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Summary

The ratio of methyl group rearrangement to methyl group elimination during
the photocyclization of anilinodimesitylborane is dependent upon the concen-
tration of iodine present. At iodine concentrations of less than 1073 M, the ma-
jor product is a demethylated borazarophenanthrene, 7,9-dimethyl-6-mesityldi-
benz[ce][1,2]-azaborine (IV). At concentrations of iodine above 5 X 1073 M,
the major product is a methyl-rearranged borazarophenanthrene, 7,9,10-tri-
methyl-6-mesityldibenz[ce][1,2]-azaborine (V). The role of iodine was at least
threefold: assisting in the production of a reactive cation-radical at low iodine
concentrations, quenching the formation of the cation-radical at higher iodine
concentrations, and actively assisting at the higher concentrations in the forma-
tion of a reactive species.

Introduction

In the past we have been concermed with the photochemical synthesis of sub-
stituted borazarophenanthrenes. A synthetic photocyclization route to yield
simple, unsubstituted borazaro-, boroxaro-, and borathiarophenanthrenes was
initially reported [1]. This route required the synthesis of o-todo-substituted
anilines as starting materials. We reported later that when elemental iodine was
present in the reaction system consisting of noniodo-substituted anilinobo-
ranes, containing a wide variety of other substituents in the anilino ring, the
aminoboranes could be oxidatively photocyclized to furnish the corresponding
borazophenanthrenes [2]. In the same paper we reported simultaneous elimina-
tion of a methyl group from 2,6-dimethylanilinodiphenylborane (I), yielding

* For Part XI see ref. 28.
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exclusively the 8-methylborazophenanthrene derivative 1.
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The photocyclization of the oxygen- and moisture-stable anilinodimesitylbo-
ranes (1IT) in the presence of iodine was later reported to produce a mixture of
a demethylated phenanthrene-type derivative (IV) (12%) and a phenanthrene-
type derivative (V) (88%) in which a methyl group had undergone a 1,2-shift
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It was postulated that during the photocyclization a reduced species (VI)
was formed, which then was oxidized to form the aromatic system. In the
excited state the charge-separated form VI (b) could conceivably make a sub-
stantial contribution to the overall structure and as such would be a controlling
factor in determining whether a carbonium-ion-assisted methyl migration or an
anion-assisted methyl elimination is to occur.
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The reactive intermediate (VI) is not unlike those proposed by others [4—7]
for eyclization processes. We have undertaken the present study to better un-
derstand the mechanistic aspects, particularly that of iodine, in the photocy-
clization of anilinodimesitylboranes. There has been considerable work by
others on the photophysics and photochemistry of iodine, including: the
homolytic cleavage of iodine upon irradiation [8—11]; the formation of cyclo-
hexyl radicals upon irradiation of pure cyclohexane and cyclohexane solutions
of iodine at concentrations below 10™* M [12]; the formation of a contact
charge-transfer (CT) complex between atomic iodine and solvent [8—12]; the
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formation of ion-radical I,~ at concentrations above 10™* M iodine [12—13];
and the observation of I, dimers and higher iodine oligomers at concentrations
above 1073 M [14—22].

In these publications only neutral radical transient intermediates are
reported in cyclohexane sclutions of iodine below 1074 M, and increasing con-
centrations of radical-ion intermediates and iodine dimers, etc., are observed at
concentrations above 107 M. We concluded that, in reactions involving iodine
as a catalyst, the type of products, and/or their yields, will change as the iodine
concentration is increased.

The results reported here are particularly interesting since it has now been
found that the ratio of the demethylation (IV) and rearrangement (V) products
is dramatically dependent upon the iodine concentration in the range of 1073
to 5 X 1072 M iodine. At concentrations of less than 1073 M jodine, the photo-
cyclization reaction occurs to give predominantly demethylated product IV. At
concentrations greater than 5 X 1073 M iodine, the major product formed is V
due to methyl-group migration.

Experimental

All solvents used were Eastman spectro grade and were redistilled before use.
The preparations of 2,6-dimethylanilinodiphenylborane and the anilinodi-
mesitylboranes were described previously [2,3].

The course of the photocyclization reactions was followed by UV spectros-
copy using a Cary model 15 spectrophotometer and by gas-liquid chromatog-
raphy using a 10-ft long, 1/4-inch diameter column containing 5% Dexil on
Chromosorb AW-DMGS in an F and M model 700 gas chromatograph. The irra-
diation technique used has been described [2,3].

