electrode compartment, reference electrode, inert gas supply, ther-
mometer, and a Beckman rotating disk electrode. The temperature
was controlled with tap water. The thianthrene cation radical solu-
tions were prepared by partial oxidation of solutions of the com-
pound in the solvent systems. Oxidations were carried out at con-
stant current (25.0 mA) at a large area platinum gauze electrode.
Current was passed for a time calculated to give the desired con-
centration of cation radical. The concentration of cation radical
was determined exactly after oxidation by the magnitude of the
limiting current at the rotating disk electrode. The limiting current
was followed as a function of time for several minutes, and little or
no decrease in cation radical concentration was observed before
adding the phenol solution. The procedure used for carrying out
the kinetic runs was that previously described.!® TH-*ClO, (1.0
mmol), prepared according to a literature procedure,!! was al-
lowed to react with PHOH (1.0 mmol) in three solvents: acetoni-
trile, dichloromethane, and dichloromethane-TFA (49:1). The
product, isolated as before,® was the same in all three cases and
was identified as 5-(p-hydroxyphenyl)thianthrenium (4) perchlo-

ZTH'*'+PHOH——>++TH+H+(17)

OH
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rate by its ultraviolet absorption spectrum.® The stoichiometry of
the reaction was previously? shown to follow (17).
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Abstract: The quantum yields of dimerization of 5,6-dichloroacenaphthylene were measured at 365 nm as a function of ethyl
iodide concentration, substrate concentration, and quencher concentration. The product distributions in each case were also
determined. Except for the relative triplet efficiencies, the photochemistry of this compound appears to be analogous to that
of acenaphthylene. The results of this study indicate that internal heavy atoms have a considerable influence on both T, <
S1 and Sg < Tj, unlike the external heavy-atom case in which the former process was far more sensitive to heavy-atom per-
turbation. A mechanism consistent with the data is proposed, and the triplet rate constants for dimerization and the various

decay modes have been determined.

External heavy-atom effects on the dimerization and cy-
cloaddition reactions of acenaphthylene have been the
subject of a number of recent studies.? Solvents containing
either bromine or iodine have been shown to produce a dra-
matic increase in the steady-state triplet population of ace-
naphthylene by increasing the rate of intersystem crossing,
T, < Si1.3 As a result, numerous changes in the photochem-
istry of acenaphthylene in the presence of heavy-atom sol-
vents have been observed.*

We recently reported a detailed mechanistic study on the
effect of ethyl iodide on the photochemistry of acenaphthy-
lene.22t As an extension of our studies on photochemical
heavy-atom effects, we have now investigated the photo-
chemistry of 5,6-dichloroacenaphthylene in order to com-
pare internal and external heavy-atom perturbation.’

Results

(A) Photoproducts. The two major photoproducts result-
ing from the irradiation of 5,6-dichloroacenaphthylene have
been identified as the cis cyclobutane dimer and the trans
cyclobutane dimer, as illustrated in Chart I. Some difficul-
ties were initially encountered in the separation, purifica-
tion, and identification of these products as a resuit of both
the relatively high-melting points of these dimers and their
low solubilities in all organic solvents used, precluding the
use of such analytical techniques as NMR, GLC, high-pres-
sure liquid chromatography, and mass spectral analysis. By
utilizing the knowledge of the photochemistry of acenaph-
thylene gained in previous studies, however, these difficul-
ties were circumvented.
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As in the case of acenaphthylene,’ two excited states ap-
pear to be involved in the dimerization of 5,6-dichloro-
acenaphthylene. The first excited singlet state yields pre-
dominantly the cis dimer while the first excited triplet state
produces the trans isomer as the major product. The rela-
tive importance of each of these excited states depends on
the nature of the solvent used.?&"3.6 Each of the two dimers
can therefore be isolated by adjusting the reaction condi-
tions to favor either the singlet or the triplet intermediate.”

The cis dimer was prepared by irradiating the substrate
in cyclohexane which had been saturated with oxygen prior
to photolysis in an attempt to limit formation of the triplet
intermediate.® The resulting product was recrystallized
from benzene until no further changes were observed in the
positions and relative intensities of the bands in the uv spec-
trum (300-350 nm).?

