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Electron Spin Resonance Spectra of Mercurated Arene Radical
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When certain arenes are oxidized with mercury trifluoroacetate in trifluoroacetic acid, the ESR spectra
of the arene radical cations observed show that progressive mercuration occurs. The aromatic protons
with the largest hyperfine coupling constants are replaced by mercury, and satellites due to **Hg hyperfine
coupling can be observed. Mercuration also reduces the g value of the radicals. This behavior is reported
for acenaphthene, anthracene, biphenylene, pyracene, hexahydropyrene, triptycene, terphenyl, tetra-
methylnaphthopyran, and dibenzodioxin. The introduction of mercury causes a reduction in the g value
of the radical cation, but it does not affect the hyperfine coupling constants of the remaining protons. For
the nuclei involved in the mercurideprotonation process, a(**Hg)/a(H) = ca. 20.6.

Introduction

In 1982, Kochi and his co-workers reported that the ESR
spectra of arene radical cations could be observed when
solutions of the arenes in trifluoroacetic acid (TFAH)
containing mercury(Il) trifluoroacetate [Hg(TFA),] were
photolyzed.! From a study of various methylbenzenes,
they concluded that the reactions followed the mechanism
shown in eq 1. The arene and mercury trifluoroacetate

ArH + Hg(TFA), = [ArH, Hg(TFA);) LA [ArH®** Hg(TFA);* ")

|

AH®* + SHg(TFA) + TFA™ -=— [ArH®* “Hg(TFA), TFAT] (1)

form a charge-transfer complex that undergoes photoin-
duced electron transfer, and back electron transfer is
minimized by dissociation of the radical ion Hg(TFA),"".

An alternative procedure, which probably follows a
similar mechanism, makes use of thallium(III) trifluoro-
acetate in place of the mercury(I) salt;? the charge-transfer
complex now involves the ion T1(Q,CCF;),*.

We have used these procedures extensively for preparing
radical cations of aromatic® and, more recently, hetero-
aromatic compounds,* and we found that sometimes the
aromatic ring was undergoing mercuration (eq 2).

ArH + 2Hg(TFA), —
ArtHg(TFA) + *Hg(TFA) + TFA- + TFAH (2)

In particular, biphenylene was shown to undergo pro-
gressive mercuration in the 3-positions, and during a period
of about 3 h, the spectra of the zero-, mono-, di-, tri-, and
tetra-G-mercurated biphenylene radical cations 1**-6"*
could successively be identified (eq 3).> Each mercuration
step brought about a reduction in the g value of the radical.

We now report the similar behavior of a variety of other
aromatic and heteroaromatic compounds.
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Results

Acenaphthene (7). An excellent spectrum of the ace-
naphthene radical cation (7**) was observed by Livingston
et al. from a solution of acenaphthene in antimony tri-
chloride.® The hyperfine coupling constants are listed in
Table L.

When acenaphthene is photolyzed in Kochi’s reagent,
however, the spectrum that is observed (see ref 7) consists
of a central feature which can be simulated by using the
hyperfine coupling constants for 7**, less the values as-
cribed to the protons at positions 4 and 5 [a(2 H) = 6.59
G]. This central feature is flanked by satellites of itself
with a separation of about 142 G and a combined intensity
of about 1:5. At the same time, the g value, which in 7°*
is 2.0027, is reduced to 1.9950. We conclude that the
species being observed is the dimercurated radical cation
8t in which the hyperfine coupling constants at the
non-mercurated positions are the same as they are in 7**
(see Table I) (eq 4).

() SN
) — @)
(TFA)Hg Hg(TFA)
7 8+

Pyracene (9). In the dark, pyracene in trifluoroacetic
acid containing thallium(III) trifluoroacetate gave rise to
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Yazdi, S. N. J. Chem. Soc., Chem. Commun. 1987, 1192-1194.

