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Abstract: A CASPT2/CASSCEF study has been carried out to investigate the mechanism of the photolysis
of 2,3-diazabicyclo[2.2.2]oct-2-ene (DBO) under direct and triplet-sensitized irradiation. By exploring the
detailed potential energy surfaces including intermediates, transition states, conical intersections, and singlet/
triplet crossing points, for the first excited singlet (S;) and the low-lying triplet states (T, T2, and Ts), we
provide satisfactory explanations of many experimental findings associated with the photophysical and
photochemical processes of DBO. A key finding of this work is the existence of a significantly twisted S;
minimum, which can satisfactorily explain the envelope of the broad emission band of DBO. It is
demonstrated that the S; (n—x*) intermediate can decay to the T, (n—x*) state by undergoing intersystem
crossing (rather inefficient) to the T, (w—x*) state followed by internal conversion to the T, state. The high
fluorescence yield and the extraordinarily long lifetime of the singlet excited DBO are due to the presence
of relatively high barriers, both for intersystem crossing and for C—N cleavage. The short lifetime of the
triplet DBO is caused by fast radiationless decay to the ground state.

1. Introduction Scheme 1

hy
Azoalkanes have attracted much attention due to their ability

to form radicals by thermal and photochemical denitrogenétion. m

. . . N
The denitrogenation of azoalkanes has become a viable route /
. - . N
for structurally unusual compounds in organic synthesis. DBO m ]
S1

However, the quantum yields for the photochemical extrusion

- d
of nitrogen depend strongly on the structure of the azoalkane, ff,';f{f;fﬁm
varying from as high as unity to essentially zero. For example, radiationless l

. : . .. decay ‘?
azoalkanes containing the bicyclo[2.2.1] moiety photoeliminate .
nitrogen efficiently, while azoalkanes with the bicyclo[2.2.2] wy .N/ ]
moiety are “reluctant” azoalkanes which have a low efficiency ]
for deazotation, both thermaflyand photochemically?~15 As T, ISC oy,
representative examples of these two cases, 2,3-diazabicyclo- l 9
[2.2.1]hep-2-ene (DBHY2329-30 and 2,3-diazabicyclo[2.2.2]oct- ; N B
2-ene (DBO)-2224have been extensively studied for exploring ¥ Q
the photolysis mechanism, respectively. In Scheme 1, we have
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Am. Chem. Sod78 100, 1876. ’ collected known experimental information on the excited states,
(8) Cohen, S. G,; Zand, R.; Steel, €. Am. Chem. Sod.961, 83, 2895. intermediates, and products involved in the photolysis of DBO.
(9) Thermal deazotation of DBO: (a) Cohen, S. G.; ZandJRAm. Chem. . . .

So0c.1962 84, 586. (b) Allred, E. L.; Hinshaw, J. Q. Chem. Soc., Chem. Steel and co-workers first reported extensive photophysical

Commun.1969 1021. (c) Snyder, J. P.; Harpp, D. Bl. Am. Chem. Soc. i
1076 98 7821. (d) Marin_ 1. D, Hetcer, B Kunze, Mingew. Cherm.. and photochemical measurements on DBO and BBHThey

Int. Ed. Engl.1978 17, 696. (e) Engel, P. S.; Allgren, R. L.; Woo-Ki Chae; ~ found that the absorption spectra of both compounds are highly

Leckonby, R. A.; Marron, N. AJ. Org. Chem1979 44, 4233. (f) Engel, ;
P.S.; Nalepa, C. J.; Horsey, D. W.; Keys, D. E.; Grow, RJ.TAm. Chem. structured. For DB_O’ the absorption pea_lk_ at 26610]0@6'_1
Soc.1983 105, 7102. kcal/mol) was assigned to the-0 transition. The emission

13190 = J. AM. CHEM. SOC. 2005, 127, 13190—13199 10.1021/ja050002p CCC: $30.25 © 2005 American Chemical Society



Photolysis Mechanism of DBO ARTICLES

spectrum of DBO is characterized by a broad band with a at 366 nm inn-octane produces a 51:49 ratio of HD to BCH.
maximum at about 23000 crh(65.8 kcal/mol), which is absent  Triplet-sensitized photolysis employing benzophenonetin
from the highly structured emission spectrum of DBH. Fluo- octane produces a 70:30 ratio of HD to BCH. TH#&I/*N
rescence quantum yields of DBO were found to be 5610 isotope effect on deazotation was measured by Anderson and
in the gas phase and 0.37 in acetonitrile. No phosphorescenceGrissoni®2% to be 1.025 for DBO and 1.004 for the more
was detected for DBO under any conditions. These experi- strained DBH. These data suggest that on direct photolysis
ment3* also showed that on direct irradiation in the gas phase cleavage of the first EN bond in DBO occurs from the excited
deazotation occurs with a high quantum yield (0.50), but singlet state in a thermally activated process with a late transition
exclusively from the triplet excited state of DBO, while on state whereas €N bond cleavage in DBH involves an early
sensitization the deazotation yield depends strongly on the transition staté?2°By examining the dependence of the product
energy of the chosen triplet sensitizer. The deazotation yield is distribution on the concentration of heavy-atom-containing
much higher with benzeneEf = 84.7 kcal/mol) than with  solvents, Anderson and Griss&ta found that the ratio of
biacetyl € = 54.9 kcal/mol) as a sensitizé&t. products can be quantitatively understood by assuming that the
Since the work of Steel et al. many experimental studies on intersystem crossing (ISC) is rapid between the singlet and triplet
the photolysis of DBO and its derivatives have appearetf. states of the cyclohexane-1,4-diyl intermediate. Also, their
Engel et al. have studied the effect of fused rings and bridgeheadexperiments provided no evidence for ISC between the excited
substituents on the photochemical and photophysical propertiessinglet and triplet states of DBO prior to cleavage of the first
of DBO in different solvents® For DBO in benzene, they found C—N bond.
deazotation quantum yields df; = 0.018 on direct irradiation Compared to the extensive experimental studies on the
(366 nm) andP; = 0.014 on triplet-sensitized irradiation (313 photolysis of DBO, related theoretical studies are still scarce.
nm). The fluorescence quantum yield = 0.39 and the lifetime T oyr best knowledge, there are only two. The first one is due
of the singlet excited state (434 ns) were also measured. Clearly 1, Roberson and SimoRéwho computed the potential energy
the lifetime of the $state of DBO is much longer than that of  grfaces (PESS) of the ground state and the lowest triplet state
the corresponding singlet excited state of DBKR ns). The ot pBO using Hartree Fock and density functional methods.
activation energies for deazotation by direct and triplet-sensitized the reported energy of the triplet state and the activation barrier
irradiation were estimated to be 8.6 and 9.0 kcal/mol, respec- for c—N cleavage on the triplet surface were in good agreement
t|ver.. . . with the corresponding experimental values. On the basis of
By time-resolved photoacoustic calorimetry, Caldwell et al. - hejr computed PESs, the authors of this study offered a detailed
determined that in cyclohexane the triplet state of DBO lies at jnterpretation of the various experimental findings on the
51.9+ 0.6 kcal/mol and that its lifetime is 25 A$The short photolysis of DBO. However, the PESs of the singlet excited
lifetime of the triplet state, the absence of phosphorescence.state and higher triplet states of DBO were not reported, so no
and the low quantum yield for deazotation suggest fast radia- atempt was made to investigate the processes of ISC or internal
tionless Fje(?ay from the Tstate of DBO. conversion (IC), which are crucial for understanding the
The distribution of products (bicyclo[2.2.0]-hexane (BCH) pnhotochemical behavior of DBO. The second theoretical study
and 1,5-hexadiene (HD)) from the photolysis of DBO is well s from Nau et al25 who used the CASPT2/CASSCF method
documented?*° Direct irradiation of the N-N chromophore {5 calculate the 60 singlet excitation energy (73.7 kcal/mol)
and the activation barrier of the-EN cleavage (11.4 kcal/mol)
on the singlet excited state. Their predictions agree well with
the corresponding experimental numbers (76.4 and 8.6 kcal/
mol, respectively), but again, no detailed studies of the crossing

