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Several reaction pathways for the photochemical transformations of methyl-substituted pyrazine in its first
excited staté(sr — 7*) have been determined using the CASSCF (six-orbital/six-electron active space) and
MP2-CAS methods with the 6-311G(d) basis set. Our model investigations suggest that conical intersections
play a crucial role in the photoisomerization of pyrazines. Moreover, the present theoretical findings indicate
that all of the photoisomerizations of pyrazines adopt the same reaction path as follows: pytdaiaeck—

Condon region— conical intersection—~ pyrimidine. That is, although an excited-state pyrazine molecule

can initiate a phototransposition process easily, this process can be completed on the ground-state potential
energy surface after passage through a conical intersection where a fast, radiationless decay is possible. The
existence of these nonadiabatic reaction pathways is consistent with the available experimental observations
of the photochemistry and photophysics of pyrazine and its methyl derivatives. In the present work, we propose
a simplep-7r orbital topology model, which can be used as a diagnostic tool to predict the location of the
conical intersections, as well as the geometries of the phototransposition products of various heterocycles.

I. Introduction SCHEME 1

The organic photochemistry of heterocyclic organic systems NS 2537A XN
has been a topic of considerable interest over the past four [ ; BV | )
decades, from both a synthetic as well as a mechanistic N N
perspectivé.An important characteristic of the photoreactions 1 2

of many heterocyclic aromatic systems is that products are
formed by the permutation of ring atoms. Most products are N o537A XN N X
related via isomerization reactions that result in an interchange [ j/ T @\ + | ) + O/ (1)
of two neighboring atoms. For instance, about forty years ago NZ N N N
it was reported that irradiation of pyrazing) @t 2537 A can 3 Pro-3-a  Pro-3-b Pro-3-c
produce pyrimidineZ), as a result of the interchange of adjacent
ring atoms?3 See Scheme 1. It was observed that irradiation of N o537A NN XN
2-methylpyrazine J) in the vapor phase leads to a mixture of JI )/ T Jl\/)/ + || ) @
2-, 4-, and 5-methylpyrimidines (i.e., eq 1). Similar photochemi- 2 Proiq4- d Prol\f s-e
cal valence isomerization can also be found in the dimeth-
ylpyrazine @, 5) system (i.e., eqs 2 and 3). N N
It is these fascinating experimental results that inspired this N 2537A N7\ ﬁ/
study. The calculations of reaction pathways for such diazine \[NJ/ hv Q/ + \E%N ®)
photoreactions and the location and identification of the 5 Pro-5-f Pro-5-g
structures of the crucial points are therefore of great academic
interest. In fact, an understanding of the detailed mechanism of
such transformations is essential to the rationalization of the
mechanisms of intramolecular photochemical valence isomer-

izations that are useful in synthetic chemistry. Theoretical

methods are the only techniques for determining the properties ) . :
of the various excited-state potential energy surfaces. However and MP2-CAS calculations. 2-Methylpyrazir®),(2,5-dimeth-

to the best of our knowledge, until now no theoretical work Yipyrazine ¢), and 2,6-dimethylpyraziné&) were used as model
has been devoted to the study of the photochemistry of suchSyStems, respectively. It will be shown below that the conical
azabenzenes. We have thus undertaken the investigation of thétersection (CF plays a crucial role in the photoisomerization
potential energy surfaces of aromatic diazine systems. It is Of these aromatic diazine systems.

surprising how little is known about the mechanisms of

photoisomerizations of pyrazines, considering the importance II. Methology

of azabenzenes in synthetic chemistry and the extensive research

The objective of the present work is an understanding of the
photochemical mechanism of the transformation of pyrazines
to pyrimidines. As illustrated in Scheme 1, the reaction mech-
anisms of three different reactions were investigated by CASSCF

activity on the corresponding benzene speties. All geometries were fully optimized without imposing any
symmetry constraints, although in some instances the resulting
* E-mail: midesu@mail.ncyu.edu.tw. structures showed various elements of symmetry. The CASSCF
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calculations were performed using the MCSCF program released

in GAUSSIAN 03¢
The six electrons in the spesr orbital CASSCF method were
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SCHEME 3
m m

used with the 6-311G(d) basis sets for geometry optimization Scheme 3 shows the qualitative potential energy curves for the
(vide infra). The state-averaged CASSCF(6,6) method was usedSo and § states of pyrazine as a function of rotation about the
to determine geometry on the intersection space. The optimiza-N;=C, double bond (i.e., the rotation ang#.'! By twisting

tion of Cls was achieved in the (- 2)-dimensional intersection
space using the method of Bearpark et mhplemented in the

the N=C, o bond in pyrazine, bothrs and* are raised in
energy because of increased antibonding interactions. At last,

