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Abstract. Chloranil (Chl) has been irradiated in the presence of the alkanes 2,3-
dimethylbutane, cyclohexane, norbornane, adamantane in acetonitrile. The primary step
is hydrogen abstraction by triplet Chl, k; 0.8 to 2x10° M-s!, as confirmed by the
detection of the ChlH' radical. Hydrogen abstraction from the alkanes is unselective.
The thus formed alkyl radicals undergo different reaction, viz: coupling with ChiH-
(both C-O coupling to give hydroquinonemonoethers and C-C coupling to give
hydroxydihydrobenzofurans are observed), addition to ground state Chl to yield
ultimately alkoxyphenoxyquinones; oxidation by groud state Chl (this process is fast
only with tertiary radicals, and the cations formed in this case are trapped by the solvent
MeCN to yield acetamides). Different methods for alkane funtionalization are
compared. Copyright © 1996 Elsevier Science Ltd

Radical-initiated processes are largely used for the functionalization of alkanes and have industrial
significance.'? However, such processes involve a high energy barrier, since the first step is homolytic hydrogen
abstraction (eq. 1,2), and the energy involved is in the range 92-105 kcal mol'. Thus highly reactive, and often
poorly selective, reagents are usually employed.

RRH —» R +H n

R’ - Products (2)

A better understanding of the single steps involved in the overall process would be obtained if the reactions
were carried out under more easily controlled conditions. The photochemical approach may be useful for this
aim, since the actual reagent, the excited state, is generated in situ at a low steady state concentration under
mild conditions. Triplet state ketones are well known for their hydrogen abstracting properties (eq.3), and their
reactivity is similar to that of alkoxy radicals. (eq.4).35

K*+R-H —-» KH +R 3)

RO +R-H - ROH + R 4

However, the synthetic utility of alkyl radicals produced in this way has been scarcely explored, while this has
been done for other more stable species, e.g. a-hydroxy or a-amino radicals $ In an effort to compare the
characteristics of different methods for hydrocarbon functionalization, we undertook a study of the
photochemistry of various alkanes in the presence of 2,3,5,6-tetrachloro-1,4-benzoquinone (chloranil, Chl). The
triplet state of this molecule is expected to abstract hydrogen efficiently from alkanes. Furthermore, the
phenoxy and alkyl radicals thus produced are expected to couple and to give easily identified products. Thus, a
product study might reveal important features of radicalic functionalization of alkanes.
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RESULTS

Photochemical reactions were carried out in degassed acetonitrile solution 0.1 M in the alkane (or
saturated when less soluble). In order to explore the possibility of a selective functionalization, both linear and
cyclic alkanes were used. Preparative irradiations were supplemented by physico chemical experiments.

Preparative photochemical reactions. Irradiation of Chl in acetonitrile solutions of all the alkanes tested
caused a fast reaction. Although the raw photolysate was in every case a complex mixture, chromatographic
separation allowed separation of the main products, which included alkylated Ch! derivatives from which the
pattern of alkanes reactivity could be deduced (see Schemes 1, 2 and Table 1A).

The irradiation of a solution of Chl and 2,3-dimethylbutane (1) afforded, besides 2,3,5,6-
tetrachlorohydroquinone (ChiH,) and a smali hydrocarbon fraction which was not investigated, two main
products. One of these was a hydroquinone mono ether, namely the 2,3-dimethylbutyl ether (2) as shown i.a. by
the characteristic signal of the O-linked methylene in the "H NMR. The latter also showed a phenolic group,
and three chlorine atoms instead of four and an isolated methylene group; all other properties were in accord
with a dihydrobenzofuran structure (3) for this compound. A further fraction contained a minor product which
arose from two Chl units and the 2,3-dimethylbutyl radical. The structure of the alkoxyphenoxyquinone 4 was
assigned in accordance with spectroscopic data (in particular mass and '3C NMR spectra). Traces (below 10%
of the main ones) of other products with phenyl ether or dihydrobenzofuran structure, but containing the 1,1,2-
trimethylpropy! rather than the 2,3-dimethylbutyl radical were detected in the chromatographic fractions.

Table 1. Photochemical reaction of Chl in the presence of alkanes in acetonitrile.

A. Product distribution.?

Alkane Irradiation ~ Chl Products (% Yield)
time (h) consumed
1 2 70 ChiH,(48), 2(18), 3(16), 4(2)
2 80 ChlH,(40), 6(21), 7(18)®
8 2 80 ChIH,(35), 9(Trace), 10(25), 11(5), 12(18)
13 2 80 ChIH,(41), 14(43), 15(2.5), 16(10 4), 17(12.5), 18(8), 19(10.8),

a. Yield calculated on the consumed acceptor. b. Traces of cyclohexanol and cyclohexanone also revealed by
GC/MS. c. In this case the reported yields are deduced from the NMR spectrum of the raw photolysate and
GC. Isolated yields are lower, since some of the products are partially hydrolised during chromatography. A
small amount (ca 2%) of adamantyloxyphenoxyquinones also formed, see Experimental. Traces of 2-
adamantanone, 1-and 2-adamantanol detected by GC/MS

B. Quenching constants and quantum yield data.

Substrate k,(Chi¥*) (MisD @(Chl)
5 0.8x106 0.035°
13 22 0.013

a. Substrate concentration 0.1 M. b. Substrate 0.02 M.
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The reaction of Chl with cyclohexane (5) gave, besides ChIH,, the cyclohexyl ether 6 and the
hydroxytrichlorobenzofuran 7 (the latter compound had a cis fusion of the aliphatic rings, as shown by NMR
spectra, sec Experimental). GC/MS examination of the raw mixture showed the presence of traces of
cyclohexanol and cyclohexanone.