(10) Photochemical deazotation of DBH and its derivatives: (a) Roth, W. R;
Martin, M. Justus Liebigs Ann. Chert967 702 1. (b) Engel, P. SJ.
Am. Chem. Sod.969 91, 6903. (c) Bauer, S. HI. Am. Chem. S0d.969
91, 3688. (d) Buchwalter, S. L.; Closs, G. L. Am. Chem. Sod 975 97,
3857. (e) Buchwalter, S. L.; Closs, G. 1. Am. Chem. Sod.979 101,

4688. (f) Herman, M. S.; Goodman J. 1. Am. Chem. Sod988 110,
2681. (g) Adam, W.; Oppenlander, T.; Zang, I5.0rg. Chem1985 50,
3303. (h) Simpson, C. J. S. M.; Wilson, G. J.; Adam, WAm. Chem.
Soc.1991, 113 4728. (i) Adam, W.; Nau, W. M.; Sendelbach, J.; Wirtz,
J. J. Am. Chem. Socl993 115 12571. (j) Adam, W.; Nau, W. M.;
Sendelbach, J. Am. Chem. Sod994 116, 7049. (k) Adam, W.; Fragale,
G.; Klapstein, D.; Nau, W. M.; Wirtz, JJ. Am. Chem. Sod995 117,
12578. (I) Adam, W.; Denninger, U.; Finzel, R.; Kita, F.; Platsch, H.;
Walter, H.; Zang, GJ. Am. Chem. S0d.992 114, 5027. (m) Adam, W.;
Hossel, P.; Hummer, W.; Platsch, H.; Wilson, R. 81.Am. Chem. Soc.
1987 109, 7570.

(11) Engel, P. S.; Nalepa, C. Bure Appl. Chem198Q 52, 2621.

(12) Engel, P. S.; Steel, @cc. Chem. Red973 6, 275.

(13) Solomon, B. S.; Thomas, T. F.; Steel, £.Am. Chem. Socd 968 90,
2249,

(14) Clark, W. D. K.; Steel, CJ. Am. Chem. S0d.971, 93, 6347.

(15) Engel, P. S.; Horsey, D. W.; Key, D. E.; Nalepa, C. J.; Soltero, LJ.R.
Am. Chem. Sod 983 105, 7108.

(16) Edmunds, A. J. F.; Samuel, C.Jl.Chem. Soc., Perkin Trans.1889
1267

(17) Mirbach, M. J.; Kou-Chang Liu; Milbach, M. F.; Cherry, W. R.; Turro, N.
J.; Engel, P. SJ. Am. Chem. S0d.978 100, 5122.

(18) Adam, W.; Nikolaus, AJ. Am. Chem. So200Q 122, 884.

(19) Anderson, M. A.; Grissom, C. B. Am. Chem. Sod.995 117, 5041.

(20) Anderson, M. A.; Grissom, C. Bl. Am. Chem. S0d.996 118 9552.

(21) Caldwell, R. A.; Helms, A. M.; Engel, P. S.; Wu, A. Phys. Chen1996
100, 17716.

(22) Engel, P. S.; Keys, D. E.; Kitamura, A. Am. Chem. Socd985 107,
4964.

(23) Adam, J. S.; Nau, Weisman, R. B.; Engel, PIJSAm. Chem. S0d.99Q
112 9115.

(24) Roberson, M. J.; Simons, J. Phys. Chem. A997 101, 2379.

(25) Nau, W. M.; Greiner, G.; Wall, J.; Rau, H.; Olivucci, M.; Robb, M. A.
Angew. Chem., Int. EA.998 37, 98.

(26) (a) Nau, W. M.; Zhang X. YJ. Am. Chem. Sod999 121, 8022. (b)
Uppili, S.; Marti, V.; Nikolaus, A.; Jockusch, S.; Adam, W.; Engel, P. S.;
Turro, N. J.; Ramamurthy, VJ. Am Chem Soc 2000 122, 11025. (c)
Zhang, X.Y.; Nau, W. MAngew. Chem., Int. E@00Q 39, 544. (d) Mayer,
B.; Zhang, X. Y.; Nau, W. M.; Marconi, GI. Am. Chem. So@001, 123
5240. (e) Zhang, X. Y.; Gramlich, G.; Wang, X. J.; Nau, W. 3.Am.
Chem. Soc2002 124, 254. (f) Marquez, C.; Hudgins, R. R.; Nau, W. M.
J. Am. Chem. So2004 126, 5806.

