FULL PAPER

Reactivity of the 5-Hydroacenaphthylene Anion Towards Electrophiles, 2!*

Single Electron Transfer vs. Sy2 Reaction
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Reaction of the 5-hydroacenaphthylene anion with benzyl
halides proceeds at carbon atom 1 as well as at carbon atom
2a, in the latter case creating a quaternary centre. The hard-
ness-softness of the electrophiles was shown to play only a
minor role in determining the regioselectivity of the reaction
of the hydroanion with several benzyl and alkyl halides: the
leaving group hardly affects the ratio of 1- and 2a-substituted

products. This indicates that the alkylation might proceed by
an electron transfer (SET) instead of an Sy2 mechanism. Fur-
ther evidence for SET was obtained by the use of free radical
and electron scavengers. The substitution products 1-benzyl-
acenaphthene and 2a-benzyl-2a,5-dihydroacenaphthylene
could be isolated and purified.

Introduction

An elegant method for the introduction of substituents
in polycyclic aromatic hydrocarbons (PAHs) is reductive al-
kylation. In this reaction, anions of PAHs are treated with
electrophiles such as alkyl halides. The advantages of this
method are that relatively unreactive electrophiles can be
used, and that the reactions often are regioselective. PAHs
can be converted into their dianions by reaction with so-
dium in a mixture of liquid ammonia and THF. Under
these conditions, however, hydroanions may be formed in
addition to the PAH dianions, depending on the size and
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Scheme 1. Reduction schemes for polycyclic aromatic hydrocar-
bons, a: Birch-type, b: aprotic

the reactivity of the PAH (Scheme la, ).l'IB] In a more
convenient and more selective procedure than this Birch-
like reduction, pure THF is used as solvent and the sodium
is activated by ultrasonic vibration (Scheme 1, b). By means
of this alternate procedure, acenaphthylene (1) can be con-
verted easily and quantitatively into its dianion 1%
(Scheme 2).11 The acenaphthylene dianion (1%7) can be pro-
tonated to form the 5-hydroacenaphthylene anion (5H-17)
by addition of one equivalent of methanol to the reaction
mixture (Scheme 2).14!
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Scheme 2. Selective synthesis of the 5-hydroacenaphthylene anion
5H-1-

With alkyl halides such as methyl iodide and allyl brom-
ide, the 5-hydroacenaphthylene anion (SH-17) reacts exclus-
ively at position 1, resulting in 1-substituted acenaphthenes
(Scheme 3) after acidic workup.[“I5] However, preliminary
results of this reaction using benzyl bromide as the elec-
trophile showed that reaction took place not only at posi-
tion 1, but also at position 2a.1 The hardness or softness
of the electrophiles was suspected to be the cause of their
different behaviour towards the 5-hydroacenaphthylene an-
ion (5H-17), a property which was also suggested for the
reaction of the 1-hydropyrene anion.[®] In the present
work we study the reactions of the 5-hydroacenaphthylene
anion with various benzyl halides (iodide, bromide, chlor-
ide) and also with benzyl tosylate, and for comparison the
corresponding reactions with ethyl halides (iodide, brom-
ide) and tosylate, in order to obtain more information
about the reaction mechanism. The results of these reac-
tions required further mechanistic investigations, including
the use of sterically hindered electrophiles (isopropyl iodide
and tert-butyl bromide), as well as the search for possible
intermediates using pDNB (as electron scavenger) and rad-
ical scavengers (e.g., TEMPO). Furthermore, methods for
the separation of the pure products have been developed.
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Scheme 3. Reaction of the 5-hydroacenaphthylene anion (SH-17)
with methyl iodide
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Scheme 4. Reaction of the 5-hydroacenaphthylene anion with benzyl and ethyl halides (R = benzyl, ethyl, X = I, Br, Cl, OTs)

Results

Acenaphthylene was converted into its 5-hydroanion
(5H-17) according to the procedure described earlier.I]
The reaction mixture was cooled to —70 °C, one equivalent
of benzyl bromide was added and the solution was stirred
at room temperature during 30 minutes. Quenching with
water and subsequent extraction with light petroleum (40—
60 °C), followed by the usual workup, during which the
initially formed 1-benzyl-1,5-dihydroacenaphthylene (2) re-
arranges to 1-benzylacenaphthene (3), gave 3 and 2a-
benzyl-2a,5-dihydroacenaphthylene (4) as the major prod-
ucts (more than 90% based on acenaphthylene) (Scheme 4).
Acenaphthene and dibenzylated products were the only side
products observed. Pure 3 and 4 could be isolated by select-
ive oxidation of the undesired isomer (See Experimental
Section).

The alkylation of the 5-hydroacenaphthylene anion SH-
1~ was also performed with benzyl chloride, benzyl iodide,
and benzyl tosylate, following the procedure as described
for benzyl bromide. Compounds 3 and 4 were again ob-
tained as major products. The ratios of 3 and 4 for these
reactions, determined by NMR spectroscopy, are given in
Table 1.

Table 1. Reaction of the 5-hydroacenaphthylene anion (SH-17) with
benzyl and ethyl halides

Electrophile ratio 3:4 Electrophile ratio 5: 6
Benzyl tosylate 1:0.6 Ethyl tosylate 1:1
Benzyl chloride 1:0.9 - -

Benzyl bromide 1:1.2 Ethyl bromide 7:1
Benzyl iodide 1:1.0 Ethyl iodide 5:1

Treatment of SH-1- with one equivalent of ethyl iodide
gave substitution at positions 1 and 2a in a 5:1 ratio
(Table 1) and a mixture of 1-ethylacenaphthene (5) and 2a-
ethyl-2a,5-dihydroacenaphthylene (6) was isolated. The use
of one equivalent of ethyl bromide resulted in the formation
of more 1-substituted product. However, use of the harder
ethyl tosylate gave a 1:1 mixture of 5 and 6. Compound
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5 could be isolated by the method mentioned above (See
Experimental Section). It was not possible to obtain com-
pound 6 in a pure form.

Reaction of SH-1- with one equivalent of isopropyl iodide
gave a product mixture which contained, according to
NMR, 30% acenaphthene, 35% 1-(2-propyl)acenaphthy-
lene, and 35% 2a,5-dihydro-2a-(2-propyl)acenaphthene.
Treatment of SH-1~ with one equivalent of ferz-butyl brom-
ide gave only 20% substitution products, containing fert-
butyl groups at positions 1 and 2a in a 1:1 ratio, and almost
80% acenaphthene.

The reaction of SH-1~ with benzyl bromide was also per-
formed in the presence of the electron scavenger para-di-
nitrobenzene (pDNB) and radical scavengers (di-tert-butyl
nitroxide and TEMPO), following the general procedure.
The product ratios, which were determined by NMR, are
given in Table 2. A similar experiment was performed with
ethyl iodide in the presence of TEMPO (Table 2).

