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Abstract: The radical cation of tricyclo[4.3.110]deca-2,4-diened) can be generated by electron transfer to
1,4-dicyanobenzene (DCB) in acetonitrile/methanol; the species is captured by regiospecific nucleophilic attack
of methanol in the 2- (and 5-) position. On the other hand, the reaction shows little stereochemical preference.
The resulting allylic radical reacts by aromatic substitution on the radical anion of DCB, the 3-position serving

as the principal site of coupling. Remarkably, the cyclopropane functi@ias not a target of nucleophilic

attack, even though the secondary cyclopropane carbon has spin and charge density. The observed reaction
is compatible with a theoretical model proposed by Shaik and Pross, which correlates radical cation reactivity
with the spin density of the corresponding triplet state. The captuBstadccurs in the position where both

SOMO and LUMO have significant orbital coefficients.

Introduction results® The high degree of regio- (and stereo-) selectivity
observed foMN** led to the current study of the norcaradiene

The structures and reactions of organic radical cations havegystem 1, in which we evaluate the homoconjugation between

attracted much attention during the past two decadeEspe- the butadiene and cyclopropane moieties.

cially, molecules containing strained ring moieties as well as

unsaturated functions have been studied in considerable detail. 7 7 o

We are interested in conjugative and homoconjugative interac- s 6 \ 6

tions in substrates containing olefinic moieties and cyclopropane - 6 O ! =

rings. We have evaluated how these interactions affect the 3 & 1 2 34

structures of the resulting radical cations, particularly the !

distribution of spin and chargé€2 We have also probed whether 1 2 3

homoconjugation manifests itself in the reactivities of the radical

cations, particularly in the regiochemistry of nucleophilic Earlier, we assigned a unigue structure to the radical cation

capture. For example, we have derived the hyperfine coupling of benzonorcaradiene), with spin density on the secondary

patterns of radical cations from CIDNP results and compared cyclopropane carboh. The radical cations ofl and of the

them with the reactivity patterns derived from the products bridged derivative tricyclo[4.3.1'6]deca-2,4-diene 3)’ are

obtained in photoinduced electron-transfer reactions. Thus, theexpected to have a similar structure; thus, the spin density at

radical cations of 7_methy|enenorbornadienmo and 7-meth- Cio may direct nUCleOphiliC capture to this carbon. This attack

ylenequadricyclaneMQ) react at the pairs of olefinic or is energetically favorable, as i.t relieves the strain of .the

cyclopropane moieties, but fail to undergo nucleophilic capture cyclopropane ring and forms a highly delocalized free radical.

at the exocyclic double bondsJespite significant spin density W& have applied a 2-fold approach to evaluate the extent of

in the exo-methylene bond ®fIN** as indicated by CIDNP hom_oconjugatlon in radical cations of norca}radlene systems. We

studied the electron-transfer photochemistry of the bridged

(1) () Forrester, R. A.; Ishizu, K.; Kothe, G.; Nelsen, S. F.; Ohya- derivative3 in the presence of methanol as a nucleophile and

g(i)slhigtc;iccheilisH'in\AL/gﬁjno?tbeé ;<ns t\é\i/ri:ke’(iuvr:]/ér(i)crgargca tgag?]r& Rpi‘ﬂiﬁl?n;“d carried ouiab ini_ti_o calculatic_)ns on the radic_al c_ations 1)%3._ _

Rel}z:\tionships in Science and Tec’_hnol;o@pringer—\(erla_ig: Heidelberg, This study identifieS as a.u.mque probe eluc.ldatlng meChamS“C

1980; Vol. IX, Part d2. (b) Yoshida, KElectrooxidation in Organic features of the nucleophilic capture of radical cations.

Chemistry: The Role of Cation Radicals as Synthetic Intermediates ~ The radical cation3'*, is generated by an indirect pathway,

Wiley: New York, 1984. (c) Shida, TElectronic Absorption Spectra of jnvolving the following steps: irradiation of a cosensitizer

e e o ST ™™, (phenanthrend?h) with liht of 4 = 350 nm (eq 1); electron
2) (a) Ledwith, A.Acc. Chem. Red972 5, 133-139. (b) Shida, T.;  transfer from'Ph* to 1,4-dicyanobenzeneDCB), generating

Haselbach, E.; Bally, TAcc. Chem. Red4984 17, 180-186. (c) Nelsen, the radical ion pair,PhﬁL—DCB'* (eq 2); and a secondary

S. F.Acc. Chem. Red.987 20, 269-215. (d) Bauld, N.; Bellville, D. J.;

Harirchian, B.; Lorenz, K. T.; Pabon, R. A., Jr.; Reynolds, D. W.; Wirth, (5) Roth, H. D.; Du, X.-M.; Weng, H.; Lakkaraju, P. S.; Abelt, C.JJ.
D. D.; Chiou, H.-S.; Marsh, B. KAcc. Chem. Re4987, 20, 180-186. (e) Am. Chem. Sod994 116, 7744-7752.
Roth, H. D.Acc. Chem. Re4987, 20, 343-370. (f) Mirafzal, G. A.; Liu, (6) (a) Roth, H. D.; Schilling, M. L. MCan. J. Chem1983 61, 1027.
J.; Bauld, N.J. Am. Chem. S0d.993 115 6072. (b) Roth, H. D.; Schilling, M. L. M.; Schilling, F. CJ. Am. Chem. Soc.
(3) Roth, H. D.Top. Curr. Chem1992 163 131-245. 1985 107, 4152.
(4) Weng, H.; Du, X.; Roth, H. DJ. Am. Chem. S0d.995 117, 135- (7) Vogel, E.; Wiedemann, W.; Roth, H. D.; Eimer, J.; riuer, H.
140. Liebigs Ann. Chem1972 759, 1—-36.
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electron transfer fron8 to Ph** generating a secondary radical
ion pair,3**—DCB*~ (eq 3). When generated in the presence
of a nucleophile (5 M CHOH), this pair undergoes a well-

Herbertz et al.

and phenanthrene (Aldrich; 98%) were purified by recrystallization.
9,10-Dicyanoanthracene (Eastman Kodak) was purified by recrystal-
lization from acetonitrile. Acetonitrile (Fischer), methanol (Fischer),

established photochemical reaction sequence: the radical cationgd methylene chioride (Fischer; Spectranalyzed) were distilled from

are scavenged by the nucleophile (eq 4); the resulting methoxy-

substituted free radicals form simple methanol adducts (&q 5)

or generate more complex products by aromatic substitution at.

the ipso-carbon of the sensitizer radical anion (ef 6).

