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Recently tk possibility that singlet-triplet crossover 
may occur in the course of a reaction has been ret* 
nitcd. with the spin orbit coupling praying a rok in tk 
~~~~n of the favored reaction path.’ Known exam- 
pkr inctude tk formation of triplet benzene from lkwar 
benzene’ and the production of a mixture of tingkt and 
triplet acetones from te~~y~~~~.6 Such spin” 
forbidden pnxxsxs might k competitive with rpin- 
conserving processes to a wtcr extent than is now 
appreciated, due to the difficulty of observation of triplet 
spceies by trapping. For example, if tipkt methyknt is 
produced directly, from a singlet precursor, it may 
escape detection if its trapping rate is slow relative to its 
equilibration with the singkt and the trapping of tk 
singkt.’ 

If the possibility of spin-multiplicity changes in tk 
course of organic reactions is to be investigated expcri- 
mcntily, it would k useful to have a q~~~tive under- 
standing of the influence of suktitucnts 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. diazomtthane, 
and methykm pyratdine. However, we find it useful to 
begin with a simpler system. &Hz. 

Consider Fu. 1, which establishes a coordinate system 
for the species CXYZ, wkre wc identify CXY as a 
(substituted) methykne fragment. The mcthykne has a 
sigma orbital on the carbon which we cafl cc, and a pi 
orbital arc. The a, orbital is neariy a sp* hybrid, and can 
k written r% f 2P,Wv’(5), whik the pi orbital can k 
written * c = Pxc. We estimate the spin orbit coupling 
between tbcse orbids as about 15cm-‘.’ The operator 
responsible for the mixing is &txSx * LySy + LzSz), 
where S is tk spin angular momentum and (Sx. Sy, Szf 
its Cartesian components. L is the orbital angular momcn- 
turn and [Lx. ty, Lz) its components, and ic tk spin 
orbit coupling parameter for carbon atom. The t opcra- 
tar rotates p. into p., with S producing compensatory 
rotation in spin space. If we cboosc a reference geometry 
of C1, symmetry, the space factor of the spin orbit 
coupling operator which rotates x into t (Ly) is of 
~pedcs b,. Ihc spin factor fSy) must k of specks b( as 

well, since the spin-orbit coupling must k totally sym- 
metric (b, x bl= a,). king a term in tk totally sym- 
metric Hamiltonian. 

Consider a CH1 substitwnt to tk methykne carbon. 
The CH, fragment bears CHa bonding orbitals; these 
bond orbiis mix to a very limited extent with the much 
kss stabk o, and a, orbit& rcsponsiik for the spin- 
orbit coupling. Mixing of CHo’ orbitals called e: and et, 
with tk Cu and Ca orbitals is also possible. fIhc notaGon 
is strictly correct only in Cr_ symmetry. but is conven~nt 
in this discussion.) 

After mixing, the new methykne orbitals appearing in 
tk spin-orbit co~pliq matrix element can k written 

where A and q arc small mixing parameters; the spin- 
orbit matrix ekmcnt becomes 

Here V, is tk original spin-orbit coupling, = 15 cm 
accordtag to Bader and Generosa.’ Expanding V,.,. and 
adopting tk reported vP)w for tk methylene spin orbit 
coupling we estimate V,.,. = 15 cm“ as well. The new 
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spin-orbit coupling integral may be written 

Here g is the average of V,. and V,..,.. This expression 
fells us that if the pi mixing is comparabk with the 0 
mixing (q = A). that the spin+rbit coupling is not much 
altered by hydrocarbon substituen!s. But if one type of 
mixing dominates-which could occur if the substituents 
has lowlying W* kvels, as phenyl-then the spin orbit 
coupling will be reduced in a way dependent on the 