'H and '*C NMR Spectroscopy and Quantum
Chemical Calculations

The 5-hydroacenaphthylene anion (SH-17) was prepared
in [Dg]THF and transferred into an NMR tube. The meas-
ured spectra ('H and '3C) were similar to those recorded by
Miillen and co-workers.[!] The small deviations in chemical
shifts can be ascribed to differences in temperature, counter
ion (Na versus Li), proton donor (methanol versus ammo-
nia) and concentration. The 'H and '3C NMR spectra were
assigned completely using H-H and C-H inverse COSY
techniques. The 'H spectrum (see Experimental Section)
consists of 7 broad signals forming an ABC pattern for pro-
tons H-6, H-7, and H-8, an AB pattern for H-1 and H-2,
and an ABX, pattern for H-3, H-4, and H-5 (For num-
bering see Scheme 2). Protons H-6 and H-8 could be distin-
guished by measuring NOEDIFF. From the chemical shifts
in the 3C NMR spectrum (Table 3), the charge distribution
in the hydroanion can be determined.!®! It is obvious that
the highest charge is located at C-1. However, attention
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Table 2. Effect of addition of electron or radical scavengers on the reaction of SH-1~ with benzyl bromide and ethyl iodide

Electrophile Additive 1-subst. prod. (%) 2a-subst. prod. (%) acenaphthene (%)
benzyl bromide none 46 46 8

0.5 equiv. DNB 24 24 48

1 equiv. di-/BuNO 33 33 32

1 equiv. TEMPO 24 24 51
ethyl iodide none 80 16 4

1.5 equiv. TEMPO 75 8 15

Table 3. Experimental and calculated '*C NMR shifts (in ppm,
given relative to the 25.3 ppm signal of THF and to TMS, respect-
ively), Mulliken sum charges and HOMO coefficients of the 5-hy-
droacenaphthylene anion (SH-17)

Carbon atom & '3C (exp.) & '3C (caled.) Charge HOMO
1 90.7 84.0 —0.21 —0.275
2 112.1 114.4 —0.10 +0.033
3 127.0 130.7 +0.03 —0.047
4 110.6 96.7 -0.17 -0.210
5 32.1 27.4 —0.02 +0.049
6 110.5 104.0 —0.16 —0.136
7 118.1 111.0 —0.09 +0.123
8 115.5 111.8 —0.09 +0.144
2a 106.2 93.0 —0.12 +0.303
Sa 129.7 126.3 +0.03 —0.136
8a 128.2 124.9 +0.08 —0.115
8b 130.3 126.4 —0.11 +0.088

should be given to C-2a, which has a noteworthy upfield
shift, indicating that a substantial amount of charge is also
located at this carbon atom.

Although H-4 is found at relatively high field in the 'H
NMR (8 = 4.78), the '3C NMR chemical shift indicates
that much less charge is located at C-4 than at C-1. Because
in 'TH NMR other factors such as ring current contribute
to the shielding of hydrogens,®! an indication of the charge
distribution should preferably be based on '3C NMR. Fur-
thermore it should be noted that C-3 appears at very low
field and thus has very little negative charge or is even pos-
itively charged. This is in accordance with the charge al-
ternation concept as proposed by Rabinovitz and co-
workers.]

In order to obtain additional information to help us un-
derstand the chemical reactions and the NMR spectra of
the SH-1-, quantum chemical calculations were performed.
AbD initio methods were used to calculate the charge distri-
bution, the HOMO coefficients, and the shielding constants
for 5H-1-. The calculations were carried out with the
GAUSSIAN 94 suite of programs.'! The geometries were
fully optimised without symmetry restriction at the HF
level by using the 6-31G(d,p) basis set, and characterised
by frequency calculations. The '3C NMR chemical shifts
were calculated from the shielding factors and compared to
the experimental data. The trend predicted by the calcula-
tions correlates very well with that observed (Table 3). It
should, however, be realised that several factors, such as
counter ion and solvent, have been neglected in the calcula-
tions. Therefore, the calculations should only be used as an
indication of the most reactive positions.
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Discussion

Reaction of the 5-hydroacenaphthylene anion SH-1~ with
alkyl halides such as methyl iodide and allyl bromide occurs
at carbon atom 1. This may be due to the presence of the
highest charge and a high HOMO coefficient at this car-
bon atom.!

The charge distribution in anions of PAHs can be in-
ferred from their '3C NMR chemical shifts.®! From the or-
der of these shifts of SH-1- (Table 3), C-1 indeed appears
to have the highest charge. A substantial amount of charge
is also found at C-2a, and a smaller charge is present at
C-4. In semiempirical (PM3)P! and ab initio calculations,
(Table 3) the carbon atoms with the highest charge are C-1
(-0.21), C4 (-0.17), C-6 (-0.16) and C-2a (-0.12). The
highest HOMO coefficient is however found at C-2a
(0.303), followed by C-1 (-0.275) and C-4 (-0.210). The ab
initio calculations predict the order of the chemical shifts
very well (Table 3). Although C-2a has a very high HOMO
coefficient, the reaction of SH-1- with methyl iodide indic-
ates that no S\2 reaction takes place at this position. This
might be due to the smaller amount of charge at C-2a and
the fact that quaternary centres are formed with more diffi-
culty in SN2 reactions.

The calculated high bond order (1.66) and the short bond
length of the C-3—-C-4 bond (1.34 A) indicate that the C-3—
C-4 bond already has a considerable amount of double
bond character before the interaction with the electrophile,
and this might cause the low reactivity of C-4 towards elec-
trophiles.

In the reaction of benzyl bromide with SH-1-, substitu-
tion takes place at position 1 as well as at 2a, in a ratio of
1:1. Such a change in regioselectivity with change in elec-
trophile has been reported in the literature for the reaction
of the 5-hydropyrene anion with soft electrophiles such as
benzyl iodide and n-propyl iodide.[!”] In this case, the re-
sults were rationalised by the assumption that these elec-
trophiles are soft and react at the position with the highest
HOMO. In parallel, the hardness-softness of electrophiles
might be an important factor in determining the position
on 5H-1- at which alkylation takes place. Therefore, SH-
1~ was treated with benzyl iodide, benzyl bromide, benzyl
chloride, and benzyl tosylate in order to investigate the in-
fluence of the nature of the leaving group.l'!! Surprisingly,
the leaving group hardly affected the product distribution
in the case of iodide, bromide, and chloride (Table 1). The
reaction of SH-1- was also performed with ethyl iodide,
ethyl bromide, and ethyl tosylate. Now, the hardest elec-
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trophile of the three, ethyl tosylate, gave the largest percent-
age of substitution at position 2a (Table 1). This is a strong
indication that the hard-soft effect of the leaving group is
not a major factor in determining the product distribution.