(27) (a) Hudgins, R. R.; Huang, F.; Gramlich, G.; Nau, W. MAm. Chem.
So0c.2002 124, 556. (b) Nau, W. M.; Wang, X. J. Am. Chem. So2004
126, 808. (c) Huang, F.; Hudgins, R. R.; Nau, W. M. Am. Chem. Soc.
2004 126, 16665. (d) Gramlich, G.; Zhang, J. Y.; Nau, W. 1. Am. Chem.
Soc.2004 126, 5482. (e) Marquez, C.; Pischel, U.; Nau, W. ®Ig. Lett.
1999 5, 3911.

(28) (a) Nau, W. M.J. Am. Chem. Sod 998 120, 12614. (b) Nau, W. M,;
Pischel, UAngew. Chem., Int. EA.999 38, 2885. (c) Pischel, U.; Zhang,
X.; Hellrung, B.; Haselbach, E.; Muller, P.-A.; Nau, W. NI. Am. Chem.
Soc.200Q 122 2027. (d) Sinicropi, A.; Pischel, U.; Basosi, R.; Nau, W.
M.; Olivucci, M. Angew. Chem., Int. EQ00Q 39, 4582. (e) Sinicropi, A.;
Pogni, R.; Basosi, R.; Robb, M. A.; Gramlich, G.; Nau, W. M.; Olivucci,
M. Angew. Chem., Int. EQ001, 40, 4185. (f) Klapstein, D.; Pischel, U.;
Nau, W. M.J. Am. Chem. So@002 124, 11349.

(29) Yamamoto, N.; Olivucci, M.; Celani, P.; Bernardi, F.; Robb, MJAAm.
Chem. Soc1998 120, 2391.

(30) Sinicropi, A.; Page, C. S.; Adam, W.; Olivucci, M. Am. Chem. Soc.
2003 125, 10947.
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among the low-lying excited states in the photolysis of DBO

o
9
were reported. C?,NQ W:N 4 QN{N f
Clearly, despite the theoretical studies described above, many Zrb h QN%
0

important questions remain to be answered with regard to the

photolysis of DBO. For example, the unusually broad emission oD N 0 b5 o
band of DBO in the gas phase and in solution is not fully ok v ! i é
understood! and it is also not clear why DBO has such an ﬁb

extraordinarily long-lived excited singlet state and a short-lived

triplet state. In particular, the roles played by various electronic Figure 1. Active space used in our CASSCF calculations.
states in the photolysis of DBO are not well understood. Thus,

a comprehensive theoretical study with high accuracy is requiredtions of the crossing points (IC and ISC) were performed with the state-

- - averaged CASSCF method. To include dynamic correlation energies,
to fu.IIy underStanq th_e mechanism of the phf)tOIySlS . DBO single-point CASPTZ3*calculations with the same basis set and active
It is worth mentioning that the understanding of the origin

i ! ! ) ' space were carried out at the CASSCF-optimized geometries with the
of the long-lived singlet excited state of DBO is crucial for better noLpPR0O2000 packag®. The level shift technique was used in all
applications of DBO and its derivatives in many fields. Due to CASPT2 calculations to avoid intruder state probl@mSpin—orbit

the intense and extremely long-lived fluorescence from the coupling constants were calculated using the full Br&iauli SO
lowest excited singlet state of DBO, this species was used in operato#’ with the Molpro2000 package. In addition, for all stationary
recent years as a novel long-lifetime fluorescent probe of high points and crossing points located, we performed single-point CASSCF
selectivity which can serve to provide structural and kinetic and CASPT2 calculations with a larger polarized tripléasis set,
information on hostguest complexation in supramolecular 6-311G*, to check the basis set dependence of the relative energies.
chemistrﬁ“g and the dynamics of polypeptides and nucleic Figure 1 shovys the active.space used in all our CASSCF and
acids in biochemistry and biophysi€sin addition, several CASPT?2 calculations. To describe the cleavage of the twd®onds,

attempts have been made to probe the quenching mechanis one needs both pairs of€N ¢ ando* orbitals, and six orbitals from
of the DBO singlet excited state in different solveff8:380n "the \ fragment . two 1 orbitals,o, ando). The resulting ac“l’ €
_ -~ space of 12 electrons in 10 orbitals is labeled (12,10). Flzead o

the other hand, an understanding of why DBO photoeliminates grpjtals of N are included because the-W bond length varies
nitrogen reluctantly will be necessary to design other azoalkanes;significantly in the course of the deazotation. In regions of the potential
structurally analogous to DBO but with higher denitrogenation energy surface near the diazenyl diradicals, the lone pair orbital of the
yields, which can be used to synthesize more unusual organicnitrogen atom of the broken-EN bond is nearly doubly occupied in
molecules. all states under study. Since the inclusion of orbitals with occupancies

In this paper we investigate the detailed potential energy near 2 or 0 in the active space dramatically deteriorates the convergence
surfaces of the lowest excited singlet state) @d low-lying of the CASSCEF calculations, we deleted the N lone pair from the active
triplet states (T, T», and T) that are possibly involved in the space described above to form a (10,9) active space for these cases.

. The reduction of the active space will lead to small errors when
photolysis of DBO by the CASPT2/CASSCF method. The CASSCF energies are compared for species in different regions of the

energies and structures of various stationary and crossing pointssgs, put after the MP2 corrections are added, the energies obtained
will provide the basis for a comprehensive picture of the \ith the two active spaces can again be compared directly.
photolysis mechanism of DBO. Specifically, our objectives are |t is important to estimate the accuracy of the method and the basis
(a) to elucidate the origin of the extremely long-lived fluores- sets we use in this work. With the CASPT2/CASSCF method, the
cence from the lowest excited singlet state of DBO, and the calculated singlet €0 energy gap of DBO is 72.3 kcal/mol at the
rapid radiationless decay of the triplet state of DBO, and (b) to 6-31G* level and 70.7 kcal/mol at the 6-311G* level (the ZPE
determine all possible reaction paths for denitrogenation on the corrections calculated at the CASSCF/6-31G* level are added). These

lowest excited singlet and triplet surfaces. values agree reasonably well with the corresponding experimental value
of 76.4 kcal/mot in the gas phase. Our present calculations and results
2. Computational Details from other researchers for similar systéh?$ demonstrate that the

