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Cycloreversion of Formylcyclobutane Radical Anion: Two-Step Rotating Mechanism
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The [2+2] cycloreversion reaction of formylcyclobutane radical aniciC{H,-CHO ™) has been investigated

at the UB3LYP level with the augmented Dunning’s correlation-consistent polarized valence §ddsis-

set supplied with four even-tempered sp shells. Very diffuse*plike singly occupied orbitals (SOMO) are
found for thec-C4H,-CHO~ and product CHCHCHO ™ radical anions, necessitating the use of a rather
diffuse basis set for mechanistic study. The respective electron affinitie<Cgfl-CHO and CHCHCHO

are calculated to be 5.4 and 16.1 kcal/mol, showing the ability to bind an extra electron. The intermediate
structure’(CH)sCHCHO  is found to be a valence-bound distonic anion apt to the eliminationptdi.d he
present two-step “rotating” cycloreversion mechanismcf@;H,-CHO ™ is formally similar to the biradical

one for neutral cyclobutane structures, but with evidently lower potential barrier. For efficient electron-
attachment catalysis, the extra electron should be trapped by suitable functional groups in some orbitals with
substantial overlap with the*-orbitals of the cyclobutane structure.

1. Introduction SCHEME 1

The [2+2] cycloreversion reactions of cyclobutane derivatives Shifting

are of both fundamental and practical importance in DNA . ) 4
photoenzymic repait? photochemical energy storageand : /

organic synthesesFrom the theoretical point of view, such
reactions should be thermochemically forbidden (with large 5 1
activation barrier) but photochemically allowed according to Rotating
the Woodward-Hoffmann rules. Indeed, the simplest cyclo- "3
reversion of cyclobutanee{C4Hg) may occur via the stepwise . .
biradical mechanish over high activation barriers of 62.5 kcal/  Of 3:0 S %.2° The experimental results have been interpreted by

mol 8 On the other hand, photochemical cycloreversion can only the mechanism of one-electron reduction ofTiQllowed by
be practicable for some cyclobutane structures with efficient 1N9 cleavage of the T radical anion, but it seems that further
chromophore. study is still required to verify this mechanism and to make

. clear if the distonic radical anion intermediate is involved. The
To overcome such problems for the cycloreversion of

cyclobutane structures, the electron-transfer catalysis has beer} econd example is the photoenzymic catalytic repair of DNA

long postulated, especially for radical cation pericyclic reactions cyclot_)utgzrle pyr|m|d|ne_ dimers, W.h'.c.h has been extensively
because of their abilities to form and cleave-C bonds? 12 examined: Such a reaction may be initiated by electron transfer
The radical cation reactions of quadricycldApagodané? and fergg;Ze ;nzl%m;lmz;h.?hdel m;; s\l;v?:éﬁ?&t:gthwr;tle ;:nséirg;g d
cyclobutane pyrimidine dimet3¢have also attracted consider- . : ; P e ’
able interest. Both the “shifting™L8 and “rotating™® cyclo- cycloreversion mechanism with the first-© bond cleavage

reversion mechanisms (Scheme 1) have been suggested for som%rse\%ﬁschtlgir;aetﬁt-;eé:g;? éggeitgr?t g‘;}iuﬁ;ﬁ%@%%gzzfd by
simple cyclobutane radical cations suchca@Hg . However, P P )

side reactions such as the intramolecular hydrogen migration.on AM1 and HF/6-31G(d) optimization have found both the

of highly reactive radical cations can also occur in addition to initial ring opening an(_j Fhe subsequent dl_ssomatlon transition
. 9 structures for the splitting of radical anions of pyrimidine

the expected [22] ring cleavagé: . ; ) ) ”

| irast little is k bout th di cyclobutane dimers; however, the ring-opening transition struc-

