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Abstract: We present here a combined experimental and computational investigation into the photorear-
rangement of N-cyclopropylimines to yield pyrrolines. We show that the photochemistry, regiochemistry,
and stereochemistry of the reaction can be understood in terms of a mechanism involving barrierless
evolution in three different (Sz, Si1, So) singlet states and sequential decay through two different (S2/S1, and
S1/So) conical intersection funnels. We provide evidence that the reaction mechanism involves the generation
of a nonequilibrated (i.e., transient) excited state diradical, whose decay can lead not only to pyrrolines but
also to cyclopropylimine isomers. It is concluded that the reaction outcome depends on the details of the
structure of such transient diradical and on the nature of the dynamics of its decay through the S,/S, conical

intersection.

1. Introduction

In 1959, Neureiter reported the first example of a vinylcy-
clopropane-cyclopentene-type thermal rearrangemeften

years later, Woodward and Hoffmann used this rearrangement

as an example of a [1,3] sigmatropic reactféFhe publication

of this paper greatly contributed to an increase in the interest
in this reactior®~7 Since then, the study of the simplest known
[1,3] sigmatropic shift has attracted the attention of both
experimentalists and computational chemists: reaction kirfetics,
substituent effect$10 reaction stereochemistty, 4 and theo-
retical calculation$~17 have been the subject of numerous
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investigations and are still topics of current resedfés a
consequence, the vinylcyclopropane to cyclopentene rearrange-
ment is now a useful tool for retrosynthetic analy&es.

In contrast with the widely studied thermal reaction, the
photochemical version of the [1,3] sigmatropic shift has been
explored to a much lesser extent. However, the photochemical
rearrangements of vinylcyclopropanes have been reported under
both direct and sensitized conditiolfs?? Although these
transformations are of mechanistic interest, practical applications
are scarce and most of them deal with strained bicyclic
compound®? As a modification of the basic reaction, we
recently reported the photochemical rearrangementNef
cyclopropylimines to 1-pyrroline® Unlike its all-C analogue,
the photoreaction of the N-substituted vinylcyclopropanes
proceeds in a synthetically useful way since the final 1-pyrro-
lines can often be isolated in good yields. The corresponding
thermal rearrangement has also been repdftéd.

Vinylcyclopropane rearrangements and related reactions have
also been the subject of theoretical studies. However, initial
attempts did not give good results because of computational
limitations. Only in the past decade have computational tools
provided interesting results regarding the thermal rearrangement
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12, 875.
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Table 1. Rearrangement of N-Cyclopropylimines To Give Scheme 1
Pyrrolines (la—j — 2a—j)® R2
N-cyclopropylimine ~ R! R? R? R* t(h) yield (%) R2, ; ‘\R1 R® hv /Z_ZS<R3
la H H H Ph 6 70 'ZA{ N/)\5R4 - "R’ SN ;4
1b H H Me Ph 6 65 4 4
1c H H Ph  Ph 5 80 1 2
1d H Ph H Ph 5 65>
le H Ph Me Ph 5 60°
1f H Ph Ph Ph 4 &5 Scheme 2 ,
19 Ph H H Ph 075 70 /\ v
1h H OBu H Ph 3 48 PR N7 Ph Ph N> Ph
1 Ph H  Ph Ph 05 80 trans-1d cis-1d
1j Ph H H transCH=CHPh 5 560
apyrex filtered.P Pyrroline was oxidized to pyrrole during the workup.
¢ Mixture of two stereoisomers.Only the trans isomer could be isolated. hv i
e See also Scheme 1. . VI
(si+ar) (si+ar)
and its stereochemistry. CASSCF and DFT calculations were
used to calculate thsi path (see belowd>1® More recently, Ph Ph
trajectory studies have been used to predict product distribu- & d
tions!” However, to the best of our knowledge, theoretical \N Ph \N Ph
studies dealing with the photochemical version of these reactions .. cis2d

have not been published.

To achieve a deeper knowledge of tecyclopropylimine diastereomeric pyrrolinesrans andcis-2d), the cyclopropylimine can
rearrangement, we present here a thorough study of theaiso undergo ring isomerization to give the cyclopropylimiie1d,
mechanism of its photochemical transformation to pyrrolines. which can, in turn, rearrange to the same two pyrrolities)s and
Accordingly, in Section 2 we present the results of product and cis-2d (throughout the paper tranand cis refer to the ring stereo-
stereochemical analysis of the reaction, and in Section 3 we chemistry and not to the stereochemistry of the imine double bond).
describe the result of complementary state-of-the-art ab initio AS shown in Scheme 2, the rearrangement from cyclopropylimines to
guantum chemical calculations that establish the general reactiorPY'rolines can occur through two stereochemically different paths,

mechanism which are denoted using the Woodwaitdoffmanr? notation. Accord-
ingly, s and a (suprafacigntarafacial) and r and i (retention, inversion)
2. Experimental Results refer to the stereochemical outcomes for the 1, 3-shift process involved.