© 1991 American Chemical Society



330 Organometallics, Vol. 10, No. 1, 1991

Davies and McGuchan

Table I. ESR Spectra of Mercurated Arene Radical Cations

a(X)/G
(X=H a(Hg)/
a(H)/G or 1%Hg) g a(H,)
y « ¢ 1+ 4 H{a) 0.2 4 H(B) 3.6 2.0025
@.@ 20+ 4 H(a) 0.2 3 H(g) 3.6 2.0014
X % 1 Hg(B) 76.5 21.3
3t 4 H(a) 0.2 2 H(B) 3.6 2.0007
2 Hg(B) 76.5 21.3
4+ 4 H(a) 0.22 1 H(B) 3.6 2.0007
2 Hg(s) 77.3 21.5
5t 4 H(a) 0.2 1 H(B) 3.6 ca. 2.0003
3 Hg(B) 75.5 21.0
6t 4 H(a) 0.24 4 Hg(B) ca. 78 ca. 2.0003 21.7
° 7o+ 2 H() 3.13 2 H(y) 6.59 2.0027
@O 2 H(B) 0.59
# 4 H() 13.18
XXy 8+ 2 H(a) 3.13 2 Hg(v) 141.6 1.995 21.5
2 H(B) 0.59
4 H(s) 13.18
4 ge+ 8 H(8) 12.96 4 H(a) 2.00 2.0030
X O.e xa 10°* 8 H(8) 12.96 3 H{a) 2.00 2.0023
XY™ 1 Hg(a)
11 8 H(B) 12.96 2 H(a) 2.00 2.0008 23.8
2 Hg(a) 47.7
12++ 8 H(8) 12.96 1 H(a) 2.00
3 Hg(e) 48 ca. 24
!y 13*+ 8 H(B) 18.3 4 H(a) 1.90 2.0026
4 H(y) 0.38
14+ 8 H(B) 18.3 3 Hlw) 1.90 2.0018
4 H(y) 0.38 1 Hg(a)
15+ 6 H(a) 0.175 6 H(B) 2.27 2.0022
2 H(y) 0.075
16+ 6 H(a) 0.175 3 HB) 2.27 2.0004
2 H(y) 0.075 3 Hg(® 46.44 20.5
17+ 2 H(a) 2.28 2 H(v) 3.65 2.0025
4 H(B) 0.61
4 HO) 1.22
18°* 2 H{a) 2.28 1 H(y) 3.65 2.0016
4 H({p) 0.61 1 Hglv) ca. 68 ca. 19
4 H() 1.22
19°* 2 H(a) 2.28 2 Hg(y)
2 H(®) 0.61
4 H(o) 1.22
LN 20 2 H(a) 2.45 2 H(y) 6.05 2.0026
a 2 H(B) 1.15
OO 12 H(4Me) 0.675
Xy 21 2 H{w) 2.45 2 Hg(y) 127 2.0008 21.0
2 H(B) 1.15
12 H(4Me) 0.675
XY o 22+ 4 H(a) 3.06 2 Hiy) 6.5 2.0027
OOO 4 H(@B) 1.40
23+ 4 H(w) 3.06 2 Hg(y) ca. 138.5 21.3
X 4 H(B) 1.40
% ST 26+ 4 Hia) <0.005 4 H(B) 2,13 2.0039
JIGICK
27+ 3 H(B) 2.13 2.0031 20.1
1 Hg(®) 42.90
28+ 2 H(8) 2.13 2.0024 21.2
2 Hg(B) 45.12
29°+ 2 H(B) 2.13 2.0024 21.7
2 Hg(p) 46.20
30°* 1 H(w) 2.13 2.0019 21.5
3 Hg(p) 45.07
31+ 4 Hg(B) 45.60 2.0014 21.4

a strong spectrum of the familiar pyracene radical cation
(9°*)® (Figure 1) consisting of a nonet of quintets with the
parameters listed in Table I. The intensity of the spectrum
decreased when the solution was photolyzed.

(8) Terahara, A.; Ohya-Nishiguchi, H.; Hirota, H.; Oku, A. J. Phys.
Chem. 1986, 90, 1564-1571.

If pyracene was dissolved in trifluoroacetic acid con-
taining about one-fifth of the amount of mercury(II) tri-
fluoroacetate needed to give a saturated solution, it gave
rise to a very weak spectrum. When the sample was
photolyzed with light from a mercury arc reduced to 3%
in intensity through a neutral screen and filtered through
Pyrex glass, the spectrum of 9°* was generated (eq 5).
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With prolonged photolysis, a spectrum which appeared to
be that of the monomercurated radical cation was ob-
served, but when the neutral screen was removed, the
spectrum was rapidly lost.

When the solution was saturated with mercury tri-
fluoroacetate, the spectrum of 9°* was not observed. When
the sample was photolyzed with light at 3% intensity and
filtered through Pyrex glass, the spectrum shown in Figure
1b was obtained; then after photolysis with 100% Pyrex-
filtered light for 20 min, this was replaced by the spectrum
in Figure 1d.

We assign spectrum 1b to the monomercurated radical
cation 10°'*, contaminated with un-mercurated and di-
mercurated species. Figure 1c shows a simulation of the
spectrum based on the assumption that only three of the
four aromatic protons remain, with the same hyperfine
coupling constants as in 9°*, and the main features of the
spectrum are seen to be reproduced. We estimate (see
Discussion) that the hyperfine coupling by **Hg should
be about 42 G. The principal '**Hg satellites therefore lie
within the main body of the spectrum and contribute to
the complication.

The spectrum in Figure 1d can be simulated reasonably
well in terms of a 1:0.3 mixture of the dimercurated species
11** and the trimercurated species 12°*, and the satellites
due to ¥Hg hyperfine coupling in both species can be
detected. With biphenylene® and dibenzodioxin (see be-
low), we can observe pairs of dimercurated radical cations,
and it is likely that an equivalent pair of isomers of 11°*
is present but that they now have the same hyperfine
coupling constants. Parameters that have been used in
the simulation (Figure 1c) are given in Table I. In the
spectra in Figure 1, d and e, the new outer features (labeled
X) are composed of superimposed triplet and doublet
primary ®Hg satellites of the dimercurated and trimer-
curated radical cations 11°* and 12**, respectively. Sec-
ondary and tertiary 199Hg satellites involving hyperfine
coupling to two or three mercury atoms have been ignored
in the simulations, although they will generate further
weak lines in the spectra.

Further photolysis weakened the spectrum, and no ev-
idence for tetramercuration could be obtained.

