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Abstract: DNA repair enzymes (DNA photolyase) from E. coli and yeast contain reduced flavin (FADH2) and catalyze a 
light-dependent monomerization of pyrimidine dimers in DNA. FADH2 has been proposed as a photosensitizer. This paper 
describes the photosensitized monomerization of thymine dimers in the presence of reduced flavin (l-deazariboflavin, N-
(3)-methyllumiflavin) as a model for the enzyme reactions. Oxidation of reduced 1-deazariboflavin inactivates the sensitizer, 
similar to that observed upon oxidation of FADH2 in E. coli photolyase. Reduced 1-deazariboflavin is not consumed during 
dimer cleavage. In the initial stage of the reaction the extent of cleavage is directly proportional to the light dose. The rate 
of dimer cleavage is pH independent in the range pH 8.5-11.5. In the presence of excess dimer the reaction rate is directly 
proportional to the sensitizer concentration. The reaction exhibits hyperbolic (saturation) kinetics with respect to the dimer 
concentration. The quantum yield determined for the reaction with reduced 1-deazariboflavin (0 = 9.2 X ICT3 at 300 nm) 
indicates that the model reaction is less efficient as compared with enzymic cleavage {<p = 1.0). 

The principal damage resulting from exposure of D N A to 
ultraviolet light is the formation of cyclobutane dimers between 
adjacent pyrimidine residues. Photoreactivating enzymes (DNA 
photolyases) repair UV-damaged D N A by splitting the dimers 
in a rather unusual reaction that requires visible light. The 
importance of flavin as a coenzyme in D N A photorepair has 
become apparent from recent studies with photolyase from Es­
cherichia coli, yeast, and Streptomyces griseus. Oxidized flavin 
(a 8-hydroxy-5-deazaflavin derivative) is present in photolyase 
from S. griseus.1 Recent studies show that the physiologically 
significant form of the enzyme in E. coli contains reduced flavin 
(1,5-dihydroFAD, FADH 2 ) plus a partially characterized, 
fluorescent, second chromophore.2 '3 Yeast photolyase also con­
tains reduced FAD plus a second chromophore similar to the E. 
coli enzyme.2,4 

A quantum yield of 1.0 is observed with the E. coli enzyme 
when the flavin is present as FADH2 .3 When the flavin is oxidized, 
the enzyme is inactive.2 A quantum yield of 1.0 means that every 
absorbed quantum of light is used to split dimers and that either 
the reduced flavin or the second chromophore can act as a sen­
sitizer in catalysis. The second chromophore is apparently not 
required in the pathway involving FADH 2 as the sensitizer since 
dimer repair is observed with second-chromophore depleted en­
zyme. We proposed that absorption of light by FADH 2 results 
in the transfer of an electron from the excited coenzyme to the 
dimer, generating flavin radical plus pyrimidine dimer radical 
anion.2-3 The latter is unstable5 and spontaneously monomerizes 
to yield pyrimidine plus pyrimidine radical. The pyrimidine radical 
then donates an electron to the flavin radical, regenerating FADH2 . 

Photosensitized cleavage of thymine dimers has been observed 
with a variety of compounds, including indoles6,7 and various 
quinones.8"11 In this paper we describe the photosensitized 
cleavage of thymine dimers with reduced flavin. This reaction 
provides a model for the photoreactivating enzymes from E. coli 
and yeast. 

Materials and Methods 
cis,syn-[rnethyl-3H]Thymine dimer (2.37 MCi/Vmol) was synthesized 

from [m«Ay/-3H]thymine (Research Products Int. Corp.) by a procedure 
similar to that described by Wulff and Fraenkel.12 The dried product 
was purified by washing it with hot ethanol which selectively removes 
residual, unreacted thymine. Dimer concentration was determined on 
the basis of its absorbance at 210 nm (e = 7600 M-1).13 7V(3)-
Methyllumiflavin was synthesized as described by Ghisla et al.14 5-
Deazaribofiavin was synthesized according to the method of O'Brien et 
al.14 1-Deazariboflavin and 7,8-dimethyl-l,10-ethyleneisoalloxazinium 
perchlorate were gifts from Dr. Wallace Ashton and Dr. Franz Miiller, 
respectively. 

tThis work was supported in part by Grant GM 31704 from the National 
Institutes of Health. 