With norbornane (8) several photoproducts were separated and identified. These included ChiH,, N-(2-
norbornyl)acetamide (9) as well as three compounds resulting form the Chl-alkane combination similar to the
previous case. the aryl alkyl ether 10 (with the 2-norbornyl radical in the exo position), the
alkoxyphenoxyquinone 11 (a crystalline orange material, see Experimental for details of structure attribution),
the dihydrobenzofuran 12 (with cis exo fusion at the norbornane skeleton).

Chi

2.
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In the reaction with adamantane (13), ChlH, and N-(1-adamantyl)acetamide (14) were major products,
and were accompanied by a small amount of the isomeric 2-adamantyl acetamide (15) and of 2-adamantanone,
as well as by traces of 1- and 2-adamantanol. Furthermore in the raw mixture were present mainly four
alkylated Chl derivatives formed by substitution at secondary and primary position of adamantane; these were
obtained in two chromatographic fractions. The first one contained two isomers easily identified as the 1- and
the 2-adamantyl aryl ethers 16 and 17. The latter one showed NMR signals which allowed the identification of
the main components as the two isomeric dihydrobenzofurans 18 and 19, although a satisfactory elemental
analysis was not obtained, since the fraction contained some CHIH,, and attempted further chromatographic
purification led to extensive hydrolysis (see Experimental). Finally, a small amount of an orange material shown
by mass spectrometry to be a mixture of two adamantyloxyphenoxyquinones analogous to product 4 was also
obtained, but not completely characterised.

Scheme 2
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Mechanistic Studies. Quantum yields were measured in separate experiments and are reported in Table
1B. In order to ascertain the mode of the initial interaction between Chl and the alkane, flash photolysis
experiments were carried out. As it appears in Fig. 1, the absorption of the Cht triplet was quenched (measured
quenching constants were in the order of 106 M! s! and are reported in Table 1B), and was substituted by a
further transient absorbing in the visible, with A_,, ca 440 nm. The latter absorption well corresponded to the
reported spectrum for reduced chioranil radical,’» and differed from that of the Chl radical anion (which is at
somewhat longer wavelength).™< It decayed through a first order process which was linearly dependent on the
laser pulse energy (see Fig. 2), with k , ranging from 0.97 to 1.54 and 2.61x10* 5! for 22, 45 and 90 mJoule
power respectively.
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Fig.1 Absorptions observed after flashing a Chl (0.0025 M) solution in MeCN in the presence of adamantane
(0.02 M, spectra a) and of cyclohexane (1.5 M, spectra b). The end of pulse spectrum (Anay 445, 485 and 510
nm) is attributed to the chloranil triplet, the spectrum at t>16us to the ChlH- radical

DISCUSSION

The Hydrogen Abstraction Step. Product distribution and kinetic data clearly indicate that the reaction
with chloranil involves hydrogen transfer. The photochemical reactivity of Chl with alkanes had not been
previously explored, but studies of the reactions in the presence of other non-electron donating substrates
showed that the lowest triplet of this molecule has nx* character, or at least that nt* and nx* states are close

one to another 29
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—laser power = 90mJ

———Laser power = 45mJ
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Fig.2 Decay of absorption at 440 (attributed to the Chl. radical) observed by flashing a Chi (0.0025 M)
solution in MeCN in the presence of adamantane (0.01 M) with different laser powers.

Indeed, the present results show that quenching of Chl triplet occurs at a rate constant (ca 106) similar to
that observed for intermolecular hydrogen transfer from alkanes by other nz3* ketones.3-* In turn this is similar
to that measured for alkoxy radicals (e g. the rate constant for H abstraction by the fert-butoxy radical from 8 is
5.8x10° M's1).1° Furthermore, the transient spectrum observed in flash photolysis well corresponds to that
reported for the ChIH radical” (see Fig.1). The reaction is somewhat affected by the substrate oxidation
potential, and the rate constant (kq) rises by a factor of 3 between adamantane and cyclohexane (see Table 1B).
It has been previously observed that the rate of hydrogen abstraction by ketone triplets depends on the
ionization potential of the radicals formed, and these may parallel the oxidation potential of the substrates.

Hydrogen abstraction by Chl** shows a poor selectivity, and the alkylated derivatives obtained from the
alkanes 1 (functionalization mainly at the methyl groups), 8 (mainly at the ethylene bridge) and 13 (overall, 1-
adamantyl- and 2-adamantyl- derivatives are in the ratio 2.4 to 1, but the ratio changes if one considers
chloranil adducts or acetamides, see below) are all in accordance with a limited selectivity in tertiary vs
secondary hydrogen abstraction. With the polyclic hydrocarbons 8 and 13 it had previously observed that
hydrogen abstraction by radicals shows little selectivity. Thus, chlorination of 8 both by chlorine!! and by
dialkylchloroamines under acidic conditions (in the latter case, the dialkylamino radical cation is the active
species)'? mainly gives the 2-chloro derivative, and bromination takes place similarly.!> With adamantane (13)
the results are more varied. When an alkoxy radical is the active species, the statistically corrected
tertiary/secondary selectivity is ca 3, but with electron poor species such as a dialkylamino radical cation!4.15
or the nitrate radical,'¢17 selectivity is much higher (30 to 100). A rationalization that has been proposed for the
poor selectivity is that C-H bond energies are indeed similar;'4 e.g., PES measurements suggest that the
bridgehead C-H bond in adamantane is stronger than a normal tertiary C-H bond, and as strong as a secondary
one.1?