second order of the mixing, or proportional to t&c charge 
transfer info the I acceptor substituenf. 

If the substituent has bavy atoms, A so that the 
atomic spin-orbit parameter is V, = V,+A, then the 
spin&it coupling parameter is cbporod by @A. Both pi 
and sigma mixing are required if a heavy atom substituent 
is to affect the spin-orbit coupling appreciably. Amino, 
hydroxy, pnd WIES should have enhanced spin- 
orbit coupling relative to melhykne. 

The coordinate system for diazomethane is shown in 
Fe. 2; Ch symmetry is presume& A correlation 
diagram, Fe. 3, shows that the reaction in which rym- 
metry is not broken requires that the excited singkt (b,)’ 
A~ state of CH, is produced, rather than the ground 
a, A, sin&f. This is not energetically preferred, as might 
be inferred from the state correlation diagram (Fyg. 4). 
RK system can evade thii energy per&y by crossing to 
the ground sin&f under the idhence of a b, reaction 
coordinate which wotdd mix tk I, HO’s of the ground 
state products with the b, MO’s of the reactants, and 
favor mixing the excited and ground sin&f A, states. 
Alternatively, the spiBorbit coupling cc4lld transform 
one orbital from b, to a,. with an accompanying change 
in spin state from siapkf (A,) to the y-component of the 
tripkf (B,).+ 

The spin&if coupling induces a transition at the 
crossing (2) in Fur. 4. which accords to more detaikd 
computation occurs hu in the reaction. 

The magnifdc of the spin-orbit coupli~ changes as 
N2 departs. 

At tbc bq&ing of the reaction, the orbitals which 
eventually participate in the spin+rbit couplii are the N 
lone pair, and the high lying @MO. T&se may be 
written 

b, = 
PxN2 - A(PxN1 + Pxc); 

(I + U’T” 

a, = 6, + 2pzc) - (SW - 2PZN2J + lfpzNl 
(lo+ qZTR 

T&e spin orbit coupling early in the reactjon is then 

‘A, KNw'o, J’ - 
\ 

‘A, tNb,J* - / 

STATES STATES 
OF C%N, OF CN,*N* 

Fii 4. The stale ulrrctstioa diasram usociated with tbc OW 
~a~fF~3)hrbowa.Crouialtbibduoadbyr 
ryatmttry m b, m&u motion (CNN bend&). Cross& 2 

hi&ucedbyrkb,componeatoftbctpinorbitcoup&. 

If A and q take oa reasonabk values, V,,,, will be close 
to zero. As the reaction proceeds, a, becomes identifiabk 
with the CHz C, orbital, and b, becomes identiftabk with 
tbc CH, C, orbital. The spin orbit coupling becomes 
large enough (typical of free CH3 to provide rapid 
intersystem crossing iatc in tbc reactioo; since approxi- 
mate computation places tbc siogkt-tripkf potential sur- 
face crossing very late in the reaction, the reactive 
distortion has permitted the coupting to become lure 
just when it is required to induce intersystem crossing. 

Spin orbit coupling in substitnred fuible kicks 
Sitem and Rowland’ have provided a semiquantita- 

rive description of spin-orbit coupb in diradi&s. Theii 
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very useful coaclusioa is that orbitals must k orthogonal 
to each otkr and to tk axis around which orbital 
anguiar momentum is king created in the coupling 
process in order to attain maximum spinorbit coupling. 
To provide a basis for the discussion of substitucnt 
effects, we illustrate their conchtsion with tk fol~wi~ 
exampk. 

Consider a Z-substituted ~e~yle~ (Pi. 5); this 
system may undergo internal rotation, transforming a 
“face to face” diradical resembling cycktpropanc to a 
“coplanar” species. In tk “face-to-face” specks we 
identify an inphase combination #: (a, in Cz,) of hybrid 
orbit&. and an outphase combination 4” tb, in C,). 

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

aI = I$.*= 6, + AP,, + VP,, + SZ+ AP,, - nP,M&o, 71) 