CASPT2/CASSCF method with the 6-31G* basis set should give a
The CASSCF geometry optimizations for ground-state and excited- yejiable description of the PES of DBO and its excited states.
state intermediates, transition states, singlet/singlet and triplet/triplet
conical intersections, and singlet/triplet crossing points were carried 3. Results and Discussion

out using the MCSCF program contained in the Gaussian98 pa@kage In thi . i he PESs of the | i
with a 6-31G* basis. Conical intersections are considered as the main _ " this section, we will present the s of the low-lying

locus of IC, while singlet/triplet crossings are the main locus of ISC. Singlet and triplet statesoSS;, Ta, T2, and T; of DBO in four
Frequency calculations were performed for all stationary points on the Subsections. The first one includes the PESsfS§ Ty, and
potential energy surfaces to obtain zero-point energies (ZPEs) and to T2 near the ground-state equilibrium geometry. Then, the decay
verify whether they are minima or transition states. Geometry optimiza- pathways from the excited singlet and triplet states are discussed.
In subsections 3.2 and 3.3, we will describe the PESs of the
(31) Nau, W. M.; Greiner, G.; Wall, J.; Rau, H.; Wall, J.; Olivucci, M.; Scaiano, Iow-Iying excited states in the region where the firsti& bond

J. C.J. Phys. Chem. A999 103 1579. . . L . . . .
(32) Frisch, M. J.; et alGaussian98revision A.9; Gaussian, Inc.: Pittsburgh, IS broken, and in the vicinity of the resulting diazenyl diradicals.

PA, 1998. ; i ; ; ;
(33) Werner. H. IMol. Phys 1996 89, 645. Flnally, a comparison of our theoretlcallresults Wlth the available
(34) Celani, P.; Werner, H. J. Chem. Phys200Q 112, 5546. experimental results will be made in subsection 3.4. The

(35) Werner, H. J.; Knowles, P. MIOLPRO(a package of ab initio programs), imi i i i i i
version 2000.1. University of Birmingham:  Bitmingham. UK . 1699, optimized geometries of all stationary points and crossing points

(36) Roos, B. O.; Andersson, KChem. Phys. Lettl995 245, 215. o (ISC or IC) are shown in Figure 2, and their relative energies
@7) 52{”',2395’*2538“9";6'@;3'\"-? Werner, H. J.; Knowles, P. J.; Paimieri, P. ara collected in Table 1. As seen from Table 1, the relative
(38) Marquez, C.; Nau, W. MAngew. Chem., Int. EQ001, 40, 4387. energies obtained from single-point CASPT2 calculations at the

13192 J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005
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IC-T5/T, M2-Sy(exo) M3-Sy(endo) M4-Sy(endo)

Figure 2. CASSCF-optimized geometries of the minima, transition states, and crossing points for intersystem crossing (ISC) and internal conversion (IC).

6-31G* level are very close to those at the 6-311G* level, with indicated that this point is a transition state (TS}-# which
the largest deviation being less than 3.0 kcal/mol. Thus, the the imaginary vibrational mode corresponds to the twisting of
calculated relative energies exhibit only a small basis set the C-N=N—C bridge. By following the transition vector of
dependence. Unless stated otherwise, the relative energies fronTS1-S, we found a minimum (M-§ of C, symmetry, about
CASPT2/6-31G* calculations will be used in subsequent 2.3 kcal/mol below TS1-Swith a C-N=N—C dihedral angle
discussions. Some calculated results that can be directlyof 29.£. So theC,, symmetrical transition state TS4-Bnks
compared with experimental values are listed in Table 2. the minimum M-S and its enantiomer, as shown in Scheme 2.
3.1. Excited-State PESs near the Ground-State Equilib-  On twisting the G-N=N—C bridge, the n and orbitals of the
rium Geometry. 3.1.1. Stationary Points. As shown in Figure N—N moiety slightly mix in the $state. Interestingly, for DBH,
2, the ground-state minimum, M1zSof DBO is of Cy, which is slightly more rigid than DBO, a-€N=N—C twisted
symmetry, with the N-N bond and G-N bond lengths being  minimum was found to exist only on the $tate but not on the
1.263 and 1.527 A, respectively. After including dynamic S state?®
correlation by single-point CASPT2 calculations, the vertical ~ The twisting distortion of the S(n—=*) state from its
excitation energies foreS T1, $—S;, and $—T, are calculated “native” C,, symmetry, where it is 4B, state, occurs along a
to be 59.0, 76.7, and 114.6 kcal/mol, respectively, as shown in coordinate of asymmetry. According to the rules that govern
Table 1. Thus, on direct photolysis at 366 nm (78.1 kcal/mol) vibronic interaction$?40 this twisting may be induced by

and trlplet-sensmzed phOtOlySIS at313nm (91'3 kcal/mOI)’ Only (39) Bersuker, I. BThe Jahn-Teller Effect and Vibronic Interactions in Modern

the T and S states are accessible. In the Fran€london region Chemistry Plenum Press: New York, 1984; p 61.

g i i (40) (a) Ktppel, H.; Domcke, W.; Cederbaum, L. S.; Shaik, SABgew. Chem.,
of the § (n—x*) surface, we located a stationary point®©f, Int. Ed. Engl.1983 22, 210. (b) Kgppel, H.; Domcke, W.; Cederbaum, L.
symmetry withr(N—N)= 1.286 A. Our vibrational analysis S.Adv. Chem. Phys1984 57, 59.
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Table 1.

Calculated CASSCF and CASPT2 Energies of Stationary

Points and Crossing Points on the Low-Lying Surfaces of DBO

relative energy? (kcal/mol)

CASSCF CASPT2 CASPT2°
geometry state (6-31G*) (6-31G¥) (6-311G*)

M1-S S 0.0 0.0 0.0

T1 (n—7%) 785 59.0 57.9

Ty (T—7*) 1245 114.6 113.7

S (n—x*) 96.1 76.7 75.2
TS1-S S1 (n—a*) 949  76.1(74.0) 74.8(72.7)
M-S, S (n—a%) 93.9 73.8(72.3) 72.2(70.7)
M-T; T (—n*—a—n*) 66.2 51.3(50.0) 50.5(49.2)
TS1-Ty T1 (n—x*) 75.5 56.2 (54.7) 55.2(53.7)
TS-T, Ty (T—7%) 86.5 80.3(78.0) 80.8(78.5)
ISC-TJ/S, Ty (T—7*) 100.7 91.7 914

S1 (n—a*) 100.7 81.1 80.2
IC-To/T1 T2 (m—7%) 92.2 83.0 83.2

Ty (n—7%) 922 725 72.0
TS2-§ S; (n—x*) 99.0 86.0(83.2) 84.6(81.8)
TS2-Ty Ti(n—a*—a—n*) 727 62.2(59.0) 60.8(57.6)
X-TATUSIS So 76.6  76.6 75.1

S (n—a%) 772 774 76.1

Ti(n—*) 771 776 76.1

T2 (n—0¥) 772 716 76.1
IC-Ty/T1 T1(n—m*) 96.9 81.5 79.9

T2 (N—0%) 96.9 90.7 88.9
ISC-To/S1 S (n—7*) 107.7 915 89.7

T2 (n—0%) 107.7 99.6 97.5
M2-So(exof So 41.0 49.1 46.4
M3-Sy(endo} S 40.0 484 45.6
M4-Sp(endo} S 411 49.2 46.4

aThe structures are optimized at the CASSCF(4,4) |ev&he ZPE-
corrected energies are included in parentheés€ee ZPE corrections
calculated at the CASSCF/6-31G* level are added.