Hexahydropyrene (13). Hexahydropyrene (13) in
trifluoroacetic acid containing thallium(III) trifluoroacetate
gave a strong ESR spectrum in the dark.? With mercu-
ry(II) trifluoroacetate, no spectrum was obtained in the
dark, but photolysis with 3% Pyrex-filtered light gave a
spectrum that was similar to but weaker than that ob-
tained with T1(TFA);. With more intense light (30%), the
quintet due to the four aromatic protons became pro-
gressively distorted, and the spectrum can be interpreted
in terms of a superposition of the spectra of 13'* and of

(9) Cf.: de Boer, E,; Praat, H. P. Mol. Phys. 1964, 8, 291-293. Pijpers,
F. W,; Arick, M. R.; Hendricks, B. M.; de Boer, E. Mol. Phys. 1971, 22,
781-787. Makela, R.; Oksanon, M.; Vuolle, M. Acta Chem. Scand. 1984,
A38, 73-78.
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Figure 1. ESR spectra of radical cations in trifluoroacetic acid
at 262 K. (a) Pyracene (9**). (b) Monomercurated pyracene (10**)
contaminated with some dimercurated pyracene (11'%). (c)
Computer simulation of the spectrum of 10**. (d) Di- and trim-
ercurated pyracene 11'* and 12°*. (e) Simulation of the spectrum
of a mixture of 1.0 (11°*) + 0.3 (12°*). In (d) and (e), the features
labeled X are 1%°Hg satellites (see text).

the monomercurated radical cation 14** (eq 6). Spectral
data are given in Table I.
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The value of a{**Hg) would be expected to be about 41
G, but the spectrum was not strong enough for the mercury
satellites to be identified.

Triptycene (15). A solution of 15 in trifluoroacetic acid
containing thallium(III) trifluoroacetate was photolyzed
with 3% Pyrex-filtered light and gave rise to a strong
spectrum of the radical cation 15** (eq 7), which we have

Hg(TFA)

0 - 5% @‘ mn
ﬁ‘ Q (YFA)H9 /__\/Hg(TFA)
15

16+

analyzed in terms of the hyperfine coupling constants
a(6H,) = 0.175, a(6H,) = 2.28, a(2H,) = 0.075 G.1* When
TI(TFA); was replaced by Hg(TFA),, the major septet was
still obvious under the same conditions, but the smaller
couplings could not be resolved.

However, with continuous photolysis signals rapidly
developed further in the gaps between the septets, the
character of the septet degenerated, and mercury satellites
appeared with a separation of about 40 G. After 1 h of
photolysis, the central feature resolved into a simple
quartet, a(3 H) = 2.27 G, with 1%Hg satellites. We con-
clude that tri-8-mercuration has occurred, probably with
one mercury in each ring. It is likely that more than one
isomer is present, such as we observe with biphenylene and
dibenzodioxin, but in the present case, the line width of
ca. 1 G, which results in part from unresolved «a and «
coupling, prevents the resolution of the similar spectra.

When the solution containing TI(TFA); was similarly
photolyzed, signals developed in the gaps of the septets,
and these appeared to retain the hyperfine pattern of

(10) Courtneidge, J. L.; Davies, A. G.; McGuchan, D. C. Recl. Trav.
Chim. Pays-Bas 1988, 107, 190-196.
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Figure 2. ESR spectra of radical cations in trifluoroacetic acid
at 262 K. (a) Monomercurated p-terphenyl (18°*); the %¥Hg
satellites (s) are shown at increased gain. (b) Dimercurated
p-tirphenyl (19*%). (¢) Computer simulation of the spectrum of
19°+,

a(6H,) = 0.175 and a(2H,) = 0.075 G. It seems unlikely
that this could be due to thallation of the aromatic rings
as 2°T1 (29.52% abundance) and 2T1 (70.48% abundance)
each have a nuclear spin of !/, and no hyperfine coupling
by these isotopes could be observed. Sullivan has re-
ported,!! and we have confirmed, that the TI(TFA),
reagent brings about trifluoroacetoxylation of anthracene
in the 9- and 9,10-positions, and it seems probable that we
are observing a similar trifluoroacetoxylation'® of trip-
tycene in the 8-position.

p-Terphenyl (17). We have already described and
analyzed the complex ESR spectrum of the p-terphenyl
radical cation (17°*), which can be observed when p-ter-
phenyl in trifluoroacetic acid containing mercury(II) tri-
fluoroacetate is photolyzed with 3% Pyrex-filtered UV
light.!® With more intense (30%) light, the spectrum be-
came distorted, and ¥Hg satellites developed. After ca.
30 min, the spectrum in Figure 2a was obtained, which can
be simulated with the same hyperfine coupling constants
as for 17** but with the presence of only one para proton.
Spectral data are given in Table I. We assume that mo-
nomercuration has occurred to give 18°* (eq 8).

OO0
17 l
(TFA)Hg O O HQ(TFA) ~—— Q Q O Hg(TFA)  (8)

19+ 18+

Further photolysis gave a weaker spectrum, which, after
about 1 h, had the appearance shown in Figure 2b. It was

173

(11) Sullivan, P. D.; Menger, E. M.; Reddoch, A. H.; Paskovich, D. H.
J. Phys. Chem. 1976, 82, 1158-1160.

(12) Bakker, M. G.; Claridge, R. F. C.; Kirk, C. M. J. Chem. Soc.,
Perkin Trans. 2, 1986, 1735-1741.

(13) Lewis, 1. C.; Singer, L. S. J. Chem. Phys. 1965, 43, 2712-2727.

(14) Yang, G. C.; Pohland, A. E. J. Phys. Chem. 1972, 76, 1504-1505.

(15) Landolt Bornstein, Numerical Data and Fundamental Rela-
tionships in Science and Technology; Springer-Verlag: Berlin, 1980; Vol.
9d2, pp 6-20.

(18) Dessau, R. M.; Shih, S.; Heiba, E. I. J. Am. Chem. Soc. 1970, 92,
412-413.
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too weak to permit the observation of ¥Hg satellites, but
the central spectrum can be simulated (Figure 2¢) on the
assumption that both para protons have been displaced,
implying that the radical is 19°*.

1,1,3,3-Tetramethyl-1H,3H -naphtho[1,8-cd ]pyran
(20). Photolysis of tetramethylnaphthopyran (20) in
Kochi’s reagent with 3% Pyrex-filtered light gave a
well-resolved spectrum of the corresponding radical cation
(20°%), (eq 9), which could be simulated with the hyperfine
coupling constants given in Table I.