With the open-chain alkane 1 a marked tertiary vs primary selectivity has been previously observed with
alkoxy radicals>!%* , iodosobenzene dichloride,!®® as well as with aromatic ketone triplets.>. In the last method
the selectivity increases with more easily reduced ketones. In the present case, only products arising from the
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primary radicals have been isolated. However, this can not be taken as a direct measurement of the initial
selectivity in hydrogen abstraction, since the tertiary radicals formed probably undergo further oxidation and
deprotonation to yield isobutene (see eq. 5, 6 and the discussion below), and thus may not be revealed by Chl
trapping (oligomers are in fact formed, see the Result section).

Me,CHCMe," + Chl -  Me,CHCMe," + Chi™ )
Me,CHCMe,* -  Me,C=CMe, and Oligomers (6)

Nevertheless, the fact remains that abstraction from the primary position is certainly not a minor process.

Reactions of the Alkyl Radicals. The photochemical step generates a radical pair, and the final products
arise from the recombination of these intermediates (or of further transients generated from them), as evidenced
by the pulse energy dependent, single exponential decay observed for the ChiH- radical in flash photolysis.
Indeed, as it appears in Schemes 1 and 2, the final products obtained do result from Chl-alkanes addition, but
straightforward ChlH--alky! radical coupling to give phenyl alkyl ethers (compounds A in Scheme 3) accounts
only for a part of the observed products, and compounds of different structure, viz dihydrobenzofurans (B),
alkoxyphenoxyquinones (C) and acetamides (D) are also obtained. As for products B we first considered that
these may arise through a secondary reaction from the ethers A, but separate experiments on a compound of
this class (the ether 10) showed that it did not reacted appreciably upon irradiation for several hours and was
stable to the work up conditions. Futhermore, monitoring the product distribution showed no significant change
during the progress of the reaction. We propose that compounds B arise through C-C coupling of the phenoxyl
and alkyl radicals (path b) alternative to C-O coupling (path a) to yield, after hydrogen chloride elimination, the
quinones E. These have an absorption spectrum similar to that of Chl, and are expected to cyclize via efficient
intramolecular hydrogen abstraction, as shown in Scheme 3.

As for the other products, we consider that they arise via reaction of the alkyl radicals with ground state
Chl. Indeed, it has been previously documented that phenyl and benzyl radicals add to the oxygen atom of
chloranil 20 This is shown in the present case as path ¢ in Scheme 3, and leads to the phenoxyl radicals F. In
turn, these exchange a hydrogen with the ChIH- radicals (thus affording an alternative way to products A, path
e) or add to them yielding, after hydrogen chloride elimination, products C (path f).

A final group involves N-alkylacetamides (D). Previous evidence in electrochemistry and metal- or
photoinduced oxidation in acetonitrile shows that these arise from carbocation trapping by the solvent and
water addition (MeCN contains ca 0.1% moisture).}?2! Indeed, another relevant property of ground state Chl is
its high-lying ground state reduction potential (0.02V vs SCE). This makes Chl a sufficiently good acceptor for
the single electron oxidation (SET) of at least tertiary aliphatic radicals (for the ferz-butyl radical the reported
value is 0.09V vs SCE,?? less substituted radicals are expected to oxidize at a more positive potential). Thus,
oxidation of the adamanty! radical to the corresponding cation is a major path with 13, and, to a lower degree a
similar process is observed also with 8, and formation of the cations is revealed by trapping by the solvent (path
d in Scheme 3), a reaction for which there is some precedent. About this reaction one may notice that the
amount of the N-(1-adamantyl) amide is 16 times as much as that of the 2-adamantyl isomer. On the other hand,
the chloranil-adamantane adducts 16-19 show that there is no selectivity in the formation of the two adamantyl
radicals. Therefore, the selectivity in the amide formation is reasonably due to the more positive E, of the
2-adamantyl radical, a secondary radical, in comparison with the isomeric radical in position 1, which makes
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Table 2. Functionalization of Adamantane under Different Conditions

Reagent Active Rate Constant Selectivity Fate of the Radicals Ref.
Species Migla tert/sec
+-BuOC}, hv t-BuOr 1x108% 2.7 Ad' + RCl - AdCI 14
i-Pr,NCl, H,S0, i-Pr,N* 32 Ad' +RCl - AdCI 14
CANchv NO, 5.6x107 45 Ad' + CelV — Ad* + Cell 16
Chl, hv Chp* 2.2x108 7 1-Ad" + Chl —» 1-Ad* and Adducts this
2-Ad’ + Chl —» Adducts work
TCB,? hv TCB!* 1.1x1010 100 Ad + TCB™ — Adduct 23

a. In MeCN at 20°C. b. Estimated from the measured rate with 8, 5.8x105 M-s! ref 10 ¢. CAN =
Ce(NH,),(NO;). d. TCB = 1,2,4,5-benzenetetracarbonitrile
.Scheme 3
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oxidation of the former species an exothermic process, too slow to compete with addition. The same reasoning
explain why the 2-norbornyl radical formed from 8 is only slowly oxidized, and thus the carbocation trapping
product (the amide 9) is only a trace, the interaction of the radical with Chl involving predominantly addition
rather than oxidation (path ¢ rather than path d). Traces of 1-adamantanol are also formed from 13, and
similarly arise via trapping of the cation by traces of moisture present. Acetamides are not formed with
monocyclic or open chain alkanes. This is due to the fact that even when tertiary radicals are formed, as with 1,
deprotonation to alkenes is the main path from the cation in that case (see above, egs.5,6)

