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ABSTRACT: Visible light irradiation of N-methyl-1,2,4-
triazoline-3,5-dione in the presence of substituted benzenes
is capable of inducing substitution reactions where no reaction
takes place thermally. In addition to the formation of 1-
arylurazole products resulting from ring substitution, side-
chain substitution occurs in some cases where benzylic
hydrogens are accessible to form benzylic urazole products.
Formation of both types of products is most consistent with the involvement of a common intermediate, a radical ion pair,
generated from photoexcitation of an initially formed charge-transfer complex. The charge-transfer complexes have been
observed spectroscopically. Additionally, application of a modified Rehm−Weller model suggests that the electron-transfer
processes are feasible for all of the substrates examined. In most cases, the spin density maps of the aromatic radical cation
intermediates calculated at the DFT UB3LYP/6-31G* level are excellent predictors of the observed product distributions.

■ INTRODUCTION
1-Arylurazoles (1, Scheme 1) are heterocyclic compounds with
potential applications as vasodilators, anticonvulsants, and

analgesics.1 Additionally, oxidation of urazoles is known to
give rise to an interesting class of N-centered persistent
radicals.2

We recently described a method for the synthesis of 1-
arylurazoles via addition of N-methyl-1,2,4-triazoline-3,5-dione
(2) to substituted benzenes using trifluoroacetic acid as catalyst
(Scheme 1).3 2 is a red crystalline compound that forms
characteristic pinkish red solutions when dissolved in
commonly used organic solvents. We considered the possibility
of synthesizing 1-arylurazoles by promoting the reactivity of 2
with substituted benzenes by photochemical means (using
visible light) rather than via the addition of catalysts. Visible
light irradiation of solutions of RTADs alone in unreactive
solvents (e.g., CCl4, CH2Cl2, EtOAc) is reported to result in
rapid decomposition and/or polymerization of the triazoline-
dione.4 Irradiation of RTADs in the presence of ethers,
however, leads to formation of substituted urazoles 3,

presumably via initial hydrogen atom abstraction at the position
α to the oxygen in the ether substrate (Scheme 2).4c,5 In

contrast, it was reported that irradiation of N-phenyl-1,2,4-
triazoline-3,5-dione (PhTAD, Scheme 2) in anisole as the
solvent led to formation of 1-arylurazole 4, albeit in low yield
(16%).4c Sheridan reported that visible light irradiation of 2 in
the presence of naphthalene, phenanthrene, and (at low
temperatures) benzene led to formation of Diels−Alder
adducts 5−7, respectively (Figure 1).6 Both the singlet and
triplet excited states of 2 were implicated in the reactions.6a,b

Our laboratory later reported that 2 reacts both thermally and
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Scheme 1. Formation of 1-Arylurazoles (1) via Reaction of
N-Methyl-1,2,4-triazoline-3,5-dione (2) with Substituted
Benzenes

Scheme 2. Photochemical Reactions of RTADs with Ethers
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photochemically (visible light irradiation) with substituted
naphthalenes via a Diels−Alder cycloaddition.7 Finally, RTADs
have been shown to engage in Diels−Alder type photoreactions
with the aromatic rings of naphtho[1,2,3,4-def ]chrysene and
C60.

8,9 While the photochemical reactions of RTADs have been
further explored,10 we were unable to locate any additional
studies of photochemical reactions of RTADs with substituted
benzenes. Herein we report upon our investigations of the
photochemical reaction of 2 with a series of substituted
benzenes.

■ RESULTS AND DISCUSSION
1. Photochemical Reaction of MeTAD (2) with

Substituted Benzenes. RTADs are known to react thermally,
in the absence of catalysts, with some electron-rich aromatic
compounds to form 1-arylurazoles.8,11 For example, Hall
reported the thermal reaction of PhTAD with 1,3,5-
trimethoxybenzene to afford the corresponding 1-arylurazole
8.11c Similarly, when we added 2 to 1.5 equiv of 1,3,5-
trimethoxybenzene in CH2Cl2 at room temperature in the
absence of light, a deep blood red coloration of the reaction
mixture was observed, presumably due to formation of a
charge-transfer complex with the aromatic compound. The
formation of charge-transfer complexes between RTADs and
aromatic compounds is well-known (see below).6b,7,11 The
color was slowly discharged over a 9 h period with concomitant
formation of 1-arylurazole 9 (Table 1) in 90% yield. However,
when an identical reaction mixture was subjected to visible-light
irradiation with three 300 W incandescent bulbs (in Pyrex
glassware with temperature maintained at 20 °C via external
cooling), the deep red color of the charge transfer complex was
discharged within just 0.5 h, and 9 was isolated in a comparable
87% yield (Table 1).

Similarly, while the thermal reaction of 2 with 1,3-
dimethoxybenzene over 4 days afforded a 46% yield of 10,
irradiation of an identical reaction mixture provided a 70% yield
of 10 in just 3 h. Surprisingly, irradiation of 2 in the presence of
1,4-dimethoxybenzene for 48 h failed to form any urazole
products. In addition to recovered starting materials, photo-
decomposition products of 2 were observed. Interestingly, Hall
also remarked upon the reluctance of PhTAD to engage in a
thermal reaction with 1,4-dimethoxybenzene, in contrast to its
ready reaction with both 1,3,5-trimethoxybenzene and 1,3-
dimethoxybenzene.11c There was no observed thermal reaction
between 3-methylanisole and 2 over several days, but
irradiation for 18 h led to formation of 1-arylurazole 11a as
the major product (62% yield) along with lesser amounts (17%
yield) of two other ring-substituted products in an approximate

1:1 ratio. In contrast, urazole 11a was the sole regioisomer
formed in the acid-catalyzed reaction of 2 with 3-

Figure 1. Diels−Alder photoadducts of 2 with aromatic substrates.

Table 1. Photochemical Reaction of 2 with Substituted
Benzenes

aIsolated yields; ratios determined either by chromatographic
separation of individual isomers or by 1H NMR integration (see the
Experimental Section). bRatio 11a:11b:11c = 78:11:11. cRatio
13a:13b = 70:30. dTwo major isomers (15a/15b) and one minor
isomer (15c) were observed. eRatio 17a:17b = 83:17. fRatio 18a:18b
= 94:6. gRatio 19a:19b:19c = 52:26:22.
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methylanisole.3 The regiochemistry of 11a was verified by an
HMBC NMR experiment. The two minor products exhibited
signals in the 1H NMR spectrum that are consistent with the
ring-substituted structures 11b,c. The presence of the other
possible regioisomer, 11d, is not consistent with the observed
signals. The chemical shifts of the aromatic ring protons in the
1H NMR spectrum for 11d are predicted to be three broadened
singlets (due to ineffectual meta coupling) at ∼7.1, 6.9, and 6.6
ppm.12 Instead, all of the observed aryl proton signals appear as
distinct multiplets, and these observed multiplets correlate
better with the predicted shifts and multiplicities for structures
11b,c. Finally, irradiation of a solution of 2 and 3,5-
dimethoxytoluene regioselectively afforded 12 in 97% yield
(Table 1). Thus, as originally hypothesized, simple visible light
irradiation of reaction mixtures of 2 and these substituted
benzenes either increased the rate of the substitution reaction
relative to the thermal reaction or allowed for reactivity that
was otherwise thermally absent.