2

od *
A0 — » — (9)

20 (TFAJHg Hg(TFA)
20+

By analogy with the spectra of acenaphthene® and 1,8-
dimethylnaphthalene,'? the largest triplet coupling of 6.05
G can be ascribed to the protons at positions 7 and 8. The
spectrum became distorted when photolysis was prolonged,
and weak 1®Hg satellites (s1) developed with a(1%Hg) =
127 G. These satellites could be simulated by using the
hyperfine coupling constants for 20°*, less a(2 H, ) = 6.05
G, and the central feature could be reproduced reasonably
well by assuming that it arose from a 40:60 mixture of 20**
and 21°*, with 21** having a g value of ca. 2.0008. The
presence of some monomercurated material cannot be
ruled out.

Anthracene (22). The anthracene radical cation shows
a(2 Hgy0) = 6.53,a (4 Hy455) = 3.06 and a(4 Hy34;) = 1.40
G.1% In trifluoroacetic acid containing mercury(II) tri-
fluoroacetate, 22 gave a blood red solution, which on
photolysis with 3% Pyrex-filtered light showed an un-
symmetrical spectrum with mercury satellites with a(**Hg)
ca. 138.5 G. The magnitude of the coupling shows that
the mercuration has occurred at the 9- and/or 10-position.
The spectrum was too weak to allow secondary satellites,
which would confirm dimercuration, to be detected, but
the complexity of the central feature, which could not be
satisfactorily simulated, suggests that both mono-
mercuration and dimercuration occur to give the radical
cations 23°** and 24** (eq 10).

OCOCF, Hg(TFA) G Hg(TFA):
OOO THTRAY, Hg (TFA),
0COCF, Hg{TFA)
25+ 22 23+ 244
(10)

When thallium(III) was used instead of the mercury(II)
salt, the deep green solution showed a strong spectrum of
22** in the dark. This spectrum progressively changed
when the sample was irradiated with Pyrex-filtered UV
light, and after 40 min the spectrum of 9,10-bis(trifluoro-
acetate) 25 was obtained, a(4 H) = 3.13, a(4 H) = 1.20, and
a(6 F) = 0.28 G and g = 2.0025.11

Dibenzodioxin (26). Dibenzodioxin (26) in trifluoro-
acetic acid containing thallium trifluoroacetate at 258 K
gave a blue solution that showed a very strong ESR
spectrum of 26°* consisting of a simple quintet with a(4
H) = 2.13 G, which is ascribed to coupling by the four
B-protons!® (eq 11). Hyperfine coupling to the « protons
was undetectable at less than 0.005 G. Two sets of *C
satellites could be detected, with a(13C, 2 C) = 1.55 and
2.60 G; the third *C coupling appears to be within the line
width (Figure 3a). No change occurred on photolysis, and
nothing that might be interpreted as implying thallation
or trifluorocacetoxylation could be observed.

A solution of 26 in TFAH/CH,Cl, containing Hg(TFA),
at 259 K was bright yellow and without photolysis showed
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the quintet ESR spectrum of 26°*. When the solution was
prepared at 271 K in the dark, the quintet was distorted,
indicating partial mercuration. Photolysis with 3% Py-
rex-filtered UV light gave the spectrum of the mono-
mercurated radical cation 27** with a(3 Hg) = 2.13 and
a(1%Hg) = 42.90 G (Figure 3b); the *C satellites could still
be detected with a(13C, 2 C) = 1.55 and 2.60 G. Continued
photolysis gave further mercurideprotonation, and the
succession of spectra shown in Figure 3c~e. Two dimer-
curated species could be detected in approximately equal
concentration, showing two pairs of triplet primary sat-
ellites (s1) and two pairs of triplet secondary satellites (s2)
separated from each other by twice as much as the primary
satellites (Figure 3c). These two isomers are presumably
28'* and 29**. Further mercuration gave 30°* in which the
secondary satellites (s2) are principally doublets (Figure
3d); weak tertiary satellites (s3) could also be detected as
cleaner doublets. Finally, tetramercuration gave 31°%, in
which the central spectrum was contaminated with residual
30°*, but the primary and secondary satellites were singlets
(Figure 3e).

To investigate the part photolysis played in the mer-
curation, two identical samples were prepared at 258 K.
One sample was handled in laboratory light, and the other
was kept in the dark. The first sample, without UV ir-
radiation, showed a quintet spectrum of the unmercurated
radical cation 26°**, and on photolysis with 10% Pyrex-
filtered UV light, monomercuration occurred to give the
quartet characteristic of 27°*, which was complete in 45
min.

At this time, the second sample, which had been kept
in the dark, showed no ESR signal, but on photolysis with
3% Pyrex-filtered UV light, it showed a spectrum that,
though weaker than that of the first spectrum, showed
principally the quartet spectrum of 27**. We conclude that
mercuration proceeds in the absence of photolysis, though
photolysis, if only by laboratory light, is necessary to
generate the radical cations.