Gaussian 03 program. Every stationary point was characterizedthesesr orbitals are degenerate in energy at a perpendicular

by its harmonic frequencies computed analytically at the
CASSCEF level. Localization of the minima and conical intersec-

geometry (90 of twisting). Accordingly, this excitation removes
the barrier to rotation about the formerC double bond and

tion minima have been performed in Cartesian coordinates; rotation toward a 90orientation of thep-z orbitals lowers the
therefore, the results are independent of any specific choice ofenergy of the excited state. Besides this, the formation of a

internal variables.

To correct the energetics for dynamic electron correlation,
we have used the multireference Mgtd?lesset (MP2-CAS)
algorithn® as implemented in the program package GAUSSIAN

03. Unless otherwise noted, the relative energies given in the
text are those determined at the MP2-CAS-(6,6)/6-311G(d) level
using the CAS(6,6)/6-311G(d) (hereafter designed MP2-CAS

and CASSCF, respectively) geometry.

Ill. General Considerations

In this section, we will analyze the electronic structures of
pyrazine, which form the basis for this study. It was reported
experimentally that the excited state involved in the photo-
isomerization of pyrazine and its methyl derivatives is the
(7, *) state, wherea3(n,7*) and 3(r,7*) states, which can be
obtained from thel(n,7*) state, do not apparently play any
significant role2® For this reason, it seems likely that the

photochemical transposition reactions of pyrazines proceed on

singlet surfaces, and also only involve the— s* transition.
We shall therefore focus o¥frr,7*) surfaces from now on. A
general outline of the sig-r orbitals in pyrazine has been given
previously? and is shown explicitly in Scheme 2. As can be
seen, the lowest singlet — 7* excitation is the singletrs —
74* transition (vide infra).

In the present work, we shall therefore use fhe orbital

degenerate point as a result of the rotation of tkeNdouble
bond strongly implies that a sloped/S, surface crossirg
should exist at a very similar geometry, and where decay to
the ground state can be fully efficiehit should be pointed
out that the return to &hrough a conical intersection at such
a distorted quasi-tetrahedral geometry (vide infra) is basically
similar to both the H3® and the pericycli®®) models
proposed previously.

(o} X

1 1 1
6=~ | 2 6 7 | A 6 | A
5 \N 3 5 3 58 3
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6 7 8

With the above analysis in mind, we now use 2-methylpyra-
zine 3) as an example to examine the existence of a low-lying
S//S surface crossing. Consider the symmetry of mole@ule
itself. Three reaction pathways were suggested to exist on

model to search for the Cls of the photoisomerization reaction irradiation of3. In fact, experiments have shown that compound

of the pyrazine molecule, which is isoelectronic to benzene.

3givesrise to (1,2), (4,5), and (1,6) transpositions (e§Fiyure
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/d 2-methylpyrazine3). The abbreviations FC and CI stand for Franck
p /deg. Condon and conical intersection, respectively. The relative energies
o013 were obtained at the MP2-CAS-(6,6)/6-311G(d)//CAS(6,6)/6-311G(d)
(C) o and CAS(6,6)/6-311G(d) (in parentheses) levels of theory. All energies
(in kcal/mol) are given with respect to the reacta)t For the CASSCF
i optimized structures of the crucial points, see Figure 3. For more
o o information, see the text.
B _ :
% -301.5 IV. Results and Discussion
@ 1. Monomethyl-Substituted Pyrazine.Let us first consider
P -30161 the photoisomerization of monomethyl-substituted pyrazine (i.e.,
L 2-methylpyrazine3) as indicated in eq 1. As mentioned earlier,
0171 three minimum-energy pathways on the singlet excited potential
o energy surfaces o8 were characterized by optimizing the
geometries along the rotation angte6), 5 (7), andy (8), as
e e e P B SO 0 T SR shown in Figure 1, which can lead to products 2-dimethylpy-
00 100 200 300 400 500 600 700  BOO O 900 rimidine (Pro-3-a), 4-d|methylpyrlm|d|ne Pro-3-b), and 5-di-
x/deg. methylpyrimidine Pro-3-c), respectively. For an understanding
Figure 1. Minimum-energy pathway of 2-methylpyrazin8) (along of the difference found between the three reaction paths, it is