We earlier reported that the acid-catalyzed reaction of 2 with
mesitylene leads to formation of 1-arylurazole 13a in 99%
yield.3 Interestingly, however, the photochemical reaction of 2
with mesitylene resulted in the formation of two products
(Table 1). The major product (55% yield) was the same
product (13a) formed in the acid-catalyzed reactions. However,
also isolated was the side-chain-substituted urazole 13b (23%
yield). The structure of the benzylic-substituted compound 13b
was confirmed by an independent synthesis (see the
Experimental Section).
The photochemical reaction of 2 with durene afforded only

benzylic urazole 14. Similarly, irradiation of 2 in the presence of
pentamethylbenzene yielded a mixture of the three possible
benzylic-substituted compounds 15a−c (total of 41% yield)
without any formation of ring-substituted product, despite the
predilection of pentamethylbenzene toward electrophilic
aromatic substitution (EAS). We were unsuccessful at
separating these isomeric urazoles, but from the 1H NMR
spectrum of the mixture, there were obviously three
regioisomers present in an approximate ratio of 4:3:1. The
spectrum displayed three distinct aryl singlets and three
benzylic CH2 signals. While only two N-Me signals were
observed, one had an obvious shoulder, suggesting partial
overlap of two signals. Furthermore, given the symmetry of
compound 15c versus compounds 15a,b, there are a total of 10

signals expected for the methyl groups on the aromatic rings,
and, indeed, 10 distinguishable signals were observed. The
integrations for the combination of these signals were internally
consistent with a mixture of three products in a 4:3:1 ratio. By
making use of the relative integrations, it was possible to assign
complete 1H NMR data for each of the three compounds (see
the Experimental Section). According to these assignments, the
minor compound most probably has structure 15c.
Hexamethylbenzene, for which ring substitution is impos-

sible, yielded the benzylic urazole 16 upon irradiation.
Photoreaction of 4-methylanisole with 2 resulted in the
formation of primarily benzylic urazole 17a (36% yield)
along with a smaller amount of the 1-arylurazole 17b (7%
yield). This behavior contrasts with the reactivity observed for
the other methoxy-substituted benzenes, for which only ring
substitution was observed. The regiochemistry of 17b was
consistent with HMBC NMR experiments. Similarly, p-xylene
afforded a 30% yield of benzylic urazole 18a and only a 2%
yield of the 1-arylurazole 18b. Finally, reaction with m-xylene
yielded a nearly inseparable mixture of three products 19a−c in
an approximate 2:1:1 ratio. Urazole 19a had been isolated
previously as the sole reaction product from the thermal acid-
catalyzed reaction of 2 with m-xylene and was readily
identified.3 Chromatographic fractions could be enriched in
mixtures of 19a and 19b for analysis by NMR spectroscopy.
The structure for 19b was assigned by subtracting the signals
due to 19a from the 1H and 13C NMR spectra of the mixture.
The magnitude of the coupling constants observed in the
aromatic region of the 1H NMR spectrum (7.8 Hz) are
consistent with ortho-coupled protons as would be present in
structure 19b, and not with meta-coupled protons present in
the remaining possible regiosomer 19d.

In all of the reactions that resulted in formation of benzylic
urazoles, varying amounts of N-methylurazole (i.e., reduced 2)
were also observed. We made no attempt to quantify the
amount of N-methylurazole formed, due to its low solubility in
organic solvents and its reluctance to elute cleanly on
chromatographic columns.

2. Competition between Ring and Side-Chain Sub-
stitution Observed in the Reactions of Substituted
Benzenes with Other Electrophiles. In our previous work
on acid-catalyzed reactions of 2 with substituted benzenes, we
assumed the 1-arylurazole products to be the result of a typical

Scheme 3. Kochi’s Mechanism for Formation of Ring- and Side-Chain-Substituted Products via a Common Radical Cation
Intermediate
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EAS process. Similarly, the 1-arylurazoles formed in the
photochemical reactions might be envisioned to arise from a
straightforward EAS process in which photoactivated 2 serves
as the electrophile. However, the observed benzylic urazole
products must necessarily derive from a different process.
In a series of seminal papers, Kochi investigated the

formation of side-chain-substituted products in competition
with ring-substituted products during the thermal reactions of
methylated benzenes with electrophiles such as Cl2, NO2

+, and
Tl(O2CCF3)3, as well as in photochemical reactions with N-
nitropyridinium salts and tetranitromethane.13 Formation of
both the ring-substituted and side-chain-substituted products
were attributed to the intermediacy of radical cations (RCs)
formed from the aromatic substrates via electron transfer from
within an initially formed charge-transfer (CT) complex
(Scheme 3). Kochi postulated that cage collapse of the radical
anion (RA)formed from one-electron reduction of the
electrophilewith the RC yields a Wheland complex (route i
in Scheme 3), which then results in formation of the observed
ring-substituted products. Alternatively, deprotonation of a
benzylic hydrogen from the RC by the RA (or externally added
base) affords a pair of reactive radicals (route ii), from which
the observed side-chain-substituted products are derived.
Furthermore, Kochi demonstrated that direct irradiation of
the CT complex stimulated electron transfer in several cases
where the CT complex was unable to undergo spontaneous
electron transfer to form RC/RA intermediates (i.e., in the
reactions with tetranitromethane and N-nitropyridinium).13b,c

In order to ascertain whether a similar mechanism might be
involved in the photochemical reactions between 2 and the
substituted benzenes, we sought to better characterize the
charge-transfer complexes formed between the two.
3. Evidence for the Formation of Charge-Transfer

Complexes between 2 and Substituted Benzenes. As
noted earlier, charge-transfer complexes have been previously
observed in the reactions of RTADs with suitably electron rich
aromatic compounds.6b,7,11 In most of the reactions that we
studied, there was an obvious visual darkening of the reaction
mixture to form deep red solutions upon combining 2 with the
aromatic substrate. We were able to directly observe charge-
transfer complexes formed between 2 and several of the
aromatic substrates studied by mixing solutions of 2 (10 mM)
and an excess of substrate (∼1 M) in CH2Cl2 and examination
by difference UV−vis spectroscopy. The absorption band
derived for the CT complex between 2 and mesitylene is
displayed in Figure 2 as a representative example. Data for CT
complexes formed from other methylated benzenes are
presented in Table 2. A plot of the absorption band energies
(ECT) with the ionization potentials (IP) of the aromatic
substrates afforded a good correlation (R2 = 0.93), as shown in
Figure 3.14 Energies of the absorption bands were observed to
decrease with decreasing ionization potential of the substrates
(Figure 3), which is consistent with what would be expected for
charge transfer from the electron-rich aromatic substrate to the
electrophilic triazolinedione 2. Furthermore, the absorption
energies of the CT bands from 2 correlate fairly well (R2 =
0.83) with the energies of the absorption bands formed
between the same arenes and the electrophile I2 (Figure 4),
which have been previously established to derive from a charge-
transfer interaction.15 This further corroborates the charge-
transfer nature of the observed UV−vis absorptions of 2.
4. Possible Mechanism for the Photochemical

Reaction of 2 with Substituted Benzenes. It is conceivable

that irradiation of the CT complexes formed between 2 and the
substituted benzenes leads to electron transfer to form the RC
of the electron-rich aromatic substrate and the radical anion
(RA) of 2 (Scheme 4).16 The resulting radical ion pair may
then follow the two pathways analogous to those previously
mapped by Kochi (Scheme 4):13 i.e., collapse of the radical ion
pair to form a Wheland intermediate which proceeds to form
the observed 1-arylurazole products (route i) or deprotonation

Figure 2. UV−vis spectral absorption of the charge-transfer complex
(in black) between MeTAD (2) and mesitylene, as generated by
subtracting the absorption of 2 alone (in red) from that of a mixture of
2 and mesitylene (in blue). Absorption by mesitylene alone in this
region of the spectrum is negligible.

