule and the antiperiplanar effect. 

Gelsemine (1) is the principal alkaloid fran Gelsernium sempervirens (Loganiaceae), a plant with 

a long medicinal history.' Although its unique molecular architecture was already established in 

1959, gelsemine has not yet yielded to total synthesis despite sane extensive efforts.' A few years 

ago we embarked upon a synthetic approach, which is based on the use of the ring closure of N-acyl- 

iminim intermediate 3 to tricycle 2 as the key step (Scheme I) .3 N-Acyliminium ion 2 is anticipated 

to arise from ethoxy la&am $, which in turn should be available from tetrahydrophthalimide 2 

through reduction and ethanolysis, respectively. It will be clear that the success of this synthet- 

ic endeavour highly depends on the regioselectivity of reduction of imide 5. In this paper we wish 

to report that reduction of 2 and structurally related imides can be highly regioselective. We 

present solid evidence that this synthetically important phenomenon is determined by the confotm- 

ational preference of the imide molecule, and can be fully explained on the basis of the so-called 

antiperiplanar effect. 
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4 Dedicated to Professor Hans Wynberg of the University of Groningen on the occasion of his 65th 
birthday. 

5019 



5020 R. J. VUS er al. 

SCHEME III 

b OSiMoJ 
I 

a) 1. PCC, NaOk f&Cl,; 2. NEt(IPr),, Ucl, MeCN, MeCCCH,PC(CMe), 

b) EtsN, Me,SfOTf, EGO 

Synthesis of the imides 

The synthesis of the imides, which were subjected to reduction, are detailed in Scheme II. 

(Silyloxy)diene l_q was prepared as shown in Scheme III fran mono-protected 1,3-propanedioPthrou& 

successively, oxidation to the aldehyde; olefination' with O,O-&methyl(2-oxopropyl)phosphonate 

and silylation* with trimethylsilyl triflate. Diels-Alder reactions of canmercially available 

N-methylmaleimide with trans-3$-hexadien-LolItrans-piperylene, isoprene and (silyloxy)diene 13 

provided high yields of isanerically pure adducts 5, 6, i and ICI, respectively.' Hydrogenation of 

6 and L! furnished the saturated imides 1 and 9. One-pot dithioacetalization and hydrolysis of IQ 

afforded lg in good yield.' Alternatively, acetalization with ethylene glycol provide-d 12. 

d 
/- 

OH 

b 

/ 70% 

a) trans-1,3-pentadlene (3 eq), toluene, reflux, 19 h. b) hydrogen (1 atm). 10% Pd/C (cat), 
ethanol, 6 h. c) P-methyl-l $butadlene (3 eq), tofuene, reflux, 19 h. d) trans-3.5hexadien-l- 
01, toluene, reflux, 24 h. e) diena 1 (see SchemeP), trfethyfamfne (0.05 eq), toluene, reflux, 

SCHEME II 3 h. 1) 1 ,Bethanadlthlol (2.4 eq), I+ oron trlfluoride etfwrate (1.9 eq), dlchloronwthane, tic, 
45 min. g) 0.0025N aq. sulfuric add, THF. 80 min. h) ethylene glycol(l0 eq), boron trffluoride 
etherate, dlchloromethane, -!?C, 15 min. 
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TABLE I. ‘H &lR data of imide 11 (250 MHz, CDCl3) 

H 6 (PPm) coupling constants (Hz) 

3.22 (dd) 3a,7a= 9.5; 3a,4 = 5 
H ? -2.60 (m) not resolved 

5Q 1.83 (dd) 50,4 = 14; 5a, 56 : 19 
56 2.44 (dd) 50,4 = 4 ; 56, 50! = 19 
7a 2.68 (dd) 7a,713 : 16.5; 7a,7a = 8 
76 2.87 (dd) 76,70 = 16.5; 78,7a = 2 

Me 7a 3.32 (ddd) ?‘a,70 q 8; 7a,76 : 2; 7a,3a = 9.5 

There exists ample literature precedent’ for the endo-selectivity of the Diels-Alder reaction, 

which in fact predicts the stereochemistry of 5, I, !? and Il. The 250 MHz ‘H NMR spectrum of 

ketone 11, which was obtained on mild hydrolysis of 10, provided additional evidence (Table I). 

