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’ INTRODUCTION

Stable nitroxides are an important class of free radicals with a
wide range of applications in organic synthesis, biophysics,
biomedicine, and materials chemistry.1�9 Such stable radicals
are typically prepared by oxidation of secondary amines with
peroxy-based reagents. For example, oxidation of sterically
hindered secondary dialkylamines with m-chloroperbenzoic acid
(m-CPBA) or dimethyldioxirane (DMDO) provides the corre-
sponding nitroxides in high yields.10,11 However, these peroxy-
based reagents are considerably less efficient for oxidation of
secondary arylamines, and especially diarylamines, to provide
the corresponding arylnitroxides and diarylnitroxides.12,13 This
difficulty contributes to the scarcity of diarylnitroxides.14�18

We recently reported the isolation of a stable diarylnitroxide
diradical 1 with triplet ground state and singlet�triplet energy
gap (ΔEST) exceeding thermal energy at room temperature
(0.6 kcal mol�1).19 Because at room temperature the triplet
ground state is significantly populated19,20 and its diarylnitroxide
moieties allow for a direct extension of the π-system to provide
for effective contacts, the structural motif of 1 is promising for
spintronics applications.21 In addition, diarylnitroxide radicals
with alternating connectivity of nitroxide radicals and m-pheny-
lene ferromagnetic coupling units are attractive building blocks
for high-spin polyradicals that could be useful in the development
of organic magnetic materials.22�25

In the synthesis of 1, we found that oxidations of secondary
diaryl diamines to form the corresponding diaryl nitroxides using
peroxy-based reagents are problematic. When dibenzoyl perox-
ide (BPO) was used as an oxidant, the annelated diamine 2
splendidly underwent three oxidative CC and NN couplings to
give the conjoined double [5]helicene and nitroxide diradical 1
was not detected.26 Oxidation of 2 with DMDO in dichloro-
methane (DCM) at low temperatures (�78 to �40 �C)14
provided reaction mixtures in which nitroxide diradical 1 was
detected at low temperatures by EPR spectroscopy.19 Oxidation
of 2 with m-CPBA in DCM at 0 �C gave nitroxide diradical 1 in
about 20% isolated yields.19
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ABSTRACT: Oxidation of diaryldiamine 2, a tetrahydrodiaza-
pentacene derivative, provides diarylnitroxide diradical 1 ac-
companied by an intermediate nitroxide monoradical and a
multitude of isolable diamagnetic products. DFT-computed
tensors for EPR spectra and paramagnetic 1H NMR isotropic
shifts for nitroxide diradical 1 show good agreement with the
experimental EPR spectra in rigid matrices and paramagnetic
1H NMR spectra in solution, respectively. Examination of the
diamagnetic products elucidates their formation via distinct
pathways involving C�O bond-forming reactions, including
Baeyer�Villiger-type oxidations. An unusual diiminoketone structure and two spirocyclic structures of the predominant
diamagnetic products are confirmed by either X-ray crystallography or correlations between DFT-computed and experimental
spectroscopic data such as 1H, 13C, and 15N NMR chemical shifts and electronic absorption spectra.
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These intriguing results prompted us to investigate the oxida-
tion reactions of diaryldiamine 2. In addition to diradical 1, we
isolated monoradical and diamagnetic products from reaction of
2 with DMDO and m-CPBA. We also obtained the DFT-
computed EPR spectra for diradical 1 and paramagnetic 1H
NMR spectra for diradical 1 and its monoradical precursor.
These investigations provide a wealth of information on the
oxidation of diaryldiamine 2, for which we report herein the
analysis of reaction pathways to diradical 1, an unusual diimino-
ketone structure, and two spirocyclic structures of diamagnetic
products.

’RESULTS AND DISCUSSION

Oxidation of Diamine 2with DMDO.Oxidation of diamine 2
with DMDO (∼4�8 equiv) is carried out at �78 to �20 �C in
acetone or DCM under conditions similar to those previously
described.14,19 After workup at ambient temperature, 1H NMR
spectra of the crude reaction mixtures show one predominant
diamagnetic product (Figure S31, Supporting Information).
However, the isolated yield of this product is only ∼40%. The
FABMS, employing a matrix containing sodium salts, shows the
peak corresponding to [M + Na]+ ion with dominant intensity
in the m/z 350�1000 range, and its mass is within <3.4 ppm of
the calculated value for C32H38N2O2Na1, indicating that this
product is a diamagnetic isomer of nitroxide diradical 1
(C32H38N2O2). We assign this product as structure 3 (eq 1),
though other alternative structures may not be excluded.

Oxidation of Diamine 2withm-CPBA.Oxidation of diamine
2 with m-CPBA is carried out at 0 �C in DCM, for which we
explored the reactions using 6, 4, and 2 equiv of m-CPBA.
We recently reported isolation of nitroxide diradical 1 in

∼20% yield from reactions of diamine 2 with 6 equiv of m-
CPBA inDCM, followed by a rapid filtration through deactivated
silica gel.19 Although EPR spectra of the isolated nitroxide
diradical in frozen solution showed only a small content of
monoradical byproduct, paramagnetic susceptibility studies by
superconducting quantum interference device (SQUID) mag-
netometry in the solid state, as well as the NMR-based Evans
method in solution, indicated significant content of diamagnetic

byproducts. Thorough purification of the products from similar
oxidations give diradical 1 in 5�10% isolated yields, for which a
negligible content of paramagnetic and diamagnetic byproducts
was detected, as determined by EPR spectroscopic and magnetic
data.19

In these crude reaction mixtures, we now identify nitroxide
monoradical 1a, as well as three diamagnetic byproducts, 4
(C32H38N2O3), 5 (C31H38N2O2), and 6 (C31H40N2O3), which
are isolated in 14%, 9%, and 4% yields, respectively (Scheme 1).
1HNMR spectra of the reactionmixtures show 4 as the dominant
component; in the mass spectra, the relative intensities for the
ions corresponding to 4, 5, and 6 depend on the ionization
method (EI vs FAB) and the matrix in FAB (Scheme 2) (Table
S12, Supporting Information). Notably, structure of the domi-
nant byproduct 4 has one more oxygen atom than 3.
We further investigated the oxidation of diamine 2 using 4 and

