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New Approaches to Singlet-Triplet Spin —Orbit Table 1. Dependence of SOC on Active Space and Dependence
Coupling in Photochemistry and Diradical on Inclusion of the Two-Electron Operator (RMS Values, (&
Chemistry. Mechanistic and Exploratory Organic SOC RMS
PhotochemlstryLZ scaled le operator 1e- 2e operator

active value,
compound spacé 3-21@ STO-3G 3-21G STO-3G  3-21G

Howard E. Zimmerman* and Andrei G. Kutateladze

oxyallyl [2,2] 0.10708 0.06129
Department of Chemistry, Umrsity of Wisconsin 5 ne iy [‘[154;] 02778 3‘_3@%%% oo 19;92171308 adse
Madison, Wisconsin 53706 [4,4] 1.8783 246750 3.09920 1.31170 1.66620
. (3.253109 (1.807309
Receied September 5, 1995, anediyi  [2,2] 0.00001 0.00001
There is a widespread belief that excited state reactivity is pentanediyl [1[1’24]2] 0.00001 %g%agg 0.00002 0960504040;1 0.00001
COI’ltr.O.HEd by the probability of exciteq state 'FO gyound st_ate [4’4’1] 0.24760 0.23802 0.40739 0.12689 0.20966
transitions, either at points where there is a conical intersettion, hexanediyl [2,2] 0.00149 0.00076
in the case of singlet reactions, or where there is enhanced ~[4,4] 0.00000 0.00001 0.00000 0.00000 0.00000
intersystem crossing to ground state, in the case of triplets. A heptanediyl [2,2] 0.10633 0.05514
contrary vievi*has noted that, for complex organic reactions, diy [?2'4;] 0.02152 8-8388‘1‘ 0.03541 006%%2%8 0.01837
an equally important factor is the nature of the reaction [4"'1] 0.00002 0.00001

hypersurface and the tendency for an excited state to traverse

minimum energy pathways to seek out such points of radia- 2Number of electrons in number of MO5Scaled 1e method of

tionless decay. Where energy minima do occur and can begsordon et af’ ¢ le or le+ 2e operator spirorbit coupling values.

reached by reacting triplets, it is important to assess the rate of 6-31G™*.

intersystem crossing. Most commonly, this is controlled by

spin—orbit coupling (SOC), the interaction of electron spin with ~ Previously we have reported on the concept of dissection of

the angular orbital momentum in a transition between triplet SOC contributions due to interaction of orbital pairs. At the

and singlet states. time, we were restricted to use of a le operator. Our basic
Recently we have turned to quantitative assessment of SOCidea was to dissect the SOC components into hybrid orbital pairs

factors. A limitation has been the lack of availability of requisite around the molecule of interet.

computational methodology. Specifically, one was faced with  In our present work, we developed computational ability using

the choice of using a one-electron (1e) SOC operator with a the full 1e+ 2e SOC operator. Again, we have made use of

satisfactory set of “active MOg2bor a complete one- and two-  the Weinhold hybrid orbital8, which are useful in organic

electron (2e) operator with a restricted HOMOUMO active chemistry since these are directed along traditional bonds. Also,
spaceé® Often it is suggested that addition of the 2e component as spir-orbit contributions are computed, we accumulate
of the operator leads to a diminution of the SO®C. localized contributions; in this we segregate the le and 2e

We now report (a) the ability to utilize the best of both SOC components as well as thds = +1, 0, —1 andLx, Ly, Lz
approaches using a He 2e SOC operator in conjunction with ~ components. For convenience, we incorporated our program-
the choice of a variable active space composed of MCSCF MOs; ming into the GAMESS package, making considerable use of
(b) the relative importance of the approximations of using just code obtained from Prof. T. Furlahi.