The values of the vicinal coupling constants of the cyclohexanone hydrogen atcxns point to a chair 

conformation with an equatorial [2-(silyloxy)]ethyl group (vide infra). These NMR data do not 

fit the exo-stereoisaner. The 13 C NMFI spectrun of the hydrogenation product fran g showed an 

about 5:l mixture of stereoisaners, which were inseparable. It was later established (see the 

reduction of 9 in the Experimental) that the preponderant product was imide 2, resulting fran 

addition of hydrogen to the (least-hindered) convex side of the bicyclic molecule.1o 

SCHEME Iv 
Me 

Reduction of the imides 

The imides 5-9, 12 and 13 were reduced with excess N&H4 in ethanol (Scheme IV). Dilute sulf- 

uric acid in ethanol was periodically added during the reduction to draw the reaction to completicn 

(about 2 h).” ?he product mixture contained (at most) 4 iscmeric hydroxy lactams 1’5, which (except 

in the case of 13, vide infra) were mediately ethanolyzed in the presence of excess sulfuric __ 
acid to the corresponding ethoxy lactams 15. The results are collected in Table II. Overall 

yields of ethoxy lactams were usually in 70-80s range. The remaining material mainly consisted 

of hydroxy lactams as a result of incanplete ethanolysis. In order to detennine the regioselect- 

ivity of reduction, the product analysis was nevertheless performed on the ethoxy instead of the 

hydroxy lactams, despite the lower yield of the former, for reasons of convenience and accuracy, 

since ethoxy lactams are more stable and more suitable for chromatographic separation than hydroxy 

lactams. Although the non-quantitative yield of ethanolysis may sli@ly influence the regioselect- 

ivity data in the last column of Table II, the major trend is certainly not affected. 

The assignment of the structures of the various ethoxy lactams was a demanding task. one of 

the questions was the relative orientation of H3 and H3a, being cis or trans in the r-la&am ring. 

Molecular models indicated that the more favourable products should be those with H3 and HQ trans, 

having the ethoxy group at the convex side of the molecule. Since the ethanolysis reaction ?5,-1_6_ 

(Scheme IV) is a thermodynamically controlled process, the trans-isomers were thus expected to be 

the major products. 
1 This expectation was borne out by the values of the H NMR coupling constants 

between H3 and H3a shown in Table II. The major products exhibited a very small coupling and the 

minor products a coupling constant of about 5-6 HZ. Fran an examination of molecular models, 

assuming chair cyclohexane and boat cyclohexene conformations (vide infra), it was apparent that 

the dihedral angle HC3CsH is close to 90 O in the trans- and smaller than 50° in the cis-isaners. 

1yp12p calculations12 on ZJ~ and $I in conformations as shown in Table III resulted in a HC3C3aH 
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The antiperiplanar effect?' for nucleophilic addition to a carbonyl group states, that such a 

reaction proceeds best, if the adjacent sp3 carbon has one (preferably the most electronegative) 

substituent disposed perpendicularly with respect to the plane of the car-bony1 group. The nucleo- 

phile then approaches the carbonyl group antiperiplanar with respect to this perpendicular substit- 

uent. Several recent publications provide both theoretical and experimental evidence for the 

antiperiplanar effect." 

Since crystallographic data on our hexahydrophthalimide were not available, we performed WQP 

calculationsl' in order to acquire exact information on the geometry of the molecules. These 

studies clearly showed that the chair cyclohexane ring forces the five-membered imide ring into a 

half-chair conformation. In the half-chair imide ring of e.g. 1 (Figure 2) the C7aC7 bond and 

the CgH bond occupy quasi-axial positions. Stated otherwise, the C7aC7 bond is nearly perpendic- 

ular with respect to the plane of the equatorial carbonyl group C, (the average plane through C7a, 

C,, 0, and N) and the same is true for the C3aH bond with respect to the plane of *axial carbonyl 

c3- 
Thus, antiperiplanar attack means for C, approach,frcm the convex side and for C3 approach, 

fran the concave side of the molecule. The latter reaction is clearly sterically hindered by two 

axial hydrogen atoms at C5 and C7, thus the equatorial carbonyl group is the most reactive. That 

hydride indeed attacks C, from the convex side has been proved in the case of reduction of imide 

'l3_, which afforded hydroxy lactam !? as the single product. In conclusion, a canbination of the 

antiperiplanar effect and steric factors explains the regioselectivity of reduction of hexahydro- 

phthalimides I, 9_,.l_2_ and 12. 