Ph-" 1ph (1)

'Ph*+ DCB— PH" + DCB"™ 2)
PH* +D—Ph+ D" 3)

D™ 4+ CH;OH— [D—OCHSJ + H* 4
[D—OCH,]' = H—D—OCH, (5)

[D-OCH,]' + DCB"™ —
p-CN-C;H,~D—OCH, + CN" (6)

Details of the reaction sequence leading to the three-
component products are particularly well-established for olefins;
this variant of the reaction is known as the photo-NOCAS
reaction (for “photo-induced nucleophile-olefin-combination-
aromatic-substitution”§®¢ For the current study, the regio-
chemistry of nucleophilic attack on the radical cati@] is
of primary interest. Accordingly, additional mechanistic details
need not be delineated; however, some facets of individual
reactions will emerge in the subsequent discussion.

The experimental findings are viewed in the lightadif initio
calculation? on the prototypd-*, the benzoannelate2t™, and
the bridged derivativ8'". These species were calculated with
the GAUSSIAN 94 electronic structure progratisThe extent
of homoconjugation in these species will be based on the

calculated geometries, especially the cyclopropane bond lengths

and on the carbon spin densities and hyperfine coupling
parameters. Previous experiefcé® suggests that this level

calcium hydride and stored over 4A molecular sieves in brown bottles
under argon atmosphere.

Electron-Transfer Photosensitized Reactions.Solutions contain-

ing 0.1 M each oB and 1,4-dicyanobenzene and 0.02 M phenanthrene
as co-sensitizer in acetonitrile/methanol (3:1) were deoxygenated by
purging with argon for 15 min and irradiated in a Rayonet RPR-100
photoreactor equipped with 16 RPR-3500 lamps. The progress of the
reaction was monitored by gas chromatography on a GC/MS system
(HP 5890 series Il GC interfaced with an HP 5971 mass selective
detector), using a 12 mx 0.2 mmx 0.33um HP-1 capillary column
(cross-linked methyl silicone on fused silica). Analytical runs were
carried out in 4-mm i.d. NMR tubes stoppered with latex stoppers;
preparative runs were in 30-mm i.d. tubes with central cooling fingers
(water-cooling).

Isolation of Products. The major reaction products-6% yield)
were isolated by chromatography on a set of columns with IDs ranging
from 1 to 5 cm, packed with-15 cm of TLC standard grade silica gel
(Aldrich; without binder) and eluted with solvent gradients, usually
from light petroleum ether (bp< 65 °C) to mixtures with either
methylene chloride or ethyl acetate. Several passes were required to
isolate the products.

Characterization of Products. Structure assignments of isolated
products rest on MS and NMR data, including DEPT, two-dimensional
COSY, and HETCOR experiments, where appropriate. NOE difference
spectra were recorded to elucidate the substituent stereochemistry and
the spatial relationship between the various functional grodidSNMR
spectra were recorded on either a Varian XL-400 or a Varian VXR-
200 spectrometer!3C and HETCOR NMR spectra were recorded on
a Varian VXR-200 spectrometer operating at 50.3 MHz.

Computational Details. Ab initio calculation&’ for norcaradienes,
1-3, and their radical cations were carried out with the GAUSSIAN
94 series of electronic structure prograthesing extended basis sets,
including d-type polarization functions on carbon (6-31G*). The
geometries of the neutral parent molecules were optimized at the
resticted HartreeFock level (RHF/6-31G*//RHF/6-31G*), those of
radical cations were optimized at the unresticted Hartfesrk level
(UHF/6-31G*//UHF/6-31G*). Furthermore, the prototypk,and its

of theory should reproduce the major geometric features of theseradical cation,1**, were also calculated to include higher degrees of

systems.

Experimental Section

Materials and Solvents. The donor/substrate, tricyclo[4.3.1%
deca-2,4-diene3j was prepared according to literature procedires.
The electron acceptor/sensitizers, 1,4-dicyanobenzene (Aldrich; 98%)

(8) (@) Neunteufel, R. A.; Arnold, D. Rl. Am. Chem. S0d.973 95,
4080. (b) Maroulis, A. J.; Shigemitsu, Y.; Arnold, D. R.Am. Chem. Soc.
1978 100, 535. (c) Klett, M.; Johnson, R. B. Am. Chem. S04.985 107,
6615.

(9) (@) Rao, V. R.; Hixson, S. S. Am. Chem. Sod979 101, 6458. (b)
Arnold, D. R.; Snow, M. SCan. J. Chem1988 66, 3012. (c) Arnold, D.
R.; Du, X. J.J. Am. Chem. S04989 111, 7666. (d) Arnold, D. R.; Du, X.
Can. J. Chem1994 72, 403.

(10) Hehre, W. J.; Radom, L.; Pople, J. A.; Schleyer, P. vARInitio
Molecular Orbital TheoryWiley-Interscience: New York, 1986. This work

presents a detailed description of the theoretical methods used in this work.

(11) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Peterson, G. A.
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V.
G.; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; DeFrees, D. J.; Baker, J. P.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. SAUSSIAN 94 Gaussian, Inc.,
Pittsburgh, PA, 1994.

(12) Raghavachari, K.; Haddon, R. C.; Roth, H. D Am. Chem. Soc.
1983 105 3110.

(13) Raghavachari, K.; Roth, H. 3. Am. Chem. S0d.989 111, 253.

(14) Roth, H. D.; Schilling, M. L. M.; Raghavachari, K. Am. Chem.
Soc.1984 106, 253.

