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mode of reaction. One-electron oxidation of the cyclo-
propane group often gives rise to “trimethylene” radical
cations.® In the present case, the observed rearrangement
requires cleavage of one cyclopropane bond (C¢-Cg) and
bond formation between Cq and C;, amounting to a major
conformational change. A possible mechanism is shown
in Scheme 1.

Some insight into the nature of the radical cation pre-
ceding 2a is provided by the CIDNP effects observed
during the irradiation of chloranil with la in acetone-dg,
in which 2a was the only polarized product.!!’ The
bridgehead protons (2.1 ppm) show emission whereas the
olefinic protons (6.0 ppm) and those alternating between
cyclopropane and olefinic character (4.4 ppm) show en-
hanced absorption. However, the polarization differs from
that generated in an authentic sample of 2a. The signal
at 4.4 ppm shows much weaker enhancement, and the
doublet at 7.65 ppm (fluorene o-H) appears in enhanced
absorption. These differences are consistent with the in-
volvement of at least one additional intermediate as a
short-lived precursor to 2a*+.!!

The observed CIDNP effects rule out that 1a** is re-
sponsible for the altered polarization of 2a, since its in-
volvement in the spin-sorting process would cause polar-
ization for regenerated la, which we did not observe.
Although our results are not sufficient to identify the in-
termediate, we note that a singly linked species, such as
5a’*, is an attractive candidate to explain the rearrange-
ment,

To some extent, 5a*" might play a role in the formation
of 3a as indicated by the moderate, but not negligible,
solvent polarity dependence. On the other hand, an ex-
ciplex intermediate may maintain more or less the boat
configuration of la, giving rise mainly to 3a and 4a, or
regenerating la, because of a lower degree of charge sep-
aration.

The difference between the rearrangements of la and
1b can be explained in terms of a lower rate of the bond
formation of 1b** to give 2b** probably because of rela-
tively larger steric hindrance of the diphenylmethyl group
compared to the planar fluorenyl group.

Similar skeletal rearrangements were observed when the
electron donor-acceptor (EDA) complex of 1a with tet-
racyanoethylene (TCNE), was irradiated. This system has
charge-transfer (CT) absorption maxima at 402 and 568
nm in dichloromethane, which can be ascribed to the in-
teraction of the fluorene moiety with TCNE. This as-
signment follows (a) from the similarity of the above CT
absorption to that exhibited by fluorene itself with TCNE
(Amex 420, 560 nm) and (b) from its lack of compatibility
with the much weaker CT band of the system bicyclo-
[6.1.0]nonatriene/ TCNE (A, 400, 490 nm). Irradiation
(>400 nm) of 1a/TCNE in dichloromethane under argon

(9) Roth, H. D,; Schilling, M. L. J. Am. Chem. Soc. 1980, 102, 7953~
7958; Can. J. Chem. 1983, 61, 1027-1035; J. Am. Chem. Soc. 1983, 105,
6805-6808. Roth, H. D.; Schilling, M. L.; Schilling, F. C. J. Am. Chem.
Soc. 1985, 107, 4152-4158.

(10) Haddon, R. C.; Roth, H. D. Croat. Chem. Acta 1984, 57,
1165-1176.

(11) Roth, H. D,; Schilling, M. L.; Abelt, C. J.; Miyashi, T.; Takahashi,
Y.; Konno, A.; Mukai, T. J. Am. Chem. Soc. 1988, 110, 5130-5136.

(12) Childs, R. F.; Brown, M. A.; Anet, F. A, L.; Winstein, S. J. Am.
Chem. Soc. 1972, 94, 2175-2183.

(13) Nishizawa, Y.; Suzuki, T.; Yamashita, Y.; Miyashi, T.; Mukai, T.
J. Chem. Soc. Jpn. 1985, 904,

gave rise to two TCNE adducts, 6a and 7a, in 44 and 27%
vields,” respectively, at 89% conversion.
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Similarly, irradiation of la/TCNE in nitromethane gave
6a (8%) and 7a (7% at 35% conversion). In contrast, the
thermal reaction of 1a with TCNE in refluxing acetonitrile
gave 8a as sole product in 80% yield. The striking dif-
ference between photochemical and thermal reactions
further supports the operation of a photoinduced elec-
tron-transfer mechanism. The cycloadducts 6a and 7a
could be secondary products from the dark reaction of
TCNE with 2a and 3a or they could be formed by direct
interaction of the TCNE radical anion with la** or a re-
arranged radical cation.