We found that, in contrast to cyclopropylimines, the different pyrrolines
remain stable, both thermally and photochemicé#lly.

! - ] . To exclude the possible influence of the solvent on the rearrangement
Condensation of amines and different carbonyl compothyitsided a mechanism or the product distribution, we carried out the irradiation

set ofN-cyclopropylimines with different substitution patterns. Groups ¢ trans1din a variety of solvents of different polarity (e.g., hexane,

such as H, alkyl, and aryl, as well as electron-donating groups, can g cH,cl,, benzene, acetonitrile, DMSO) and monitored both the
easily be introduced at any site of the cyclopropylimine moiety. For rearrangement and ring isomerization. The lack of influence of the

electron-withdrawing groups in C-2, this methodology cannot be directly ¢ ent polarity on the rearrangement suggests that a charged intermedi-
applied because of the tendency of the corresponding cyclopropylamines,e is not involved in the reaction mechanism. However, the solvent
to open spontaneously under the reaction condifit¥#his limitation appears to influence the extent of the undesirable polymerization,
can be overcome using an approach based on a one-pot two-step proce§ggirectly affecting the reaction yield. This is especially noticeable in
involving |rrad|at|o_n of Flsc_her |m|ne-carb_ene complexes in the presence the cyclopropylaldimines, because of the less steric hindrance of the
of alkenes substituted with electron-withdrawing grotit these iminic carbon. Consistently, any correlation between the experimental
reactions, the\-cyclopropylimines (which subsequently rearrange to 5 rameters for the solvents and the reaction yields could not be found
yield pyrrolines) are formed in situ by a cycloaddition process. for the thermal version of the rearangem&ritlowever, some correla-

Irradiation of theN-cyclopropylimines prepared with a medium-  on petween the extent of polymerization and the Taft scale of polarities
pressure 400-W mercury lamp afforded the corresponding pyrrolines 45 ohserved, with the more polar solvents giving cleaner reactions.

in good yields. Table 1 shows the results obtained. Remarkably, the 5 5 gtereochemistryA range of different cyclopropylimines was
reaction allows the use of substituents that differ in size and nature j,yestigated to determine their reactivities and to study the associated

and are located in different positions on both the cyclopropane and yegiochemistry and stereochemistry. For substituted cyclopropanes with
imine moieties without a significant influence on the product yield. g2 . (e.g., 1d—1f in Table 1), two different regioisomers of the

The mechanistic studies presented below are limited to cyclopro- pyrroline products could, in principle, be formed depending on the
pylimine 1d (see Scheme 2)¢ and1f as their stereochemical outcome  ¢yclopropane bond that breaks during the rearrangement. However, in
can be easily determined by NMR. The main transformations to be 3 manner consistent with the situation shown in Scheme 1, in all cases
considered are shown in Scheme 2. considered only one of the cyclopropane bonds took part in the

From trans-1d, three different compounds can be formed through  rearrangement, meaning that the reaction is highly regioselective. The
dlﬁerent reaCUOn pathS BESIdeS the fOI’matlon Of two d|ﬁerent same trend has been Observed for the thermal Vinylcyclopre.pane
cyclopentene rearrangeménthere the observed regioisomer is related

2.1. Synthesis and Photorearrangementeveral methods for the
preparation of cyclopropylamines have been reported to 8éte.

(26) Vilsmaier, E. InThe Chemistry of the Cyclopropyl GrouRappoport, Z.,

Ed.. Wiley: New York, 1987: pp 13411454 to the ability of the different groups to stabilize the radical formed
(27) Bertus, P.; Szymoniak, J. Org. Chen2003 7133.
(28) Reissig, H. UTop. Curr. Chem1988 144, 73. (31) We have checked the thermal and photochemical stability of pyrrolines by
(29) Magenlinckx, S.; De Kimpe, Nletrahedron Lett2003 44, 1771. heating pure samples in refluxing toluene and irradiating them under the
(30) Campos, P. J.; Sampedro, D.; Rgdez, M. A. Organometallics2002 same reaction conditions. In both cases, we recovered the unaltered products
21, 4076. after 5 h.
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100+ ﬁ —2— trans-1d 100
% PR NN —v— cis-1d % . A 74 —A— trans-1e
80- Ph 1 .o -trans-2d 80 Ph N™ph —o—frans-2e
-. - cis-2d —e— Cis-2e
60 60-
40 40
20 20
0 0
T T T T T T ! T T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
100+ Figure 2. Evolution of the reaction mixture composition during irradiation
% —A— trans-1d of trans-le
| A PN —v—cis-1d .
80 Ph N"Son |l o - trans-2d lower than the 5:1 ratio detected for the reference compotnads-
- e cis-2d and cis-1d. This behavior shows that the substituent does affect the
607 diastereoselectivity of the rearrangement.
In the final step of our stereochemical studies, we investigated the
407 rearrangement of two enantiopure compounds. This study provided
1 mechanistic information about the relative ratio of racemization
207 compared with the competing ring isomerization and rearrangement.
1 Furthermore, this investigation also provided a gage of the potential
07 synthesis of enantiopure pyrrolines. The){(1R,2S) and (+)—(1S2R)
T J T T J T ! enantiomers of cyclopropylimingf were synthesized and irradiated.
0 100 200 300 400 500 600 ; 4 . . . .
t (min) We determined the enantiomeric purity of the resulting mixture (see
) ) ) - S Supporting Information). The results show that, even after short reaction
F;'gu&e 1. Evolution of the reaction mixture composition during irradiation  times, the rate of racemization of the starting material is faster than
of 1d.

