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Abstract: In this report, high-level ab initio quantum chemical computations (MBCF and multireference
Mgller—Plesset perturbation theory) are used to compute the compasite § — S relaxation/reaction

paths describing the photorearrangement of the highly alkylated diene &8&-8iitylbuta-1,3-dienel) and

of the parent compourstcisbuta-1,3-diene. Reaction path computations require, typically, hundreds of energy
and gradient evaluations. For this reason, we have defined, validated, and employed égbriglnethod
designed to simulate @rt-butyl group at the computational cost of a methyl group. Despite the fact that the
method only treats specific substituents (eegt-butyl groups) embedded in a specific environment (e.g. a
hydrocarbon skeleton) we show that it can be successfully employed in mechanistic studies where steric factors
dominate. The analysis of the computed relaxation coordinate provides a mechanistic explanation for the different
strained photoproducts generated by photolysis of the parent and substituted dienes. In particular, we show
that whiles-cisbuta-1,3-diene produces cyclobut-1-ene via a disrotatory ring-closure path, the twadstiky

butyl substituents irl greatly enhance the production of a highly strained bicyclo[1.1.0]butane derivative
(which forms only in traces when the parent compound is photolyzed) by driving the excited-state relaxation
along a concerted and synchronous path characterized by a conrotatory rotation of the two terminal methylenes.

1. Introduction

The photolysis of highly alkylated dienes often leads to
production of strained products which are either undetected or
produced in traces when the parent compound is photolyzed.
For example, in recent experimental work on 2, 3eti-
butylbuta-1,3-diene 1), Hopf et all have shown that direct
irradiation (450 W Hg high-pressure lamp)Dbin dilute solution

e
pentane
= room temperature
1 2
hv
— »
pentane
— -196°
3 X 4

leads to production of 1,2-dert-butylbicyclo[1.1.0]butane2)
as the only photoproduct (60% yield after 60 min irradiation).
In contrast, the photolysis of the parent compound buta-1,3-

diene yields cyclobut-1-ene as the major photoprodat the
bicyclo[1.1.0]butane (indicated as bicyclobutane from now on)
is only present in traces. An even more spectacular example is
the photolysis of 1,2,3-tri- or 1,2,3,4-tettart-butylcyclobuta-
1,3-diene 8), which produces a derivative)( of the smallest
possible polyhedral hydrocarbon: tetrahedrane. However, the
tetrahedrane does not form when a less substituted reactant is
photolyzed?

In these examples, the different photoreactivity of the
substituted versus the parent compounds is attributed to the high
strain induced by two or more bulkgrt-butyl groups located
in adjacent positions. Indeed, this fact is supported by the X-ray
structural analysfsand electron diffraction dataof 1. the
equilibrium conformation of the butadiene moiety is—824°
twisted about its single bond. It is clear that the substituents
will affect the equilibrium conformation or, in the case of
compound3, the ring strain. However, it is not clear how the
steric repulsions and large masses can control the outcome of
the photoreaction, i.e., whether they affect the transient excited-
state structure and its evolution, the mechanism of decay, or
the cooling of a hot ground-state intermediate.

tert-Butyl groups are rather versatile substituents. Hopf et
al. have recently introduced new synthetic techniques which
allow bulky alkyl groups (liketert-butyl and isopropyl) to be
inserted in dienes and longer polyene chdirs. this way
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polyalkylated polyenes with different degree of substitution and crossings provides information on the geometrical deformation
distribution of the substituents can be designed. This type of required to induce radiationless deactivation to the lower state.
chemistry offers the opportunity for the rational design of While the relaxation process could be modeled by means of
strained compounds and other new materials. Indeed, in the pasgjuantum or semiclassical dynamics, the system under investiga-
tert-butyl groups have been used to control the reactant tion is still too large for a systematic investigation of this type.
equilibrium conformation in hexatriene photochemistry and for Thus in this papewe shall focus on the structure of the energy
related mechanistic studié€ompounds of limited complexity ~ surfaces which control the relaxation and isomerization pro-
like 1 and 3 can be regarded as prototype systems which can cesses
be used for investigating the effect of strategically placed bulky  High-level ab initio quantum chemical computations of the
groups. In this paper we present a computational investigationtype used in this paper are very expensive. Typically, the
of the photorearrangement mechanismiof increase in CPU time of ab initio post-SCF computations (such
The rational design of strained photoproducts requires a as the MC-SCF method used here) scalesNds(where N is
detailed knowledge of the way in which bulky groups control the number of basis functions used in the computations). Since
the excited- and ground-state evolution of the reactant skeleton.a computational investigation, such as that outlined above,
During the past few years significant progress in the computation usually requires hundreds of energy and gradient evaluations,
of the excited states of isolated molecules has been achievedeach tert-butyl group attached to the parent's framework
The excited-state energetics of sizable polyenes (from butadieneincreases the computational cost substantially. For this reason,
to octatetraene) can be computed with reasonable accuracy usingnd looking forward to applications to larger systems containing
high-level ab initio quantum chemical methodolodies)d the more than two bulky substituents, we have implemented a new
reaction coordinates, evaluated by computing the minimum hybrid methodology designed to simulateeat-butyl group at
energy paths (MEP) for isomerization and rearrangement of the computational cost of a methyl group. In this method the
polyenes, do rationalize the available experimental &adtaus, tert-butyl groups ofl are not treated at the MESCF level.
one has some confidence that such methods can be used to studgather they are replaced by methyl groups and the steric effect
the basic features determining the formatior2 @fa photolysis of tert-butyls is simulated by applying suitable parametrized
of compoundl. pair potentials to the methyl groups. We shall demonstrate that
In this report, high-level ab initio quantum chemical com- such hybrid methodology can be useful when one is interested