Of particular interest is the fact that irradiation of
1a/TCNE in oxygen-saturated nitromethane gave reduced
yields of 6a (3% ) and 7a (3%), together with an endo
peroxide (9a, 11% yield at 24% conversion), which was
also obtained directly from 2a in excellent yield. Since the
yields of 6a and 7a are reduced in favor of 9a, but their
ratio is not changed substantially, it is likely that molecular
oxygen has intercepted (an) intermediate(s) on the path-
way 1o 6a and 7a, the most likely species being 1a** and/or
5a*t. Additional work is in progress to further delineate
the mechanism of the light-induced adduct formation with
TCNE and to probe the details of the interesting photo-
oxygenation reaction.

Registry No. la, 114672-75-2; 1b, 118864-83-8; 2a, 114552-66-8;
3a, 118724-11-1; 3b, 100064-25-3; 4a, 39520-18-8; 6a, 118724-12-2;
7a, 118724-13-3; 8a, 118724-14-4; 9a, 118760-91-1; DCA, 1217-45-4;
DCN, 3029-30-9; TCA, 80721-78-4; TCNAQ, 106580-24-9; CA,
118-75-2; TNF, 129-79-3; TCNE, 670-54-2.
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tUER de Pharmacie Université d’Aix-Marseille 2.

{Ecole Supérieure de Chimie de Marseille.

§Laboratoire des Méthodes Spectroscopiques, CNRS UA 773,
Université de Provence.

0022-3263/89/1954-1447$01.50/0 © 1989 American Chemical Society



1448 J. Org. Chem., Vol. 54, No. 6, 1989

species in chemical and biological processes.! This tech-
nique is a simple expedient whereby short-lived reactive
free radicals may be transformed into more persistent
paramagnetic species, which are easily characterized by
using ESR spectroscopy. Nitroso compounds and nitrones,
which afford nitroxides, are the most useful spin-traps.
However complications can occur due to the possible
formation of nitroxides other than those deriving from the
radical reaction under investigation.! Alternatives® to
nitroso compounds and nitrones have been mentioned
from time to time but have been shown to offer more
limited interest as free radical scavengers.

Water-soluble nitroso compounds are very attractive to
study the occurrence of free radicals in water® or in bio-
logical processes.* We have investigated different routes
to obtain this kind of nitroso compound, which should also
retain the necessary structural features to behave as useful
spin-traps.'®

During the course of this research, we prepared the 2,6
di-tert-butylaniline with the aim of introducing an
water-soluble substituent at the para position. Our ap-
proach failed, but the 2,6 di-tert-butylaniline was easily
oxidized to the corresponding nitroso derivative. This new
nitroso compound was tested as a spin-trapping agent in
organic solvents. The results obtained and their com-
parison with those obtained with the well-known 2,4,6-
tri-tert-butylnitrosobenzene® (TTBN) are interesting and
deserve comment.

Results and Discussion

Redox Behavior. We and others have pointed out the
possibility for arylnitroso compounds to be involved in
electron-transfer processes’ during the course of a spin-
trapping (ST) experiment. Accordingly the redox behavior
of a ST agent is a very important aspect to be taken into
account when a ST experiment is considered. Cyclic
voltammetry experiments showed that DTBN can be re-
duced or oxidized on a platinum electrode in acetonitrile
by using tetrabutyl ammonium hexafluorophosphate as
supporting electrolyte. A reduction was apparent at —1.3
V versus SCE. The ratio of the anodic to the cathodic peak
current is 0.3 at 100 mV s™.. The peak separation is close
to 280 mV, thus indicating a rather slow electron transfer.
The oxidation of DTBN occurs at +1.56 V versus SCE.
The low value of the ratio of the cathodic to the anodic
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Russo, A.; Mitchell, J. B.; Riesz, P. Ibid. 1986, 83, 7593.
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Notes