bl=d ‘=(S,+AP,,+~P,,-S*-AP**+~~*)~)~N~A.~). 

After a rotation of 90”, (6.’ and 6-O become 

4. = 6, + fPxl + Sr z CPxZ)/N(& 

4 = 6 + dPxl -S, 5: CPxZ)/N(C). 

At intermediate points in a synchronous rotation 

d.(B) = cos B * 6.‘+ sin B. #. 

6_(e) = cos e + #_“+ sin e + 4 . 

The upper sign in tk expressions for #. and 4.. refers 
to disrotation (b, symmetry) and the lower sign refers to 
conrotation (a2 symmetry). 

The spin-orbit coupling matrix ekment 

can k written 

j sin e cos 8 x 2AV., (co~rotation) 
N()NdA. q) 2nV,, tdisrotation) 

We recover tk sin B cos B dependence of tk spin-orbit 
coupling established by Sakm and Wright. Another point 
of interest emerges; if Ly is tk orbital angular momen- 
tum operator effecting intmystem crossing (as for con- 
rotation, above) Sy must simultaneously act in spin 
space. Sy can produce only tk tripkt component of 
symmetry b, by acting on the totally symmetric singlet 
spin slate. We predict a sptn puf~~zu~;o#. weighting the b, 
state. and conceivably observable by spin echo cxpcri- 
mcnts. The spin polarization is diagnostic of the reaction 
path. 

X -$@ -b2 

X -T -01 

Fig. 5. 7’Ite “diradicat” or&tats are &own for face-to&cc X- 
substituted uimcthykoc tt&, and foe coptsaar X-rubsliruted 

trimcthykm trigtu). 

Subrtilunr efectr 
If X #H. tk spin-orbit coupling will k influenced. 

Let X=CHr so that tk product is triructhykk 
rncth~~. This system has a tripkt ground state, the 
HOMOts) kiqt delpekratc and half full in D,,,. Tk 
trimcthykue mcthanc is composed of tk twisting ter- 
minal methykks described above, and w and I* etby- 
knit fragments associated with tk suktit~nt. Owing to 
symmetry. the I and I* kvcls mix only with tk sym- 
metric fP,, + Pd dkadkal combination. without affect- 
ing tk antisymmetrk (P., - PA combination. This mix- 
ing rrdvctr the spin orbit coupling between these two 
combinations by a factor (I - JJ )/gt I + p*), where )L is 
tk mixing co&Gent between tk symmetric diradical 
orbital and tk new I* kvel. 

Since tk mixing rcacbes a m~imum in the coplanar 
species and a minimum in tk face-to-face species. fi = 
LCO sin e; e = 0 in the face-to-face system, f&2) in tk 
coplanar system. Tkn 

V=V,sinecost? 
[ 

sine 
t-fl+~zinzb),n 

I 

Assigning lie the value $2, appropriate for coplanar 
trimcthykk mcthak, we find that tk spin-orbit coup. 
liw reaches its ~x~um at e-250, with a value 
aO.MV, This is to k compared with tk vahre of 0.5Vo 
at 4Y, tk maximum for tk unsubstitutal systems. 

Rcoctiort path c&et on psitimt of s~sf~-~~l~ cn~s&rg 
Spin-orbit coupling is a weak intIucke in organic 

systems, and can k expected to have dramatic effects 
only at points where sin&t and tripkt states are very 
nearly degenerate. The posirions on the reaction coor- 
dinate of tk crossing must aiiect the rate of intersystem 
crossing, since tk magnitude of tk spin-orbit coupling 
vtis along tk reaction coordinate. In tk case of 
~~~ykne rotation from face-to-face to coplanar 
structures. any agent which forces tk sin&t-triplet 
crossing to occur cariy in tk course of tk rotation, will 
tend to enhance tk rate of intersystem crossing. Such an 
agent may k a further substitucnt. or may k tk parti- 
cular choice of stercockmisuy in tk reaction path. 
Consult Fig. 6. in wbicb tk states of trimethylek 
methane are sketchal as a function of reaction path. Tk 
sin&t and triplet B2 states correlate directly as tk 
system passes from face-to-face to coplanar structures. 
However. tk detaifs of tk correlations of tk A, states 
arc different for tk IWO possible choices-conrotation 
or disrotatton-of reaction path. 