(15) Krogh-Jespersen, K.; Roth, H. D. Am. Chem. Sod 992 114,
8388-8394.

electron correlation at the MP2 level of theory (MP2/6-31G*//MP2/
6-31G*). Wave function analyses for charge and spin density distribu-
tions used the conventional Mulliken partitioning schélhe.
Mgller—Plesset perturbation theory (UMP2) reprodugesitive H
hyperfine coupling constants (hfcs) satisfactorily, but overestimates spin
densities on carbon and negative hfcs significantly, often by factors
>212-15 On the other hand, density functional theory meti&dire
satisfactory agreement with experimental restiit§ Indeed, positive
and negative hfcs of norbornadiene, quadricyclane, and bicyclobutane
radical cations are reproduced accurately with either UB3LYP/6-31G*/
/UMP2/6-31G* or UB3LYP/6-31G*//UB3LYP/6-31G*® Pictorial
representations of spin density, SOMO and LUMO were derived with
the program SPARTAN? The previously optimized geometries
(UMP2/6-31G* for1*, UHF/6-31G* for2** and3*) were imported
into SPARTAN. A UHF/6-31G* single-point calculation was followed
by a surface analysis for spin density, SOMO and LUMO. In each
case, the results are displayed as two separate views, containing
translucent and opaque orbital outlines superimposed on the carbon
frame.

(16) (a) Eriksson, L. A.; Malkin, V. G.; Malkina, O. L.; Salahub, D. R.
J. Chem. Phys1993 99, 9756-9763. (b) Eriksson, L. A.; Malkin, V. G.;
Malkina, O. L.; Salahub, D. Rnt. J. Quantum Chenm.994 52, 879-901.

(17) Batra, R.; Giese, B.; Spichty, M.; Gescheidt, G.; Houk, K.JN.
Phys. Chem1996 100, 18371-18379.

(18) Herbertz, T.; Roth, H. D. Unpublished results.

(19) SPARTAN, SGI Version 4.0.4 GL, Wavefunction Inc., 1991995,
Irvine, CA. Deppmeier, B. J.; Driessen, A. J.; Hehre, W. J.; Johnson, H.
C.; Leonard, J. M.; Yu, J.; Lou, L., Development Staff; Baker, J.; Carpenter,
J. E.; Dixon, R. W.; Fielder, S. S.; Kahn, S. D.; Pietro, W. J., Contributors.



ET Photochemistry of a Bridged Norcaradiene

Results

The electron donor ability of tricyclo[4.3.:fdeca-2,4-diene,
3, was probed using the Steriolmer methodology3 is an

efficient quencher of 9,10-dicyanoanthracene fluorescence. The

Stern—-Volmer plot is linear in the range, 18 < [3] < 107!

mol L%, Ksy = 1ixkqy = 220; intercept 1.04- 0.01; and
correlation coefficient> 0.9997. The value of the Stern
Volmer constant suggests quenching at an essentially diffusion
controlled rate.

Irradiation of 1,4-dicyanobenzene/phenanthrene in an aceto-
nitrile/methanol (3:1) solution containing gave rise to two
major NOCAS adductgl and5 (in yields of 27 and 24%+~75%
conversion), and various minor methanol adducts~itb%
combined yield). Upon prolonged irradiation, two additional
products, with a composition identical to that of NOCAS
adducts, were formed in minor yields%% after >20 h of
irradiation). Since these are clearly secondary products, and
have no bearing on the reactivity &f", they were not isolated.
The methanol adducts were unstable and decomposed readil
during attempts to isolate them.

The NMR spectra show that both NOCAS adducts contain

J. Am. Chem. Soc., Vol. 120, No. 19, 4998

deshielded cyclopropane resonance. This result suggests that
Hs lies cis and, accordingly, the methoxy group lies trans to
the cyclopropane ring.

The cyclopropane resonances (0.98 ppm) of the second isomer
(5) are not resolved; this is compatible with an aryl group anti
to the cyclopropane ring. The 2D COSY spectrum reveals a
small coupling between the tertiary alkoxy proton (3.37 ppm)
and the cyclopropane resonance (0.98 ppm), typical for nor-
bornene protons in a W-type relationsBip Accordingly, the
tertiary alkoxy resonance is assigned the endo geometry. This
conclusion is further supported by NOE experiments. Preirra-
diation of the cyclopropane resonance (0.98 ppm) caused strong
NOE enhancement for the methoxy signal and weaker enhance-
ment for a resonance at 1.7 ppm, which is part of the
trimethylene bridge spectrum. Furthermore, MM3 calculations
show the preferred conformer bfas having a nearly anti-trans
arrangement of the two tertiary protons; &hd H;, of the six-
membered ring, in line with the largé coupling (9.0 Hz)

)pbserved for the corresponding resonances.

Discussion

an intact cyclopropane ring and one double bond; a methoxy The potential homoconjugation between the butadiene and

and a cyanophenyl group have replaced one double bond inCyclopropane moieties in norcaradiene radical cations is of

the six-membered ring. The integrity of the cyclopropane interest since it may favor an interesting and uncommon

function is indicated by twdH doublets at 0.99 and 0.42 ppm electronic state of cyclopropane radical catiérCyclopropane

for 4 and two closely overlapping resonances~dt.98 ppm has a degenerate pair of in-plari@gbitals § A) whose vertical

for 5, and by the correspondifiéC resonances at 25.8 and 18.8  ionization leads to a doubly degenerd state. JahnaTeller

ppm, respectively, fod and5. (JT) distortion of this state results in two nondegenerate
electronic states?A; and 2B, (Cp, symmetry)?122 The 2A;
component (orbitaB singly occupied) relaxes to an equilibrium

NC-H,C¢ — = structure with one lengthened~C bond, which is the lowest
energy species for many cyclopropane radical cations, as based
g N on ESR3240or CIDNP spectroscopic studiés.
z NC-H,Cq
H,CO 4 OCH; S .

The structure assignment stands or falls with the correct A
identification of the tertiary'H resonances representing the
protons adjacent to the newly introduced functionalities. Both
products bear the methoxy amdcyanophenyl functions on ’B,

adjacent carbons since only one of their geminal protons shows
a COSY cross-peak with the olefinic resonances. The identity  The interaction with the butadiene frontier molecular orbital
of these resonances can be based on the HETCOR spectrgFMO) may lift the degeneracy of the cyclopropane in-plane e

because of the significant chemical shift difference between the
13C resonances of tertiary alkoxy (88 and 87 ppm4and5,
respectively) and benzylic resonances (46 ppméfo47 ppm

for 5). TheH resonances (3.49 ppm) giving HETCOR cross-
peaks with the less deshieldé&d resonances show COSY
cross-peaks with the olefinic signals; thus, the cyanophenyl
groups occupy the position adjacent to both the alkene function
and the carbon bearing the methoxy group.