during the reaction. In contrast to the well-understood regiochemistry,
the stereochemistry of these rearrangements has been the subject
much research in recent decadEs? The main difficulty is to obtain
information on the stereochemistry in the presence of competing
reactions such as racemization or ring isomerization, both of which
cause stereochemical scrambling.

To investigate the influence of the substitution at thec&bon of
the cyclopropyl ring on the reaction stereochemistry, we have studied
the photorearrangement afs- and trans-1d independently. In the
experiment, we employetH NMR to monitor the progress of both
ring isomerization and rearrangementai$ and trans-1d (see Sup-
porting Information for details). The results displayed in Figure 1 show
that the two reactions occur with roughly the same rate constant. On
the other hand, there is a clear preference for the formation afithe
2d pyrroline when the starting imine isis-1d. Similarly, we found
thattrans-1d preferentially produces thieans-2d pyrroline. For short
irradiation times (less than 240 min), this preference is high (the ratio
is more than 10:1 for the formation of the preferred pyrroline). However,

the stereoselectivity decreases for longer irradiation times. When the

reaction is completed, the observed ratio is 5:1. In fact, irrespective of
the initial stereochemistry of the reactant (i.e., cis or trans), both

pyrroline stereoisomers are detected. Long irradiation times (more than

240 min) also lead to ring isomerization in both samples in the same
ratio. More specifically, we detected the formation of a mixture of

cyclopropanes with cis/trans ratios of 0.9:1 that must be determined
by their relative UV absorbance and isomerization quantum yields. The
loss of material observed after irradiation is due to production of a

polymer. Such atactic polymer could be isolated and weighted to ensure

the mass balance, but it was not further studied.

The effect of the substitution at the iminic carbon was assessed by

monitoring the photorearrangementtains-lewhere a hydrogen atom
is replaced by a methyl (i.e.,R= CHs). The results are shown in
Figure 2. The formation of botttans andcis-2e occurs from the very
beginning with an approximate product ratio of 3:1, which is clearly

the structural isomerization to pyrroline products. Racemization could
potentially occur through two consecutive processes of ring breaking
cﬁingle bond rotation (to yield a cis diastereoisomer, i18,2R or 1S2S

in the first step and a trans enantiomer in the second step) involving a
diradical intermediate or through a Doering’s path involving a non-
equilibrated diradical speciés.

2.3. Photochemical AspectsAs mentioned above, the cyclopro-
pylimine photorearrangement has a thermal equiva¥éFtus, to ensure
that the investigated rearrangement is photochemically (i.e., not
thermally) induced, we tested the thermal stability of the reactants.
Several imines 1a, 1b, t-1¢ t-1f, 1h) were heated under reflux in
toluene for 3 days and no traces of the corresponding pyrrolines were
detected. Indeed, the thermal rearrangement requires a temperature of
ca. 350°C under flash vacuum pyrolysis conditiofts.

Figure 3 shows the UVA absorption spectra for three compounds
with different substitution patterns. It can be seen from this figure that
all spectra have the same basic structure, with a strong absorption
responsible for the reaction at ca. 250 nm. An additional band at higher
energy and of variable strength can also be seen if aromatic substituents
are present. The cyclopropane moiety has been described to act as a
modest auxochrome, causing small displacements of ca2@@m in
the absorption bands of the olefifisThis behavior was detected in
derivatives with a phenyl group on,Qe.g., for compoundrans-1€).

It can be concluded that efficient interaction between the cyclopropane
and phenyl rings can only be achieved when the aromatic ring is located
in position 2. A practical consequence of this situation is that 2-phenyl-
substituted cyclopropylimines present a significant absorption over 300
nm and, therefore, they can be irradiated through a Pyrex filter. The
nature of the excited-state involved in the rearrangement was investi-
gated by carrying out the reaction in the presence of molecular oxygen
or Z-piperylene as triplet state quenchers. No influence beyond
experimental error could be detected in these experiments, indicating
that the excited state responsible for the rearrangement should have a