Phenoxazine (32), Phenoxathiin (33), Dihydro-
phenazine (34), Phenothiazine (35), and Thianthrene
(36). Compounds 32-36 in trifluoroacetic acid were treated

oty ol and
e GED

with mercury(Il) trifluoroacetate and with thallium(IIT)
trifluoroacetate. All were readily oxidized to the corre-
sponding familiar radical cations, showing the same ESR
spectra as those reported previously;!® phenazine (34) gave
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Figure 3. ESR spectra (left) and computer simulations (right)
of radical cations in trifluoroacetic acid at 272-274 K, illustrating
the progressive mercuration of dibenzodioxin (27). The features
due to the primary (s1), secondary (s2), and tertiary (s3) satellites
are recorded at ca. 10-fold, 100-fold, and 1000-fold gain, respec-
tively. In the simulations, the intensities of the satellites are
arbitrarily chosen to match approximately those in the recorded
spectra. (a) Dibenzodioxin (26**) showing the C satellites. The
simulation is of the !3C satellites only. (b) Monomercurated
dibenzodioxin (27**). (c) Dimercurated dibenzodioxins (28°*) and
(29°%); in the simulation, these are taken to be in equal concen-
tration. (d) Trimercurated dibenzodioxin (30°*). (e) Tetram-
ercurated dibenzodioxin (31°%).
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the spectrum of the dihydrophenazine radical cation. With
thianthrene (36), the wing lines of the 3S (I = 3/,) satellites
could be resolved as clean quintets [a(4 Hy) = 1.28 G], so
that the hyperfine coupling could be measured more ac-
curately than previously, with a(®S) = 8.98 G.

Under no conditions of temperature or photolysis could
we observe distortion of the spectra or the appearance of
satellites, which could have indicated the occurrence of
mercuration or thallation.

Tri-tert-butylbenzene (37), (Tri-tert-butyl-
phenyl)mercury(II) Chloride (38), and Bis(tri-tert-
butylphenyl)mercury(II) (39). In Kochi’s reagent,
1,3,5-tri-tert-butylbenzene (37) showed a strong spectrum

g G g

37 38 39

of the radical cation 37°* with a(3 H) = 5.19 and a(27 H)
= 0.95 G,'% and under no conditions of photolysis could
mercuration be observed. Under the same conditions,
(2,4,6-tri-tert-butylphenyl)mercury(II) chloride (38) and
bis(2,4,6-tri-tert-butylphenyl)mercury (39) showed only the
same spectrum of the hydrocarbon radical cation 37°*, and
no spectrum of a mercurated species could be detected.
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Discussion

19 g Satellites. The nuclear spins and natural abun-
dances of the various isotopes of mercury are %Hg, I =
0, 0.14%; %¥Hg, I = 0, 10.02%; **Hg, I = 1/,, 16.84%;
W0Hg, I =0, 23.13%; ®'Hg, I = 3/,, 13.22%; *?Hg, I = 0,
29.80%; 2%Hg, [ = 0, 6.85%. The only ESR spectra of
mercury-containing organic compounds in solution that
have previously been reported appear to be complexes of
some semiquinones!’ and nitroxyl radicals,'® and these
show 'Hg but not 2°'Hg hyperfine coupling. Similarly,
as far as we are aware, 1**Hg—'H coupling is familiar in
NMR spectroscopy, but 222Hg-'H coupling has not been
observed. Fullam and Symons, however, have detected
201Hg hyperfine coupling in the radicals *CH,HgMe and
*CH,HgBr in the solid state.!®

It is not surprising, therefore, that in our spectra (see
Table I) we observe **Hg but not 2'Hg coupling; pre-
sumbly rapid relaxation induced by the nuclear quadrupole
broadens the signals of the ESR spectra beyond detecta-
bility.

The relative intensity of the combined pair of **Hg
satellites to that of the spectrum due to the spin-free
isotopomers in a monomercurated radical should therefore
be 16.84:69.94, or 1:4.15, and this is approximately what
we observe. Similarly, when they can be observed, the
intensities of the secondary, and tertiary, 1%*Hg satellites
arising from the presence of radical cations containing two,
three, or four %Hg atoms, respectively, agree approxi-
mately with predictions.

We hoped that we might be able to observe the spectrum
of the radical cations of the preformed (2,3,6-tri-tert-bu-
tylphenyl)mercury compounds 38 and 39 by treating them
with Kochi’s reagent, but apparently protodemercuration
occurs to give the radical cation of the parent hydrocarbon
(37). Kochi® has shown that the tert-butyl groups steri-
cally protect the ring against electrophilic substitution, but
the hydrocarbon is very much more soluble in organic
solvents than are the organomercury compounds, and it
seems unlikely that 37 could have been present in 38 or
39 as an impurity.

Wan has rationalized the low g values that are observed
in mercury-containing radical ions in terms of the spin-
orbit coupling which results from p,~d overlap.!”®

Site of Mercuration. When the parent hydrocarbon
contains nonequivalent aromatic protons, mercuri-
deprotonation occurs at the position where the proton
hyperfine coupling is greatest, which is where the local
coefficient of the MO of the HOMO of the hydrocarbon
or the SOMO of the hydrocarbon radical cation is greatest.
The mercuration occurs more readily when the concen-
tration of mercury trifluoroacetate is increased. Photolysis
with UV light filtered through Pyrex glass is usually
necessary for mercuration to be observed, but the use of
unfiltered UV light always led to a rapid decay of the
intensity of the spectrum.

When mercuration occurs, the hyperfine coupling of the
remaining protons and (when it can be observed) the 13C
hyperfine coupling is not changed. This implies that the
substituent effect of mercury on the electron distribution
is similar to that of hydrogen and that the coefficients of
the SOMO are essentially unaffected by mercuration.

(17) Chen, K. S.; Smith, R. T.; Wan, J. K. 8. Can. J. Chem. 1978, 56,
2503-2507. Weir, D.; Hutchinson, D. A.; Russell, J.; Wan, J. K. S. Can.
J. Chem. 1982, 60, 703-709.

