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Excited State Energy Distribution and Redistribution Thus,AD might be properly termed an “overlap density matrix”;

and Chemical Reactivity; Mechanistic and r andt designate a pair of orbitals.

Exploratory Organic Photochemistry!-2 The idea is that, where AD element (e.g.ADy) is negative,
that bond not only is weakened in the excitation process but also

Howard E. Zimmerman* and I. V. Alabugin is generated by FranekCondon vertical excitation in a nonmini-

mum geometry with an accumulation of vibrational as well as
Department of Chemistry, Usgrsity of Wisconsin,  electronic energ§.There may be some bonds which have positive
1101 Unversity Avenue, Madison, Wisconsin 53706  AD elements and are stabilized and strengthened, but they will
Receied September 17, 1999 necegsarily be fewer, since .the molecula( electronic energy has
Revised Manuscript Receéd Narember 17, 1999  fisen’ Also, theAD method gives changes in one-center electron
densities, and this portion of our concept has been of value in
Four decades ago one of us presented a means of relatingthe literature©
qualitatively, the structures of electronically excited statesto many  The AD method not only predicts the occurrence of photo-
of the known organic reactioisWe now describe a method of  ¢chemical reactions but also subtleties such as regioselectivity.
predicting excited-state reactivity more generally. o Some reactions considered are (a) the Norrish Type | and its
A particularly intriguing but elusive problem is how excitation regioselectivity:12 (b) the Yates ring-strained ketone to carbene
energy is distributed in electronic excited states, particularly those ring expansion® (c) the cyclopropyl ketone ring opening
eXh'b't'n.g photocheml_cal reactivity. Using modern quantum .4 tions and regioselectivity; (d) the Norrish Type-Il reactioHd
mechanical wavefunctions, the present paper not only prowdes(e) the butadiene to cyclobutene disrotatory transformétff,
an answer 1o this qL_Jestion bUt also provides a method for Type-B bicyclic transformations{ (g) p-orbital hydrogen
pr?r? Igte'?)? g ;r?iogf?ggﬁé rr%apcglr\t/g()j/.th e use of AAD Matrix” abstractiort9 (h) the a-expulsion reaction ofo-substituted
ketonesi!" (i) meta-electron transmissid#, (j) the photorace-

(also termedAp Matrix) which gives the change in electron L . ; i . .
densities and bond orders at different molecular sites as a resultm'zatIon of optically active biphenylsjand (k) the diz-methane

of electronic excitation. The promise was the ability to predict '€arrangemeritX

the molecular consequences of electronic excitation as well as  The results are outlined qualitatively in Chart 1 and quantita-

being able to predict and understand photochemical reactions intively in Supporting Information. In Chart 1, each reactant has

general. These early studies were limited to the use of a truncatedbonds of interest designated as markedly dissociative, less
system of basis orbitals, these being in chromophores and bondglissociative, or unreactive. Bonding tendencies between nonad-
involved in a given reaction. However, now with the Weinhold jacent orbitals also are included. One finds that the bonds
Natural Hybrid Orbitals (NHOS$)being available in Gaussian98,  becoming most antibonding, as indicated by possessing most
it is possible to determine the validity of the concept in virtually negativeAD elements and having the most concentrated excitation
any electronically excited state of interest using any of the energy, are indeed the ones breaking experimentally in the primary
quantum mechanical methods capable of affording density photochemical process.

matrices for ground and excited singlet and triplet electronic states.

We define ourAD matrix elements as in eq 1. (8) While local accumulation of electronic excitation is readily seen,
vibrational excitation is less obvious. That vertical excitation leads to a
— P* _ ne vibrational level above zero is seen by the transition from equilibrigm
ADrt =D rtSkrt D nsort (1)

geometry to a nonoptimal bond order$aor T; and thus a nonequilibrium
bond geometry.

Here, theD*; refers to the excited-state density abé refers Inf(()?%qgg(r)r;}putational detail and numerical results are given in Supporting
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for distance effects and to maintain proper relative orbital signs. White, C. A.J. Phys. Chem1995 99, 14261} 14270.
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Figure 1. AD Matrix values for orbital pairs in methyért-butyl ketone.
Values are expanded by 10 000.

Chart 1. Assorted Organic Photochemical Reactants and
Two-CenterAD Value$
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aKey: (a) largest negativAD; (b) lesser negativAD; (c) very small
AD, nonbreaking bond; (f) large positiveD, bond forming; (h) increased
one-centerAD.

Thus, the reactants listed in Chart 1 have known photochem-

istry. For each there is bond scission or formation or both in the
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Figure 2. Change in pands electron density on-Az* excitation.

a concerted mechanism rather than a two-step Norrish Type-I
fission to acyl odd-electron and saturated carbon odd-electron
centers which then subsequently combine. Also, the reaction
regioselectivity, in which it is the more substituted carbonydtto
carbon bond which is severed, is suggested by the relative
magnitude of negativAD elements (i.e., a vs b).

