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Regio- and stereoselectivity of [2+2]-photocycloaddition in complexes containing crown 
ether styryl dyes and alkaline-earth metal cations were studied using molecular mechanics. 
The main assumption is that the rate of the allowed concerted photocycloaddition correlates 
with the relative energies of the ground states of dimeric adducts, which are treated as pre- 
reaction complexes, and the resulting cyclobutanes. These energies are estimated by molecu- 
lar mechanics within the MMX parameterization. The calculated characteristics of different 
dyes are studied as functions of the structure of the heterocyclic moiety, the structure and 
size of the N-substituent, the size of the crown ether cycle, and the nature of the metal 
cation. A comparison between the computational results and the experinaental data showed 
that the observed quantum yield of the reaction is governed by the relative energies of the 
dimeric complexes and the resulting cyclobutanes as well as by the mutual arrangement of 
dye molecules in the dimeric complexes. Both factors are closely interrelated. The approach 
used in this work furnishes an explanation for the experimental data and provides a guideline 
for supramolecular control of regio- and stereochemistry of cation-dependent [2+21-photo- 
cycloaddition. 
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Crown ether  styryl dyes (CSD)  and their  complexes 
with a lkal ine-ear th  metals  were proposed as promising 
photoswi tched m o l e c u l a r  devices,  because they can 
readily undergo trans-cis-photoisomerization when ex- 
posed to visible light, and the spectral and complexing 
properties o f  cis- and trans-isomers are ~ubstantiatly 
different. 2,3 At the same t ime,  it is shown that these 
compounds  cal~ en ter  into [2+2]-photocyc loaddi t ion  
(PCA)  giving cyc lobu tanes  in high q u a n t u m  yield 
(Scheme  1). 4 This react ion can also be o f  practical 
importance because it opens a way for obtaining a new 
class o f  complexones .  Because of  this, the possibility of  
predicting regio- and stereoselect ivi ty of  the cycloaddi-  
tima is of  substantial theore t ica l  interest. 

Our  goal was to study the factors that govern regio- 
and stereoselect ivi ty o f  P C A  of  C S D  complexes  1 - 5  by 
molecular  s imulat ion.  The  molecules  in the study are 
rather large; they conta in  about 70 atoms each. There-  
fore, only the simplest  approaches  like semiempir ical  

* For Paa 24, see Re[. I. 
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quantum-chemical  methods and methods of molecular 
mechanics can be applied to the molecules as large as 
this. Imermolecular  interaction betweeq initial mono- 
mers is the most important  factor in [2+2]-photo-  
cycloaddition. As a rule, known semiempirical methods 
of  quantum chemistry describe these interactions inad- 
equately. We used molecular  mechanics, because it was 
successfully applied earlier to the same or other crown 
ether styryl dyes (see ref.5). This method is commonly 
used in the study of  supramolecular systems, molecular 
aggregation, conformational  effects, structure of  mo- 
lecular crystals, etc. However, the possibility for using 
this method in the study of photochemical reactions 
needs special consideration. 

S O  3 - 

t fans-  1 - - 4  

" . . . .  

X = S ( 1 a - - d ,  3 a , b ,  4 a , b ) ,  CH=CH (2a ,b ) ;  

Y = (CH2) 2 ( l a - - 5 a ) .  (CH2) 3 ( l b - - 5 b ) ,  o-C6H 4 (1c), 
P-C6H 4 ( l d )  

M = Mg ( l a ~ d ,  2a,b,  5a,b),  Ca (3a,b,  4a,b);  
m = 1 (1a--d,  2a,b,  3a ,b ,  5a,b),  2 (4a,b)  

We assume that photochemical  [2+2]-cycloaddit ion 
under consideration is concerted and supra,supra-facial. 
This mechanism is allowed according to the Wood- 
wa rd -Hof fmann  rule. Therefore, we may suppose that 
its activation barrier is mainly governed by steric factors, 
i.e., how easily central double bonds in the initial dyes 
can be brought together for the reaction to occur. At the 
same time, the rearrangement of the electronic wave- 
function due to the reaction does not cause the total 
energy to increase considerably and does not contribute 
to the formation of  the barrier. This approach is usually 
applied to other barrier-free transitions, such as in the 
theory of  electron transfer. Therefore, the reaction is 
sterically controlled and can be reliably studied by mo- 
lecular mechanics. 

