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The thermally induced ring opening of 1 and 5 proceeds with
high stereospecifity in a conrotatory fashion in agreement
with the Woodward-Hoffmann rules. Upon flash pyrolysis of
1 the matrix-isolated (Xe, 12 K) products 2a and 2b were
found, whereas the corresponding reaction of 5 yielded 3a
and 3b. The s-cis conformers 2b and 3b were identified for
the first time by comparison of the experimental and
calculated (BLYP/6-311G*) IR absorptions. A non-
stereospecific photochemical reaction could be observed if
matrix-isolated (Ar or Xe, 12 K) 1 was excited directly with
A = 193 nm. Products of the allowed disrotatory pathway as
well as those of the forbidden conrotatory reaction were

found, a behaviour that corresponds with the known
photochemistry of cyclobutenes. A surprising reaction was
found if 1 and 5 were irradiated in a xenon matrix with A >
270 nm. The precursors, which were photostable in an argon
matrix, opened the ring in a conrotatory fashion, the
expected pathway for a thermal reaction. In this case the
light is absorbed by the solid xenon in a cooperative process
with the precursor molecules. A detailed discussion of the
possible energy transfer mechanisms is given. Most
probably, a hot ground-state reaction of vibrationally excited
1 and 5 occurs, although the reaction of the radical cations
cannot be excluded.

1. Introduction

One of the classical textbook examples for pericyclic re-
actions is the electrocyclic ring opening of cyclobutene. The
stereochemical outcome of this interconversion is depen-
dent on whether the reaction is photochemically or ther-
mally induced. Predictions can be made by the principle
of orbital symmetry conservation, which is the basis for the
Woodward—Hoffmann rules, and most widely applied by
chemists. !

In the case of 3,4-disubstituted cyclobutenes like cis-3,4-
dichlorocyclobutene, cis-DCCB (1), the thermally allowed
ring opening proceeds according to orbital-symmetry con-
siderations in a conrotatory fashion. One expects only one
product, namely cis,trans-1,4-dichlorobutadiene (2). Both
chlorine atoms should rotate in the same direction. The
photochemically allowed ring opening follows a disrotatory
pathway by rotating the chlorine atoms in different direc-
tions, and the expected products are trans,trans-1,4-di-
chlorobutadiene (3) and/or cis,cis-1,4-dichlorobutadiene (4).
For the electrocyclic opening of trans-3,4-dichlorocyclobut-
ene, trans-DCCB (5), the stereospecificity of the thermal
and the photochemical reaction is reversed. Although the
cyclobutenes open their ring in the first step to the s-cis
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conformers of the corresponding butadienes, which iso-
merize to the s-trans conformers immediately, only the s-
trans conformers — these are the stable and observable con-
formers at ambient temperature — are discussed in the lit-
erature. Therefore, the question arose whether it is possible
to observe the s-cis conformers — the primary products of
the reaction — under matrix-isolation conditions at 12 K.
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In most cases the ring opening of cyclobutenes can be
induced easily with temperatures between 100 and
200°C[?d, and therefore the literature reports hundreds of
examples®, all of them demonstrate that the thermal reac-
tion indeed proceeds in a conrotatory fashion, the stereo-
specifity often exceeding 99%.7<1 The number of photo-
chemically induced reactions is much smaller.®! Since cyclo-
butenes absorb at lower wavelengths (A < 230 nm), a ring
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opening is only conceivable with vacuum-UV techniques,
whereas the photoinduced ring closure of butadienes is the
usually observed reaction due to the strong UV absorption
of the butadienes and thermodynamic aspects. In contrast
to the predicted disrotatory pathway, for the ring opening
— with few exceptions — no stereospecifity is found, and
conrotatory as well as disrotatory modes can be observed.
According to earlier calculations® the photochemical ring
opening of cyclobutene starts in the first excited electronic
state S;, but crosses onto the second state S, and follows
this surface to a well, which lies above a maximum of the
ground-state potential-energy surface. Through a reaction
funnel internal conversion to the ground-state surface oc-
curs. Spectroscopical experiments with cyclobutene as well
as simple polyenes confirmed!, that the excited state S, is
reached by irradition initially, but crosses immediately
within 10 to 30 fs onto the S, state. Recent ab initio calcu-
lations of Bernardi, Robb and coworkers!®! suggest, that the
transition from the excited-state surface S, to the ground-
state surface S, proceeds via a conical intersection at which
both surfaces cross directly. On the S, state the disrotatory
ring opening is still the dominant pathway, but at the coni-
cal intersection different ground-state pathways are access-
ible. In addition to the disrotatory reaction a cis-trans iso-
merization of a double bond is possible. Following this
competitive path the reaction loses its stereospecificity.