the torsion angle coordinate optimized for the skate at the CAS- best to start the discussion with the reaction profiles as
_(6,6)/6-_31t1_G(d) t'gevel of theOfﬁ- IR;GE trr?aACtianszlthS of t_f:_e Df}g)o- summarized in Figure 2, which also contains the relative
Isomerizations ot are proposed: pal S ransposition. i 7 i P
pa}th B; (4,5) transposition. (C) path C; (1,6) transposition. Also see rGena?cr'?a{ﬁi ?-mgtxs{;zgzz?r?g)zsmgh ;fri?:flf:(:g g}eﬂ? 2 evrggi/ O(Lfst he
ref 13. critical points on the possible mechanistic pathways of Figure
. . ) . 2areillustrated in Figure 3. Cartesian coordinates and energetics
1 displays the potential energy profiles along the geometrical calculated for the various points at the CASSCF level are
pare_lmeterm, B, andy, as given in6—8, respectivelW_These _available as Supporting Information.
profiles show th.e same general features as predicted previ- o quality of our methyl-substituted pyrazine model has been
ously: the reaction paths all terminate at a very closep tested by computing the;SS, energy gap at the Franek
energy gap at around the Sfvisted geometry. The narrowness  condon (FC) structure. S&-3 in Figure 2. Remarkably, the
of these energy gaps provides further evidence for an enhance¢omputed vertical excitation energy (116 kcal/mol) to the lowest
intramolecular rotation in the six-membered ring geometry, and excited* state of3 is in good agreement with the experimental
possibly the existence of a Cl. We shall use these findings to irradiation of 2537 A €& 113 kcal/mol) light ta3. As discussed
explain the mechanisms for the photochemical transposition in the previous section, the calculated 116 kcal/mol band@for
reactions of azabenzenes in a later section. is best described as the — 74* transition. Accordingly, our
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£ CMN1CeCs = 71.35°
£ CiNCCs = 78.44° £CaNiCsCs = 81.94° £C:N4CsCs = 6.890°

CI-3-a LeNcsci=01100 CI-3-b CI-3-c
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Pro-3-b Pro-3-c
Figure 3. CAS(6,6)/6-311G(d) geometries (in A and deg) for the 2-methylpyraBeconical intersection (Cl), and isomer produdsd-3-a,
Pro-3-b, andPro-3-c). The derivative coupling and gradient difference vectors, those that lift the degeneracy, were computed with CASSCF at
conical intersection€l-3-a, CI-3-b, andCI-3-c. The corresponding CASSCEF vectors are shown in the inset. For more information, see the Supporting
Information.

computational results confirm the experimental observations presented in Figures 2 and 3. Also, the orientation of two vectors

that the only excited state involved in the photorearrangement (i.e., the nonadiabatic coupling and gradient difference vectors)

of pyrazine and of its derivatives is the singlet, *). is shown in Figure 3. As one can see, the most characteristic
We next investigate the subsequent process, relaxation onfeature in the geometries of these Cls is that oreNCbond

an excited-state potential surface. On the basis of the earlierlies out of the molecular plane as predicted earlier. Namely, in

prediction, we search for a conical crossing point betwegn S forming the conical intersection structures, planarity is lost and

and S surfaces for three reaction pathways as given in eq 1. one N atom moves out of plane by 7&I-3-a), 82° (CI-3-b),

As Figure 1 shows, because the formation of a narrow energy and 7% (CI-3-c), respectively. Accordingly, from the structures

gap between theoand § states found by twisting about one ~ atthese 8 Cl points, the nature of the relaxation path on the

N=C double bond strongly implies the existence of a Cl in a Si potential surface can be regarded as@and N-C bond

nearby geometry, geometry optimization on the(/& — 74*) cleavage leading to the exchange of two neighboring atoms.
excited state is thus performed by twisting struct@reThe These calculations thus reveal that the geometry of the ClI, from
photochemically active relaxation path starting from thé:& which it undergoes intramolecular rotation, is approaching the
— 714*) excited state of theC; structure of3 leads to the 85 geometry of planar pyrimidin&.