Molecular  model. The dyes under consideration con- 
sist of at] ethylene fragment (double C=C bond), a 
heterocyclic fragment with an N-substituent (spacer) 

bearing a sutfo group, and a benzocrown ether fragment 
with an alkaline-earth metal c a t i on  in its cavity. In 
solution, the sutfo group of  one dye molecule  interacts 
with the metal cation in the c rown  ether cavity of the 
other molecule binding them into a supramolecular  
dimeric complex. The dye can be both it] cis- and in 
trans-form. 

One can easily see by exhaust ive  search that the 
reaction on Scheme I can give up  to 11 cyclic isomers 
(Fig. 1). The reaction between trans-isomers gives tour 
cyclobutanes (Fig. l ,  a). The cyc loaddi t ion  of  cL~'-iso- 
mers to trans-isomers gives four cyclobutanes shown in 
Fig. 1, b. The three cyclobutanes  shown in Fig. 1, c, are 
produced in the cycloaddit ion o f  cis-isomers. From here 
on, we consider only four i somers  produced from the 
it]as-form of the dye, because t h e  latter is substantially 
more stable than the cis-form a n d  dominates  the reac- 
tion mixture. 4 

One can see four ways of  cyc ioaddi t ion  of  the trans- 
isomers (Scheme 2). In syn-head- to-head cycloaddi-  

Scheme 2 
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Fig. I. Possible cyclobutanes produced by [2+2]-photocycloaddition of c/s- 
and trans-forms of crown ether styryl dyes: photocycloaddition of trans- 
isomers (a); photocycloaddition of trans-isomer to cis-isomer (b); 
photocycloaddition of c&-isomers (c). 

tion, the heterocyclic fragments of the two dye mol- 
ecules are located at the neighboring carbon atoms on 
one side of the cyclobutane ring. In anti-head-to-head 
cycloaddition, the heterocyclic fragments are located at 
the neighboring carbon atoms at the opposite sides of  
the ring. In anti-head-to-tail cycloaddition, the hereto- 
cyclic fragments of  the two dye molecules are located at 
the opposite carbon atoms on one side of the cyclobutane 
ring. In syn-head-to- tai l  cycloaddition, the heterocyclic 
fragments are located at the opposite carbon atoms at 
the opposite sides of  the ring. 

Concerted [2+2]-photocycloaddit ion of  alkenes in- 
volves one of the reacting molecules in the lowest 
excited singlet state. In solution, the excited state easily 
relaxes due to the competit ive processes of trans-cis- 
photoisomerization, fluorescence, etc. 4 At the same time, 
the structure of the initial dyes does not favor photo- 
cycloaddition. In solution, the dye exists as a cation, 
which prevents its molecules from coming close together 
due to the Coulomb repulsion. The dye molecule is 
highly conjt,gated, which also hinders photocycloaddition. 
Therefore, bimolecular [2+2]-photocycloaddit ion is ira- 

possible, and the reacting molecules should 
be assembled into a supramolecular  struc- 
ture and arranged so that the reaction is 
possible. It is known 4 that crown ether styryl 
dyes without the terminal sulfo group do not 
en te r  into pho tocyc loadd i t i on .  Exper i -  
ments 4,13 show that in MeCN,  two dye 
molecules and two metal cations give a su- 
pramolecular  dimeric complex, which un- 
dergoes monomotecular  [2+2]-photocyclo-  
addition. Therefore, the mutual arrangement 
of  the double bonds in the supramolecular  
dimer and the possibility of their  coming 
close together for the reaction to begin gov- 
ern to a large extent the possibility and 
efficiency of  [2+2]-photocycloaddit ion.  

We consider only intramolecular cycload- 
dition of dimeric complexes with two metal 
cations, because it is known from the ex- 
periments that such complexes dominate over 
a wide range of dye concentrations.12 This is 
true for anti-head-to-head, anti-head-to-tail, 
and syn-head-to-tail dimeric complexes,  but 
not for syn-head-to-head complex. In the 
latter case, Coulomb repulsion of metal cat- 
ions in the crown-ether  cavities prevents the 
molecules  from coming close together.  
Hence, one can expect three different stere- 
ochemical ways for the photocycloaddit ion 
shown in Scheme 2: anti-head-to-head, anti- 
head-to-tai l ,  and syn-head-to-tail. 