CUY | o
H H

5H-1

H

The nature of the halide is one factor upon which the
competition between Sy2 and SET in a substitution reac-
tion with an alkyl halide depends. The transition states of
both reactions will be influenced to a different extent by a
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Scheme 5. Reaction of the 5-hydroacenaphthylene anion with benzyl bromide via electron transfer

The question now 5is: which factors do determine the
reactivity of the various positions in the hydroanion to-
wards alkyl halides? If an S2 reaction was possible at posi-
tion 2a, thus creating a quaternary carbon atom, this must
certainly be found for the small methyl iodide, but in the
reaction of SH-1~ with methyl iodide absolutely no 2a-sub-
stituted products were observed. Bulkier electrophiles than
methyl iodide do react at position 2a and this indicates that
the reaction at 2a does not follow the Sy2 pathway. The
mode of attack must be related to the nature of the interac-
tion between nucleophile and electrophile.

The independence of the product distribution on the na-
ture of the leaving group might be the result of an Sy1 type
reaction. However, if the Syl reaction played a major role,
the reactive electrophile would be a cation. The product
would then be formed by combination of this cation with
anion SH-1". The product distribution would then be ex-
pected to be determined predominantly by Coulomb inter-
action, and would thus depend strongly on the charge dis-
tribution of SH-1". Furthermore, the reaction of SH-1- with
benzyl bromide and benzyl iodide proceeds almost instant-
aneously, which would not be the case for an Sy reaction,
because in THF only a small fraction of the benzyl halide
will be dissociated.

In reactions with electron-rich nucleophiles, the single
electron transfer (SET) mechanism can be competitive with
the Sn2 mechanism. If SH-1- reacts via electron transfer,
the 5-hydroacenaphthylene radical SH-1" will be an inter-
mediate (Scheme 5).

The recombination of the benzyl radical and SH-1" will
take place at the positions with the highest spin densities
(Figure 1), which are positions 1 and 2a according to ab
initio calculations [ROHF/6-31G(d,p), restricted open
shell]. The product ratio of 3 and 4 is 1:1, although carbon
atom 1 has a lower spin density than carbon atom 2a. Posi-
tion 1 is however more easily accessible for the electrophile.
Apparently, the spin density at C-4 is not high enough to
be able to compete with the other two carbon atoms.
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Figure 1. Spin densities in the 5-hydroacenaphthylene radical
(5H-1°)

change of leaving group.'2I13M141 The electron-acceptor
ability (reduction potential) of the alkyl halide is an import-
ant factor in determining the possibility of SET, and in-
creases in the order OTs < Cl < Br < L.ISIIOIN7IS] For
example, the reduction potential of benzyl bromide is —1.71,
whereas that of benzyl chloride is -2.21 V (in DMEF, vs.
SCE at a glassy carbon electrode at 25 °C).['I?01 The order
of reactivity observed in Sy2 reactions with primary alkyl
halides is OTs>I>Br>CL['"] Therefore, reactions of alkyl
tosylates are more likely to proceed via an Sn2 mechanism
whereas those of alkyl iodides will favourably proceed by
SET.

In the case of simple alkyl halides, including benzyl hal-
ides, concerted electron transfer-bond breaking prevails, re-
sulting in an alkyl radical and an halide ion.P2?3124] Thuys,
the reactive intermediate after SET is identical for all leav-
ing groups and reaction of this species will therefore result
in the same substitution pattern for all leaving groups if
SET is the exclusive mechanism."

In the SN2 mechanism, primary alkyl halides will react
more rapidly than more crowded derivatives. A decrease in
the reaction rate due to steric hindrance is less pronounced
in the SET mechanism. To understand this inequality the
transition states (TS) for both reaction pathways should be
regarded.?°I7] Increasing steric hindrance in the transition
state will result in bond loosening and will increase the TS
barrier more for Sy2 than for SET.I28I?° In addition to
steric factors, inhibition or hindering of the coupling pro-
cess by electronic or geometric factors will result in a prefer-
ence for the SET pathway.[*°]
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The benzyl group lowers the reduction potential with re-
spect to simple alkyl groups and will therefore more easily
undergo electron transfer.?”) More sterically hindered alkyl
halides can also be more easily reduced and will therefore
give more SET than their linear analogues.l'”>!1 This influ-
ence of the bulkiness of the reagent was confirmed by ex-
periments of aromatic radical anions with a variety of al-
kyl halides.[!3I1 411610301

Applying this knowledge to the reaction of the 5-hy-
droacenaphthylene anion with benzyl halides demonstrates
that the SET mechanism is consistent with the data. The
product distribution is rather independent of the leaving
group for iodide, bromide, and chloride. This implies that
the reaction pathway is the same for each halide and is in
accordance with the assumption that in these cases SET is
the principal reaction pathway. For benzyl tosylate the
product distribution shifts towards more I-substituted
products. This may be due to the higher reactivity of tosyl-
ates in SN2 reactions and their lower reactivity in SET reac-
tions (because of their higher reduction potential) in rela-
tion to the other halides. Ethyl iodide gives more 2a-substi-
tuted products than ethyl bromide, but less than the benzyl
halides. Ethyl halides have higher reduction potentials than
the corresponding benzyl halides and will thus tend to give
less SET products. Ethyl tosylate is an exception in its react-
ivity towards the hydroanion. However, it should be noted
that the tosylate group is bulky and that the Sy2 reaction
with the bulky hydroanion will therefore be seriously
hindered.

To obtain further experimental evidence for the SET
mechanism the following experiments were performed:

1) Reaction of 5H-1- with isopropyl iodide and tert-bu-
tyl bromide.

These electrophiles were chosen because they are known
to favour the electron transfer mechanism in their reaction
with nucleophiles because of their steric propor-
tions.['7I24129) [sopropyl iodide gave substitution at both po-
sitions 1 and 2a, in a 1:1 ratio.

The reaction of the hydroanion with tert-butyl bromide
gave, besides acenaphthene, circa 20% substitution prod-
ucts; the products formed were C-1 and C-2a substituted
acenaphthenes in a 1:1 ratio. The reluctance of isopropyl
iodide and zert-butyl bromide to undergo Sy2 reactions and
the 1:1 ratio of the C-1 and C-2a substituted products valid-
ates the assumption that when exclusive SET reaction takes
place substitution occurs to the same extent at positions 1
and 2a. Furthermore, it should be noted that the bulkiness
of the electrophile influences the reaction path (Sn2 versus
SET), but does not affect the substitution ratios, which de-
pend, in case of SET, on the spin density distribution in
5H-1".