Table I. ESR Parameters for DTBN*~ and DTBN**
Generated in Situ by Electrolysis

radical solvent Ay, G Ay, G g
DTBN* CH,CN 103 125 (2 Hy) 2.0066
2.50 (Hy)
TTBN*- DMF 9.55 1.25(2 Hp) 2.0068
PhNO~ CH;,CN 8.34 1.03(2H,)
3.91 (H,)
PhNO*-* planar 7.2 097 (Hy), 0.98 (Hy)
-2.0 (Hp)
perpendicular 125 0.5 (2 Hp)
+0.05 (H,)
DTBN** CH,CN 37.2° 3.7 (1 Hyy 2.0015¢
TTBN*t CH,CN 360 0.92(8H) 2.0017
3.5 (1 Hy)

¢4+0.0002. *INDO calculations. ¢Obtained by computer simu-
lation. ¢+0.0004.
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peak current (0.15 at 100 mV s71) indicates that the oxi-
dation process generates a short-lived species. The peak
separation is close to 310 mV, and this value like in the
case of the reduction process suggests a slow electron
transfer. The reduction and the oxidation peak currents
of DTBN are very close to those observed during the
monoelectronic reduction of 2,4,6-tri-tert-butylnitroso-
benzene (TTBN).2 This result supports the occurrence
of monoelectronic transfers yielding the corresponding ion
radicals. This conclusion was confirmed by the ESR de-
tection of DTBN** and DTBN- during the in situ elec-
trochemical oxidation or reduction of DTBN.

The ESR features of these ionic species are listed in
Table I. The magnitudes of the hyperfine coupling con-
stants and g factor for DTBN"**, are characteristic of a ¢
radical and are comparable to those reported for other
nitrosobenzene radical cations.”*®® The ESR spectrum
of DTBN** was always superimposed with the ESR
spectrum of an iminoxyl radical (Ay = 34.0 G, Ay = 3.7
G(1H,,Ag=05G (1 H), Ay =0.12G (9 H), Ay = 0.58
G (9 H), g = 2.0039). This iminoxyl radical presumably
results from the attack by residual water at the para
position of DTBN** and corresponds to the 4-oxo-2,6-di-
tert-butyl-1,4-dihydrobenzene-1-iminoxyl (Scheme I).

For Y = H, even at low temperature, the ESR signal of
the iminoxyl radical was always stronger than that of the
radical cation. However, the reverse was observed when
the para position was substituted with a tert-butyl group
(Y = t-Bu) while only the iminoxyl radical was detectable
when Y = OCOPh.

The transformation of an arylnitroso cation radical to
an iminoxyl radical has been previously clearly established
for the pentamethoxynitrosobenzene (PMNB).}* Elec-

(8) (a) Gronchi, G.; Courbis, P.; Mousset, G.; Simonet, J.; Tordo, P.
J. Phys. Chem. 1983, 86, 1343. (b) Kirk, M. C.; Peake, M. B.; Robinson,
B. H.; Simpson, J. J. Chem. Res. (S) 1982, 106.

(9) Cauquis, G.; Genies, M.; Lemaire, M.; Rassat, A.; Raet, J. J. Chem.
Phys. 1967, 47, 2642,
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Table II. ESR Parameters (Gauss, Benzene, 298 K) for Several Spin Adducts Formed from DTBN

DTBN¢® TTBN®
trapped radical radical source spin adduct Ax Ay An Ay
CH, Al 1 13.0 12.2 (3 H) 13.03 12.33 (3 H)
0.7 (2 Hy) 0.81 (2 H,)
CH,CH, A 2 13.4 18.0 (2 H) 13.46 17.99 (2 H)
0.7 (2 Hy) 0.83 (2 Hy)
CH,CH=CH, A 3 13.2 16.5 (2 H) 13.40 16.42 (2 H)
0.7 (2 Hp) 0.84 (2 Hy)
HC(CH,), B* & 132 22.0 (1 H) 13.29 22.19 (1 H)
0.76 (2 Hy)
5 10.9 1.9 (3 H) 11.01 1.82 (3 H)
5.5 (H,)
C(CHy), A 6 10.3 2.0 (2 Hy) 10.26 1.90 (2 H,)
5.5 (H,)
C(0)C(CHy), B 78 7.5 0.5 (2 Hy) g = 2.0068
C(O)CH(CH,), B 8¢ 75 g = 2.0067
SCH,CH;,q EtSH 9 16.0 g = 2.0069
+TBHN®
P(O)(OEt), HP(0)(OEt), 10 8.7 16.5 (1 P) g = 2.0065
+DBPO*¢