2 equiv ofm-CPBA in DCM by 1HNMR spectroscopy and mass
spectrometry (LR-FABMS). The reaction using 4 equiv of m-
CPBA gives a crude reaction mixture that contains mostly
byproduct 4, as confirmed by the [M + H]+ at m/z 499.3, with
an admixture of the starting diamine 2. When the oxidation of 2 is
carried out using 2 equiv ofm-CPBA, the crude reactionmixtures
show predominantly the starting diamine 2 (FABMS: [M]+ at
m/z 453.3 and [M�CH3]

+ atm/z 437.3) and a lower content of
4 (Supporting Information). Similar results are obtained for
oxidation of diamine 2 using 6, 4, and 2 equiv of m-CPBA in
benzene at 6 �C (Scheme 2).
Separation of crude reaction mixtures obtained using 2 equiv

of m-CPBA produces unreacted diamine 2 in about 40% yield.
Monoradical 1a and byproduct 4 are isolated in low yields, as well
as trace amounts of byproducts 5 and 6 (eq 2).

Scheme 1. Reaction of Diamine 2 with 6 equiv of m-CPBA

Scheme 2. Crude Reaction Mixtures from Reaction of
Diamine 2 with m-CPBA According to 1H NMR and
LR-FABMS Analysis
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Oxidation of Diamine 2 with Other Oxidants. We also ex-
plored oxidation of diamine 2 with other common oxidants. Reac-
tions of 2 with 4-methoxyperbenzoic acid lead primarily to dia-
magnetic byproducts.27 However, the reaction of 2 usingNa2WO4/
H2O2 under phase-transfer catalysis leads to the formation of
nitroxide monoradical 1a (with a small admixture of diradical 1)
that is isolated in ∼30% yield (Scheme 3). In addition, another
paramagnetic product 1b with complex hyperfine splittings in the
EPR spectra is isolated (Figure S30, Supporting Information).
Upon further oxidation with m-CPBA, monoradical 1a gives

nitroxide diradical 1 (Figures S28 and S29, Supporting In-
formation), though the overall isolated yields, based upon
diamine 2, are low. Thus, nitroxide monoradical 1a is likely an
intermediate in oxidation of diamine 2withm-CPBA (6 equiv) to
nitroxide diradical 1.
Analysis of the Isolated Paramagnetic Products: Diradical

1 and Monoradical 1a. Although 1 was isolated as a solid,
attempts to grow adequate crystals for an X-ray structure
determination were not successful. Therefore, we relied on the
correlation between the experimental and DFT-computed EPR
spectra for the structural analysis for 1, as well as for the
intermediate monoradical 1a. Analogous analyses have routinely
been applied to NMR and electronic spectra of moderate-size
organic molecules,28�30 and recent advances in DFT methods
make such computations feasible for organic monoradicals and
diradicals, i.e., EPR spectra in glassy solutions and paramagnetic
1H NMR spectra in fluid solutions.31�35

The geometries of 1 and 1a are optimized at the UB3LYP/
6-31G(d,p)+ZPVE level.36 In both 1 and 1a, the π-system
composed of benzene rings and nitroxides is planar, similar to
that in the X-ray structure of diamine 2.26 Anisotropic D-, g- and
A-tensors are computed at the UB3LYP/EPR-II level using
ORCA37 for EPR spectra in rigid matrices (glassy solutions).
Isotropic electron�nucleus hyperfine coupling constants (or
splittings aiso/2 for triplet diradical and aiso for doublet mono-
radical) are calculated at the UB3LYP/EPR-III levels using
Gaussian 0936 for EPR spectra and paramagnetic 1H NMR
spectra in fluid solutions.
EPR Spectra for 1. Experimental EPR spectrum for diradical 1

in glassy toluene at 140 K shows six symmetrically positioned
side bands that are associated with a triplet state with moderate
values of zero-field splitting (zfs) parameters, D and E. The
DFT calculation, based upon spin�spin only approximation
(magnetic dipole�dipole interaction between unpaired electro-
ns), somewhat overestimates the spacing of the outer Z-bands,
2|D|, and the spacings of the inner X- and Y-bands, approxi-
mately 3|E| (Figure 1).31,34 14N hyperfine coupling of two
nitrogens splits the inner Y-bands into quintets as expected for
the planar nitroxide-m-phenylene-nitroxide π-system in 1. The
spacings within the quintet should correspond to |AYY|/2, where
AYY is the largest principal value of the 14N A-tensor oriented
parallel to the direction of the 2pπ orbital on the nitrogens

(Y-axis). The DFT-calculated values of AYY/2 = 0.837 �
10�3 cm�1 and 0.892 � 10�3 cm�1 at the UB3LYP/EPR-II
and UB3LYP/EPR-III levels, respectively, slightly underestimate
the experimental value of 1.06 � 10�3 cm�1. The positions of
each pair of the bands, labeled by X, Y, and Z in Figure 1, is
determined by the corresponding principal values of the g-tensor,
that is, gXX, gYY, gZZ. The DFT-calculated values of gXX, gYY, gZZ,
using coupled-perturbed Kohn�Sham (CP-KS) theory at the
UB3LYP/EPR-II level,32 are in good agreement with the corre-
sponding experimental values, including the isotropic g-value,
giso = (gXX + gYY + gZZ)/3 (Table 1).
EPR Spectra for 1a. The EPR spectrum of nitroxide mono-

radical 1a in toluene at room temperature can be adequately
simulated with a simple set of 14N and 1H hyperfine splittings
(Figure 2 and Figure S28, Supporting Information). For 1a in
toluene, the 14N hyperfine splitting is greater and the 1H
hyperfine splitting at the ortho-positions is smaller than analo-
gous values of 0.97 and 0.19 mT in 4,4-di-tert-butyl-diphenylnitr-
oxide radical in toluene,14 as expected for greater delocalization
of spin density from nitroxide to the phenyls in the planar
structure of 1a. DFT-calculated hyperfine splittings at the
UB3LYP/EPR-III level of theory reproduce the experimental
values qualitatively (Figure 2). The calculated giso = 2.0053 at the
UB3LYP/EPR-II level (CP-KS theory) is also in good agreement
with the experimental value of giso = 2.0051 in toluene at room
temperature.