2) Reaction of SH-1~ with benzyl bromide in the presence
of the electron scavenger para-dinitrobenzene.

para-Dinitrobenzene (pDNB) was added to the mixture
of 5H-1" and benzyl bromide in order to investigate if elec-
tron transfer is possible from the hydroanion to an electron
scavenger.['”) In comparison with the reaction without elec-
tron scavenger, less benzylated products were found in the
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product mixture and more acenaphthene (See Table 2).
From the decrease of the amount of substitution products
we may conclude that electrons from the hydroanion were
transferred to pDNB and thus that SET is possible. The
resulting 5-hydroacenaphthylene radical is converted by hy-
drogen transfer into a dihydroacenaphthylene derivative,
which rearranges to acenaphthene. The ratio of C-1 and C-
2a benzylated products, determined by comparison of the
characteristic NMR integrals, was unchanged. This indic-
ates that either the two processes are delayed to the same
extent or only electron transfer takes place. Because pDNB
is not known to hinder Sy2 reactions, it is likely that this
reaction proceeds via SET only.

3) Reaction of SH-1- with alkyl halides in the presence
of the radical scavengers di-zerz-butyl nitroxide and 2,2,6,6-
tetramethylpiperidinooxy (TEMPO).

An attractive possibility to discriminate between the Sy2
and SET mechanism is to investigate if free radical interme-
diates are present during the course of action. Because of
the sensitivity of the reaction mixture to moisture and air
it is not possible to perform the reaction in an EPR spectro-
meter, therefore radical scavengers were used.!!912]

Di-tert-butyl nitroxide (1 equivalent) was added to the
reaction mixture of the hydroanion with benzyl bromide,
following the general procedure. After the usual workup the
product mixture was analysed by NMR spectroscopy. The
yield of substitution products decreased, in favour of acen-
aphthene, but the 3:4 ratio did not change (See Table 2).
The decrease of substitution products and the formation of
acenaphthene indicates that radicals were present and thus
that electron transfer has taken place. The yield of substitu-
tion products is lowered but not zero. Evidently the effici-
ency of the reaction with the radical scavenger is not so
high that all the radicals are captured. The products derived
from the reaction of the radical scavenger with the benzyl
radicals could not be isolated due to the instability of the
radical coupling products. The addition product of the rad-
ical scavenger to the 5-hydroacenaphthylene radical is prob-
ably converted into acenaphthene. If the Sy2 mechanism
was part of the reaction pathway, substitution at C-1 would
not be hampered, and thus the substitution ratio would
have changed. The unchanged product ratio is a strong in-
dication that the reaction of the hydroanion with benzyl
bromide proceeds exclusively via SET!

Experiments were also performed with another radical
scavenger: TEMPO (2,2,6,6-tetramethylpiperidinooxy). Ad-
dition of TEMPO (1 equivalent) to the mixture of the 5-
hydroacenaphthylene anion and benzyl bromide gave sim-
ilar results as with di-fert-butyl nitroxide (See Table 2).
However, the use of TEMPO (1.5 equivalents) in the reac-
tion of the 5-hydroacenaphthylene anion with ethyl iodide
gave a change in the product distribution: 5 and 6 were
now formed in the ratio 1:0.1 instead of 1:0.2, and more
acenaphthene was isolated. From the total amount of isol-
ated product it could be concluded that the yield of 5 had
not dramatically decreased. Compound 5 can be formed by
Sn2 as well as by SET. Because the radical scavenger will
not hinder the Sy2 substitution, the amount of product
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formed by this reaction will the same. Product 6 can only
be formed in the SET reaction. Because the SET reaction
gives 1- and 2a-substitution products in a 1:1 ratio, it can
be concluded from the diminishing amount of 6 that the
reaction of SH-1- with ethyl iodide proceeds via both the
Sn2 and the SET mechanism. The degree to which the reac-
tion follows the SET reaction path is decreased by TEMPO
from 33% to 18%.

These mechanistic investigations confirm the occurrence
of electron transfer in the reaction of the 5-hydroacenaph-
thylene anion with electrophiles that are capable to accept
electrons. It is likely that in pure Sy2 reactions, substitution
takes place only at position 1 and in pure SET reactions
substituents are found at both positions 1 and 2a in a ratio
of 1:1. The reaction of the 5-hydroacenaphthylene anion
with ethyl iodide (and also possible ethyl bromide) gives
reaction products derived from both Sy2 (two thirds) and
SET (one third) reactions.

Conclusions

The reaction of the 5-hydroacenaphthylene anion SH-1~
with electrophiles such as benzyl halides takes place at both
positions 1 and 2a. Selective oxidation of the undesired iso-
mer and subsequent separation by chromatography allows
for the isolation of both 1-benzylacenaphthene and 2a-
benzyl-2a,5-dihydroacenaphthylene. The reactivity at posi-
tion 2a cannot be ascribed to hardness-softness of the elec-
trophile, but is more likely to be the result of electron trans-
fer. The SET reaction takes place at position 1 as well as
at 2a in a 1:1 ratio. After transfer of one electron, the 5-
hydroacenaphthylene radical will react at the positions with
the highest spin density. The observed product ratios from
the reactions of electrophiles with SH-1" are in accordance
with the electron affinities.

The use of electron scavengers (pDNB), radical scaven-
gers (TEMPO) and more sterically hindered electrophiles
corroborates the occurrence of the SET mechanism in the
reaction of the 5-hydroacenaphthylene anion with elec-
trophiles such as benzyl halides.

Experimental Section

General: Acenaphthylene (Aldrich, 75%) was purified by oxidation
with DDQ and filtration over silica. Benzyl bromide, benzyl chlor-
ide, and ethyl tosylate were obtained from Acros and used without
further purification but dried over molecular sieves (3A, 8-12
mesh). Ethyl iodide was purchased from Acros and was extracted
with a saturated sodium sulfite solution, predried over calcium
chloride, distilled at atmospheric pressure and stored over molecu-
lar sieves (31&, 8-12 mesh). Benzyl iodide was prepared from benzyl
bromide by bromine-iodine exchange with potassium iodide in
acetone. Methanol was purchased from Acros, distilled from so-
dium methoxide (generated in situ) and stored over molecular
sieves (3A, 8-12 mesh). Tetrahydrofuran was purchased from Acros
and distilled from sodium and benzophenone immediately before
use. — The 300 MHz 'H NMR spectra and 75 MHz '3C NMR spec-
tra were recorded on a Bruker WM-300 spectrometer. All chemical
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shift data (8) are given in ppm relative to tetramethylsilane (TMS);
the coupling constants (J) are given in Hz. Identification of the
products was performed using 'H-'H and 'H-'3C correlated 2D
NMR spectra. For the determination of the coupling constants we
used the simulation program PERCH.!3?!