The orientation of the two substituents with respect to the
cyclopropane moiety and relative to each other restston
chemical shift and NOE arguments. The orientation of the aryl
group in adduct is based on the substantial difference between
the chemical shifts of the two cyclopropane protong,(.99
ppm, Hyn 0.42 ppm;Ad = 0.57). Since the geminal cyclo-
propane protons of the isomeand of the parent bicyclo[4.1.0]-

orbitals § A) and favor the?B, component. This conclusion
follows from an approach based on FMO/perturbational (P) MO
theory?>26 The substrates are dissected into molecular frag-
ments and the potential interactions of the component FMOs
are considered. According to PMO thedhythe strength of

(20) Marchand, A. PStereochemical Applications of NMR Studies in
Rigid Bicyclic System&erlag Chemie International: Deerfield Beach, 1982;
Chapter 4.

(21) (a) Haselbach, EChem. Phys. Lettl97Q 7, 428. (b) Rowland, C.
G. Chem. Phys. Letfl971, 9, 169. (c) Collins, J. R.; Gallup, G. Al. Am.
Chem. Soc1982 104, 1530. (d) Bouma, W. J.; Poppinger, D.; Radom, L.
Isr. J. Chem 1983 23, 21. (e) Wayner, D. D. M.; Boyd, R. J.; Arnold, D.
R.Can J. Chem1985 63, 3283. (f) Wayner, D. D. M.; Boyd, R. J.; Arnold,
D. R.Can J. Chem1983 61, 2310. (g) Du, P.; Hrovat, D. A.; Borden, W.
T.J. Am. Chem. Sod 988 110, 3405.

(22) (a) Jahn, H. A.; Teller, EProc. R. Soc. London, Ser. 2937, 161,
220. (b) Pearson, R. G. Am. Chem. Sod 969 91, 4947. (c) Opik, U.;

hept-2-ene (norcarene) have much less divergent chemical shiftsPryce, M. H. L.Proc. R. Soc. London, Ser. A957 238 425.

the additional shielding of one resonancetiis ascribed to the
shielding effect of the aryl group. This assignment requires
that the aryl group occupies the position cis to the cyclopropane
ring. The orientation of the methoxy group 4fis based on
the NOE enhancement (intermediate intensity) of the tertiary
alkoxy resonance (§) upon preirradiating the more highly

(23) lwasaki, M.; Toriyama, K.; Nunome, KJ. Chem. Soc. Chem.
Commun.1983 202.

(24) (a) Qin, X. Z.; Snow, L. D.; Williams, FJ. Am. Chem. S0d.984
106, 7640. (b) Qin, X. Z.; Williams, FTetrahedron1986 42, 6301.

(25) Dewar, M. J. S.; Dougherty, R. The PMO Theory of Organic
Chemistry Plenum Press: New York, 1975.

(26) Haddon, R. C.; Roth, H. DCroat Chem. Actal984 57, 1165~
1176.
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the fragment perturbation is approximately proportionafo Table 1. Bond Lengths (pm) of Norcaradiene (1) and Its Radical
AE, whereSis the overlap integral between the components €ation

and AE is the difference between the FMO energies; fe 1+

term will depend on factors, such as the FMO symmetry, the 1 UHFE/  UB3LYP/  UMP2//
magnitude of the coefficients at the points of union, and the  pond RMP2//RMP2  UHF UB3LYP UMP2
orientation of the fragments. Although the FMO energies of

, Ci—C, 146.2 145.8 144.8 143.1
butadiene (= 9.1 eV}’ and cyclopropand & 10.1 eV¥ are C,—Cs 136.2 138.9 139 4 1395
not optimally matched, the overlap integral may be favorable: c;—C, 145.8 139.3 141.0 140.5
the orbital symmetry of the butadiene FMO matches that of Ci—Ce 157.2 152.1 152.6 153.8
the cyclopropand orbital, the coefficients at the points of union ~ €1=C7 150.2 151.0 154.2 1533

are significant, and the orientation of the fragments should
permit overlap. As a result, two new “molecular” orbitals are
generated by symmetrical and antisymmetrical combination of
the two FMOs.

L

w‘hﬂ"

Figure 1. Pictorial representation of the spin density distribution of
norcaradiene radical cation calculated with Spatfan.

The experimental approach is based on the assumption thatl able 2. +Spin Density Distribution of Norcaradiene Radical
the nucleophile, methanol, will add to carbons for which the <2tion.1
singly occupied molecular orbital (SOMO) has significant orbital l['JLFF// UBShl\QP// l['JBE;33LL\<(F|’D// U%%SE” l['J'\’/\IAPPZZ//
coefficients. The structure(s) of the resulting products designate ;.- ($=0.85) ($=0.76) ($=0.759) (¥ =0.759) (= 0.845)

the regiochemistry of nucleophilic attack and, possibly, may

: : . : 1 —0.090  —0.016 —0.015 —0.012 —0.095
reveal the extent of ho_rn_oconjugatlo_n_ between the interacting <, 0.610 0.370 0.346 0.359 0594
cyclopropane and olefinic functionalities. At the same time, ¢, —0.034 0.090 0.095 0.090 —0.029
the stereochemical features of the products delineate thec; 0.231 0.210 0.255 0.246 0.289