1H NMR Spectra for 1 and 1a. Paramagnetic 1HNMR spectra
provide structural information that is complementary to the EPR
spectra. 1H NMR spectra of concentrated, fluid solutions of
organic radicals (∼0.1 M and higher) typically could be obtained
for those protons with relatively low spin densities,13,33,35,38

which usually possess too small hyperfine splittings to be
resolved in the EPR spectra. Because the paramagnetic shifts in

Figure 1. EPR spectra for nitroxide diradical 1. Top: DFT-calculated
spectrum at the UB3LYP/EPR-II level of theory. Bottom: experimental
spectrum in toluene at 140 K and spectral simulation. Tensors obtained
from spectral simulation of the experimental spectrum and from DFT
calculations are summarized in Table 1.

Scheme 3. Oxidations of Diamine 2withNa2WO4/H2O2 and
m-CPBA
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organic radicals such as 1 and 1a are primarily determined by the
Fermi contact terms (s-type spin density at the observed
nucleus),33 the 1H chemical shift of each proton depends on
the sign and magnitude of isotropic electron�proton hyperfine
coupling constants (or splittings aiso/2 for triplet diradical and
aiso for doublet monoradical), as well as the diamagnetic con-
tribution to the shift such as the 1H chemical shift in the
diamagnetic reference compound such as diamine 2.

1H NMR spectra of 1 and 1a were obtained in chloroform-d at
room temperature. For nitroxide diradical 1, a broad, intense
resonance centered at about 9.0 ppm is observed (Figure S23,
Supporting Information).19We assign this resonance to protons of
the tert-butyl groups (C(CH3)3) and gem-dimethyl (C(CH3)2)
groups, for which positive paramagnetic shifts are expected due
to the conjugative transfer of positive spin density from the
π-conjugated system (nitroxides and corresponding ortho/para
positions) to the methyl hydrogens (“homohyperconjugation”),39

analogously as in other planar aryl nitroxide diradicals.13 This
assignment is confirmed by the UB3LYP/EPR-III calculations of
isotropic 1H hyperfine couplings in 1, which give 1H chemical
shifts of 9.0 and 12.8 ppm for C(CH3)3 and C(CH3)2 groups,
respectively (Table S2, Supporting Information). For nitroxide
monoradical 1a, several 1H resonances in the (�1)�10 ppm
range are observed (Figures S24, S25, and S27, Supporting
Information). The UB3LYP/EPR-III calculations of isotropic
1H hyperfine couplings in 1a indicate that all protons with small,
unresolved 1H splittings (e0.01 mT) in the EPR spectra of 1a
(Figure 2) are predicted to have 1H chemical shifts in the 1�13
ppm range (Table S3, Supporting Information) that is similar to
what is observed experimentally.

Analysis of Diamagnetic Byproducts. X-ray Structure of 3.
Structure of the diamagnetic product 3 obtained from oxidation
of 2 with DMDO is established unequivocally by X-ray crystal-
lography (Figure 3). The asymmetric unit consists of two
crystallographically unique molecules with opposite configura-
tions at the chiral carbons and three solvent molecules
(dichloromethane).40

Reaction of 3 with m-CPBA. Interestingly, we find that 3,
which is isolated from the reaction of diamine 2 with DMDO,
reacts withm-CPBA (∼1 equiv) to give a product that is identical
to the major diamagnetic byproduct isolated from oxidation of 2
with m-CPBA (4, C32H38N2O3), as well as a minor product 7
that is an isomer of 5, C31H38N2O2 (Scheme 4).
In addition, we find that when 4 is loaded on silica gel at

ambient conditions, it slowly transforms to a new product, for
which both 1HNMR spectra in the aromatic region and Rf values
are identical to those for 5.
Possible Reaction Pathways from 3 to 4, 5, 6, and 7. The

formation of 4 and 5, which are diamagnetic byproducts formed in
the oxidation of 2withm-CPBA, in the reaction of 3withm-CPBA
provides a clue that 3might be an intermediate in the oxidation of
2; however, neither 3 nor 7 are detectable in the crude reaction
mixtures of such a reaction.We are intrigued to investigate possible
transformation pathways from 3 to these products, for which we
explore similar transformations in the literature to deduce possible
structures in these processes and then verify these structures by
computational studies (Scheme 5).

Table 1. Selected EPR and 1H NMR Spectral Parameters for Nitroxide Diradical 1 Calculated at the UB3LYP/EPR-II and
UB3LYP/EPR-III Levels of Theorya

D � 103

(cm�1)

E � 103

(cm�1)

14N AYY/2 � 103

(cm�1)

14N Aiso/2 � 103

(cm�1) gXX gYY gZZ giso

1H (t-Bu)

δ (ppm)

1H (CMe2)

δ (ppm)

EPR-II �17.7 �4.22 0.837 0.258 2.0083 2.0022 2.0055 2.0053

EPR-III 0.892 0.272 9.0b 12.8b

experimentc 12.25 1.40 1.06 2.0076 2.0020 2.0047 2.0045 9.0 9.0
aUB3LYP/EPR-II and UB3LYP/EPR-III using ORCA and Gaussian09, respectively; optimized geometries at the UB3LYP/6-31G(d,p)+ZPVE level
using Gaussian09. bChemical shifts calculated using averaged isotropic 1H hyperfine couplings for two C2v-symmetric conformations of 1,
corresponding to 180� rotation of the tert-butyl groups (Tables S1 and S2, Supporting Information). c EPR spectrum in toluene at 140 K and 1H
NMR spectrum in chloroform-d at room temperature; signs of the zero-field splitting parameters D and E not determined by the experiment.19