Recently, we found reactions in halogen-doped xenon
matrices at 12 K, which could be induced photochemically
although the precursors had no UV absorption in the range
of the used photolysis wavelengths and were photostable in
argon matrices.! Surprisingly, the products of these experi-
ments were formally those of “thermal” reactions. For ex-
ample methylenecyclopropane (6) was transformed photo-
chemically into trimethylenemethane (7). [7al7®]

A =254 nm A =254 nm
e T
Ar, 12K Xe/X', 12K : -

6 7
A =254 nm
Xe, 12K

In a working hypothesis we suggested that the photoin-
duced excitation of the matrix material xenon forms xenon-
halogen exciplexes with a delocalized hole in the valence
band of the solid and an electron localized on the halogen
anion. The neutralization of the separated charges sets the
stored irradiation energy free, which leads to the vibrational
excitation of the precursor and enforces its thermal reac-
tion. One of the central questions in the mechanistic dis-
cussion was, if the energy transfer really leads to the vi-
brational excited precursor. We therefore chose the electro-
cyclic ring opening of 3,4-disubstituted cyclobutenes as a
system to test our hypothesis, since the products of this re-
action allow a clear distinction between a thermal and a
photochemical reaction.
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A comprehensive matrix-spectroscopic study of cis-
DCCB (1) and trans-DCCB (5) was initiated to obtain new
insights into the thermally — with regard to the primary
products — and photochemically induced reactions of these
compounds as well as into the energy-transfer mechanism
in Xxenon matrices.

2. Thermally Induced Reactions

The knowledge about the thermal reactions of cis-DCCB
(1) and trans-DCCB (5) is mostly focussed on their acti-
vation parameters. In 1965 Criegee, Seebach et al. deter-
mined an activation energy of 35.6 kcal/mol for the ring
opening of 1.28 The corresponding value for 5 is remark-
ably lower with 25.7 kcal/mol.®®! Studies, in which 1 was
excited with an IR laser, showed that the vibrationally ex-
cited molecule obeys the Woodward—Hoffmann rules and
yields the product of a conrotatory pathway under the
premise, that the vibrational activation was not too high.

DFT Calculations

As shown by Ziegler and Deng, DFT methods turned
out to be appropiate for the description of the ring opening
of cyclobutene.['”! We therefore performed DFT calcu-
lations for the electrocyclic reactions of cis-DCCB (1) and
trans-DCCB (5) on the BLYP/6-311G* level. For 1 only one
reaction path, the conrotatory opening to s-cis-cis,trans-1,4-
dichlorobutadiene, SCCT (2b, SCCT stands for s-cis-cis,-
trans), was found (Scheme 1). The transition state for this
exothermic reaction was calculated to lie 28.6 kcal/mol
above 1, which is in fairly good agreement with the exper-
imental value of 35.6 kcal/mol. IRC (intrinsic reaction coor-
dinate) calculations showed that this activated complex in-
deed connects 1 with 2b. On the other hand it turned out
that the reaction is concerted, since all changes in energy,
bond lengths, angles and dihedral angles were continuous.
Scheme 1. Calculated (BLYP/6-311G*; including zero-point cor-

rection) energy profile for the conrotatory ring opening

of cis-DCCB (1) and subsequent isomerization of the
primary product SCCT (2b) to STCT (2a)

Cl
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In contrast to the well-characterized s-trans conformer
STCT (2a) the s-cis conformer SCCT (2b) could not be ob-
served in experiments.!'@  Astonishingly, the calculated
structure of 2b is nearly planar with a dihedral angle of the
carbon skeleton of 0.01°. Presumably a bonding interaction
of the chlorine atom in the cis position and a cis hydrogen
atom is stronger than the steric repulsion in this molecule.

The activation energy of 3.4 kcal/mol for the rotation of
the s-cis to the s-trans conformer is low with respect to the
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ring opening, and the primary product of the reaction,
SCCT (2b), should be transformed quickly into STCT (2a),
which dominates the equilibrium at ambient tempera-
tures.['18 Nevertheless, the barrier seems to be high enough
for being able to isolate the s-cis conformer 2b in a matrix
at 12 K.