Thus, analysis of the end products from the photochemical reaction with Chl does allow to recognize the
aliphatic radicals formed in the primary step, even if the chemistry observed is more complex than
straightforward C-O recombination of the primarily formed radical pair

Comparison between Different Alkane Radicalic Reactions. Adamantane can be taken as a convenient
probe (see Table 2) to compare the main features of some alkane functionalizations, all involving alky! radicals
as the key intermediate. When the alkyl radical is generated through a hydrogen abstraction process, the rate
depends only slightly from the active species.>-> ChI** behaves similarly to an alkoxy radical, as it is general
expected from nn* triplet state. However, the rate increases significantly with the electron affinity of the radical
[ky(NOy) >>ky(#-BuQ)]. When the mechanism changes to single electron transfer (SET) - proton transfer, as
in the reaction photosensitized by TCB,23 the rate constant increases by several orders of magnitude to
diffusion controlled. Selectivity is poor both with alkoxy radicals and triplet states, and is high both with
strongly electron deficient radicals and via the SET mechanism.

The method chosen for the generation of radicals also determine the following reactions of such species.
When the precursor of the initiator is not itself reactive with alky! radicals, these can be trapped e.g. via atom
transfer reactions.On the other hand, the nitrato radical is conveniently produced by photolysis of cerium (IV)
amonium nitrate (CAN), and the strong oxidizing properties of this salt (E , 1.37 V vs SCE) ensure that all
radicals are oxidized to the cations. Chloranil is an intermediate case, a strong enough oxidant to affect tertiary,
but not secondary, radicals, and at the same time is an excellent trap for addition of these nucleophilic radicals.
Aromatic nitriles such as TCB are neither oxidants nor a trap via addition, but the corresponding radical anions
do couple efficiently with the radicals.

As stated above, adamantane is a peculiar case, and adapting these conclusions to other alkanes requires
some care. At any rate, Table 2 gives an idea of the different possibilities one should take into account when
planning a synthesis. Obviously, several variations can be made. As an example, in the place of Chl, one may
use a n7* triplet which is neither an oxidant or a radical trap, such as would be an aromatic ketone, or one
which has only one of the two properties.

In conclusion, the present work evidences the convenience of the photochemical method for the
generation of aliphatic radicals under mild conditions. This may be useful for selectivity studies. Furthermore,
the efficiency of radicals generation makes this reaction well suited for using such radicals for preparative
applications. Indeed, trapping by ground state molecules of such radicals is effective; in the present work the
reaction occurring is addition to chloranil itself. but an alternative trapping can certainly be devised. We are
confident that these data and the comparison established between different methods for the functionalization of
alkanes may give useful suggestions for new synthetic methods.
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EXPERIMENTAL

General H, 13C and 13C-DEPT NMR spectra were recorded on a Bruker AC 300 spectrometer, and
chemical shifts are reported in ppm downfield from TMS. Elemental analyses were made using a Carlo Erba
Model 1106 instrument. Chl and alkanes 1, §, 8, and 13 were commercial products.

Photochemical reaction between Chl and 2,3-dimethylbutane 1. A solution containing 150 mg (0.6
mmol) of Chl and 345 mg (4 mmol) of 2,3-dimethylbutane 1 in 80 ml of MeCN purged with argon, was
irradiated for two hours with an immersion well reactor fitted with a Philps HPK 125W medium pressure arc
filtered through Pyrex. GC examination (using a HP-5 column, 0.5 mm) of the photolized solution showed two
minor products, which had the GC/MS characteristics compatible with Cjo alkanes. The solvent was
evaporated and the raw mixture was separated on silica gel column using cyclohexane-EtOAc mixtures of
increasing polarity. Two main products were isolated, both alkylated Chl derivatives. The first one was a
hydroquinone mono ether (the isotopic pattern was that expected for a tetrachlorinated compound),24 with a
methylene group bonded to the oxygen (see ABX system at 3.75-3.9 ppm in the proton spectrum). The
spectroscopic data and molecular mass allowed to attribute the structure of the 23,56 tetrachloro-4-
hydroxyphenyl 2,3-dimethylbutyl ether (2) (25 mg, 18%) to this compound. The latter compound was likewise
a hydroquinone mono ether containing again a phenolic group, but only three chlorine atoms, that it was a
cyclic ether with bonding between carbons 1 and 2 of Chl and 1 and 2 of the alkane as shown by the AB system
bonded to aromatic ring and the quaternary carbon at 77.53 ppm on oxygen. The proposed structure of 2,3-
dihydro-3,5,6-trichloro-4-hydroxy-2-methyl-2-isopropylbenzofuran (3) (20 mg, 16 %) was in accordance with
spectroscopic data. Furthermore, the initial chromatographic fraction (8 mg) besides contained a compound
with the same proton signals observed for 2, except for the hydroxylic proton. Also the 13C spectrum had the
same aliphatic carbons distribution but showed that it incorporated two Chi molecule: one as
hydroquinonediether derivative and the second with quinone structure (see two different carbonilic groups).
The molecular mass and the isotopic pattern confirmed the presence of seven chlorine atoms. The structures of
4-[4-(2,3-dimethylbutoxy)-2,3,5,6-tetrachlorophenoxy}-2,3,5-trichloro-1,4-benzoquinone (4) (5 mg, 2.2 %)
was reasonably attributed, although the product was not sufficiently pure for elemental analysis. Finally, 50 mg
(48%) of 2,3,5,6-tetrachlorohydroquinone (ChiH;) was obtained. Minor amounts (< 10% of the previously
described ones) of further compounds with phenyl ether or dihydrobenzofuran structure, were present in some
of the chromatographic fractions, admixed with the main ones.