stereochemistry of nucleophilic capture by the radical cation ) —
(eq 4) and of aromatic substitution by the adduct free radical the cyclopropane and butadiene moieties{C, = Cs—Ce =
(eq 6). 143.1 pm) are of |ntermed|ate length; finally, the bonds between
Ab Initio Calculations. A complementary approach to the two pairs of olefinic carbons (€Cs = C,—Cs = 139.5
evaluate the extent of homoconjugation in the radical cations PM) are only marginally longer than that of the intervening bond
1+—3* involves ab initio calculations. All calculations  (Cs—Cas = 140.5 pm), not unexpected for a butadiene radical
employed the 6-31G* basis set for geometry optimizations and cation. These bond lengths (Table 1) appear to offer limited
single-point calculations. The geometry of prototyprd, was insight concerning homoconjugation.
optimized with the unrestricted Hartre€ock (UHF), Becke The carbon spin density distribution documents the presence
hybrid (UB3LYP), and MgllerPlesset (UMP2) methods, ©f Spin on G and, thus, clearly supports the type of homocon-
followed in each case by a standard population analysis. Thejugation suggested by simple qualitative FMO considerations.
geometries obtained from the HF and MP2 optimization were Although the spin density at{Zo7; = 0.246) is lower than that
also subjected to a UB3LYP single-point calculation. For the at the terminal butadiene carbong; £ = 0.359), the delocal-
radical cations2+ and 3*+, standard UHF optimizations and ization of spin and charge onto;Gupports a structure type
population analysis were performed in addition to a UB3LYP 'elated to the’B; radical cation of cyclopropane (Figure 1).
single point calculation. The structures of radical catidrs; However, it is noteworthy that the extent of delocalization
3+, will be discussed in terms of the calculated geometries (at depends significantly on the level of perturbation theory included
the UMP2 level forl**, at the UHF level fo2** and3'+), the (Table 2). Thus, calculations at the UHF level show signifi-
spin densities and hfcs derived from single-point calculations cantly less delocalizationogs = 0.61, o7 = 0.231) than is
(at the UB3LYP level), and SOMO, LUMO, and spin density revealed by second-order MghePlesset perturbation theory
surface visualizations produced with SPARTAN. The uB3LYP (UMP2). . o
wave functions have only a small spin contaminatig¥: 0.76 Not surprisingly, the structure type derived by considering
(vide infra). the spin density distribution is also fully revealed in the
Norcaradiene Radical Cation. The radical cation}*t, has ~ hyperfine coupling pattern. Two olefinic protons;(ind H;)
a A" electronic state andCs symmetry; the minimization @nd the two geminal cyclopropane protons show significant
converges to this symmetry, regardless of whether symmetry Negative hfcsds = —9.1 G; arsyn = —5.7 G; azani = —6.3
is imposed or not. The €C bond distances between the G); the bridgehead carbons show sizable positive Hdgs €
cyclopropane carbons are very similar, the internal bond-(C ~ 13.6 G); finally, the olefinic protons near the node show
Cs = 153.8 pm) being slightly longer than that of the two lateral Negligible hfcs & 4= —0.4 G). Again, the degree of delocal-
bonds (G—C; = C¢—C;7 = 153.3 pm). The bonds connecting ization depends on the level of perturbation theory (Table 3).
_ : : : At the UHF level, the olefinic coupling is slightly largeas
19%23'?2"1%_'; Burger, F.; Heilbronner, E.; Meier, J.ielo. Chim. Acta  — _23 1 G), whereas the geminal cyclopropane couplings are

(28) Basch, H.; Robin, M. B.; Kuebler, N. A.; Baker, C.; Turner, D. W. smaller @7syn= —8.0 G;azani = —7.0 G) than those calculated
J. Chem. Physl969 51, 52. with second-order MgllerPlesset theory.
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Table 3. Calculated Hyperfine Coupling Constants of
Norcaradiene Radical Cation

UHF// UB3LYP//  UB3LYP//  UB3LYP// UMP2// L‘
UHF UHF UB3LYP UMP2 UMP2

1+ (£=0.85) (£=0.76) (£=0.759) (£=0.759) (£=0.845)

Hy 131 14.9 15.0 13.6 12.9 i

H> —22.1 -9.3 -85 -9.1 —21.6

H —-0.2 —2.6 —-2.9 —-2.5 —-0.4 . . . . . . N

Hjs —8.0 50 6.0 57 98 Figure 2. Pictorial representation of the spin density distribution of

H7a -70 5.4 —6.5 -6.3 -89 benzonorcaradiene radical cation calculated with Spartan.

Table 6. Comparison ofH CIDNP Effects with Hyperfine
Table 4. Bond Lengths (pm) of Norcaradiene Derivatives and Coupling Constants
Their Radical Cations - . -
benzonorcaradiene tricyclo[4.3.1.0]decadiene
2 2 3 3 UHF// UB3LYP// UHF// UB3LYP//

bond RHF//RHF UHF//JUHF bond RHF//RHF UHF//UHF UHR2 UHR UHE UHE

Ci—C, 148.4 145.4 CIDNP° (£ =1.146) (= 0.762) (£=0.842) (£=0.76)
C—C; 148.2 145.2 Hi mE 9.2 9.3

Cs—Cs 1492 148.5 H, mA -20.6 -87 H —-22.0 —-9.6

C—C; 1325 138.5 H: mA -0.5 27 -0.6 -25
C,—Cs3 132.9 139.3 He SE 9.7 10.6

Cs—Cs 1400 143.8 Hs mA -6.1 -3.4 Hios -7.6 —5.4

Cs—Cs 147.2 139.9 G Cs 146.9 139.1 Ha mMA -3.6 -2.8 Hioa -6.8 —4.8

C1—Cs 151.2 151.3 ¢Cs 153.0 153.9 Hzs -1.8 -1.1

Ci—C; 150.1 152.4 Hza -0.8 0.8
C1—Cyo 149.9 150.8 - - - —

Ce—Cy 150.0 149.1 aHyperfine coupling constants in Gau8€, emission; A, enhanced

absorption; s, strong; m, medium. Under the conditions of the CIDNP
experimen€ H nuclei with positive hfcs are expected in emission,

Table 5. Spin Density Distribution of Radical Catior2s" and 3" whereasH nuclei with negative hfcs will show enhanced absorption.
UHF// UB3LYP// UHF// UB3LYP//
UHF UHF UHF UHF