We considered both the initial dimeric 
complexes and expected cyclobutane prod- 
acts. We assumed that the spatial structure 
of the dimeric complex should be close to 
the structure of the corresponding cyclo- 

butane for the reaction to occur. Hence, we considered 
the energy differences between the cyclobutanes and 
corresponding dimeric complexes as a guideline in de- 
ciding whether this preliminary assembling is possible. 
Under these assumptions, comparing relative formation 
energies of cyclobutanes can assess the probability of the 
photocycloaddition occurring in the same dye by differ- 
ent rcgio- and stereochemical way. This can be done by 
molecular mechanics. 

Method of calculation. Calculations were performed 
by the extended MMP26 method implemented  in 
MMX897 and P C M O D E L  s program packages. The 
MMX force field used within these programs is the 
standard MM29,1~ force field for the o ~ a n i c  part of the 
molecule. Metal-crown ether-sulfo group interaction 
was simulated within the ionic (electrostatic) approxi- 
mation, H when a point charge (here, +2) and an ionic 
radius character ize  the cation.  Complexing  occurs 
through the interaction of  the cation with the ligand 
lone pairs. Within this approximation,  the Coulomb 
interaction of the point charges is explicitly described by 
the expression Uel =felqiqj/(f..Rij), where R O. is the dis- 
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tance separating the charges, qi and qj are point charges, 
is the effective dielectric constant, and fez is a unit 

conversion factor. 
Preliminary calculations showed that, within MMX89 

and PCMODEL, geometry optimization of the mol- 
ecules in the study cannot be performed adequately with 
all hydrogen atoms and lone pairs taken into account, 
and the local energy min imum is not necessarily 
achieved. This is due to the complex character of the 
potential energy surlhce of such large molecules, which 
cannot be investigated by the methods developed for 
small molecules. Molecular dynamics and Monte Carlo 
techniques are more appropriate for these purposes. 

However, MMX calculations are possible when all 
uonhydrogen atoms and four hydrogen atoms bonded to 
the double bonds in the initial dyes and to the cyclobutane 
rings in the products are taken into account. This re- 
duces substantially the number of atoms to be treated 
and allows one to obtain unambiguous and reproducible 
results. In spite of some additional assumptions, this 
approach makes it possible to take into account the 
main factors that govern the stereochemistry of the 
reaction: the structure of the initial molecule, Coulomb 
interaction, and steric hindrances near the reaction cen- 
ter. This approach is used in this paper. 

Because the local energy minimum is not necessarily 
achieved in the geometry optimization performed by 
MMX and PCMODEL, we repeated our calculations 
several times as recommended by the authors of the 
program. 8 Each time, we started with the last obtained 
point until the difference between the last point and the 
next to the last point was less than 0.01 kcal. To obtain 
a global or a deep local minimum of energy, we used a' 
randomization procedure implemented in MMX89 and 
P C M O D E L  Each step of the procedure consists of 
multiple random movements of all or some of the 
atoms; next, the geometry is optimized. 6,8 We generated 
about 1000 structures during the randomization. About 
50 of them were stored with the energy less than 
1.0 kcal �9 tool -~ higher than the initial value. The best 
(lowest enemy) structure was used for further energy 
minimization. 

Results and Discussion 

Calculation results were compared with the experi- 
mental data on quantum yields 1,12-14 and the structures 
of related compounds from Cambridge Structural Data- 
base 15. Calculated dye structures agree principally with 
X-ray data t5. 

Our calculations showed that the photocycloaddition 
in the study is endothermic as expected. Hence, the 
assumption that the structure of its transition state is 
close to the structure of the corresponding cyclobutane 
is tree. Therefore, the relative formation energies of the 
cyclobutane products rather than the energies of the 
initial dimeric complexes govern the quantum yield of 
the photocycloaddition. 

