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Abetract—We report a qualititive perturbation-theoretic analysis of the effects of substituents on the spin-orbit
coupling and on the density of states in diazomethane and pyrazoline systems. The importance of the form of the
distortion which accompanies approach to the singlet-triplet crossing zone is alse discussed with the aim of
determining when reactions involving a spin multiplicity change can compete in rate with spin-conserving reactions.

Recently the possibility that singlet-triplet crossover
may occur in the course of a reaction has been recog-
nized, with the spin orbit coupling ptaymg a role in the
definition of the favored reaction path.* Known exam-
ples include the formation of triplet benzene from Dewar
benzene® and the production of a mixture of singlet and
triplet acetones from tetramethyldioxetane.* Such spin-
forbidden processes might be competitive with spin-
conserving processes to a greater extent than is now
appreciated, due to the difficulty of observation of triplet
species by trapping. For example, if triplet methylene is
produced directly, from a singlet precursor, it may
escape detection if its trapping rate is slow relative to its
cquﬂib?tbn with the singlet and the trapping of the
singlet.

If the possibility of spin-multiplicity changes in the
course of organic reactions is to be investigated experi-
mentally, it would be useful to have a qualitative under-
standing of the influence of substituents and of geometric
distortions on the intersystem crossing rate. In this
report we use qualitative perturbation theory to describe
such effects in two systems which show some signs of
preferring a spin-forbidden reaction path. diazomethane,
and methylene pyrazoline. However, we find it useful to
begin with a simpler system. CH,.

Substitaent effects on spin-orbit coupling in methylene
Consider Fig. 1, which establishes a coordinate sysiem
for the species CXYZ, where we identify CXY as a
(substituted) methylene fragment. The methylene has s
sigma orbital on the carbon which we call o, and a pi
orbital wc. The o orbital is nearly a sp’ hybrid, and can
be written (Sc + 2P )V/(5), while the pi orbital can be
written »c = Pxc. We estimate the spin orbit coupling
between these orbitals as about 15cm™'.* The operator
responsible for the mixing is (C(LxSH LySy + LzSz),
where S is the spin angular momentum and (Sx. Sy. Sz)
its cartesian components, L is the orbital angular momen-
tum and {Lx. Ly, L2) its components, and {c the spin
orbit coupling parameter for carbon atom. The L opera-
tor rotates p, into p,, with S producing compensatory
rotation in spin space. If we choose a reference geometry
of C,, symmetry, the space factor of the spin orbit
coupling operator which rotates x into z (Ly) is of
species b,. The spin factor {Sy) must be of species b, as

well, since the spin-orbit coupling must be totally sym-
metric (b, xb, =a,), being a term in the totally sym-
metric Hamiltonian.

Consider & CH, substituent to the methylene carbon.
The CH, fragment bears CHo bonding orbitals; these
bond orbitals mix to a very limited extent with the much
less stable o, and =, orbitals responsible for the spin-
orbit coupling. Mixing of CHo® orbitals called e$ and %,
with the Co and C r orbitals is also possible. (The notation
is strictly correct only in C;, symmaetry, but is convenient
in this discussion.)

After mixing, the new methylene orbitals appearing in
the spin-orbit coupling matrix element can be written

(Co + Ael)
(1+25"

A ge‘}

(Hn)

Co'~

where A and n are small mixing parameters; the spin-
orbit matrix element becomes

no Veu t mAV,*x®
(ColViCay= 3 n’)';gtl T

Here V., is the original spin-orbit coupling, =15cm
according to Bader and Generosa.® Expanding V... and
adopting the reported value for the methylene spin orbit

coupling we estimate V_._.=15cm™' as well. The new

Fig. 1. The coordinates {or a general system which produces the
substituted methylene X -~ C - Y upon departure of Z are shown.
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spin-orbit coupling integral may be written
2V _1 3._!. ’)
1+ =V(1+m-3a-22
(+ 21+ 257

~[1-1n-ay
V[l 300 A)].t

(CoVICx) =V

Here V is the average of V., and V... This exptession
tells us that if the pi mixing is comparable with the o
mixing (5 = A), that the spin-orbit coupling is not much
altered by hydrocarbon substituents. But if one type of
mixing dominateswhich could occur if the substituents
has lowlying =*® levels, as phenyl—then the spin orbit
coupling will be reduced in a way dependent on the
second order of the mixing, or proportional to the charge
transfer into the = acceptor substituent.