Let us then consider the tetrahydrophthalimides 5, 6 and f. It is very probable that these 

canpounds have a boat cyclohexene ring. X-ray crystallographic data are av:ilable on imides ?F* 

and 3710, which both have their cyclohexene rings in a boat conformation. H NMR coupling const- __ 
ants of corresponding anhydrides“,"-" also point to boat-like cyclohexene rings in these mole%- 

ules. Unfortunately, the 'H NMR spectra of 5, 6 and 8 did not give conclusive information. _ _ 
Conformational options for imide 6 are shown in Figure 3. If 6 were to react in a conformation 

with a boat cyclohexene ring, very little regioselectlvity would be expected since the geanetry 

around both carbonyl groups is similar. On the other hand, a conformation with a half-chair 

cyclohexene ring has an equatorial and an axial carbonyl group and thus a similar reasoning as 

in the case of the saturated imides is possible. The rather low selectivities obtained with 

2 and 6 render further conclusions inappropriate. The zero selectivity reached with 8 is in 

accord with expectation, since in this case both possible half-chair conformations are of nearly 

equal stability. 

5 R = CH,CH,OH 

6 R=M~ 

F!gure 3. Possible conformatlonsforimldes~and~ 
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Conclusion 

We have described an exceptional example of regiozelectivity in organic chemistry, which is 

determined by the high preference of a cyclchexane ring to occur in a chair conformation with the 

least nmnber of axial zubztituentz. AZ a consequence, a ciz-fused zuccinimide moiety is forced 

to adopt a half-chair conformation, in which one carbonyl group Is equatorial and the other axial 

with respect to the cyclohexane ring. The equatorial carbonyl group is much more susceptible to 

nucleophilic (hydride) attack than the axial one. This reactivity difference is caused by the anti- 

periplanar effect and zteric factors associated with it. Since the preference for one specific 

conformation is less pronounced for cyclohexenes, lower regiozelectivity is observed in ciz-fused 

succinimide derivatives thereof. 

EXPERIMENTAL 

General Procedures. Infrared spectra (IR) were obtai_qed from CHC+3 zolutfjnz on a Perkln Elmer 
298 or 1310 zpectrophotaneter and are reported in cm . Proton ( H) and C nuclear magnetic 
resonance (NMR) spectra were determined in CDcl solutions (unless otherwise indicated) on a 
Varian XL-loo. Bruker AC-200 or Bruker WM-250 iAztrunent. Chemical shifts are given in ppm 
dpwnfield fr& tetracp$thylzilane. Signals were assigned with the aid of double-rezonance~ CoSY1' 
(HNMR) and APT“ ( CNMR). Accurate mass measurements were performed on a Varian MAT 711 
inztrunent. Rf values were obtained via thin layer chrcmatography (TLC) on silica gel coated 
plastic sheets (Merck silica 60 F ) with the indicated solvent (mixture). Cht-wmtographic 
purification refers to flash chr &!ography" using the same solvent as for TLC (unless otherwise 
indicated) and Merck silica gel 60 (230-400 mesh). 