dr? clon rast, very II' e1s tpown fa oul b? corrctiasporl[_ N9 ture disappears at higher MP2/6-31G(d)//HF/6-31G(d) and
\rz ica ?.n'gn p;ertl\;yc Ic reaf 'OPS 0 ca/co (;J ar;e EIIVaVES. B3y vp/6-31+G(d) levels?”28suggesting the one-step splitting
. eﬂc]anl_tln (t)n y (;_lfqexa;pptes or SUIC a r?h Ica lanlonl pr_ocesfs mechanism. As will be demonstrated below, rather diffuse basis
Io?th e litera ures_.r e nrs exampi eb ";‘ ed_e ectro ys:? O sets are required for a reliable description of such radical anions
di .tymloqumon? (ﬂ?’ aquinone cyclobu angthlmer,tresu ”}[g tsystems, and thus the contradictions between these sttidfes
In 1S cleavage to the monomeric quinone with a rate constant 5, ey perimentd 2425should be due to the insufficiency of the
A | . ——— —— used basis sets.
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reversion mechanism involving the distor@H,CH,CH,CH,~
tetramethylene radical anion intermediate has been found, with
the cycloreversion barrier slightly lower by about 8 kcal/mol
than the corresponding biradical one for neutaCsHs.
However, thec-C4Hg*~ radical anion is unstable with respect
to electron detachmefRl. Therefore, it is still of interest to
determine the detailed mechanism for radical anion cyclorever-
sion of cyclobutane derivatives and its efficiency for electron-
attachment catalysis. In the present study, we have chosen the hmaellf . b4 32118 16

. . _ (C-1-2-4)=-119.35 BO-C-1-2)--128.95 bC-1-2-41=-121.03 biO-C-1-2)=-128.60
radical anion of polar formylcyclobutane-C4H;,-CHO ™) as a a ¢C,H-CHO (C)) a” eC4H-CHO ™ (C))
model system for three practical reasons. First, the peGyH--
CHO molecule with high dipole moment@3.3 D) larger than
2.5 D should be able to trap an extra electron in the dipole- or
valence-bound staf@.Second, this molecule closely resembles
the crucial cyclobutane structures of the cyclobutane pyrimidine
dimer and thus can be used to study the role of functional
substituent groups on the radical anion mechanism. Third, for b(4-3-2-1)=-69.60 B(4-3-2-1 68,03
the present relatively small system, detailed theoretical calcula- ™GV Ao ™ e bt el
tions with sufficiently diffuse basis sets required for radical
anions (especially for the possible dipole-bound staskjould
be applicable.

2. Computational Methods

The GAUSSIAN 98 program packatfewas used for all
calculations. To obtain reliable electron affinities of the closed-
shellc-C4H7-CHO and CHCHCHO molecules and to describe
possible dipole-bound intermediates, normal valence basis sets
(such as 6-31G) should be augmented with extra diffuse sets
designed to reliably describe the distribution of the extra
electron3! Considering the range and direction of dipole
moments of these molecules, we have chosen the recommende
basis sét consisting of the aug-cc-pVB3Z supplied with four
even-tempered sp shells centered ondhearbon atoms with
exponents 0.005, 0.001, 0.0002, and 0.00004 (labeled as aug
cc-pVDZ+4(sp) latter on). To describe the electron-attachment
and cycloreversion processes consistently and accurately, size
extensive correlated methods should be used. The highly b3 i bi4-3-2-1)=-118.78
correlated CCSD(P}:36 method with this rather diffuse basis — NC-1241=-11165 bO-C-1-2)~164.75 e, e
set is computationally too demanding for the presegHgO]*~ Taa"b(C) f
eystems, Forunatly. the iybrid density functonal heory EL L B e s wit
(DFT)37.39 B 3".Y.P methods are computatlonall_y not very some availabl?e experimenta?l data in brackets for%:omparisgn. '
demanding in giving accurate structures and energies comparable
with the I\/_IPZ84 and CCSD(T) methods but with relatively 5 poqiits and Discussions
smaller spin contaminations on open-shell systéik.