The trans dimer was prepared by the irradiation of 10
mol % ethyl iodide solutions of substrate, which had been
degassed using five freeze-pump-thaw cycles. Under these
conditions, the triplet state of 35,6-dichloroacenaphthylene
should be the major intermediate in product formation. The
isolated product was triturated with boiling benzene until
no further changes in the uv spectrum (300-350 nm) were
observed.

The elemental analysis of each of the products was found
to be the same as that of the starting material, indicating
that the photoreaction involved some type of cycloaddition
or polymerization of the substrate. The ir spectra of the two
products were almost identical, indicating that these prod-
ucts are very similar in structure. Their ir spectra were also
very similar to that of 5,6-dichloroacenaphthene. In con-
trast, the uv spectra of these products, as illustrated in Fig-
ures 1 and 2, were significantly different. It is noteworthy
that the long-wavelength band for the isomer identified as
the trans dimer is considerably more intense than that of
the cis dimer. The same spectral behavior was observed for
the dimers of acenaphthylene.!® One should also note that
while the uv bands of the 35,6-dichloroacenaphthylene di-
mers occur at longer wavelengths, the band structure of
these dimers is quite similar to that of the corresponding ac-
enaphthylene dimers.!® In addition, the fact that the ab-
sorption bands of these products occur in the same region as
the B band of 5,6-dichloroacenaphthene!! indicates that the
naphthalene rings retain their aromaticity in both products.

To establish the stereochemistry of these products, each
dimer was subjected to ozonolysis, oxidative decomposition,
and esterification with diazomethane. This method of struc-
tural proof has been used to determine the stereochemistry
of the acenaphthylene cis dimer,!2 a number of cyclobutane
adducts formed from acenaphthylene, and cyclobutane
adducts formed from phenanthrene.!? Treatment of the cis
dimer in the above manner yielded a product identified as
cis,cis,cis-1,2,3,4-tetracarbomethoxycyclobutane by com-
parison of its ir and NMR spectra with those of an authen-
tic sample.!* Treatment of the trans dimer in the same
manner yielded cis,trans,cis-1,2,3,4-tetracarbomethoxycy-
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Figure 1. Uv spectrum of 5,6-dichloroacenaphthylene cis dimer.
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Figure 2. Uv spectrum of 5,6-dichloroacenaphthylene trans dimer.

clobutane, identified by comparison of its NMR spectrum
with that of an authentic sample.!* Since rearrangements
have not been observed in previous analyses of this type,!2
these results strongly suggest that the assigned stereochem-
istry is correct.

(B) Effect of Ethyl Iodide. The quantum yield of dimeri-
zation of 5,6-dichloroacenaphthylene in cyclohexane is sig-
nificantly larger than that of acenaphthylene. A determina-
tion of the quantum yield as a function of ethyl iodide con-
centration (Figure 3), however, indicates that while the be-
havior of 5,6-dichloroacenaphthylene is quite similar to that
of the parent compound,?® the quantum yields in all cases
are considerably smaller. Figure 4 illustrates a plot of the
reciprocal of the quantum yield as a function of ethyl iodide
concentration in the region in which the heavy-atom solvent
quenches the dimerization. As in the case of acenaphthy-
lene, a good linear relationship is obtained.

A determination of the product distribution® by uv analy-
sis, as given in Table I, indicates that as the concentration
of ethyl iodide is increased, there is a moderate increase in
the proportion of cis dimer formed. The product distribu-
tions observed for 5,6-dichloroacenaphthylene are virtually
identical with those determined for acenaphthylene under
the same experimental conditions.
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Figure 4. The dependence of 1/®p on the concentration of ethyl iodide.

Table I. Solvent Dependence of Quantum Yields and Product
Distributions for 0.10 M 5,6-Dichloroacenaphthylene Solutions

Mol % Etl@ op % cis % trans

0 0.013 30 70

S 0.049 22 78
10 0.070 19 81
15 0.066 20 80
20 0.061 21 79
25 0.053 20 80
30 0.059 24 76
40 0.049 24 76
50 0.045 26 74
60 0.043 29 71
80 0.035 31 69
100 0.031 36 64

2 Cyclohexane was used as a cosolvent in all samples containing
less than 100 mol % Etl.

(C) Concentration Effects. Figure 5 illustrates the effect
of 5,6-dichloroacenaphthylene concentration on the quan-
tum yield of dimerization in 25 mol % ethyl iodide. A linear
relationship between the reciprocal of the quantum yield
and the reciprocal of substrate concentration is observed.