2 ($=1.146) ($=0.762) 3+ ($=0.842) ($=0.76)
G —0.074 —0.009

C —0.096 —0.022
Cs —0.081 —0.007
C 0.567 0.355
() 0.619 0.383
Cs 0.621 0.153
Cs —0.002 0.097 Figure 3. Pictorial representation of the spin density distribution of
Cs —0.029 0.087 tricyclo[4.3.1.0]decadiene radical cation calculated with Spartan.
Cy —0.109 0.134
Cr 0.183 0149 & 0.215 0.203 Tricyclo[4.3.1.0'9deca-2,4-diene Radical Cation. The
C; 0.021 0.024

radical cation3'", was optimized at the UHF/6-31G* level of
theory with imposedCs symmetry; this species also hadAd’
Benzobicyclo[4.1.0]hepta-2,4-diene Radical CationRadi- electronic state. The -©C bond distances (Table 4) between
cal cation,2"*, was optimized at the UHF/6-31G* level of the cyclopropane carbons are slightly more divergent than those
theory; 2+ has no symmetry. The cyclopropane-C bonds found for1**, the internal bond (€-Cs = 153.9 pm) being 3
show subtle differences (Table 4); the lateral bond conjugated PM longer than the two lateral bondsy{&C;o = Ce=Cao =
with the ethene function (G-C; = 152.4 pm) is longer, whereas ~ 1°0-8 pm). The bonds connecting the cyclopropane and
that conjugated with the benzene ring is shorter(C; = 149.1 butadiene moieties (€ C, = Cs—Cs = 145.2 pm) are longer
pm), than the internal bond (€Cs = 151.3 pm). The bonds than the corresponding bondsDof; finally, the bonds between

linking the strained ring to the styrene moiety are slightly longer the two pairs of olefinic carbons ¢6Cs = C4—Cs = 139.3
(Ci—C, = 145.4 pm; G—Cs = 148.5 pm) than those of the pm) have essentially the same length as the intervening bond

; ~ ~ S~ . (Cs—C4 = 139.1 pm).
(s:tzlrjnlesfgurglcg?nr; (6-Ca=138.5pm; G-C5=143.8 pm; G The carbon spin density on the bridge carbon is lower than
: ' ) . _ . that calculated fol** (010 = 0.203), even considering the lower

_The calculated carbon spin densities of the radical cation gye| of theory (Table 5); correspondingly, the terminal buta-
nicely document the extent of homoconjugation (Table 5); most Ggiene carbons have slightly higher spin densitjes; & 0.383;
of the spin is located on QJp, = 0.355), significantly Iess_on Figure 3). The hyperfine coupling pattern @&+ shows
Cs and G (ps = 0.153, p7 = 0.149), whereas the tertiary  corresponding minor changes relativelto (Table 6): increased
cyclopropane carbons,@nd G (p1 = —0.009,06 = —0.007), hfcs for the olefinic protons bk (a2 = —9.6 G) and decreased
have essentially no spin density (Figure 2). The calculated hfcs hfcs for the cyclopropane protonaifsyn = —5.4 G; asoani =
(Table 6) are in good qualitative agreement with the CIDNP —4.8 G). In summary, these data again support a structure type
effects observed during the electron transfer from benzonor- related to théB, prototype radical cation of cyclopropane; the

caradiene?, to photoexcited chloranfl. The tertiary cyclopro- degree of homoconjugation, as judged by the extent of delo-
pane'H nuclei, H and H;, have large positive hfca{ = 9.3 calization, is somewhat less than found fof. This difference

G, as = 10.6 G), whereas the geminal cyclopropane nuclei may be a consequence of the trimethylene bridge; although this
(Hvs,9 have negative hfcs of moderate magnitudg € —3.4 feature is instrumental in stabilizing the norcaradiene structure,

G, aza= —2.8 G). it may limit somewhat the extent of homoconjugation due to
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steric factors. Still, the calculations predict a significant role
of homoconjugation in the radical cationd;* and 3%,

encouraging the pursuit of this problem by experimental

methods.

Electron-Transfer Photochemistry of Norcaradiene (3).
The photoinduced electron-transfer reaction 3ofwith 1,4-
dicyanobenzene and phenanthrene in acetonitniethanol
generates NOCAS productsand5 as the major products. The
electron-transfer generating the radical ion p&i,—DCB*~
(cf., egs 3), is exergoni@® The radical cation3*", is formed
by an indirect pathway; singlet excited phenanthréR&? (Ph,
Eo,o = 3.58 eV,Eppp+) = 1.58 V)3 is quenched by electron
transfer to 1,4-dicyanobenzenE{-a = —1.60 V3! AG =
—0.34 eV); a second electron transfer fr@&{Epmp+) = ~1.0
V)32 to Ph*+ generates*. Thus, the products are plausibly

explained by a mechanism involving electron transfer followed

by the capture 08" by methanol. The fact that all products

contain the methoxy group, underscores the importance of

nucleophilic capture as a primary radical cation reaction (cf.
eq 4).

The position of the methoxy groups in the products identifies
the position of attack and delineates the approach of methanol
from the face syn or anti to the cyclopropane ring. The products

are formed in regiospecific fashion (capture af Gs), but with
limited stereoselectivity. Since produetand5 are formed in
comparable yields, the barriers feyn-or anti-attack must be
comparable.

Interestingly, no products are derived by nucleophilic attack

on the cyclopropane ring o**, even thoughab initio

Herbertz et al.

OCH;4

HiCO g

Although the relative energies of the four potential products
of nucleophilic capture appear straightforward, we also calcu-
lated the free energies of the free radical®@{13") derived by
nucleophilic capture of the (truncated) parent systém)(to
probe the assumed gradation of relative energies. The results
(at the UHF/6-31G* level of theory) unambiguously confirm
the expected relative energies and elucidate additional details.
The syn or anti-methoxynorcarenyl radicals have essentially
identical energies and lie substanticantly above the ring-opened

' free radicals, methoxycycloheptadienyl2() and methoxy-

methylcyclohexadienyl13).

OCH,

OCH;

-

'/“ 13°
AH = -18.7 kcal/mol

OCH; .
12

AH=0.0 AH =-13.9 kcal/mol

The obvious failure to form the more stable ring-opened
products leads us to consider the factors affecting the stereo-

calculations suggest that spin (and charge) are delocalized ontcand regiochemistry of radical cation nucleophilic capture.

the strained ring, notably onto,g£(vide supra). Contrary to

Experimental results support several governing factors, including

ample precedent suggesting release of strain as an importanthe following: (1) the spin and charge density distribution in

principle in radical cation reactior?8;3 particularly when
leading to delocalized free-radicals, vig:,or 9, 3+ fails to
follow this reactivity pattern.