If the substituent has heavy atoms, A so that the
atomic spin-orbit parameter is V,=V.+4, then the
spin-orbit coupling parameter is changed by nAA. Both pi
and sigma mixing are required if a beavy atom substituent
is to affect the spin-orbit coupling appreciably. Amino,
hydroxy, and halocarbenes should have enhanced spin-
orbit coupling relative to methylene.

Effects of reactive distortion on spin-orbit coupling in
diazomethane

The coordinate system for diazomethane is shown in
Fig. 2, C,, symmetry is presumed. A correlation
diagram, Fig. 3, shows that the reaction in which sym-
metry is not broken requires that the excited singlet (b,)’
A§ state of CH; is produced, rather than the ground
a,"A, singlet. This is not energetically preferred, as might
be inferred from the state correlation diagram (Fig. 4).
The system can evade this energy penalty by crossing to
the ground singlet under the influence of a b, reaction
coordinate which would mix the a, MO's of the ground
state products with the b, MO's of the reactants, and
favor mixing the excited and ground singlet A, states.
Alternatively, the spin-orbit coupling could transform
one orbital from b, to a,, with an accompanying change
in spin state from singlet (A,) to the y-component of the
triplet (B,).”

The spin-orbit coupling induces a transition at the
crossing (2) in Fig. 4, which according to more detailed
computation occurs late in the reaction.

The magnitude of the spin-orbit coupling changes as
N, departs.

At the beginning of the reaction, the orbitals which
eventually participate in the spin-orbit coupling are the N
lone pair, and the high lying o*MO. These may be
written

PxN2 - A(PxN1+ Px¢),
(‘ + u?)"! .

b’s

(S + 2pzc) = (Sn — 2pzna} + Npan:
{10+ 797

The spin orbit coupling early in the reaction is then

l (Y23 l "2
Voo = (m“x) (-‘-0—:;'1) Ve -V -aqvi)

HIf the phenyl carbene is a free-internal rotor, so that the
acceplor levels interact on the average as much with C,, and C,
the spin ordit coupling would not be reduced. lfa~oos Ond

A ~sin’#, and the spin-orbit coupling is averaged over angles,
the correction term vanishes.)

X
“/’/,I z/
------ C===N ¢ z
1 he
7
Y
Fig. 2. The system diazomethane, in which X=Y=Hand Z =
N;. is shown.
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Fig. 4. The state correlation diagram sssociated with the orbitat

correlation diagram (Fig. 3) is shown. Crossing | is induced by 2

symmetry breaking b, auclear motion (CNN bending). Crossing 2
is induced by the b, componeat of the spin orbit coupling.

I A and n take on reasonable values, V,,,, will be close
to zero. As the reaction proceeds, a, becomes identifiable
with the CH, C,, orbital, and b, becomes identifiable with
the CH, C, orbital. The spin orbit coupling becomes
large enough (typical of free CH,) to provide rapid
intersystem crossing late in the reaction; since approxi-
mate computation places the singlet-triplet potential sur-
face crossing very late in the reaction, the reactive
distortion has permitted the coupling to become large
just when it is required to induce intersystem crossing.

Spin orbit coupling in substituted flexible diradicals
Salem and Rowland® have provided a semi-quantita-
tive description of spin-orbit coupling in diradicals. Their



Effects of geometric distortions

very useful conclusion is that orbitals must be orthogonal
to each other and to the axis around which orbital
angular momentum is being created in the coupling
process in order to attain maximum spin-orbit coupling.
To provide a basis for the discussion of substituent
effects, we illustrate their conclusion with the following
example.

Consider a 2-substituted trimethylene (Fig. S); this
system may undergo internal rotation, transforming a
“face to face” diradical resembling cyclopropane to a
“coplanar” species. In the “face-to-face™ species we
wentify an inphase combination é2 (a, in C,,) of hybrid
orbitals, and an outphase combination ¢° (b, in C,.).