2: IH NMR (in CDCl3) § 0.92 (d, J = 7 Hz, 3H, Me), 0.97 (d, J = 7 Hz, 3H, Me), 1.04 (d, J = 7 Hz, 3H,
Me), 1.9 (m, 2H, H-2 and H-3), 3.75 and 3.9 (ABX system, J = 6.5 and 5.5 Hz, 2H, H-1), 5.9 (exch, OH). 13C
NMR 8 12.77 (CH3), 18.07 (CH3), 20.40 (CH3), 28.98 (CH), 39.49 (CH), 77.53 (CH,-0), 118.75, 127.33,
145.78, 149.48. Anal. Caled for C,,H,,CL,0,: C, 43.41; H, 4.25. Found C, 43.2; H, 4.3. M" 330 m/e.

3: TH NMR (in CD3COCD3) § 0.98 (d, = 7 Hz, 3H, Me), 1.03 (d, ] = 7 Hz, 3H, Me), 1.4 (s, 3H, Me),
2.05 (sert, J = 7 Hz, 1H, H-2), 3.0 and 3.3 (AB system, 2H, H-1), 8.5 (exch, OH). 13C NMR d 17.76 (CH3),
17.81 (CH3), 23.89 (CH3), 36.10 (CH), 40.61 (CH;), 95.04 (C-0), 112.85, 116.69, 127.47, 141.48, 14468,
150.57. Anal.Caled for C ,H,;;C1,0,: C, 48.76; H, 4.43. Found C, 48.3; H, 4.3. M- 294 m/e.
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4: TH NMR (in CDCl3) 3 0.94 (4, J =7 Hz, 3H, Me), 0.99 (d, J = 7 Hz, 3H, Me), 1.07 (4, ] = 7 Hz, 3H,
Me), 1.92 (m, 2H, H-2 and H-3), 4.0 and 3.85 (AB part of ABX system, 2H, H-1). 13C NMR § 12.76 (CH3),
18.10 (CH3), 20.39 (CH3), 28.96 (CH), 39.52 (CH), 77.53 (CHp-O-), 12585, 126.88, 129.52, 14211,
143.22, 146.73, 148.49, 15105, 172.98, 173,32. M+ 538 m/e.

Photochemical Reaction between Chl and cyclohexane 5. A solution of Chl in 80 mL of MeCN and
cyclohexane (330 mg, 4 mmol) was irradiated as above for 2h. The GC/MS analysis of the raw photolizate
showed the presence of traces of cyclohexanol and cyclohexanone, while the N-methylcyclohexylacetamide was
no detected. After general work-up and silica gel cromathography (cyclohexane/EtOAc 9:1 as eluant), two
main alkylated Chl derivatives analogous to the previous case were isolated. In fact, besides 47 mg ChlHp
(40%), 33 mg of 4-hydroxy-2,3,5,6-tetrachlorophenyl cyclohexyl ether 6 (21%, oil) and 25 mg of 2,3-dihydro-
4-hydroxy-2,3,5-trichiorocyclohexa[a]benzofuran 7 (18%, oil) were obtained. The attributed structures were in
accordance with spectroscopic data and in particular the coupling between H-1 and H-2 (J = 6 Hz) identified a
cis fusion of the aliphatic ring in compound 7.

6: 1H NMR (in CDCl3) & 1.25 (m, 2H), 1.55-1.65 (m, 4H), 1.8 (m, 2H), 2.0 (m, 2H, H-2 and H-6
equatorial), 4.15 (#, J = 10 Hz, J = 4 Hz, H-1 axial), 5.85 (exch, OH). 13C NMR (in CDCl3) § 24.29 (2CHp);
25.20 (CHp); 32.43 (2CHy); 83.62 (CH); 118.73; 127.56, 145.61; 145.38. Anal Caled for C,H;,C1,0,: C,
43.67, H, 3.66. Found C, 43.7; H, 3.7. M~ 328 m/e.

7: 1H NMR (in CDCl3) 8 1.2 (m, 1H, H-3 axial), 1.25 (m, 1H, H-4 axial), 1.3 (m, 1H, H-5 axial), 1.65
(m, 1H, H-4 equatorial), 1.7 (m, 1H, H-5 equatorial), 1.75 (m, 1H, H-6 axial), 2.1 {m, 1H, H-3 equatorial),
2.35 (m, 1H, H-6 equatorial), 3.25 (at, J= 10 Hz, J = 6 Hz, 1H, H-2), 4.7 (ddd, ) =6 Hz, } = 3 Hz, ] = 4 Hz,
H-1), 5.95 (exch, OH). 13C NMR § 19.83 (CHy); 22.11 (CHyp); 26.80 (CHp); 27.07 (CHy), 41.65 (CH), 83.77
(CH); 113.07; 115.17; 117.89; 142.68; 149.65, 151.23. Anal.Calcd for C,,H,,C1,0,: C, 49.10; H, 3.78. Found
C,489,H,3.7. M*292 m/e.