(29) The free energy of radical ion pair formation was calculated
according to the RehmWeller equation:—AG = E,0)— Epp+) + Ea—
) + ?/ea.30

(30) (a) Knibbe, H.; Rehm, D.; Weller, Ber. Bunsen-Ges. Phys. Chem.
1968 72, 257. (b) Weller, APure Appl. Chem1968 16, 115. (c) Rehm,
D.; Weller, A.lsr. J. Chem.197Q 8, 259.

(31) Mattes, S. L.; Farid, SOrg. Photochem1983 6, 233.

(32) The oxidation potential o8 is estimated to lie below those of
2-carene Epp+) +1.39 VP32 and cyclohexa-1,3-dieneEpp+) +1.35
V).330 The Sterr-Volmer constant for quenching 9,10-dicyanoanthracene
fluorescence by is similar to that of quadricyclan&(pp+) = 0.91 Vy*

(33) (@) Arnold, D. R.; Du, X.; de Lijser, H. J. Ean. J. Chem1995
73,522. (b) Kubo, Y.; Suto, M.; Araki, TJ. Org. Chem1986 51, 4404
4411.

(34) Gassman, P. G.; Olson, K. D.; Walter, L.; YamaguchiJRAm.
Chem. Soc1979 101, 1308.

(35) (@) Rao, V. R.; Hixson, S. S. Am. Chem. Sod.979 101, 6458.
(b) Mizuno, K.; Ogawa, J.; Kagano, H.; Otsuji, €hem. Lett1981, 437.
(c) Mizuno, K.; Ogawa, J.; Otsuji, YChem. Lett1981, 741. (d) Hixson,
S. S,; Xing, Y.Tetrahedron Lett1991, 32, 173-174.

(36) (a) Gassman, P. G.; Olson, K. D.; Walter, L.; YamaguchiJR.
Am. Chem. Sod.981, 103 4977. (b) Gassman, P. G.; Olson, K.DAm.
Chem. Soc1982 104, 3740.

the radical cation (educt); (2) the extent of conjugation in educt
and free-radical product; (3) the release of ring strain upon
forming the product. Steric factors are not expected to play a
major role; in fact, several radical cations have been captured
by attack on highly congested centef&® Finally, the selectiv-

ity (reactivity) of the nucleophile may play a role; a nucleophile
of limited selectivity is needed if it is to attack centers of
secondary spin and charge density. Methanol is a selective
reagent: it attacks3*™ in highly regiospecific fashion and
captures theSs-phellandrene radical catiorl, 4", with high
regiospecificity at theexamethylene carbon and the sabinene
radical cation, 15", exclusively at the quaternary carbdfa.?

The spin and charge density distribution of the radical cation
is an obvious (perhaps trivial) consideration, as it delineates
the singly occupied molecular orbital (SOMO), which must be
involved in the reaction. This consideration eliminates the attack
at G/Cs (leading to 8) as a viable reaction, because the
bridgehead carbons are nodal centers; however, attackoat C

(37) (a) Weng, H.; Sethuraman, V.; Roth, H.DAm. Chem. S04994
116 7021-7025. (b) Weng, H.; Sheik, Q.; Roth, H. D. Am. Chem. Soc.
1995 117, 10655-10661. (c) Herbertz, T.; Roth, H. 0. Am. Chem. Soc.
1996 118 10954-10962.
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iI I 'J
‘ Figure 6. Spartan representation of SOMO (bottom) and LUMO (top)
Figure 4. Spartan representation of SOMO (bottom) and LUMO (top)

for tricyclo[4.3.1.0]decadiene radical catidst;.
for norcaradiene radical catiofi;".
i LUMO. This approach has precedent in several theoretical

Figure 5. Spartan representation of SOMO (bottom) and LUMO (top) treatments. Pross probed the capture of radical cations by
for benzonorcaradiene radical catid;. nucleophiles with curve crossing methodologies. The excited
state in the curve crossing involves “double excitatiétater,
Shaik and Pross showed that the excitation energy may be small
and the resulting barrier lo&. This prediction was confirmed

by results of Eberson and co-workers; nucleophiles attack
dibenzofuran radical cation at the site of the highest LUMO
coefficient, which coincides with the site of highest spin density
in the dibenzofuran triplet staf@. Similarly, Shaik and col-
laborators explained the well-documented stereochemical course
of nucleophilic displacement of a bond (with inversion of
configuration}-36-3843 py involvement of theo* orbital (the
LUMO) of the weakened bontf.

(38) (a) Dinnocenzo, J. P.; Todd, W. P.; Simpson, T. R.; Gould, 0.R.
Am. Chem. Sod99Q 112, 2462. (b) Dinnocenzo, J. P.; Lieberman, D. R.;

A
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E
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L T T

L
15 20 25 30 35

C2-0 interaction distance (A)

Figure 7. Reaction profile for the capture of norcaradiene radical
cation, 1**, by methanol.

(leading t09") remains feasible. Two other factors, release of
ring strain (vide supra) and delocalization of the unpaired spin
in the newly formed free-radicals, are of major importance in
many reactions. For exampl&é5™ generates a conjugated
radical cation14**, via a sigmatropic shift, and an allyl radical,
16, upon nucleophilic attack’ Both reactions form fully
conjugated “products” with full relief of ring strain. Similarly,
nucleophilic attack on 1-aryl-2-alkylcyclopropanes forms benzyl
radicals®® attack on styrene radical cations also forms delocal-
ized (benzyl) radicals exclusivefy. These considerations still
leave attack at ¢ as an option.

.+

ot . Simpson, T. RJ. Am. Chem. So4993 115, 366—-367. (c) Dinnocenzo, J.
\ P.; Simpson, T. R.; Zuilhof, H.; Todd, W. P.; Heinrich, I.. Am. Chem.
— OCHj, So0c.1997, 119, 987-993. (d) Dinnocenzo, J. P.; Zuilhof, H.; Lieberman,
r |/ /— D. R.; Simpson, T. R.; McKechney, M. W. Am. Chem. S0d.997, 119,
14'+ 15"" 16' 994-1004.