4g = 20060 + 0.0002. *TBHN = tert-butyl hyponitrite. °Di-tert-butyl peroxide. ¢RBr + n-BuzSnH + TBHN. ¢RC(O)H + TBHN.

fTemperature below 303-313 K. #Temperature above 313 K.

trochemical oxidation of DMF solution of PMNB yields
an intense ESR spectrum (Ay = 33.1 G, g = 2.0053), at-
tributable to the 4-0x0-2,3,5,6-tetramethoxy-1,4-dihydro-
benzene-1-iminoxyl. However if the electrochemical oxi-
dation is conducted in very thoroughly dried acetonitrile
at 243 K, only the radical cation PMNB** is observed (Ay
= 34.0 G, Ag = 0.7 G (3 H, meta OMe), g = 2.0034).

The reductive electrolysis of DTBN in the cavity of the
ESR spectrometer yielded first the ESR spectrum of the
2,6-di-tert-butylphenyl hydronitroxide (Ay = 12.2 G, Ay
= 14.0 G, Ay = 0.7 G (2 H,)), which disappeared after a
few minutes of electrolysis and was replaced by a new
spectrum which was assigned to DTBN"" (Table I). For
this species the delocalization of the unpaired electron is
partially inhibited by the steric hindrance of the ortho
tert-butyl substituents, and thus the nitrogen splitting
increases and the para hydrogen splitting decreases com-
pared to those observed for the nitrosobenzene radical
anion. However, it is worth noting that for DTBN*~ the
coupling with the meta hydrogens (Ay_ = 1.25 G), is sig-
nificantly higher than that observed for PANO*~ (Ay_ =
1.0 G). This result suggests that in the nonplanar con-
formation of DTBN*", the decrease of the unpaired elec-
tron delocalization is balanced by a contribution of the s
meta hydrogen orbitals to the SOMO. The existence of
this long-range hyperfine interaction was supported by the
results of INDO caleulations performed on the planar and
perpendicular conformations of PhANO*~ (Table I).

Spin Trapping. Table II summarizes the observed
ESR parameters for a number of adduct radicals generated
by trapping short-lived free radicals with DTBN in
benzene. DTBN like TTBN presents two spin-trapping
sites, the nitrogen and oxygen atoms of the nitroso group.
The regioselectivity of the radical addition was governed
by the bulk of the trapped radical and was shown to be
the same for the two nitroso compounds. The two sorts
of spin adduct (nitroxide or N-alkoxyanilino radicals) ex-
hibited exactly the same ESR features whether they were
obtained from TTBN or DTBN.

The DTBN’s para hydrogen was completely “invisible”
in the ESR spectra of the nitroxide spin adducts. This
result supports the orthogonality of the aromatic ring =
system with that of the nitroxyl function, and thus the

(10) Gronchi, G. Ph.D. Thesis, Université d’Aix-Marseille 3, 1984.
Gronchi, G.; Tordo, P., to be published.

coupling with the meta hydrogens should be only the result
of a s meta hydrogen orbital contribution to the SOMO.
The existence of this preferred orthogonal conformation
was already proposed for the nitroxide spin adducts arising
from TTBN.6 The N-alkoxyanilino radicals obtained with
DTBN showed a large coupling with the para hydrogen
(Table IT). The magnitude of this coupling is very close
to that observed for N-alkoxyanilino radicals unsubstituted
at the phenyl ring (PhNOt-Bu, Ay = 10.95 G, Ay, = 5.06
(), thus suggesting that these radicals remain planar even
when the phenyl ring is substituted by two ortho tert-butyl
groups.

Conclusion

DTBN and TTBN exhibit the same redox behavior.
4-0x0-2,6-di-tert-butyl-1,4-dihydrobenzene-1-iminoxyl
results from the addition of water at the para position of
DTBN**. DTBN and TTBN present the same reactivity
toward free radical trapping. We never observed any ev-
idence of a free radical addition at the para position of
DTBN. The magnitude of the para hydrogen hyperfine
coupling for the free radicals obtained from DTBN de-
pends only on the extent of unpaired electron delocaliza-
tion into the aromatic ring. However, the meta hydrogen
hyperfine coupling results both from the unpaired electron
delocalization and a long-range hyperfine interaction,
which reaches its maximum value when the = system of
the free radical center is orthogonal to the aromatic =
system.