In the present study, all relevant structures are fully optimized ~ The optimized geometries of all involved structures are shown
at the UB3LYP/aug-cc-pVDZ4(sp) level. Both the tight SCF  in Figure 1. The calculated®[] ZPVE, total energies, and
convergence threshold and the quadratic convergence néthod relative energies are collected in Table 1. The detailed Cartesian
are shown to be useful in dealing with the convergence difficulty coordinates and the harmonic frequencies (as well as infrared
encountered for calculations with very diffuse functions. intensities) of all fully optimize structures are given in the
Harmonic frequencies are further calculated to verify whether Supporting Information for clarity. The frontier molecular
they are true minima or transition structure (without and with orbitals of some important intermediates are given in Figure 2.
only one imaginary frequency, respectively) and to give zero- Finally, the schematic reaction profiles for the cycloreversion
point vibrational energy (ZPVE) corrections. Intrinsic reaction 0f ¢-CsH7,-CHO~ are depicted in Figure 3.
coordinate (IRC¥ calculations are carried out to determine the  As shown in Figure 1, the B3LYP-calculated geometries for
relationship between transition structures and minima. The the closed-shell molecules of acrolein EHHCHO (Cy) and
atomic charges and spin densities are calculated according toethylene GH4 (D2p) are very close to the experimental valtfes
the Mulliken population analysis scheme. Indeed, rather small within 0.01 A and 2. Though no experimental geometries are
spin contaminations are observed for radical anions as reflectedavailable for the closed-shell structuag(c-C4H7-CHO (C,)),
by the spin-squared expectation valueg{within 0.75-0.77 our B3LYP calculations shows that it has near-planar symmetry
compared to the ideal value of 0.75). Unless specified otherwise,along the equatorial formyl group nearly perpendicular to the
the fully optimized geometries and ZPVE-corrected energies cyclobutyl ring, with its cyclic C-C single bond lengths being
(REp) are used in the following discussions. very close to the experimental values (1.555 A) for cyclobuftane

€ CyHy (Dyy) + CH,CHCHO™ (C,)
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TABLE 1: The UB3LYP/aug-cc-pVDZ+4(sp) Calculated Spin-Squared Expectation Value[§?)), Total Energies (TE,, in
hartrees), Zero-Point Vibrational Energies (ZPVE, in hartrees), Total Energies with ZPVE (TE,, in hartrees), and Relative
Energies with ZPVE Corrections (REy, in kcal/mol)2

species 0 TE. ZPVE TR RE,
a~ (c-C,H;-CHO ) 0.75 —270.571863 0.117648 —270.454215 —5.4
b*~ (*(CHp)sCHCHO") 0.76 —270.549657 0.111520 —270.438136 +4.7
¢~ (CH4s+ CH,CHCHO™) 0.75 —270.562714 0.109657 —270.453058 —4.7
TSa /b~ 0.77 —270.539187 0.112602 —270.426585 +11.9
TSb~/c™ 0.76 —270.546331 0.111339 —270.434992 +6.6
a(c-CsH-CHO) 0.00 —270.564860 0.119295 —270.445565 0.0
b (*(CH);CHCHO) 0.97 —270.487269 0.112750 —270.374519 +44.6
[—270.485188] $45.9]
¢ (CH4 + CH,CHCHO) 0.00 —270.539283 0.111939 —270.427343 +11.4

a2 The energies for triplet structuréCH;)sCHCHO are indicated in brackets.
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Figure 3. The schematic reaction profiles for the cycloreversion
reactions of the-C,H;-CHO~ radical anion at the UB3LYP/aug-cc-
pVDZ+4(sp) level with the ZPVE corrections.

moment values are evidently larger than the threshold of 2.5 D
for the formation of dipole-bound anicf.

It is well-known that some polar molecules can bind an extra
electron to form both dipole-bound and valence anitngith
the former providing an efficient “doorway” for the formation
of the lattert’~4° Generally, the dipole-bound electron occupies
an extremely diffuse orbital on the positive end of electrostatic
dipole potential with rather smaller binding energies. As a
prototypical example, the experimental electron affinities (EA)
are about 0.3 and 6.0 kcal/mol, respectively, for the respective
dipole-bound and valence anion states of nitromethang- CH
NO; (~3.5 D)#° Though some aromatic aldehyde radical anions
such ag-CgHs-CHO—, ¢-C4H4O-CHO—, andc-C4H4S-CHO~
have been observed by the ESR technitfiieis still of interest
to make clear the nature of some aliphatic aldehyde radical
anions as those af-C4H;-CHO and CHCHCHO molecules
with dipole moments larger than 2.5 D.

As shown in Figure 1, the optimized geometries of radical
aniona’~ (c-C4H-CHO~ (Cy)) are very close to those of neutral
Figure 2. (a) The SOMO ot-CsH,-CHO under and above the butyl & (6-CaH7-CHO (C4)) within 0.004 A and 1 except for the
ring at the 0.00008 contour surface; (al) The SOM®-G4H-CHO~ longer G=0 bond (by~0.02 A) of the former. Such structural
at the 0.006 contour surface enlarged 15 times; (b) the highest doubly change can also be reflected by the evidently reduced-(bil
occupied orbital of(CH;)sCHCHO™ at the 0.00008 contour surface  ¢cmY) C=0 stretching frequency (1612 cr) of a~, while the
enlarged 15 times; (b1) the third SOMO %€H;);CHCHO™ at the remaining vibration frequencies are only-140 cnt? lower