Table I. Thymine Dimer Cleavage with Various Flavins0 

dimer cleavage, % 

E°', reduced oxidized 
flavin mV flavin flavin 

JV(3)-methyllumiflavin -210c 3.0 31.0 
1-deazariboflavin -280rf 15.0 0 
5-deazariboflavin -273' 0 10.6 
7,8-dimethyl-l,10-ethylene- -22 ' 0 2.6 

isoalloxazinium perchlorate4 

FAD -209« 

"Reactions were conducted at room temperature as described in the 
text. Unless otherwise noted, reaction mixtures contained 1.5 X 10"4 

M flavin plus 2.4 X 10"4 M cis,syn-[methyl-3li]thymme dimer in 10 
mM potassium phosphate buffer, pH 11.5. 'The flavin concentration 
was 3.0 X 10"5. The reaction was conducted at pH 10.5 because the 
compound is unstable at higher pH. 'Reference 20. dReference 21. 
'Reference 22. 'Reference 20. sReference 19. 

Reaction mixtures (500 ^L) containing cis,syn-[methyl-*H]thymine 
dimer plus flavin in 10 mM potassium phosphate buffer (pH 8.5, 10.5, 
or 11.5) were irradiated at room temperature in specially constructed 
semimicro cuvettes. Samples were made anaerobic as previously de­
scribed.16 Reduced flavins were generated in situ by the addition of a 
small aliquot (10 /xL) of dithionite. Except as indicated below, experi­
ments were conducted with white light from a halogen lamp under con­
ditions similar to those previously described by Jorns.17 Dimer cleavage 

(1) Eker, A. B. M.; Dekker, R H.; Berends, W. Photochem. Photobiol. 
1981, 33, 65-72. 

(2) Jorns, M. S.; Baldwin, E. T.; Sancar, G. B.; Sancar, A. J. Biol. Chem. 
1987, 262, 486-491. 

(3) Sancar, G. B.; Jorns, M. S.; Payne, G.; Fluke, D. J.; Rupert, C. S.; 
Sancar, A. J. Biol. Chem. 1987, 262, 492-498. 

(4) Iwatsuki, N.; Joe, C. O.; Werbin, H. Biochemistry 1980, 19, 
1172-1176. 

(5) Santus, R.; Helene, C.; Ovadea, J.; Grossweiner, L. I. Photochem. 
Photobiol. 1972, 16, 65-67. 

(6) Helene, C; Charlier, M. Biochem. Biophys. Res. Commun. 1971, 43, 
252-256. 

(7) Charlier, M.; Helene, C. Photochem. Photobiol. 1975, 21, 31-37. 
(8) Ben-Hur, E.; Rosenthal, I. Photochem. Photobiol. 1970, / / , 163-168. 
(9) Lamola, A. A. MoI. Photochem. 1972, 4, 107-133. 
(10) Roth, H. D.; Lamola, A. A. /. Am. Chem. Soc. 1972, 94, 1013-1014. 
(11) Rokita, S. E.; Walsh, C. T. J. Am. Chem. Soc. 1984, 106, 4589-4595. 
(12) Wulff, D. L.; Fraenkel, G. Biochim. Biophys. Acta 1961, 51, 332-339. 
(13) Herbert, M. A.; Le Blanc, J. C; Weinblum, D.; Johns, H. E. Pho­

tochem. Photobiol. 1969, 9, 33-43. 
(14) Ghisla, S.; Hartmann, U.; Hemmerich, P.; Miiller, F. Leibigs Ann. 

Chem. 1973, 1388-1415. 
(15) O'Brien, D. E.; Weinstock, L. T.; Cheng, C. C. / . Heterocycl. Chem. 