Nine potential cyclizing agents were tested: triphenylpyrylium perchlorate,
Reinecke salt, mercuric chloride, cupric sulfate, benzophenone, benzoquinone,
tetracyanoethylene, tetracyanoquinodimethane, and iodine. All of the reagents
were soluble or partly soluble in the solvents used except cupric sulfate, which
was soluble in methanol, partly soluble in dimethoxyethane, and ground into a
powder and held in suspension by agitation in the other solvents. Anilinodi-
mesitylborane III (5 X 10™* M) was used in a 1 : 1 mole ratio to each of the po-
tential cyclizing agents tested. The values listed in Table 1 are approximate
quantum yields of production of the indicated products as found by gas-liquid
chromatography of the solutions after 3 min of irradiation.

The rate of consumption of iodine as measured by UV analysis during the
photolysis of a 107 M solution of iodine in cyclohexane is shown in Fig. 1,
curve a. The rate of consumption of iodine during a typical reaction is shown in
Fig. 1, curve b, for a cyclohexane solution of III and iodine, both at 107% M.
Fig. 1, curve c, is a typical plot relating irradiation time to the production of IV
in a solution containing 10™% M III and 10™% M iodine. The short induction
period observed in all runs is not shown.

Quantum yields for the procduction of IV and V were calculated using the
initial slope (after the induction period) of similar curves obtained from the
irradiation of solutions containing combinations of 1072, 1073, and 10™* M
iodine and anilinoborane. The results are shown in Fig. 2.
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Fig. 1. Changes in the concentration of iodine and borazaropkenanthrene upon irradiation.
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Fig. 2. Quantum vields of production of IV (

Yand V (------ ) versus iodine concentration.

A cyclohexane solution containing 1072 M of borane III and 107% M of iodine
was irradiated to give a 58% chemical yield of V. The solution was titrated with
0.01 N sodium thiosulfate to determine the amount of unreacted iodine. Gas-
liquid chromatography and mass spectrometry were used to determine the pres-
ence of iodinated products.
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Fig. 3. Fluorescence quenching [tbq] of 111 by iodine.
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Fig. 4. Delayed fluorescence quenching [P 4 delayed] of III by iodine.

Fluorescence quenching measurements were made by adding increasing
amocunts of iodine to solutions of III prior to degassing. The actual concentra-
tions of iodine remaining after the degassing procedure were calculated based
upon the absorption at 550 nm as measured by a Cary model 14 spectrometer.
The fluorescence measurements were made with the apparatus described by
Doty et al. [23]. The quantum yields of fluorescence (®,) and delayed fluores-
cence (®y(delayed)) were measured. In Figs. 3 and 4, the ratios ®,/®, and
P,(delayed)/P,(delayed) were plotted versus the iodine concentration, where
&, and ®,(delayed) represent the quantum yields of fluorescence of III mea-
sured in iodine solutions.

Results and discussion

Combinations of solvents and cyclizing agents were tested to determine the
optimum combination for the production of compounds IV and V as listed in
Table 1. Solutions of III in cyclohexane, tetrahydrofuran, acetonitrile, t-butyl
alcohol, or isopropyl alcohol, containing small quantities of tetracyanoethyl-
ene, iodine, mercuric chloride, or benzoquinone, when irradiated produced at
least a small amount of IV. The elimination of a methyl group during the pho-
tocyclization process, forming IV, occurred to a significant extent only in the
presence of iodine or tetracyanoethylene in cyclohexane.

Concentrations of tetracyanoethylene below 5 X 10° M in cyclohexane were
nearly as effective as the iodine-cyclohexane combination. However, tetracy-
anoethylene lost its cyclizing ability at concentrations above 5 X 1075 M and
was ineffective in producing V at any concentration, even in polar solvents. At
the low iodine concentrations used in this series (5 X 10™% M), only the methyl-
rearranged product V was obtained in chloroform, isopropyl alcohol, t-butyl
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aleohol, and dimethoxyethane but was completely absent in nonpolar solvents.
These results suggest the formation of a polar intermediate during the cycliza-
tion of ITI to V. V could be produced in cyclohexane by increasing the iodine
concentration. In fact, the best yields of both IV and V were obtained using
iodine in cyclohexane.