Cl where the photoexcited system decays nonradiatively.to S In addition, as shown in Figure 2, our computational results
As a result, the lowest energy point of the intersection seam of indicate that the three CI points (i.€}-3-a, CI-3-b, andClI-
the $ and S states was located for each reaction path, which 3-c) are 18, 15, and 8.0 kcal/mol lower in energy the@-3,
were identified a<l-3-a, CI-3-b, andClI-3-c, respectively, as respectively. Similarly, the energies of their corresponding
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Figure 4. Energy profiles for the photoisomerization modes of 2,5-
dimethylpyrazine4). The abbreviations FC and ClI stand for Frarck

Su

tion reactions. Because it is well-known that irradiation of
dimethyl-substituted pyrazine causes the interchange of positions
of adjacent ring atom3,it will be shown below that these
photoisomerizations can be interpreted easily using the reaction
course involving Cls. Owing to the,, symmetry of compound

4, the lowestl(z — 7*) state of4 brings about two types of
transpositions, that is, the (1,6) transposition and the (1,2)
transposition. As a result, the photochemical transposition
reactions of4 can take place in two ways: either by twisting
the N=Cg bond (see9; path D) or by twisting the K-C, bond

(see 10; path E). These lead to the photoproducts 2,5-
dimethylpyrimidine Pro-4-d) and 4,6-dimethylpyrimidineRro-

4-¢), respectively. Indeed, it was reported experimentally that
only two photoproductsRro-4-d and Pro-4-€) are observed

on irradiation of4,2 as stated in eq 2.

0
1 1 €
5
N3 SN
4 4
) )

(path D (path E
9 10

Using the algorithm implemented in the Gaussian 03 program
with a state-averaged CASSCF(6,6)/6-311G(d), the lowest
energy point of the intersection seam of thea®d S states

Condon and conical intersection, respectively. The relative energieswas located for each of the reaction routes (i@-4-d and

were obtained at the MP2-CAS-(6,6)/6-311G(d)//CAS(6,6)/6-311G(d)

and CAS(6,6)/6-311G(d) (in parentheses) levels of theory. All energies

(in kcal/mol) are given with respect to the reactab)t For the CASSCF
optimized structures of the crucial points, see Figure 5. For more
information, see the text.

photoproducts (i.e.Pro-3-a, Pro-3-b, and Pro-3-c) were
calculated to be below that of the starting mater&lky 7.6,
12, and 4.5 kcal/mol, respectively. Consequently, our model

calculations provide a qualitative explanation of the phototrans-

position of 3 to methylpyrimidines via the Cls. That is, an

Cl-4-e). Our MP2-CAS results shown in Figure 4 indicate that
Cl-4-d is 38 kcal/mol lower in energy tharC-4, wherea<CI-

4-e lies only 6.0 kcal/mol belowrC-4. Competition between
these reaction paths is presumably governed by the relative
energies of the Cls involve®.As a result, path D would be
more favorable than path E from the energetic viewpoint,
suggesting that the quantum vyield of 2,5-dimethylpyrimi-
dine (Pro-4-d) should be larger than that of 4,6-dimethylpyri-
midine (Pro-4-€).1* These theoretical findings are in accordance
with the experimental observation of the formationRwb-4-d

efficient photoisomerization occurs when photoexcited reactant and Pro-4-g, the former being the major phototransposition
3* evolves along a barrierless excited-state path, decays at aproduct?

Cl point? and finally relaxes to the ground state between
2-methylpyrazine3) and photoproducts (i.eBro-3-a, Pro-3-

b, andPro-3-c) to a point on the ground-state surface that lies
below reactan8.?

2. Dimethyl-Substituted Pyrazine.Next we consider the
photoisomerization of 2,5-dimethylpyrazind) @s depicted in
eq 2. Like the case of 2-methylpyrazir®,(the photochemical
reactions of4 studied in this work are presumed to follow the
same reaction paths as those shown earlier. That is,fea (
FC— Cl — Pro (pyrimidine). The potential energy profiles for
photoisomerization of to produce various pyrimidines at the

In short, our model investigations demonstrate that upon
absorption of a photon of light, 2,5-dimethylpyrazin® (s
excited vertically to $followed by a rapid relaxation, via a
conical intersection, to its ground-state product where it
undergoes radiationless transition frdrto dimethylpyrimidines
(i.e., Pro-4-d and Pro-4-e).