1003

30 80 120 160 200 240 280

[5,6 - Dichloroocenaphihylene] !
Figure 5. The dependence of 1/®p on the reciprocal of the concentra-
tion of 5,6-dichloroacenaphthylene in 25 mol % ethyl iodide.

Table II. Dependence of Quantum Yields and Product
Distributions on the Concentration of 5,6-Dichloroacenaphthylene
in 25 Mol % Ethyl lodide

[DiCl-A] op % cis % trans
0.0400 0.023 19 81
0.0599 0.035 20 80
0.0800 0.042 21 79
0.1003 0.048 20 80
0.1198 0.054 24 76
0.1399 0.065 20 80

o

m
S
T

0.20 0.‘40 0.‘60 0.80
[Ferrocene], mM
Figure 6. A Stern-Volmer plot of the dimerization of $,6-dichloro-

acenaphthylene as a function of the concentration of ferrocene in 25
mol % ethyl iodide.

The data in Table II indicate that in the range of concen-
trations studied (0.04 to 0.14 M), the product distribution
remains constant for a given concentration of ethyl iodide.

(D) Quenching Studies. Figure 6 illustrates a Stern-Vol-
mer plot of the quenching of 5,6-dichloroacenaphthylene di-
merization in 25 mol % ethyl iodide by ferrocene. The slope
of this plot is considerably smaller than that of acenaphthy-
lene,?! indicating that the triplet lifetime for the halogenat-
ed compound is shorter. The plot remains linear throughout
the concentration range used, establishing that only one ex-
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Table III. Quantum Yields and Product Distributions in the
Presence of Ferrocene in 25 Mol % Ethyl lodided
[Ferrocene] op % cis % trans
0 0.060 19 81
4.0x%x 107°* 0.056 22 78
80x 10~* 0.062 18 82
1.2x10™ 0.032
1.6 x10™* 0.046 20 80
20x10™* 0.040 16 84
4.0x 1074 0.027 15 85
6.0x 10™* 0.019 17 83
80x10™* 0.013 17 83

@ §,6-Dichloroacenaphthylene concentration: 0.10 M.

cited state intermediate is being quenched. At the maxi-
mum concentration (8.0 X 10™* M) of ferrocene used, ap-
proximately 80% of the dimerization is quenched.

Table III indicates that the product distribution is inde-
pendent of ferrocene concentration. The product distribu-
tion is identical with that determined in the absence of
quencher (Table II).

Discussion

(A) Comparison of Photochemistry. With the exception of
the relative rates of the various triplet processes, the photo-
chemistry of 5,6-dichloroacenaphthylene parallels that of
acenaphthylene. This conclusion is supported by both the
kinetic results obtained in this study and the product distri-
butions determined under various experimental conditions.

The linearity of the Stern-Volmer plot in Figure 6, as
well as the invariance of the product distribution to changes
in ferrocene concentration, indicates that the dimerization
of 5,6-dichloroacenaphthylene occurs from a single excited-
state intermediate in the presence of heavy-atom solvent.
The triplet nature of this excited state is indicated by the
following observations. Increases in the heavy-atom solvent
concentration from 0 to 1.0 M produce a concomitant in-
crease in the efficiency of dimerization. A reduction in di-
merization efficiency, however, is observed with further in-
creases in ethyl iodide concentration. These results are anal-
ogous to those obtained for acenaphthylene.?2 The propor-
tion of cis dimer of 5,6-dichloroacenaphthylene increases
moderately with increasing solvent polarity, as does that of
the cis dimer of the unsubstituted compound.?®6:!5 Further-
more, the distribution of products of 5,6-dichloroace-
naphthylene at various concentrations of ethyl iodide is,
within experimental error, identical with that of acenaph-
thylene under corresponding reaction conditions.?® Lastly,
the kinetic data for the halogenated compound is consistent
with the mechanism originally proposed for the dimeriza-
tion of acenaphthylene in heavy-atom solvents. These re-
sults clearly indicate that both compounds undergo dimeri-
zation from the same excited state, namely the triplet state.