Figure 2. Structure for the nitroxide monoradical 1a, illustrating
UB3LYP/EPR-III-computed (red) and experimental (black) 1H and
14N hyperfine splittings (mT) resolved in the EPR spectra of 1a in
toluene at room temperature (Figure S28, Supporting Information).
Calculated splittings are averaged for two Cs-symmetric conformations
of 1a, corresponding to 180� rotation of the tert-butyl groups. The
unresolved splittings are computed to be e0.01 mT, and in particular
14N hyperfine splitting for the amine group (NH) is on the order
of �0.005 mT (Table S3, Supporting Information). Figure 3. Molecular structure and conformation for 3, themain product

of oxidation of diamine 2with DMDO. (A) Top view of 3; (B) side view
of 3. In the top view, carbon, nitrogen, and oxygen atoms are depicted
with thermal ellipsoids set at the 50% probability level. The second
unique molecule and solvent molecules are omitted for clarity.
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Structure of 3 may be considered to consist of two imine
moieties, for which an imine N-oxide may be expected as the
product from reaction of 3 with m-CPBA. A similar example in
the literature is the reaction of N-phenyl-p-quinoneimine with
perbenzoic acid in benzene at room temperature (24 h) in
subdued light to give brown crystals of the corresponding
N-oxide (80% yield).41 However, the spectral data preclude that
colorless solid 4 could be an imine N-oxide.

The structure of 3 may also be viewed as an unsaturated
α-diiminoketone with cross-conjugated CdN and CdO moi-
eties analogous to α-triketones. It is well-known that α-diketones,
including unsaturated α-diketones such as o-benzoquinones and
o-naphthoquinones, readily react with Baeyer�Villiger reagents
(peroxyacids, etc.) to form cyclic anhydrides in inert solvents.42�45

That is, the oxygen is preferentially inserted between the
carbonyl groups, compared to the less favorable formation of
oxacyclopropane or ester.46,47

There are only a few reports on reactions of α-iminoketones
and their derivatives with peroxy compounds. Among those
relevant to this work are reports on preferential insertion of
oxygen between the imino and carbonyl groups, analogously as in
α-diketones.43,48,49 Specifically, the reaction of 3-oxo-2-pheny-
lindolenine with m-CPBA in chloroform at room temperature
produces the corresponding benzoxazine structure (eq 3).48

Scheme 4. Oxidation of 3 withm-CPBA and Transformation
of Byproduct 4

Scheme 5. Proposed Reaction Pathways Leading to Isolated Products 4, 5, 6, and 7a

aCalculated relative energies (kcal mol�1) in DCM (and in the gas phase) versus 8A and 5 for the C32H38N2O3 isomers (black color) and the
C31H38N2O2 isomers (blue color), respectively. For each structure, energies for the lowest energy conformers, which are minima on the potential
surface, are shown. For the energies in dichloromethane, B3LYP/6-31G(d,p)/IEF-PCM-UA0//B3LYP/6-31G(d,p)+ZPVE level of theory was used,
except for the C31H38N2O2 isomers (blue color) for which B3LYP/6-31G(d,p)/IEF-PCM-UAHF//B3LYP/6-31G(d,p)+ZPVE level of theory was
used. For the energies in the gas phase, B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p)+ZPVE level of theory was used.
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The significant reactivity of the α-iminoketones in Baeyer�
Villiger-like oxidations may be associated with the facile addition
of peroxy reagents to the imino moiety, as indicated by the
detection of the corresponding tetrahedral intermediates be-
tween hydrogen peroxide and 3-oxo-2-arylindolenines.49

On the basis of these reports, we postulate that the initial step
in the reaction of 3 with m-CPBA corresponds to a
Baeyer�Villiger-type oxidation, in which the oxygen atom is
inserted between the imino and carbonyl groups. Two seven-
membered ring constitutional isomers 8A and 8B are possible,
for which we determine by DFT computations that their lowest
energy conformations have similar energies (Scheme 5). It is
plausible that 8Bmight be preferred under the kinetic control of
Baeyer�Villiger oxidation leading to the migration of more
hindered group.50 Because 8A and 8B contain an isoimide
moiety, the subsequent rearrangement could lead to the corre-
sponding imides 9A and 9B via 1,3-shift of the acyl group from
oxygen to nitrogen (Mumm rearrangement).51,52 Alternatively,
high reactivity of the carbonyl group in isoimides toward
nucleophiles53 could lead to the acylation of the alcohol moiety

(“transesterification”) in 8A and 8B to provide 4A and 4,
respectively (Scheme 5).
However, the Mumm rearrangement can be quite slow for

cyclic isoimides,52 and in the case of 8A and 8B, the rearrange-
ment could be even less favorable because the products 9A and
9B have bicyclic structures, with a bridgehead double bond in 9A.
The low thermodynamic driving force for the rearrangement to
9A and 9B is suggested by the DFT-calculated energies for their
major conformers, which are 10�13 kcal mol�1 above 8A and
4�6 kcal mol�1 below 8B, respectively. The DFT calculations
indicate much more downhill pathways for the intramolecular
transesterifications to provide 4A and 4, respectively (Scheme 5).
In particular, the spirocyclic structure with two six-membered
rings such as 4 is >30 kcal mol�1 below 8B. Therefore, we assign
this spirocyclic structure to the major isolated byproduct 4.
We propose that decarbonylation of the α-imino-δ-lactone

moiety in 4 provides an isoamide moiety in the spirocyclic
product 5, to account for the experimental observation that 5
is formed directly from 4. This observation is also supported
by the reports of surprising acid-catalyzed decarbonylations
of carboxylic acid derivatives,54 including decarbonylation of a
δ-lactone moiety,55 and the well-known utility of silica gel as an
acid catalyst.56�58 An alternative decarbonylation pathway with
loss of CO from the δ-lactam moiety in 4, to provide another