1970, 7, 99-105. 
(16) Jorns, M. S.; Hersh, L. B. J. Biol. Chem. 1975, 250, 3620-3628. 
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was estimated from the amount of [methyl-3H]thymine formed. For 
analysis, samples were made aerobic and mixed with cold thymine (7.9 
X 10~4 M). [methyl-3H]Thym\ne was separated from uncleaved dimer 
by high-performance liquid chromatography by following a procedure 
similar to that described by Rokita and Walsh" or, in a few cases, by 
thin layer chromatography [ethyl acetate-1-propanol-water (4:1:2)] on 
silica gel 60 F254 plates (Merck). Fractions were mixed with ACS II 
scintillation fluid (Amersham) and counted on a Beckman LS 7800 liquid 
scintillation counter. 

In quantum yield experiments, anaerobic solutions containing reduced 
1-deazariboflavin (1.5 X 10"4 M) and cis,syn-[methyPY{]\.hymmt dimer 
(3.6 X 10~4 M) at pH 11.5 were irradiated for varying lengths of time 
at 300 nm. A lamp housing (Photon Technology International Model 
AlOOO), equipped with a parabolic reflector and a 150 W xenon lamp, 
was used as a light source. The collimated beam was passed through a 
circular slit (diameter = 4.4 cm) and then filtered with use of a narrow 
band filter from Oriel (5.1 cm square, 10 nm band width). Samples were 
magnetically stirred. The light intensity (1020 erg cm-2 s"') was deter­
mined by chemical actionometry with use of the potassium ferrioxalate 
method as described by Hatchard and Parker.'8 Dimer cleavage was 
estimated as described above. No cleavage was detected in control sam­
ples irradiated in the absence of reduced 1-deazariboflavin. 

Results and Discussion 
Cleavage of Thymine Dimers: Reduced vs. Oxidized Flavins as 

Photosensitizers. Since the properties of enzyme-bound flavin 
can be significantly altered by the protein moiety,2 our initial 
survey included a flavin derivative with a reduction potential 
similar to FAD (E0' = -209 mV)" as well as derivatives with 
higher and lower potentials (Table I). All reactions were con­
ducted under anaerobic conditions. Reduced flavins were gen­
erated by the addition of a small excess (10%) of dithionite. 
Samples were irradiated for 80 min with light from a halogen 
lamp. The cleavage of cis,syn- [methyl-*H] thymine dimer was 
monitored by measuring the formation of [methy/-3H] thymine. 
Among the four reduced flavins tested, the greatest extent of dimer 
cleavage was observed with reduced 1-deazariboflavin (Table I). 
Cleavage was also observed with reduced N(3)-methyllumiflavin 
whereas no cleavage was detected with the reduced form of 7,8-
dimethyl-l,10-ethyleneisoalloxazinium perchlorate or with reduced 
5-deazariboflavin. The latter result indicates that the cleavage 
observed with reduced 1-deazariboflavin is not attributable to the 
presence of a ribityl moiety at position 10 of the flavin and/or 
the presence of a slight excess of dithionite. Although certain 
oxidized flavins can act as a sensitizer in the splitting of thymine 
dimers,11 the cleavage observed with reduced 1-deazariboflavin 
and reduced Ar(3)-methyllumiflavin is not due to oxidized flavin 
since the samples remained fully reduced throughout the irra­
diation period. Furthemore, no dimer cleavage is observed with 
oxidized 1-deazariboflavin. In the oxidized state, 7V(3)-methyl-
lumiflavin appeared to be the most effective sensitizer, followed 
by 5-deazariboflavin and 7,8-dimethyl-l,10-ethyleneisoall-
oxazinium perchlorate, respectively (Table I). The observation 
that l-deazariboflavin is active as a sensitizer only in the reduced 
state whereas 5-deazariboflavin is active only in the oxidized state 
is noteworthy since the derivatives exhibit similar 2-electron re­
duction potentials. However, the latter may not be relevant for 
reactions which depend on the photochemical properties of reduced 
or oxidized flavin and the corresponding 1-electron potentials. 