In light-atom solvents in the presence of a triplet quench-
er such as oxygen, acenaphthylene has been shown to dim-
erize from the singlet state producing cis dimer as the ex-
clusive product.® Irradiation of 5,6-dichloroacenaphthylene
in cyclohexane saturated with oxygen led to the formation
of a product mixture containing approximately 90% cis
dimer and 10% trans dimer. Although singlet dimerization
of the halogenated compound was not examined in detail,
this experiment clearly suggests that the singlet state of
5,6-dichloroacenaphthylene also undergoes dimerization,
yielding the cis dimer as the major or perhaps exclusive
product.16

(B) Mechanism. The simplified mechanism?® shown in
Chart II is consistent with all of the kinetic data, where A
= 56-dichloroacenaphthylene, A = 5,6-dichloroace-

Chart II
Rate
A+ — A 1 (1)
A A AdA] (@)
1A — 34 Bysd'A] 3
1A + HA :i> A + HA k' d'AlHA] @)
A + A — A, (cis and trans) &,[?A](A] (5)
A+ A :3» 2A ko l*AllA] (6)
A + HA ——> A + HA ko [3AlHA] (1)
A 2, A k%Al (8)

k

A+ Q — A+Q k[2AlIQ] )

naphthylene dimer, HA = ethyl iodide, and Q = ferrocene.
This mechanism is essentially the same as that proposed for
the dimerization of acenaphthylene.2® The steps involving
possible singlet excimer formation and singlet dimerization
have been excluded since they were not studied in detail and
are at best relatively unimportant processes in heavy-atom
solvents. Using the steady-state approximation, one can de-
rive the following expression for &p, the quantum yield of
dimerization.

ka[A]

dp = &;
D7 TS [A] + keg[A] + Ko [HA] + kq[Q] + ka

(10)

By setting ®;sc equal to unity,!” one can obtain the following
relationshipS'

(k2 + kcq)[A] + kd + k&[Q] lSC

3" PRTN g HAL D)
_1_ = k2 + kcq k”isc[HA] + kd + kq[Q] _L_
&p k3 * ks [A] (12)

Equations 11 and 12 are the analytical expressions for the
plots in Figures 4 and 5, respectively.

(C) Rate Constants, The Stern-Volmer plot illustrated in
Figure 6 is represented by the equation

Pp/®p = 1 + kg7[Q] (13)

where kg is the rate constant for the quenching of triplet
5,6-dichloroacenaphthylene, 7 is the triplet lifetime, and
[Q] is the concentration of ferrocene. Assuming that kg is
diffusion controlled,!® the slope of the Stern-Volmer plot
yields an estimate of the 5,6-dichloroacenaphthylene triplet
lifetime.

The value of k2, the rate constant for dimerization, can
then be calculated according to the equation

(2p°/7)(1/[A]) = k2 (14)

By substituting this value of k3 into the analytical expres-
sion for the intercept given in eq 12 and setting this expres-
sion equal to 5.4, the calculated value of the intercept, an
estimate of kcq, the rate constant for concentration quench-
ing, may be.determined. The rate constant for unimolecular
decay, k4, was obtained by setting the intercept given in eq
11 equal to 12.9, the calculated value of this intercept, and
by substituting the values of k3, k¢q, and [A] into the ex-
pression for the intercept. Since no quencher was present,
kq[Q] was set equal to zero. The rate constant for heavy-
atom quenching, k"5, was determined by substituting the
values for k3 and [A] into the expression for the slope in eq
11, which was then set equal to the calculated value of 1.61.
The results of these calculations are presented in Table IV.
The relative triplet efficiencies for concentration quench-
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Table IV. Evaluation of Data
Etl Dependence

Slope, M1 1.61 = 0.05

Intercept 129 +0.3

Correlation coefficient 0.996

Concentration Dependence

Slope, M 1.49 £ 0.05

Intercept 54 +0.8

Correlation coefficient 0.996

Ferrocene Dependence

Slope, M™! 4200 + 400

Intercept 0.85 +0.13

Correlation coefficient 0.969

Triplet Lifetime and Rate Constants
5,6-Dichloro-
acenaphthylene Acenaphthylene?h
T, sec 6.6 X 1077 2.15x 107¢
k, M1 sec™! 9.1 X 10° 6.58 x 10°
keqo M7 sec! 4.0 x 10° 1.58 x 10°
kg, sec™! 6.8 x 10° 9.20 x 10*
k"isco M1 sec! 1.5 x 105 6.71 x 10*
Relative Triplet Efficiencies?