For trans-DCCB (5) two concerted conrotatory pathways
were found (Scheme 2). Over a comparably high barrier of
45.9 kcal/mol 5 opens exothermically to s-cis-cis,cis-1,4-di-
chlorobutadiene, SCCC (4b), both chlorine atoms rotating
inwards. The steric hindrance of this molecule leads to a
dihedral angle of the carbon skeleton of 53.4°, which corre-
lates nicely with the value of 60° from gas-phase electron-
diffraction (GPED) experiments.[**?l Another effect of the
steric repulsion is the low rotational barrier of 0.8 kcal/mol
to the unhindered s-trans conformer STCC (4a). An acti-
vation energy of 19.6 kcal/mol, which is comparable with
the experimental value, is found for the ring opening, in
which both chlorine atoms rotate outwards producing s-cis-
trans,trans-1,4-dichlorobutadiene, SCTT (3b). Repulsion of
the central hydrogen atoms twists the carbon skeleton of
3b up to a dihedral angle of 35.6°, a value that deviates
significantly from the experimentally deduced angle of
52°.[11a For the rotation around the single bond a value of
3.3 kcal/mol is calculated. A detection of SCTT (3b) under
matrix-isolation conditions is therefore conceivable. Altog-
ether the thermal electrocyclic reaction of trans-DCCB (5)
should produce with high stereospecifity SCTT (3b) and
STTT (3a), whereas SCCC (4b) and STCC (4a) can be ex-
cluded due to the high activation energy for this reaction
path.

Scheme 2. Calculated (BLYP/6-311G*; including zero-point cor-
rection) reaction pathways for the conrotatory ring ope-
ning of trans-DCCB (5) and subsequent isomerization
of the primary products SCTT (3b) and SCCC (4b) to
STTT (3a) and STCC (4a), respectively

s Cl
19.8 kcaMV K a wﬁi kcalimol
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3b Cl Cl
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SCCC
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Flash Pyrolysis of cis-DCCB (1)

1 was pyrolyzed at 750°C and trapped with an excess of
xenon at 12 K. Besides the unreacted precursor — the reac-
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tion was not complete — the most dominant product in
the IR spectrum was STCT (2a), which was identified by a
comparison with the known gas-phase absorptions*? and
the calculated (BLYP/6-311G*) IR bands (Figure 1,
Table 1).

Figure 1. Matrix IR spectrum (Xe, 12 K) of the pyrolysis (750°C)
of cis-DCCB (31)
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The remaining IR absorptions were attributed to the s-
cis conformer SCCT (2b). An assignment of this unknown
species was made by a comparison of the experimental with
the calculated (BLYP/6-311G*) IR spectrum. A good corre-
lation (Table 2) was found. That means 1 opens in a thermal
reaction exclusively to the products of the allowed conrota-
tory pathway.

Photolysis of the pyrolysate (containing 1, 2a and 2b)
with A > 270 nm led to the partial formation of SCTT (3b),
STTT (3a) and STCC (4a) (IR absorptions of 2a, 3a, and
4a are given in Table 1; for 3b see below). Since the IR
bands of still present cis-DCCB (1) lost intensity, whereas
the IR absorptions of 2a and 2b grew, 2a and 2b appeared
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Table 1. Experimental IR absorptions (cm~2], Xe, 12 K) of the dichlorobutadienes STCT (2a), STTT (3a) and STCC (4a); relative
intensities (exp. peak areas) are given in parentheses

Cl Cl H—JCI
STCC (4a)
STCT (2a) STTT(3a) O
approx. descr. Vexp. approx. descr. Vexp. approx. descr. Vexp.

3086.1 (0.06)
3072.2 (0.07)
1753.4 (0.08)

VCH, terminalcis Vs,CH, terminal

VCH,terminal,trans

Vsc=c 1616.4 (0.07)
Vac=c 1571.6 (0.68) Vac=c
dip.cH 1337.3 (0.36) Saip.cH
ip,CH,trans 1287.2 (014) 5,ip,.CH
Ve-c 1094.9 (0.11)
Xa,=CHC 951.2 (0.90), 948.4 X=cHc
Ve-Clitrans 854.0 (1.00), 850.5 Ve—al
Ys,=CHCl trans 807.4 (0.50), 805.2 Y=cHcl
Ve-clycis 768.0 (1.00), 764.2
Xa,=CHCl,cis 718.4 (0.53), 713.6
5,C=C—C 598.9 (0.08) dcc

3069.8 (0.19), 3060.6

1770.4 (0.04) 16295 (0.0
1576.0 (0.03),
1562.6 (0.05)
1300.9 (0.34)
1180.8 (0.04)

Vsc=c

1571.2 (0.44), 1566.6 Vacc

1295.0 (0.02)
1187.7 (0.04)

6ip,s,CH,terminaI

ip,CH,central
958.6 (0.89), 956.5 X=cHc 955.2 (0.30)
810.5 (1.00) 804.1 (0.03)
758.4 (0.10)
Ve_ar 771.1 (1.00)
X=cHcl 704.7 (0.39)
496.7 (0.15)

Table 2. Calculated (BLYP/6-311G*2 and experimental (Xe, 12 K)
IR absorptions [cm~] of SCCT (2b)

(_\\—a

cl
SCCT (2b)

approx. descr. Vealc. Vexp.