(32) Doering, W. E.; Sachdev, K.. Am. Chem. S0d.974 96, 1168.
(33) Goldschmidt, Z.; Crammer, EChem. Soc. Re 1988 17, 229.
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wavelength (nm) Figure 4. Energy profiles along the MEPs describing the excited-state
Figure 3. UVA absorption spectra for some representafireyclopro- relaxation from the FC point (FranelCondon, vertical excitation) of model
pylimines. compound3. Geometrical parameters are shown in A and degrees. The
. o ) dashed frame highlights the flat region near the CI point (conical
singlet multiplicity. Finally, the fact that we were unable to detect any intersection).
measurable fluorescence from the photoexcited cyclopropylimines
suggests the presence of a readily accessible radiationless deactivatioat the multiconfigurational second-order Mghd?lesset per-

path. turbation theory level (here we used the CASPT2 method
The photorearrangement and photoisomerization quantum yields implemented in MOLCAS-5¥ to take into account the effect
were determined fotd by using ferrioxalate as an actinométe(for of electron dynamic correlation. The calculation of the reaction

details see Supporting Information). The measured quantum yield for path (see Figure 4) was performed using the simile

the rearrangement was extrapolated to zero conversion and gave a Valu%yclopropylimine3 whereas the reaction stereochemistry was

of ® = 0.002(2). Similarly, the corresponding quantum yield for the . ! - . } . .

o T ) computationally investigated using the methyl-substituted de

ring isomerization isb = 0.002(3) for both the cis-to-trans and trans- . tive 4. Similarly. the effect of th iti d nat f
f_rlva Ive 4. similarly, the efriect o € position ana nature o

to-cis conversions. These values demonstrate the photochemical ine : X .
ficiency of the reactions. However, since the pyrroline products are the substituent was determined on the phenyl-substituted models

stable under the reaction conditions (see discussion above) and no othek& 5, 6, and 7. Finally, the effect of the cistrans ring

compounds are formed during the reaction, these products can still beisomerization mechanism was further investigated on derivatives

obtained in good yields through prolonged irradiation. The deactivation 8 and 9. All branches of the reaction coordinate f8rand 4

of the excited state of cyclopropylimines throug/& isomerization were obtained by minimum energy path (MEP) computations

of the double bond is a well-known feature of imirfs. at the CASSCF level with the 6-31G* basis set and an active
The quantum vyield of the ring isomerization was sensitive to the space of six electrons in five orbitals @ndz* orbitals of the

substituents on the iminic carbon. For example, when we measuredimine moiety,o and ¢* orbitals for the G—C, bond, and the

the quantum yield for the isomerization bf, which has two phenyl nitrogen atom n orbital). The zeroth order wave function used

groups on the iminic carbon, we found a quantum yield for the cis- in the single-point CASPT2 calculations needed for the re-

to-trans ring isomerization o = 0.005(7), while the value for the - ) .
rearrangement quantum yield wds= 0.002(5). Direct comparison evaluation of the MEP energy profile (see above) is a three root

of imines1d and1f shows similar quantum yields for the rearrangement (So, S1, &) state average CASSCF wave function. The same
but a higher cis-to-trans isomerization quantum yield for compound type of wave function was used, where necessary, to avoid
1f. It appears that the higher steric demand on the iminic carbon leads convergence problems. The structure of the conical intersection
to more effective cis-to-trans isomerization while making the reverse funnels associated with each path were optimized by applying
trans-to-cis reaction more difficult. This fact could be related to the the methodology included in GAUSSIAN 98In all cases, the
absence of ring isomerization seen in Figure 2tfans-1e, where no S branches of the different paths (i.e., ther8laxation paths)

significant amount otis-1e was detected throughout the experiment, starting at the 8S conical intersection funnels and describing
probably because of its faster reaction rate.

(38) Andersson, K.; Barisz, M.; Bernhardsson, A.; Blomberg, M. R. A.; Cooper,

3. Theoretical Results. D. L.; Fleig, T.; Filscher, M. P.; de Graaf, C.; Hess, B. A.; KarlstroG.;
. . . Lindh, R.; Malmqyist, P.-A Neograly, P.; Olsen, J.; Roos, B. O.;
3.1. Computational Details.All reaction paths were com- sChmmemfennid,qB,; Schiz, M. sgad?éj, A. J.; Schiz, M.; Seijo, L.;
i i initi i Serrano-Andisg, L.; Siegbahn, P. E. M.; Starling, J.; Thorsteinsson, T.;
puted USI.ng fl'!"y unconstrained ab initio quantum chemical Veryazov, V.; Widmark, P.-O.; MOLCAS version 5.1; University of Lund,
computations in the framework of a CASPT2//CASSEFE Sweden, 2000.

i i i i (39) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
strategy. This requires the reaction coordinate to be CompUted A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,

at the complete active space self-consistent field (CASSCF) level R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,

R : K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
of theory and the corresponding energy profile to be reevaluated R Mennucei. B.. Pomelli, G Adamo. C.. Clifford. 'S Ochterski, 3.

Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;

(34) Murov, S. L.; Carmichael, I.; Hug, G. lHandbook of Photochemistry Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
2nd ed.; Marcel Dekker: New York, 1993; p 299. J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
(35) Klessinger, M.; Michl, JExcited States and Photochemistry of Organic Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
Molecules VCH: New York, 1995. M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M;
(36) Ferre, N.; Olivucci, MJ. Am. Chem. So2003 125 6868. Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;
(37) GonZéez-Luque, R.; Garavelli, M.; Bernardi, F.; Meraha\.; Robb, M. Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian
A.; Olivucci, M. Proc. Natl. Acad. Sci. U.S.£00Q 97, 9379. 98, Revision A.7; Gaussian Inc.: Pittsburgh, PA, 1998.
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Scheme 3 now a diradical character) and the structure of the emerging S
A JH\ A /HL relaxation paths will affect the product distribution. In particular,
NZ > H N “Me the S/, conical intersection (Glsg structure features a ca.
90° twisted methylene group at C5. Since rotation about the
N4—Cs bond can occur in both the clockwise and counterclock-
H wise directions, the decay at &§Jso will strongly affect the
N N T N H Meo“’AN/J\H rearrangemgnt reaction supr_afgc_ial/antaiafacial stereochemistry
of the reaction. I3, the two iminic substituents are the same
la 5 6 7 (R® = R* = H) and thus the clockwise and counterclockwise
H rotations will lead to the same structure (see Section 3.4 for a
A /)\ case where these motions lead to different structures). However,
M N©H one can still compute two stereochemically different relaxation
8 9 paths associated with the supra or antarafacial processes,
respectively. Since the iminic substituentSiare both hydrogen
the formation of the photoproducts (and the reconstitution of atoms, the two paths are almost isoenergetic. For this reason
the original reactant) were computed according to the procedureonly, one of these paths (clockwise) is shown in Figure 4.

previously describetf To explore the substitution effect -6, Regrettably, however, the shape of the @tential energy

we used a Complete active space of 12 electrons in 11 Orbitaissurface in the Vicinity of the decay region is a|WayS very flat
with the 6-31G* basis set, followed by three root,(S., S) (see dashed frame in Figure 4) and it is not possible to assign
CASPT2 calculations. a specific stereochemical motion to the excited state. (The

3.2. Absorption Spectra. We calculated the absorption flatness of the PES ingShas previously been described for
spectra for severadl-cyclopropylimines with different substitu-  related reaction®:19 This region of the Ssurface is described
tion patterns (see Scheme 3). Compoutal allows for a by a nonequilibrium open chain diradical species (where the
comparison of theoretical and experimental data. The calculateddiradical centers are located on C5 and C2) whose structure is
n—x* Sg—$; transition presents an oscillator strength of 0.003, related to that of the conical intersections@do(see Figure 4).
with a Amax of 297 nm, while ther—z* Sg—$; transition has  This structure is strongly reminiscent of the so-called continuous
an oscillator strength of 0.38 with/a.ax = 227 nm (126 kcal/  diradical proposed by Doering et al. for explaining the stereo-
mol). These values are consistent with the experimental spectrunchemical behavior associated with thermal cyclopropane ring
in Figure 3, where the band appears at 210 nm (136 kcal/mol) openings*2 According to Doering, since these diradicals are not
with f = 0.31. Despite the lack of experimental data, we also equilibrated (i.e., they do not correspond to a well-defined
calculated the UV spectra for compounis7 to assess the  energy minimum), they mediate so-called direct reactions. From
influence of the substituent position and type. For these speciesa dynamical point of view, the behavior as a continuous diradical
we found the same two bands at similar wavelengths and with will depend on the 85, crossing efficiency. If the £ crossing
S playing the role of the spectroscopic state. efficiency is high (leading to an;Sifetime time well under 1

3.3. Compound 3.The calculated SMEP is shown in Figure  ps), then products are formed rapidly and #®haves like a
4. In the vertical excitation regionp$eatures a charge-transfer  continuous diradical. The fact that we find no transition structure
character as, upon photoexcitation, an electron is shifted from (i.e., no energy barrier) along the computed MEP restraining
the imine moiety to the cyclopropane ring. Along the S decay at Cdy;soand that the flat region of the; 8@nergy surface
relaxation path the cyclopropane ring, which now has a radical is nearly degenerate (see framed region in Figure 4) strongly
anion character, spontaneously opens because of the couplingupport such assignment. We will now see that the almost free
between the iminer and the ringo* orbitals—a process that  rotation about the iW-Cs and G—Nj, single bonds allows for
increases the occupancy of thorbital. Indeed, the first part  the presence of different, almost isoenergetic, reaction paths
of the MEP coordinate is controlled by-C bond elongation,  preparing the system to decay toward the different experimen-
which leads to stabilization of the, State and, as a consequence, tally detected products. In such a situation, both structural and
to a decrease in the;SS; energy gap. This process ultimately dynamic factors must contribute to determine the reaction
leads to a conical intersection point ggk) that provides a  stereochemistry, and therefore the behavior of the system in
fully efficient relaxation channel to the lower—x* energy this region has to be investigated using nonadiabatic dynamics
surface. After the decay, the, $eaction coordinate becomes  (either in its semiclassical or quantum formulation). This type
dominated by twisting along the,NCs bond as this bond has  of investigation goes beyond the scope of the present paper.
now completely lost its double-bond character. More specifi-  once the molecule reaches thesGdoregion, decay to the
cally, the torsional deformation is mainly driven by the grond state is fully efficient. Figure 5 shows the branching
stabilization of the radical center located on the iminic part and space at Gdysothat comprises two independent directions of
this is achieved by combined rotation along thes and G— nuclear motion X; and xz). Any molecular motion with a