Figure 4. Calculated and experimental 1H and 13C NMR chemical shifts for 4 and 4A. (A) Correlations between calculated (δDFT) and experimental
(δexpt)

1H and 13CNMR chemical shifts. Solid lines are the best fit to δDFT = a + bδexpt for 4. (B, C) Difference between scaled (δscaled = (δDFT� a)/b)
and experimental (δexpt)

1H and 13C NMR chemical shifts. Statistical parameters are summarized in Table 2.
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spirocyclic structure 5A that is 10 kcal mol�1 above 5, is
considered to be less likely.
We consider the possibility that 8A or 8B may undergo

additional Baeyer�Villiger oxidation with the insertion of oxy-
gen between the imino and carbonyl groups to provide eight-
membered ring structures such as 10. The formation of 10,
followed by hydrolysis and "decarboxylation", may provide a
pathway toward the minor byproduct 6 (Scheme 5).
It is plausible that intramolecular transesterification and/or

decarboxylation of 10 might provide alternative pathways to the
byproduct 5 as well as the minor byproduct 7, which also might
possibly form via decarbonylation of either 8A or 8B (Scheme 5).
Structure Determination for Diamagnetic Byproducts 4,5,6,

and 7 Using NMR Spectroscopy. Spirocyclic structures of major
byproducts 4 and 5 are confirmed by the assignment of their
experimental 1H and 13C NMR spectra in acetone-d6 using
standard 2D NMR spectroscopy, including 1H�13C HSQC,
1H�13C HMBC, 1H�1H NOESY, and 1H�15N HSQC. The
detection of 1H�15N HSQC cross-peak between 1H at δ = 9.62
ppm and 15N at δ = �250 ppm (relative to nitromethane at 0.0
ppm) for 4 and between 1H at δ = 9.52 ppm and 15N at δ =�248
ppm for 5 unambiguously establishes the presence of the NH
group in the amide (lactam)moiety in each compound. This NH
group provides an anchor for the assignment of remaining
hydrogens and carbons, as detailed in the Supporting Informa-
tion (Section 7). For byproduct 4, the presence of the amide-type

NH group limits the possible structures to spirocyclic 4 or
four-membered ring 4A and specifically precludes other
structures such as 8A, 8B, 9A, and 9B that are devoid of the
amide or lactam moieties (Scheme 5). For 5, an alternative
spirocyclic structure with an NH moiety such as 5A that could
possibly be formed via decarbonylation of the lactam moiety
in 4 (Scheme 5) is less likely because of the observed 15N
NMR chemical shifts.
Additional evidence in support of spirocyclic structures 4 and

5 is obtained from the correlation between the DFT-calculated
and experimental 1H and 13C NMR chemical shifts.

1H and 13C NMR isotropic shieldings for 4, 5, 4A, 5A, and
tetramethylsilane are computed using the GIAO/B3LYP/
6-31G(d,p) level of theory with the IEF-PCM-UA0 solvent
model for acetone (Gaussian 03), to provide calculated 1H and
13C NMR chemical shifts δDFT(

1H) and δDFT(
13C) for direct

comparison with the experimental NMR spectra in acetone-d6.
59

As the IEF-PCM solvent model does not properly account for
specific solvent�solute interactions such as hydrogen bonding,60

the protons of NH moieties are not included in the analyses.
For 4 and 5, the correlations between DFT-computed and

experimental NMR chemical shifts give correlation coefficients
(R2) that are expected for correctly assigned structures of medium
sized organic molecules (Figures 4A and 5A, Table 2).28,61 More-
over, the alternative structure assignments 4A and 5A have lower
values of R2, especially for 13C NMR chemical shifts (Table 2).

Figure 5. Calculated and experimental 1H and 13C NMR chemical shifts for 5 and 5A. (A) Correlations between calculated (δDFT) and experimental
(δexpt)

1H and 13CNMR chemical shifts. Solid lines are the best fit to δDFT = a + bδexpt for 5. (B, C) Difference between scaled (δscaled = (δDFT� a)/b)
and experimental (δexpt)

1H and 13C NMR chemical shifts; upper and lower atom numbering corresponds to that for 5 and 5A, respectively. Statistical
parameters are summarized in Table 2.
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The relationship between computed and experimental NMR
chemical shifts is further illustrated by applying the correlations
to scale linearlyδDFT(

1H) and δDFT(
13C), to provide δscaled(

1H)
and δscaled(

13C), and then plot the differences between the scaled
and experimental NMR chemical shifts for each distinct carbon
and hydrogen atom in the structure (Figures 4B,C and 5B,
C).29,62 These plots clearly suggest that structural assignments
for 4 and 5 possess better agreement with the theory than the
alternative constitutional isomers 4A and 5A, respectively. This
conclusion is further supported by low values for statistical
parameters such as (MaxErr) and (CMAE) for 4 and 5
(Table 2), as expected for correctly assigned structures. As
expected, overall agreement between the theory and experiment
is somewhat better for 13C versus 1H NMR chemical shifts.28,61