Table 2. Spectral Data for Charge Transfer Complexes
between 2 and a Series of Methylated Benzenes in CH2Cl2

substrate IP,a eV λCT,
b nm ECT, eV

hexamethylbenzene 7.85 437 2.84
pentamethylbenzene 7.92 414 2.99
durene 8.07 396 3.13
mesitylene 8.41 379 3.27
p-xylene 8.52 375 3.31
m-xylene 8.56 366 3.39

aIonization potential.14 bλmax of the CT absorption band.

Figure 3. Correlation of the observed energies of the charge-transfer
absorption bands formed between 2 and various methylated benzenes
(ECT(MeTAD)) with the ionization potentials of the substrates.
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of a benzylic proton from the aromatic RC by the RA of 2
followed by collapse of the newly generated radicals to form the
observed benzyl urazole products (route ii). The feasibility of
electron transfer from the aromatic substrate to photoexcited 2
may be estimated by application of the Rehm−Weller model, as
recently re-examined by Farid.17 According to this model, the
effective free energy change for the electron transfer process
(ΔG′) may be estimated by employing the equation

Δ ′ = − − ++ •−G E E E2 2[ (Ar /Ar) ( / )] 0.08 eVexcit (1)

where E(Ar+/Ar) is the potential required to oxidize the
aromatic substrate, E(2/2•−) is the reduction potential of 2,
Eexcit is the energy of excitation for 2 (2.29 eV for 2 in the
singlet excited state),18 and the constant in the equation reflects
the estimated combined effects of Coulombic stabilization and
desolvation energies of the newly generated RC/RA pair in
dichloromethane (i.e., the same solvent in which Eexcit for 2 was
obtained).19 Application of this equation to a reaction of
interest requires knowing the difference in potential between
the electron donor and acceptor. However, we were not able to
find consistent values for the reduction potential of 2 in the
literature. While Bausch reported a value of 0.31 V (corrected
to SHE) in DMSO,20 more recently Volanschi reported a value
of −0.042 V in the same solvent.21 No explanation for this
discrepancy was provided, and without a ferrocene reference or
other internal standard for the latter work, direct comparisons
are difficult. In addition, most of the potentials reported for the

aromatic substrates were obtained using acetonitrile as solvent
rather than DMSO.22 Although Volanschi did report a value for
the reduction of 2 in acetonitrile (−0.153 V corrected to
SHE),21 the large difference between the two reported potential
values in DMSO gives concern that the reduction potential
reported for 2 in acetonitrile might also not correspond to
measurements made by others. For example, significant
junction potentials can exist between the typical aqueous
reference electrodes and anhydrous electrolytes used in
electrochemical cells.23 These liquid junction potentials can
vary, depending on the construction of the cells and the
reference electrodes. Therefore, we carried out cyclic
voltammetry for both 2 and the aromatic donors ourselves to
eliminate any environmental variations that could lead to errors
in the measured difference in potential between the electron
donor and acceptor.

5. Electrochemical Studies of 2 and the Substituted
Benzenes. We observed the same electrochemical behavior for
2 as reported by Volanschi, as shown in Figure 5A.21 The key
feature is a reversible signal that is observed at a potential 0.467
V lower than that of ferrocene. This corresponds to 0.158 V vs
SHE, corrected on the basis of a ferrocene potential of 0.624 V
vs SHE.24 This value is much higher than that reported by
Volanschi, but they did not utilize an internal standard, such as
ferrocene, for verification. However, the potential of 2 in
DMSO reported by Bausch is 0.44 V less than was observed for
ferrocene, which is similar to the difference that we observe. By
using a ferrocene internal standard for all our measurements,
we were able to compare directly the potentials for 2 and the
series of prospective aromatic electron donors.
Following each measurement, ferrocene was added to the cell

and a reference voltammogram was obtained. The average
ferrocene potential was measured at 0.470 V vs our silver
chloride reference electrode. This potential only varied by ±3
mV for the data collected. There exists a great variation in the
reported potentials for ferrocene, even under similar con-
ditions.22c,24 We used a potential of 0.624 V vs SHE for
ferrocene to convert potentials to the standard hydrogen
electrode as needed.24 Potentials derived in this manner for the
aromatic substrates were about 50 mV lower than those
reported elsewhere under similar conditions.25 However, the
primary parameter we seek is the dif ference in potential between
these aromatic electron donors and 2. For this purpose no
corrections other than referencing to ferrocene are necessary, as
we used the same experimental conditions for all of our
measurements.
With the exception of 1,4-dimethoxybenzene, all of the

oxidations were nonreversible for sweep rates up to 0.1 V/s.

Figure 4. Correlation of the observed energies of the charge-transfer
absorption bands formed for various methylated benzenes with 2
(ECT(MeTAD)) and those with iodine (ECT(I2)).

Scheme 4. Proposed Mechanism for Formation of Ring- and Side-Chain-Substituted Products from Irradiation of Charge-
Transfer Complexes between 2 and Substituted Benzenes
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The cyclic voltammogram of mesitylene is provided in Figure
5B as a representative example. Oxidation of the aromatic
substrates took place uneventfully, but generally the corre-
sponding reduction of the RC was not observed. Apparently
the RCs generated via the oxidative process are consumed
rapidly, either by a polymerization process or by trapping with
acetonitrile,26,27 thereby preventing observation of the reduc-
tive couple. Unlike the other substrates, however, oxidation of
1,4-dimethoxybenzene at 0.1 V/s is quasi-reversible (E1/2 =
1.49 V). The current observed for the oxidation was somewhat
greater than the current for reduction of the RC, indicating that
while annihilation of the RC does occur, it does so at a
significantly slower rate than for the other RCs (Figure
5C).27−29 It is apparent from the voltammetry that the RC of
1,4-dimethoxybenzene is much less prone to reaction with
external nucleophiles than are the RCs of the other substrates
investigated. Table 3 contains the experimentally determined

peak potentials for all of the aromatic substrates studied in the
photochemical reactions with 2.

A plot of the charge transfer absorption band energies (ECT)
of the series of methylated benzenes (Table 2) with the anodic
(oxidative) peak potentials (Epa) for the aromatic substrates
affords a strong correlation (R2 = 0.96), as shown in Figure 6.