N4 bonds. This relaxation does not lead to any energy minima .omnonent along one of these directions takes the system away
(i.e., to production of an excited-state intermediate) but provides ¢.om the S/S, degeneracy and, thus, initiates the relaxation
direct access to a second conical intersection decay Channeblong the § energy surface.

connecting the Sand $ energy surfaces. At this stage, the

details of the geometrical structure of the molecule (which has Motion ‘along the direction described by affords the

formation of the pyrroline from the Gl;so region while x,
(40) Garavelli, M.; Celani, P.; Fato, M.; Bearpark, M. J.; Smith, B. R.; Olivucci, describes cyclopropylimine l_)aCk_ formation. On the Othe_r hand,
M.; Robb, M. A.J. Phys. Chem. A997, 101, 2023. movement along the; or x, directions causes the formation of
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L The other two paths (paths C and D in Figure 6) connect the
/{f\ o Clsusoto the pyrroline. In a similar way to the cyclopropylimine
L {.9 ¥ path, we find that a different direction of rotation about-Cs
% O C@L bond Iead; to the formatipn of Mo different, isomeric pyrrolines.
o - x'z’ In' 3, the final pyrrgllne is again thg same for both paths, but
L L e . with a stereochemically labeled derivative the two paths would
N i DY = FANES o~ be distinct. This situation is represented in Figure 6, where
H™H H™H L 9 o & marked hydrogen atoms are used to illustrate the movements
X, . ‘ﬁ) along the alternative paths. The two corresponding relaxation
x1 h paths show the same features, with an initial flat region (i.e.,
) energy profile) corresponding to a coordinate whesa G
N must approach one another sufficiently closely to allow orbital
Figure 5. Gradient difference vecto; and derivative coupling vectos interaction, as described above. The need for this interaction
computed at Gysofor model compound. makes back-formation of the cyclopropane ring easier and

energetically favorable along this plateau when the shifting C
methylene does not rotate (note the larger initial slopes of path
A and path B with respect to those of paths C and D). As a
consequence, the molecules traveling along the initial flat region
will hardly reach the path leading to pyrroline formation but
are more likely to follow one of the steepest descents leading
to the reactant.

At this point notice that, in principle, our computations
suggest that all types of pyrroline stereochemissy §i, ar,
and ai) are possible through a combination of theeéhd $
branches of the photochemical reaction path. In particular, the
suprafacial/antarafacial selection is determined by the prefer-
ential direction of rotation about thesNCs bond. On the other
hand, the inversion/retention preference seems to be determined
immediately after the decay during the initiaJ ®laxation by

Energy ( kcal/mol)

MEP coordinate (u.a) e b the factors that determine the preferentially populated relaxation

Figure 6. Energy profiles along the fouroSMEPSs connecting the o5, path.

ClI point to the photoproducts for model compouBdPath A leads to ; o
reactant back-formation. Path B leads to cyclopropane isomerization. Paths The analysis of our results supports a qualitative agreement

C and D lead to two stereoisomeric pyrrolines. Marked hydrogens illustrate P€tween the experimentally and computationally derived mecha-
the stereochemistry. Geometrical parameters are shown in A and degreesnistic pictures. First, the low quantum yields observed for the

rearrangement reaction are due to the higher probability of
diradicals. These two species have high energiesoirarsl reactant back-formation after ground-state decay (i.e., because
therefore no relaxation paths will lead from thesGdoto these ~ of the higher slope of path A, only a small fraction of the

two compounds. Consequently, onks and x, represent  Mmolecules reaching the &lsomay follow a path leading to
significant relaxation paths from the Glsoregion. the rearranged photoproducts). Second, the observed reaction

stereochemistry is consistent with the calculated paths. In fact,
when the single bond between C2 and C3 does not rotate, both
radicals in C2 and C5 can interact, after a small conformational

change, to give the pyrroline with the observed stereochemistry

For model3, four different direct relaxation paths have been
located leading to four possible products. This means that,
potentially, all four products can be considered primary pho-

toproducts and can originate by a single decay channel. Two (see Figure 6, path C). However, rotation of the terminal
of these channels (paths A and B in Figure 6) connect te<s| methylene in G would force the molecule to follow a ridge