Photochemical reaction between Chi and norbornane 8. A MeCN solution of Chl and norbornane (384
mg, 4 mmol) was irradiated as above for 2h with a 80% Chl consumption (determined by GC). GC/MS analysis
showed the presence of a small amount of N-norbornylacetamide (9, M~ 153). After silica gel chromatography
(cyclohexane/EtOAc) of the raw mixture, the following products were isolated sufficiently pure: 13 mg of 4-[4-
(2-norbornyloxy)-2,3,5,6-tetrachlorophenoxy}-2,3,5,trichloro-1,4-benzoquinone 10 (5 %, mp 115-116 °C, Cy-
Bz), ; 40 mg (25 %) of 4-hydroxy-2,3,5,6-tetrachlorophenyl exo-2-norbornyl-ether 11 (mp 98°C, cyclohexane-
benzene);, 26 mg (18%) (mp 87-91°C, cyclohexane-benzene) of the dihydrobenzofuran 12 and 41 mg (35%) of
ChiH,. All the norbornyl derivatives were obtained as a single regioisomer. Compound 11 was the exo-isomer,
as shown by the fact the irradiation of H-2 at 4.25 ppm gave 4.9% NOE enhancement on H-6 at 1.05 and 1.4%
on H-5 at 0.91. This NOE effect could have been observed only if H-2 was endo. Moreover it was apparent in
the 'H spectrum a 4J (1.5 Hz) between H-2 and H-7. The cyclic structure of product 12 with cis-exo fusion at
the norbornane skeleton was confirmed by the fact that the two vicinal hydrogen atoms, H-2 (4.83 ppm) and
H-3 (3.45) had a long range coupling (1,5 Hz) with the same H.7 (125 ppm). As regard the
alkoxyphenoxyquinone 10, this time it was obtained pure as crystalline orange material and a complete
characterization, including also elemental analysis was possible. It was the exo isomer as confirmed by the usual
long range coupling between H-2 and H-7.
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10: 1H NMR (in CDCl3) § 0.95 (m, 1H, H-6 endo), 1.1 (m, 1H, H-5 endo), 1.3 (dg, 2J =9 Hz, 3T =4] =
1.5 Hz, 1H, H-7), 1.45-1.55 (m, 2H, H-6 and H-5 exo0), 1.82 (m, 2H, H-3), 1.92 (dg, 21 =9 Hz, 31 =41 =15
Hz, 1H, H-7), 2.35 (m, 1H, H-4), 2.48 (m, 1H, H-1), 4.3 (m, 1H, H-2 endo). 13C NMR (in CDCl3) 3 25.86
(CHg-6), 29.97 (CHp-5), 37.02 (CH-4), 37.07 (CHp-7), 41.47 (CH,-3), 43.62 (CH-1), 90.66 (CH-2), 126.57,
127.08, 129.62, 140.07, 142.58, 146.73, 152.25, 152.55, 172.16 (C=0), 172.86 (C=0). Anal.Calcd for
C,,H,,C1,0,: C, 41.38; H, 2.01. Found C, 41.5; H, 2.1. M*548 m/e.

11: 'H NMR (in CD3COCD3) 8 0.91 (m, 1H, H-5 endo), 1.05 (m, 1H, H-6 endo), 1.25 (dqui, 2)=9Hgz,
3y=1.5, 4JconH-2eH-3=1.5 Hz, 1H, H-7"), 1.45 (m, 1H, H-5 exo), 1.5 (m, 1H, H-6 exo0), 1.78 (m, 2H, H-
3 endo e H-3 ex0), 1.91 (dgui, 2y =9 Hz, 41 = 1.5 Hz, 1H, H-7), 2.33 (m, 1H, H-4), 2.45 (m, 1H, H-1), 4.25
(m, 1H, H-2), 9.1 (exch, OH). 13C NMR (in CDCl3) 8 24.00 (CHy-6), 28.13 (CH»-5), 35.11 (CH2-7), 35.16
(CH-4), 39.40 (CH»-3), 41.43 (CH-1), 8824 (CH-2), 118.69, 127.14, 14528, 146.29. AnalCalcd for
C;H,;.CL,0,: C, 46.65; H, 3.78. Found C, 46.8; H, 3.7. M* 340 m/e.

12: 1H NMR (in CDCl3) & 1.2 (ddg, 1H, H-7), 1.25 (m, 1H, H-6 endo), 1.35 (m, 1H, H-5 endo), 1.4 (m,
1H, H-7), 1.58 (m, 1H, H-6 ex0), 1.6 (m, 1H, H-5 exo), 2.59 (m, 1H, H-1), 2.61 (m, 1H, H-4), 3.45 (da, 3] =
7 Hz, 41 =2 Hz, 1H, H-3 endo), 4.83 (d'f, 3] = 7 Hz, 4] = 1.5, 1H, H-2 endo), 8.3 (exch, OH). 13C NMR (in
CDCl3) & 22.80 (CH-6), 28.13 (CHy-5), 29.48 (CHp), 32.17 (CH»), 39.65 (CH-4), 41.95 (CH-1), 52.76
(CH-3), 90.56 (CH-2), 111.36, 115.69, 118.25, 127.36, 142.27, 151.56. Anal Calcd for C,;H,,CL,0,: C, 51.10;
H, 3.63. Found C, 51.4; H, 3.8. M" 304 m/e.