putations (MG-SCF9% and multireference MgllerPlesset in the mechanistic aspects of the presence of bulky substituents
perturbation theoR}d are used to investigate the MEP describ- Wwhich are not directly involved in the bond-breakirigond-

ing the excited-state relaxation @fand of the corresponding ~ forming process.

parent compoung-cisbuta-1,3-diene (indicated as-butadiene After absorption of a photon a diene is promoted to its
in the rest of the paper). This MEP has three sequential branchespectroscopic state (a symmetry-allowedsz* singly excited
which span the § S;, and $ potential energy surface, state) $. As mentioned above, it has been shéhat, for
respectively. For the parent compound, we have docum®nted cis-butadiene, this event initiates a relaxation process leading
two distinct energy surface crossings (i.e. théSSand S/ to a lower lying dark state (i.e. symmetry-forbidden-s*
conical intersectiord) that connect the So the S path and doubly excited state);Sand finally to the ground state {Sby

the S to § path, respectively. Each path provides information decay through two sequential radiationless decay channels. In
on the force field that the molecule “feels” on each state and what follows, we shall show that photoexcitation of the highly
that, ultimately, determines the molecular motion. In addition, alkylated dienel and of the parent compound results in two

the molecular geometry of the system af/Ss and S/S, different transient excited-state species with and Cs sym-
S Tecohe T T € Comicsoril e 6 metries, respectively. Most importantly, the computkcee-

a) Jacobs, H. J. C.; CornelissePdire Appl. Cheml 7, 63— — — i ibi itad-
70.((3))( J)acobs, H. J. C.; Cornelisse, J?Broufggotochem. Pﬁotobiol. A: state(S, St o) rela?(atlon paths descrlblng the excited
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(9) Celani, P.; Garavelli, M.; Ottani, S.; Bernardi, F.; Robb, M. A.;  fully asymmetricout-of-plane distortion ircis-butadiene. Fur-
Olivucci, M. J. Am. Chem. Sod.995 117, 11584-11585. thermore, the molecular structure of th¢Sg intersection and

10) (a) Roos, B. OAdv. Chem. Phys1987, 69, 399-446. (b) The MG- . : S
SC(,: F),r(og;ram we used is impleme){‘\ted in the fouowiné: )Frisch, M. J.. the structure of the accessiblg i@laxation paths indicate that

Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M.  the highly strained bicyclobutarZcan be formed in aoncerted
A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A,; Montgomery, J. A.; andsynchronougashion from1 but that cyclobut-1-ene must

Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V; - : :
Foresman, J. B.; Peng, C. Y. Ayala, P. Y. Chen, W.: Wong, M. W.: Andres, bg the favored strained photoproductsistbutadiene photoly-
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C.; Pople, J. AGaussian 94revision B.2; Gaussian, Inc.: Pittsburgh, PA, 2. Computational Methods
1995. ’
(11) (a) Andersson, K.; Malmaqvist, P.-A.; Ross B. O.Chem. Phys. (i) Ab Initio Quantum Chemical Computations. All MC —SCF
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V.; Lindh, R.; Malmquist, P.-A.; Noga, J.; Olsen, J.; Roos, B. O.; Sadlej, €N€ray: gradient, and frequency computations have been carried out

A. J.; Siegbahn, P. E. M.; Urban, M.; Widmark, P. OLCAS version using a complete active space (CAS) with the doupteolarization
3; University of Lund: Lund, Sweden 1994. (6-31G*) basis sets available in Gaussian'®4The S, S;, and $
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Ottani. S.: Robb, M. AJ. Am. Chem. Sod994 116 2034, computed imposing. symmetry in order to avoid convergence failure.

(13) (a) Bernardi, F.; Olivucci, M.; Robb, M. AChem. Soc. Re 1996 However, to confirm that the ;8C, minimum is an energy minimum
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Figure 1. Hybrid and ab initio optimized structures (the relevant

Total MM+QM potential ENERGY and geometrical parameters given in A and deg) for (a) 1,fed-
GRADIENT butylethane MIN, (b) 1,2-dfert-butylethane TS, (c) fert-butylpropane
MIN, and (d) 1tert-butylpropane TS. The values in parentheses refer
l to the ab initio RHF/6-31G* structure.