[EtI] 0 1.0M 124 M
op 0.078 0.069 0.030
®cq 0.34 0.30 0.13
ogT 0.58 0.63 0.84

@These values were calculated using a 5,6-dichloroacenaphthylene
concentration of 0.10 M.

ing and intersystem crossing to the ground state are given
by the equations
o = kegfA]

“ kZ[A] + kcq[A] +kat k”isc[HA] + kq[Q]

(15)

& _ kd + k”isc[HA]
ST 7 Jo[A] + kegA] + ka + k”isc[HA] + kq[Q]

(16)

Estimates of these relative efficiencies have been calculated
for several concentrations of heavy-atom solvent and are
given in Table IV.

One will note that, in contrast to the results obtained for
acenaphthylene, intersystem crossing to the ground state is
the major process leading to depopulation of the triplet
state of 5,6-dichloroacenaphthylene even in light-atom sol-
vents. The value of ®sT increases further upon addition of
heavy-atom solvent, reaching a maximum value of 0.84 in
100 mol % ethyl iodide. This is very close to the value of
$sT obtained for acenaphthylene under the same condi-
tions, 219

(D) Heavy-Atom Sensitivity. Recent studies in this labora-
tory2® involving external heavy-atom effects on the photo-
physical processes of anthracene indicate that k’jc > ki
for this system, in agreement with our qualitative results on
acenaphthylene. It was noted, however, that the sensitivity
of Sg «— T} to external perturbation was much greater than
that of T < Sy, where sensitivity was defined by

,@ = k’isc/kisc
Sst k"isc/ka

In this expression, the rate constants have the same mean-
ing as previously described and frs’ and fst represent the
sensitivity of T, «<- Sy and Sg < Ty, respectively, to external
heavy-atom perturbation. While this expression is useful in
comparing rate constants, it provides no information about
the relative rates of the two intersystem crossing processes.
Furthermore, this definition of heavy-atom sensitivity is not
useful in the acenaphthylene system since we have not de-
termined the unperturbed and heavy-atom assisted rate

(17)
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constants for Ty <— S;. Therefore, in this paper we define
sensitivity to heavy-atom perturbation in terms of the effect
on the quantum yield of dimerization. By defining sensitivi-
ty in this more pragmatic manner, we are in essence com-
paring kisc + k’isc[HA] and kq + k’isc[HA] rather than
rate ratios.

(E) Comparison of Triplet Efficiencies. The quantum
yield of dimerization of 5,6-dichloroacenaphthylene in cy-
clohexane is approximately twofold larger than that of
acenaphthylene?® under identical conditions. Since the cal-
culated triplet dimerization efficiency of the halogenated
compound in cyclohexane is less than half of that of the un-
substituted compound,?! the observed increase in ®p has
been attributed to an increase in &; resulting from internal
heavy-atom perturbation. The triplet nature of the interme-
diate in the dimerization of the substituted compound was
further established by oxygen quenching studies.?2

In contrast, the quantum yields of dimerization of 5,6-
dichloroacenaphthylene in various concentrations of ethyl
iodide were considerably smaller than the corresponding
values of ®p for acenaphthylene.?s An analysis of the kinet-
ic data indicates that the triplet decay efficiency, ®st, of
5,6-dichloroacenaphthylene in cyclohexane is 0.58, as com-
pared to a value of 0.42?" for acenaphthylene in 1.0 M ethyl
iodide. The quantum yield of intersystem crossing, however,
is estimated to be ~0.13,23 a value significantly smaller
than that of ~1.0?" for acenaphthylene in 1.0 M ethyl io-
dide. These results clearly indicate that the relative effects
of internal heavy-atom perturbation on T; < S, and Sg «
T, are not the same as those resulting from external pertur-
bation. Thus, for corresponding values of ®;s, $s7 is much
greater for 5,6-dichloroacenaphthylene than for acenaph-
thylene. We therefore conclude that T, < S; and Sg «— T,
are affected to a more comparable extent by internal heavy-
atom perturbation than by external perturbation.24