General Procedure: THF (125 mL) was distilled into a dry 250 mL
three-necked round-bottomed flask under an atmosphere of argon.
Acenaphthylene (0.761 g, 5 mmol) was added, together with 0.3 g
(13 mmol) of freshly cut sodium. Directly after the addition, the
flask was evacuated and sonicated for a period of 40 seconds. Ar-
gon was admitted and sonication restarted. The solution immedi-
ately turned dark brown, indicating that the radical anion had been
formed. After five hours of sonication, during which the temper-
ature was kept at 0 °C, a deep green solution was obtained. The
flask was then cooled in an ethanol-nitrogen bath to —70 °C and
0.146 mL (5 mmol) of methanol was added. The colour of the mix-
ture turned red. The mixture was allowed to warm to room temper-
ature and stirred for a further 10 minutes. The mixture was again
cooled to =70 °C and 5 mmol of alkyl halide were added. Stirring
was continued at room temperature for 30 minutes, after which the
reaction was quenched with water. The addition of light petroleum
(40-60 °C), extraction with water, washing with brine, drying over
MgSO,, and the evaporation of the solvents in vacuo resulted in
the isolation of a viscous oil. Yields of substitution products are
generally between 90 and 100%, depending on the humidity of the
air in the laboratory and the reactivity of the electrophile. The com-
position of the mixture was determined by means of NMR spectro-
scopy. In the reaction with benzyl chloride, 20 equivalents were
used to accelerate the reaction.

Reaction of the Acenaphthylene Hydroanion with Benzyl Bromide:
To the S5-hydroacenaphthylene anion (SH-17) (5 mmol), prepared
according to the general procedure, was added benzyl bromide
(0.595 mL, 5 mmol). Column chromatography over silica gel using
light petroleum as eluent gave two fractions; the first consisted of
acenaphthene (less than 10%) and benzyl bromide, the other con-
tained the substitution products. Kugelrohr distillation gave a mix-
ture of 1-benzylacenaphthene (3) and 2a-benzyl-2a,5-dihydroacen-
aphthylene (4). The residue contained a trace of at least two disub-
stituted products.

Separations of 3 and 4: Compounds 3 and 4 could not be separated
by column chromatography over silica gel or silica gel impregnated
with caffeine, by normal phase HPLC or by preparative gas chro-
matography. Therefore, the product mixture was treated with 3-
chloroperoxybenzoic acid (mCPBA) in dichloromethane, which led
to the selective epoxidation of 4. Subsequent removal of the oxida-
tion product by means of silica gel column chromatography al-
lowed the isolation of 1-benzylacenaphthene (3).

If the trisubstituted double bond, present in the initially formed 1-
substituted product 2, is more reactive towards mCPBA than the
double bonds in 4, selective epoxidation of this bond would afford
an isolation procedure for 4. In order to avoid rearrangement of 2,
mCPBA was added to the reaction mixture before workup. How-
ever, because of the competitive epoxidation of 4 it was not possible
to obtain pure 4. Eventually, 2a-benzyl-2a,5-dihydroacenaphthy-
lene 4 was obtained in a pure form by treatment of the product
mixture with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
and removal of the 1-benzylacenaphthylene (formed from 3) by
subsequent column chromatography over silica impregnated with
10% caffeine.

Isolation of 1-Benzylacenaphthene (3): To a mixture of 3 and 4 (ca.
5 mmol) in dichloromethane (25 mL) was added m-chloroperben-
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zoic acid (0.43 g, 2.5 mmol) and the reaction mixture was stirred
overnight. Dichloromethane-water extraction, washing with
Na,SOs-solution, followed by drying over MgSO, and evaporation
of the solvent gave a mixture of 3 and (ep)oxidised 4. Silica gel
column chromatography with light petroleum gave 1-benzylacen-
aphthene as a light yellow oil. The oxidation products were not
isolated and characterised. The yield of 3 varies between 40 and
50%, based on acenaphthylene.

The "H NMR spectrum of 1-benzylacenaphthene (3) consists of 11
aromatic and 5 benzylic protons. The aromatic part of the spectrum
consists of two separate ABC patterns for the acenaphthene part
and an A,B,C pattern for the phenyl group. In addition to the
expected ortho and meta couplings, H-3 and H-5 show small coup-
lings with H-2 and H-2’. Similar couplings can be observed be-
tween H-6 and H-1, and between H-8 and H-1. These couplings
were confirmed by H-H-COSY and decoupling experiments. The
nonaromatic part shows an ABCDE pattern. The two protons at
C-2, with a large negative geminal coupling constant, have different
coupling constants with H-1, the cis-coupling being the larger one.
Proton H-1 also couples with the distinguishable protons at C-9
(see later in the Experimental Section). This difference between H-
9 and H-9’ is induced by the chirality at C-1 (Figure 2), but the
assignment of the individual protons on the basis of a molecular
model and the NMR results is not possible. Selective substitution
of H-9 or H-9” with deuterium is necessary to discriminate between
both protons.*3I34 The '3C NMR spectrum was consistent with
the structure of 3.

Figure 2. 1-Benzylacenaphthene

1-Benzylacenaphthene (3): 'H NMR (CDCl;, TMS): § = 7.61
(dddd, J4 5 = 8.2Hz, Jy5, J»s, J35 1 H, H-5), 7.60 (ddd, Js; =
8.2Hz, Jy ¢, Jos, | H, H-6), 7.43 (dd, J54 = 6.7 Hz, J, 5 = 8.2 Hz,
1 H, H-4), 7.41 (dd, Js7 = 8.2 Hz, J;5 = 6.6 Hz, | H, H-7), 7.23
(dddd, J34 = 6.7Hz, J,3, J»3, J35, | H, H-3), 7.20-7.12 (m, 5 H,
H-phenyl), 7.05 (ddd, J;5 = 6.6 Hz, J;3, Jss, 1 H, H-8), 4.02
(dddddd, J,, = 8.1 Hz, J, 5 = 2.3 Hz, Jo; = 8.9 Hz, Jy, = 7.5 Hz,
Jis, J16 | H, H-1), 3.47 (dddd, J,, = -17.0 Hz, J;, = 8.1 Hz,
Jrs, Jo3, 1 H, H-2), 3.19 (dd, Jo o = -14.0 Hz, Jo, = 7.5Hz, 1 H,
H-9), 3.10 (dddd, J,, = -17.0 Hz, J,» = 2.3 Hz, Jy s, J»3, 1 H,
H-2%), 2.89 (dd, Joo = -17.0Hz, Jy; = 8.9 Hz, 1 H, H-9). J,,
Jos» J18: Jas, Jos, S35, Jo3, and Jp- 3 were observed but could not
be determined precisely. — 3C NMR (CDCl5): § = 148.5 (C-2a or
C-8a), 144.1 (C-2a or C-8a), 140.3 (C-8b), 131.5 (C-5a), 130.5 (C-
ipso), 129.1 (2C-meta), 128.3 (2C-ortho), 127.8 (C-4 or C-7), 127.6
(C-4 or C-7), 126.1 (C-para), 122.8 (C-6), 122.3 (C-5), 119.2 (C-3
or C-8), 119.1 (C-3 or C-8), 44.5 (C-1), 42.6 (C-9), 37.3 (C-2). —
CioH : caled. 244.1252; found 244.1276. — MS; m/z (%): 244 (13),
165 (7), 154 (12), 153 (100), 91 (29), 65 (11).