-CHj -> -C(CHz)3 MASS CORRECTION

l

(O

(I
stationary point with respect to non-totally-symmetric deformations.
To improve the energetics by including the effect of dynamic electron
correlation, the energies have been recomputed using multireferenc
Mgller—Plesset perturbation theory method P¥2kcluded in MOL-

CAS-31*"For all states the MESCF zeroth order wave function used
for the PT2F computation has been improved by using the standardenergy and gradient to the ab initio energy and gradient of the

eFigure 2. Optimized structure of compouridthe relevant geometrical
parameters given in A and deg). The values in parentheses refer to the
molecular geometry determined via X-ray structural analysis.

double¢ + polarization+ diffuse (6-31G*) basis set. . _ correspondingl’. The resulting values can be used for carrying out
(ii) Simulation of the tert-Butyl Substituents. As mentioned inthe  geometry optimization using the available standard methodology. In
Introduction, we have implemented a simple MM hybrid meth- the case of MEP and IRD computations (see subsection iii below) one

odology for co_mputing the 55, a_nd S pote_ntial energy Sl‘J‘n‘aceS of , also needs to correct the masses of the methyl substituents in compound
polyalkylated dienes. The method is similar, in spirit, to the “two layers” 1 Tnis is done by augmenting the masses of each hydrogen atom in
IMOMM method proposed by Morokuma et dIHowever, it is less the two methyl substituents to that of-eCHs group.
“flexible” since it is based on the parametrization of the interaction of While the flow chart (Scheme 1) of our hybrid method shows that
specific groups (i.etert-butyl groups) embe(ided na sgecnjc environ- it js simple, the parametrization process, which yields good functional
ment (i.e. a hydrocarbon skeleton). The “flow chart” which defines toms and parameters for the two MM steric potentials, is more
the method is given in Scheme 1 for the case of compdund _complex, and the evaluation of such potentials is based upon the
The interactions between the substituents and between the substityarametrization of the conformational structure of theSergy surface
uents and the environment are simulated by specially designed MM- ot hree different moleculesn-butane, Itert-butylpropane, and 1,2-
type pair potentials. Thus the potential energy and gradiediaie g tert-butylethane. The details of the parametrization procedure, which
given by the sum of quantum mechanical (QM) and purely mechanical yequires the computation (at the ab initio RHF/6-31G* level) of several
(MM) contributions. The QM contribution is computed at the ab initio energy surface cross-sections, are given in the Appendix.
MCSCE level of theory on a structure where the computationally The accuracy of the method has been tested in two ways: (a) The
expensivetert-butyl groups are replaced by the smaller methyl groups  method has been used to reproduce the ab initio RHF/6-31G* geometry

(compoundl). At the same time the MM steric interactionsir(see and energetics of the conformational minima and transition states of
double arrows in Scheme 1) between the origiagtbutyl (tert-butyl— the 1tert-butylpropane and 1,2-dert-butylethane (see Figure 1). (b)
tert-butyl) and between thtert-butyl and the methylene groupte(t- We have compared the X-ray structural paramétefscompoundl

butyl—_methylene) are modeled via ingxpensive parametri_zed analytic with the equilibrium (gas-phase) molecular structurel afetermined
potentials. The total energy and gradient for the state of interest (i.e. \ji5 geometry optimization using the hybrid method described above.

either S, S,, or &) is then evaluated by adding thertbutyl steric A5 shown in Figure 2 these two structures are remarkably close. In
(14) (a) Froese, R. D. J.; Musaev, D. G.; Morokuma,JKAm. Chem. particular, the essentially identical value for the torsional parameter
So0c.1998 120, 1581-1587. (b) Maseras, F.; Morokuma, K. Comput. demonstrates that the balance between the reputsitibutyl—tert-

Chem.1995 16, 1170. butyl andtert-butyl-methylene is correctly reproduced.
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Table 1. Multireference Perturbation Theory (PT2F) Absolu§ &nd Relative AE) Energies, Where in the Case of
2,3-Ditert-butylbutadiene the Values in Italic Have Been Corrected by the Hybrid Method Defined in the Text anistBotadiene the
Methodological Details Are in Ref 12a

cis-butadiene 2,3-ditert-butylbutadiene
AE AE
structure state E (auyf (kcal mol?) structure state E (auf (kcal molt)
Co,-MIN S 0.0 C,-GS S —233.7653 (0.80)
—233.75537 0.0
S —155.2678 (0.85) 140.7 1S —233.4688
—233.4586 186.2
S —155.2869 (0.85) 1287 S —233.5221 (0.76)
—233.5122 152.6
CsION S —155.3054 (0.84) 117.1 C,-ION S —233.5683 (0.75)
—233.5510 128.2
S —155.3070 (0.84) 116.1 2S —233.5833 (0.74)
—233.5661 118.8
Cs-MIN S —155.3279 (0.83) 103.0 SIS, Cl S —233.5684 (0.78)
—233.5550 125.8
C¢CI-TS S —155.3291 (0.84) 102.3 2S —233.5659 (0.74)
S/S Cl S —155.3397 (0.84) 95.6 —233.5524 127.4
Si/S Cl S —233.6150 (0.79)
—233.6038 95.1
S —233.5932 (0.78)
—233.5821 108.7
Si/S Cl (OPT) S —233.6050 (0.78)
—233.5978 98.9
S —233.5947 (0.78)
—233.5875 105.3
S -233.5083 (0.74)
—233.5011 159.6
C,-ION (CIS) S —233.7323 (0.80) 26.0
—233.7140
S —233.5662 (0.76) 130.2
—233.5478
S —233.5897 (0.76) 115.5
—233.5713
C,-ION (TS) S —233.7364 (0.80 16.8
—233.7287
S —233.5518 (0.73) 132.6
—233.5441

aFrom ref 12aP This cis-butadieneAE value is from ref 8b. The othekE values are computed by adding the corresponding energy difference
to this value* In parentheses we give the weight of the MECF reference function (i.e. the zeroth order function) in the first-order function.
d Estimated CAS-PT2 value.