As with the correlation with ionization potential energies
(Figure 3), the correlation of decreasing ECT(MeTAD) with
decreasing Epa is further evidence for the charge-transfer nature
of the observed UV−vis absorption bands.
The differences in potential between each of the aromatic

substrates and 2 were used in eq 1 to calculate the ΔG′ values
for conversion of each of the CT complexes to the RA of 2 and
RC of the aromatic substrate. These values are collected in

Figure 5. Cyclic voltammograms determined at 0.1 V/s in 0.1 M
TBAPF6 in acetonitrile: (A) 2 (1.7 mM); (B) mesitylene (1.5 mM);
(C) 1,4-dimethoxybenzene (1.6 mM) with ferrocene (0.4 mM).
Potentials were measured against a reference of Ag/AgCl in KCl(aq),
for which ferrocene gave an observed potential of 0.470 V.

Table 3. Potentials of Investigated Aromatic Substrates and
Estimation of the Feasibility of Electron Transfer from
within the Charge-Transfer Complex by Application of the
Modified Rehm−Weller Model

substrate Epa
a (V) ΔG′b (eV)

hexamethylbenzene 1.79 −0.57
pentamethylbenzene 1.89 −0.48
durene 1.96 −0.41
mesitylene 2.22 −0.15
p-xylene 2.21 −0.16
m-xylene 2.32 −0.05
1,3,5-trimethoxybenzene 1.61 −0.76
1,3-dimethoxybenzene 1.71 −0.66
1,4-dimethoxybenzene 1.54 −0.83
3,5-dimethoxytoluene 1.66 −0.71
p-methylanisole 1.83 −0.53
m-methylanisole 1.89 −0.48

aPeak potentials (corrected to SHE) as determined by cyclic
voltammetry for 1−3 mM substrate in acetonitrile with 0.1 M
TBAPF6 using an aqueous Ag/AgCl reference electrode in KCl. The
potential of ferrocene under these conditions was observed at 0.470 V
and then corrected to 0.624 V vs SHE. bCalculated using eq 1 by
applying the E1/2 reduction potential of 2 (0.16 V vs SHE) as
determined under the same conditions.

Figure 6. Correlation of the measured peak potentials (Epa) of the
various methylated benzene substrates with the observed energies of
the charge-transfer absorption bands formed with 2 (ECT(MeTAD)).
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Table 3. All of the electron-rich methoxy-substituted aromatic
substrates afforded relatively large negative ΔG′ values, ranging
from −0.83 eV (−19.1 kcal/mol) for 1,4-dimethoxybenzene to
−0.48 eV (−11.1 kcal/mol) for m-methylanisole. The
methylated substrates exhibited large ΔG′ values for highly
methylated substrates (e.g., hexamethylbenzene at −0.57 eV
(−13.1 kcal/mol)) but a value near 0 eV for the simple
dimethylated arene m-xylene. However, for all of the arenes
investigated, photoexcitation of the CT complex leading to
electron transfer appears to be feasible.
6. Role of Radical Cation Intermediates in Determin-

ing the Product Distribution. During his investigation of the
dichotomy between routes of formation of ring- and benzylic-
substituted products in the reaction of aromatics with
thallium(III) electrophiles,13 Kochi described the correlation
between the formation of the two types of thallated products
(ring versus benzylic substituted) with the spin densities
(inferred from the SOMO) on the aromatic carbons of the
transient RCs.13d In particular, it was noted that when
considerable spin density was predicted for unsubstituted
carbons of the RCs of the aromatic substrates, ring substitution
was facilitated. More recently, MacLachlan demonstrated that
the spin density map of the aromatic RC intermediate formed
via electron transfer from 1,2-dimethoxybenzene to the NO2

+

electrophile could be used to explain the unusual regioselec-
tivity of the aromatic substitution process.30

Taking Kochi’s concept one step further, we calculated
whole-molecule spin density maps of the RCs that would be
generated upon photoinduced electron transfer to 2 from the
various aromatic substrates explored in this study (Figure 7).
We employed DFT methods at the UB3LYP/6-31G* level.
Calculations at this level of theory have been demonstrated to
satisfactorily replicate experimentally determined data, includ-

ing spin densities, for aromatic radicals and RCs.31 We
discovered an exceptionally strong correlation between the
predicted spin densities and the resulting product distributions
from the reactions. For example, the spin density maps for the
RCs of 1,3,5-trimethoxybenzene (20), 1,3-dimethoxybenzene
(21), and 3,5-dimethoxytoluene (22) showed concentrated
spin densities at an unsubstituted position of the aromatic ring.
In all three cases a high yield of a 1-arylurazole was obtained as
the sole product. In addition, for 3,5-dimethoxytoluene a single
regioisomer (12) was obtained, which correlates to substitution
at the aromatic carbon with the highest predicted spin density
(i.e., adjacent to the methyl group). We did not observe
formation of the other possible regioisomer (i.e., opposite the
methyl group), for which the spin density map predicts no
significant spin.
In contrast, the spin density maps of the RCs of durene (23),

pentamethylbenzene (24), and hexamethylbenzene (25)
predicted no spin density at unsubstituted positions on the
aromatic ring and no 1-arylurazole products were observed.
There was, however, predicted spin density at the benzylic
hydrogens of the methyl groups of each of these RCs.
Hydrogen abstraction by the RA of 2 could lead to the
observed benzylic urazole products (vide infra). Notice that
there is no predicted spin density on the benzylic hydrogens of
the RC of 22 and no benzylic substitution was observed. The
failure to produce a 1-arylurazole product from pentamethyl-
benzene is particularly striking. Pentamethylbenzene is the
most reactive of the methylated benzenes toward electrophilic
aromatic substitution, being about 5 times more reactive toward
chlorination than the second most reactive arene, mesitylene.32

The spin density maps, however, clearly predict the respective
regiochemical outcomes from the photochemical reactions of
the two substrates with 2. In contrast to the case for 24, the
spin density map of the mesitylene RC (26) places considerable
spin density at the unsubstituted carbons of the aromatic ring
and lesser density at the benzylic methyl hydrogen atoms. Thus,
unlike the reaction with pentamethylbenzene, products of both
ring and side-chain substitution were observed. Furthermore,
the higher percentage of ring substitution (70% of product)
relative to benzylic substitution (30%) is consistent with the
relative amounts of spin densities. For the 4-methylanisole RC
(27), there is a predicted concentration of spin density at the
aromatic carbon bearing the methyl group (for which no
substitution is possible), a more diffuse spin density on the
positions ortho to the methoxy group, and negligible spin
density ortho to the methyl group. However, considerable spin
density is observed at the benzylic hydrogens. In this case
formation of the benzylic urazole product 17a (83% of
product) far outweighed formation of the ring-substituted
product 17b (17%). Furthermore, the regiochemistry of the
ring-substituted product, i.e. substitution ortho to the methoxy
groups to form 17b, is that expected on the basis of the spin
density. It is interesting to compare this finding to the reaction
of 3-methylanisole. Both compounds have very similar peak
potentials (1.83 V for p-methylanisole and 1.89 V for m-
methylanisole); however, the spin density maps for the
intermediate RCs predict very different experimental results.
Unlike 27, very little spin density is predicted at the benzylic
hydrogens of the RC 28, whereas considerable density is
observed at the position ortho to the methyl group, and a more
diffuse cloud at either position ortho to the methoxy group.
Experimentally, only products of ring substitution were
observed, as predicted by the spin density map. Furthermore,