3178.9 (0.03)
3140.6 (0.06)
3983.6 (0.07)
3054.4 (0.10)

VCH,terminaI,trans
VCH,terminal,cis
Vs,CH,central
Va,CH,central

Voo ccis 1607.2 (0.37) 1610.8 (0.92)
VoG trans 1569.3 (0.51) 1586.2 (0.79)
im CH.cis 1350.6 (0.24) 1350.0 (0.35)
ip,CH,trans 1310.6 (004)

Scm 1263.3 (0.03) 1258.9 (0.13)

1225.5 (<0.01)
Vee 984.7 (0.09) 999.5 (0.19)
Y= CHC trans 938.4 (0.34) 944.0 (0.59)
X —CHC cis 887.9 (0.07) 911.9 (0.10)
Ve Cltrans 855.5 (0.29) 883.5 (0.55), 881.8
Y= CHE trans 784.7 (0.24) 809.5 (0.38)
Ve—ci 725.2 (1.00) 771.9 (1.00)
X=cHc 674.1 (0.36) 694.0 (0.99)
X=cHe 611.3 (0.21) 647.5 (0.31)

468.5 (0.02)

361.4 (0.06)

241.9 (0.03)

170.5 (0.01)

119.8 (< 0.01)

78.1 (0.02)

@ Absolute intensity: 108.3 km/mol.

to be photoproducts of 1, but it was not possible to deter-
mine whether the butadienes STCT (2a) and SCCT (2h)
were isomerized upon photolysis or whether the unreacted
precursor opened the ring photochemically to 3a, 3b and
4a.

Upon subsequent irradiation with A = 254 nm elimi-
nation of HCI could be observed. As products of this elimi-
nation cis-1-chlorobuten-3-yne (8a) and trans-1-chloro-
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buten-3-yne (8b) were found, but due to the complex IR
spectrum this assignment remains tentative. The IR spectra
of 8a and 8b are reported in the literature*3l, but the postu-
lated structural elucidation appears to be questionable if
one compares the experimental IR spectra with calculated
IR absorptions.

Flash Pyrolysis of trans-DCCB (5)

At a pyrolysis temperature of 650°C the thermal reaction
of 5 was nearly complete (Figure 2). This reflects the lower
activation energy for the ring opening of 5 with respect to
1. The main product of this reaction was STTT (3a).[*2
All remaining IR absorptions could be assigned to the s-cis
conformer SCTT (3b) by comparison with the theoretical
IR spectrum (Table 3). This is the first experimental identi-
fication of SCTT (3b), whose existence was deduced from

Figure 2. Matrix IR spectrum (Xe, 12 K) of the pyrolysis (650°C)
of trans-DCCB (5)
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GPED experiments earlier,*3 but could not be proved un-
equivocally.

Table 3. Theoretical (BLYP/6-311G*) and observed (Xe, 12 K) IR
absorptions [cm~1] of SCTT (3b)

aﬂa

SCTT (3b)
&

approx. descr. Veatc. Vexp.

3133.1 (0.01)
3129.1 (0.19)
3079.2 (0.07)
3069.0 (0.09)

Vs,CH, terminal
Va,CH,terminal
Vs,CH,central
Va,CH,centraI

Vac—c 1610.7 (0.78) 1629.1 (0.21),
1616.1 (0.54)
Vec—c 1571.4 (0.04) 1575.7 (0.26)

Sen 1308.9 (<0.01)

Sen 1279.2 (0.01)
Bs.cr 1249.7 (0.33) 1242.5 (0.32)
o 1225.7 (0.06)
Vec-c 1030.4 (< 001)
Bach 923.6 (0.92) 934.0 (1.00)
SCH 913.0 (0.10) 918.1 (0.09)
N 851.8 (1.00)0! 886.8 (0.63)
Vs,c—cl 810.4 (< 001)
Ta—cmc 746.4 (0.04) 756.9 (0.12)
T —omc 730.9 (0.28)
T —cnel 532.7 (0.59) 560.4 (0.15)
328.4 (0.01)
319.4 (0.02)
265.5 (0.01)
167.6 (< 0.01)
115.3 (0.01)
90.8 (0.01)

[l 3p was calculated in C, symmetry. — I Absolute intensity: 107.9
km/mol.