(18) Helbert, J. N.; Kopf, P. W.; Poindexter, E. H.; Wagner, B. E. J.
Chem. Soc., Dalton Trans. 1975, 998-1006.

(19) Fullam, B. W.; Symons, M. C. R. J. Chem. Soc., Dalton Trans.
1974, 1086-1089.

(20) Kochi, J. K. Angew. Chem., Int. Ed. Engl. 1988, 27, 1227-1266.
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Figure 4. Plot of a(***Hg) against a(*H) for the process of
mercurideprotonation.

Polymercuration, therefore, proceeds randomly at the re-
maining positions of highest electron density which were
equivalent in the hydrocarbon, with the probable proviso
that vicinal mercuration is sterically retarded.?’ Thus,
triptycene (15) undergoes tri-3-mercuration. We assume
that steric hindrance is directing one mercury substituent
into each of the three rings; the two 3-positions in any one
ring probably show a similar reactivity irrespective of the
position of substitution in the other two rings, leading to
a mixture of the two possible dimercurated isomers, and
of the two possible trimercurated isomers, with similar
spectra. However, the ESR spectra show the presence of
two dimercurated biphenylene radical cations, which we
assume to be 3°* and 4**, and similarly two dimercurated
dibenzodioxin radical cations, presumed to be 27°* and
28°*, could be observed. This is apparent because there
are small differences between the values of a(**Hg) for the
mercury atoms successively introduced at the various
equivalent positions in the parent molecule. For example,
in the various mercurated dibenzodioxins a(}*Hg) varies
between 42.90 and 46.20 G.

The Ratio a (1°Hg)/a (*H). As shown in Table I and
Figure 4, the ratio of the hyperfine coupling by mercury-
199 which is introduced to that by the proton which is
displaced is approximately constant, with a(!*Hg)/a(*H)
ca. 20.6, making it possible to predict the value of a(***Hg)
in new species and to locate the 1%Hg satellites more
readily. This revises our earlier estimate” of ca. 21.5, which
was based on fewer data.

This implies a proportionality between the spin density
on the ring carbon atom and on the attached mercury atom
according to a McConnell-like equation??

a(***Hg) = Qcpgoc,

where the constant |Qcy,| = 20.6Qcy. Gerson? has rec-
ommended values of Qcy for radical cations of ~35.1 G

(21) Deacon, G. B.; Farquharson, G. J. Aust. J. Chem. 1976, 29,
627-635.

(22) McConnell, H. M. J. Chem. Phys. 1956, 24, 764-766.

(23) Gerson, F. High Resolution E.S.R. Spectroscopy; Wiley: New
York, 1976.
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based on HMO electron densities ¢ and of -25.4 G based
on the more accurate McLachlan spin densities, which
leads to the corresponding values for Qcy, of 723 and -523
G, respectively.

As replacement of hydrogen by mercury does not sig-
nificantly perturb the SOMO of the radical cation, the spin
polarization of the C-H and C-Hg o-bonding electron pair
should be similar, placing similar spin densities on hy-
drogen and mercury. In that case, if bonding by hydrogen
utilizes the 1s orbital and that by mercury utilizes a pure
6sp hybrid, with 50% s character (and no p,—p, or p,—d,
involvement), the ratio a{**Hg)/a(*H) should be approx-
imately equal to A,(**Hg)/2A4,(*H), where A,(!*Hg) is the
isotropic coupling to mercury (41880 MHz)% and Ay(*H)
is the isotropic coupling to hydrogen (1422 MHz).

This predicts a value of a(!*Hg)/a(*H) of ca. 15, as
compared with that of 20.6 which we observe. The dis-
crepancy between these two values may be rationalized on
the model proposed by Fullam and Symons, who generated
radicals *CH,HgX and Me'CHHgX (X = CHg, I, Br, or
Cl) by y-radiolysis of the solids at 77 K and found that
a('%Hg) increased from 220 to 450 G as the electronega-
tivity of X increased in the above sequence. They argued
that when X was more electronegative than the organic
ligand, the Hg-X bond involved mainly the mercury 6p,
orbital, so the C-Hg bond involved a large contribution
from the 6s mercury orbital and hyperfine coupling by spin
polarization of the C-Hg s-bond was more effective. In
our system, the ligand X in ArHgX** is presumably the
electronegative trifluoroacetate group. Therefore, the
Hg-X bond has a p contribution greater than 50%, the
Ar-Hg bond has an s contribution greater than 50%, and
the divisor in the above expression for a(!**Hg)/a(*H)
should be greater then 2. In the compounds we have
studied, the largest s-electron density on mercury is less
then 1%, and any accompanying change in a(H) would be
commensurate with the probable error.

Mechanism of Mercuration. Aromatic mercuration
is usually regarded to involve attack of the electrophile
HgX, to first form a charge-transfer complex, then a
Wheland intermediate, followed by elimination of HX%
(eq 12).

@ + HgX, =~
. HgX
H _HgX, 9
O =) =)o o

N 7

LA

oL

In some of the compounds we have studied (e.g., ace-
naphthene), the mercuration occurs before the sample is
irradiated with UV light and could be accommodated by
this mechanism.

With other substrates, however (e.g., biphenylene), the
mercuration is at most slow in the dark, but it is relatively
fast when the solution is photolyzed, and the conventional
heterolytic mechanism cannot explain this photocatalysis.
The ESR spectra show that this photolysis enhances
electron transfer in the charge-transfer complex to give a

(24) Morton, J. R.; Preston, K. J. Magn. Reson. 1978, 30, 577-582,

(25) Wardell, J. L. Comprehensive Organometallic Chemistry; Wil-
kinson, G., Stone, F. G. A, Abel, E. W., Eds.; Pergamon Press: Oxford,
1982; Vol. 2, p 814.
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radical ion pair, and it is reasonable to assume that it is
collapse of the radical ion pair that leads to mercuration
(see eq 12). By either mechanism, reaction would occur
at the position where the coefficient at the HOMO or
SOMO is largest, and as the HOMO of ArH and the
SOMO of ArH** have the same form, the two mechanisms
would lead to similar products.