It is not unreasonable that the substitution of chlorines
onto the acenaphthylene ring should have such a significant
influence on the intersystem crossing processes discussed
above. It is somewhat surprising, however, that the other
processes involving spin-inversion were affected to such a
small extent. The rate constants for dimerization, concen-
tration quenching, and heavy-atom quenching undergo an
approximately twofold increase as a result of heavy-atom
substitution, as compared to the sevenfold increase observed
for k4.

Summary and Conclusions

We have shown that the photochemistry of 5,6-dichloro-
acenaphthylene is analogous to that of acenaphthylene.
Both compounds undergo dimerization primarily from the
triplet state in heavy-atom solvents yielding a trans cyclobu-
tane dimer as the major product and a cis cyclobutane
dimer as the minor product. Singlet dimerization, although
occurring to some extent, is a relatively inefficient process
in each compound.

Both internal and external heavy-atom perturbation have
been shown to increase the rate of population of the triplet
state. Internal heavy atoms, however, enhance the rate of
triplet decay to a comparable degree. As a result, the values
of &p for 5,6-dichloroacenaphthylene in ethyl iodide are
significantly smaller than the corresponding values of ace-
naphthylene.

This work again demonstrates the limits inherent in the
use of heavy-atom perturbation to enhance a photochemical
reaction. Thus, while internal heavy atoms produced the ex-
pected increase in ®p in light-atom solvents, their presence
greatly limited the sensitivity of ®p to further perturbation.
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Experimental Section

Materials. Ethyl iodide (Eastman Kodak) was distilled at 72°
on a column (46 X 2 cm) packed with glass helices. Ferrocene
(Alfa Inorganics) was recrystallized once from hexane, mp 173-
175°. Acenaphthene (Eastman Kodak) and Eastman spectrograde
cyclohexane were used without further purification,

Irradiation Procedure. The irradiation procedure was identical
with that described in a previous paper.2h

Quantum Yields of Dimerization. The quantum yields were de-
termined in a manner similar to that previously described.?! The
optical densities of the irradiated and corresponding unirradiated
solutions of 5,6-dichloroacenaphthylene were measured at a wave-
length of 361.5 nm. Neither of the dimers of 5,6-dichloroace-
naphthylene absorb at this wavelength.

Product Distribution. Solutions of pure cis and pure trans dimers
of 5,6-dichloroacenaphthylene in benzene were prepared, and the
molar absorptivities at 340 and 316 nm for each were determined:
(cis) e340, 1.07 X 10* M~! cm™!, €314, 1.80 X 104 M~! em™;
(trans) esq0, 2.63 X 10* M~! ecm™!, e316, 1.74 X 10* M~! ecm—L.
The composition of the product dimer mixtures was determined by
measuring the optical densities of benzene solutions of these di-
mers at 340 and 316 nm. From these optical densities and the cor-
responding molar absorptivities, the concentrations of the cis and
trans dimers were calculated.

The product dimer mixtures were prepared for dimer analysis as
described previously.?h

5,6-Dichloroacenaphthene.?® To a solution containing 5.0 g
(33.0 mmol) of acenaphthene and 0.15 g of aluminum chloride in
100 ml of carbon tetrachloride, cooled in an ice-water bath, was
added over a period of 5 min 7.0 ml (12 g, 80 mmol) of sulfuryl
chloride. The reaction mixture was kept in the ice-water bath for 4
h. The reaction was then allowed to proceed at room temperature
for 2 days. The crude product, which precipitated out of solution
during this period, was collected by suction filtration and recrystal-
lized from 95% ethanol, yielding 1.57 g (7.0 mmol, 21%) of 5,6-
dichloroacenaphthene: mp 167.5-169.5° (lit.25 mp 168-169°);
NMR (CCly) 6 7.46 (d, 2 H, aromatic), 7.08 (d, 2 H, aromatic),
3.32 (s, 4 H); ir (KBr) 2920, 1850, 1600, 1570, 1410, 1350, 1330,
1260, 1230, 1110, 1025, 915, 870, 830, 810, 740, 720, 700 cm™1.