The consumption of iodine during photolysis

Irradiation of a solution containing only iodine in cyclohexane caused a
decrease in intensity of the iodine absorption at 550 nm until a nearly steady
state was achieved (Fig. 1, curve a). This result was expected, since irradiation
of iodine in cyclohexane has been reported to produce small amounts of icdo-
cyclohexane, and irradiation of iodocyclohexane has been reported to produce
a charge-transfer complex with atomic iodine [C¢H,,I,I' ] [12]. An equilibrium
would be established if the primary mode of reaction for the latter species is:

2[Ce¢H, 1I,I-] - 2CH,, I +1,

When equal volumes of cyclohexane solutions containing 1072, 1073, or
107 M III were treated with known amounts of iodine and the solutions were
irradiated, the iodine concentration decreased initially as if no borane were
present (Fig. 1, curve b). However, an increase in the rate of disappearance of
iodine soon occurred which was independent of the borazarophenanthrene pro-
duction (Fig. 1, curve c). When formation of the borazarophenanthrene ceased,
nearly 90% of the initial iodine was still present. Analysis of the reaction
medium showed that 70—80% of the consumed iodine had been incorporated
as iodocyclohexane. The iodinated products found to be present by gas chro-
matography-mass spectroscopy techniques included iodocyclohexane, iodo-
mesitylene, iodinated and diiodinated III, two isomers of iodinated V, and one
of iodinated IV. No iodomethane was detected. Further irradiation resulted in
an increase in the amount of iodinated products and a decrease in the borazaro-
phenanthrene and iodine present.

In a reaction producing 2 X 1073 M borazarophenanthrenes IV and V, less
than 3 X 107° M acid was detected (presumably HI), and represented less than
1% of the total iodine consumed. It would be concluded from these results that
the iodine consumption is not a part of the photocyclization reactions yielding
either IV or V, but results from subsequent reaction of iodine with other pho-
toproducts and solvent.

This conclusion is supported by the observation that irradiation in the long-
wavelength (450 nm) band of iodine, where atomic iodine (I') has been shown
to form the contact CT species C¢H,,—I as a transient, does not result in the
production of either IV or V. On the other hand, the irradiation of a solution
of III in the presence of 10™* M iodine with 313 nm light, where iodine has
nearly zero absorption and III has an extinction coefficient of almost 1000,
resulted in cyclization to form IV.

Relationship of product ratios to iodine concentration

The quantum yields of production of IV and V at the various concentrations
of III in cyclohexane were calculated and plotted versus the iodine concentra-
tion (see Fig. Z). Concentrations of iodine greater than 2 X 107> M favored
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methyl group rearrangement with formation of V, whereas concentrations of
iodine lower than 1073 M favored methyl group elimination with formation of
IV as the major product.

The initial increase in the quantum yield of IV below 2 X 107% M iodine
appears to be a normal increase due to an increase in the number of reactive
species. The decrease in the quantum yield of IV above 1073 M iodine may be
due to the interaction of iodine dimers, trimers, etc., with reactive species of III
or may be related to a decrease in the amount of light absorption by the B—N
bond because of the increased concentrations of iodine and its polymers, the
production of which is not linearly related to the iodine concentration [10].

When the iodine concentration was varied in dimethoxyethane solutions, IV
was produced in iodine concentrations below 5 X 1075 M, with a maximum
quantum yield at an iodine concentration of 1075 M, whereas V was produced
in dimethoxyethane at concentrations of iodine greater than 5 X 107° M, with a
peak quantum yield near 10™* M iodine. This behavior resembles the iodine-
cyclohexane system except that the peak quantum yields occur at much higher
iodine concentrations in the cyclohexane solutions.

Formation of charge-transfer complexes

The absorption spectrum of III in the presence of iodine reveals a ground-
state charge-transfer complex which absorbs at A,,.. 350 nm (e = 3500 = 1000).
By use of the method described by Foster [24], an equilibrium constant of K =
6.9 £ 0.6 was measured for the ground-state charge-transfer complex of III with
iodine. The amount of iodine complexed in a 1073 M solution of III in cyclo-
hexane at various iodine concentrations was measured directly against either a
cyclohexane-iodine solution, or a cyclohexane solution of III, of equal molar
concentration. By measuring the change in optical density at 360 or 280 nm
and calculating the loss in density, the actual amount of iodine complexed
could be calculated. Using the values obtained, the equation

[complex]
[III][1;]

gives an equilibrium constant K = 3.2 1 mol™!. If a complex were to form
between the iodine and a lone pair of electrons on the nitrogen atom of III in
the usual manner for aromatic amines, a value of K in the range of 2 X 10?2 to