Table 2. A Comparison of Calculated and Experimental Excitation
Energies and Activation Energies of DBO

present other theoretical
param? study® expl values
Es 73.8(72.3) 76.24 73.7
Er 51.3 (50.0) 51.9 0.6¢ 53¢
EL 12.2 (10.9) 8.6 114
EsS 10.9 (9.0) 9.6

aEs andEr stand for the energies of the 8nd T; states, respectively;
E.L andE® are the activation energies on thegdd T; states, respectively.
b ZPE-corrected energies at the 6-31G* level are included in parentheses.
¢ Reference 38¢ Reference 21¢ Reference 15\ Reference 25¢ Reference
24,

vibronic coupling to a state of Bsymmetry, in close analogy
to the recently described case of the bicyclo[2.2.2]oct-2-ene
radical catiort! This twisting appears to be an inherent property
of the n—z* excited azo chromophore, as it has been shown to
occur also incis-diimide (H—H=N—H) and cis-azomethane
(Me—N=N—Me)*2 The n—n* excited states otis-azo moi-
eties have the proper symmets§) to induce an adistortion

of theirB; n—a* excited states, and the observed slight mixing
of the n andr MOs at the twisted minimum structure M-8f
DBO indicates that ther—z* excited state may indeed be
responsible for the twisting of DBO in its; & —x* state. Our
calculations show that the—s* state lies quite high in energy
and is not even the lowest one of its symmetry. However, if
the integral that describes the coupling between the*hand

(41) Nelsen, S. F.; Reinhardt, L. A; Tran, H. Q.; Clark, T.; Chen, G. F.; Pappas,
R. S.; Williams, F.Chem—Eur. J.2002 8, 1074.

(42) (a) Kim, K.; Shavitt, I.; Del Bene, J. B. Chem. Physl992 96, 7573. (b)
Hu, C.-H.; Schaefer, H. F., 110. Phys. Chem1995 99, 7507. (c) Liu,
R.-F.; Cui, Q.; Dunn, K. M.; Morokuma, KJ. Chem. Phys1996 105,
2333.
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Scheme 2
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m—m* excited states (the so-called derivative coupling integral)
is large, then it may outweigh a largeE denominator in the
expression describing the extent of vibronic interacioif.

If the azo group forms part of a bicyclic framework, as in
DBO and DBH, that part of the molecule may undergo an
increase in strain that opposes the twisting. Obviously this
increase in strain is not large enough to prevent the twisting in
the n—a* excited DBO, but the more rigid DBH frame is
apparently capable of achieving this effect.

The twisting of the &-N=N—C bridge can explain well the
broad envelope of the DBO emission band. The vertical
emission energy from M-So the ground state3s 62.7 kcal/
mol at the CASPT2/6-31G* level. This value agrees very well
with the 444 nm (64.4 kcal/md® maximum in the gas-phase
DBO emission spectrum. The absence of vibrational structure
in this band can be explained by the higher density of the
vibrational level in the region of the twisted«IN=N—C bridge
on the 3 surface. The energy difference between the ground
state at its equilibrium geometry and that at the geometry of
M-S; was calculated to be 11.1 kcal/mol, which accounts quite
well for the half-width (about 10 kcal/mol) of the emission band.

Now let us turn to the triplet states, where already the second
excited state, 7 is of m—x* nature. We located two stationary
points ofCy, symmetry, TS1-Tand TS-. The main difference
between these two geometries is that theNNbond length is
much longer in TS-T(1.575 A) than in TS1-T(1.275 A). The
imaginary vibrational modes at both saddle points correspond
again to a twisting of the €N=N—C bridge which is, however,
much more pronounced than that in the sgate in that the
dihedral angle at the resulting minimum M-iE 45.7 and the
stabilization amounts to 4.9 kcal/mol, relative to TS{4TIt
should be pointed out that the energy ordering of these two
triplet states is reversed when the geometry of the molecule
changes from TS14Tto TS-Ty; i.e., the & (7—x*) state lies
55.1 kcal/mol above the+r* state TS1-T, whereas it lies 12.9
kcal/mol below the Ax* state at TS-3, all at the CASPT2
level.

The mixing between n and MOs is much more pronounced
in M-T, than in M-S; i.e., the resulting state cannot be classified
as n—x* or 7—a*.*3 This, and the much larger distortion in T

(43) The same minimum, M4T is attained from TS1-Tand from TS-T.
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Scheme 3
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compared to § supports the hypothesis that it is indeed the
coupling of n—z* with the 7—x* excited state that induces the
twisting of the C-N=N—C bridge. If we assume that the
derivative coupling integral is the same in both spin states, then
the extent of vibronic mixing is inversely proportional to the
n—a*/7—m* energy difference, which is obviously much
smaller in the triplet than in the singlet manifold, because the
singlet-triplet splitting is much larger inc—sx* than in n—x*
states.Given the energies of M-&d M-T;, one can conclude
that the calculated-80 energies for the S S; and the $—T;
transitions are 73.8 and 51.3 kcal/mol, respectively, at the
CASPT?2 level. These values are in excellent agreement with
the experimental 90 transition energies of 76.4 kcal/miband
51.94 0.6 kcal/mol?! respectively. The highly twisted triplet
minimum, M-Ty, is predicted to lie only 22.7 kcal/mol above
S,. Caldwell et aP! have suggested that the closeness of the S
and T; states induced by twisting the-N=N—C bridge in
DBO may be responsible for the fast radiationless*TS, decay

in DBO. Clearly, this argument finds support from the present
results.

coupling with ther—s* states, the ra* excited-state surfaces
S; and T; exhibit the characteristics of transition states in the
Franck-Condon region. After vertical excitation to, ®BO
will relax to the twisted minimum M-§ while on triplet-
sensitized excitation to .TDBO will relax to the even more
twisted minimum M-T,.

