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acid 1 and the chiral auxiliary 4. While over reduction with 
Raney nickel and only marginal selectivity between the two 
thioxanone C-S bonds with tributyltin hydride were dis- 
appointing, an ester saponification/calcium ( 2  equiv) in 
liquid ammonia reduction2’ sequence worked nicely re- 
generating the unchanged chiral auxiliary in 84% yield and 
liberating the pentenoic acid in 69% yield and 88% ee. 
Not suprisingly, the saponification step causes some ep- 
imerization of the Ca-stereocenter, but this is of no con- 
sequence since this stereocenter is removed in the C-S 

(21) Newman, B. C.; Eliel, E. L. J. Org. Chem. 1970, 35, 3641. 

reduction step. The salient features of this four-step, 
three-pot conversion of a-diazo ester 3 to CP-chiral 
pent-4-enoic acid 1 are nicely illustrated in Scheme I11 for 
9 - 11 (39% overall yield). 
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The mechanism of the photochemical isomerization of 2-cyanopyrrole to 3-cyanopyrrole was investigated with 
the semiempirical MO method SINDO1. Potential energy hypersurfaces of excited states and transition structures 
of the ground state were calculated with limited configuration interaction (CI) for a qualitative explanation of 
the reaction pathway. The first reaction step is an internal cyclization which occurs via a minimum on the first 
excited singlet surface. From there a radiationless transition leads to the ground-state surface. On the ground-state 
surface either a back reaction to the reactant or a [ 1,3] sigmatropic shift of the NH group takes place. The latter 
forms 2-cyan0-5-azabicyclo[2.l.O]pentene, which reacts by ring opening to 3-cyanopyrrole. This rearrangement 
mechanism is unfavorable for furan because the barrier for the 1,3-oxygen migration is much higher than for 
rearomatization. 

Introduction 
In the photoisomerization reaction of many heterocyclic 

five-membered aromatic rings a permutation of ring atoms 
takes place. Frequently two neighboring atoms are ex- 
changed. Different product yields and byproducts are 
obtained dependent on the heteroatom in the ring. As 
explanation for this fact, different reaction mechanisms 
were proposed for different heterocycles.’ 

2-Cyanopyrrole reacts under radiation with UV light to 
3-cyanopyrrole with a yield of 5 5 7 0 . ~  The reaction is 
temperature dependent; no isomerization takes place a t  
-68 0C.2-4 

&+=& RO PO N 

The following internal cyclization-isomerization mech- 
anism was proposed: As a first step a bond between 
atoms C(2) and C(s) is formed. The second reaction step 

is a [1,3] sigmatropic shift of the NH group followed by 
the ring opening to 3-cyanopyrrole. 

Nishimoto et al. have reported in ab initio  calculation^^^^ 
about the internal cyclization mechanisms for oxazole and 
thiophene. For oxazole a participation of a triplet state 
in the reaction was found; for thiophene is was found that 
the [1,3] sigmatropic shift occurs on an excited surface. 
For pyrrole the  experimentalist^^-^ have no indication for 
the participation of a triplet state and the [1,3] migration 
of the NH group is considered as a thermal reaction, i.e. 
on the ground-state surface. S k a n ~ k e ~ * , ~  has investigated 

(1) Padwa, A. Rearrangements in ground and excited states; de Mayo, 

(2) Hiraoka, H. Chem. Commun. 1970, 1306. 
(3) Barltrop, J.  A.; Day, A. C.; Moxon, P. D.; Ward, R. W. J .  Chem. 

(4) Barltrop, J.  A.; Day, A. C.; Ward, R. W. J .  Chem. SOC., Chem. 

P., Ed.; Academic Press: New York, 1980; Vol. 3, p 501. 

Soc., Chem. Commun. 1975, 786. 

Commun. 1978, 131. 

(5) Matsushita, T.; Tanaka, H.; Nishimoto, K.; Osamura, Y. Theor. 
Chim. Acta 1983, 63, 55. 

(6) Tanaka, H.; Matsushita, T.; Nishimoto, K .  J. Am. Chem. SOC. 1983, 
105, 1753. 

( 7 )  (a) Skancke, P. Croat. Chim. Acta 1984,57,1445. (b) Skancke, P. 
N.; Yamashita, K.; Morokuma, K .  J. Am. Chem. SOC. 1987, 109, 4157. 
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Table I. Vertical Excitation Energies (eV) of 2-Cyanopyrrole 

oscillator energy 
s ta te  excitation a b C d e strength' 

Ri('A2) T - U *  3.90 (w) 4.38 (w) 104 
Rz('B,) T - U *  4.65 (w) 4.49 (w) 10-3 
RA'Bi) T - U *  5.60 (vw) 10-5 
Rd('Bz) T-T* 6.23 (vs) 5.71 (vs) 5.45 (vs) 5.04 (vs) 4.99 (vs) 0.2 

R&'AJ T-T* 7.02 (s) 6.80 (s) 6.57 (s) 5.53 (9) 10-2 
RS('A2) T - U *  6.56 (w) 

Rd'Bz) T-T* 7.49 (s) 6.73 (s) 5.68 (s) 5.48 (s) 

Calculated with 18 X 18 CI. Calculated with 30 X 30 CI, all T-T* excitations included. Calculated with 50 X 50 CI as  b and a n  equal 
number of u-u* excitations of symmetry B2 and  A,. dExperimental, this work. eExperimental, ref 23. 

a thermal [1,3] migration of CHp in bicyclo[2.1.O]pentene 
by ab initio calculations. His first calculated transition 
structure has C, symmetry,7a whereas the latest calcula- 
t i ~ n ~ ~  shows C, symmetry. We found also only C1. sym- 
metry for our transition structure. The species with C, 
symmetry is a minimum on the hypersurface. 