Table 1. Calculated energy differences (AEt) between the iso- 
meric dimeric complexes and (~E2) between the corresponding 
cyclohutanes according to Scheme 3 

Dimeric AE I AE 2 
complexes kcal- tool -I 

anti-head-to-tail--syn-head-to-tail 
( la .  Mg24)1 2.39 -4.92 
(lb.  Mg2+)2 - 1.19 -6.30 
( I t .  Mg2+)? 3.27 -6.20 
(ld �9 Mg2+)~ -1.68 -11.23 
(2a �9 Mg2+)2 2.74 -7.19 
(2b" Mg2+)2 0.22 -9.31 
(3a" Ca2+)2 0.79 -7.22 
(3b. Ca~+)2 -I.65 -9.04 
(4a- Ca2+)2 -3.41 -7.18 
(4b- Ca2+)2 -3.00 -8.23 
(5a" Mg2+)2 0.58 8.30 
(5b" Mg2+)2 -0.83 3.99 

anti-head-to-head--syn-head-to-tait 
(5a- Mg2§ 1.27 4.47 
(5b- Mg2+)2 0.18 4.97 

For each studied dye, Table 1 gives the relative 
energies zSE I for anti-head-to-head, anti-head-to-tail, 
and syn-head-to-tail isomeric dimers containing two 
metal cations (see Schemes 2 and  3). It also gives the 

Scheme 3 
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relative energies AE 2 for corresponding cyclobutanes 
(see Scheme 3). The values o fAE l show that the dimeric 
complexes of different stereochemistry have virtually the 
same (within 0 .1-3 .4  kcal" tool -I) formation energies; 
that is, the relative formation energies of the dimeric 
complexes have little effect on the quantum yields of 
photocycloaddition. The small differences between the 
formation energies of  the dimeric complexes point to 
the fact that both complexes exist in solution simulta- 
neously. At the same time, AE 2 lies within 
4--12 kcal. tool -~. This points to the fact that one of 
the cyelobutanes substantially dominates, no less than 
100 times, in the mixture at room temperature. This can 
be easily estimated by the formula CI/C 2 = exp(AE2/RT), 
where C I and C 2 are cyclobutane concentrations. In this 
case, the stereoselectivity of  the reaction can be judged 
from the values of  AE2. 

Table 2 gives the energies AE of the cyclobutanes 
relative to the dimeric complexes (they are arbitrarily 
called energies of  photocycloaddition) and the quantum 
yields according to the papersL~z-t4. It also gives the 
calculated geometrical parameters of the dimeric com- 
plexes: the distance (r) and the dihedral angle (~) be- 
tween the double bonds (Fig. 2). Under the assumption 
that the structure of the transition state is close to the 
structttre of the products, the value of AE should corre- 
late with the quantum yield of  the photocycloaddition. 

We assumed that the parallel arrangement of  the 
double bonds and the small distance between them favor 
photocycloaddition. However, in the case under study, 
the angle r exhibited no correlation with the quantum 
yield. The distance r correlates with the quantum yield 
for different dyes. This means that the structure of the 
dye molecule in the general case determines the distance 
between double bonds in its dimeric complexes. The 
long distance prevents the dye molecules from being 
brought together, thus increasing AE. At the same time, 
the distance r exhibits no correlation with the energy of 
photocycloaddition &E for a given dye. Hence, r cannot 
be considered as an index of the stereoseleetivity of  
photocycloaddition. This can be attributed to the fact 
that the calculated structures of the dimeric complexes 
are far from the transition state structure. Thus, the 
shortest distance between double bonds observed in the 
calculated structures was 6.4 A, aqd the angle between 
them is rather large in most cases. Overlap of carbon n 
orbitals is virtually zero under these conditions, whereas 
it should be large enough to form a a bond in the 
transition state. 

We considered two types of crown ether styryl dyes: 
with the ethylene fragment in the ortho-position to the 
heterocycte nitrogen (benzothiazolium or 2-substituted 
quinolinium fragments) and with the ethylene fragment 
in the para-position to this nitrogen (4-substituted 
quinolinium fragment). For the former dyes, we studied 
the formation of  anti-head-to-tail and syn-head-to-tail 
dimeric complexes. For the latter dyes, we studied the 
formation of  anti-head-to-head, anti-head-to-tail, and 

Table 2. Calculated energies of photocycloaddition AE for the 
dimeric complexes with two metal cations (Scheme 3). quan- 
tum yields �9 of the corresponding cyclobutanes according to 
papers, l,lz-14 and calculated geometrical parameters of the 
dimeric complexes a 