3.1.2. Crossing PointsNow we will explore the IC and ISC
processes near the 8quilibrium geometry as possible decay
mechanisms for the low-lying excited states.

First, our state-averaged CASSCF(12,10) optimization re-
sulted in a B (7—x*)/S1 (n—x*) crossing point, ISC-¥S,, 6.8
kcal/mol above the Sminimum, M-S. The geometry of ISC-
To/Sy is of Cy, symmetry with an N-N distance of 1.370 A,
slightly longer than that of M-5(1.281 A). Thus, by stretching
the N—N bond, and by straightening the-®=N—C bridge,
the molecule can reach this crossing point from M{&wever,
the spir-orbit coupling (SOC) value at ISC,/IS, is calculated
to be only 6.4 cm?, so spin flip between the;$n—x*) and T
(mr—m*) states may be possible but is not expected to be very
efficient. After direct irradiation in the gas phase, especially at

low pressure where excessive vibrational energy cannot be
readily dissipated, DBO may actually access the ISGST
structure and undergo intersystem crossing, in contrast to that
in solution, where the excess energy is not available long enough
to sustain that process. This may explain the observed high
guantum yield for deazotation via the triplet state in the gas
phaséi* whereas DBO is a very “reluctant” source of M
solution?®

On the other hand, intersystem crossing between th{@-S
7*) and T; (n—x*) states, which are separated by at least 16
kcal/mol at all geometries that we examined (cf. Figure 3), is
forbidden by El-Sayed's rule;hence, direct ISC between these
two states should be very inefficient, if not impossible, in DBO.
Thus, S/T, ISC, followed by rapid ¥ T; internal conversion,
appears to be the only viable mechanism for formation of triplet
DBO after $—S; excitation.

Second, we found a conical intersection between ther+
o) and Ty (n—xr*) states, labeled IC-JT,, 5.7 kcal/mol above
TS-T,. This point is also ofC,, symmetry, but the NN bond
length is 1.449 A, compared to 1.370 A in ISG/S,.

It should be noticed that the degeneracy of theafd S
states at ISC-FS; (and that of the Tand T; states at IC-¥
T,) obtained at the CASSCF level is lifted after the MP2
corrections are added to the CASSCF energies of two crossing
states. Thus, it is to be expected that dynamic correlation has a
strong effect on the geometries of these two crossing points. In
principle, one should optimize the structures of these two
crossing points by the CASPT2 method, but unfortunately this
kind of optimization is not feasible yet for systems as large as
DBO. Instead, we employed an approximate approach. We
noticed that the relative energies of the(fi—x*), T, (m—7x*),
and § (n—x*) states are mainly affected by the-W bond
length, as shown by the CASSCF-optimized geometries of these
species. Thus, we carried out a series of constrained CASSCF
optimizations by fixing the N-N bond length at different values,
and performed single-point CASPT2 calculations at the resulting
geometries to correct the energetics. The results are shown in
Figure 3. The structures of ISC/5; and IC-T,/T; obtained
from full CASSCF optimizations are well reproduced by the

From the above results, one can see that, due to VibroniCconstralned optimizations, which confirm that the-N bond

distance is a good indicator of the relative energies of these
excited states in this crossing region. After the MP2 correlation
energies are added, the/3$; intersystem crossing is predicted
to occur atr(N—N) = 1.42 A and the conical intersection{T

T4) is predicted to be located sBfN—N) = 1.50 A. Correspond-
ingly, the energies of ISCIS; and IC-T,/T; at the CASPT2
level are about 86 and 80 kcal/mol, respectively, above the
ground-state minimum. So at the CASPT2 level the energy
required to climb from the Sminimum, M-S, to the S/T,
crossing point, ISC-FS,, is about 12.2 kcal/mol.

It should be pointed out that two vibrational modes are
important in the excited-state evolution of DBO. These two
modes are the &N stretching and the €N=N—C twisting.

The former leads to the crossing between the pura*hand
m—m* states, and the latter causes these two states to mix. In
contrast, in DBH the R=N—C antisymmetric bending (instead

of the N—N stretching in DBO) was found to be responsible
for the crossing between the-or* and 7—x* states, while the

44) See, e.g.: Turro, N. Modern Molecular PhotochemistryBenjamin
Cummings: Menlo Park, CA, 1978; pp 16369.
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C—N=N—C distortion has a similar effeé?.In summary, our

cleavage from the twisted triplet minimum, MyTis predicted
to be 9.0 kcal/mol, including ZPE corrections. This result is in
excellent agreement with the experimental value of 9.0 kcal/
mol.1

3.2.2. Two-Fold Crossing PointsNear the transition state
for C—N ring-opening, we also found a crossing point, ISC-
T4/S;, between the 7 (n—o0*) and the S (n—x*) states, and a
conical intersection, ICJT;, between § (n—o*) and T, (n—
r*). Both points are ofCs symmetry (the &N=N—C bridge
is not twisted) and have long-€N bond lengths, 1.940, and
1.991 A, respectively. Jhas n-o* character because an electron
in the N lone pair orbital must be promoted to the-I
antibonding orbital to break the-N bond. Due to the high
energy of the &N ¢* orbital, near the ground-state minimum
of DBO the3(n—o*) state lies much higher in energy than the
S(r—m*) state, but when the €N bond is elongated, it
eventually falls below thé(z—x*) state. Thus, it is the F(n—
o*) state rather than the;[x—x*) state that is involved in the
C—N cleavage process and becomes one of the four states at
the 4-fold crossing point, as discussed below.