(iii) Relaxation Path Computation. The composite 5— S, — S relaxation. This MEP has been determined by using a méthduch
relaxation path for compountl is computed irfour steps. (a) In the locates the initial direction of relaxation (IRD) from the starting point.
first step we compute the energy minima and transition states locatedAn IRD corresponds to a locateepest descent directiom mass-
on the potential energy surface of the spectroscopic staig®)3n the weighted Cartesiandrom a given starting point. (The details of the

second step we have explored the structure of the low-lying part of the method used can be found in ref 16a.) Once one or more IRDs have
S: energy surface af. We have not been able to locate an equilibrium been determined, the associated MEP is computethessteepest
stationary point on this potential energy surface. Thus we have useddescent line in mass-weighted Cartesiassg the IRD vector to define

the methodology for conical intersection optimizatfoavailable in the initial direction to follow. (d) Finally, in the fourth and last step,
Gaussian94”to locate the lowest-lying£5, conical intersection point. we compute the SMEPSs, describing the relaxation and photoproduct
(c) In the third step, we compute the path describing theeaxation formation processes from the/S, conical intersection (i.e. the; S~
processes. This has been achieved by first locating 1% iBtersection S, decay channel). Again, these are computed using the IRD technique

point (i.e. the $ — S, decay channel). The conical intersection discussed above.

optimization method mentioned in point b cannot be applied to this

purpose since the energy gap of theaBid S states is overestimated 3 Results and Discussion

at the MCSCEF level of theory (this is due to the very different electronic

nature of the two states: ionic for the &d covalent for § and one The energy values for all stationary points found on the S
must apply the PT2F correction to obtain a reliable energy gap. To g, and § potential energy surfaces are reported in Table 1.
overcome this difficulty, we have chated the cross_ing point_ by The resulting composite ,.S— S — S relaxation path is
computing the $and § PT2F energies along a series of points represented by bold lines in Figure 3 on the three potential

connecting the optimized,Sninimum to the optimized $S, conical S . :
intersection. This yields anx&, surface crossing point with a totally energy sheets;3S,, and $. Equilibrium stationary points are

symmetric molecular structure which is located above the optimized 'epresented by full circles, transition states by open squares,
S, minimum. Due to the approximate nature of the chosgreaction and intersection pointss{/S; Cl andS/S, Cl) by open circles.
coordinate, the resulting value of the crossing relative energy is expected The energy profiles along the, paths (patH in Figure 3a,b)
to be an upper limit. The 55, surface crossing has then been taken as

starting point for the computation of the MEP describing the S (16) (a) Celani, P.; Robb, M. A.; Garavelli, M.; Bernardi, F.; Olivucci,
M. Chem. Phys. Lettl995 243 1—8. (b) Garavelli, M.; Celani, P.; Fato,

(15) Bearpark, M. J.; Robb, M. A.; Schlegel, H. Bhem. Phys. Lett. M.; Bearpark, M. J.; Smith, B. R.; Olivucci, M.; Robb, M. Al. Phys.
1994 223 269-274. Chem.1997 101, 2023-2032.
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of the relaxation paths summarized above. In particular, in
subsection i we deal with the 8ecay and subsequent relaxation
on the § potential energy surface and in subsection ii we
describe the relaxation and isomerization path gn S

(i) Depopulation of the Spectroscopic State and Relaxation
on S. In Figure 4a,b we report the computed MEP along the
S, and S potential energy surfaces faris-butadiene and
compound 1, respectively. According to this diagram the
depopulation of gmust be induced by a symmetric displace-
ment toward the 8S; crossing which involves simultaneous
expansion of the double bonds and contraction of the single
bonds. Notice that the,3elaxation coordinate afis-butadiene
hasCs symmetry (i.e. it has a symmetry plane across the central
C—C bond) consistent with a disrotatory motion of its two
terminal methylenes (as previously discusBéthis is consistent
with the prediction of the photochemical orbital symmetry
rules”’ for electrocyclization to cyclobut-1-ene). In contrast,
compoundl relaxes along &, totally symmetric coordinate
(i.e. it has a 2-fold symmetry axis through the centrat©
bond) which corresponds to the photochemically forbidden path
in terms of orbital symmetry rules. Thus, this path is imposed
by the bulkytert-butyl substituents.