In this work a theoretical study of the photoisomeriza- 
tion of 2-cyanopyrrole was chosen because experiments on 
this compound were available for comparison. The cyano 
group should favor the intermediate 2-cyano-5-azabicy- 
clo[2.1.0]pentene (IOb) compared to the intermediate 1- 
cyano-5-azabicyclo[2.l.O]pentene (Ioa), since the double 
bond of cyclobutene is conjugated with the triple bond of 
the cyano group for IOb. To estimate the influence of the 
cyano group we studied the transition structure for the NH 
migration also in the case of the unsubstituted 5-azabi- 
cyclo[2.1.O]pentene. The geometries and corresponding 
energies of all states involved in the reaction were calcu- 
lated for all isomers occuring during the reaction. On the 
basis of this information the reaction process was ex- 
plained. 

For furan derivatives the photoisomerization leads also 
from 2-substituted to 3-substituted furans. However, furan 
reacts with low yield and according to a different mecha- 
nism which is characterized as ring contraction-ring ex- 
pansion In an earlier paper12 we inves- 
tigated this mechanism, and it was shown that a cascading 
sequence of internal conversion and intersystem crossing 
processes is necessary to explain the reaction mechanism. 
To understand the different mechanisms for furan and 
pyrrole, we investigated the internal cyclization-iso- 
merization mechanism of this work also for furan and 
compared the results. We did not investigate the ring 
contraction-ring expansion mechanism for pyrrole because 
it had a low yield for furan due to many branchings on the 
excited surfaces and back reaction to the reactant. This 
situation would be expected to be similar in pyrrole. 

Method of Calculation 
The calculations were performed with the semiempirical 

MO method SIND01.13 This method was already suc- 
cessfully applied for the photoisomerization and photo- 
fragmentation of other five- and three-membered rings, 
e.g. cy~lopentanone, '~ substituted diazirine~, '~ and 2- 
methylfuran.12 We shall use the following notations. The 
minimum of the ground state of 2-cyanopyrrole will be 

(8) Srinivasan, R.: Hiraoka, H. J .  Am. Chem. SOC. 1968, 90, 2720. 
(9) Srinivasan, R. J .  Am. Chem. Soc. 1967, 89, 4614. 
(10) Srinivasan, R. J .  Am. Chem. SOC. 1967,89, 4812. 
(11) van Tamelen, E. E.; Whitesides, T. E. J.  Am. Chem. SOC. 1968, 

(12) Buss, S.; Jug, K. J .  Am. Chem. SOC. 1987, 109, 1044. 
(13) Nanda, D. N.; Jug, K .  Theor. Chim. Acta 1980,57, 95. 
(14) Muller-Remmers, P. L.; Jug, K. J .  Am. Chem. SOC. 1985, 107, 

90, 3894. 

7375 
(15) Muller-Remmers, P. L.; Mishra, P. C.; Jug. K. J.  Am. Chem. SOC. 

1984, 106, 2538. 

denoted by Ro. The vertical excitations at this geometry 
will be denoted by R1, R2, R3, R4, triplet states by 3R,, etc., 
intermediates on the ground state surface by IO*, lob ,  etc. 
and transition structures by TSoa, etc. A minimum on the 
first excited singlet surface is denoted by I1. Minima are 
characterized by positive roots of the force constant matrix, 
whereas transition structures have one negative root. 

Geometries of all structures presented in the tables and 
figures were optimized. Ground-state geometries were 
located by complete geometry optimization by a Newton- 
Raphson procedure.16J7 Bond lengths were optimized 
within 0.001 A and bond angles within 0.1'. Transition 
structures TS and excited state intermediates I1 and Iz 
were optimized on CI surfaces. Further details of the 
optimization procedure can be found in the furan treat- 
ment.I2 

The size of configuration interaction was adjusted ac- 
cording to the need for an unambiguous qualitative ex- 
planation of the mechanism. To achieve this we started 
for the vertical excitation with an 18 X 18 CI which in- 
cluded all single excitations from the two highest occupied 
to the four lowest unoccupied MO's plus the HOMO- 
LUMO double excitation. This includes the most im- 
portant x-x* excitation which governs the initiation of the 
reaction. We then emphasized in a larger 30 X 30 and 50 
X 50 CI the correlation of those excitations which are 
involved in the photoprocess. Similar ways for the selec- 
tion of important configurations in photochemical reac- 
tions have been recently suggested by KlessingeP and 
Troe.lg 