Reduced 1-Deazariboflavin as Sensitizer: Effect of Light Dose 
on the Extent of Dimer Cleavage. Since 1-deazariboflavin appeared 
most promising as a model for E. coli and yeast photolyase, further 
studies were conducted with this analogue. The extent of dimer 
cleavage at pH 11.5 is dependent upon the total number of incident 
photons. This is evidenced by the increase in the extent of cleavage 
observed when the length of the illumination period is increased 
(Figure 1). No dimer cleavage is observed if reduced 1-deaza­
riboflavin is omitted or if complete reaction mixtures are incubated 

(17) Jorns, M. S. J. Biol. Chem. 1979, 254, 12145-12152. 
(18) Hatchard, C. G.; Parker, C. A. Proc. R. Soc. London, Ser. A 1956, 

235, 518-536. 
(19) Clark, W. M. Oxidation Reduction Potentials of Organic Systems; 

William and Wilkins: Baltimore, 1960. 
(20) Muller, F.; Massey, V. J. Biol. Chem. 1969, 244, 4007-4016. 
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Figure 1. Effect of the length of irradiation on the extent of dimer 
cleavage. Samples containing [methyl-}H]thymine dimer (2.8 X 10"* M) 
and reduced 1-deazariboflavin (1.5 X 10~4 M) were irradiated under 
anaerobic conditions in 10 mM potassium phosphate, pH 11.5, with light 
from a halogen lamp and then analyzed for [methyl-3}!] thymine as 
described in Methods. 
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Figure 2. Effect of thymine dimer concentration on the rate of dimer 
cleavage. Reaction conditions are identical with Figure 1 except that the 
dimer concentration was varied at a constant irradiation time (80 min). 
In panel A, the amount of thymine formed after 80 min of irradiation 
is plotted as a function of dimer concentration. Panel B shows a double 
reciprocal plot of the data. 

in the dark. The observed rate of dimer cleavage is fairly linear 
for the first 160 min of irradiation and then curves off by 320 
min when 34% of the dimers have been monomerized. The de­
creased rate at longer times is probably due to dimer depletion. 
The reaction is not subject to product inhibition as shown by the 
fact that reaction rates are unaffected by the addition of thymine. 
The decreased rate observed after prolonged irradiation is also 
not due to decomposition of the sensitizer. Reduced 1-deaza­
riboflavin is quite stable toward light, as shown by the following 
observations: (1) Irradiation does not affect the absorption 
spectrum of reduced 1-deazariboflavin. Spectra observed after 
reoxidation are identical with spectra observed before treatment 
with dithionite and light. (2) After reoxidation, irradiated samples 
show a single purple spot in thin-layer chromatography which 
comigrates with untreated 1-deazariboflavin. The quantitative 
recovery of the sensitizer shows that reduced i-deazariboflavin 
acts as a catalyst in the reaction. 

Effect of pH on the Rate of Thymine Dimer Cleavage. Dimer 
cleavage with reduced 1-deazariboflavin is also observed at pH 
8.5 where it proceeds at a rate which is very similar to that 
observed at pH 11.5. That the reaction with reduced 1-deaza­
riboflavin occurs at physiological pH values is quite different from 
the cleavage reaction observed with oxidized flavin which occurs 
only at alkaline pH. Protonation of thymine dimer (p/ca = 10.7)'3 

occurs when the pH is decreased from 11.5 to 8.5. [Reduced 



Photosensitized Cleavage of Thymine Dimer J. Am. Chem, Soc, Vol. 109, No. 10, 1987 3135 

2. 50,000 

£ 25,000 - / 

& \Z-- I I I 
0 50 100 150 

[Reduced 1-deazariboflavln] (/*M) 

Figure 3. Effect of reduced 1-deazariboflavin concentration on the rate 
of dimer cleavage. Reaction conditions are identical with those of Figure 
2 except that the concentration of reduced 1-deazariboflavin was varied 
at a constant thymine dimer concentration (3.0 X 10"4 M). The amount 
of thymine formed after 80 min of irradiation is plotted as a function of 
the sensitizer concentration. 