4 X 10° would be expected. A comparison of the values of K obtained for the
iodine—III complex with those reported by Eubanks [25] suggests that a
m-type complex is formed. This result is unexpected, since Eubanks repotts
aminoid complexes forming between aliphatic tetraalkyl aminoboranes and
iodine. A model will show that it is highly unlikely that the mesityl groups pro-
duce a steric effect about the nitrogen so as to produce a low K value for a o
complex. To the contrary, steric interaction of the aromatic groups is relieved
upon sp? hybridization of the nitrogen. Thus the aromatic groups present in III
both sterically and electronically contribute to increase the double-bond char-
acter of the B—N bond system. The double-bond character has been demon-
strated for the tetraalkyl aminoboranes using measurement techniques such as
IR and NMR, which do not perturb the molecule appreciably [26,27], and has
also been shown to play a major role in causing large Stokes shifts in the

K=
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fluorescence spectra of anilinodimesitylboranes [ 28].

When the charge-transfer complex concentrations for the series in Fig. 2
were calculated and plotted versus the initial rates of production of IV and V, a
random plot was obtained with no correlation between the ground-state CT
complex and the rate of cyclization of either product. Furthermore, when a
solution of I containing iodine was irradiated in the CT absorption band at 350
nm, no cyclization products were formed. These results indicate that excitation
of the n-type ground-state charge-transfer complex is not a required step in the
production of IV or V.

Interaction of iodine with the excited states of III; cation-radical formation

To determine whether iodine interacted with the excited state of III, the
fluorescence and delayed fluorescence quenching ability of iodine were mes-
sured. We have reported that the anilinodimesitylborane series fluoresces with a
quantum yield of fluorescence in the range of 0.07 to 0.18 and that a delayed
emission corresponding to a delayed fluorescence was also observed at the same
wavelengths as fluorescence [28]. The delayed emission was attributed to elec-
tron ejection-recapture emission. Figure 5 is the diagram which was used to
explain the various properties of the observed luminescence spectra.

The prompt fluorescence of III from S has now been found to be quenched
by iodine. A least-squares plot of ®,/®, versus the iodine concentration gives a
straight line with a slope of 296 1 mol~! and a correlation coefficient of 0.9917
(Fig. 3). The delayed emission via the CT state has been found to be quenched
by much lower concentrations of iodine, and a plot of ®y(delayed)/®,(delayed)
versus iodine concentration gives a linear plot with a slope of 918 1 mol™! with
a correlation coefficient of 0.9908 (Fig. 4). Therefore, both the excited CT
state of the borane and the 8§ state, as shown in Fig. 5, can interact with
icdine.
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Fig. 5. Schematic of excited and ground states of anilinodimesitylboranes.
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A proposed electron-transfer mechanism

The ease with which an electron is lost from the w-system of aromatic groups
attached to boron has already heen established [29]. Furthermore, there is
spectroscopic evidence that highly charge-separated species are formed upon
irradiation of the anilinodimesitylboranes [26]. If an electron transfer were to
occur from a long-lived excited state of III to iodine, an intermediate radical
such as VII would be produced.

_a “ ] a o, O
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Hancock and Dickinson [30] proposed an analogous amino-borane cation-
radical, similar to the radical intermediate that Srinivasan and Hsu [31] pro-
posed for the cyclization of cis-stilbene. We therefore propose that an electron-
transfer reaction occurs between iodine and the intramolecular CT state of the
borane to produce the radical intermediate VII, which can cyeclize to produce
iv.

The presence of oxygen at higher iodine concentrations (1072 M) increases
the ratio of IV to V from 0.1 in a nitrogen atmosphere to 0.17 in the presence
of atmospheric oxygen. This slight increase in the production of IV and
decrease in the production of V can be accounted for by assuming that oxygen
accepts an electron to form O,~.

H H®
\ hy \e / Q
N—B + 0p — N—B ( + O3

The oxygen-assisted electron abstraction from N-vinylcarbazole by electron-
deficient olefins to form a reactive cation-radical intermediate has been
reported [32] as a product-determining step.