NMR spectroscopic characterization of the minor byproducts
6 and 7 was hindered by their limited availability. Also, the
spectra of 6 are broadened. 1H NMR spectra of byproducts 3, 4,
5, 6, and 7 indicate structural similarities such as two AMX (or
ABX) spin coupling systems for 4-tert-butyl-substituted benzene
rings are observed, which implies that these two benzene rings
are intact after oxidation. Each compound has 2 distinct gem-
dimethyl moieties with diastereotopic methyl groups (4 different
methyl groups) and 2 distinct tert-butyl groups. The sole
exchangeable proton in 7 and in 3 has 1H chemical shift in the
5�6 ppm range (acetone-d6), as expected for tertiary alcohols of
similar structure; analogous proton in 6 could not be unequi-
vocally assigned due to spectral broadening. The exchangeable
protons of the NH groups in the lactam moieties of 4, 5, and 6
have similar 1H chemical shifts in the 9.0�9.8 ppm range
(acetone-d6). The presence of these NH groups is confirmed
by 1H�15NHSQC experiments as already described for 4 and 5;
despite spectral broadening for 6, two 1H�15N HSQC cross-
peaks could be detected between 1H at δ = 9.76 and 9.00
ppm and 15N at δ = �251 and �241 ppm, respectively (Figure
S55, Supporting Information). These 15N NMR chemical shifts
for 4, 5, and 6 are within the typical range for NH groups in
amides, and also, DFT-calculated 15N NMR chemical shifts for
these NH groups are within 3 ppm of the experimental values
(Table S9, Supporting Information).
Experimental and Computed UV�vis Absorption Spectra.

UV�vis spectrum of 3 is obtained in heptane, while the spectra
of relatively polar 4 and 5 are recorded in acetonitrile. The
computed UV�vis spectra are obtained at the TD-B3LYP/6-
31G(d,p) level of theory with the IEF-PCM solvent model for
heptane or acetonitrile for direct comparison with the experi-
mental UV�vis spectra. The computed spectra for the proposed
structures 3, 4, and 5 qualitatively reproduce the observed
experimental spectral pattern of three major bands for 3 and
two major bands for 4 and 5 in the 220�600 nm range but with

slightly red shift of the bands at the longest wavelengths.30 The
agreement between the computed UV�vis spectra for structures
4A and 5A and the experiment is less satisfactory (Figure 6), and
thus these structures are excluded and the structural assignments
of 4 and 5 by the NMR spectroscopy are affirmed.

’CONCLUSION

Oxidation of annelated diaryl diamine provides paramagnetic
products such as nitroxide diradical 1 and monoradical and
diamagnetic byproducts. DFT-computed tensors for EPR spec-
tra and paramagnetic 1H NMR isotropic shifts for nitroxide
diradical 1 show good agreement with the experimental EPR
spectra in rigid matrices and paramagnetic 1H NMR spectra in
solution, respectively. Diamagnetic byproducts are formed via
distinct pathways involving C�O bond-forming reactions, inclu-
ding Baeyer�Villiger-type oxidations. Consequently, the yields
of nitroxide radicals were relatively low, ca. 40% per diarylamine
even under carefully optimized conditions, providing corresponding

Table 2. Statistical Parameters for the Correlations of 1H and 13C NMR Chemical Shiftsa

1H 13C

structure a b R2 MaxErr CMAE a b R2 MaxErr CMAE

4 �0.0453 1.0413 0.9948 0.4630 0.1610 4.0738 0.9422 0.9969 6.1112 2.2001

4A �0.0484 1.0137 0.9901 0.6629 0.2078 3.5507 0.9534 0.9794 20.8189 4.5883

5 0.0085 1.0327 0.9966 0.4753 0.1165 4.0036 0.9407 0.9978 6.8853 1.8818

5A �0.0960 1.0482 0.9950 0.4097 0.1706 5.9911 0.9234 0.9785 18.0399 5.5763
a a and b are the intercept and slope of the linear fit to δDFT = a + bδexpt, and R

2 is its correlation coefficient. MaxErr is the maximum corrected absolute
error with respect to the linear fit (|δscaled � δexpt|). CMAE is the corrected mean absolute error for n chemical shifts ((Σ|δscaled � δexpt|/n).

Figure 6. UV�vis absorption spectra: experiment (solid lines) and
theory (dashed lines). The spectra are shifted vertically for clarity.
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nitroxide diradical 1 in about 20% yield. Structures of two of the
major diamagnetic products with spirocyclic structures are con-
firmed by correlations between DFT-computed and experimen-
tal 13C and 1H NMR chemical shifts.

’EXPERIMENTAL SECTION

Typical Procedure for Oxidation of Diamine 2withDMDO.
DMDO (0.143M, 1.36mL, 0.194mmol) in acetone at 0 �Cwas vacuum
transferred to diamine 2 (20.0 mg, 0.0442 mmol) in degassed dichlor-
omethane in a Schlenk tube at�78 �C, and the greenish yellow reaction
mixture was allowed to attain �20 �C. After 2 h at�20 �C, the reddish
orange reaction mixture was concentrated in vacuo. The resultant
yellow/brown crude product (22.8 mg) was purified by column
chromatography (silica, DCM/ether, 7:3, ambient temperature), and
then PTLC (silica, DCM/ether, 7:3, 0 �C), to provide compound 3
(8.5 mg, 40%) as a yellow solid.
Compound 3. Rf = 0.19 (DCM/ether, 4:1). Mp > 200 �C. (dec,

under argon). 1H NMR (400 MHz, acetone-d6): δ 7.661 (d, J = 2.0 Hz,
1H), 7.612 (d, J = 2.0 Hz, 1H), 7.521 (d, J = 8.0Hz, 1H), 7.514 (d, J = 8.0
Hz, 1H), 7.437 (dd, J = 2.0, 8.0 Hz, 1H), 7.417 (dd, J = 2.0, 8.0 Hz, 1H),
6.858 (s, 1H), 5.095 (s, 1H, exch D2O), 1.733 (s, 3H), 1.604 (s, 3H),
1.578 (s, 3H), 1.371 (s, 9H), 1.369 (s, 9H), 0.958 (s, 3H). 13C and 1H
NMR spectra in chloroform-d, see Supporting Information. HR-EIMS:
482.2935 [M]+ (�0.4 ppm for 12C32