1-deazariboflavin (pfca = 5.6)21 is unaffected]. The results indicate 
that the ionization state of the dimer does not affect the rate of 
the cleavage reaction observed with reduced 1-deazariboflavin. 

Effect of Thymine Dimer Concentration on the Rate of Cleavage. 
As illustrated in Figure 2, the reaction observed with reduced 
l-deazariboflavin as sensitizer exhibits several properties consistent 
with saturation kinetics: (1) At lower dimer concentrations the 
rate is directly proportional to dimer concentration and the reaction 
appears first order with respect to dimer. (2) At higher dimer 
concentrations the rate levels off and the kinetics approach zero 
order with respect to dimer. (3) A double reciprocal plot of the 
data is linear. The results suggest that dimer cleavage may proceed 
via a pathway involving excitation of a complex formed between 
the dimer and reduced 1-deazariboflavin, similar to that proposed11 

for the cleavage reaction observed with oxidized flavin. Tsibris 
et al.23 have shown that riboflavin and thymine form a weak 
complex. 

Effect of Reduced 1-Deazaflavin Concentration on the Rate of 
Dimer Cleavage. The rate of cleavage is directly proportional to 
the concentration of reduced 1-deazariboflavin when the latter 
is varied (5.6-150 ^tM) in the presence of excess thymine dimer 
(300 fiM). Since none of the reaction mixtures absorbed all of 
the incident light, the increase in rate as a function of sensitizer 
concentration is expected and attributable to a proportionate 
increased in the concentration of the excited state of the sensitizer. 

Quantum Yield. The quantum yield for dimer cleavage with 
reduced 1-deazariboflavin was determined at 300 nm, a wavelength 
where the sensitizer exhibits an absorption maximum. The ob­
served extent of cleavage was directly proportional to the light 
dose in the range from 2.5 X 106 to 9.8 X 106 erg/cm2 (data not 
shown). The slope of this plot was used to calculate an average 
value for the quantum yield (<j> = 9.2 X 10~3) as described by 
Johns.24 The results indicate that the reaction observed with 
reduced 1-deazariboflavin is somewhat more efficient as compared 
with the cleavage observed with oxidized flavin (4> = 10-4—1O-3).1' 

Comparison of the Model Reaction with Enzymic Photorepair. 
The following observations indicate that the dimer cleavage ob­
served with reduced 1-deazariboflavin provides a good model for 
DNA repair as catalyzed by the photoreactivating enzymes from 
E. coli and yeast: (1) Reduced 1-deazariboflavin is not consumed 
during dimer cleavage and hence acts as a catalyst. (2) The model 
reaction occurs at neutral pH. (3) Oxidized 1-deazariboflavin 
is inactive. E. coli photolyase containing oxidized FAD is also 
inactive.2 (4) Both the model and the photolyase25,26 reactions 

(21) Spencer, R.; Fisher, J.; Walsh, C. Biochemistry 1977,16, 3586-3594. 
(22) Stankovich, M. T.; Massey, V. Biochim. Biophys. Acta 1976, 452, 

335-344. 
(23) Tsibris, J. C. M.; McCormick, D. B.; Wright, L. D. Biochemistry 

1965, 4, 504-510. 
(24) Johns, H. E. In Detection of the Excited State; Lamola, A., Ed.; 

Marcel Dekker: New York, 1971; pp 123-172. 
(25) Jorns, M. S.; Sancar, G. B.; Sancar, A. Biochemistry 1985, 24, 

1856-1861. 

exhibit saturation kinetics. (5) Both reactions require light. In 
the initial stages of the reaction, the extent of dimer cleavage 
observed in the model and in the enzyme25,27 reaction is a linear 
function of the light dose. (6) Since oxidized 1-deazariboflavin 
is inactive, it is unlikely that the dimer cleavage observed with 
reduced 1-deazariboflavin is due to an impurity. We therefore 
propose that reduced 1-deazariboflavin acts as a photosensitizer, 
similar to that proposed for FADH2 in E. coli photolyase.2'3 On 
the other hand, it should be noted that the model reaction with 
reduced 1-deazariboflavin (<j> = 9.2 X 10"3) is considerably less 
efficient as compared with that observed for E. coli photolyase 
containing FADH2 (0 = I).3 A similar relationship emerges when 
the efficiency of the model reaction with oxidized flavin (</> = 
10~4—1O-3)11 is compared with that observed with 5. griseus 
photolyase (</> = I),28 a photoreactivating enzyme that uses an 
oxidized flavin derivative as the sensitizer. 