a le SOC operator with an extended active space versus using In determining the success of the methodology, we applied
a full le+ 2e operator and just HOMELUMO MOs; (c) the our attention to oxyallyl and a series ohdalkanediyls. The
extension, using the full 1é- 2e operator, of our concept of results are listed in Table 1. We note that the dominant
dissecting SOC into contributions between orbital pairs, showing contributors to SOC are geminal pairs of hybrid orbitals which
how the total SOC develops; (d) the application of our treatment have an inter-orbital angle close to°*90

to 1n-alkanediyls, where a unique alternation of SOC with the  Turning to the matter of the two common approximations,
parity of the number of intervening bonds between the odd- namely use of a 1e operator versus use of a limited HGMO
electron centers is found; (e) definition and consideration of LUMO active space, one sees that a limited active space may
the direct through-space versus through-bond source of SOC;afford only a minor fraction of the SOC, while the 2e operator
() the finding that even with the 1€ 2e operator, SOC derives  modifies the overall SOC only fractionally. Thus, omission of
mainly from interaction between geminal orbitals rather than the 2e operator leads to a more minor ePfarpntrasted with

the formal odd-electron ones. the orders of magnitude error possfbiehen a two-MO (e.g.,
(1) Publication 179 of our photochemical series and 238 of the general HOMO-LUMO) apprpx_lmatlon is made. .Th'S IS espec_lally
sequence. true for oxygen-containing molecules having a nonbondipg p
(2) For our previous publication, see: Zimmerman, H. E.; Kutateladze, orbital. A major contribution then comes from the-pp, SOC
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Bernardi, F.; Robb, MJ. Am Chem Soc 1995 117, 6944-6953. (c) In MOs much bélow the Rl - I'he oxyallyl moiety Is or
Bernardi, F.; Robb, MJ. Am Chem Soc 199Q 112, 1737-1745. particular interest, since it is the penultimate excited species
(4) (a) Zimmerman, H. E.; Schuster, D.J.Am Chem Soc 1962 84, postulated for the “type A” (Lumi) cyclohexadienone rearrange-

4527-4540. (b) Zimmerman, H. E. A New Approach to Mechanistic ; ; ;
Organic Photochemistry. IAdvances in PhotochemistriNoyes, A., Jr., ment and is knowf experimentally to intersystem cross to a

Hammond, G. S., Pitts, J. N., Jr., Eds.; Interscience: New York, 1963; Vol. ground state §oxyallyl zwitterion, which then undergoes a
1, pp 183-208. (c) Zimmerman, H. ESeventeenth National Organic

Symposium of the American Chemical Sogi&pomington, IN; ACS: (7) Zimmerman, H. E.; Kutateladze, A. G.; Maekawa, Y.; Mangette, J.
Washington, DC, 1961; 1961; pp 341. E.J. Am Chem Soc 1994 116, 9795-9796.

(5) (a) Koseki, S.; Schmidt, M.; Gordon, M. 3. Phys Chem 1992 (8) (a) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem Rev. 1988 88,
96, 10768-10772. %b) The GAMESS progréfcontains such a spin 899-926. (b) Here we employed Pre-NHO's with orthogonalized coef-
orbit coupling modulé® (c) Schmidt, M. W.; et al. Comput Chem 1993 ficient vectors. These have the advantage of being completely localized
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Table 2. SOC Dissections (Active Space of 4)

9 hybrid angle
& . gair betﬁeen 1eSOC  1let 2e SOC
In 1n-alkanediyl  (3-21GR  hybrids 2 RMS 2 RMS
I o4 ; 1,3-propanediyl p-o32 95.49 —1.464 1.464 —1.214 1.214
Pl ) P A oy P7 p1i—o12 95.49 —1.464 1.464 —1.214 1.214
oy 1C P1—pP3 81.21 0.083 0.083 0.030 0.030
In n 1,4-butanediyl p—oa3 95.62 —0.282 0.282 —0.230 0.230
p1—o12 95.62 0.282 0.282  0.230 0.230
Pg P1—Pa 0.0 c c [« [«
‘(1\ o5 P o 1,5-pentanediyl $-os4 95.63 —0.105 0.105 —0.087 0.087
N, 1.C 3 4 6 p1—012 95.63 —0.105 0.105 —0.087 0.087
I, 034—032 109.40 —0.083 0.083 —0.075 0.075
Figure 1. Alkanediyls basis set terminal geminals for the diyls defined. 1.6-hexanediyl g;‘i_g;‘z 18822 _0%022440%02244_0.8522 %.85222
The local SOC integral$; and I, with counter clockwise $p— p pi—012 9411 0.015 0.015 0.010 0.010
rotation, are negative with changing signs and positive with no sign Ps— 065 94.11 —0.015 0.015 —0.010 0.010
change. 1,7-heptanediyloss—032 109.47 —0.018 0.018 —0.017 0.017
Os6— 054 109.47 —0.018 0.018 —0.017 0.017
ground state rearrangement to the bicyclo[3.1.0] photoproduct. o0t 109.53 —0.004 0.004 —0.003 0.003
We see in Table 1 that use of two bonding and two antibonding "'fome Ho.
o U . p1—012 9562 ¢  0.0018 ¢  0.0022
MOs for oxyallyl affords a SOC contribution which is consider- pr—076 9562 ¢ 00018 ¢ 00022
ably larger than that resulting from use of only HOMOUMO. 1,8-octanediyl p—-o12 9562 c 00015 ¢  0.0012
Using a limited (i.e., HOMG-LUMO) active space thus omits p1i—o12 9562 c¢ 00015 c  0.0012
inclusion of the dominantsp—py geminal contribution. For f; 056~ 054 109.53 ¢ 0.0014 c 0.0012
alkanediyl diradicals, the smaller active space is reasonably 045013 10953 ¢ 00014 c¢  0.0012
adequate. . ) ) aThe subscript numbering refers to atoms in the chanly the
A particularly striking result comes from thertdiyls, all in z-components since the molecules wergy oriented.® Neglible values.