The photorearrangement of another isomer of dimethyl
substituted pyrazine, 2,6-dimethylpyrazirs, (@s described in
eq 3 is also examined. The reaction profiles computed for eq 3
of model compound (Figure 6) resemble that of isomdr

MP2-CAS and CASSCF levels are given in Figure 4. Their Figuré 6 is thus arranged in the same fashion as Figure 4.
selected geometrical parameters are collected in Figure 5,Selected optimized geometrlcal paramej[ers for thg crucial points
together with the nonadiabatic coupling and gradient difference €an be taken from Figure 7. The Cartesian coordinates and total
vectors of the Cl points. The Cartesian coordinates and energiest!ectronic energies calculated for these points at the CASSCF
calculated for the crucial points at the CASSCF level are !€vel are included in the Supporting Information.
available as Supporting Information. As Figure 6 shows, the computed vertical excitation energy
As can be seen in Figure 4, the MP2-CAS vertical excitation of model compound (So — S1(Sp geom);FC-5) is 114 kcal/
energy of4 (114 kcal/mol;FC-4) is surprisingly close to the  mol, which is the same as that of ison#efThis computational
experimental absorption band (2537A113 kcal/mol)2 Thus, result is in excellent agreement with the experimental value
our theoretical investigations strongly suggest that thepsix (2537 A= 113 kcal/mol} and is also consistent with the-s*
orbitals of4 play a decisive role in the photochemical transposi- nature of the transition. Again, this theoretical finding strongly
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£MN1CsCzCs = 41.26° £ C2N1CsCs = 82.84°
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Figure 5. CAS(6,6)/6-311G(d) geometries (in A and deg) for the 2,5-dimethylpyrazinegnical intersection (Cl), and isomer produd®sd-4-d
and Pro-4-¢). The derivative coupling and gradient difference vectors, those that lift the degeneracy, were computed with CASSCF at conical
intersection<Cl-4-d andClI-4-e. The corresponding CASSCF vectors are shown in the inset. For more information, see the Supporting Information.

suggests that the-7 orbitals of 5 play a key role in its N=C; bond (se€l2).1®> These two transpositions give rise to

photorearrangements. two final photoproducts, 4,5-dimethylpyrimidinBro-5-f) and
2,4-dimethylpyrimidine Rro-5-g), respectively. Indeed, as stated
¢ in eq 3, only these two valence isomers have been detected

; ; experimentally2 Consequently, two minimum-energy pathways
N N on the singlet excited potential energy surface Sofvere
\GE | > \6i I > characterized by optimizing the geometries a!o_ng the tw_isting
XN~ 5 N 3 Y N=C; (path F) and ¥-C3 bonds (path G). The minimum conical
5 ';l 5 El intersection point at the CASSCF level has been obtained for
each reaction patlG1-5-f andCI-5-g, respectively. As can be

(path F) (path G) seen in Figure 6, the nitrogen returns to the plane of the molecule
1 12 after being 106and 49 above the plane i€l-5-f andCI-5-g,
respectively. In addition, the MP2-CAS results indicate @iat
Furthermore, as in the case of model compodnshown 5-f is lower thanFC-5 by 13 kcal/mol in energy, whereas the

previously, the photoisomerizations &f can occur in two competingCl-5-g is lower thanFC-5 only by 2.0 kcal/mol in
ways: by twisting the R=C, bond (se€ll) or by twisting the energy. Thus, the energy difference between these two Cls is
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114 reactant bears two nodal planes, which bisect A and B
(;éeg heteroatoms as shown schematicallylB
= path G —_
\\ Q s \\ @ /’
ath F Z Z A
P co D
LUMO ‘Lumo
‘ _hv _ ‘
& O
A
HOMO HOMO

o _m e
(viaa CI)
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It is the topology of thep-z orbitals shown in13 that
promotes the interchange of A and B atoms. Thus, the central
novel results for the photochemistry of such heterocyclic
molecules are the existence of the conical intersections. That is
to say, by irradiation of such heterocycles the photochemically
active relaxation from the ;Sexcited state leads to an/Sy
conical intersection where the photoexcited system decays
nonradiatively to & yielding phototransposition products.
Accordingly, from the above analysis, one may easily predict

0.0 that a heterocyclic compound bearing at least one electronegative
(0.0) N N (;215) atom should undergo both a rapid and radiationless phototrans-
[unit: kcal/mol] \E/\( Pro-5-g position through a conical intersection to return to the ground