Before any rotation away from the face-to-face C,
geometry, we can write

a=¢.°= (S, + AP, + NP, + 5:4 AP,; — nP,2)/NolA, 1)
b:=& °=(S,+ AP, + nP,, - S; = AP,z + 1,,)/NefA. n)-
After a rotation of 90°, .° and é.° become

. = (S + £Px) + S, = £PxIN($)

$ =(S:+§Pxl~S, T EPx2)NE).
At intermediate points in a synchronous rotation

é.(8)=cos8-4,°+sind ¢,

$.(8)=cosf-d°+sind-¢ .
The upper sign in the expressions for ¢, and ¢.. refers
to disrotation (b, symmetry) and the lower sign refers to

conrotation {a, symmetry).
The spin-orbit coupling matrix element

(¢.(00V]|e_(8)

can be written
§sinfcos x {ZA V.. {conrotation)
N(£NGA. ) 29V, (disrotation)

We recover the sin 8 cos @ dependence of the spin-orbit
coupling established by Salem and Wright. Another point
of interest emerges; if Ly is the orbital angular momen-
tum operator effecting intersystem crossing (as for con-
rotation, above) Sy must simultaneously act in spin
space. Sy can produce only the triplet component of
symmelry b, by acting on the totally symmetric singlet
spin state. We predict a spin polarization. weighting the b,
state, and conceivably observable by spin echo experi-
ments. The spin polarization is diagnostic of the reaction
path.

Fig. 5. The “diradical” orbitals are shown for face-to-face X-
substituted trimethylene (leff) and for coplanar X-substituted
tnimethylene (right).
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Substituent effects

If X = H. the spin-orbit coupling will be influenced.
Let X=CH; so that the product is trimethylene
methane. This system has a triplet ground state, the
HOMOX(s) being degenerate and half full in D,,. The
trimethylene methane is composed of the twisting ter-
minal methylenes described above, and # and x* ethy-
lenic fragments associated with the substituent. Owing to
symmetry, the » and »* levels mix only with the sym-
metric (P,, + P,,) diradical combination, without affect-
ing the antisymmetric (P,, — P.,) combination. This mix-
ing reduces the spin orbit coupling between these two
combinations by a factor (1~ u)v(I + u?), where g is
the mixing coefficient between the symmetric diradical
orbital and the new »* level.

Since the mixing reaches a maximum in the coplanar
species and a minimum in the face-to-face species, u ~
#osin 8. 8=0 in the face-to-face system, (#/2) in the
coplanar system. Then

V =V, sin 8 cos 9[! —{——-P—";ﬂga——m]

14 1 sin® 8)

Assigning u, the value \/2, appropriate for coplanar
trimethylene methane, we find that the spin-orbit coup-
ling reaches its maximum at #=25°, with a value
=0.186V,. This is to be compared with the value of 0.5V,
at 45°, the maximum for the unsubstituted systems.

Reaction path effect on position of singlet-triplet crossing
Spin-orbit coupling is a weak influence in organic
systems, and can be expected to have dramatic effects
only at points where singlet and triplet states are very
nearly degenerate. The positions on the reaction coor-
dinate of the crossing must affect the rate of intersystem
crossing, since the magnitude of the spin-orbit coupling
varies along the reaction coordinate. In the case of
trimethylene rotation from face-to-face to coplanar
structures, any agent which forces the singlet-triplet
crossing to occur early in the course of the rotation, will
tend to enhance the rate of intersystem crossing. Such an
agent may be a further substituent, or may be the parti-
cular choice of stereochemistry in the reaction path.
Consult Fig. 6, in which the states of trimethylene
methane are sketched as a function of reaction path. The
singlet and triplet B, states correlate directly as the
system passes from face-to-face to coplanar structures.
However, the details of the correlations of the A, states
are different for the two possible choices—conrotation
or disrotation——of reaction path. .
Due to the direction of the “intended crossings™ in-
duced by the b, disrotation or the a, conrotation, the
conrotation allows a singlet-triplet degeneracy earlier

P by rotation )

Fig. 6. The state correlation diagram for the passage from the
face-to-face species to the coplanar species. The crossings
marked by heavy lines are induced by spin-orbit coupling.
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than the disrotation does. In conrotation the crossing
seems to occur early enough that the spin-orbit coupling
is reaching its peak, just at the right time to aid the
singlet-triplet transition. Since this coincidence depends
on the slopes of the correlation lines, it depends on the
relative state energies of reactant and product. In tn-
methylene methane, where the triplet is stable compared
with higher singlet states, we expect the spin-orbit
mediated transition state to lie early, as it should to
enhance intersystem crossing, compared with a latter
transition state for the somewhat less stable trimethylene
triplet.

A very similar analysis can be invoked to rationalize
the production of triplet trimethylene methane from
methylene pyrazoline by N, extrusion. The main
difference is that the orbital which becomes the a,
diradical orbital corresponds to a very high lying CN,.
level in the precursor, according to the correlation diagram
for pyrazoline N; extrusion.