Results and Discussion 
1. Experimental Part. Measurement of the UV 

spectrum of 2-cyanopyrrole was prepared from pyrrole in 
two steps via pyrrole-2-carbaldehyde as described in the 
literature.20,21 The aldehyde was recrystallized after 
destillation (bpaTorr = 65 "C) with boiling petroleum ether. 
2-Cyanopyrrole could not be separated from the uncon- 
verted aldehyde by distillation. So we used flash column 
chromatography with silica gel as the solid phase and a 
(1:l) mixture of petroleum ether and methyl tert-butyl 
ether as solvent. 2-Cyanopyrrole flowed faster than the 
aldehyde. From the fractions containing only product the 
solvent was evaporated, and subsequently the 2-cyano- 
pyrrole was isolated by Kugelrohr distillation. The product 
was a colorless oil. I t  was identified as 2-cyanopyrrole by 
comparison of its NMR spectrum with NMR data from 
the literature.22 The NMR spectrum agreed quantitatively 

(16) Jug, K.; Hahn, G. J .  Comput. Chem. 1983,4, 410. 
(17) Himmelblau, D. M. Applied Nonlinear Programming; McGraw- 

(18) Reinsch, M.; Howeler, U.; Klessinger, M. J .  Mol. Struct. (Theo- 

(19) Troe, J.; Weitzel, K. M. J .  Chem. Phys. 1988, 88, 7030. 
(20) Silverstein, R. M.; Ryskiewicz, E. E.; Willard, C. Organic 

(21) Streith, J.; Fizet, C.; Fritz, H. Helu. Chim. Acta 1976, 59, 2786. 

Hill: New York, 1972. 

chem) 1988, 167, 301. 

Syntheses; Wiley: New York, 1963; Collect. Vol. IV, p 831. 
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P. 

Figure 1. Ground-state geometries of R,, Ios, IOb, and Po. 

with the literature data. In this paperzz an elemental 
analysis was quoted.23 We measured UV spectrum in 
methanol with a Beckman spectrometer type 3600 at  room 
temperature. The following bands were found (Table I): 
A very strong (vs) band at  5.04 eV, two strong (s) bands 
a t  5.53 and 5.68 eV, and two week (w) bands at  4.38 and 
4.49 eV. According to the literature two strong bands are 
located at  4.99 and 5.48 eV with the former being the 
stronger of the two. 

2. Ground-State Geometries. The ground-state ge- 
ometries of reactant 2-cyanopyrrole (R,), intermediates 
1-cyano-5-azabicyclo [ 2.1.01 pentene ( I,,) and 2-cyano-5- 
azabicyclo[ 2.l.Olpentene (IOb) and of product 3-cyano- 
pyrrole (Po) were located on the SCF hypersurface. They 
are presented in Figure 1. The numbering of the atoms 
is for computational convenience. For each intermediate 
we found two conformers, an endo form with the NH hy- 
drogen tilted toward the four-membered ring, and an exo 
form with the NH hydrogen tilted away from the four- 
membered ring. The exo form was thermodynamically 
more stable in both conformers, and therefore it was used 
in the following calculations. For the comparison between 
furan and pyrrole the geometries of the unsubstituted 
reactants furan Ro(0) and pyrrole R,(N) were located to- 
gether with the bicyclic forms 5-oxabicyclo[ 2.l.Olpentene 
Io,(0) and 5-azabicyclo[ 2.1.01 pentene Ioa(N). 

3. Vertical Excitations of 2-Cyanopyrrole. The 
comparison of the calculated spectra with experimental 
data is presented in Table I and Figure 2. The vertical 

Energy lev1 
S i  

\ vs V S  5 

I b d 

Spectrum 

Figure 2. Comparison of calculated and experimental absorption 
spectra: (a) 18 x 18 CI; (b) all n-n* excitations; (c) as (b) and 
6-61: excitations of symmetry B, and A,; (d) experimental; (e) 
afterz3. 

excitations were initially calculated with a 18 X 18 CI with 
all single excitations from the two highest occupied MO's 
into the four lowest unoccupied MO's and the HOMO- 
LUMO double excitation. We found eight triplet states 
below the ionization limit. Since triplet states play no role 
for the considered reaction we only list them here. Their 
irreducible representations are 3Az, 3Bz, 3Bl, 3A1, 3B1, 3Al, 
3A2, and 3B2. The excitation energies are 3.29, 3.53, 3.93, 
4.23, 5.14, 5.88,6.07, and 6.59 eV. We also found six singlet 
states below the ionization limit for which a comparison 
with experimental data are given in column a of Table I. 
To assign calculated excitation energies to experimental 
UV spectra, the symmetry and oscillator strength of the 
excited states were considered. In the symmetry consid- 
eration we used the CZu symmetry of the ring without 
substituents. 