1H38
14N2

16O2). IR (cm�1): 3367,
3065, 2961, 2925, 2867, 1698, 1559, 1548, 1463, 1363, 1030, 1001, 836.
UV�vis (heptane), λmax/nm (εmax/L mol�1 cm�1): 239 (∼9 � 103),
328 (∼6 � 103), 402 (∼6 � 103).
General Procedure for Oxidations of Diamine 2 with 2, 4,

and 6 equiv of m-CPBA in DCM or Benzene. A solution of
purified and driedm-CPBA14,19 (2 equiv, potential hazard63) was slowly
added to a solution of diamine 2 (1 equiv) at 0 �C (dry DCM as solvent,
vacuum transferred) or 6 �C (dry benzene as solvent, vacuum trans-
ferred) under nitrogen atmosphere. After 20 min, the reaction mixture
was concentrated in vacuo at 0 �C (DCM as solvent) or 6 �C (benzene
as solvent), to provide crude product. (For reactions with 4 and 6 equiv
ofm-CPBA, additional 2-equiv portions ofm-CPBAwere slowly added.)
The crude product was filtered through silica gel plug at 0 �C using
DCM/ether (95:5), to provide the major less polar fraction containing
nitroxide radicals, and then DCM/ether (1:2), followed by DCM/
MeOH (4:1), to collect more polar fraction containing diamagnetic
products.

Alternatively, the crude reaction mixture was filtered through silica
plug at room temperature (benzene/ether, 95:5) to provide the major
less polar fraction (Rf ≈ 0.4) containing nitroxide radicals; subsequent
PTLC separations (silica, benzene/ether, 98:2 and DCM/ether, 98:2)
gave diradical 1 (when 6 equiv ofm-CPBA was used) and monoradical 1a.

The more polar fraction was dissolved in DCM, washed with pH 7.4
phosphate buffer, dried over Na2SO4, and then concentrated. Purifica-
tion by PTLC at 0 �Cprovided diamagnetic byproducts; when 6 equiv of
m-CPBA in DCMwas used the isolated yields were as follows: 4 (14%),
5 (9%), and 6 (4%).
Oxidation of diamine 2 with Na2WO4/H2O2. Diamine 2 (50.0

mg, 0.110 mmol), Na2WO4-dihydrate (72.5 mg, 0.220 mmol), Me3N-
(C12H25)Cl (16.9 mg, 0.055 mmol), hydrogen peroxide (35 wt %,
2.0 mL), and DCM (12 mL) were stirred for 14 h at room temperature.
The reaction mixture was filtered and concentrated under vacuo to
provide crude product (70.7 mg). PTLC (silica, DCM/ether, 15:1)
provided two main fractions that were EPR active; the more polar
fraction corresponded to nitroxide monoradical 1a with a small admix-
ture of diradical 1 (17.8 mg, ∼30%) and the less polar fraction
corresponded to radical 1b (21.1 mg).

Subsequent oxidation of 1a (5.1 mg, 0.011 mmol) with m-CPBA
(4.75 mg, 2.5 equiv) in DCM (4 mL, vacuum transferred) under

nitrogen atmosphere overnight gave a low yield of nitroxide diradical
1 (∼0.5 mg, ∼10%).
Nitroxide Diradical 119. 1H NMR (500 MHz, 7.3 mg of 1 in

0.5 mL of chloroform-d): δ ∼9.0 (br s).
Nitroxide Monoradical 1a. EPR (X-band, toluene, 295 K): giso =

2.0051. 1HNMR (500MHz, 3.5 mg of 1a in 0.5 mL of chloroform-d): δ
∼8.77 (br s), 7.760 (s), 6.110 (s), 1.295 (s), �0.68 (br s). IR (cm�1):
3377, 2966, 2927, 2869, 1612, 1506, 1459, 1413, 1361, 1326, 817.
Compound 4. Rf = 0.63 (DCM/MeOH, 25:1 at 0 �C). Purified by

PTLC (silica) at 0 �C, using DCM/MeOH (96:4), to provide the
product as a white solid (Rf = 0.34 in DCM/MeOH, 95:5). Mp
239�240 �C (under air). 1H NMR (400 MHz, acetone-d6): δ 9.620
(br s, 0.8H, exch D2O), 7.546 (d, J = 2.0 Hz, 1H), 7.514 (d, J = 2.0 Hz,
1H), 7.483 (d, J = 8.4Hz, 1H), 7.398 (dd, J = 2.0, 8.0 Hz, 1H), 7.352 (dd,
J = 2.0, 8.0 Hz, 1H), 6.974 (d, J = 8.4 Hz, 1H), 6.363 (s, 1H), 1.607 (s,
3H), 1.425 (s, 3H), 1.355 (s, 9H), 1.335 (s, 3H), 1.317 (s, 9H), 1.216 (s,
3H). 13C NMR (100 MHz, acetone-d6,

1H�13C HMQC cross-peak at
500/125 MHz): δ 166.6 (q), 161.4 (q), 154.5 (q), 147.8 (q), 145.9 (q),
144.0 (q), 140.4 (q), 137.6 (q), 133.4 (q), 131.1 (7.483), 130.4 (q),
127.1 (6.363), 126.2 (7.352), 125.5 (7.398), 123.4 (7.546), 122.6
(7.514), 116.6 (6.974), 86.5 (q), 42.8 (q), 32.9 (q), 35.8 (q), 35.3
(q), 34.7 (1.216), 31.8 (1.355), 31.5 (1.317), 24.7 (1.335), 24.6
(1.425), 20.1 (1.607). HR-EIMS: 498.2883 [M]+ (�0.2 ppm for
12C32

1H38
14N2

16O3). IR (cm�1): 3238, 3066, 2963, 2929, 2869, 1758,
1698, 1506, 1463, 1366. UV�vis (acetonitrile), λmax/nm (εmax/L
mol�1 cm�1): 252 (∼2.5 � 104), 358 (∼2 � 104).
Compound 5. Rf = 0.51 (DCM/MeOH, 25:1 at 0 �C). Purified by

PTLC (silica) at 0 �C, using pentane/ether (8:2), to provide the product
as a white solid with blue fluorescence (Rf = 0.28 in DCM/MeOH,
95:5). Mp 334 �C (under air). 1HNMR (400MHz, acetone-d6):δ 9.525
(br s, 0.2�1.0H), 7.453 (d, J = 2.4 Hz, 1H), 7.419 (d, J = 2.4 Hz, 1H),
7.334 (dd, J = 2.0, 8.4 Hz, 1H), 7.219 (dd, J = 2.0, 8.4 Hz, 1H), 7.081 (d,
J = 8.0 Hz, 1H), 6.993 (d, J = 8.4 Hz, 1H), 6.748 (s, 1H), 1.498 (s, 3H),
1.494 (s, 3H), 1.351 (s, 3H), 1.328 (s, 12H), 1.304 (s, 9H), 1.194 (s,
∼1.5H, impurity, 1H�13C HMQC cross-peak to 13C resonance over-
lapped with acetone-d6).