The expulsion of substituentsto a carbonyl group is a process
known in organic photochemist®hand indeed, it is an. carbon
to Cl bond ina-chloroacetone which has a negati&® value.

Figure 1 deals with the Norrish Type-I reaction and gives the
values for the occurrence and regioselectivity of metasttbutyl
ketone. Additionally, loss of pand s densities as well as the
increase in one-center carbonyl carbon and oxygen densities are
given. Similarly, the regioselectivity of the Norrish Type-I reaction
of camphort* including the ring-expansion to afford a carbene,
is in accord with theAD elements & vs b and a positive).

The initial bridging in the dir-methane rearrangement of

primary photochemical step. Chart 1 designates the largestparrelené'is also accounted for (i.e., prediction of transannular

negativeAD element by a, the next most negative element by b,
zero elements by ¢, and positid elements by f. In one case,

a one-centeAD value is given, designated by h. For example,
in the case of the photolysis of cyclopropyl methyl ketot (
where the triplet is knowii to undergo fission of thet,3 bond
from the n—z* state, the most negative element corresponds to
this bond with a value of-184 while the p (lone pair) has @&AD
element showing loss of 0.8465 electron, as expected-p*n
excitation. For the methyl dimethylcyclopropy! ketoe the

preferential reaction is opening of the more substituted three-

ring bond!? corresponding to a in Chart 1. Figure 2 in Supporting
Information illustrates the source of reactivity differences between
the bicyclo[3.1.0]enone%2 and their saturated counterpatt3

bridging with a positivef and loss ofr bonds with negative
values).

The disrotation of butadienes is predicted with a posifive
(structurel5); a negative value would have predicted conrotation.
Loss of twoszr bonds AD a) and formation of the new bond
(AD f) are calculated.

The knownl photoracemization of chiral biphenyls results from
the enhanced\D between phenyl rings which leads to ring
planarization.

It has been noted that+xr* reactivity arises in two ways (see
Figure 2)1 (i) from involvement of the singly occupied prbital

Each bonding change corresponds to a known molecular and (ii) from behavior of the electron-rich, “radical-anion like”

reactiont13

One particularly interesting example is that of 2,2-dimethyl-
cyclobutanone&) where not only is a negative acyl carbon to a
dimethyl carbonAD element found but additionally there is a
strongly positiveAD between the porbital and the dimethyl
carbon atom, signifying a bonding interaction. This bears on the
controversy in the Yates Ring Expansion to give carbBhesere

there is experimental evidence of stereospecificity which suggests

(12) (a) Pitts, J. N.; Norman, 0. Am. Chem. S0d.954 76, 4815-4819.
Hess, L. D.; Jacobson, J. L.; Schaffner, K.; Pitts, JJNAm. Chem. Soc.
1967 89, 3684-3688. (b) Roberts, R. M.; Landott, R. G. Am. Chem. Soc.
1965 87, 2281-2282. (c) Huppi, G.; Eggart, G.; Ilwasaki, S.; Wehrli, H.;
Schaffner, K.; Jeger, QHely. Chim. Actal966 49, 1986-2001. (d) Marsch,
D.; Pitts, J. N.; Schaffner, K.; Tuinman, 8. Am. Chem. S04971, 93, 333—
338.

(13) Zimmerman, H. E.; Hancock, K. G.; Licke, @. Am. Chem. Soc.
1968 90, 4892-4911.

(14) Agosta, W. C.; Herron, D. KJ. Am. Chem. Sod.968 90, 7025
7030. Meinwald, J.; Chapman, R. @. Am. Chem. Sod 968 90, 3218-
3224. For a related example, see: Yates, P.; Kilmurnd.lAm. Chem. Soc.
1966 88, 1563-154.

(15) (a) Zimmerman, H. EJ. Amer. Chem. S0d.966 88, 1566-1567;
(b) Zimmerman, H. EAccounts of Chem. ReB972 5, 393-401; (c) Michl,
J. Mol. Photochem1972 243-255, 257286, 287-314; (d) Reguero, M.;
Bernardi, F.; Jones, H.; Olivucci, M.; Ragazos, I. N.; Robb,JMAm. Chem.
Soc.1993 115 2073-2074.

7 system. TheAD analysis presented above includes both effects.
The “p-orbital effect” is seen in the Norrish Type-ILQ),3

the Norrish Type-I, the ring expansion in the cyclobutanoes (
and8), and camphorl(4). The “electron-richt* effect” is found

in the three-ring opening of the cyclopropy! ketones (cdses

12, and13) anda expulsion (cas®). 7—a* excited states (e.qg.,
11 and 15) exhibit parallel effects.

Also of interest, the one-cent&D elements for the jorbital
invariably are less than unity due to delocalization of the “electron
hole” into theo framework.

Finally, in basing predictions on the primary photochemical
process, we are not considering energy barfiens conical
intersection® subsequently encountered by the reacting excited
state. It has been noted that both factors are important, but without
the primary process there is no reaction.
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