Anal. Caled for Cy3HgCly: C, 64.60; H, 3.62; Cl, 31.78. Found:
C, 64.48, H, 3.75; Cl, 32.00.

5,6-Dichloroacenaphthylene.2® A solution containing 5.00 g
(22.3 mmol) of 5,6-dichloroacenaphthene and 7.64 g (33.7 mmol)
of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone in 50 ml of benzene
was refluxed for a period of 26 h. The reaction mixture was diluted
with 100 ml of ligroin (bp 63-75°), filtered, passed through a col-
umn (10 X 1 cm) of Alcoa F-20 alumina, and evaporated in vacuo
yielding 2.03 g (9.19 mmol, 41%) of a bright yellow solid. Recrys-
tallization from 95% ethanol followed by sublimation (130°, 0.02
Torr) yielded 1.69 g (7.64 mmol, 34%) of pure 5,6-dichloroace-
naphthylene: mp 163-164° (lit.2” mp 162.5-163.5°); NMR
(CCly) 6 7.58 (d, 2 H, aromatic), 7.42 (d, 2 H, aromatic), 6.90 (s,
2 H); ir (KBr) 3080, 1580, 1495, 1470, 1440, 1420, 1240, 1200,
1110, 1085, 1060, 1030, 900, 830, 745, 730, 640 cm™!.

Anal. Caled for C1;HgCly: C, 65.19; H, 2.74; Cl, 32.07. Found:
C,65.42; H,2.64,Cl, 31.92.

Preparation and Isolation of Dimers. (A) Cis Dimer. A solution
containing 1.09 g of 5,6-dichloroacenaphthylene in 150 ml of cy-
clohexane was irradiated for a period of 44 h with a 450-W Hano-
via medium-pressure mercury arc lamp in a water-cooled Hanovia
Vycor immersion vessel fitted with a uranium glass filter sleeve to
absorb all radiation of wavelengths shorter than 325 nm. The
water-cooled arc was immersed in the reaction vessel which was
magnetically stirred. The solution was flushed with oxygen for 0.5
h prior to irradiation,

Following irradiation, the solution was filtered yielding 0.358 g
of photoproduct. After two recrystallizations from benzene, 0.063
g of cis dimer was obtained: mp 315-317°; ir (KBr) 3040, 2940,
1600, 1565, 1410, 1330, 1235, 1210, 1110, 1065, 1035, 920, 820,
730, 670 cm™L.

Anal. Calcd for Co4H2Cly: C, 65.19; H, 2.74; Cl, 32.07. Found:
C, 64.92; H, 2.83; Cl, 31.84.

(B) Trans Dimer. Solutions of 5,6-dichloroacenaphthylene in 10
mol % ethyl iodide?® containing a total of 0.199 g of starting mate-
rial were degassed with five freeze-pump-thaw cycles and irradi-

ated on the merry-go-round apparatus previously described?6 for a
period of 155 h.

Following irradiation, the solutions were combined and filtered
yielding 0.071 g of photoproduct. Trituration of this product with
boiling benzene produced 0.042 g of trans dimer: mp 354-356°; ir
(KBr) 3040, 2940, 1600, 1570, 1415, 1350, 1330, 1265, 1230,
1210, 1110, 1040, 930, 865, 820, 730, 650 cm™!,

Anal. Caled for Cy4H12Cly: C, 65.19; H, 2.74; Cl, 32.07. Found:
C, 65.25; H, 2.64; Cl, 32.02.

Ozonolysis of Cis Dimer. Ozone was bubbled at a rate of ~4 g/h
through a suspension of 0.208 g of cis dimer in 100 ml of 90%
aqueous acetic acid for 11 h at 20°. To the resulting clear solution
was added 10 ml of 30% H;O», and the reaction mixture was al-
lowed to stand at room temperature with stirring for 4 days. Two
additional 5-ml aliquots of H,O, were added to the solution during
this period at 36-h intervals. The solution was evaporated under re-
duced pressure, and the resulting residue was treated with an ethe-
real solution of diazomethane until a yellow color persisted. An
NMR spectrum of the product contained singlets at 6 3.95 and
4.02, as did the NMR spectrum of an authentic sample of
cis,cis,cis-1,2.3,4-tetracarbomethoxycyclobutane.  Recrystalliza-
tion of the product from benzene yielded 3.0 mg (2%) of the pure
ester. The ir spectrum of this material was identical with that of an
authentic sample.