to the initial cyclopropylimine through two paths that differ in along the PES with almost no energy decrease, changing its
the direction of rotation about the;ECs single bond. These  geometry until it could finally enter the relaxation channel
paths are stereochemically distinct as, for a labeled compound,jeading to the pyrroline with the opposite stereochemistry (see
they would lead to back-formation of the original reactant (path Figure 6, path D). The competition between decay and meth-
A) or to formation of a reactant stereoisomer characterized by ylene rotation is also consistent with the experimental fact that
cis/trans ring isomerization (path B). Indeed, one path deSCfibeSthetranscyclopropylimines yield mainly th&rans-pyrrolines,

the reactant back-formation due to the interaction of the unpairedwhile thecis-cyclopropylimines mainly yield theis-pyrrolines.
electrons located on the imine moiety and the methylene group.  The geometry and energy of thegkopoints are predicted

As an alternative, the second path describes a situation whergg pe sensitive to substituents placed on the imine or cyclopro-
the terminal methylene can rotate along the-Cs bond before  pane moieties. In particular, while bulky substituents will only
the decay occurs. Once this rotation has started, the reactaninteract weakly in the ground-state equilibrium structures or in
back-formation process is prevented because of the absence ofhe Cl structure derived frommans-cyclopropylimines, they will

an interaction between the corresponding orbitals. The decayinteract more strongly at €i;sorelated tocis-cyclopropylimines.

and closure could take place after a 186tation to yield a Accordingly, to avoid steric repulsion, the terminal methylene
new cyclopropane where ring isomerization has occurred. rotates and thus prompts the isomerization to the trans-isomer.
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Figure 7. Energy profiles along the MEP for the two paths describing the - 252 ) Q\) 2.52 O
relaxation from the FC point to the ground state for model compaund e 8
Geometrical parameters are shown in A and degrees. A g

) ] 8-CI §,/5, 9-Cl S,/S,
The consequences of this effect can be observed in the measured -249.648171 (58.4) -249.647544 (58.8)

qu.ar_“um yield oflf, where cis-to-trans 'Somer'zat'on was _mo_re Figure 8. FC and Cl geometries (parameters in A and degrees) and energies
efficient than the reverse process, and in the monitoring (in brackets, values relative to the ground-state minimur8)dbr model

experiment onle wherecis-1e was not observed at all (see compounds8 and9.
Section 2.2).

3.4. Methyl Derivatives.As explained above, the suprafacial However, the inclusion of dynamic factors at this point would
or antarafacial stereochemical outcome is entirely determined e necessary to completely establish the origin of the observed
in the excited state (where clockwise and counterclockwise ratios. Once reaching one of theses{dgs, the ground-state
rotation about the N4C5 bond is determined). Only one decay causes the molecule to follow one of the four reaction
product can be generated when indistinguishable substituents?aths discussed above that appear to control the inversion/
are present on the iminic carbon (see Table 1). However, when'etention of stereochemistry at C2. Thus, for substituted imines,
the substituents are different, astians-1e, two products may eight different paths are available through two different dia-
be generated. This situation has been observed experimentallyptereomeric conical intersections.
for the thermal version of the vinylcyclopropaneyclopentene Combination of the results obtained f®and4 allows for a
rearrangement, where the preference for #ieversus ai rationalization of the observed product distribution (see Figures
stereochemistry in thigans-cyclopropane is higher as the steric 1 and 2). In the cases where the iminic substituents are
difference between the two vinylic substituents becomes more sufficiently different (such as id), the lower energy excited
marked’ To explain the experimental findings outlined above state path will mainly select one of the two possiblesbs.
for the photochemical reaction, we calculated two different Of course, ground-state relaxation will lead to the production
excited-state paths for the methylated derivatlv&he results of the corresponding final pyrroline. The combination of the
are shown in Figure 7. selected $and $ paths lead to preferential production of only

Two different paths that end in two different conical intersec- one of the2d stereoisomers. However, when the two iminic
tions (Ckyse and Ckys®) differing in the sense of rotation ~ substituents have similar sizes (such as lig, the two
about the N—Cs bond were found. It can be seen that these diastereoselective ;Spaths must have similar energies and
paths coincide onSsince the reaction coordinate is dominated photoexcitation will yield products with either suprafacial or
by the common cyclopropane bond-breaking step. However, onantarafacial stereochemistry (i.#ans-2eandcis-2€). However,

S, the torsional deformation moves one of the substituents closerit is important to stress that although the MEPs qualitatively
to C, and the different steric hindrance of the two iminic rationalize the stereochemistry of the detected products, dynami-
substituents causes a slight, but clear, energy difference betweegal effects may influence the exact product distribution and the
the paths. Comparing these two patine lower in energy isa  stereochemical scrambling.