results on the excited-state PESs near the ground-state equilib- 3.2.3. Four-Fold Crossing Point.On further stretching of

rium geometry are presented schematically in Scheme 4.
3.2. Excited-State PESs in the €N Breaking Region.
3.2.1. Stationary Points.On the § surface, we have located a
transition state, labeled TS2;Swhich corresponds to an

asynchronous €N ring-opening process. It links M1$n one

the C—N bond, we found an approximate 4-fold crossing point

of Ty, T3, S, and S, denoted as X-FT1/S)/Sp. At first, we
located two conical intersectionsfT1 and S/S, respectively)

at the CASSCF(10,9) levét,and then we found that these two
points are nearly degenerate and correspond to almost the same

side to a 4-fold crossing point (see the discussion below) on geometry, thus indicating the existence of a 4-fold crossing

the other side. In TS2:Sthe C-N bond distance is 1.905 A,
indicating that this bond is being broken. At the CASPT2 level,
the calculated activation energy for the-8 cleavage is 10.9
kcal/mol, including ZPE corrections. This result agrees well with
the experimental value of 8.6 kcal/mdin benzene and with
the previous theoretical value of 11.2 kcal/rfol.he >N kinetic
isotope effect showed that the-@! cleavage transition state
on the § surface is later in DBO than in DBM. This is in
accord with the calculated-€N bond lengths, 1.905 A in TS2-
S; and 1.79 A in the corresponding transition state of DBH.
We also found a corresponding-G@! ring-opening transition
state, TS2-7T, on the T surface, with a &N bond distance
(1.852 A) that is slightly shorter than that in TS2-8ut close
to that in the T C—N ring-opening transition state of DBH
(1.85 A)2 At the CASPT2 level, the activation energy forGl

13196 J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005

point. As shown in Figure 2, the structure of %/T:/Si/Sy is
characterized by a nearly lineaMW—C moiety and a twisted
boat conformation of the six-membered ring. We notice that
this structure is very similar to the structure of the 4-fold
crossing point that was obtained previously for DBH (except
that there the six-membered ring is replaced by a five-membered
ring). The electron configurations of the four states that are
degenerate at the 4-fold crossing point are shown schematically
in Figure 4.

A common feature of these four states is that an unpaired
electron from the &N homolytic cleavage occupies an sp
hybrid orbital located on a carbon atom while the other unpaired

(45) The (10,9) active space is obtained from the (12,10) active space described
in the text by removing the doubly occupied lone pair orbital of the N
atom of the broken €N bond.
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Energy(keal/mol)

0 is the C-N=N angle
o is the C-C-N=N dihedral angle

S, T, Figure 5. Potential energy surfaces of the four states near the 4-fold

. N ) ! crossing point calculated by the CASSCF(10,9) method.
Figure 4. A schematic picture of the four states’ electron configurations

at the 4-fold crossing point.

Scheme 5

electron enters one of the twd orbitals of the N-N fragment. T
The difference betweengSand S is that in $ this singly \ 92
occupied N-N z* orbital is coplanar with the carbon radical Energy(keal/mol) BeTs
orbital whereas it is perpendicular in.SThe two unpaired %IC-NTI
electrons are antiferromagnetically coupled ina®d S, but %0/ 8
ferromagnetically coupled in the;Tand T; states. Since the . 2\\\ 76
two radical centers are well separated and the Avarbitals Q/ T A= -old crosing pin
of the N—N moiety are nearly degenerate, the four statgs S A @ e
S, Ti, and T have nearly identical energies at the 4-fold W RA L N\
crossing point. 7 It

In Figure 5, we show the potential energy surfaces in two- 5 \ i &gi%
dimensional space (one is the CNN bending; another is the CC i E second CNleavage /2 /
NN torsion) around the 4-fold crossing point. The ahd S — S

states on the upper sheet, as well as tharnd $ states on the
lower sheet, are nearly degenerate in the vicinity of the 4-fold
crossing point. The SOC value between singlet and triplet space (4,435 At the CASPT2 level, the energies of these three
surfaces with different electronic configurations is calculated species are all about 49 kcal/mol above the ground-state
to be 20.5 cm? for Sy and T; and 23.5 cm? for S; and T, but minimum. M1-S,
the .SOC.vaIues between surfaces of the same electronic These three species can be interconverted by rotating the
configurations are found to be much smaller (4.2 érfor S N—N moiety around the €N bond. As pointed out for

1 . :
and T and 11.8 cn™for 5, and Ty). Thus, the results obtained structurally similar diazenyl biradicals in DBH, the BES in

here for DBO are analogous to the situation n DBH. The the diazenyl biradical region is very flat; i.e., the above rotation
cglculated S.OC values |mp!y th_at ISC conversion bgtween is almost unhindered. The same should apply also for DBO.
sllngle.t apd triplet surfaces with different electr.onlc conf!gura- Our calculations also showed that the barriers for nitrogen
t|on§ 'S 'Ilkely to'occu.r. Op .the other hand, since IC via the extrusion from these (Sdiazenyl biradicals are all less than 3
conical intersections is eff|C|ent,_ the molgcule can "?"50 decay kcal/mol at the CASPT2 level. These results are consistent with
Lc.) the $Istl:rfa:jqe alllor_lrg thels??t'ot?l coord_ltnzte,t I?a?a'ré%tg_sth the previous theoretical results on thermal deazotation of BBO.
C'iifr;y no;rgr 'Caki‘;‘ rocior:‘c ur e,r N i);C:jein-zahem 55 n eThus, once the molecule enters the diazenyl biradical region
0 eaxing region are presente cheme . on the g surface, the nitrogen extrusion should follow readily.As

3.3. Excited-State PESs in the Diazenyl Biradical Region.  gjscussed previously for DBH, the correspondingPES in
As discussed above, after the 4-fold crossing point thet@é  the diazenyl biradical region for DBO is also found to be
will relax to the § surface or the Tsurface to form singlet or

triplet diazenyl biradicals. On thepSurface, we have located  (46) The (4,4) active space consists of two radical orbitals (centered at the C

three conformational minima for the diazenyl biradical (M2- and N atoms of the broken-& bond) and ando™ orbitals of the intact

So, M3-S), M4-S) by CASSCEF calculations in a reduced active  (47) Khong, K. S.; Houk, K. NJ. Am. Chem. So@003 125, 14867.

increasing
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Figure 6. CASSCF and CASPT2 energy profiles of three singlet diazenyl

biradicals along the reaction coordinate of denitrogenation.

the second €N bond is spontaneously broken, producing N
and a triplet 1,4-cyclohexadiyl diradical of twisted boat con-
formation directly. In summary, one can see that the cleavage
of the first C—N bond is the rate-limiting step in the photolysis
of DBO, which agrees with the previous experimental reslts.

Once the singlet and triplet 1,4-cyclohexadiyl diradicals are
formed, they will generate final products HD and BCH. The
mechanisms of these transformations have been discussed in
detail by Roberson and Simoffsand thus will be omitted here.