Isolation of 2a-Benzyl-2a,5-dihydroacenaphthylene (4): To a mixture
of 3 and 4 (ca. 5 mmol) in toluene was added 0.5 equivalent DDQ
and the reaction mixture was stirred for 36 hours at room temper-
ature. Filtration over hyflo, washing with a saturated sodium sulfite
solution, drying over MgSO,, and concentration was followed by
chromatography over silica impregnated with 10% caffeine. The
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first fraction, detected by an iodine bath, contained pure 4. The
oxidation products were not isolated and characterised.

In the spectrum of 2a-benzyl-2a,5-dihydroacenaphthylene (4) 8 aro-
matic protons, 4 olefinic and 4 benzylic protons can be recognised.
The aromatic part of the spectrum consists of an ABC pattern for
H-6, H-7 and H-8 and an A,B,C pattern for the phenyl group.
Protons H-1 and H-2 appear in a doublet at relatively low field, as
can be expected on the basis of the '"H NMR spectrum of styrene.
The other olefinic protons H-3 and H-4 give, together with H-5
and H-5’, an ABX, pattern. In the boat-shaped six-membered ring,
H-5 (pseudo-equatorial) and H-5" (pseudo-axial) can be clearly dis-
tinguished (see later in the experimental section) by their different
couplings with H-3 and H-4, due to the different dihedral angles.
The benzylic protons H-9 and H-9” have different chemical shifts
induced by chirality, but cannot be assigned on the basis of the
molecular structure of 4. The '*C NMR spectrum was consistent
with the structure of 4 (Figure 3).

Figure 3. 2a-Benzyl-2a,5-dihydroacenaphthylene

2a-Benzyl-2a,5-dihydroacenaphthylene (4): 'H NMR (CDCl;,
TMS): 6 = 7.19 (dd, J;5 = 7.3 Hz, Js; = 7.6 Hz, 1 H, H-7), 7.18
(d, Jom = 5.0Hz, 2 H, H-0), 7.18 (d, Jy,m = 5.0Hz, 1 H, H-p),
7.16 (dd, J;5 = 7.3 Hz, Jes, 1 H, H-8), 6.98 (dd, Js7 = 7.6 Hz,
Jes, 1 H, H-6), 6.97 (dd, Jo;m = Jmp = 5.0Hz, 2 H, H-m), 6.67
(d, J1, = 5.5Hz, 1 H, H-1), 6.59 (d, J,, = 5.5 Hz, | H, H-2), 6.19
(ddd, J34 = 9.2 Hz, J35,J55 = 3.1 Hz, 1 H, H-3), 6.14 (ddd, J5 4 =
9.2Hz, Jys = 55Hz, J,5 = 1.8 Hz, 1 H, H-4), 3.12 (ddd, J5 5 = —
19.6 Hz, J55, J45s = 5.5Hz, | H, H-5), 3.02 (ddd, Js5 5 = —19.6 Hz,
J3s =3.1Hz, Jy5 = 1.8 Hz, 1 H, H-5"), 2.89 (d, Jyo = —12.7 Hz,
1 H, H-9), 2.62 (d, Joo = -12.7Hz, 1 H, H-9’), Js 5 and J; 5 were
observed but could not be determined precisely. — *C NMR
(CDCly): 6 = 148.7, 140.7, 138.2, 133.6 (C-8b, C-8a, C-5a, C-ipso),
142.5 (C-2), 130.4 (2 C-meta), 130.1 (C-1), 129.5 (C-4), 128.7 (C-
3), 127.4 (2 C-ortho), 127.0 (C-7), 126.1 (C-para), 123.1 (C-6), 119.2
(C-8), 56.5 (C-2a), 46.2 (C-9), 29.7 (C-5). — C19H ¢: calcd. 244.1252;
found 244.1209. — MS; m/z (%): 244 (12), 152 (100), 91 (58), 65 (30).

Reaction of the Acenaphthylene Hydroanion with Ethyl Iodide: To
the 5-hydroacenaphthylene anion (SH-17) (3 mmol), prepared ac-
cording to the general procedure, was added ethyl iodide (0.25 mL,
0.47 g, 3 mmol). The products could not be separated using column
chromatography over silica gel. Acenaphthene could be removed
by kugelrohr distillation or by crystallisation from methanol,
yielding a mixture of 1-ethylacenaphthene (5) and 2a-ethyl-2a,5-
dihydroacenaphthylene (6) (90-100%).

Isolation of 1-Ethylacenaphthene (5): To a mixture of 5 and 6
(5 mmol) in dichloromethane (25 mL) was added m-chloroperben-
zoic acid (0.43 g, 2.5 mmol) and the reaction mixture was stirred
overnight. Dichloromethane-water extraction, washing with
Na,SOs;-solution followed by drying over MgSO, and subsequent
concentration gave a mixture of 5 and (ep)oxidised 6. Silica gel
column chromatography with light petroleum gave 5 as a light yel-
low oil. The oxidation products were not isolated and charac-
terised. The yield of 5 varies between 40 and 50%, based on acen-
aphthylene.
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1-Ethylacenaphthene (5) (numbering similar to 3): 'H NMR
(CDCl;, TMS): § = 7.58 (ddd, Js; = 8.2 Hz, J, ¢, Jss, | H, H-6),
7.57(dddd, J4 5 = 8.2 Hz, J55, J2 5, J35, 1 H, H-5), 7.43 (dd, Js 7 =
82Hz, J;3 = 6.7Hz, 1 H, H-7), 7.42 (dd, J34 = 59 Hz, Jy5 =
8.2Hz, 1 H, H-4), 7.23 (ddd, J;5 = 6.7 Hz, J, 5, Jss, 1 H, H-8),
7.23 (dddd, J54 = 5.9 Hz, J53, J»3, J35, 1 H, H-3), 3.57 (m, 1 H,
H-1), 3.53 (dddd, J, - = -17.7Hz, J,, = 8.3 Hz, J, 5, J»3, | H, H-
2), 3.02 (dddd, J,,- = -17.7Hz, J, »» = 2.7Hz, J> 5, J»3, | H, H-
2%), 1.94 (ddq, Joo = —-16.0 Hz, Jy, = 4.8 Hz, Jy ;o = 7.5Hz, 1 H,
H-9), 1.64 (ddq, Joo = -16.0 Hz, Jo-; = 8.9 Hz, Jo- ;o = 7.5 Hz, 1
H, H-9), 1.02 (dd, Jo 10 = Jo10 = 7.5Hz, 3 H’s, H-10). J; 6, Jes,
Jis, Jas, Jos, S5, Jo3, and Jy 3 were observed but could not be
determined precisely. — '3*C NMR (CDCl5): § = 149.4 (C-2a or C-
8a), 144.8 (C-2a or C-8a), 138.4 (C-8b), 131.4 (C-5a), 127.7 (C-4
and C-7), 122.5 (C-5 or C-6), 122.2 (C-5 or C-6), 119.0 (C-3 or C-
8), 118.7 (C-3 or C-8), 44.9 (C-1), 37.0 (C-2), 29.1 (C-9), 11.8 (C-
10). — C14H 4: calcd. 182.1095; found 182.1105. — MS; mi/z (%): 182
(26), 153 (100), 140 (6), 84 (8), 60 (6), 51 (10).