Figure 7. Spin density maps of the radical cations of aromatic
substrates calculated at the UB3LYP/6-31G* level. The spin density
maps for radical cations correlate as follows: 20, trimethoxybenzene;
21, 1,3-dimethoxybenzene; 22, 3,5-dimethoxytoluene; 23, durene; 24,
pentamethylbenzene; 25, hexamethylbenzene; 26, mesitylene; 27, 4-
methylanisole; 28, 3-methylanisole; 29, 1,4-dimethoxybenzene; 30, p-
xylene; 31, m-xylene.
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reaction took place primarily at the position ortho to the
methyl group to afford 11a (78% of product), as would be
expected, with a lesser amount (22%) of a mixture of the two
other ring-substituted 1-arylurazoles, 11b,c, resulting from
substitution ortho to the methoxy group.
We are unable to readily explain the lack of reactivity of 1,4-

dimethoxybenzene under the reaction conditions, since its RC
(29) places spin density at all four positions ortho to the two
methoxy groups, suggesting a gravitation toward formation of a
1-arylurazole. The spin density cloud for 29 is especially diffuse,
however. Perhaps this diffusiveness renders it unattractive to
the triazolinedione radical anion and, as a result, collapse to
form the Wheland intermediate is slow relative to back electron
transfer. Additionally, as discussed earlier, 1,4-dimethoxyben-
zene was the one aromatic substrate studied by cyclic
voltammetry for which a quasi-reversible redox couple was
observed, which further indicates the reluctance of the 1,4-
dimethoxybenzene RC to engage in reactions with nucleo-
philes. Interestingly, similar to that of 29, the spin density map
for the RC of p-xylene (30) also places diffuse spin density at
the four aromatic carbon atoms ortho to the methyl groups.
Again, very little reactivity was observed at the positions ortho
to the methyls and the 1-arylurazole product 18b was only a
minor product (6% of product). However, the spin density map
does indicate considerable spin density at the methyl hydrogens,
and formation of the benzylic-substituted product 18a
predominates (94% of product). These results indicate that
both the location and concentration of the spin density are
important factors to consider when using spin density maps to
predict product distributions.
The arene m-xylene is the one substrate for which the spin

density prediction of the incipient RC (31) was not a wholly
satisfactory predictor of product distribution. The spin density
map reveals considerable spin density at the C4 and C6
positions as well as on the methyl groups. The major 1-
arylurazole product 19a clearly derives from reaction of the RA
of 2 at the C4/C6 positions. Also isolated, as expected, was the
benzylic urazole product 19c. Whereas compounds 19a,c were
both expected on the basis of the spin density map, not
predicted was formation of 1-arylurazole 19b. Indeed, the spin
density map shows absolutely no density at C2 of the RC ring.
Recall, however, that m-xylene was the aromatic substrate with
the least negative predicted ΔG′ value of −0.05 eV (−1.2 kcal/
mol) (Table 3). It is possible that an alternative mechanism of
formation, such as direct electrophilic attack of photoactivated
2 on the aromatic ring, competes with the electron-transfer
process and is responsible for the formation of 19b.
7. Hydrogen Atom Transfer versus Proton Transfer

from within the Charge-Transfer Complex. The strong
correlation of product distribution with the spin density maps
suggests the possibility that rather than a proton transfer from
the RC to the RA of 2 as shown in route ii of Scheme 4,
perhaps a hydrogen atom transfer is favored as shown in route
iii of Scheme 5. Such hydrogen-abstraction behavior would be
similar to that observed in the photochemical reactions of 2
with ethers, as mentioned previously.4c,5 The spin density map
of the RA of 2 displays concentrated spin density on the 1,2-
nitrogen atoms and to a lesser extent on the carbonyl oxygen
atoms (Figure 8). Thus, it is reasonable to expect hydrogen
atom abstraction by the RA from the benzylic methyl sites of
the RCs for which sufficient spin density resides. The resulting
benzylic carbocation is stabilized by strong resonance
interactions, and the urazolyl anion is known to be easily

formed (pKa of N-methylurazole ∼12).20 In support of this
mechanism, small amounts of substituted benzaldehydes were
observed by 1H NMR spectroscopy in the crude reaction
mixtures of several of the reactions from which 1-arylurazole
products were formed. Trapping of a benzylic carbocation
intermediate formed in route iii by adventitious water to form
the corresponding benzyl alcohol, followed by oxidation of the
alcohol to the benzaldehyde by 2, readily accounts for this
finding (Scheme 5). Protonation of the urazolyl anion during
trapping of the carbocation by water would lead to formation of
N-methylurazole. Also, it is known that oxidation of benzyl
alcohol to benzaldehyde by RTADs results in reduction of the
RTAD to form the corresponding urazole.33 Thus, this pathway
could help account for the observation of N-methylurazole in
the reactions in which benzylic substitution occurs.

■ CONCLUSION
In summary, visible light irradiation of MeTAD is capable of
inducing reactivity with substituted benzenes in cases where no
reaction takes place thermally. The observed products (1-
arylurazoles and/or benzylic urazoles) are consistent with
formation of a common intermediate, a radical ion pair formed
from photoexcitation of an initially formed charge-transfer
complex. The calculated spin density maps of the aromatic
radical cation intermediates are excellent predictors of the
product distributions observed.

■ EXPERIMENTAL SECTION
General Methods. Photochemical reactions were carried out in an

in-house-designed apparatus consisting of an inner Pyrex cylindrical
reaction vessel (2 cm × 150 cm) encased within an outer Pyrex vessel
(4 cm × 190 cm), between which cool water was continually
circulated. Visible light was provided by three 300 W incandescent
bulbs strategically placed around the photochemical apparatus to
maximize exposure of the reaction mixture to light. Column
chromatography was conducted on silica gel (234−400 mesh) using

Scheme 5. Formation of 1-Arylurazoles via Hydrogen Atom
Abstraction by the Radical Anion of 2

Figure 8. Spin density map for the radical anion of 2 calculated at the
UB3LYP/6-31G* level.
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compound-appropriate mixtures of hexanes and EtOAc as eluent.
Thin-layer chromatography was performed on precoated silica gel
plates and visualized by ultraviolet light and/or I2 vapor.