Concluding Remarks. It has been proposed23 that E. coli 
photolyase can split dimers either via a mechanism involving both 
FADH2 and the enzyme's second chromophore or via a mechanism 
which requires only FADH2. The model studies reported in this 
paper provide evidence for the feasibility of the latter mechanism. 
Although the enzyme contains FADH2 in vivo, oxidation of 
FADH2 to a blue neutral flavin radical occurs during enzyme 
isolation. Recent studies2,3 suggest that the radical cannot act 
as a sensitizer and that the dimer repair observed with radical-
containing enzyme is actually due to a rapid photoreduction under 
assay conditions which generates the active FADH2 enzyme. 
Consistent with these observations, in model studies with a neutral 
flavin radical (formed from yV(3)-methyl-7V(5)-ethyl-l,5-di-
hydrolumiflavin29) we did not detect cleavage of thymine dimers 
either at neutral or at alkaline pH. Similar results have been 
reported with acetonitrile as solvent.30 

The photosensitized cleavage of thymine dimers is not known 
to proceed via direct transfer of energy from the excited sensi­
tizer.11 Instead, studies with a variety of sensitizers suggest two 
principal modes of photosensitized cleavage: (1) electron donation 
from the excited sensitizer (e.g., indole derivatives) to generate 
thymine dimer radical anion;6,7 and (2) electron abstraction by 
the excited sensitizer (e.g., oxidized flavin, various quinones) to 
generate thymine dimer radical cation.8"11 Thymine dimer radicals 
are unstable and spontaneously monomerize. Since reduced flavin 
is unlikely to act as an electron acceptor, I propose that the dimer 
cleavage observed with reduced 1-deazariboflavin proceeds via 
a mechanism involving electron donation from the excited sen­
sitizer (eq 1-4). As suggested by the observed saturation kinetics, 
the reaction may be initiated by the excitation of a sensitizer-dimer 
complex. Since the sensitizer is ionized at pH >7, the proposed 
electron donation step generates the known21 zwitterionic, neutral 
1-deazariboflavin radical. 

1 -dFlH--TT — • 1 -dFlH"*-TT (1) 

l-dFlH-*-TT — 1-dFlH- + < f r - (2) 

T T - — T + T - (3) 

T - + 1-dFlH* - • T + 1-dFlH" (4) 

In contrast to the wealth of information available for oxidized 
flavin, very little is known about the excited states or the pho­
tochemistry of reduced flavin. Low-temperature fluorescence 
spectra of reduced flavins have been reported,31 but there has been 
no attempt to measure phosphorescence or to characterize excited 
state quenchers. The cleavage of thymine dimers described in 

(26) Rupert, C. S. / . Gen. Physiol. 1962, 45, 703-724. 
(27) Sancar, A.; Sancar, G. B. J. MoI. Biol. 1984, 172, 223-227. 
(28) Eker, A. P. M.; Hessels, J. K. C; Dekker, R. H. Photochem. Pho-

tobiol. 1986, 44, 197-205. 
(29) MUller, F.; Briistlein, M.; Hemmerich, P.; Massey, V.; Walker, W. 