13C NMR (100 MHz, acetone-d6,
1H�13C

HMQC cross-peak at 500/125MHz): δ 170.3 (q), 165.8 (q), 148.7 (q),
147.1 (q), 141.5 (q), 140.1 (q), 135.5 (6.748), 134.15 (q), 133.95 (q),
131.19 (q), 127.20 (7.081), 125.90 (7.334), 125.09 (7.219), 124.46
(7.453), 122.88 (7.419), 116.43 (6.993), 94.20, 42.4 (q), 37.4 (q), 35.22
(q), 35.16 (q), 33.6 (1.494), 32.6 (1.498), 31.82 (1.328), 31.77 (1.304),
24.5 (br, 1.351), 20.6 (br, 1.328). HR-EIMS: 470.2931 [M]+ (0.5
ppm for 12C31

1H38
14N2

16O2). IR (cm�1): 3241, 3147, 3060, 2962,
2930, 2869, 1703, 1664, 1505, 1487, 1462, 1363, 1350, 1257, 1043.
UV�vis (acetonitrile), λmax/nm (εmax/L mol�1 cm�1): 242 (∼2 �
104), 324 (∼8 � 103).
Compound 6. Rf = 0.32 (DCM/MeOH, 25:1 at 0 �C). Purified by

PTLC (silica) at 0 �C, using DCM/MeOH (25:1), to provide the
product as a glassy film. 1H NMR (400 MHz, acetone-d6): δ 9.76 (br s,
1H, exch D2O), 9.00 (br s, 1H, exch D2O), 7.402 (d, J = 2.1 Hz, 1H),
7.31 (br s, 1H), 7.249 (dd, J = 8.4, 2.0 Hz, 1H), 7.224 (dd, J = 8.3, 2.1,
1H), 6.967 (d, J = 8.4 Hz, 1H), 6.816 (d, J = 8.3 Hz, 1H), 6.101 (br s,
1H), 1.16�1.38 (br. m, 12 H), 1.315 (s, 9H), 1.268 (s, 9H). 13C NMR:
not obtained due to resonance broadening. HR-FABMS (3-NBA
matrix): m/z ion type (percent relative amplitude for m/z 486�492,
deviation from formula), 490.3136 [M + H + 1]+ (35, +3.1 ppm for
12C30

13C1
1H41

14N2
16O3), 489.3100 [M + H]+ (100, +3.5 ppm

for 12C31
1H41

14N2
16O3), 488.3009 [M]+ (12, +6.0 ppm for

12C31
1H40

14N2
16O3). IR (cm�1): 3430, 3209, 2960, 2932, 2870, 1685,

1663, 1558, 1505, 1395, 1363, 827, 761, 741.
Oxidation of Compound 3 with m-CPBA: Formation of 4

and 7. A solution of m-CPBA (0.07 M, 39 μL, 2.7 μmol) in DCM was
slowly added to a stirred solution of 3 (1.3 mg, 2.7 μmol) in DCM
(0.4 mL) at 0 �C. After 3 h at 0 �C, the green yellow reactionmixture was
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washed with pH 7.4 phosphate buffer and after further aqueous workup
separated by PTLC (deactivated silica, DCM/ether, 10:1), to provide 4
as a pale yellow solid (∼0.9 mg), 7 as a pale yellow film (∼0.4 mg,
∼30%), and the starting material 3 (∼0.3 mg).
Compound 7. Rf = 0.66 (DCM/ether, 4:1). 1H NMR (500 MHz,

acetone-d6, aromatic region, Figure S60, Supporting Information): δ
8.064 (d, J = 8.0 Hz, 0.78 H), 7.624 (d, J = 2.0 Hz, 1 H), 7.499 (d, J = 8.0
Hz, 1 H), 7.409 (dd, J = 2.0, 8.5 Hz, 1 H), 7.403 (d, J = 1.5 Hz, 1 H, LB =
�0.6Hz, GB = 0.3), 7.335 (dd, J= 2.0, 8.5 Hz, 1H), 6.859 (s, 1H), 5.625
(s, 0.14 H, DCM) 5.615 (s, 0.48 H, exch D2O), 5.5�5.3 (m, 0.73 H,
impurity). Aliphatic region consists of 4 different methyl groups and 2
different tert-butyl groups, as well as the vacuum grease impurity. LR/
HR-FABMS (3-NBA matrix): m/z ion type (percent relative amplitude
form/z 400�600, deviation for the formula): 471.2999 [M + H]+ (100,
2.6 ppm for 12C31

1H39
14N2

16O2), 472.3039 [M + H + 1]+ (38, 1.3
ppm for 12C30

13C1
1H39

14N2
16O2).

Formation of 5 from 4. Compound 4 (5.9 mg, 1.2 μmol) was
applied to a PTLC plate (silica) and then developed with diethyl DCM/
ether (4:1) to ∼16 mm height. After 20 h at ambient conditions, the
plate was further developed, to provide after extraction a first portion of
5 (0.5 mg). The unreacted 4 was left on the plate for 48 h at ambient
conditions and after additional TLC separation provided another
portion of 5 (total 1.9 mg, ∼30%).
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