Photochemical reaction between Chl and adamantane 13. A solution containing 150 mg of Chl
(0.61mmol) and 250 mg of adamantane was irradiated as above for two hours. As regard the low molecular
weight products present in the raw photolized mixture, the GC/MS examination showed the presence of N-1-
adamantyl-acetamide (14) as a major product, accompanied by a small amount of N-2-adamantyl-acetamide
(15, in the ratio 15:1) and of 2-adamantanone and traces of 1- and 2-adamantano!. As for the products derived
from Chl, besides ChlH5, the mixture contained four main products formed by substitution at secondary and
primary position of adamantane. In fact, the 13C NMR of the raw photolizate, (recorded using Gate NOE
technique with a long relaxation delay) showed the presence of four carbons (two methyne and two quaternary)
bonded to an oxygen atom and of two carbons (methyne and quaternary) bonded to the aromatic ring.
Comparison with the products previously obtained (in particular 11 and 12), made it reasonable to suppose the
existence of two ethers containing the 1- and the 2-adamantyl group respectively and of two
dihydrobenzofurans (formed by the substitution of a chlorine atom followed by cyclization). The distribution
between attack on the primary vs secondary position was 50 : 42. Others products were present in a lower
amount. A first separation on a silica gel column (cyclohexane-EtOAc mixtures of increasing polarity as eluant),
gave three main fractions thus subdivided: 80 of a mixture of alkylated Chl products (43%) containing some
unreacted Chl, 48 mg of ChlH) (41%), 40 mg of 1-N-adamantylacetamide (43%). A further chromatographic
separation (cyclohexane-EtOAc 9:1 as eluant) of the first fraction, gave with a sufficient purity 45 mg of a
mixture of two isomers having the same molecular mass and identified as 2,3,5,6-tetrachloro-4-hydroxyphenyl
1-adamantyl ether (16) (10.4%) and 2,3,5,6-tetrachloro-4-hydroxyphenyl 2-adamantyl ether (17) (12.5%) as
shown by the 13C NMR signals positions and relative intensities. Two further fractions (total 31 mg) both
containing two main products with the same molecular mass but in different proportion, were obtained.
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The comparison between 1H and 13C NMR spectra of the separated fractions evidenced signals in good
accordance with the structure of two isomeric dihydrobenzofurans. In particular the first fraction contained as
the main product the dihydroadamantanobenzofuran (18)(8%), characterised by a methyne carbon at 92.66 ppm
and a quaternary carbon at 46.16 ppm, and the latter one contained mainly the isomeric
dihydroadamantanobenzofuran (19)(10.8%) identified by a methyne carbon at 56.58 ppm and a quaternary
carbon at 89.90 ppm. Moreover the two 13C spectra presented a similar aromatic carbons distribution and the
aliphatic part was as expected for a 1,2-disubstituted adamantane derivatives (for isomer 19 a complete
attribution of the aliphatic carbons was possible owing to its higher purity). All these compounds underwent
partially hydrolisis on silica gel, so that they were partially lost during separation. Traces of two 4-(4-
adamantyloxy-2,3,5,6-tetracholorophenoxy)-2,3,5-trichloroquinones were also present in the initial fraction, as
revealed by mass spectroscopy(M* 588 m/e), even if their tiny amount excluded an unambiguous attribution of
NMR signals.

16: IH NMR (in CDCl3) & 1.5-1.9 (m, 12H), 2.15 (bs, 3H), 5.9 (exch, OH). 13C NMR (in CDCl3) &
31.47 (3CH), 35.78 (3CHy), 42.99 (3CHy), 88.60 (C-O-), 118.63, 127.20, 145.18 147.54. 17. IH NMR (in
CDCl3) & 1.55-1.7 (m, 6H), 1.8-1.9 (m, 4H), 2.25 (m, 2H), 2.42 (m, 2H), 4.15 (', J = 2 Hz, H-1), 5.9 (exch,
OH). 13C NMR (in CDCl3) 5 26.93 (CH), 27.14 (CH), 31.59 (2CHp), 32.93 (2CH), 36.75 (2CHp), 37.23
(CHy), 89.93 (CH-0-), 118.63, 127.20, 145 18, 147.54. Anal Calcd for C,¢H,(Cl,0,: C, 50.29; H, 4.22. Found
C,50.4, H,4.2. M*380 m/e.

18: (in CDCI3) In the proton spectrum the signal at 4.2 ppm corresponded to H-1, while ail others
signals were between 1.5 and 2.5 ppm. In the 13C spectrum the signals at 92.66 ppm (CH-O-) and at 46.16
ppm certainly belonged to this dihydrobenzofuran, while an attribution of the others signal was impossible
owing the complexity of the spectrum. 19: In the proton spectrum the signal at 3.3 ppm corresponded to H-2
and the other protons laid between 1.5 and 2.5 ppm. 13C NMR (in CDCl3) & 29.87 (CH), 30.25 (CH), 32.58
(CHp), 33.27 (CHyp), 34.67 (CHp), 35.95 (CH), 36.65 (CHp), 41.20 (CHp), 56.58 (CH), 89.90. The aromatic
carbons were not unambiguously identified. M*344 m/e.

Quantum Yield Determination. Quantum yields were determined on 3 mL of a MeCN solution of
acceptor (0.002 M) in spectrophotometric cuvettes. After deaeration, these were irradiated by means of a
focalized Osram 150-W high-pressure mercury arc fitted with an interference filter centered at 366 nm. The Chi
consumption was determined through the UV absorption at 372 nm. A benzophenone-benzhydrol solution was
used as an actinometer.