3-[tert-Butyldimethylzilyl)oxy1-propanal.' To a mixture of 261 mg (1.37 mnol) of 3C(tert-butyl- 
almethylZllyl)OxyJ-l-prOpan and 90 mg (1.10 mmol) of dry zodiun acetate in 5.4 ml ofichloro- 
methane was added at O°C all at once 570 mg (2.64 mnol) of pyridinlwn chlorochrauate. TLC anal- 
ysis showed that the reaction was canplete after 2.5 h of stirring at roan temperature. The 
mixture was then diluted with 2O ml of ether, stirred vigorously for 15 min, and filtered over a 
1:l mixture of silica gel (Woelm, 100-200 mesh) and Florizil (60-100 mesh). The solid residue was 
stirred with 20 ml of ether and filtered in the same manner. This procedure wa3 repeated one more 
time. The combined filtrates were washed with 2N aqueous NaOH (30 ml) and brine (40 ml), dried 
(MgSC ) 
oil: B 

and concentrated in vacuo,(lO rmn Hg) to give 220 mg (1.17 mnol, 85%) of an orange-yellow 
0.37 (EtOAc/hexane 1:6); H NMR (100 MHz): 69.78 (t, 522 Hz, lH), 3.93 (t, J-6 Hz, 2H), 

2.53 (fit, 5~6, 2 HZ, 2H), 0.82 (z, 9H), 0.00 (z, 6H). This crude aldehyde was Mediately used in 
the followTng preparation. 

6-[(tert-Butyldimethylzilyl)oxyl-3-hexen-2-one. s To a stirred solution of 765 mg (18 ntnol) of 
lithiun chloride (dried in vacua at 150eC overnight; weighed under nitrogen atmosphere) in 100 ml 
of acetonltrile (frezhlv distilled from C&i,) was added dropwize at rocm temperature under nltr- 
ogen a solution of 2.49"g (15 nrmol) of dimef!hyl-(2-oxopropyi)_phosphonate in'12 ml of acetonitrile. 
After 15 min 3.14 ml of diizopropylethylamine (2.33 g, 18 mnol) was added dropwise. The reaction 
mixture changed to a clear yeiG3olution. After 2-h 3.14 g of crude aldehyde (see preceding 
procedure, 16.7 zxnol) in 20 ml of acetonitrlle was added over 10 min. The resulting mixture was 
stirred overnight and then diluted with 25 ml of water and 50 ml of brine. The organic layer was 
separated and the aqueous layer extracted twice with 75 ml of ether. The canblned organic zolut- 
ions were washed with brine (2x50 ml), dried (MgS04) and concentrated in vacua. The residue 
(4.2 g) was chrcmatographed to afford 2.34 g (10.2 nrmol, 51% fran mono-protected11,3-propanediol) 
of a colourlezz 011: R 0.36 (EtOAc/hexane 1:4); IR 1672, 1630, 1255, 980, 840; H NMR (100 MHz) 
66.78 (dt, J=16, 7 Hz, SH), 6.05 (dt, J=16, 1 Hz, 
2H), 2.18 (9, 3H), 0.83 (z, 9H), -O.OT (s, 6H). 

lH), 3.69 (t, J-7 Hz, 2H), 2.33 (ddt, d=7, 6. 1 Fk, 

4a-i 2-[(~-Butyldimethylzilyl)oxy3)ethyl-2methyl-6-~(trimethylzilyl)oxy]-3a~,4,7,7a6-tetra- 
-hydra-Id-izoindole-l,j(ZKTdione (lo). To a solution of the above enone (1.58 g, b.YZ am011 
in 35 ml of dry ether were added under nitrogen at roan temperature, successively, 1.16 ml (8.3 
tmnol) of triethylamine and dropwize 1.47 ml (7.6 mnol) of trimethylzilyl triflate. The resulting 
mixture was stirred for 40 min at roan temperature, and then diluted with 35 ml of 1N aqueous 
NaHCO 

? 
and 70 ml of ether/hexane 1:l. The aqueous layer was once more extracted with 130 ml of 

ether hexane 1:l. The combined organic solutions were washed with 50 ml of 1N aqueous NaHCO 
I' 

which wag ded as such in the Dielz Alder reaction: R 0.58 (EtOAc/hexane 1:6); H NMR (100 MHz) 
dried (K CO ) and concentrated in vacua to afford 2.08 g (6.92 axnol., 100%) of light yellow o 1, 

66.06-5.77 (m, 2~15 Hz, 2H), 4.20 (3, 2H), 3.62 (t, $7 Hz, 2H), 2.45-2.15 (m, 2H), 0.86 (3, 9H), 
0.18 (z. 9H). 0.01 (z. 6H). 