While in cis-butadiene the crossing is located right at the
bottom of the $well, the $—S,; energy gap at the;Sninima
of compoundl is ca. 9 kcal moil. Although, this is not a large
gap, it should result in a_Sifetime which is much longer than
that expectet? (and observeld) for the parent compound.
Further, the estimated,®arrier for decay ofl at the $/S$;
crossing, is in the range-® kcal moi~t. However, as mentioned
in section 2, this value corresponds to an upper limit. The highly
twistedC,-ION minimum is also connected via a conventional

bold lines correspond to the computed relaxation/reaction paths (pathstransition state to a different conformer ©f symmetry which

I —IV) discussed in the text. The symbols (open circle, full circle, and

is about 3.3 kcal mott lower in energy (see Table 1). The

open square) and labels indicate the relevant stationary and crossingconformational interconversion is dominated by the change in
points located on the three energy sheets. Notice that, in the case oftwisting angle which decreases from 22@ C,-ION to 11°.

cis-butadiene, there are two paths on thesBeet: patHl (full line)
which describes the;Selaxation process along a totally symmetric
(Cy) coordinate and pathl (light line) which describes nonadiabatic
isomerization along an asymmetric coordinate. However, ontsbekt
of compoundl this asymmetric path does not exist.

end at two $minima (CsION andC,-ION) located near two
S,/S; crossing points. From these points begins areaxation
path. Incis-butadiene this path spans two domains. The first
domain (I in Figure 3a) corresponds to a valley centered along
a Cs symmetric coordinate connecting thg& crossing point

to an g stationary point. The second domalh (in Figure 3a)

is defined by a fully asymmetric coordinate which connects the
stationary point to the %S, crossing region through a substan-

Despite the slightly higher stability of this almost planar S
conformer we do not regard it as a relevant intermediate of the
photoreaction. First, the relaxation from the FC poit4-GS)
leads invariably toC,-ION, and second, the conformational
conversion ofC,-ION is impaired by a barrier more than 5 kcal
mol~! larger than the barrier t0,S> S; decay through th&,/

S Cl intersection. The structures of the computed ground-state
reactant and £S5, and S/, intersection points are given in
Figure 5a-c, respectively.

After the S — S; decay the system accelerates along the
steep $ MEP (pathll in Figure 4a-b). Along this path the
parent and substituted compound both maintain the orignal
andC, symmetry. Incis-butadiene pathi ends at a stationary

tially barrierless path (the transition structure corresponding to Point C«MIN where the $and $ gap is ca. 60 kcal mok.

the open square in Figure 3a and connectikgMIN to the

S1/Sp crossing disappears when a high level of theory is used.

Any further progression in the same direction does not lead to
a gap reduction. In contrast, pathin compoundl ends at a

See also the discussion in subsection i below). This coordinateSi/So crossing point$/Sy Cl) of C, symmetry. This crossing

is dominated by torsional deformations, and it is therefore
orthogonalto the coordinate describing the initial relaxation.
In deep contrast the;3elaxation path of compountispans a
single totally symmetric @) domain (pathll in Figure 3b)
which connects the £5, and the ¥, crossing regions. Finally,
the § path (V in Figure 3a andll in Figure 3b) connects the
S1/Sp crossing to the reactant potential energy well through a
very steep and barrierless valley.

It is clear from Figure 3 that the depopulation of, Se.,
depletion of theCsION and C,-ION transients initiates a
relaxation process which starts in the region of th#SS

point does not correspond to the lowest lying crossing point on
the S energy surface. Rather, minimization of ttf8¢S, CI
structure yields a structure (also @6 symmetry) which lies
ca. 3 kcal maf! lower in energy. This crossing structure
corresponds to the global minimum of the &ergy surface.

To confirm the existence of an energy valley driving the
relaxation process along path, we have performed a vibra-
tional frequency analysis at a few selected MEP points (see ref

(17) Woodward, R. B.; Hoffmann, RAngew. Chem., Int. Ed. Endl969
8, 781.
(18) (a) Trulson, M. O.; Mathies, R. Al. Phys. Cheml99Q 94, 5741.

crossings. In the following subsections we describe the details (b) Vaida, V.Acc. Chem. Re<.986 19, 114-120.
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Figure 4. (a) Energy profiles along the two MEPs (pathend Il') describing the relaxation dfis-butadiene from the FCQ,,-MIN ), S/S;

crossing Cs-ION), and § minimum (Cs-MIN ) points. Full squares and open squares curves define:li#B3) and S (2A;) branches of the
excited-stateelaxation path. The energies of all points have been scaled to match the PT2F ene@giddIdf , Cs-ION, andCs-MIN (see Table

1). The structures (geometrical parameters in A and deg) document the geometrical progression along the relaxation path. (b) Energy profiles along
the two MEPs (path$ andIl’) describing the relaxation of compoutdrom the FC C»-GS), S; minimum (C2-ION), S/S; crossing §/S; ClI),

and S/S, crossing §/S, Cl) points. Open squares and open diamonds curves defing {hi@%and S (2A) branches of thexcited-stateelaxation

path. The energies of all points have been scaled to match the PT2F ener@ie&8f C-ION, S)/S; Cl, and Si/S, Cl (see Table 1). The
structures (geometrical parameters in A and deg) document the geometrical progression along the relaxation path.