Methyl elimination

We have shown that 2,6-dimethylanilinodiphenylborane photocyclizes with
elimination of methane to produce II [2]. We have now found that the methyl
elimination from the aromatic ring attached to nitrogen is independent of
iodine concentration and that methyl migration cannot be made to occur in the
2,6-dimethylanilinodiphenylborane system I. This is in contrast to the photo-
cyclization of anilinodimesitylborane III, in which methyl elimination is depen-
dent upon the concentration of iodine. Attempts to use liquid N, to trap any
methane produced, to determine its presence by gas chromatographic tech-
niques using a flame ionization detector, or to detect its presence using mass
spectrometry gave dubious results. Thus, methane has not been identified as a
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product of the photocyclization of III to form IV. However, the homolytic
cleavage of a methyl group is not expected to be quenched at low concentra-
tions of iodine. This fact was substantiated by Ebert et al. [12], who reported
that low concentrations of iodine do not quench the radical processes in cyclo-
hexane. We have not detected any methylated products in reactions involving
iodine.

The sequential steps in the cyclization process ave visualized as:

0. O o JOI
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Methyl migration

The formation of I,* upon irradiation increases as the iodine concentration
is increased [12]. The iodine anion radical produced enters into the following
equilibrium:

‘Wt | =1 . W&

This suppresses the formation of the cation-radical VII, resulting in a decrease
in the yield of methyl-eliminated product IV. The decay of the excited state via
the cation-radical VII is thus prevented or delayed, allowing the excited state
VI to have more time to decay via other routes. The quantum yield of fluores-
cence and the chemical quantum yield of IV decrease as the iodine concentra-
tion increases. The quantum yield of V, however, increases concurrently. The
role played by iodine, therefore, must involve a role beyond that of its part in
the equilibrium process leading tc the cation-radical VII. This is particularly
required in light of the fact that the quantum yields of Vin 1072and 103 M
III at iodine concentration of 5 X 1073 M are as great as, or greater than, those
obtained for the production of IV at 1073 M iodine. A decrease in the quantum
yields with increasing iodine would be predicted if a strictly equilibrium-deter-
mining role was being played by iodine. The facile interaction of iodine with
the excited CT and 8] states makes it conceivable that, in addition to the limit-
ing affect on the formation of the cation-radical VII, iodine is exerting a heavy-
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atom effect which enhances intersystem crossing. This is in contrast to the for-
mation of phenanthrene from stilbene, where formation of a dihydro interme-
diate via the triplet has been ruled out on energetic as well as experimental
grounds [33]. The production of IV via the cation-radical VII and the second-
ary role of iodine as an intersystem crossing agent seem to be further substan-
tiated by the observations that only IV is produced when tetracyanoethylene is
used as the cyclizing agent and that V has not been observed in these reactions
under any solvent or concentration conditions.

We proposed [3] an overall contribution of a charge-separated resonance
form to the structure of the dihydro intermediate (VI b) to account for the dif-
ference between elimination from the anilino ring versus the methyl migration
on the mesityl ring.

Such charge-separated excited states are not novel and have been proposed
by several authors [34—86]. We have not observed the presence of the dihydro
intermediate in these systems when iodine was present, suggesting that the
dihydro intermediate VI, if formed, is a transient species which undergoes rapid
conversion to the borazarophenanthrene.

Conclusion

We have reported that the photocyclization of anilinodimesitylborane in the
presence of less than 1073 M iodine occurs with the production of a demethyl-
ated phenanthrene derivative. When the photocyclization is carried out in the
presence of greater than 5 X 1073 M iodine, a methyl-group-rearranged phenan-
threne derivative is formed. The role of iodine in these photccyclization reac-
tions is at least threefold: First, at low concentrations, iodine acts as an elec-
tron acceptor, aiding the formation of a reactive cation-radical. Second, at
higher concentrations, an iodine anion-radical, which is reported to be formed
directly upon irradiation of either I,, I,, or higher polymers of iodine, can sup-
press the formation of the reactive aminoborane cation-radical. Third, at the
higher concentrations, iodine must also be promoting a required reactive inter-
mediate. Such an intermediate facilitates formation of a methyl-group-rear-
ranged product. This effect may be accomplished by enhancement of intersys-
tem crossing by way of a heavy-atom affect. A w-type charge-transfer complex
of iodine with III has been observed. However, no connection of this complex
with the photocyclization process has been established. Further studies on the
kinetics and on the flash photolysis or pulse radiolysis of this system are essen-
tial to further elucidate the rcle of iodine and determine the nature of the inter-
mediate products, as well as to elucidate the cause of the short induction period
at the start of each irradiation. No attempt has been made to detect the radical
cation VII by electron spin resonance techniques.
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