XN state. In fact, the photochemical formation of unstable isomers

Figure 6. Energy profiles for the photoisomerization modes of 2,6- leading to a shift of ring atoms seems to be a general process
dimethylpyrazine §). The abbreviations FC and Cl stand for Franck  in the photochemistry of heterocyclic compouAd&or instance,

Condon and conical intersection, respectively. The relative energies 35 mentioned already, many five- and six-membered hetero-
were obfained at the MP2-CAS-(6,6)/6-311G(d)//CAS(6,6)/6-311G(d) .y cles with at least one electronegative atom can undergo

and CAS(6,6)/6-311G(d,p) (in parentheses) levels of theory. All energies . izati fi . hich two ri ¢ interch
(in kcal/mol) are given with respect to the reactdi)t For the CASSCF ISomerization reactions n whic 0 1ing atoms in lelrg ange
optimized structures of the crucial points, see Figure 7. For more their positions under the influence of WWisible light% A

information, see the text. more detailed account of the photochemical mechanisms of these
various heterocyclic reactions obtained from calculations using

substantially lower for path F and makes the (1,2) transposition the conical intersection model will be given elsewhére.

(11) easy to proceed. This, in turn, would increase the quantum

yield of CI-5-f larger than that ofCl-5-g. The energetic

arguments are in qualitative agreement with the experimentally  we have studied the reaction mechanisms of photoreactions

VI. Conclusions

observed relative product distributions Bfo-5-f and Pro-5- of 2-methylpyrazine (eq 1), 2,5-dimethylpyrazine (eq 2), and

g2 2,6-dimethylpyrazine (eq 3), with respect to permutation of the
In brief, our theoretical investigations suggest that the initial fing atoms. From the present results, we can elaborate on the

excitation of5 is az—s* excitation toFC-5. Then,5in the S standard model of the photochemistry of pyrazine and of its

state proceeds to rotate one=i8 bond via a conical intersection ~ Methyl-substituted derivatives. Pyrazine is vertically excited to

and, subsequently, return to the ground state nonradiatively tothe S state. Then, radiationless decay from®&S, of pyrazine
give Pro-5-f and Pro-5-g without any intermediates. occurs via a conical |_ntersect|on, WhICh resul@s ina rapaﬂ(‘N
bond rotation. Starting from this conical intersection, the

) products of the phototranspositions as well as the initial reactant
V. Extensions can be reached on a barrierless ground-state relaxation path.
o ) _As a result, these findings, based on the conical intersection

The molecules that we have studied in the previous sectionsyjewpoint, have helped us to better understand the photochemi-
all have planar ring geometries with two electronegative atoms. ¢g| reactions, and to support the observatfns.
The analysis of photochemical transpositions can easily be pgsides this, we propose a simpler orbital topology model,
extended to other similar heterocyclic molecules. If a hetero- \hich can be used as a guide to predict the location of the
cyclic molecule absorbs a photon to go to an excited state, thenconical intersections as well as the geometries of the phototrans-

the photoexcitation reaction is consistent with #e —~ 7*) ~  position products of various heterocyclic compounds. The results
nature of the transition. In general, suppose this heterocyclic presented here, together with our work on the photochemistry
molecule bears at least one electronegative atonp-th&ontier of other five- and six-membered heterocycléappear to give

orbital structure of the heterocyclic ring may also be described convincing evidence that conical intersections are a common
in terms of nodal planes as showni8.17 The HOMO of the feature in such photoisomerizations and that they are directly
heterocyclic molecule is an occupied antibondingrbital with involved in heterocycle photochemistry and photophysics.

the most electronegative atom (i.e., A) lying along the nodal Itis hoped that the present work can stimulate further research
plane. However, the LUMO (unoccupiea* state) of the on this subject.
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£ C2N1CsCs = 106.2° £C2N1CsCs = 29.12°

£ C3NsCsCs = 0.270° £ C3NaCsCs = 29.46°
CI-5f CI-5-g

Figure 7. CAS(6,6)/6-311G(d) geometries (in A and deg) for the 2,6-dimethylpyraginedgnical intersection (Cl), and isomer produd@sd-5-f
and Pro-5-g). The derivative coupling and gradient difference vectors, those that lift the degeneracy, were computed with CASSCF at conical
intersectionsCI-5-f andCl-5-g. The corresponding CASSCEF vectors are shown in the inset. For more information, see the Supporting Information.
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