At this point agreement of the calculated with our new 
or the previous experimental dataz4 was not too good. We 
could assign the weak bands a t  4.38 and 4.49 eV to R1 at  
3.90 eV and Rz at 4.65 eV. But the strong experimental 
bands at  5.04,5.53, and 5.68 eV had much lower energies 
than the calculated states R4 at 6.23 eV and R6 at 7.02 eV 
with one state missing. To improve the calculation we 
enlarged the CI to include all x-x*  excitations. This re- 
sulted in a 30 x 30 CI which gave an excitation energy of 
R4 at 5.71 eV and of R6 at  6.80 eV with a third excitation 
R7 at  7.49 eV. To lower the calculated excitation energy 
of these states especially of R4, we added 10 u-u* single 
excitations of B2 and Al symmetry. The total CI was 50 
X 50. Now R4 was located at  5.45 eV, R6 at  6.57 eV, and 
R7 at  6.73 eV. We felt that the accuracy of R4 was now 
sufficient for proper assignment and study of the photo- 
chemical reaction starting from this state. 

4. Reaction Process on Excited State Hypersur- 
faces. In a linear interpolation from reactant Fl,, to bicyclic 
intermediate I,, we saw an indication for a minimum of 
the first excited singlet state, close to a barrier on the 
ground-state surface. We therefore optimized the first 
excited singlet in this region. The geometry of minimum 
I, is presented in Table 11. Compared to the geometry 
of the ground state R,, the bond lengths C(l)Ctz) and C&(4) 
are shortened and the lengths C(1)C(4) and C(2)C(3) are 
lengthened. The molecule is nonplanar. The nitrogen 
atom N(5) is bent out of the ring plane. The geometry of 
this intermediate I1 is therefore between reactant Ro and 
intermediate Io,. 

( 2 2 )  den Hertog, H. J.; Martens, R. J.; van der Plas, H. C.; Boss, J. 

(23) Anderson, H. J. Can. J .  Chem. 1959, 37, 2053. 
Tetrahedron Lett. 1966, 4325. 

(24) Elson, L. F.; Jones, R. A. J .  Chem. SOC. B 1970, 79. 
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Table 11. Geometries (A, deg) of &, 12, I,, and TSoc with Labeling from Figure 1 

RO 1.474 1.412 1.394 1.436 1.414 2.345 

11 1.371 1.474 1.448 1.449 1.377 2.058 
TSoe 1.338 1.561 1.526 1.464 1.352 2.008 

r12 r23 r14 r35 r45 r34 

I2 1.404 1.472 1.453 1.434 1.394 2.102 

a214 ff123 ff235 ff145 ff453 63214 h435 &236 b 4 1 0  

RO 108.0 108.2 105.7 107.3 

1, 102.8 103.6 113.5 115.4 
TSoe 104.5 99.8 113.0 118.6 

12  105.4 101.8 113.8 112.0 

1 

C IRO)' C (12) ' C ( I  I )  ' C 1101) ' 
R E A C T I O N  COORDINATE 

Figure 3. Reaction profde for internal cyclization; (- - -, -) singlet, 
(- -1 triplet. 

The reaction profile of the ring-closure reaction is 
presented in Figure 3. For consistency reasons, we used 
a 20 X 20 CI for all calculated points. Two double exci- 
tations from HOMO to the next two LUMO's were added 
to achieve quasi degeneracy between S2 and S1 at G(12). 
No significant change occurs if the CI is increased to 110 
x 110. This CI contained all a-a* and all important a-u*, 
u-u*, and u-a* excitations from the nine highest lying 
occupied to low lying unoccupied orbitals. To proceed 
from R4 to I, a crossing of the lower lying states R,, R,, 
and R3 must take place. If one disregards the substituent, 
I, belongs to point group C,. If we reduce the symmetry 
of C,, to C, under conservation of the plane of reflection 
u, we must correlate A, and B, with A' and A, and B2 with 
A". In C, R1 and R4 are characterized by A" and R2 and 
R3 by A'. The crossing of R4 with R3 and R2 is therefore 
symmetry allowed, but with R1 symmetry forbidden, re- 
sulting in a minimum I2 in a region of an avoided crossing. 
Due to the closeness and shape of the two surfaces in the 
neighborhood of this weakly avoided crossing, the opti- 
mization of I, could only be achieved within 0.005 A for 
bond lengths, lo for bond angles, and 3O for dihedral angles 
for several coordinates. From here the system proceeds 
to I,. Since the first exicted singlet surface is here only 
0.36 eV above the ground-state surface, a radiationless 
transition to the ground-state surface is fea~ib1e.l~ 

Figure 4 contains the complete reaction scheme; the left 
portion contains the reaction scheme for bicyclization. 

110.8 180.0 180.0 180.0 180.0 
96.0 171.4 148.6 142.9 -125.8 
93.5 168.7 149.3 134.3 -124.1 
90.8 167.2 154.2 112.2 -148.3 

b 

G( I,) 

Figure 4. Reaction scheme: G(R) = geometry of minimum or 
transition structure R. 

From the excited reactant the minimum I, of the initial 
surface R, is reached first. Here internal conversion takes 
place to the lowest excited singlet surface which leads to 
the minimum I,. There transition to the ground state can 
occur. On the ground-state surface the system proceeds 
to the bicyclic intermediate La. Its energy is 1.74 eV above 
that of the reactant Ro. The reaction then proceeds on the 
ground-state surface as a thermal reaction. 