Dimeric ,5E �9 r/A x/deg 
complex /kcal �9 mol -~ 

anti-head-to-tail 

(la" Mg2+)2 47.54 0.005 8.76 -43.3 
(lb" Mg2+)2 48.71 0.013 10.33 -1 t.2 
(It  - Mg2+)2 42.09 0.018 6.41 -28.0 
(ld. Mg2+)2 65.16 b 10.68 -32.6 
(2a �9 Mg2+)2 47.77 0.0007 7.34 -28.0 
(2b. Mg2+)2 47.63 c 8.37 -24.9 
(3a �9 Ca2+)2 43.91 0.001 8.26 -62.0 
(3b. Ca2+)2 44.74 0.01 8.45 -67.5 
(4a" Ca2+)2 47.50 0.0002 6.43 -54.3 
(4b �9 Ca2+)2 47.24 0.06 6.70 -52.2 
(5a- Mg2+)2 27.49 b 7.99 -79.9 
(fib- Mg2~')2 27.46 t, 9.13 -80.0 

syn-head-to-tail 

(la" Mg2+)2 54.85 b 8.40 -19.8 
(lb- Mg2+)2 53.82 t, 9.59 -18.9 
(le-  Mg2+)2 51.56 b 7.65 -34.8 
(ld- Mg2+)2 74.71 b 11.29 -19.6 
(2a- MgZ+)2 57.70 b 8.42 -23.9 
(2b- Mg2+)2 57.16 c 8.80 -23.4 
(3a- Ca2§ 2 51.92 t~ 7.90 --10.2 
(3b" C.a2+)2 52.13 b 8.73 --4.7 
(4a- Ca2+)2 51.31 0.0001 7.78 -10.3 
(4b - Ca2+)2 52.47 b 8.47 -1 t.8 
(5a- Mg2§ 19.77 0.15 7.28 10.6 
(5b" Mg2§ 22.64 c 9.03 8.0 

anti-head-to-head 
(Sa" Mg2+)2 22.97 b 7.86 -72.2 
(5b" Mg2+)2 27.43 b 9.05 -63.7 

a The distance (r) and the dihedral angle (0 
double bonds are shown in Fig. 2. 
b Not obtained. 
c Data not available. 

between the 
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Fig. 2. Calculated structure of anti-head-to-tail dimer 
(la-  Mg2+)2. One can see undistorted structure of the crown 
ether fragment. Arrows show the studied geometrical param- 
eters: the distance (r) and the dihedral angle (~) between the 
double bonds. 
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syn-head-to-tail dimeric complexes. 2-Substituted het- 
erocycl ic  fragments  favor anti-head-to-tail photo-  
cycloaddition, whereas 4-substituted ones favor syn-head- 
to-tail reaction. This is supported both by our calcula- 
tions and by experiments. 1,12-14 Additionally, 4-substi- 
tuted heterocyctic fragments decrease the energy of 
photocycloaddition approximately twice as compared to 
dyes with 2-substituted heterocyclic fragments. 

The energy of  s vn-head-to-tai l  photocycloaddition is 
the lowest for dye 5a with a 4-substituted quinolinium 
fragment, and the double bonds in the corresponding 
dimeric complex are optimally arranged as compared to 
other structures in the study. This agrees with the fact 
that the highest quantum yield was observed in 5a. 13 
Our  calculations show that different dimeric complexes 
of this dye (as well as of  its analog 5b) differ in energy 
only slightly (0 .1 -2  kca l - too l - I ) .  Therefore, the three 
types of dimeric complexes can exist in solution simul- 
taneously.  However,  even though the energies of  
photocycloaddition are rather low for all the dimeric 
complexes, only one cyclobutane, namely, syn-head-to- 
tail, is produced. This is possibly attributed to the almost 
parallel arraugemei]t of  the double bonds in the corre- 
sponding dimeric complex, which is observed neither in 
other dimeric complexes of  5 nor in other dyes ( I - 4 ) .  