1H and 13C
NMR spectra were obtained on a 400 MHz NMR spectrometer.
Chemical shifts are reported in units of parts per million downfield
from TMS. Elemental analyses were performed by a commercial
laboratory. High-resolution mass spectral analysis was performed via
GC-MS (TOF EI). N-Methyl-1,3,5-triazolinedione (2) was synthe-
sized via oxidation of commercially obtained N-methylurazole with
N2O4 according to the literature and sublimed before use.34,35 All
other chemicals and solvents were obtained from commercial sources
and used without further purification.
General Procedure: Photochemical Reactions of N-Methyl-

1,2,4-triazoline-3,5-dione (2) with Substituted Benzenes. A
solution of a substituted benzene (1.5 mmol) in 5 mL of CH2Cl2 was
transferred to the reaction vessel of the photochemical apparatus
described in General Methods. To this was added a solution of 2 (113
mg, 1 mmol) in 5 mL of CH2Cl2. The reaction vessel was sealed with a
stopper and cool water circulated within the apparatus. Irradiation with
three 300 W incandescent bulbs, arranged within 1 cm of the outside
wall of the apparatus, was initiated and continued until the pinkish red
color of the reaction mixture was just bleached. The reaction mixture
was transferred to a 25 mL RBF, the solvent removed in vacuo, and
the reaction mixture subjected to column chromatography.
1-(2,4,6-Trimethoxybenzene)-4-methyl-1,2,4-triazoline-3,5-dione

(9).3 Upon completion of reaction with 1,3,5-trimethoxybenzene
(0.252 g) after 0.5 h, the solvent was removed and the residue
recrystallized directly from EtOH to afford 0.244 g (87% yield) of 9 as
colorless crystals, mp 252−253 °C: IR (cm−1) 3152 (N−H), 3041,
2986, 1767, 1688, 1131; 1H NMR (DMSO-d6) δ 2.94 (s, 3H), 3.75 (s,
6H), 3.82 (s, 3H), 6.30 (s, 2H), 10.68 (br s, 1H); 13C NMR (DMSO-
d6) δ 162.1, 158.7, 153.5, 152.7, 105.4, 91.1, 56.1, 55.7, 24.7.
1-(2,4-Dimethoxybenzene)-4-methyl-1,2,4-triazoline-3,5-dione

(10).3 Upon completion of reaction with 1,3-dimethoxybenzene
(0.202 g) after 3 h, column chromatography afforded 0.198 g (79%
yield) of 10 as a white solid, mp 185−186 °C: 1H NMR (CDCl3) δ
3.15 (s, 3H), 3.82 (s, 3H), 3.85 (s, 3H), 6.49 (dd, J = 2.5, 8.5 Hz, 1H),
6.52 (d, J = 2.5 Hz, 1H), 7.41 (d, J = 8.5 Hz, 1H), 8.15 (br s, 1H); 13C
NMR (CDCl3) δ 161.1, 155.4, 154.9, 152.5, 127.9, 117.4, 104.6, 99.7,
55.9, 55.7, 25.3.
1-(4-Methoxy-2-methylbenzene)-4-methyl-1,2,4-triazoline-3,5-

dione (11a).3 Upon completion of reaction with 3-methylanisole
(0.183 g) after 18 h, column chromatography afforded 0.186 g (79%
yield) of a mixture of regioisomeric 1-arylurazoles 11a−c as a foamy
white solid. The major product, 11a, exhibited spectral data identical
with those of the product previously isolated from the acid-catalyzed
reaction of 2 with 3-methoxytoluene: 1H NMR (DMSO-d6) δ 2.20 (s,
3H), 2.96 (s, 3H), 3.77 (s, 3H), 6.84 (dd, J = 3.1, 8.5 Hz, 1H), 6.90 (d,
J = 3.1 Hz, 1H), 7.26 (d, J = 8.5 Hz, 1H), 10.87 (br s, 1H); 13C NMR
(CDCl3) δ 160.0, 154.8, 152.2, 138.0, 128.1, 127.0, 116.2, 112.2, 55.5,
25.3, 18.0.
In addition to 11a (∼86% of the product mixture according to

integration in the 1H NMR spectrum), the crude reaction mixture
suggested two other regioisomeric products in a ratio of ∼1:1
tentatively assigned structures 11b,c (see text). The 1H NMR
spectrum of the crude mixture is provided in the Supporting
Information.
1-(2,4-Dimethoxy-6-methylbenzene)-4-methyl-1,2,4-triazoline-

3,5-dione (12).3 Upon completion of reaction with 3,5-dimethox-
ytoluene (0.228 g) after 1 h, column chromatography afforded 0.257 g
(97% yield) of 12 as a white solid, mp 165−166 °C: 1H NMR
(CDCl3) δ 2.25 (s, 3H), 3.10 (s, 3H), 3.74 (s, 3H), 3.79 (s, 3H), 6.31
(d, J = 2.5 Hz, 1H), 6.35 (d, J = 2.5 Hz, 1H), 9.10 (br s, 1H); 13C
NMR (CDCl3) δ 161.5, 157.6, 155.4, 153.1, 140.8, 115.6, 106.4, 97.1,
55.9, 55.5, 25.3, 18.0.
1-(2,4,6-Trimethylbenzene)-4-methyl-1,2,4-triazoline-3,5-dione

(13a).3 Upon completion of reaction with mesitylene (0.180 g) after
10 h, column chromatography afforded 0.182 g (78% yield) of 13a,b as
an inseparable mixture in a ratio (by 1H NMR integration) of 2.3:1,
respectively. The major product, 13a, exhibited spectral data identical

with those of the product previously isolated from the acid-catalyzed
reaction of 2 with mesitylene as a white solid, mp 134−136 °C: 1H
NMR (CDCl3) δ 2.13 (s, 6H), 2.28 (s, 3H), 3.06 (s, 3H), 6.89 (s, 2H),
9.49 (br s, 1H); 13C NMR (CDCl3) δ 154.8, 151.3, 140.2, 137.9,
129.5, 129.3, 25.3, 21.1, 17.6.

The 1H and 13C NMR signals in the crude spectra corresponding to
13b matched those of an independently synthesized compound (see
below).

1-(2,4,5-Trimethylbenzyl)-4-methyl-1,2,4-triazoline-3,5-dione
(14). Upon completion of reaction with 1,2,4,5-tetramethylbenzene
(0.201 g) after 8 h, column chromatography afforded 0.141 g (57%
yield) of 14 as a white solid, mp 175−176 °C: IR (cm−1) 3198 (N−
H), 2992, 1779, 1676; 1H NMR (CDCl3) δ 2.19 (s, 6H), 2.27 (s, 3H),
3.02 (s, 3H), 4.59 (s, 2H), 6.94 (s, 1H), 6.99 (s, 1H), 8.00 (br s, 1H);
13C NMR (CDCl3) δ 155.0, 154.0, 137.1, 134.4, 134.3, 132.2, 131.1,
129.1, 48.4, 25.2, 19.3, 19.2, 18.4. Anal. Calcd for C13H17N3O2: C,
63.12; H, 6.93; N, 17.00. Found: C, 62.86; H, 7.08; N, 16.73.