5. Reaction Process on the Ground-State Surface. 
In the process of reaction from bicyclic form I,, to IOb a 
[1,3] sigmatropic migration of the NH group must take 
place. In contrast to a [1,3] hydrogen migration this mi- 
gration is Woodward-Hoffmann allowed since a p orbital 
a t  nitrogen is participating in the reaction which allows 
a change of sign of the considered MO. Since the HOMO 
of the a system can change its sign, overlap between the 
P MO and the p orbital at  N is possible, a situation which 
cannot occur with an s orbital at H.25 

In the process of NH migration for the unsubstituted 
5-azabicyclo[2.1.0]pentene Ioa(N) we searched also for a 
symmetric transition structure. These calculations for 
intermediates and transition structures were initially done 
for geometry optimization with a 4 X 4 CI which contains 
HOMO-LUMO single and double excitations. This is not 
uncommon in semiempirical methods which are parame- 
trized on SCF ground-state surfaces. We found that the 
symmetric structure was a local minimum rather than a 
transition structure. This minimum was in between two 
unsymmetric transition structures for which the nitrogen 
atom N(5) extends a bonding interaction with one of the 
two carbon atoms C,) or C(l) (Figure 4). We did not find 
a transition structure for a single-step migration of the NH 
group over the ring. An analysis showed that steric hin- 
drance prevents this direct migration. For such a pathway 
the core-core repulsion increases more than the electronic 
energy decreases. 

According to Salem26 diradicals are characterized by a 
singlet-triplet degeneracy. For the transition structures 

(25)jNguyen, T. A. Die Woodward-Hoffmann-Regeln unci ihre An- 

(26) Salem, L.; Rowland, C. Angew. Chem. 1972, 3, 86. 
wendung; Verlag Chemie: Weinheim, 1972. 
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Table 111. Geometries (A, deg) of TSh, Ioc, TSw of 2-Cyanopyrrole and of TSh(N), I,(N) of Pyrrole with Labeling from 
Figure 1 (UHF Values in Parentheses) 

TSos 1.359 1.494 1.546 1.547 1.398 
1, 1.351 1.440 1.567 2.051 1.277 

(1.385) (1.476) (1.556) (1.595) (1.404) 
TSOb 1.415 1.420 1.521 1.567 1.400 
TSo,(N) 1.372 1.460 1.529 1.519 1.407 
I,(N) 1.378 1.378 1.707 1.707 1.280 

(1.416) ( 1.416) (1.560) (1.560) (1.407) 

r12 r23 r14 r34 r45 

a214 O(123 cy234 a143 ff145 62314 83145 b 3 6  b 1 9  

TSOa 93.7 93.7 93.3 88.1 112.5 184.4 -104.9 211.6 191.7 
1, 123.6 81.6 93.3 58.7 121.7 165.7 -108.7 250.3 143.2 

TSOb 92.3 93.4 90.2 83.9 98.7 180.0 -59.6 195.5 209.0 
TSo,(N) 93.1 92.2 90.2 84.1 109.9 186.3 -103.5 209.6 192.0 
I,(N) 108.3 79.0 108.3 61.7 119.2 165.8 -109.5 234.0 126.0 

(95.9) (91.8) (90.7) (81.4) (120.8) (174.6) (-122.7) (222.3) (179.9) 

(93.9) (91.2) (93.9) (80.9) (115.0) (177.5) (-113.4) (171.5) (188.5) 

Table IV. Energies (eV) of Minima and Transition Structures Involved in the Ground State Reaction of 2-Cyanopyrrole, 
Pyrrole, and Furan 

RO 0.00 2.64 1.74 3.33 2.29 3.26 1.58 0.07 
3.29 2.74 4.99 3.15 5.19 3.40 
0.00 2.64 1.63 3.32 2.96 3.32 1.63 0.00 

GWo) G(TSoc) G ( h )  G(TSo,) GU,) G(TSob) G(Iot,) W o )  

3R, 
R O N '  
Ro(0)" 0.00 3.08 2.53 4.15 3.51 4.15 2.53 0.00 

a Ro(N) ground state of pyrrole. R o ( 0 )  ground state of furan. 

the energy difference between the ground-state singlet and 
the first triplet is only 0.07 eV. We would therefore classify 
TSoa and TSob as diradicals after Salem. The same con- 
clusion is reached with our valence criterionz7 which re- 
quires that two atoms of the molecule have a valence 
number which is reduced by approximately 1 compared 
to the normal valence number. For TSoa carbon atom CQ) 
with a valence number of 3.20 and nitrogen atom N(5) with 
a valence number 2.30 are the radical centers. For TSob 
nitrogen atom N,) has again the valence number 2.30 and 
C(l) instead of C(3) has the valence number 3.20. So they 
are the radical centers for TSob. 