(a) if rotation begins before significant CN breaking,
rotation in the b, sense is required for any orbital crossing.
Early rotation is probably difficult. and the crossing occurs
late. when spin orbit coupling is feeble.

(b} if N, departure is virtually complete before the
onset of rotation, conrotation is required for orbital
crossing. and crossing can occur early in the rotation
where the coupling finds its maximum. Computation of
the singlet and tripiet surfaces’ confirms that the lowest
energy singlet-triplet state crossing occurs when the CN
bonds are almost completely broken.

Substituent effects on state density

The RRKM rate of passage through a “critical” point
depends on the density of states at the equilibrium
configuration and the density of states at the “critical”
configuration of nuclei.'® In the case where passage from
surface to surface is required, a transition factor f({)
multiplies the usual rate expression.

_ {({IPc(E™)
Rate = N(E) -

Here E° is the energy in excess of the critical energy, E
is the total energy and { is a parameter describing the
coupling between surfaces. If the classical expressions
for the energy density are used, and if the Landau-Zener
expression'' for f(§) is used in the approximate form

2
f(§) = ———-—L-—m (where E, is the energy at the crossing
(E - Ex) poml)

it is possible to integrate the rate expression over the
energy. One obtains

2 - EyKT
Rate (triplet production) = {—&g—*—-
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Q.o and Q1 are partition functions for the ground state
reactant and for the triplet state at the crossing point
respectively. Here the rate of triplet production at the
crossing point is taken to be identical with the rate of the
entire triplet reaction. That is, we presume that there is
no activation barrier to the completion of the triplet
reaction, once the triplet is formed. However, the critical
energy for the singlet reaction may be different—in the

C. Tainoie and H. O. Panux

systems of interest here, it will be higher (E. > E,). The
rate of the singlet reaction is then

o,

“Q

ERY
The ratio of rates of the triplet and singlet reactions is

2,
-ﬁ—: = {Q%;t exp(-(E, - EQVRT).

Depending on the magnitude of E,-E., ¢ and the
partition functions, this ratio may be unity or greater.

Substituents may influence this ratio by altering vibra-
tional frequencies {and hence Q%1 for triplet relative 10
singlet, or by changing E, — E, besides changing {. The
most dramatic effects occur by a change in E,-E_ If
E. - E. is positive (case 1, Fig. 8) there is a chance of
overcoming the spin-conservation rule, since the triplet
reaction has an energetic advantage. However, if E, - E,
is negative (case 2. Fig. 8) the chance of direct triplet
production must be small. We will consider the energetic
effects of substituents of donor type, bearing occupied
levels of energy Ep. and then substituents of acceptor
type, bearing vacant levels of energy E,. In the follow-
ing we assume that HOMO and LUMO are nonde-
generate (Enomo < Evumo)

Eo may exceed. match, or be less than the energy of
the LUMO of the parent singlet system. If Ex> E, ymo.
charge will be transferred to the LUMO: if transfer is
complete the singlet will be stabilized by AEp ~ Eumo)
There will be a further (second order) stabilization
of 2a*/(Ep- Eyumo) where a = {dplu|éd Lumo). As Ep
approaches E, a0 these relations become inappropriate,
and the (2x2) secular equation must be solved. When
Ep = E{ umo the stabilization becomes 2a. As Ep drops
below E_umo only the second order stabilization
2a*/(Ey cuo — Ep) remains.

In the case of a donor interacting with a triplet, where
HOMO and LUMO are both singly occupied. it becomes
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Fig. 7. Orbital and state correlation diagrams for N, extrusion
from pyrazoline and rotation to the planar diradical. In the center
of the figure. the correlation of orbitals and states in the N,
extrusion from pyrazoline, forming the {ace-to-face trimethylene
diradical is shown. Only the out of phase combination of CN
sigma bonds (b,) and the in phase combination of CN sigma
antibonds are shown. since they correlate directly with the tni-
methylene diradical orbitals. At the left, the correlations
established by conrotation (a,) and disrotation (b,) are shown for
rotations early in the N, extrusion. At right the correlations are
shown for rotation late in the N, extrusion. No change in state

symmetry 1s induced by the rotstions, carly or late.
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Fig. 8. If a triplet state lies sufficiently low that there is a surface

intersection on the reaction coordinate, & spin forbidden event is

energetically favored. If the triplet lies above the highest point o

the singlet reactions coordinate, there is no energetic advantage
to spin-forbidden reaction.

possible to transfer one electron into the HOMO rather
than the LUMO. One electron must remain in the donor
level to maintain triplet spin-coupling. For Ep> Ey ymo
the stabilization is Ep— Eyomo (second order terms
cancel). When Ep, approaches E; w0, this formula is
still valid, but when Eg, approaches Ejomo the stabiliza-
tion approaches a+(8/ELumo—Ep) where a
represents donor-HOMO interaction and B represents
the donor-LUMO interaction.