Our calculations show that 2-substituted quinolinium 
fragment produces more steric hindrances near the reac- 
tion center than benzothiazolium fragment. This fact 
probably accounts  for the lower quantum yield of 
photocycloaddit ion in 2a (which contains 2-substituted 
quinolinium) as compared to its analog la  (which con- 
tains benzothiazolium fragment). 1z,13 

We considered spacers of  different length and rigid-' 
ity. Flexible polymethylene spacers (three and four 
methylene groups, dyes l a - - S a  and lb--Sb,  respec- 
tively) allow dye molecules in the complex to move and 
arrange their double bonds in the best way for photo- 
cycloadditioq. At the same time, the rigid o-sulfobenzyl 
spacer (dye lc)  holds the dye molecules at a 
relatively short distance, thus favoring photo- 
cycloaddition, t Conversely, the rigid p-sulfo- 
benzyl spacer (dye ld) prevents the dye mol-  
ecules in the complex from coming close to- 
gether and holds the cation in the cyclobutane 
in a position that makes the stable conformation 
of the crown e the r - ca t ion  complex impossible 
(Fig. 3). Thus, the structure of  the crown ether 
fragment in the resulting cyclobutanes is dis- 
totted. This distortion is responsible for the 
highest calculated formation energy of cyclo- 
butanes ld and for the fact that ld  does not 
enter photocycloaddit ion in the experiment.I 

Benzo-  1 5 - c r o w n - 5 - e t h e r  and benzo-  
l 8-crown-6-ether  fragments differ in cavity size. 
Benzo-18-crown-6-ether  does not give com-  
plexes with Mg 2+, whereas benzo-15-crown- 
5-ether gives complexes with both Mg2++ and 
Ca 2+. Beuzo-15-crown-5-ether  is rather rigid as 

compared to benzo-18-crown-6-e ther ,  and it is possible 
to find a global energy m i n i m u m  for its complexes with 
Mg2++ or Ca 2+, either free or incorporated into a dye. 
Benzo- 1 8-crown-6-ether  complexes  have several differ- 
cut conformat ions  with c l o s e  energies  (within 
I kcal �9 tool- t) ,  so that it is impossible  to choose one of 
them as a global minimum. 

There are some discrepancies  in our calculations 
connected, possibly, with an inadequate  treatment of 
electrostatic interactions of ca t ions  with crown ethers 
and sulfo group within MMX method .  Thus, in experi- 
ment, 14 the dimeric complex of 41b dye with the sulfobutyl 
spacer gives the anti-head-to-tail cyclobutane with a 
rather high quantum yield, whereas  its analog 4a with 
the sulfopropyl spacer exhibits t he  lowest quantum yield 
among all studied dyes and gives both anti-head-to-tail 
and syn-head-to-tail cyclobntanes  in the ratio 2 : I. At 
the same time, our calculat ions give close energies of 
photocycloaddition and rather short  distances between 
double bonds for both dyes ( the  same distances were 
observed in the anti-head-to-tail dimeric complex of lc  
dye, which exhibits relatively high quantum yield). These 
short distances result from the  fact that the distance 
between the metal cation and c rown ether plaue in the 
complex of benzo- 1 8-crown-6 with  Ca 2+ is shorter than 
that in the complexes involving benzo-15-crown-5.  In 
spite of all this, quantum yielcts for the complexes of 
dyes with Ca 2+ (3a, 3b, 4a, and 4b) differ by 1 -2  orders 
of  magnitude in going from sulfopropyl to sultbbutyl 
spacers. 14 The agreement between the size of  the crown 
ether cavity and the length of  t he  spacer may be impor- 
tant in this case. The e lucidat ion  of  this problem needs 
special investigation. The electrostat ic  approximation 
implemented within MMX method  possibly overesti- 
mates ca t ion-sul fo  group interact ion and underesti- 
mates ca t ion-crown ether interact ion.  This is supported 
by the overestimated dista~ces between the metal cation 
and the oxygen of  the crown e the r  and the underesti- 

Fig. 3. Calculated structure of anti-head-to-tail eyclobutane formed 
by ld " Mg 2+ dye. One can see distortion of" the crown ether fragment 
through the interaction of the spacer with Mg 2+ cation. 
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mated distances bctween the metal cation and the oxy- 
gen atoms of the sulfa group. 

For each studied dye, the dimeric complexes have 
virtually the same global energy minima, which suggests 
that dimeric complexes of any possible structure can 
exist in solution (anti-head-to-tail, syn-head-to-tail, etc.). 
The quantum yields and stereochemistry of [2+2]- 
photocycloaddition seem to be governed mainly by the 
relative formation energies of cyclobutane products and, 
other conditions being equal, by mutual arrangement of 
the double bonds in the dimeric complexes. 

The approach developed in this work makes it pos- 
sible to interpret the experimental results and to predict 
regio- and stereoselectivity of cation-dependent [2+2]- 
photocycloaddition by molecular mechanics. 
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