0.00008 contour surface enlarged 15 times; and (c) the SOMO of ; ; ;
CH,CHCHO~ under and above the molecular plane at the 0.00008 thln_those of structura. The hl_ghest SOMO. of radical anion
a~ is rather diffuse (see Figure 2a) with the respective

contour surface. For parts al, b, and bl the molecular skeletons are’

also shown. populations on the four even-tempered sp shells being 0.009,
0.088, 0.792, and 0.006, suggesting enough diffuse shells for
within 0.01 A. The calculated dipole moments &€;H,-CHO this structure. This orbital resides mainly under and above the

and CHCHCHO are 3.3 and 3.4 D, respectively, with the latter plane of the cyclobutyl group (see Figure 2a) but still shows
being close to the experimental value of 3.12*These dipole extensive overlapping with the*-orbitals of the cyclic C-C
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bonds (see Figure 2al). Suahshaped SOMO is obviously  mol. By considering the spin contamination, the EA value of
different from the spherically shaped ones of normal dipole- singletb is estimated to be 38.6 kcal/mol while the cyclorever-
bound anions such as,8:NHz*~ and CHCN~.3! The calcu- sion barrier forc-C4H7-CHO is about 43.3 kcal/mol.
lated EA value (5.4 kcal/mol) ad*™ is too large to be accounted We now discuss the cycloreversion mechanism of radical
for only by the weak dipoleelectron interaction that should  aniona*~ (c-C4H7,-CHO™"). Though both the “shifting” and the
be less than 0.3 kcal/mol considering the dipole moment 3.3 D “rotating” cycloreversion mechanisi{s2? for radical cation
of c-C4H7-CHO. These results suggest that th€,H7,-CHO™~ c-C4Hg"t may also be suggested for radical angon the former
radical anion possesses both dipole-bound and valence natureshould involve a rather high barrier as shown in our previous
and it require very diffuse basis sets for a reliable description. calculations ore-C4Hg' .29 Since the ring structure @fCyH--
Very similar results can also be found for the LHHCHO CHO is almost unperturbed upon electron attachment, the
(Cy product radical anion. It shows large geometry differences cycloreversion ofa~ should involve a stepwise mechanism
from its neutral partner C}#+=CHCHO (Cy) especially for its similar to the biradical one for neutral cyclobutgitelindeed,
C=0 bond length elongated by 0.034 A due to the intercon- the ring-opening transition structurgSa~/b*~ for c¢-C4H7-
version between possible resonance structures=CHH— CHO~ is located at one long €€C bond length of 2.296 A
CHO~ < *CH,—CH=CHO". Such structural features of adjacent to the formyl group, with the’( — b*~) barrier being
CH,CHCHO™ can also be reflected by its evidently reduced only 17.3 kcal/mol. Further dissociation of intermedidte
(by 165 cntl) C=O0 stretching frequency (1595 c®). The (*(CH2)sCHCHO™) may occur via the weakCH,CHy+++CH,-
highest SOMO of CHCHCHO~ (see Figure 2c) resides under CHCHO™ bonding intoc™ (CH,CHCHO~ + CzHa), which is
and above the molecular plane, and is even more diffuse thanrather easy with a barrier of only 2.0 kcal/mol. Obviously, the
that of structurea"~ (c-C4H;—CHO "), with the respective two-step “rotating” cycloreversion mechanism is involved for
populations on the four even-tempered sp shells being 0.003,c-CsH7-CHO~, with the rate-determining step being the initial
0.006, 0.083, and 0.553. The large population (0.553) on the ring-opening process over a barrier of 17.3 kcal/mol.
most diffuse sp shell suggests that an even larger basis set is |t is interesting that the cycloreversion mechanism for radical
needed for CHCHCHO ™, though it is enough for neutral GH anion a=~ (c-C;H7-CHO™) formally resembles the biradical
CHCHO. Thus, the calculated EA (16.1 kcal/mol) value will one&7for neutral cyclobutane but with a much lower potential
be slightly increased by extending the basis set due to a betterbarrier (44.6 vs 17.3 kcal/mol) as shown in Figure 3. Similar
description of the negative systé#iThe EA of CHCHCHO~ observations have also been obtained for the smei&jHs*~
is 10.7 kecal/mol higher than that 0fC,H7-CHO™, whichmay ~ model system (62.5 vs 37.3 kcal/m&lthoughc-CsHg is unable
be due to the lack of resonance structures for the latter. Theseto bind an extra electron. Different from tlteC4Hg'~ System,
results confirm again the role of using a very diffuse basis set thec-C,H;-CHO~ radical anion is stable with respect to electron
in the present mechanistic study involving radical anions. detachment and the cycloreversion barrier de€;H,-CHO™~
The acyclic structuré*™ (*(CHz)sCHCHO ™ (Cy)) shows an is evidently lower by about 20 kcal/mol, suggesting the crucial
interesting distonic radical anion structure. This structure is role of functional substituent groups. Thus, t&;H;-CHO
obviously a valence-bound anion with the highest orbital being molecule may bind an extra electron to facilitate the initial
the doubly occupiedr*-orbital on the CHCHO® moiety (see cycloreversion as well as the subsequent dissociation processes,
Figure 2b) with the third highest orbital being the singly with the overall barrier being reduced to only 12 kcal/mol.
occupied p orbital on the end carbon atom SOMO (Figure 2b1).  According to our calculations, the evident reduction of the
These orbitals with their total populations on four even-tempered cycloreversion barrier fot-C4H,-CHO~ can be mainly due to
sp shells less than 0.00003 are evidently more compact thanthe intramolecular electron transfer from the diffuse SOMO into
the SOMO’s ofc-C4H;-CHO~ and CHCHCHO~. The G=0 the o*-orbitals of the breaking cyclic €C bond. The extensive