Indeed the electrophilic and the electron-transfer
mechanisms need not necessarily be distinct, and Kochi
has argued that a radical ion pair is a viable intermediate
for these mercurations, which are usually discussed in
terms of an electrophilic mechanism.?

The alternative of a dissociative mechanism seems un-
likely. There appears to be no evidence that arene radical
cations can lose a proton to give aryl radicals, and if the
radicals cations described here are generated in deuterio-
trifluoroacetic acid in the absence or presence of mercu-
ry(ID) trifluoroacetate, many do not undergo deuteriation.

As aromatic mercuration and thallation by mercury(II)
trifluoroacetate or thallium(III) trifluoroacetate occur at
rather similar rates,' and as we so frequently observe the
ESR spectra of mercurated arenes, it may seem surprising

" that we have not yet observed the spectra of the thallated

arenes. Two factors probably account for this. First,
thalliodeprotonation is reversible, and under our condi-
tions, the parent hydrocarbon ArH will be present together
with the arenethallium compounds, ArTI(TFA),. Second,
whereas, as we have argued above, mercuration has little
effect on the w-system, thalliation appears to attract
electrons from the ring?® and thereby increase the ioniza-
tion potential of the arenethallium compound above that
of the parent arene. Our systems will therefore show only
the spectra of the arene radical cations, ArH**, although
the degree of thallation may be considerable.

Trifluoroacetoxylation. It is also surprising that we
do not observe trifluoroacetoxylation more frequently,
because this should reduce the ionization potential of the
arene. Sullivan has shown that anthracene undergoes
trifluoroacetoxylation with TI(TFA); at the 9- and 10-
positions, to show the ESR spectrum of the 9,10-bis(tri-
fluoroacetoxy)anthracene radical cations.!! Photolysis of
arenethallium bis(trifluoroacetates) has been shown to lead
to the formation of some aryl trifluoroacetate,?” and the
more rapid generation of the spectrum of the 9,10-bis-
(trifluoroacetoxy)anthracene, which we cbserve when an-
thracene in trifluoroacetic acid is photolysed in the pres-
ence of TI(TFA);, may indicate that, at least in this system,
trifluoroacetoxylation proceeds though thalliation.

The only other substrate that appeared to show the
spectrum of a trifluoroacetoxy derivative was triptycene.
Perhaps with other arenes, the trifluoroacetates may be
formed, but protonation of the oxygen increases the ion-
ization potential of the w-system so that the radical cation
of the hydrocarbon is preferentially observed.

Experimental Section

Most of the reactants were commercial materials and were
purified by recrystallization or by chromatography before use.
The tetramethylnaphthopyran (20) was provided by Dr. J. E.
Anderson. Dibenzodioxin (26) was prepared from o-chloro-
phenol.?® (Tri-tert-butylphenyl)mercury chloride (38) and bis-
(tri-tert-butylphenyl)mercury (39) were prepared by Mr. C. J.

(26) McKillop, A.; Taylor, E. C. Comprehensive Organometallic
Chemistry; Wilkinson, G., Stone, F. G. A,, Abel, E. W,, Eds.; Pergamon
Press: Oxford, 1982; Vol. 7, p 499.

(27) McKillop, A.; Hunt, J. D,; Fowler, J. S,; Taylor, E. C.; McGillivray,
G.; Kienzle, F. J. Am. Chem. Soc. 1971, 93, 4841-4844. Taylor, E. C,;
McKillop, A. Acc. Chem. Res. 1970, 3, 338-346.

(28) Gilman, H.; Dietrich, J. J. J. Am. Chem. Soc. 1957, 79, 1439-1441.
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Cooksey by the mercuration of tri-tert-butylbenzene.”

ESR Spectroscopy. ESR spectra were recorded by using a
Varian E4 or E109 spectrometer, fitted with a 500-W high-pressure
mercury arc that was focused on the cavity and provided with
neutral density {metal gauze) and glass (soda and Pyrex) filters.

Mercury triftluoroacetate (ca. 70 mg) was added to TFAH (1.3
cm?®) in a Suprasil ESR tube to give a saturated solution at room

(29) Ditto, S. R.; Card, R. J.; Davis, P. D,; Neckers, D. C. J. Org. Chem.
1979, 44, 894-896. Huffman, J. C.; Nugent, W. A.; Kochi, J. K. Inorg.
Chem. 1980, 19, 2749-2755.

Organometallics 1991, 10, 336-340

temperature. This was cooled to 262 * 1 K, just above the freezing
point of TFAH, and dissolved oxygen was removed by bubbling
nitrogen through the solution for 5 min. A solution of the substrate
(ca. 1 mg) in a minimum volume of TFAH or dichloromethane
was added, and the solution was degassed for a further 1 min and
then transferred to the precooled ESR cavity.
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Tricarbonyl(r®-1,4-epoxy-1,2,3,4-tetrahydronaphthalene) complex is a source of “protected” naphthalene
for the indirect synthesis of Cr(n-naphthalene)(CO),L complexes, which can then be used in arene-exchange
experiments. Experiments are reported for when L is a chiral 1,3,2-dioxaphospholane made by condensation
of a chiral diol and PPhCl,. Direct photolysis reactions of these ligands with Cr(s®-naphthalene)(CO);
gives the substituted complexes in very poor yield (<3%). In contrast, photolysis reactions with the
1,4-epoxy-1,2,3,4-tetrahydronaphthalene complexes proceed in good (ca. 60-65%) yields, and subsequent
dehydration by HBF, and BF; (ca. 50-65% yields) gives the substituted naphthalene complexes in an overall
yield of 30-40% from the tricarbonyl. It is possible to exchange the naphthalene with monoarenes, though
poor selectivity is observed in ligand-exchange experiments of the chiral naphthalene complexes with prochiral

arenes.