Experimental Section

2,6-Di-tert-butylnitrosobenzene (DTBN). To an ice-cooled
dichloromethane solution (5 mL) of 2,6-di-tert-butylaniline!! (0.13
g) was added dropwise with stirring 2 molar equiv of peroxybenzoic
acid in the same solvent (10 mL). After being kept at 0 °C
overnight, the reaction mixture was shaken with aqueous car-
bonate. The organic layer was dried, and the solvent was evap-
orated. The c¢rude product was purified by means of column
chromatography on silica gel. The nitroso compound was eluted
with petroleum ether and collected in the monomeric form as a
blue liquid (yield 75%): 'H NMR (CCl,) 4 1.15 (s, 18 H), 7.18
(m, 3 H). Anal. Caled for C;4H,,NO: C, 76.71; H, 21.58; N, 6.39.
Found: C, 76.22; H, 21.38; N, 6.15.

ESR Spectra. X-band ESR spectra were measured on a
Varian Eg instrument. An inverted U-type mixing cell was used

(11) Burgers, J.; Van Hartingsveldt, J.; Van Kevlen, J.; Verkade, P. E,;
Visser, H.; Wepsler, B. M. Recl. Trav. Chim. Pays-Bas 1956, 75, 1327.
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for all the spin trapping experiments. The radical ions were
generated in situ by using a special electrochemical cell.

Registry No. DTBN, 118921-33-8; DTBN*", 118921-34-9;
DTBN*, 119008-54-7; TTBN, 24973-59-9; PMNB, 84802-28-8;
PMNB*, 118921-35-0; TTBN-, 61278-22-6; TTBN*, 34530-62-6;
PhNO*, 34480-22-3; CHj, 2229-07-4; CH,CHj, 2025-56-1; CH,C-
H=CH,, 1981-80-2; CH(CHa),, 2025-55-0; C(CHy)3, 1605-73-8;
C(O)C(CHyg),, 50694-27-4; C(O)CH(CHj,),, 35586-36-8; SCH,CH,,
14836-22-7; P(0)(OEt),, 31682-65-2; 4-0x0-2,6-di-tert-butyl-1,4-
dihydrobenzene-1-iminoxyl, 118921-37-2; 4-0x0-2,3,5,6-tetra-
methoxy-1,4-dihydrobenzene-1-iminoxyl, 118921-38-3; 2,6-di-
tert-butylaniline, 2909-83-3; 4-(benzoyloxy)-2,6-di-tert-butyl-
nitrosobenzene, 25798-70-3; 2,6-di-tert-butylphenylhydronitroxide,
118921-36-1.
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Introduction

Following the first isolation of adamantane and di-
amantane by Landa et al. from crude oil?® and Prelog’s
subsequent multistep synthesis,?® substantial interest arose
in adamantanoid polycyclic cage hydrocarbons of
Cyn+gHans12 composition.? Adamantane, diamantane, and
later triamantane were prepared in 19,4% 85,74 and
60% 15718 yield, respectively, by Lewis acid (AICl;, AlBr;,

(1) Synthetic Methods and Reactions. 135, Part 134, see: Olah, G.
A.; Wy, A,; Farooq, O. J. Org. Chem. 1988, 53, 5143.
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Schleyer, P. v. R.; Donaldson, M. M. J. Am. Chem. Soc. 1960, 82, 4645.
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Table I
R’H (reactant) RH (product) yield, %
A
96
/7 z
=il ’
CH
HaC @/ 3 92
oH
95
H4C
E 90

CHy 90
HaC g™
D-CHg
CHg

99

92

440
4Isolated yield. ?1-Methyladamantane was the major product.

AlBrs-sludge) catalyzed isomerization of their various
strained polycyclic saturated precursors.

Subsequent developments!®2 led to an improved (60%)
yield of adamantane by gas-phase isomerization of isomeric
trimethylenenorbornane (C,,H,g) precursors over chlori-
nated platina.?> We have recently reported that the po-
lycyclic cage hydrocarbons, adamantane and diamantane,
can be conveniently prepared in quantitative yield by
isomerization of their corresponding hydrogenated (satu-
rated) precursors with B(OTf);, B(OTf);—CF;SO3H, and
SbF;-CF3S0;H superacids, either neat or in Freon-113
solution.?® Near quantitative isomerization of isomeric

(15) Williams, V. Z., Jr.; Schleyer, P. v. R.; Gleicher, G. J.; Rodewald,
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