2a-Ethyl-2a,5-dihydroacenaphthylene (6) (numbering similar to 4):
'H NMR (CDCl;, TMS): 8 = 7.32-7.23 (m, 2 H, H-7 and H-8),
7.06 (m, 1 H, H-6), 6.81 (d, J,, = 5.5Hz, 1 H, H-1), 6.67 (d, J,, =
5.5Hz, 1 H, H-2), 6.37 (ddd, J54 = 9.2Hz, J55, J35 = 3.2Hz, 1
H, H-3), 6.16 (ddd, J54 = 9.2Hz, J,5s = 58 Hz, J, s = 1.7 Hz, 1
H, H-4), 3.50 (m, 1 H, H-5), 3.25 (ddd, J5s5 = -19.5Hz, Jy5 =
1.7Hz, J55 = 3.2Hz, 1 H, H-5"), 1.49 (m, 1 H, H-9), 1.37 (m, 1
H, H-9°), 0.92 (dd, Jo 10 = Jo10 = 7.4 Hz, 3 H, H-10), J; 5 was
observed but could not be determined precisely. — '*C NMR
(CDCly): 6 = 142.3 (C-2), 134.8 (C-3), 130.6 (C-1), 128.3 (C-4),
128.1 (C-7), 123.1 (C-6), 119.0 (C-8), 33.3 (C-9), 30.4 (C-5), 10.6
(C-10), the quaternary C’s were not observed.

Generation of the 5-Hydroacenaphthylene Anion (SH-17) in an NMR
Tube: The acenaphthylene dianion was prepared in [Dg]THF ac-
cording to the general procedure. At room temperature one equiva-
lent of methanol was added and the solution was transferred to an
NMR tube and sealed.

5-Hydroacenaphthylene Anion (SH-1-): '"H NMR ([Ds]THF): § =
6.84 (d, J;3 = 7.8 Hz, 1 H, H-8), 6.86-6.33(m, 2 H, H-3 and H-
7), 6.17 (m, 1 H, H-2), 6.03 (d, Jo; = 6.4 Hz, 1 H, H-6), 5.55 (d,
J1» =2.1Hz, 1 H, H-1), 478 (m, 1 H, H-4), 3.93 (m, 1 H, H-5). -
13C NMR ([Dg]THF): § = 130.3 (C-8b), 129.7 (C-5a), 128.2 (C-
8a), 127.0 (C-3), 118.1 (C-7), 115.5 (C-8), 112.1 (C-2), 110.6 (C-4),
110.5 (C-6), 106.2 (C-2a), 90.7 (C-1), 32.1 (C-5).

Mechanistic Investigations: Reaction of SH-1~ with Isopropyl lodide
and ter-Butyl Bromide: To the 5-hydroacenaphthylene anion
(3 mmol), prepared according to the general procedure, was added
isopropyl iodide (0.60 mL, 1.02 g, 6 mmol). From the NMR data
it was concluded that the reduction was complete (no acenaphthy-
lene) and the resulting oil consisted of acenaphthene (30%), 1-(2-
propyl)acenaphthene (35%) and 2a,5-dihydro-2a-(2-propyl)ace-
naphthylene (35%). The total yield was 94%.

To the 5-hydroacenaphthylene anion (3 mmol), prepared according
to the general procedure, was added rert-butyl bromide (0.70 mL,
0.82 g, 6 mmol). From the NMR data it was concluded that the
reduction was complete (no acenaphthylene) and the resulting oil
consisted of acenaphthene (80%), 1-(tert-butyl)acenaphthene (10%)
and 2a,5-dihydro-2a-(tert-butyl)acenaphthyene (10%). The total
yield was 97%.

Reaction in the Presence of p-Dinitrobenzene (pDNB): The 5-hy-
droacenaphthylene anion (SH-17) was prepared according to the
general procedure. At —60 °C pDNB (0.5 equivalents) and 1 equiva-
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lent of benzyl bromide were added simultaneously to the reaction
mixture. Stirring was continued at room temperature for 60 mi-
nutes, after which the reaction was quenched with water. The addi-
tion of light petroleum (40-60 °C), extraction with water, washing
with brine, drying over MgSQOy,, and the evaporation of the solvents
in vacuo resulted in the isolation of a viscous oil. This oil was
analysed by NMR spectroscopy and consisted of acenaphthene
(50%), 2 (25%), and 3 (25%). The total yield was 96%.

Reaction in the Presence of 2,2,6,6-Tetramethylpiperidinooxy
(TEMPO, free radical): The 5-hydroacenaphthylene anion (5H-17)
was prepared according to the general procedure. At —60 °C
TEMPO (1.5 equivalents) and 1 equivalent of ethyl iodide were
added simultaneously to the reaction mixture. Stirring was con-
tinued at room temperature for 60 minutes, after which the reaction
was quenched with water. The addition of light petroleum (40—
60 °C), extraction with water, washing with brine, drying over
MgSO, and the evaporation of the solvents in vacuo resulted in
the isolation of a viscous oil. This oil was analysed by NMR spec-
troscopy and consisted of acenaphthene (15%), 4 (77%), and 5
(8%). The total yield was 97%.