19 for previous work of this type). The vibrational frequencies (i) S; — S Radiationless Decay and photorearrangement.

at nonstationary points (i.e. points with a nonzero energy To gain insight in the mechanism of the radiationless deactiva-
gradient such as the MEP points) are obtained from the tion and photoinduced molecular rearrangement in the parent
computed Hessian by projection onto the- 1-dimensional and alkylated dienes we have investigated the structure of their
space orthogonal to the energy gradient. The diagonalizationS;/Sy crossing region in detail. As discussed above Cis

of this Hessian yields the normal modes and frequencies alongbutadiene, the Selaxation path does not end at a crossing point
then — 1 orthogonal spac®:2*While a valley is characterized  but reaches a flat region centered o8MIN stationary point.

by n — 1 real frequencies (i.e. the curvature of the energy However, as previously document&dthis point is connected
surface is positive along alt — 1 modes) a ridge may have to a fully asymmetric 8 conical intersection structure
one or more imaginary frequencies. In the caseigbutadiene (S1/S ClI in Figure 6a) via an almost barrierless path (as reported
all frequencies computed at both the 0.5 and 1.5 au distancein Table 1 the transition structure connecti@g¢MIN to the
from the $/S; crossing are real. This indicates that trajectories conical intersection disappears at the PT2F level of theory). In
released at the crossing with small initial kinetic energy will Figure 6a we report such path (path) and document the
collect along a valley defined by the MEP corresponding to geometrical deformation leading to decay. This deformation
pathll. It can be seen from Figure 4a that this MEP involves (which corresponds to a highly twisted “kink” of the carbon
disrotatory motion of the two terminal methylenes coupled with framewaork) has been recently recognized to be a general feature
central G-C bond expansion. At 0.5 au distance there are two in the S state of (unsubstituted) short linear polyefgs.
low-frequency modes corresponding to disrotatory motion  The S relaxation occurring just after;S+ S decay can also
coupled with central €C bond contraction (78 cnt) and to be computationally investigated. In particular, using the IRD
conrotatory motion of the two terminal methylenes (178 &n method discussed in section 2, it is possible to define and
At 1.5 au distance from the 5, crossing these frequencies compute (see ref 16b for a previous application) all energy
increase to 293 and 354 cf respectively. In the case of valleys departing from the crossing point and developing along
compoundl pathll (see Figure 4b) is dominated by conrotatory S, In Figure 6a we document four different @laxation paths
motion of the two terminal methylenes. In the close vicinity of ~which originate from the asymmetr&/S; CI structure located
the $/S; crossing (i.e. at 0.25 au distance) there is a small for cis-butadiene. Path/ describes the reactant back formation
imaginary frequency (98 i cnd) which indicates a flat ridgelike  process (also reported in Figure 3a). PaihsVIl are photo-
shape of the relaxation path. The corresponding vibrational modechemical paths since they all describe real (pathsVIl) or
describes a distortion dominated by the C—C—C torsional degenerate (path’) reactive processes. In particular, path
coordinate. However, slight progression along the MEP (i.e. at describes a (single) double-bond isomerization, péithcy-
1.25 au distance from the/S; crossing) results in the change  clobutene formation, and paMill the stepwiseformation of

of the frequency of this mode to a real 110 cnirequency bicyclobutane via a cyclopropylcarbinyl diradical. A path
which indicates the presence of a valley-shaped region. describing photoinducestcisto s-transconformational isomer-
ization has not been located.

(19) Garavelli, M.; Bernardi, F. Olivucci, M.; Vreven, T.; Klein, S.;

Celani, P.; Robb, M. AFaraday Discussion1998 110, in press. Comparison of Figure 6a with Figure 6b indicates that decay
(20) Miller, W. H.; Handy, N. C.; Adams, J. B. Chem. Phys198Q
72, 99-112. (22) Celani, P.; Garavelli, M.; Ottani, S.; Bernardi, F.; Robb, M. A.;

(21) Truhlar, D. G.; Gordon, M. SSciencel99Q 249 491-498. Olivucci, M. J. Am. Chem. S0d.995 117, 11584-11585.



Photochemistry of Highly Alkylated Dienes J. Am. Chem. Soc., Vol. 121, No. 7, 19438

1
STEPWISE
Cs-MIN S,/S, C!

[, —
1004 W
Energy 80 - ~

(kcal mol-1)
60

40
20
0-

(1.40)
(1.41)
Cg LA0 ) 141
(%7 &)
119.6 O
(121.6)

120
100

80
Energy
(keal mol-1) 60

(c) 40
20
0

Asymmetric (C;)

Figure 5. Structure of the computed (a) ground-state reactant, (b)
S,/S; intersection point, and (chf& intersection point focis-butadiene
and compound. (geometrical parameters in A and deg).

and photoproduct formation ih will be different from that of

the parent compound. In fact, as mentioned in the previous
subsection, this molecule enters the crossing region directly
following S; relaxation. Consequently the relevant product
formation paths have been determined starting aSif& ClI.