(39) Arnold, D. R.; Humphreys, R. W. R. Am. Chem. Sod979 101,

. 2743,
None of these factors can explain the absence of products (40) Pross, AJ. Am. Chem. Sod.986 108 3537.
formed with relief of ring strain, i.e., the failure 8f* to undergo (41) Shaik, S. S.; Pross, A. Am. Chem. Sod.989 111, 4306.

i ; ; i (42) (a) Eberson, L.; Radner, Acta Chem. Scand.992 46, 312. (b)
nucleophilic capture at the strained ring. The key to this Eberson. L. Radner, Fcta Chem. Scand 992 46, 802, (c) Eberson, .-

observation may lie in the nature of the high lying orbitals of j51ishom, M. P.; Radner, F.: Merchan, M.: Roos, BABta Chem. Scand.
3+, which may be involved in the reaction, i.e., its SOMO and 1993 47, 176.
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Figure 9. Transition state (stereoview) for the nucleophilic capturd-6fby methanol in anti fashion.

We propose that the norcaradiene radical catioh, or the
bridged derivative3'*, are exceedingly well suited to probe
the principles governing the nucleophilic capture of radical c7
cations. This becomes evident when considering the combined
effects due to free energy and molecular orbital contributions.

We have mentioned the significant free energy differences c2% ci
between attack at the strained ring (yieldiBgand 9*) and :

addition to the diene moiety (giving rise @ and7¢). Perhaps

more importantly, the two MOs potentially involved in the Oﬁ
reaction have a substantially different distribution of orbital

coefficients. The SOMOs of*t and 3*" show large orbital

coefficients at Gs and G (Cyo), which are reflected in the

hyperfine pattern of these species (Figures 4 and 6, bottom). InFigure 10. “Side” view of the transition states; syn (left) or anti (right)
contrast, the principal orbital coefficients of the LUMOs are to the cyclopropane ring.

located at Gs and G4 Most importantly, the orbital lobes at
C7 (Cy) offer no target for an attack by the nucleophile (Figures
4 and 6, top). Because of the differing orbital coefficients of
SOMO and LUMO, the norcaradiene system will elucidate
whether the regioselectivity of nucleophilic capture is governed
by the spin density, i.e., the SOMO, or whether the nature and
topology of the LUMO are also significant. The products
derived from3'* are clearly formed by attack at a center where
both SOMO and LUMO have significant orbital coefficients.
This assignment is all the more persuasive as the reaction of
3** fails to follow the direction of a significant advantage in
driving force. The special significance of the system introduced
here lies in the fact that MO arguments and free energy
considerations predict a different regioselectivity. Apparently,
the molecular orbital requirements outweigh the significant free
energy differences due to the relief of ring strain and extended
conjugation.

Additional support for this assignment is provided by
calculations modeling the approach of methanol to norcaradiene
radical cation. At the UHF/6-31G* level of theory (which
models the nucleophilic attack in the gas phase), the reaction

profile for the attack on the terminal butadiene carbong (C
Cs) has two separate saddle points (Figure 7). A low-lying early
encounter complex (EC) between nucleophile and radical cation
precedes the much later actual barrier te@bond formation.
This profile was generated by carrying ou40 partial geometry
optimizations (UHF/6-31G*) with fixed &€-O distances in
5—10 pm increments. The results for nucleophilic attack anti
and syn to the cyclopropane function yield very similar curves.
The two encounter complexes have a negligible energy differ-
ence (EGynlies 0.07 kcal/mol higher) and long,€O interac-

tion distances~+{290 pm for EGn;, ~330 pm for EGy). The
transition states (TS’s), lie-89 kcal/mol above the encounter
complexes (Figures 8 and 9); approach of methanol anti to the
cyclopropane ring is favored by0.9 kcal/mol over the syn
approach. The small energy difference is most likely the result
of steric repulsion between methanol and the cyclopropane
function (Figure 10). The £-O distances of both transition
states are almost identical (181.5 pm for,fss 181.4 pm for
TSsyn), indicating similarly rehybridized £atoms. The energy
difference between the transition states for capture of the bridged
radical cation,3'", relative to the model systemi;™, is very

(43) (a) Gassman, P. G.; Olson, K. Detrahedron Lett1983 1, 19. (b) likely reduced, because the difference in steric congestion anti

We(z% g) gﬁ;‘k HS%J gggﬁoigﬁg‘olﬂ?ﬁ?%);gflgﬁ; ;‘111‘;%0 55 3434, and syn to the cyclopropane ring should be attenuated by the

(b) Shaik, S. S.: Reddy, A. C.: loffe, A.: Dinnocenzo, J. P.; Danovich, D.; Presence of the bridge (Figure 11). This conclusion is borne
Cho, J. K.J. Am. Chem. Sod.995 117, 3205-3222. out by the comparable yields of produdtand5. Interestingly,
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the approach of the nucleophile and the favored free-radical
“product(s)”. The short nucleophitesubstrate interaction dis-
tances computed for attack of methanolloh warrant further
exploration. Nevertheless, the calculations fully support the key
features of the experimental results: the regiochemistry of attack
is confirmed by facile approach of the nucleophile tg @e

J attack on G (Cyg) is unfavorable, despite the involvement of
Figure 11. “Side” views of norcaradiene radical catiott;f, and the t_he_ cyclopropane ri_ng in delocalizir_lg spin and charge; and _the
bridged analogues™*. limited stereochemical preference is borne out by the marginal
energy difference between the transition states for attack either

attack at the cyclopropane carbons fails to lead to a transition SYN OF anti to the cyclopropane ring.

state; a methanol molecule placed néafr, within 200-250 The emerging principles governing the nucleophilic attack

pm of G ¢ or Gy, is repelled. on bi- or trifunctional radical cationic systems are being tested
The rather short €0 bond distances between nucleophile as well as further elaborated in additional substrates using

and substrate radical cation are characteristic for “late” transition €xperimental and theoretical approaches.

states, in contrast to the “early” transition states previously
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