given path, the wider is the energy valley defined by that path.  While the substitution on the iminic carbon greatly affects
As a consequence, a wider valley is expected to collect morethe product distribution, substitution o, Geems to mainly
ground-state trajectories (starting at théSg conical intersec- affect the regiochemistry of the reaction and the ratio between
tion) thus indicating the dominant stereoisomer. In this model, ring isomerization and rearrangemén€:’ This observation can
the path with the steepest descent will be preferred and thebe explained by the fact that the absence of a real diradical
greater the energy difference between the two substituents, thentermediate in the excited state does not allow equilibration
greater the preference for one of the two possible paths. This isand, therefore, the original conformation is maintained until the
in agreement with the experimental findings for imirias(R3 S1—S decay. To assess the effect of substitution gt We

= H, R* = Ph, 10:1 mixture) ande (R® = Me, R* = Ph, 3:1 calculated the relevant stationary points for the methyl deriva-
mixture). This situation causes the molecule to decay to the tives 8 and9 (Figure 8). It can be seen how the/S, conical
ground state with the suprafacial or antarafacial stereochemistryintersections present similar geometries and energies. This is
already determined. The ratio between the suprafacial andconsistent with the small influence tha Substitution has on
antarafacial products is therefore guided by the relative energiesthe reaction. However, a difference of 9 kcal/mol in the S
of the paths connecting the FC region with the£zbA and B. energies of the cis (compour@ and trans (compoun®)

J. AM. CHEM. SOC. = VOL. 127, NO. 1, 2005 447



ARTICLES

Sampedro et al.

Table 2. CASPT2/6-31G* Relative Energies Calculated for
N-Cyclopropylimines

relative CASPT2 energy relative CASPT2 energy

structure  state (kcal mol—1) structure ~ state (kcal mol—Y)
la-FC S, 125.5 5-FC¢ S, 180.5
S 96.2 S 110.3
S 0.7 S 0.7
3-FCe S, 170.2 6-FC° S, 152.6
S 122.8 S 108.3
S 0.7 S 0.7
3-Clsas1 S, 127.3 7-FC S, 153.1
Sy 127.3 S 113.6
S 113.3 ) 0.7
3-Clsyso S, 166.1 8-FC¢ S, 159.2
S 115.0 S 102.6
S 110.4 ) 0.7
pyrroling S —26.2 8-Ckyso S 137.6
4-FC¢ S, 164.9 S 61.5
S 125.4 ) 58.4
S 0.7 9-FC* S 164.3
4-ClsystA S, 135.1 S 95.2
S 132.0 ) 9.4
S 35.3 9-Clsyso S 132.8
4-ClsystB S 135.0 S 61.0°
S 134.4 ) 58.8
S 37.6
4-ClsyscA S 168.5
S 84.9
S 82.0
4-ClsysoB S 148.0
S 109.2
S 108.9

aFor each compound, the energy values are relative to the ground-state
energy of the cyclopropan&Energy relative to the ground state of
cyclopropane8. ¢ Geometry optimized with single-root CASSCF wave
function.

isomers (see Table 2) exists in the ground state, and this could
affect the ring isomerization. In fact, it was experimentally
observed (i.e., monitoring the rearrangementdyfthat the cis
isomer isomerizes slightly faster than the trans isomer. In the
presence of a greater steric effect, such agdrand 1f, the
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trans formation from the cis isomer is so fast that the less stable
cis isomer could not be detected at all{yNMR spectroscopy.

4, Conclusions

The study described above shows that a combined compu-
tational and experimental investigation of the photorearrange-
ment ofN-cyclopropylimines to pyrrolines yields a mechanism
that is consistent with the observed product distribution,
regiochemistry, and stereochemistry of the reaction. Light
absorption promotes the molecule tg &hich corresponds to
the singlett—* spectroscopic state. The subsequent relaxation
to the ground state is driven by a path dominated by cyclopro-
paneo-bond breaking in & rotation of the iminic moiety in
Si, and photoproduct formation ingSThe stereochemistry
observed for the iminic moiety is explained in terms of the
change in relative stabilities of the paths describing the formation
and decay of a nonequilibrated (transient) diradical when the
iminic substituents are changed. The absence of an equilibrated
excited-state intermediate along the reaction path is consistent
with the lack of solvent effects, side reactions, or measurable
fluorescence. Quantum yield measurements and product studies
show that, in agreement with the computed reaction mechanism,
the ring isomerization and the rearrangement have similar rates.

Acknowledgment. We thank the Spanish MCyT (BQU2001-
1625), the Universidad de La Rioja (API-02/B08), and the
Comunidad Autaoma de La Rioja (ACPI-2003/08) for financial
support. A.S. and D.S. thank the Spanish MECyD for their
grants.

Supporting Information Available: Complete experimental
procedures, characterization data for new compounds, and
Cartesian coordinates and absolute energies for the geometries
discussed in the text. This material is available free of charge
via the Internet at http://pubs.acs.org.

JAD467566