Benzylic Substituted Products from Reaction with Pentamethyl-
benzene (15a−c). Upon completion of reaction with pentamethyl-
benzene (0.224 g) after 5 h, column chromatography afforded 0.1064
g (41% yield) of an inseparable mixture of urazoles 15a−c as a white
solid. Using the signal integrations from the 1H NMR spectrum of the
crude mixture (provided in the Supporting Information), the spectra
for each of the individual isomers could be determined. Minor isomer
15c: 1H NMR (CDCl3) δ 2.21 (s, 6H), 2.24 (s, 6H), 2.99 (s, 3H), 4.75
(s, 2H), 6.93 (s, 1H), 8.05 (br s, 1H). The other two regioisomers,
15a,b could not be clearly differentiated. However, one was present in
greater amount than the other. Major isomer: 1H NMR (CDCl3) δ
2.14 (s, 3H), 2.22 (s, 3H), 2.27 (s, 3H), 2.31 (s, 3H), 2.99 (s, 3H),
4.70 (s, 2H), 6.83 (s, 1H), 8.05 (br s, 1H). Remaining isomer: 1H
NMR (CDCl3) δ 2.17 (s, 3H), 2.19 (s, 3H), 2.23 (s, 3H), 2.24 (s, 3H),
2.97 (s, 3H), 4.61 (s, 2H), 8.05 (br s, 1H). Elemental analysis was
conducted on the mixture of isomers. Anal. Calcd for C14H19N3O2: C,
64.33; H, 7.33; N, 16.09. Found: C, 64.34; H, 7.45; N, 15.94.

1-(2,3,4,5,6-Pentamethylbenzyl)-4-methyl-1,2,4-triazoline-3,5-
dione (16). Upon completion of reaction with hexamethylbenzene
(0.243 g) after 8 h, column chromatography afforded 0.153 g (56%
yield) of 16 as a white solid, mp 237−239 °C: 1H NMR (CDCl3) δ
2.24 (s, 6H), 2.26 (s, 3H), 2.32 (s, 6H), 3.10 (s, 3H), 4.83 (s, 2H),
6.40 (br s, 1H); 13C NMR (CDCl3) δ 155.0, 154.0, 136.0, 133.7,
133.3, 126.5, 45.7, 25.2, 17.1, 16.8, 16.5. Anal. Calcd for C15H21N3O2:
C, 65.42; H, 7.69; N, 15.27. Found: C, 65.16; H, 7.83; N, 14.93.

1-(4-Methoxybenzyl)-4-methyl-1,2,4-triazoline-3,5-dione (17a)
and 1-(2-Methoxy-5-methylbenzyl)-4-methyl-1,2,4-triazoline-3,5-
dione (17b). Upon completion of reaction with 4-methylanisole
(0.183 g) after 24 h, column chromatography afforded 0.101 g (43%
yield) of a difficultly separable mixture of 17a,b in an 83:17 ratio,
respectively. When several such product mixtures were combined and
subjected to further column chromatography, it was possible to isolate
sufficient amounts of pure fractions of each compound for
characterization by combining very early (17b) and very late (17a)
fractions about the region where they nearly coelute. Compound 17a
was isolated as a white solid, mp 147−148 °C: 1H NMR (CDCl3) δ
3.03 (s, 3H), 3.79 (s, 3H), 4.59 (s, 2H), 6.86 (d, J = 8.5 Hz, 2H), 7.24
(d, J = 8.5 Hz, 2H), 8.1 (br s, 1H); 13C NMR (CDCl3) δ 159.8, 155.0,
154.4, 130.2, 126.0, 114.3, 55.3, 50.2, 25.2. Anal. Calcd for
C11H13N3O3: C, 56.15; H, 5.57; N, 17.87. Found: C, 55.83; H, 5.48;
N, 17.72. Compound 17b was isolated as a white solid, mp 147−148
°C: 1H NMR (CDCl3) δ 2.31 (s, 3H), 3.17 (s, 3H), 3.88 (s, 3H), 6.88
(d, J = 8.4 Hz, 1H), 7.11 (dd, J = 1.8, 8.4 Hz, 1H), 7.45 (d, J = 1.8 Hz,
1H), 8.3 (br s, 1H); 13C NMR (CDCl3) δ 154.6, 151.6, 150.9, 131.0,
129.6, 125.9, 123.9, 111.9, 56.0, 25.3, 20.5. Anal. Calcd for
C11H13N3O3: C, 56.15; H, 5.57; N, 17.87. Found: C, 55.73; H, 5.45;
N, 17.51.

1-(4-Methylbenzyl)-4-methyl-1,2,4-triazoline-3,5-dione (18a) and
1-(2,5-Dimethylbenzyl)-4-methyl-1,2,4-triazoline-3,5-dione (18b).
Upon completion of reaction with p-xylene (0.160 g) after 14 h,
column chromatography afforded 0.065 g (30% yield) of 18a as a
white solid, mp 149−150 °C: 1H NMR (CDCl3) δ 2.33 (s, 3H), 3.02
(s, 3H), 4.61 (s, 2H), 7.14 (d, J = 8.0 Hz, 2H), 7.19 (d, J = 8.0 Hz,
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2H), 8.27 (br s, 1H); 13C NMR (CDCl3) δ 154.9, 154.2, 138.3, 131.1,
129.6, 128.6, 50.3, 25.2, 21.1; HRMS (TOF EI) m/z [M]+ calcd for
C11H13N3O2 219.1008, found 219.1017. Also isolated was 5 mg (2%
yield) of 18b as a white solid: IR (cm−1) 3154 (N−H), 2950, 1776,
1694; 1H NMR (CDCl3) δ 2.30 (s, 3H), 2.32 (s, 3H), 3.15 (s, 3H),
7.09 (dd, J = 1.2, 7.8 Hz, 1H), 7.15 (d, J = 1.2 Hz, 1H), 7.17 (d, J = 7.8
Hz, 1H) (the N−H signal was particularly broad for this sample; the
presence of the N−H was confirmed by the IR spectrum above); 13C
NMR (CDCl3) δ 155.1, 152.4, 136.9, 134.6, 132.7, 131.3, 129.9, 126.1,
25.5, 20.8, 17.5; HRMS (TOF EI) m/z [M]+ calcd for C11H13N3O2
219.1008, found 219.1003.
1-(2,4-Dimethylbenzyl)-4-methyl-1,2,4-triazoline-3,5-dione

(19a),3 1-(2,6-Dimethylbenzyl)-4-methyl-1,2,4-triazoline-3,5-dione
(19b), and 1-(3-Methylbenzyl)-4-methyl-1,2,4-triazoline-3,5-dione
(19c). Upon completion of reaction with m-xylene (0.159 g) after 11 h,
column chromatography afforded 0.131 g (62% yield) of a nearly
inseparable mixture of urazoles 19a−c as a white solid. Compound
19a was readily identified by comparison of its NMR spectra with
those of the known compound: 1H NMR (CDCl3) δ 2.30 (s, 3H),
2.33 (s, 3H), 3.13 (s, 3H), 7.05 (d, J = 7.9 Hz, 1H), 7.10 (s, 1H), 7.19
(d, J = 7.9 Hz, 1H), 8.15 (br s, 1H). 13C NMR (CDCl3) δ 155.1,
152.3, 139.3. 135.7, 132.1, 127.6, 125.8, 25.4, 21.1, 17.9. Chromato-
graphic fractions could be enriched in mixtures of 19a,b for analysis by
NMR spectroscopy. The structure for 19b was assigned by subtracting
the signals due to 19a from the 1H and 13C NMR spectra: 1H NMR
(CDCl3) δ 2.19 (s, 6H), 3.07 (s, 3H), 7.09 (d, J = 7.8 Hz, 2H), 7.22 (t,
J = 7.8 Hz, 1H), 9.4 (br s, 1H); 13C NMR (CDCl3) δ 154.8, 151.3,
138.3, 131.9, 130.2, 128.8, 25.3, 17.8. The NMR spectra for 19c were
identical with those of the independently prepared compound (see
below).
General Procedure: Thermal Reactions of N-Methyl-1,3,5-