3.4. Comparison of Calculated Results with Experimental
Data. Now we will try to elucidate the nature of the metastable
excited-state species detected during direct irradiation and triplet-
sensitized irradiation of DBO in the gas phase. Clearly, the
excited singlet species with a lifetime of 434 ns should be
assigned to the twisted singlet minimum, M-3rom this
minimum, the DBO molecule may evolve along three different
pathways. The first way is to cross to the Jurface via the
ISC-T,/S; point and subsequently decay to theshrface via
IC-To/T1 by expanding the NN bond length. In this step the
system is required to surmount a barrier of 12.2 kcal/mol. The
second way is to pass over the-@ ring-opening transition
state TS2-$to arrive at the 4-fold crossing point. The calculated
ZPE-corrected barrier for this-€N cleavage is 10.9 kcal/mol,
in good agreement with the experimental value of 8.6 kcalhol.
The third way is radiative deactivation. Since both chemical
deactivation pathways have relatively high barriers, the observed
high quantum yield for fluorescence (0.36 0.10 in the gas
phase) and the very long lifetime of the DBO singlet state can
be satisfactorily explained.

The calculated & S; 0—0 transition energy is 73.8 kal/mol,
which is very close to the experimental value of 76.4 kcal/ffol.
The calculated vertical 1SSy emission energy is 62.7 kcal/
mol, in excellent accord with the experimental 444 nm (64.4
kcal/mol}8 maximum in the DBO emission spectrum. The broad
envelope of the DBO emission band can be ascribed to the
twisted structure of M-Sbecause at this geometry thessirface
is characterized by high vibrational levels with small energy
intervals.

On the basis of our calculations and experimental results, the
metastable triplet species produced by triplet sensitization can
be assigned to the highly twisted minimum M-Trhere are
several pieces of evidence to support this assignment. After ZPE
correction, the T state lies 50.0 kcal/mol above the ground-
state minimum, which compares well with the experimental
value of 51.94+ 0.6 kcal/mol?* Experimentally, triplet DBO
decays to & or undergoes deazotation, but it does not

extremely flat; thus, it will be omitted here. Similarly, the loss phosphoresce. According to our calculations, the minimurmM-T
of N, from the T; diazenyl biradicals is expected to occur in a may (1) cross the ICIT; and subsequently the ISCG/$,; point
nearly barrierless fashion for DBO. On the other hand, it should to the S surface, (2) proceed through the ring-opening transition
be noted that theg®ind T; surfaces are nearly degenerate along state TS2-T to directly lose nitrogen, and (3) undergo radia-
the reaction coordinate linking the 4-fold crossing point to the tionless decay to return to the ground state. Our calculations

diazenyl biradical minima. Since ISC between thga8d T,
diazenyl biradicals (say M2¢%nd its T, state) is predicted to

be relatively efficient, both singlet and triplet 1,4-cyclohexadiyl

diradicals can be produced by direct photolysis.
As described above, on thg Surface DBO may also go via

TS2-T; to enter the diazenyl biradical region directly, i.e.,

tell us that the energy required to reach the conical intersection
IC-To/T; is prohibitive (28.7 kcal/mol) whereas the ZPE-
corrected activation barrier for breaking the-& bond is 9.0
kcal/mol, which is identical to the experimental value measured
in benzené? As the energy required for the IC and subsequent
ISC is much higher than the barrier for nitrogen loss, the

without passing through the 4-fold crossing point. In this case, observation that the yield of deazotation products increases

our CASSCEF calculations along the transition vector (theNC
stretching) showed that after the cleavage of the firsNdond
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significantly when one uses higher energy sensitizers in the gas
phasé* can be easily understood. On the other hand, since the
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vertical emission energy from the twisted minimum M-D draw the following conclusions: (1) The broad envelope of the
the ground state is calculated to be only 22.7 kcal/mol, and the DBO emission spectrum observed experimentally is caused by
rate for ISC is expected to increase with the square of this energyrelaxation along the €N=N—C twisting mode on the S
gap?® radiationless decay back to the ground state is highly excited-state surface. (2) The fast radiationless decay of triplet
probable. DBO to the ground state originates from a narrowing of the
Clearly, the narrowing of thefl'; gap in DBO is caused  Sy/T; gap, which results from the relaxation of the State to
mainly by the high twisting of the €N=N—C bridge in M-T;. a highly twisted structure. (3) From the State, ISC to the T
Thus, fast radiationless decay may be responsible for the verystate is inefficient due to the presence of a barrier of about 12
short lifetime of the triplet DBO (25 ng). In addition, the lack kcal/mol and a small spinorbit coupling constant. This fact,
of phosphorescence in the triplet DBO may be due to the large along with a relatively large activation barrier for-Gl cleavage
structural difference between M Bind the ground-state mini-  on the S surface, may account for the very long lifetime of the
mum, which may lead to very small Frane€ondon factors. first singlet excited state and its high fluorescence quantum yield.
Regarding the possibility of intersystem crossing between (4) Under direct irradiation, the photochemical reaction of singlet
different electronic excited states in DBO, the long fluorescence excited DBO goes via the -€N ring-opening transition state
lifetime of DBO*2 indicates that ISC from the;Sstate is  and subsequently a 4-fold crossing point to produce diazenyl
insignificant, whereas it may be quite efficient once the molecule biradical intermediates, which lose b form 1,4-cyclohexadiyl
enters the diazenyl biradical region. These observations can alsaliradicals with almost no barriers. Due to efficient ISC, both
be accounted for by the present calculations. As described abovesinglet and triplet 1,4-cyclohexadiy! diradicals can be produced.
DBO § can reach the triplet-state surface via two different (5) Under triplet-sensitized irradiation, the resulting triplet DBO
pathways. The first one leads through the 4-fold crossing point decays via the €N ring-opening transition state on the T
X-Ta/T/SIS to decay to T. However, to reach the 4-fold  surface to produce Nand 1,4-cyclohexadiyl diradicals directly.
crossing point, DBO Smust transcend TS2rSwhich involves In summary, this work presents a comprehensive and detailed
a barrier of 10.9 kcal/mol. The second pathway is to undergo picture of the photolysis mechanism of DBO, in excellent
ISC via ISC-T/S; and IC via IC-T/T; to generate the twisted  agreement with many experimental observations that have been
minimum M-T;, which requires 12.2 kcal/mol of activation reported on this species.
energy. In addition, since the calculated SOC value is only 6.4
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