Cl Cl
{ =< o’ Na — _
-, Xe, 12K A >270 nm
%, > 3b Cl
Cl
5 3a

}“>270"m’/(and7»~254nm)

/\Cl A =254 nm — /:¥/Cl
7 «— =  d =
-HCl1
2a a 4a

8a
+

S

8b
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Similar to the case of cis-DCCB (1), the thermally in-
duced electrocyclic reaction of 5 proceeds with high stereo-
specifity in a conrotatory fashion in good agreement with
the Woodward —Hoffmann rules, both chlorine atoms rotat-
ing outwards only as expected from theoretical calculations.
Upon photolysis with A > 270 nm STTT (3a) was iso-
merized to SCTT (3b), STCT (2a) and STCC (4a). Again
the irradiation with A = 254 nm led to the products of a
HCI elimination.

In all experiments the observation could be made that
upon photoexcitation the preferred isomerization product
of the dichlorobutadienes was STCC (4a). A possible expla-
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nation for this observation is the UV absorption of this
species.™ STTT (3@, Amax = 240 nm, & = 32500), STCT
(28, Amax = 243 nm, ¢ = 28600) and STCC (4a, hAmax = 246
nm, ¢ = 26100) possess similar UV absorptions, but the
absorption coefficient for STCC (4a) is weaker than for the
other isomers. The photochemical equilibria between these
isomers are in consequence shifted to the isomer with the
weakest absorption.

3. Photochemically Induced Reactions

The UV/Vis spectra of cis-DCCB (1) and trans-DCCB
(5, solution in cyclohexane) show a weak end absorption
below 230 nm. A direct excitation of these species should
only be possible with wavelengths A < 230 nm.

Laser Photolysis with A = 193 nm

If matrix-isolated 1 (Ar, 12 K) was exposed to the emis-
sion of an ArF excimer laser (A = 193 nm) a complex prod-
uct mixture could be observed. The most intense IR absorp-
tions came from STTT (3a), the product of a disrotatory
pathway. Besides other disrotatory products like SCTT (3b)
and STCC (4a) rather intense IR absorptions of STCT (2a),
the product of a conrotatory mode, were found. Since the
band-growth behaviour of these butadienes was nearly
identical, isomerization reactions could be neglected, and
the observed product cocktail represents the primary pho-
toreaction. In addition the products of a HCI elimination
as well as the product of a ring-closure — trans-DCCB (5),
probably formed via 2b — were found.

In a xenon matrix cis-DCCB (1) showed an absolutely
similar behaviour upon laser photolysis.

cl — — a
+ TNt
II( A =193 mm CI/_M cl
- T

ArorXe, 12K Cl

2a 4a
cl c
L _
— * ﬂ
\x a g AN a
3a c 3b

-HCllhv

xy
Cl
T )

'
s ¢ // 8a+8b

The photochemically induced ring opening of 1 with A =
193 nm is — in agreement with the known photochemistry
of cyclobutenes®! — not stereospecific and produces a com-
plex product mixture independent from the used matrix ma-
terial argon or xenon. It can be assumed that the precursor
is directly excited by the irradition. The experimental result
is in accordance with the theoretical considerations of
Bernardi, Robb et al.[
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Photolysis of cis-DCCB (1) with A > 270 nm

In an argon matrix 1 is photostable against irradiation
with A = 254 nm. This situation changes dramatically if the
irradiation (A > 270 nm) is performed in a xenon matrix.
Within a few hours 1 vanishes completely. The observed
products were STCT (2a), SCCT (2b), STTT (3a), SCTT
(3b, in traces) and STCC (4a, Figure 3).

Figure 3. Matrix IR spectrum (Xe, 12 K) of the photolysis of cis-

DCCB (1) with A > 270 nm (30 min; negative absorptions: 1; posi-

tive absorptions: products); bands marked with * are due to over-
lapping absorptions of different dichlorobutadienes
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This valence isomerization showed a very different band-
growth pattern (Scheme 3) compared to the irradiation with
A = 193 nm. At the beginning the strongest increase was
detected for SCCT (2b), whose IR absorptions decreased
slowly afterwards. A similar photolysis behaviour was
found for STCT (2a), which reached its maximum later. On
the other hand the IR absorptions of STTT (3a) and STCC
(4a) grew much slower at the beginning and increased con-
tinuously afterwards parallel to the decreasing absorptions
of SCCT (2b) and STCT (2a).

A band-growth pattern of this kind is expected for a reac-
tion A — B — C, in which precursor A reacts to a primary
product B.[* The primary product is transformed to a sec-
ondary product C. From this point of view, the photochem-
ically induced ring opening of cis-DCCB (1) in a xenon ma-
trix with A > 270 nm proceeds via the primary products
SCCT (2b) and STCT (2a) in a “thermally allowed” conrota-
tory fashion. SCCT (2b) and STCT (2a) are subsequently
isomerized to STTT (3a) and STCC (4a). To determine the
stereospecifity of this reaction, the composition of the prod-
uct mixture was deduced from a correlation of the exper-
imentally observed IR intensities with the calculated inten-
sities. In an early stage of this reaction more than 90% of
the products are due to a conrotatory path, a remarkably
high stereospecificity.