Due to tk direction of the “intended crossings” in- 
duced by tk b, disrotation or the a2 conrotation, the 
conrotation allows a sin&-tripkt degeneracy earlier 

(q*,- -;,_ - _“L.%!*!!*!t - ,_ _ - __ _ ‘A, (+ 

F~&Tkrutcorrcktioa~forrLcptrrycftomclw 
face-to-frt speck8 IO tbc cophfar s+eics. Tbc cfo%sinoJ 

mn&d by havy fines UC induced by qhorbit coupling. 



systems of interest here, it will be higher (E, > E,). The 
rate of the singlet reaction is then 
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than the disrotation does. In conrotat~n 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 tri- 
methylene methane, where the triplet is stable compared 
with hi& 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. 

The ratio of rates of the triplet and sin&t reactions is 

Kr C’Ort 
- = - exp(-(E, - &)IRT). 
Ks CM 

A very similar analysis can be invoked to rationalize 
the production of triplet trimethylene methane from 
methyknt pyrazoline by N, extrusion. The main 
difference is that the orbital which becomes the a, 
diradical orbital cornsponds to a very high lying CN,. 
kvel in the precursor. according to the correlation diagram 
for pyrazolinc N1 extrusion. 

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

(a) if rotation begins before significant CN breaking, 
rotation in the h, sense is required for any orhttal crossing. 
Early rotation is probably difficult. and the crossing occurs 
Me. 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 singkt and tripkt surfaces’ confirms that the lowest 
energy sin@-triplet state crossing occurs when the CN 
bonds are almost completely broken. 

Substituents may influence this ratio by altering vibra- 
tional frequcncie\ (and hence 04) for triplet refarifr to 
singkt, or by changing E, - E,, besides changing I. The 
most dramatic effects occur by a change in E,- E,. If 
E, - E, is positive (case I, Ftg. 3) there is a chance of 
overcoming the spin-conservation rule. since the tripkt 
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 ED. and then substituents of acceptor 
type, bearing vacant levels of energy E,. In the follow- 
ing we assume that HOMO and LUMO are nondt- 
generate (E,+MD < EI MO). 

ED may exceed. match. or be less than the energy of 
the LUMO of the parent singlet system. If E,> ELuuo. 
charge will be transferred to the LUHO: if transfer is 
complete the singkt will be stahilired by !(Eu - Et.u&. 
There will be a further (second order) stabilization 
of 2a’/(Ep- Et t:,,4 where a = (d&lcbco~o). As ED 
approaches EI.c:uo these relations become inappropriate. 
and the (2 x 2) secular equation must be solved. When 
ED = Et.uuc, the stabilization becomes 2~. As Eo drops 
below E,,,, only the second order stabilization 
2a-‘f(El.cut,- EnI remains. 

Substitunt c#ects on state dmrity 
The RRKM rate of passage through a “critical” point 

depends on the density of states at the equilib~um 
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(O 
multiplies the usual rate expression. 

Rate _ WWE’) 
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-Zoner 
expression” for f(l) is used in the approximate form 

f(t) = &n (where E, is the energy at the crossing 
X point) 

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

Rate (triplet prodUCtiOn = ’ Q z .rs C-F*‘R’ 
Q 

‘V 

Q,, and Qrt are partition functions for the ground state 
reactant and for the tripkt 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 tripkt 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 

Qlt, +mt 

Q *q 

in the case of a donor interacting with a tripkt, where 
HOMO and LUMO are both singly occupied. it becomes 

PYRAZOLINE FACE TO 
FACE 
DIRADICAL 

- @t-F -~~c---O* 
- q-u-_ - -- b, 

Fig 7, Orbital and sIJIC corr&Gon diagrams for N, extruxion 
from pyrazolinc and rotation to tAc planar diradical. In he center 
of the figure. tAe correlrtion of orbitis Jltd sUtcs in tht N, 
extrusion from pyrruolinc. forming tAc face-to-face trimctAyknc 
dindical is shown. Only he OUI of pAasc combination of CN 
sigma bonds (b?) and he in phase combination of CN sigma 
antibonds arc shown. since racy comiatc directly with ~ht tri- 
mcthykne diradicpt orbttak. AI 1Ae left. the correlation, 
trubiisbed by conrotauon (a21 and drsrotation (b,) are &own for 
rotations early in the N, cxlnistoo. At rigA Ibc catclrtions UT 
shown for rotation kte in tAc N, cxuruion. No cAangc in sU(c 

symmetry is induced by the rotations. cuiy or late. 
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f- TRIPLET 
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to spin-fo&d&a ractiaa. 

possible to transfer one ekctron into the HOMO rather 
than tbc LUMO. One ckctroa must remain in the donor 
kvtl to maintain tripkt spin-coupling_ For ED> Luvo 
the stab&&on is %-&- (second order ta 
cancel). When ED approaches ELUWCh this formula is 
still vdii, but when I& approaches EHoyo the stabiliiza- 
tion approaches o + (B’/E,ullo- ED, whae u 
represents donor-HOMO interaction and @ represents 
the donor-LUMO inter&on. 