Computational Details: The calculations were carried out with the
GAUSSIAN 94 suit of programs.?* The geometries were fully op-
timised without symmetry restriction at the HF (5-hydroacenaph-
thylene anion) and ROHF (5-hydroacenaphthylene radical, re-
stricted open shells) level by using the 6-31G(d,p) basis set, and
characterised by frequency calculations.

5-Hydroacenaphthylene Anion (5H-17): Mulliken sum charges:
1 (-0.207), 2 (-0.099), 2a (-0.123), 3 (+0.028), 4 (-0.168), 5
(-0.016), 5a (+0.028), 6 (-0.159), 7 (-0.092), 8 (-0.092), 8a (+0.08),
8b (-0.109). - HOMO coefficients: 1 (-0.275), 2 (0.033), 2a (0.303),
3 (-0.047), 4 (-0.210), 5 (0.049), Sa (-0.136), 6 (-0.136), 7 (0.123),
8 (0.144), 8a (-0.115), 8b (0.088). — Chemical shift (relative to
TMS): 1 (84.0), 2 (114.4), 2a (93.0), 3 (130.7), 4 (96.7), 5 (27.4), 5a
(126.3), 6 (104.0), 7 (111.0), 8 (111.8), 8a (124.9), 8b (126.4).

5-Hydroacenaphthylene Radical (5SH-1°): Total atomic spin densi-
ties: 1 (0.192), 2 (0.012), 2a (0.489), 3 (0.004), 4 (0.141), 5 (0.001),
5a (0.037), 6 (0.015), 7 (0.027), 8 (0.019), 8a (0.036), 8b (0.013).

Acknowledgments

The authors wish to express their gratitude to Gerrit Lodder for
very helpful discussions and to Johanna van der Hart for per-
forming the ab initio calculations.

11 K. Miillen, W. Huber, G. Neumann, C. Schnieders, H. Unter-
berg, J Am. Chem. Soc. 1985, 107, 801-807.

(2l P. W. Rabideau, J. L. Mooney, W. K. Smith, A. Sygula, J Org
Chem. 1988, 53, 589-591.

(31 P. W. Rabideau, E. G. Burkholder, J Org. Chem. 1978, 43,
4283-4287.

4 M. E. Van Loo, J. Lugtenburg, J. Cornelisse, Polycyclic Aro-
matic Compounds, accepted for publication.

(5] M. E. Van Loo, J. Lugtenburg, J. Cornelisse, Eur. J. Org. Chem.
1998, 1907-1914.

[l C. Schnieders, K. Miillen, W. Huber, Tetrahedron 1984, 1701—
1711.

[/l R. Brandsma, C. Tintel, J. Lugtenburg, J. Cornelisse, Synth.
Commun. 1985, 91-93-

81 M. Rabinovitz, Topics in Current Chemistry 1980, 146, 99-169
and references cited in there.

1'Y. Cohen, J. Klein and M. Rabinovitz, J. Am. Chem. Soc. 1988,
110, 4634-4640.

U0l Gaussian 94, M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M.
W. Gill, B. G. Johnson, M. A. Robb, J. R. Cheeseman, T. A.

Eur. J. Org. Chem. 2000, 713—721



Reactivity of the 5-Hydroacenaphthylene Anion Towards Electrophiles, 2

FULL PAPER

Keith, J. A. Peterson, J. A. Montgomery, K. Raghavachari, M.
A. Al-Laham, V. G. Zakrzewski, J. V. Ortiz, J. B. Foresman, J.
Cioslowski, B. Stefanov, A. Nanayakhara, M. Challacombe, C.
Y. Peng, P. Y. Ayala, W. Chen, M. W. Wong, J. L. Andres, E.
S. Replogle, R. Gomperts, R. L. Martin, D. J. Fox, J. S. Binkley,
D. J. Defrees, J. Baker, J. J. P. Stewart, M. Head-Gordon, C.
Gonzalez, J. A. Pople, Gaussian Inc., Pittsburg, PA, 1995.

MI'N. Isaacs, Physical Organic Chemisitry 2" ed. Longman Scient-
ific Technical, England, 1995, 267-271.

121 K. Daasbjerg, T. B. Christensen, Acta Chem. Scand. 1995, 49,
128-132.

31 H. S. Serensen, K. Daasbjerg, Acta Chem. Scand. 1998, 52,
51-61.

41 J. F. Garst, Acc. Chem. Res. 1971, 4, 400-406.

ISI'E. C. Ashby, Acc. Chem. Res. 1988, 21, 414-421.

161 E. C. Ashby, C. O. Welder, J. Org. Chem. 1997, 62, 3542-3551.

71 C. P. Andrieux, I. Gallardo, J-M. Savéant, K.-B. Su, J Am.
Chem. Soc. 1986, 108, 638-647.

81 E. C. Ashby, T. N. Pham, Tetrahedron Lett. 1987, 28, 3183—
3186.

91 E. C. Ashby, D. Coleman, J Org. Chem. 1987, 52, 4554-4565.

1201 J_M. Savéant, Advances in Electron Transfer Chemistry 1994,
4, 53-116.

211 J-M. Savéant, J Am. Chem. Soc. 1992, 114, 10595-10602.

Eur. J. Org. Chem. 2000, 713—721

1221 J-M. Savéant, Adv. Phys. Org. Chem. 1990, 26, 1.

231 C. P. Andrieux, A. Le Gorande, J.-M. Savéant, J Am. Chem.
Soc. 1992, 114, 6892-6904.

[241 J-M. Savéant, Acc. Chem. Res. 1993, 26, 455-461.

1251 C. P. Andrieux, J-M. Savéant, J Am. Chem. Soc. 1993, 115,
8044-8049.

1261 A. Pross, Acc. Chem. Res. 1985, 18, 212-219.

P7TE G. Bordwell, J. A. Harrelson, Jr., J Am. Chem. Soc. 1989,
111, 1052-1057.

1281 G. N. Sastry, S. Shaik, J. Am. Chem. Soc. 1998, 120, 2131-2145.

[V E. C. Ashby, J. N. Argyropoulos, J Org. Chem. 1985, 50,
3274-3283.

BO'E G. Bordwell, C. A. Wilson, J. Am. Chem. Soc. 1987, 109,
5470-5474.

B A. C. Reddy, D. Danovich, A. Ioffe, S. Shaik, J Chem. Soc.,
Perkin Trans. 2 1995, 1525-1539.

B2 R. Laatikainen, M. Niemitz, U. Weber, J. Sundelin, T. Has-
sinen, J. Vepsaelaeinen, J Magn. Reson. 1996, 120, 1-10.

1331 T. Wabayashi, K. Watanabe, Tetrahedron Lett. 1977, 4595-
4598.

1341 J. Kobayashi, U. Nagai, Tetrahedron Lett. 1977, 1803-1804.
Received June 18, 1999
[099362]

721