Photolysis (A > 270 nm) of trans-DCCB (5)

If the precursor was photolyzed in an argon matrix with
A = 254 nm, no photoreaction occurred. Again a quick reac-
tion could be observed upon irradiation (A > 270 nm) in a
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Scheme 3. Growth pattern of the most significant product IR ab-
sorptions upon photolysis (A > 270 nm) of cis-DCCB
(1) in a xenon matrix at 12 K; the corresponding wave-
numbers for SCCT (2b), STCT (2a) STTT (3a) and
STCC (4a) are given in parentheses

%—xcis-DCCB 1

A—a SCCT 2b (1350)
Abs. Int ®—@ STCT 2a (1337)
0.14— v—v STTT 3a (954)

=—=a STCC 4a (704)
0.12+

e ——————— %1
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Cl
\_—"x/ Cl + Cl ﬂ
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2a
A>270 nm
Ar, 12K hv
no reaction
\—\ﬂ o’ N\ _q

/:\_/Cl
Cl —

4a

xenon matrix. For the four observed products STTT (3a),
SCTT (3b), STCT (2a) and STCC (4a) once more a differ-
ent band-growth behaviour was found (Figure 4 and
Scheme 4), compared to the 193 nm photoreaction.

STTT (3a) and SCTT (3b) grew quickly and then de-
creased slowly, with SCCT (3b) reaching its maximum at
first. STCT (2a) and STCC (4a) showed a slow increase at
the beginning of the photolysis, went through a turning
point, and grew continuously afterwards. This band-growth
pattern is in agreement with the observed behaviour in the
case of cis-DCCB (1a) and is again typical for a consecutive
reaction A — B — C.I* STTT (3a) and SCTT (3b) are
primary products of this reaction, which obviously follows
therefore a conrotatory pathway, the “thermally allowed” re-
action. The stereospecifity of this reaction is high, since
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Figure 4. Matrix IR spectrum (Xe, 12 K) of the photolysis of trans-

DCCB (5) with A > 270 nm (120 min; negative absorptions: 5;

positive absorptions: products); bands marked with * are due to
overlapping absorptions of different dichlorobutadienes

0.225— 3a

400

Scheme 4. Growth pattern of the most significant product IR ab-
sorptions upon photolysis (A > 270 nm) of trans-DCCB
(5) in a xenon matrix at 12 K; the corresponding wave-
numbers for STTT (3a), SCTT (3b), STCT (2a) and
STCC (4a) are given in parentheses
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after 30 min irradiation 90% of the products originate from
a conrotatory path.
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Irradiation in a Halogen-Doped Xenon Matrix

In a pure xenon matrix cis-DCCB (1) was photostable
against irradiation with A = 313 nm. To test the outcome
of this reaction in a halogen-doped matrix, a gaseous mix-
ture 1/Xe (3:1000) was cocondensed with a gaseous mixture
Bro/Xe (3:1000). The composition of the matrix 1/Br,/Xe
was about 1.5:1.5:1000. Upon irradiation with A = 313 nm
a delayed photoreaction could be observed. After an initial
period of 60 min the blue emission of an Xe/Br exciplex
appeared["PI%1 and the IR absorptions of 1 began slowly
to lose intensity. In a very early stage of this photochem-
ically induced reaction only STCT (2a) and SCCT (2b) were
found as products. The situation changed upon further ir-
radiation. SCCT (2b) and STCT (2a) were the most domi-
nant products, but in addition rather intense IR absorptions
of STCC (4a) grew. Weak IR absorptions of STTT (3a) and
SCTT (3b) were found, too. From the known photochem-
ical behaviour of dichlorobutadienes in xenon matrix, it can
be assumed that STCC (4a) is an isomerization product of
STCT (2a) and SCCT (2b). The reaction therefore follows
with high stereospecificity a conrotatory pathway, the “ther-
mal” mode. The agreement with the corresponding reaction
of 1 in an undoped xenon matrix is obvious and both reac-
tions should have a similar mechanism.

4, The Mechanism of Photoinduced Reactions in Xenon
Matrices

As shown before the photochemically induced ring open-
ing of cis-DCCB (1) and trans-DCCB (5) in a xenon matrix
with A > 270 nm is not due to the direct photolytic exci-
tation of the substrates. We assume that the photon energy
is absorbed by the matrix material in a cooperative process
with 1 or 5. In a second step the absorbed photon energy
is transferrred on the substrate and leads to a chemical reac-
tion. The mechanistic discussion on this subject is still in
progress and will be explained in detail in the forthcoming
publications.