A mixture'of this crude diene, 0.05 ml (0.36 nxnol) of triethylamine, 0.789 g (7.1 mnol) of 
N-methylmaleimide and 20 ml of dry toluene was refluxed for 3 h under nitrogen. It was then 
cooled-to rocm temoerature and mixed with 20 ml of water and 10 ml of brine. The organic layer 
was separated and the aqueous layer extracted with CHCl (3x25 ml) and dichlorcmethane (3x10.ml). 
The combined organic solutions were dried (MgSO ) and c&centrated in vacua to afford 3.03 g of 
a vellow oil. 
oii: 

ChroMtograbhic ourification furiizhed 2.32 R (5.64 mnol. 81%) of 10 as a yellow 
R 0.11 (EtOAc/hex&e'1:4); IR 3030, 1770, 

(m, lHS, 3.58-3.84 ( m, 2H), 2.84-3.17 (m, 2H), 
1705, 840; 1640,-1250, 'H NMR (lOO_MHz) 64.63 

2.87 (z, W), 1.58-2.60 (m, 5H), 0.83 (z, 9H), 
0.07 (3, 9H), -0.01 (9, 6H). Further elution with EtOAc/hexane 2:3 provided 230 mg (0.68 mnol, 
10%) of reasonably pure ketone 11, whicp crystallized from EtOAc: mp 44-46.5'C; R O-33 (EtOAc/ 
hexane 1:l); IR 1775, 1705, 1250, 835; H NMR (250 MHz): see Table I for cyclohe x&l e ring hydrog- 
ens, 3.77 (m, CH20Si), 2.96 (z, NCH3), 2.07 (m, lH), 1.71 (m, lH), O-86 (3, C(CH3)3), 0.03 (3, 
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mnol, 66%). The product ratio, determined by integration of the signals for H the 'H NMR spectrum 
of this mixture, was 61% (4.20 ppn, J=OHz): 5% ('4369 ppn, J=5.5 Hz). The majo? cmponent was 
obtained pure through chranatography. However, C NMR of-this supposedly pure canponent showed it 
to be an about 9:1 mixture of iscxners. We surmise that the minor isomer of this mixture has arisen 
fran the methyl epimer of 9. It has to be noted that neither the structure of this minor isaner, 

Reduction of imide j2. Fran 650 mg (2.2 mmol) of 12 was obtained after reduction (1.5 h) and 
etnanolysls mg of a yellow oil, which on-chromatography provided 547 mg (1.65 nznol, 75%) 
of a single product as a colourless oil which became crystalline in the freezer: 5,5-ethylene- 
-dithio-36-ethoy-2-methyl-2,3 3a6,4,5,6,7,7a6-o&ahydrc-lH-isoindol-l-one (29): R 0.27 (EtOAc); 
m j440 lb85 'H NMR (250 9 3 $7 (s CH S) 
2.97 (t' 5~6 AZ H* ) 2.83 (9" :CH ) z'493(& 'J=l? -6 Hz' H' ) z'36 ?m,'H j 2 Ok-2 27 im, 
H 6 CHl?ZF OH),'2.& ibr s, OHi l.&'(dd 5~13' ~-HZ 'H ) 11813?rn: Cl&H OH) 71174'(dd *J=13 
13 AZ,-H4 3, 1.55 (dd, J-13, 12'Hz, H ),'I:20 it, J:i Hi! CH );'3C NMR T632MHzj: 6175.5 iC;', 64.4 
$lj86;.~c(CH~), 67.8 (C5), 61.26P.CH OH), 45.5-and 43.2 ?CH2S), 40.1 and 39.5 (C3a, C a) 39.3 

34.8 (CH c3 OH), 34.3 tc,), 28.5 (NCH3), 15.3 (gH3CH2); exact mass calcz for 
C15H25N03S24j3161;76, fouiid233‘?.1260. 