The optimized geometries of TSoa, TSob, and To, are 
presented in Table I11 for the unsubstituted and CN- 
substituted pyrrole. In the unsubstituted system the in- 
termediate I,, is distinguished from the transition struc- 
tures essentially by a shortening of the C(,NQ,) bond to 1.28 
8, compared to 1.39 A. The bond order2 of this bond 
increased from 1.50 to 1.96. In I,, this bond is close to a 
double bond. The ring bonds C(,)C 1) and C(4)C(3) are 
lengthened from 1.53 and 1.52 to 1.70 8;. The lengthening 
of the C(4)C(3) and C(4)C(1) bonds is a consequence of the 
shortening of the adjacent C,)N(,, bond due to the tend- 
ency of the migrating N to retain as much bonding as 
possible. The bond order of these bonds is reduced from 
1.08 and 1.11 to 0.90. For this arrangement the carbon 
atom C(4) is still tetravalent. This atom C(4) tilts out of the 
ring plane by 14.2' and atom C(l) comes closer to atom C(3) 
so that a binding interaction with bond order 0.45 arises. 

In the case of 2-cyano-5-azabicyclo[2.1.0]pentene La the 
NH migration proceeds as in the unsubstituted case. The 
difference is that the substituent distorts the minimum 
Io, considerably. The bond C(4)C(1) increases only by a 
small amount to 1.567 A compared to 1.546 A for transition 
structure TSoa. The bond C(,)C(,,, however, is nearly 
broken. I t  elongates to 2.051 8, from 1.546 A. The average 
of the C(4)C(3) and C(4)C(1) bonds is close to the unsubsti- 
tuted case, the asymmetry due to substitution. There is 

(27) Jug, K Tetrahedron Lett. 1985, 26, 1437. 
(28) Jug, K. J. Am. Chem. SOC. 1977,99,7800. Jug, K. Theor. Chim. 

Acta 1979,51, 331. 
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Figure 5. Reaction profile of ground-state reactions; (- - -) singlet, 
(--) triplet. 

a corresponding reduction of bond order to 0.42 from 1.06. 
The energy of the substituted I, is 2.29 eV compared to 
2.96 eV for the unsubstituted case. 

The reaction profile of the NH migration is presented 
in the right part of Figure 5. From b a t h e  NH migration 
takes place via the transition structure TSoa to interme- 
diate b, then via transition structure TSob to intermediate 
IOb. Energies for these geometries are presented in Table 
IV. The energies for all states in this table are calculated 
with the same 4 X 4 CI which is usually sufficient to 
characterize singlet-triplet degeneracies of diradical states. 
Whereas the geometry of the minima was determined on 
the SCF surface, the transition structures had to be op- 
timized on the CI surface. It is important to point out that 
the intermediate is not a diradical, different from the two 
transition structures TSoa and TSob. There is not sin- 
glet-triplet degeneracy% as can be seen from Figure 5. Also 
the valence number reduction at  two centersz7 is 0.5 for 
each, not 1 as required for a diradical. We then increased 
the CI to 19 X 19, which includes single and double ex- 
citations from the two highest occupied to the three lowest 
unoccupied orbitals. In both the 4 X 4 and 19 X 19 CI 
calculation the SCF configuration accounts for 99% of the 
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wavefunction. The barrier for NH migration from I,, to 
I,, is found as 1.59 eV via TS,,. From Io, the barriers are 
1.04 to TSo, and 0.97 to TSob It is interesting to note that 
for the unsubstituted system the barrier from I, to TS,, 
is only 0.36 eV. This is well in line with a barrier 0.26 eV 
in the latest bicyclopentene study by Skan~ke . '~  Via TSOb 
the system finally reaches bicyclic form I,&. The barrier 
for back reaction to Io, is with 1.75 eV slightly higher than 
for the forward reaction since IOb is stabilized by the con- 
jugation of the triple bond of the cyano group with the 
C 4 i 3 )  double bond compared to bicyclic form I,,. The 
equilibrium of the NH migration should therefore be 
shifted to IOb. 

It is now appropriate to point out a discrepancy between 
the SINDOl CI calculations of I,, of pyrrole and the ab 
initio calculations of the corresponding intermediate for 
bicyclopentene by Skancke et al.7b which concerns geom- 
etry and character of this structure. Skancke's calculations 
are based on the unrestricted Hartree-Fock (UHF) method 
and predict a diradical intermediate. His bond lengths for 
bicyclopentene are r14 = r34 = 1.557 A and r45 = 1.495 A. 
From Table I11 it is apparent that the SINDO1 CI calcu- 
lation for pyrrole yields quite different values (r14 = r34 = 
1.707 A and r45 = 1.28 A). This structure could not be 
considered as a diradical by standard  riter ria.^^^^^ For 
cyanopyrrole the ring bonds rI4 and rS4 were highly un- 
symmetric with the ring bond r34 adjacent to the cyano 
group almost broken. To resolve the discrepancy between 
the SINDOl CI results and the ab initio UHF results, we 
have therefore also calculated the structure I,, for un- 
substituted and cyanosubstituted bicyclopentene and 
pyrrole on the UHF level. In addition we have calculated 
the ground state So and the first excited triplet Tl of bi- 
cyclopentene with the same CI as for pyrrole. The results 
are the following. On the UHF level the SINDOl bond 
lengths for bicyclopentene are very close to those of 
Skancke et with rI4 = r34 = 1.56 A and r45 = 1.487 A. 
So the discrepancy is not between ab initio and semi- 
empirical data, rather between UHF and CI. Since UHF 
does not result in a pure singlet, but has triplet admixture, 
we have also calculated the bicyclopentene triplet T1 on 
the CI level. Here the bond lengths are indeed very close 
to the UHF values with r14 = rU = 1.556 A and r45 = 1.460 
A. Both UHF singlet and CI triplet TI are diradicals with 
atoms 3 and 5 as the diradical centers. The unsymmetry 
of ring bonds rI4 and r34 is quite small in the cyano-sub- 
stituted case. The results are very similar for the pyrroles. 
The geometries of the UHF calculations for pyrroles are 
listed in Table I11 in parentheses and confirm the trend 
in bicyclopentene. These intermediates are also diradicals. 