H. Eur. J. Biochem. 1972, 25, 573-580. 
(30) Hartman, R. F.; Van Camp, J. R.; Young, T.; Kim, S. T.; Rose, S. 

D. Photochem. Photobiol. 1986, 43s, 81s-82s. 
(31) Ghisla, S.; Massey, V.; Lhoste, J. M.; Mayhew, S. G. Biochemistry 

1974, 13, 589-596. 
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this paper represents one of the very few known photochemical 
reactions involving reduced flavin. Other examples include the 
photoalkylation of reduced flavin bound to lactate oxidase32 and 
the photodehalogenation reactions observed with reduced 7- and 
8-halogen-substituted flavins.33 
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In this paper we describe the self-reproduction of chirality in 
the thermal isomerization of [[2-(l-pyrrolidinyl)phenyl]-
methylene]propanedinitriles to pyrroloquinoline derivatives. 
During this conversion, which takes place via a 1,5-hydrogen shift 
and subsequent cyclization, the center of chirality in the starting 
material is lost in the corresponding dipolar intermediate but 
reproduced with retention of configuration upon cyclization. In 
addition the suprafacial 1,5-hydrogen shift offers the possibility 
to introduce a second novel chiral center with >98% enantiose-
lectivity. 

Recently, Seebach et al.1 have described a novel method for 
the synthesis of chiral a-heterosubstituted carboxylic acids via 
a-alkylation at the chiral center. During this so-called "self-re­
production of chirality" the chirality at the reacting sp3-C atom 
is temporarily lost. However, the chirality of this center is me­
morized by a novel chiral center that is constructed prior to 
reaction at the original chiral center, and conformational effects 
direct the alkylation of the intermediate. At the original chiral 
center a highly stereospecific reaction takes place. 

In the course of our studies on the C-C bond formation via the 
"tert-a.m'mo effect"2 we have previously described the thermal 
isomerization of [[2-(l-pyrrolidinyl)phenyl]methylene]propane-
dinitriles (la) to pyrroloquinolines (2a).2a 

When we further studied the regioselectivity of this reaction 
we found that heating of lb3 in refluxing 1-butanol (0.5 h) yielded 
selectively l,2,3,3a,4,5-hexahydro-3a-methylpyrrolo[l,2-«]-

(1) Seebach, D.; Aebi, J. D.; Naef, R.; Weber, T. HeIv. Chim. Acta 1985, 
68, 144-154. Seebach, D.; Naef, R. HeIv. Chim. Acta 1981, 64, 2704-2708. 

(2) (a) Verboom, W.; Reinhoudt, D. N.; Visser, R.; Harkema, S. J. Org. 
Chem. 1984, 49, 269-276 and references cited therein, (b) Verboom, W.; 
Hamzink, M. R. J.; Reinhoudt, D. N.; Visser, R. Tetrahedron Lett. 1984, 25, 
4309-4312. (c) Reinhoudt, D. N.; Visser, G. W.; Verboom, W.; Benders, P. 
H.; Pennings, M. L. M. / . Am. Chem. Soc. 1983, 105, 4775-4781. 

(3) Compounds lb and Ic were synthesized from 2-methyl- and (±)-2-
(methoxymethyl)pyrrolidine, respectively, 2-fluorobenzaldehyde, and malo-
nitrile. For the procedure see ref 2a. Compound 4 was synthesized from 
(S)-(+)-2-(methoxymethyI)pyrrolidine, 2-fluoroacetophenone, and malo-
nitrile.2a 
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a R = H; b R = C H 3 ; c R = CH 2 OCH 3 

Scheme I 
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NC^ CN 
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KR1 : 
C - R 2 . -

(NO2C-

H R" 

R = CH 2 OCH 3 ; R =CH3 

quinoline-4,4-dicarbonitrile (2b) (85%) (Chart I). However, with 
a more bulky methoxymethyl substituent as in Ic, the regiose­
lectivity was lost.3 Heating of Ic in refluxing 1-butanol (2.5 h) 
gave a mixture of 2c (46%) and two diastereomers of 3c 
[(loi.Saa)-, 19%; (la,3a/8)-, 17%]. 

Subsequently the stereoselectivity of the C-C bond formation 
was studied. Cyclization of the chiral (S)-[l-[2-[2-(methoxy-
methyl)-l-pyrrolidinyl]phenyl]ethylidene]propanedinitrile (4),3 

in which the a-carbon atom of the vinyl moiety is a prochiral 
center, in refluxing 1-butanol (5 h) gave three compounds. 
Compound 84 was obtained in a yield of 33% together with two 
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