We summa&c these mnts in Fii 9 in which . . 
s4dibtm energy due to the donor substitucnt is plot- 
ted against the energy of the donor kvet. The notabk 
fcat!uz of this graph is that so low as the donor energy 
is kss &an kuuo +G, where G is the HOMO-LUMO 
gap, Ibe triplet is mom stabilized than the sin&t. Con- 
sistent redshifts in singlet-triplet spectra of polymethyl 
bcwrK3 relative to benzene supgort this conchlsioa. 
Tbaefon, almost any donor sabhlut tends to favor 
tbc tripkt pathway by increasing E, - E,. The outstand- 
ing example illustrating this possibility is the production 
of a mix of tripkt and sin&t atones from tetramcthyl- 
134oxetanc, whik triplet formakkhyde is not cncoun- 
tercd in lhnadysis of the parent di~xctanc. 

A very similar argurncnt, kading to a summary Fii. t0 
shows that an Acceptor substitucnt will otro preferen- 
tially stab&e a tripkt relative to a sin&t. so long as 
E,> EHo,-G. The only exception to stab&zing 
influence of substitucnts occurs for diradkais (G 40). By 
a “dir&A” we mean a specks in which tbc HOMO- 
LUMO gap is less than or comparabk with the inter- 
action with tbc substitucnt. We illustrate this cue @ii 
I I) witb a ~orni~-~~ti~~ trimcthykne methane, in 
which the sub&tent interacts more strongly with one of 
the degenerate half f&d kvels than the otbcr. Sub- 
stituents thus tend to stab&e tbc sin@ in this applox- 
imatioa. However. since WC have not iDEluded any ex- 
plicit recognition of ekctron repulsions, the trip+ct may 
still be the ground state. For cxampk, CH2 has a trip&et 

Fw 3. A done+ substitucnt wbilizcs a tripkt more tbsn a riagkt 
&. unkrs the doaor kvet lies rt lust G above the energy of 

the LoWeJl unoccupied Mokcuhf ortdd (LUMO). 

ST*elLltAnoh 

SY 

ACCEPTOR 

- 

E~ccrrtor - 

Fe. IO. iikcwiu. an acceptor wbstitucnr sdilixs a tripkt 
mote tb~ a sin&t, unkss the -or kvet lies tt kut G 

bdow tbc Ii*1 occupi#l Mokcuiu ofta (HOMO). 

ground state; rncthylcarbcnc A sin&; but diphcnylcar- 
bent has a tripkt ground state. 

We have used qualitative perturbation theory to dcs- 
cribc the effects of substitucnts and choice of reaction 
path on the rale of intersystem crossing in two types of 
organic systems in whiih a spin forbidden reaction may 
bc competitive in rate with spin conservative reactions. 

The main conclusions follow: 
(a) Aliphatic hydrocarbon substitucnts have little 

effect on spin-orbit coup- whik N or 0 substitunts 
can enhance spin-orbit coupling; 

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

(c) Spiwrbit coupl& itwzascs as the CN bond 
breaks indiazomcti; 

(d) C+ymmctry preserving extrusion of N1 from 
pyrazolinc forces spinorbit couplin% to be near zero; 
conrotation and disrotation of the trimcthykne fragment 
permits a substantial spin&A coupling, allowing the 
production of the triplet m, = t 1 and m. = 0 states res- 
pectively; 

(t) The rphrbit coupling bchava as V co8 B sin 8, 
~brao&esfromOto*nanddcscribestbecoo-or 
disrotation. 

In tbcsc systems there is no obvious kcrcasc in state 
btnsity p(B) due to preferential lowering of vibrational 
f~uencks due to substituots. Suba&ucats can 
cnhanccbothain&tandtripktstatcdeasitksbytbcir 
sta&&& edect. In the oncckctroa approximation 
t@cts arc panrIly preferentially stab&& by sub 
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shents, except in the diradical Limit. Therefore, sub 
stituents can cnhamx the inte~~~~rn cr0ssilrg rate tither 
by their inffucnce on the density of stata. or by rbeir 
iniluence oe the spin&it coupling, 
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