We have located three paths. Pdith describes the reactant
back-formation process (see also Figure 3b), while péths
and V describe photochemical processes. P#éth is an

Figure 6. (a) cis-Butadiene energy profiles along the five MEPs

. . . describing the 5— S decay, grelaxation, and photoproduct formation
asymmetric path and, similar to paitin the parent compound, from Cs-MIN . The full squares curve om $2A) defines theexcited

descn_bes_ (single) double-bond isomerization. In contrast path statelowest-lying reaction path (patihl ). The open and full squares
V maintains theC, symmetry of the reactant and leads t0 ¢rves and the open and full diamonds curves gdefine concurrent
concertedicyclobutane formation. Remarkably, despite several ground-statepaths leading to reactant back-formation (path, double-
attempts we have not been able to locate a path driving the bond cis—trans isomerization (path/), cyclobutene formation (path
relaxation toward the monocyclic photoproduct. V1), and bicyclobutane formation (pathl ), respectively. The energies

The quantum yield of a photoproduct is given by the percent of all points have been scaled to match the PT2F energies d@¢he
of excited-state molecule that, after decay, relaxes along theMIN, CJCI-TS, and Si/S, Cl points (see Table 1). The structures
valley leading to that photoproduct. The evaluation of this document the geometrlc_al progression along the relaxatl_on paths. (b)
quantity requires, in principle, a dynamic treatment of the Compoundl energy proflles along the three MEP; describing the S
nonadiabatic motion on the @nd $ potential energy surfaces, ;;150 decay, $relaxation, and photoproduct formation fr@S CI. -~

. - e open squares, open triangles, and open diamonds curves define

a challenging problem for a system of the size of compalind

. . T the § concurrenground-statepaths leading to reactant back-formation
and even focis-butadiene. Therefore, here, we limit ourselves (pathlil ), double-bonctis—trans isomerization (patiV), and bicy-

to a qualitative discussion of the excited-state dynamics and clobutane formation (patl), respectively. The structures document
photoproduct formation process. Above we have seen that thethe geometrical progression along the relaxation path.

structure of the Sand S energy surfaces indicates thatdecay

in cis-butadiene is prompted by a motion which has no conditions, the structure of the, otential energy surface in
components along the initial excited-state relaxation (i.e. along the vicinity of the decay point can provide a qualitative
pathll). Thus, intramolecular vibrational relaxation (IVR) from indication of the accessibility of the energy valleys connecting

symmetric to nontotally symmetric modes (i.e. pdth) is the decay point to the various photoproducts. Several attempts
required to populate patii and initiate $ — Sy decay. Since to locate a valley pointing in the direction of patHl (i.e.
during IVR ca. 25 kcal mot® of vibrational excess energy will  leading to a cyclopropylcarbinyl diradical) in the vicinity of

be distributed among 24 degrees of freedom, we expect thethe S/S, crossing (i.e. the decay channel) have failed. Rather,
average velocity along pathlll to be small. Under these this valley only starts to exist at a much larger (4.0 au) distance
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than the valley defining path®/ —VI. Thus bicyclobutane  Scheme 2
formation fromcis-butadiene is not predicted to be the major
photochemical process in this system. In fact, one expects that
a system moving in the direction of the tip of the cone will hop
to S and populate the, much closer, double bond isomerization
and cyclobutene formation valleys. Only a small number of S
molecules will have enough kinetic energy to reach the
bicyclobutane valley. This seems to be consistent with the
undetectable or extremely I8wproduction of bicyclobutane group A | group B
from cis-butadiene.

The structure of the Sand S energy surfaces of compound
1 indicates that, after decay tq,She system will relax along tertoutyl methyl
a totally symmetric coordinate leading t@ Slirectly”. Thus, methyl methyl
IVR from totally symmetric modes to other modes is not
required to initiate $— Sy decay in compound. Furthermore,

inspection of the computed; $elaxation coordinate indicates o the two terminal CH of the reactant. This motion sets the
that, along this steep path, the molecule accelerates toward &yjentation of the methylenes in a direction which favors
molecglar geometry which fayors concerted .bicyclobutane cyclopropane ring closure. Furthermore, the barrierless nature
formation. Indeed, the two terminal methylenedlirotate (see  of the § relaxation path irl (pathll in Figure 3b) suggests
structure evolution in Figure 4b) in such a way to increase the 5t formation of the bicyclobutane moiety is facilitated by the

overlap between the 3prbitals on carbons 1 and 3 and carbons jmpyisive acceleration of the conrotatory methylene rotation
2 and 4 (see also structures in Figure 5b,c). Because of thegiong the $ energy surface.

barrierless nature of path such rotational motion is expected
to be impulsively continued after decay te. 8Slotice that this
impulsive motion will not favor reactant back-formation because
this requires methylene rotation in the opposite direction.
Similarly, impulsive production of cyclobutene requires ac-
celeration along the £ C,—C3—C, torsional coordinate. How-
ever, this torsional angle is almost constant along pitfin
conclusion, the structures in Figures 4b and 6b support the ide
that bicyclobutane production occurs via cancerted and
synchronousnechanism (i.e. with simultaneous formation of
two newo-bonds) also prompted by the excited-state motion.
This view is also supported by the finding that the bicyclobutane
valley in compoundL begins much closer (at ca. 2.5 au) to the
computed $— Sy decay channelsS{/S, Cl) than in the parent
compound. Thus the only favored photoproducts in this molecule
appear to be those corresponding to pkth (double bond

isomerization) and patk/ (bicyclobutane formation). Appendix: Parametrization of the tert-Butyl —tert-Butyl
and tert-Butyl —Methyl Steric Interactions

terfoutyl terfoutyl

Finally, in this paper we have demonstrated that a simple
hybrid methodology which has been designed to simuld&sta
butyl group at the computational cost of a methyl group can be
successfully employed in mechanistic studies where bulky (i.e.
computationally expensive) substituents are not directly involved
in the bond-breakingbond-forming process. We are now
pursuing further applications to larger systems containing more