bond ofb*~ is evidently longer than those afC4H7,-CHO™, overlap between such diffuse SOMO aridorbitals (see Figure

as reflected by a smaller=€0 stretching frequency (1607 cr). 2al) may assist such an electron-transfer process. After the initial
Note that the structuré*~ might dissociate easily into GH ring-opening step, the extra electron is stabilized by the CHCHO
CH; and CHCHCHO™ due to the rather wealkCH,CH,**-CH,- moiety leading to the distonic radical anion intermediate

CHCHO™ bonding (1.6025 A) as the result of the electronic *(CH,)sCHCHO™ that is rather unstable towardbldy elimina-
effects of the adjacent electron-withdrawing radical and the tion. Obviously, the rotating of the formyl group within the

electron-donating anion centers. c-C4H7-CHO~ radical anion may change the direction of the
To approximately estimate the EA of structlbe and the dipole moment away from the cyclobutane structure, and thus
cycloreversion barrier of neutral formylcyclobutaeC;H-- may disturb such an SOMG~ o*-orbitals electron-transfer

CHO, we have also optimized the neutral acyclic structure  process. It seems that at least two factors are important for
(*(CHp)sCHCHO™ (Cy)) (see Figure 1) at the B3LYP level. The efficient radical anion catalysis. First, some functional groups
optimized geometries are very similar to thosebof but with are required to trap the extra electron because of the incapability
shorter G=0 and CHCH,—CH,CHCHO bonds. Of course, the  of the cyclobutane structure itself. Second, the appropriate
accurate treatment on singlet (but not triplet) biradicals should conformation with respect to the cyclobutane structure of such
require correlated multiconfiguration methods such as MRCI. @ functional group is needed for substantial overlap between
However, such a method with very diffuse basis set is SOMO and thes*-orbitals of the cyclobutane structure.
computationally too demanding for the present system. Fortu-  Noticing the structural similarity betweenC4H--CHO and
nately, structuré is a distonic structure with only weak coupling  the pyrimidine cyclobutane dimers, the high facility of radical
between two distant radical centers. Ti®value for inter- anion cycloreversion of the latter can be easily understood. On
mediateb is 0.97 (Table 1), suggesting a spin contamination one hand, the large dipole moments of pyrimidine dimers.Q

of about 50% from the first triplet state if it is assumed that D) can trap an extra electron that will be further stabilized by
only this state has a contribution. Within the same assumption, charge delocalization over the pyrimidine rings with electron-
the energy of structurk should have been overestimatety withdrawing carbonyl groups. On the other hand, the suitable
1.3 kcal/mol and its singlettriplet splitting is only 2.6 kcal/ conformation with two pyrimidine rings being proximately
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perpendicular to the cyclobutane structure may facilitate the

electron transfer from SOMO into the cyclobutane structure.
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