an s-trans conformation (see Figure 1). Thus, the diyls with
an even number of €C bonds andCs symmetry (namely, 1,3-
propanediyl, 1,5-pentanediyl, and 1,7-heptanediyl) exhibit large
SOC, which diminishes as the separation between the odd-
electron centers increases. However, the diyls with an odd
number of C-C bonds andC, symmetry (namely, 1,4-
butanediyl, 1,6-hexanediyl, and 1,8-octanediyl) have negligible
SOC values, which also vanish with increasing chain length.
Both the 1e and 2e contributions follow this pattern, as can be
seen in Table 1.

For an understanding of this behavior, we turn to eq 1, which
gives the SOC contribution resulting from SOC interaction at
each of two centers, 1 and and two localized hybrid orbitals  gjgyre 2. Largest contributors to the spirorbit coupling of two diyls.
at each center. In the diyls, the terminal hybrid orbitals@re ¢, symmetry for butanediyl an@s symmetry for pentanediyl.
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I (1) for an odd number of carbons, the two terms have like signs
n and add, providing net SOC.

The useful empirical relation of the SOC on the sine of the
SOC= M[D;l; + Dyl (1b) angle between two odd-electron p-orbitélderives from the
fact that each MO extends through the entire molecule, with
and close to p in nature. Th&'s are coefficients weighting  the consequence that the relative orientation of terminal p-
these hybrid orbitals in MOk andl. 1, andl, are integrals for orbitals is controlled by the relative geminal orientation at the
centers 1 andh, giving the SOC contributions for the two individual centers, leading to a maximum SOC at & 90
hybrids at a carbon. Each of these integrals is maximized at aorientation between the p-components of each geminal. Note
90° inter-orbital angle and is null at’0 In the full computation,  the dissection in Table 2. Figure 2 gives the basis (definitional)

these contributions are summed over all hybrid pairs at all set of terminal hybrid orbitals and HOMO and LUMO pictori-
molecular centers and for all pairs of MBsandL. Addition- ally for the examples of butanediyl and pentanedfyl.

ally, the terms are weighted by coefficieis giving the weight

of the Slater .dete”.“'“?”ts in each Con_flguratlon and the weight Acknowledgment. Support of this research by the National Science
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1,n-diyls have most of the SOC contributed by HOMO and

!‘UMO' we can use jusK for HOMO andL for LUMO to Supporting Information Available: Outline of NBO dissection
illustrate the dependence of the total SOC on the even or Oddprogramming (7 pages). This material is contained in many libraries

number of carbons in the diyl. ) on microfiche, immediately follows this article in the microfilm version

It is readily shown that the determinarily and D, have of the journal, can be ordered from the ACS, and can be downloaded
opposite signs, independent of the length of the diyls, while  from the Internet; see any current masthead page for ordering
= I, for an even number of carbons, ahd= —I, for an odd information and Internet access instructions.
number of carbons. The net result is that for an even number

onK

of carbons, the two terms cancel and afford zero SOC, while JA953052A
(10) (a) Doubleday, D.; Mclver, J. W.; Page, M.JJ.Am Chem Soc (11) Also, the odd-membered diyls have more appreciable singly
1982 104, 6533. (b) Carlacci, L.; Doubleday, D.; Furlani, T.; King, 8. promoted singlet configurations, while these are vanishing for the even

Am Chem Soc 1987 109, 5323. members.