Flash Photolysis Measurements. The laser flash photolysis studies were carried out by using the third
(355 nm) harmonic of a Q-switched Nd-YAG laser (Model HY 200 Laser Ltd Lumonics). The duration of the
pulse was approximately 8 ns and its energy 30 to 90 mJ. The detection system consisted of a Laser kinetic
spectrometer (Model K347 Applied Photophysics) and an oscilloscope(Tectronix Model 2467).

Acknowledgement. Support of this work by Consiglio Nazionale delle Ricerche, Rome, and by the
European Community is gratefully acknowledged.



5562 M. MELLA et al.

References.

1. Regitz, M_; Giese, B. C-Radikale, in Houben-Weil Methoden der Organische Chemie, G.Thieme
Verlag, Stuttgart, 1989

2. Asinger, F. Paraffin Chemistry and Technology, Pergamon:Oxford, 1968. (b) Smith, G.W_; Williams,
H.D. J.Org.Chem. 1961, 26, 2207. (c) Walling, C. Acc.Chem.Res. 1975, 8, 75. (d) Perkins, R R ;
Pincock, R.E. Can.J.Chem. 1978, 56, 1269. (e) Baciocchi, E.; Del Giacco, T.; Sebastiani, G.V.
Tetrahedron Lett. 1987, 28, 1941

3. Wagner, P.J.; Park, B.S. Org. Photochem. 1991, 11, 227. (b) Wagner, P.J.; Truman, R.J.; Scaiano, J.C.
J.Am.Chem.Soc. 1985, 107, 7093. (c) Wagner, P.J.; Thomas, M.J.; Puchalski, A E. J.Am.Chem.Soc.
1986, /08, 7739
Formosinho, S.J.; Amaut, L.G. Adv.Photochem. 1987, 16, 97
Giering, L.; Berger, M.; Steel, C. J.Am.Chem.Soc. 1974, 96, 953

. Elad, D. Fortsch.Chem.Forsch. 1967, 7, 528

7a Kawai, K.; Shirota, Y.; Tsubomura, H.; Mikawa, H. Bull. Chem.Soc.Jpn. 1972, 45, 77. (b) Gschwind,
R.; Haselbach, E. Helv.Chim.Acta 1979, 62, 941. (c) Kobayashi, H.; Gyoda, H.; Morita, T.
Bull.Chem.Soc.Jpn. 1977, 50, 1731. d. Jones, G.; Haney, W.A_; Phan, X. JAm.Chem.Soc. 1988, 110,
1922. (e) Jones, G.; Huang, B.; Griffin, S.F. J.Org.Chem. 1993, 58, 2035.

8. Bryce-Smith, D.; Gilbert, A. Tetrahedron Lett. 1964, 3471. McLauchlan, K A ; Sealy, R.C.
J.Chem.Soc., Chem.Commun. 1976, 115. Yoshida, H.; Kambara, Y ; Ranby, B.
Bull.Chem.Soc.Jpn. 1974, 47,2599 see also: Kobashi, H.; Funabashi, M.; Kondo, T.;  Morita, T ;
Okada, T.; Mataga, N. Bull. Chem.Soc. Jpn. 1984, 57, 3557

9. Bruce, J M. in Patai, S. (Ed) The Chemistry of Quinonoid Compounds, Wiley-London 1974, p.465

10.  Wong, P.C,; Griller, D.; Scaiano, J.C. JAm.Chem.Soc. 1982, 104, 5106

11, Poutsma, H.L. in Kochi, J K. (Ed.) Free Radicals. Wiley, New York, 1973, Vol 2, p.159

12. Thaler, W.J. Methods Radical Chemistry 1969, 2, 121

13. Deno, N.C_; Fishbein, R.; Wyckoff, J.C. J.Am.Chem.Soc. 1971, 93, 2065

14 Minisci, F.; Fontana, F.; Zhao, L.; Banfi, S.; Quici, S. Tetrahedron Lett. 1994, 35, 8033

15.  Smith, C.V; Billings, W.E. J.Am.Chem.Soc. 1974, 96, 4307

16.  Mella, M ; Freccero, M.; Soldi, T.; Fasani, E.; Albini, A. J.Org.Chem. in press

17.  Baciocchi, E.; Del Giacco, T.; Rol, C.; Sebastiani, G.V. Tetrahedron Lett. 1985, 26, 541

18. Kruppa, G.H.; Beauchamp, J L. JAm.Chem.Soc. 1985, 108, 2162

19a.  Walling, C.; Thaler, W. J.Am.Chem.Soc. 1961, 83, 3877. (b) Banks, D.F ; Huyser, E.J ; Kleinberg, J.
J.Org.Chem. 1964, 29, 3692

20.  Breitenbach, JW_; Gleixnor, G.; Olaj, O.F. Makrom. Chem. 1975, Supl.1,177. Simandi, T.L ;
Rockenbauer, A.; Tudos, ¥. Eur.Polym.J. 1982, 18, 67

21 Edwards, G.J.; Jones, S.R_; Mellor, J M. J.Chem.Soc., Perkin Trans. 2 1977, 1831

22.  Wayner, D.D.M; McPhee, D J ; Griller, D. J.Am.Chem.Soc. 1988, 110, 13

23. Mella, M.; Freccero, M.; Albini, A, previous paper in this issue

24, Pretsch; Clerk; Seibl; Simon Table of Spectra Data for Structure Determination of Organic

Compounds, Springer Verlag: Weinheim.

(Received in UK 8 December 1995; revised 13 February 1996; accepted 16 February 1996)