We summarize these arguments in Fig. 9 in which
stabilization energy due to the donor substituent is plot-
ted against the energy of the donor level. The notable
feature of this graph is that so long as the donor energy
is less than Ey o+ G, where G is the HOMO-LUMO
§ap, the triplet is more stabilized than the singlet. Con-
sistent redshifts in singlet-triplet spectra of polymethyl
benzenes relative to benzene support this conclusion.
Therefore, aimost any donor substituent tends to favor
the triplet pathway by increasing E, - E,. The outstand-
ing example illustrating this possibility is the production
of a mix of triplet and singlet acetones from tetramethyl-
1.2-dioxetane, while triplet formaidehyde is not encoun-
tered in thermolysis of the parent dioxetane.

A very similar argument, leading to a summary Fig. 10
shows that an Acceptor substituent will also preferen-
tially stabilize a triplet relative to a singlet, so long as
Ea>Euomo-G. The only exception to stabilizing
influence of substituents occurs for diradicals (G - 0). By
a “diradical” we mean a species in which the HOMO-
LUMO gap is less than or comparable with the inter-
action with the substituent. We illustrate this case (Fig.
11) with a bromine-substituted trimethylene methane, in
which the substituent interacts more strongly with one of
the degenerate half filled levels than the other. Sub-
stituents thus tend to stabilize the singlet in this approx-
tmation. However, since we have not included any ex-
plicit recognition of electron repulsions, the triplet may
still be the ground state. For example, CH;, has a triplet
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Fig. 9. A donor substituent stabilizes a tripiet more than s singiet
species, unless the donor level lies at least G above the energy of
the Lowest Unoccupied Molecular Orbital (LUMO).
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Fig. 10. Likewise, an acceptor substituent stabilizes a triplet
more than a singlet, unless the scceptor level lies st least G
betow the Highest Occupied Molecular Orbital (HOMO).

ground state; methylcarbene a singlet; but diphenylcar-
bene has a triplet ground state.

CONCLUSIONS

We have used qualitative perturbation theory to des-
cribe the effects of substituents and choice of reaction
path on the rate of intersystem crossing in two types of
organic systems in which a spin forbidden reaction may
be competitive in rate with spin conservative reactions.

The main conclusions follow:

(a) Aliphatic hydrocarbon substituents have little
effect on spin-orbit coupling while N or O substituents
can enhance spin-ordit coupling:

(b) Pi-acceptor substituents tend to reduce spin-orbit
coupling;

{c) Spin-orbit coupling increases as the CN bond
breaks in diazomethane;

(d) C,,-symmetry preserving extrusion of N, from
pyrazoline forces spin-orbit coupling to be near zero;
conrotation and disrotation of the trimethylene fragment
permits a substantial spin-orbit coupling. allowing the
production of the triplet m, = 1 and m, = 0 states res-
pectively;

(¢} The spin-orbit coupling behaves as Vcos #sin 8,
where 8 ranges from 0 to »/2 and describes the con- or

In these systems there is no obvious increase in state
density p(E) due 1o preferential lowering of vibrational
frequencies due to substituents. Substituents can
enhance both singiet and tripiet state densities by their
stabilizing effect. In the one-electron approximation
triplets are generally preferentially stabilized by sub-
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Fig. 11(a). A more detailed description of the effects of substitution on & diradical. Bromo-trimethylene methane
enjoys a greater substituent siabilization for the singiet than the tripiet.
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S
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EXCEPTION HOLDS WHEN E yuo-
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Fig. 11(b}). The diradical limit G0 of Fig. 9. A similar limitiog
figure could be drawn for the acceptor substituent, as G0 in
Fig. 10,

stituents, except in the diradical limit. Therefore, sub-
stituents can enhance the intersystem crossing rate either
by their influence on the density of states, or by their
influence on the spin-orbit coupling.
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