triazolinedione (2) with Substituted Benzenes. A solution of a
substituted benzene (1.5 mmol) in 5 mL of CH2Cl2 was transferred to
a clean, dry 25 mL RBF. To this solution, with stirring, was added a
solution of 2 (113 mg, 1 mmol) in 5 mL of CH2Cl2. The reaction
mixture was protected from light by wrapping in aluminum foil and
allowed to run for the designated time. Upon completion of the
reaction the solvent was removed in vacuo, and the reaction mixture
subjected to column chromatography.
Thermal Reaction with 1,3,5-Trimethoxybenzene. According to

the general procedure, 1,3,5-trimethoxybenzene (0.252 g) was allowed
to react with 2 until the red color of 2 was bleached (9 h). The solvent
was removed and the residue recrystallized directly from EtOH to
afford 0.257 g (91% yield) of 9 as colorless crystals.
Thermal Reaction with 1,3-Dimethoxybenzene. According to the

general procedure, 1,3-dimethoxybenzene (0.202 g) was allowed to
react with 2 for 4 days. The solvent was removed and the residue
subjected to column chromatography, from which 0.116 g (46% yield)
of 10 was isolated as a white solid.
1-(3,5-Dimethylbenzyl)-4-methyl-1,2,4-triazoline-3,5-dione (13b).

Following the procedure of Wilson,34 triethylamine (194 μL, 1.4
mmol) was added to 0.64 g (5.6 mmol) of N-methylurazole in 25 mL
of dry THF. The resulting mixture was heated to 40 °C for 1 h. Solid
3,5-dimethylbenzyl bromide (0.28 g, 1.4 mmol) was added to the
mixture, and heating was continued for 20 h. The reaction mixture was
cooled to room temperature and poured into 50 mL of NH4Cl/brine.
The THF layer was separated and the aqueous layer washed with 3 ×
20 mL of EtOAc. The combined organic fractions were dried over
Na2SO4, filtered, and concentrated. Column chromatography (EtOAc)
afforded 90.4 mg (28% yield) of 13b as a white solid, mp 147−148 °C:
1H NMR (DMSO-d6) δ 2.25 (s, 6H), 2.89 (s, 3H), 4.51 (s, 2H), 6.86
(s, 2H), 6.93 (s, 1H), 10.5 (br s, 1H). 13C NMR (CDCl3) δ 154.9,
154.1, 138.6, 133.9, 130.1, 126.4, 50.4, 25.2, 21.2. Anal. Calcd for
C12H15N3O2: C, 61.77; H, 6.48; N, 18.02. Found: C, 61.64; H, 6.47;
N, 17.65.
1-(3-Methylbenzyl)-4-methyl-1,2,4-triazoline-3,5-dione (19c). As

above, triethylamine (194 μL, 1.4 mmol) was added to 0.64 g (5.6
mmol) of N-methylurazole in 25 mL of dry THF. The resulting
mixture was heated to 40 °C for 1 h. 3-Methylbenzyl bromide (0.26 g,
1.4 mmol) was added via syringe to the mixture, and heating was

continued for 20 h. The reaction mixture was cooled to room
temperature and poured into 50 mL of NH4Cl/brine. The THF layer
was separated and the aqueous layer washed with 3 × 20 mL of
EtOAc. The combined organic fractions were dried over Na2SO4,
filtered, and concentrated. Column chromatography (EtOAc) afforded
61 mg (20% yield) of 19c as a white solid, mp 113−114 °C: 1H NMR
(CDCl3) δ 2.33 (s, 3H), 3.01 (s, 3H), 4.61 (s, 2H), 7.06−7.14 (m,
3H), 7.21 (t, J = 7.6 Hz, 1H), 8.50 (v br s, 1H); 13C NMR (CDCl3) δ
155.0, 154.1, 138.7, 134.0, 129.3, 129.2, 128.8, 125.6, 50.5, 25.2, 21.3;
HRMS (TOF EI) m/z [M]+ calcd for C11H13N3O2 219.1008, found
219.1011.

UV−Vis Spectroscopic Analysis of Charge-Transfer Com-
plexes. A 30 mM stock solution of N-methyl-1,2,4-triazoline-3,5-
dione (2) was prepared by dissolving 85 mg (0.75 mmol) of freshly
sublimed 2 in 25 mL of dry CH2Cl2. To 1 mL of this solution in a
cuvette was added a solution of 3 mmol of the aromatic substrate in 2
mL of CH2Cl2. The contents were briefly mixed, and the UV−vis
spectrum was collected. Absorbances due to the charge-transfer
complexes were obtained by subtracting the UV−vis spectrum of 2 (10
mM) from the spectra of the mixtures.

Electrochemical Measurements. High-purity acetonitrile was
dried over activated 3 Å sieves under dry nitrogen for 24−48 h before
use. Tetrabutylammonium hexafluorophosphate was dried in vacuo for
24 h and then dissolved in dried acetonitrile to make a 0.1 M
supporting electrolyte solution. An oven-dried 15 mL vial was used to
contain 10 mL of electrolyte, with a customized Teflon cap holding the
three electrodes used. A commercial reference electrode was used,
consisting of a glass body containing a silver wire immersed in
saturated aqueous AgCl in 4 M KCl. The porous glass tip of the
reference electrode was rinsed with dry acetonitrile prior to insertion
into the cell. A 3 mm glassy-carbon-disk electrode was polished with
an aqueous slurry of 0.05 μm alumina, followed by sonication and
rinsing with deionized water. This working electrode and a platinum-
wire counter electrode were also rinsed with dry acetonitrile before
insertion into the cell. The electrolyte in the assembled cell was purged
with ultrahigh-purity nitrogen, and the nitrogen atmosphere was
maintained for all experiments.

Cyclic voltammetry was performed at 0.1 V/s. After the stability of
the solvent was verified to the upper potential limit, substances to be
analyzed were introduced to give final concentrations of 1−3 mM.
Ferrocene was added at 0.5 mM as an internal standard following all
measurements. The average ferrocene potential under these conditions
was measured at 0.470 V versus the reference electrode used. Where
corrections of potentials to the standard hydrogen electrode (SHE)
have been made, a potential of 0.624 V vs SHE was assumed for the
potential of ferrocene.24 Measurements were made at 22 °C.
Voltammetry was collected following the convention in which anodic
processes (i.e., oxidation of substrate) are assigned a positive current.

Computations. All computations were performed using Spartan
ˈ04. DFT calculations were conducted at the UB3LYP/6-31G* level.
Generally, the structures of the neutral aromatic substrates were first
minimized and served as a starting point for the optimization of the
radical cation structure. Frequency calculations were carried out at the
same level of theory to ensure that the geometry represented a true
minimum (i.e., no imaginary frequencies). Spin expectation values ⟨S2⟩
(see the Supporting Information) suggested no appreciable spin
contamination for any of the radical cations.
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