Now we proceed with discussion of the reaction. An- 
other reaction possibility of bicyclic form I,, is the rearo- 
matization to reactant Ro. The ring-opening reaction can 
proceed for steric reasons only in a disrotatory way. The 
disrotatory ring openingz9 is accompanied by a HOMO- 
LUMO avoided crossing which gives rise a to a reaction 
barrier. To determine the magnitude of this barrier we 
located the transition structure TS,, leading to reactant 
Ro. We found a reaction barrier of 0.9 eV. The ring- 
opening reaction is therefore favored over the NH migra- 
tion. Only if the vibrational excitation of bicyclic form I,, 
suffices to surmount the barrier of transition structure 
TS,,, NH migration takes place. This agrees with the 
experimental finding that rearrangement of 2-cyanopyrrole 
to 3-cyanopyrrole takes place under irradiation with UV 
light a t  room temperature, but not a t  -68 "C. 

51 

21 I d , ,  j , ,  , 

0 G L R O I  G l T S O s l  G l I O a I  G I T S O O J  G l I O s J  G l T S O b J  G l l O b l  
R E A C T I O N  C O O R D I N A T E  

Figure 6. Comparison of reaction profile of ground-state reactions 
of pyrrole and furan; (- - -) pyrrole, (--) furan. 

The geometry of TSoc is listed in Table 11. Compared 
to intermediate I,, bond C(3)C(4) is broken in TSoc. The 
distance is 2-00 A with a bond order of 0.39. The nitrogen 
atom N(5) is less tilted from the plane for TSoc than for b. 
The energy of the lowest singlet and triplet state is in 
Table IV. This transition structure is also diradical ac- 
cording to Salemz6 because the singlet-triplet splitting is 
only 0.1 eV. This agrees with the valence criterion,n which 
determines CO) and C(4) as the radical centers because of 
their valence numbers 3.12 and 3.35. 

The reason for the high yield of 55% shall be explained 
as follows. Initially the 2-cyanopyrrole reacts under irra- 
diation to the bicyclic form I,,. This form can aromatize 
back to reactant Ro or isomerize to bicyclic form IOb. The 
latter form can either react back to I,, or proceed to 3- 
cyanopyrrole. For the final equilibrium the relative energy 
of Ioa compared to that of IOb is important. This is in line 
with the several hours long duration of irradiation in the 
experiments. 

To make sure that the results reported are qualitatively 
correct, we have recalculated the extrema on the ground- 
state surface with a 25 X 25 CI, which consists of the 
already mentioned 18 X 18 CI plus 7 further double ex- 
citations corresponding to the single excitations, and found 
no significant changes in the relative energies. 

6. Comparison of Reaction Mechanisms of Furan 
and Pyrrole. The comparison of the reaction mechanisms 
of furan and pyrrole was performed for the unsubstituted 
systems. Strausz30 has shown that 5-oxabicyclo[2.1.0]- 
pentene originates from furan under radiation. This is the 
analogue ba(0) to h ( N )  for the pyrrole isomerization. The 
minima and transition structures which play a role in the 
pyrrole isomerization were investigated for the corre- 
sponding oxygen compound. The energies of these systems 
are contained in Table IV, the reaction profile for the 
ground states of furan and pyrrole in Figure 6. The 
starting point for consideration of the continuation of the 
reaction process is intermediate I,, which is reached via 
the process depicted in Figure 3. The relative barriers for 
rearomatization to Ro and isomerization via I, to IOb from 
the intermediate La are 0.9 versus 1.59 eV, for L ( N )  versus 
1.69 eV, and for h ( O )  0.55 versus 1.62 eV. The difference 
between these barriers is substantially higher for the ox- 
ygen compound and favors rearomatization much more 
than for the nitrogen compounds. For furan the rearo- 
matization is much more favored compared to the [1,3] 
migration than for pyrrole. Therefore the internal cycli- 