Ozonolysis of Trans Dimer. Treatment of 0.107 g of the trans
dimer with ozone, as described above, afforded a product with an
NMR spectrum containing singlets of 6 3.80 and 3.75, as did the
NMR spectrum of an authentic sample of cis,trans,cis-1,2,3,4-te-
tracarbomethoxycyclobutane. Attempts to recrystallize this prod-
uct from benzene were unsuccessful. It was therefore not possible
to obtain an ir spectrum of the pure ester.

Material Balance. For most of the determinations, the amount
of isolated dimer accounts for more than 90% of the consumed
starting material as determined by uv spectra. Those cases in
which the material balance was less than 90% were randomly dis-
tributed, indicating that experimental error rather than the forma-
tion of new products was responsible for the discrepancies that oc-
curred.
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Abstract: Spin-lattice relaxation times (7;) and integrated intensities of the resonances in proton-decoupled natural-abun-
dance 13C Fourier transform NMR spectra of adenosine 5’-monophosphate and guanosine 5’-monophosphate (in H,O and
D;0, at 40-44 °C, at 15.18 MHz, in 20-mm sample tubes) are compared with calculated values that take into account
13C_IH and 13C-!4N dipolar relaxation. In each case, T values of methine carbons of the base were used to obtain a rota-
tional correlation time, which was then used, together with interatomic distances from crystallographic data, to compute T
values of nonprotonated carbons. Nonprotonated carbons which are directly bonded to nitrogens and which have no hydro-
gens two bonds removed yield theoretical T values strongly affected by 13C-!4N dipolar interactions. For carbons in this
category, calculated T values which include !3C-14N dipolar interactions are in much better agreement with experimental
values than calculated values which consider only 13C-!H interactions. Integrated intensities were calculated by considering
variations in the nuclear Overhauser enhancement that result from differences in relative contributions to 1 /7 from 13C-'H
and 13C-14N dipolar relaxation. The calculated intensities are in excellent agreement with the experimental ones.

Measurements of 13C spin-lattice relaxation times (7)
of protonated carbons have yielded detailed information
about overall rotation and internal motions of large mole-
cules in solution.~* The interpretation of 7 values of pro-
tonated carbons of large molecules is relatively simple, be-
cause the relaxation of such carbons is overwhelmingly
dominated by !3C-'H dipole-dipole interactions with the
directly bonded hydrogens.2 The contribution of dipole-di-
pole relaxation to 1/7 is proportional to the inverse of the
sixth power of the distance (r) between the nuclei involved.
Values of =6 are about 60 times greater for directly bonded
C-H groups (» ~ 1.09 A) than for the closest nonbonded
C-H interactions.’ Therefore, in general, the T values of
nonprotonated carbons are much longer than those of pro-
tonated ones.Z One must investigate the possibility that con-
tributions from relaxation mechanisms other than the
13C-1H dipolar one can be significant for nonprotonated

carbons. There is evidence? that the lone nonprotonated
carbon of sucrose (in H>O) and the three nonprotonated
carbons of cholesteryl chloride (in CCly) exhibit only 13C-
'H dipolar relaxation at a resonance frequency of 15.1
MHz. On the other hand, there is also evidence?® that
mechanisms other than the 1*C-'H dipolar one contribute
significantly to the relaxation of two of the three nonproto-
nated carbons of adenosine 5’-monophosphate (AMP) in
H,0.

A knowledge of the relative importance of various contri-
butions to the relaxation of nonprotonated carbons will fa-
cilitate the use of 13C T values for making spectral assign-
ments,” and the use of integrated intensities of nonprotonat-
ed carbon resonances for making carbon counts and for
quantitative analysis. Carbon-13 NMR spectra of large
molecules are nearly always recorded under conditions of
proton decoupling, in order to remove complex splitting pat-
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