%han two bulky substituents.
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4. Conclusion The procedure we have followed involves three steps: (a) A

The results presented above provide a rationalization of the two-dimensional cross section of the ab initio RHF/6-31G*
different photoproducts observed after irradiationcistbuta- energy surface is constructed.. This cross section is defined by
diene and of its highly alkylated derivatiie The role of the ~ scanning the surface along theé,d) internal coordinates
two bulky substituents in prompting the production of the highly illustrated in Scheme 2.
strained hydrocarbon bicylobutane (and in inhibiting production ~ The coordinatep corresponds to the torsional angle defined
of cyclobut-1-ene) is that of driving the relaxation process along by the atoms ¢—C;—C,—Cg. The coordinated is not a
a path which is structurally very different from that of the standard internal coordinate. It corresponds to the value of the
unsubstituted diene. In particular, as shown in Figure 3b, the distance between the “virtual” carbon ato® and carborB.
transient excited-state speci€s{ON) generated by irradiation ~ The positionA’ is obtained by rotating the molecule by
of 1 relaxes along a totally symmetric coordinate which leads (see light arrow in Scheme 2) so that the atoms C;, C,
to the bicyclobutane or, alternatively, to the more stable and G lie on thesameplane. In practice one computes the S
original reactant on theoSenergy surface. However, no path energy at each point of a grid defined by fixing a value for the
leading to formation of the corresponding cyclobut-1-ene ¢, d variables and minimizing the energy respect to the
derivative has been located. In contrast, the coordinate describingemaining 3 - 8 internal coordinates of the moleculeié the
the excited-state relaxation of the parent compound (see Figurenumber of degrees of freedom). (b) TE8uand¢,d) energy
3a) enters theenergy surface at a fully asymmetric structure surface computed far-butane is “subtracted” from the energy
(S/S ClI). Analysis of the ground-state relaxation paths (see surfaces computed for tert-butylpropane Eiert—butyipropané®.d))
Figure 6a) indicates, consistently with the experimental observa-and 1,2-ditert-butylethane Eadi—tertbutylethanég,d)). The ,d)
tion, that cyclobut-1-ene and not bicyclobutane must be the grids Eiert—butyipropane — Ebutane @Nd Edi—tert—butylethane — Ebutane

major strained photoproduct of this reaction. define thetert-butyl—methyl andert-butyl—tert-butyl repulsion
The detailed analysis of the computed reaction coordinate energy relative to the repulsion of two methyl groups. (c) The
reveals that formation of2 occurs via aconcerted and Etert—butylpropane — Ebutane aNd Edgi—tert—butylethane — Ebutane are

synchronousnechanism characterized by a conrotatory motion parametrized using the following functional form:



Photochemistry of Highly Alkylated Dienes

E(p,d) = Vl;d)(l + cos¢) + Vzéd)(l — CO0S @) +
V(d)

5 (1 + cos 3p) + V,(d) (1)

where
V,(d) = A,d* + B, d+ C,
V,(d) = A,d” + B,d + C,
V4(d) = Ayd® + Byd + C,

V,(d)=Ad+B,d+C, 2)

The functional form (1) is derived from the standard MM

torsional potentidP where Vi, V,, and Vs are force field

parameters. In eq 1 these constants have been replaced by the

quadratic functions given in (2). Thé(d) functions are used
to couple the torsional potential with the distamc@&lotice that

this coupling introduces a dependence of the torsional potential

on the values of the bond lengthg-€C;, C;—C,, and G—Cg
and of the bending anglesa€C;—C; and G—C,—Csg.

In conclusion, two sets of parametefs (..., A, By, ..., By,
Cy, ..., G) are derived by fitting the computetler—butyipropane
— Ebutane@Nnd Edgi—tert—butylethane— EnutaneSUrfaces, respectively.
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The ability of the functional form (1) to reproduce the shape of
the ab initio cross sections described above is documented by
the resulting 0.0004 and 0.0008 kcal mbinean deviation for

the tert-butyl-methyl andtert-butyl—tert-butyl data, respec-
tively. Thus, the first set of parameters provides an analytical
representation of theert-butyl-methylene repulsions in com-
poundl (relative to a methytmethylene repulsion df). Notice

that this interaction is described by using tha-butyl—methyl
repulsive potential parametrized above. In fact, we assume here
that thetert-butyl—-methylene steric interaction is similar to a
tert-butyl—methyl steric interaction (this assumption has been
dictated by the desire to use closed-shell systems for the
parametrization). This should be true when the distances between
the two groups are sufficiently large as it is for the range of
geometries treated in the rest of the paper. The second set of
parameters provides an analytical formula for evaluating the
tert-butyl—tert-butyl repulsion in compound. (relative to a
methykmethyl repulsion ofl’).

By differentiating eq 1, one gets an analytical expression
which provides the values of the gradients of the two types of
interaction. The expressions for the energy (eq 1) and gradient
have been implemented in th@aussian94package’® Thus,
according to Scheme 1, the ab initio MCSCF energy and
gradient of the methyl-substituted systethare changed by
adding the three contributions coming from the parametrization
of thetert-butyl—tert-butyl andtert-butyl-methylene interactions.
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