4.1. Photoinduced Reactions in Halogen-Doped Xenon Matrices

The photophysics of halogen-doped xenon matrices was
studied extensively beforel*®! (for a detailed discussion of
photoinduced reactions in undoped xenon matrices see
ref.l’dl). On irradiation of halogen-doped xenon matrices,
exciplexes (Xep)geloe.” ™ X~ (9a) are formed (Scheme 5).
These exciplexes can be described as electron-hole pairs
with a delocalized hole in the valence band of the solid
xenon and a localized halogen anion. Polarization effects in
the solid xenon and the electron affinity of the halogen
strongly support this excitation. The irradiation energy is
stored as coulombic energy of the separated charges. By
self-trapping the delocalized hole relaxes to the more stable
exciplex (Xe,)ioe." X~ (9b). Exciplexes of this kind are
identified by their characteristic emissions.["P1[*6] Another
possibility to localize the hole is found for ternary systems
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with a substrate S.71 The hole is trapped at this lattice de-
fect, most probably via a charge-transfer complex (Xe,, <
S)ioe.” " (9¢). Upon irradiation with a second photon or by
annealing of the matrix the separated charges are neu-
tralized, since electron transfers in solids are possible over
long distances.[*® The stored coulombic energy is set free
and leads to the vibrational excitation of the substrate. The
final result is a so-called hot ground-state reaction.

According to lately conceived findings™®, an alternative
way for the energy transfer is possible: If a vibrationally
excited exciplex [(Xe2)ioe.” TXT* (9d) relaxes, the excess en-
ergy is transferred onto the solid and dissipated via
phonons (energy quanta of the lattice vibrations). The
phonons are able to excite the substrate vibrationally, which
reacts in a consecutive path to the thermal products.

Scheme 5. Possible energy-transfer reactions in a halogen-doped
xenon matrix

hv . o+
Xe + X' ————— (Xeg, | (Xep), X

9a \ /' 9b

o+ *

Eer)loc‘le

+S 9d
Relaxation
via phonons
hv .

Key <— S I1X  —Y» 8° —»  Produdts

9c

A third alternative is the direct formation of a radical
cation S°*, since the ionization energy of S might be re-
duced by the solid to such an extent, that an ionization with
wavelengths in the UV range becomes possible.

Up to now we have not been able to decide definitely,
which of the possible energy-transfer reactions is respon-
sible for the photoinduced reactions in halogen-doped ma-
trices.

4.2. Implications for the Ring-Opening of cis-DCCB (1) and trans-
DCCB (5)

There are at least three different mechanistic explanations
for the photoinduced ring-opening of 1 and 5 possible,
which will be compared below.

Ring-Opening via a Radical Anion

A photoinduced reaction of this kind can be described
in similarity to the energy-transfer mechanism in halogen-
doped xenon matrices. In the solid xenon an electron is ex-
cited from the valence band to the conduction band. The
electron is trapped by the substrates 1 and 5, respectively,
which act as electron acceptors instead of a halogen atom.
A reaction of this type should be possible, since the electron
affinity of cis-DCCB (1, 4.5 eV) 2% s even higher than the
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corresponding values of halogen atoms.2%! In addition,
halogen-containing compounds are known as suitable elec-
tron acceptors in low-temperature matrices.? The posi-
tively charged hole can either be delocalized in the solid or
localized in the neighbourhood of the anion. Upon neu-
tralization of the separated charges by a second photon the
stored photoenergy is transferred onto the substrate and
leads to the vibrational excitation of 1 and 5. In a consecu-
tive hot ground-state reaction thermal products are formed.
Due to the high stereospecifity of the photoinduced ring
opening of 1 and 5 this mechanims seems to be the most
convincing explanation.

On the other hand the direct electrocyclic reaction of the
cyclobutene radical anion and the neutralization of the
products is possible. From experiments??d and theoretical
considerations??°] cyclobutene radical anions are known to
open in a conrotatory fashion.

Ring-Opening via a Radical Cation

In a competitive reaction to the formation of a radical
anion the substrates 1 or 5 might be ionized by the the
positively charged hole in the solid xenon to the corre-
sponding radical cations. The prediction for the electro-
cyclic ring opening of cyclobutene radical cations is com-
plex, since orbital-correlation diagrams as well as state-cor-
relations diagrams are not able to predict the stereochem-
ical outcome of this reaction correctly.>3! In a recent ab
initio study on the ground-state reactions of the cyclobut-
ene radical cation CB** (10) two concerted pathways were
found.?4 A C,-symmetric path leads to the formation of
the s-cis conformer of the butadiene radical cation sBD**
(11a). In a C,-symmetric pathway the s-trans conformer of
the butadiene radical cation tBD** (11b) is formed directly.
The activation energy for this reaction is — due to a pseudo
Jahn—Teller distortion of the transition state — about 5
kcal/mol higher than for the C,-symmetric reaction. Upon
substitution of the cyclobutene the pseudo Jahn—Teller dis-
tortion is expected to disappear, and the C,-symmetric
pathway might become competitive with respect to the C,-
symmetric ring opening.