7~-i2_E(~-Butyldimethylsilyl~oxy]~ethyl-5,5-ethylenedioxo-3ct-hydroxy-2~ethyl-2,3,3a6,4,5,6,7,- 
7a6-octahydro-IH-isoindol-l-one (32). To a stirred solution of 142 mg (0.37 mmol) of imide 13 in 
3 ml of ethanol was added at O°C all at once 100 mg (2.64 rm101) of NaBH,,. The mixture was stirred 
at O°C, while every 15 min three drops of a 0.5N solution of H SO in ezhanol was added. The 
reaction was followed by TLC and was canplete after 70 min. d4 e mixture was then poured out into 
IO ml of ice water and extracted with chloroform (4x15 ml). The combined organic solutions were 
washed with brine (10 ml), dried (K CO ) and concentrated in vacua. 
to furnish 89 mg (0.23 mnol, 62%) a$ tl? 

The residue was chrcmatograplej 
e only isolablelproduct, which crystallized fran EtOAc: mp 

l15-117°C; R 0.31 (EtOAc); IR 3380, 1680, 1255, 840; 
3.92 (br s 6(CH ) ) 3 69 (m, CH20Si), 3.45 (d, J=lO Hz, OH), 2.77 (s, NCH 1, 2.75 (m, H ),2.56 
(m, H ) 5 09-221?& H 

H NMR (250 MHz): 65.03 (dd, J--10, 6 Hz, H3), 

CHHCH uSi), 1.70-1.86 Tm, H4 , H6 , CHHCH OSi) 4 63 (dd J:14Ta8.5 Hz, 
H4 ,,7?.43 idd, ;:13_5; lsj'Hz, H62', 0.86 (s, C(CH 
61533.5 (Cl), 108Tg CC,), 83.8 CC,?, 64.3 and 64.1 

) 1, 8.02 ?s, Sy(ci; ) ,; '3C NMR j65 MHz); 
?c? 

(Ca, 
H CH O), 61.0 (CH@&), 42.8, 38.2 and 37.6 

C~~ccc~:,,33:;',_'59;".(s219i9cHa;~22~5:-9 (CirtCh CH@$Si andlEg) 525 8 (C(CH i ; 

f&!id'3 &.1593,. 
'ss al d for C H 3N!l Si-(M'+-C(Cd 3 j 328.1610, 

Methylation of hydroxy lactam 32. To 38 mg of a sodiun hydride suspension in oil (50-55%,co7talnlrg 
19 mg (0.8 rsnol) of NaH) was added under nitrogen 0.7 ml of THF and then dropwise a solution of 
136 mg (0.35 mnol) of 32 in 1 ml of THF. The mixture was stirred for 15 min and then treated with 
0.8 ml (1.82 g, 12.8 rmnol) of methyl iodide. TLC showed that the methylation was complete after 
70 min. The reaction mixture was diluted with 5 ml of saturated aqueous NaHCO and then extracted 
with chloroform (3x20 ml). The combined organic solutions were dried (K CO ) 2nd concentrated 
in vacua to afford 134 mg of yellow oil. Chromatography gave the two me ho y s 2 lactams 'n pure state 
as colourless oils. t H NMR (250 
MHz): 64.12 (s, H 

30: 90 mg (0.23 mmol, 64%); Rf 0.45 (EtOAc); IR 1690, 1255, 840; 

2.78 (m, H 1, 2. 8 (dt, J=l2, 26 gz 2 
), 3192 (s. OCH CH 0), 3.70 (t, 5~6 Hz, CH20Si), 3.35 (s, OCH ), 2.86 (s, NCH3), 

HCH OSi) ?64 (m H 
71:223 mg (0.058 A,?! 

) 117-l 37 (m 'H 
H3a), 2.11-2T30 (m, H , CHHCH20Si), 1.72-q.97 (m, Hl16, 

H ), 0.88 (s, &IT 1, 0.02 (s 
CH- 

Si(CH ) 1. 
i6Xj; R -0.52 iEtt1&,*6fR 1690 1255 83&3 H NMR (250 MHz) 24257 (d J=5 

Hz, H ), 3.91 (s, OCH CH O), 3f67 (t, J=6 Hz; CH OSi): 3.39'(s, &I ), 2.72 (s, NCH3), 2.72'(;, 
H7a),32_46 (m, H3a), ?.l?-2.26 (m, 7H)T 0.89 (s,~C(CH~)~), 0.03 (.s,~.S~(CH~)~). 
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