(29) Woodward, R. B.; Hoffmann, R. The conservation of orbital (30) Rendall, W. A,; Clement, A.; Torres, M.; Strausz, 0. P. J. Am. 
symmetry; Verlag Chemie: Weinheim, 1971. Chem. SOC. 1986, 108, 1691. 
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zation of furan leads always back to the reactant. 
In a simplified reaction scheme for the photoisomer- 

ization of furan, a portion of the excited furan reacts to 
the bicyclic form which reacts back to furan. Only that 
portion which can avoid this back-reaction can reach the 
three-membered ring and then proceed to the rearranged 
product. This is formed in agreement with experiments 
which show that the rate of furan isomerization can be 
increased if the irradiation can increase the excitation of 
triplet states.31 

For pyrrole the ring contraction-ring expansion mech- 
anism was not considered since its yield would be low in 
comparison to the internal cyclization-isomerization route 
due to many branchings on the surface which lead to 
back-reactions to the reactant. This situation was preva- 
lent in furan. 

Conclusion 
A qualitative explanation of the mechanism of the 

photoisomerization of 2-cyanopyrrole is given. The initial 
excitation is a x-T* excitation to R4. The bicyclization to 
l-cyano-5-azabicyclo[2.l.0]pentene I,, begins on this sur- 
face. Symmetry-allowed crossings with the two lower 
surfaces of R3 and R2 finally leads to an avoided crossing 
with the R1 surface. In this region internal conversion 
leads the system to the lowest excited singlet surface with 
a minimum I,. From this minimum another internal 
conversion facilitates the transition to the ground-state 
surface. On this surface the intermediate I,, is reached 
from where NH migration takes place via transition 
structure TS,,, intermediate Ioc, transition structure TSOb 

(31) Hiraoka, H. J .  Phys. Chem. 1970, 74, 574. 

to intermediate 2-cyano-5-azabicyclo[2.l.0]pentene. In 
competition with this pathway ring opening via transition 
structure TSoc back to reactant Ro can occur. All three 
transition structures TS,,, TSob can be classified as di- 
radicals both according to the singlet-triplet degeneracy 
criterion25 and valence criterion.26 In agreement with ex- 
periments it could be shown that the ring opening is en- 
ergetically favored over the NH migration. This migration 
can occur only a t  higher temperatures. The high yield was 
explained by the lower energy of IOb compared to that of 
I&. It was also clarified why furan does not react according 
to the same mechanism, but according to a more com- 
plicated mechanism. Bicyclization is possible also for fu- 
ran. The energy of the transition structure TS,,(O) for 
the [1,3] migration of oxygen is, however, rather high 
compared to TS,(O) so that the ring opening is much more 
favored than for pyrrole. The reaction is a cycle of internal 
cyclization and ring opening without the exit of isomeri- 
zation which exists in the case of pyrrole. The difference 
in the photochemical reaction behavior of furan and 
pyrrole can be explained by a different form of the ground 
state surface. 

Finally it should be emphasized from a technical point 
of view that smaller CI calculations were systematically 
enlarged to ensure the reliability of the results. 
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(Allyloxy)- and (ally1thio)benzothiaoles derivatives of dihydropyrans 2 and 4 easily react with methyl cuprates 
to afford the corresponding C-methyl compounds. The only product observed, in each case, was the y-substitution 
product with syn stereochemistry. The structures of the products were assigned through the analysis of their 
'H and 13C NMR data. 

Methods for the formation of C,C bonds have always 
been of paramount importance in organic chemistry. They 
are even more appealing when this goal is achieved with 
regio- and stereochemical control. Displacements reactions 
with or without concomitant double-bond shift have been 
repeatedly used in this context. Many workers have used 
the cross-coupling reaction of allylic derivatives with a 
variety of organometallic reagents for synthetic purposes.' 
However the regioselectivity of this process is deeply af- 
fected by such factors as solvent, substrate, reagents, 
catalyst, etc., used. In general it can be said that little 
regioselectivity has been achieved when working under 

(1) (a) Magid, R. D. Tetrahedron 1980, 36, 1901. (b) Erdik, E. Tet- 
rahedron 1984, 40, 641. 
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stoichiometric conditions. For compounds such as allylic 
carboxylates, and using Grignard reagents in the presence 
of catalytic amounts of cuprous cyanide, a high degree of 
regiocontrol can be achieved.2a 

According to Goering et al.a3 the u-copper(II1) complex 
initially formed (A) can either undergo stereospecific re- 
ductive elimination to give anti-y-alkylation or isomerize 
to the x-allyl complex (B), in which case stereochemistry 
is preserved but regiochemistry is lost (Scheme I). These 
authors propose RCu(Z)MgBr as the active species. They 

(2) (a) Tseng, C h  Ch.; Paisley, S. D.; Goering, H. L. J .  Org. Chem. 
1986, 51, 2884. (b) Tseng, Ch. Ch.; Yen, S.-J.; Goering, H. L. J .  Org. 
Chem. 1986, 51, 2892. ( c )  Corey, E. J.; Boaz, N. W. Tetrahedron Lett .  
1984, 25, 3063. 

(3) Goering, H. L.; Singleton, V. D., Jr. J .  Org. Chem. 1983, 48, 1531. 
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