. N\

C, symmetric
/ 11a
T

C, symmetric

Il—:ﬂh
10 /—|+-

11b

72

In an experimental study Bally et al. found that CB"*
(10) opens photochemically to tBD** (11b).[2%d The au-
thors assumed that the excited radical cation relaxes to a
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vibrational excited ground state first and then reacts to

the product.
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11b

+o
L] B
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In view of this complex reaction pattern of cyclobutene
radical cations — either ground-state or excited-state reac-
tions are possible — it is difficult to explain the highly
stereospecific ring opening by the intermediate formation
of a radical cation.

Ring-Opening via Xenon-Halogen Exciplexes

In a bromine-doped xenon matrix most probably the
photoinduced ring opening of cis-DCCB (1) follows a
mechanism, in which xenon-bromine exciplexes are in-
volved (see chapter 4.1). The bromine atoms act as an elec-
tron acceptor, whereas 1 now stabilizes the hole in the solid
xenon — in contrast to the reaction via a radical anion —
as donor in a charge-transfer complex. Upon neutralization
a hot ground-state reaction of vibrationally excited 1 oc-
curs.

5. Conclusion

As predicted by the Woodward—Hoffman rules the ther-
mal ring opening of 1 and 5 follows with high stereospecif-
ity the conrotatory pathway only. The matrix-isolated (Xe,
12 K) pyrolysis products of 1 were the s-trans and the s-cis
conformers 2a and 2b, whereas a thermally induced reac-
tion of 5 yielded the s-cis and s-trans conformers 3a and 3h.
In the latter case the other thermally allowed products 4a
and 4b could not be observed in agreement with DFT cal-
culations. The s-cis conformers 2b and 3b could be ident-
ified for the first time by comparison of the experimental
and calculated IR absorptions.

Upon photolysis of 1 in a xenon or an argon matrix at
12 K with the emission of an ArF excimer laser (A = 193
nm) products of the allowed disrotatory ring opening as
well as those of the forbidden conrotatory reaction were
observed. The reaction was complicated by a ring closure
and the elimination of HCI. This non-stereospecific ring
opening, in which 1 is directly excited by irradiation, is in
agreement with the known photochemistry of cyclobutenes.

Since 1 and 5 exhibit no UV absorption at wavelengths
> 230 nm, no photoreaction occurred if 1 and 5 were ir-
radiated in an argon matrix with A > 270 nm. The situation
changed dramatically if both precursors were photolysed (A
> 270 nm) in a xenon matrix. A quick reaction could be
observed in both cases, yielding in a primary process the
products of a conrotatory mode, in contradiction to the ex-
pectation. In this case the photon does not lead to a direct
excitation of the cyclobutenes, but to a cooperative absorp-
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tion by the solid xenon and the precursors. The mechanism
of this reaction, which is similar to photochemically in-
duced reactions in halogen-doped xenon matrices, is still
open. Most probably, the photon promotes an electron
from the valence band of the solid to the conduction band,
and the electron is trapped by precursors. The photon en-
ergy is stored as coulombic energy of an electron-hole pair,
and is set free upon recombination of the separated charges
resulting in the vibrational excitation of the precursor. A
hot ground-state reaction, which now obeys the Woodward-
—Hoffmann rules, follows. Nevertheless, a reaction of rad-
ical cations cannot be completely excluded, since the forma-
tion of these charged radicals might be supported by the
high polarization ability of the solid xenon.
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Experimental Section

General: The equipment for matrix-isolation studies, photolyses,
and pyrolyses is described in detail elsewhere.[?®! Commercially
available argon (Messer Griesheim; 99.996%), xenon (Messer
Griesheim, 99.996 %), bromine (Riedel-de Haén; 99%), and cis-3,4-
dichlorocyclobutene (1, Fluka) were used without further purifi-
cation. — trans-3,4-Dichlorocyclobutene (5) was synthesized accord-
ing to a procedure of Hoberg et al.[?8] — Calculations: The calcu-
lations were performed with the Gaussian package of programs.?”
In all cases the DFT method BLYP was used in combination with
the basis set 6-311G*.
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