Naphthalene complexes of the transition metals are an
important subgroup of the metal arenes.! The naphtha-
lene ligand or any other polyaromatic ligand is usually
thermodynamically susceptible to exchange reactions with
monoarenes,? and because of facile 7 to 5* ring slippage
reactions, naphthalene is typically also kinetically quite
labile.* This reactivity can be very useful, as demonstrated
by the extensive chemistry of Cr(CO)4(n5-naphthalene) in
stoichiometric?® or catalytic® applications.

The utility of the naphthalene ligand is, however, limited
because the very reactivity of the naphthalene ligand
precludes many high-energy thermal or photolytic syn-
thetic techniques. Thus, there are no convenient routes
to potentially important substituted Cr(CO),L(n%-
naphthalene) derivatives. It is certainly true that photo-
lytic substitution of a monoarene tricarbonyl complex

(1) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. Prin-
ciples and Applications of Organotransitionmetal Chemistry, 2nd ed.;
University Science: Mill Valley, CA, 1987.

(2) Connor, J. A.; Martinho-Simoes, J. A.; Skinner, H. A.; Zafarani-
Moattar, M. T. J. Organomet. Chem. 1979, 179, 331.

(3) An interesting exception is provided by work involving »*-arene
systems, where the conjugated naphthalene is preferred: Leong, V. S.;
Cooper, N. J. Organometallics 1988, 7, 2058.

(4) Kindig, E. P; Perret, C.; Spichiger, S.; Bernardinelli, G. J. Orga-
nomet. Chem. 1985, 286, 183,

(5) (a) Brocard, J.; Lebibi, J.; Pelinski, L.; Mahmoudi, M. Tetrahedron
Lett. 1986, 27, 6325. (b) Uemura, M.; Kobayashi, T.; Minami, T.; Ha-
yashi, Y. Tetrahedron Lett. 1986, 27, 2479. (c) Uemura, M.; Minami, T.;
Hirotsu, K.; Hayashi, Y. J. Org. Chem. 1989, 54, 469.

(6) (a) Bland, W. J.; Davis, R.; Durrant, J. L. A. J. Organomet. Chem.
1985, 280, 95. (b) Tucker, J. R.; Riley, D. P. J. Organomet. Chem. 1985,
279, 49.
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proceeds quite smoothly in many cases,” but reports of
such substitution reactions with related polyaromatic
complexes® are quite uncommon and we infer from those
papers that the yields are low despite arduous experi-
mental methods. This may well be because the extended
aromatic system alters the chromophore® to drive reactions
other than CO expulsion, such as arene activation or
cleavage.

In this paper, we report an efficient and, we believe,
more generally applicable route to such substituted
naphthalene complexes using the simple monoaromatic
ligand, 1,4-epoxy-1,2,3,4-tetrahydronaphthalene, 1
(available commercially or from the Diels—Alder reaction

(7) (a) Strohmeier, W.; Hellmann, H. Chem. Ber. 1963, 96, 2859. (b)
Jaouen, G.; Howell, J. A. S.; Tirvengadum, M.-C.; McArdle, P.; Cun-
ningham, D. J. Organomet. Chem. 1989, 370, 51. (c) Leong, V. S.; Cooper,
N. J. Organometallics 1987, 6, 2000. (d) Jackson, W. R.; Rae, L. D.; Wong,
M. G. Aust. J. Chem. 1984, 36, 1563. (e) Semmelhack, M. F.; Seufert,
W.; Keller, L. J. Organomet. Chem. 1982, 226, 183. (f) Dabard, R.;
Jaouen, G.; Simonneaux, G.; Cais, M.; Kohn, D. H.; Lapid, A.; Tartarsky,
D. J. Organomet. Chem. 1980, 184, 91. (g) Andrianov, V. G.; Struchkov,
Yu, T.; Baranetzkaya, N. K.; Setkina, V. N.; Kursanov, D. N. J. Orga-
nomet. Chem. 1975, 101, 209. (h) Jaouen, G.; Dabard, R. J. Organomet.
Chem. 1974, 72, 377.

(8) (a) Cais, M.; Kaftory, M.; Kohn, D. H,; Tartarsky, D. J. Organo-
met. Chem. 1980, 184, 103. (b) Kaftory, M. Acta Crystallogr. 1980, B36,
2971. (c) Cais, M.; Fraenkel, D.; Weidenbaum, K. Coor. Chem. Reuv. 1975,
16, 227.

(9) (a) Armstrong, B. A.; Mahaffy, C. A. L.; Radzykewysz, D. T
Rawlings, J. Abstracts of Papers, 199th Meeting of the American Chem-
ical Society, Boston, MA; American Chemical Society: Washington, DC,
1990; INOR 483. (b) Armstrong, B. M.; Bowen, M. E,; Clark, M. L,; Foley,
B. L.; Hamilton, J. B.; Mahaffy, C. A. L.; Rawlings, J.; Starr, T. R. Inorg.
Chim. Acta 1990, 170, 37.
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