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ABSTRACT: Aminyl diradical 3, a derivative of aza-m-
xylylene, is expected to be more stable than diradical 1, due
to increased steric protection of the radicals by additional
methyl groups in the pendant group. Here we report synthesis
and characterization of diradical 3. The structure of diamine
precursor 6 is characterized by high-field '"H NMR spectros-
copy in which the two diastereomers (meso and + pair) are
distinguishable. In addition, correlation between the DFT-
calculated and experimental 'H and *C NMR chemical shifts
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provides evidence in support of the diamine structure. Electrochemistry of the diamine is carried out to explore redox properties
and stability of the corresponding aminium diradical dications. The ground state and AEgr for 3 are established by statistical
analyses of mean yT determined by EPR spectroscopy. Decay kinetics of aminyl diradical 3 indicates that the decay of 3 is faster
than that of 1, possibly due to intramolecular hydrogen atom abstraction from benzylic methyl groups in 3, followed by
intermolecular hydrogen atom abstraction from 2-MeTHF solvent.

B INTRODUCTION

High-spin diradicals with large singlet—triplet energy gaps
(AEgr) that far exceed the thermal energy at room
temperature (AEgr > 0.6 kcal mol™") have great potential
as building blocks for organic materials with novel magnetic
properties.'~® Organic radicals that are strongly paramagnetic
at room temperature could impact development of organic
paramagnetic contrast agents for magnetic resonance imaging
(MRI)*'° and relaxation enhancement NMR spectroscopy.''
Purely organic magnets with magnetic ordering near room
temperature are among the most fascinating targets which
remain elusive.”'>'®> The promising pathway toward practical
applications of these materials relies on the development of
high-spin diradicals with AEgy > 0.6 kcal mol™' that are
persistent at room temperature.%"é_8

We recently reported aminyl diradicals 1 and 2—derivatives
of aza-m-xylylene (Figure 1) which possess triplet ground
states with AEgy ~ 10 kcal mol™"."*' These diradicals are
persistent at room temperature, with half-life values on the

m- xnyIene

aza-m-xylylene

Figure 1. m-Xylylene, aza-m-xylylene, and aminyl diradicals 1 and 2.
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order of minutes. Compared to the well-known reactive
intermediate m-xylylene diradical (AEgy ~ 10 kcal mol™),"”
which is observable in solution at room temperature for
hundreds of nanoseconds,'® these aminyl diradicals are
notable advances in high-spin organic molecules. The next
step is to improve the persistence of these diradicals while
maintaining their triplet ground state with large values of
AEgr ~ 10 kcal mol™". The straightforward strategy is to
increase steric protection of the aminyl diradicals, such as in
diradicals 3 and 4 (Figure 2) with additional methyl and tert-
butyl groups in the pendant group.

R =Me, 3
R = tert-butyl, 4

Figure 2. Sterically protected aminyl diradicals.

Diamines 6 and 7 (eq 1), precursors to diradicals 3 and 4
(Figure 2), could be accessible from the previously prepared
bromoamine 5 via the Suzuki-Miyaura cross-coupling with
pinacolboronate, similar to the established szfnthetic pathway
to diamine precursor to aminyl diradical 1."

These are attractive targets for the first step, laying the
groundwork for further development of aza-m-xylylene with
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improved stability. As we worked on the synthesis, we could
obtain diamine 6 but we were disappointed that our attempts
to synthesize diamine 7, by the Suzuki-Miyaura cross-coupling
between S and its corresponding pinacolboronate, were not
successful. In addition, we were surprised to find that the
sterically shielded diradicals 3 decay more rapidly than 1.

Here we report synthesis and characterization of diamine 6
and the corresponding aminyl diradical 3. Structure of
diamine 6 is characterized by high-field "H NMR spectroscopy
in which the two diastereomers (meso-6 and + pair-6) are
distinguishable. In addition, correlation between the DFT-
calculated and experimental 'H and *C NMR chemical shifts
provides evidence in support of the diamine 6 structure.
Electrochemistry of diamine 6 is carried out to explore redox
properties and stability of the corresponding aminium
diradical dications. The ground state and AEgy for 3 are
established by statistical analyses of mean yT determined by
EPR spectroscopy,"® and decay kinetics of aminyl diradical 3
is investigated by EPR spectroscopy.

B RESULTS AND DISCUSSION

Synthesis of Diamine 6—Precursor to Diradical 3.
The pinacolboronate 8 was prepared by adopting a known
procedure starting with Br/Li exchange using t-BuLi (2.1
equiv) in THF at —78 °C of 1l-bromo-2,6-dimethyl-4-tert-
butylbenzene, followed by borylation reaction using 2-
isopropoxy-4,4,S,S-tetramethyl-1,3»,2-dioxoborolane.19

We first attempted the Suzuki-Miyaura cross-coupling of 8
with bromoamine 5 using tetrakis(triphenylphosphine)-
palladium and the conditions employed to prepare the
diamine precursor to diradical 1.'* However, the reaction
failed to yield the target diamine 6. We then tried usin%
Pd,(dba); and a highly reactive phosphine ligand, Sphos,”
which also failed to provide diamine 6. Finally, we modified
the conditions of Fu and co-workers, who employed the
Pd,(dba),/P(t-Bu);/KF catalytic system,*" by using the
Pd[P(+Bu,)],/K;PO, catalytic system and we obtained target
diamine 6 in low yield (Scheme 1).

In our efforts to prepare even more sterically shielded
diamine 7 with fert-butyl groups in the pendant, we could
obtain the corresponding pinacol boronate from 1-bromo-
2,4,6-tri-tert-butylbenzene by employing a procedure analo-
gous to that for 8, but attempts at the Suzuki-Miyaura cross-
coupling, using the Pd[P(#-Bu;)],/K;PO, catalytic system, did
not provide diamine 7 (Supporting Information).

NMR Spectroscopy of Diamine 6. The structure of
diamine 6 is characterized by high-field "H NMR spectros-
copy. As expected, the two diastereomers (meso-6 and + pair-
6), originating from two diastereomers of bromodiamine S,
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Scheme 1. Synthesis of Diamine 6—Precursor to Diradical
tBuLi, THF, ~78°C, 2 h
then -30 °C, 15 min

3
Br
O-p-O~.p. 78 °C then 1t
B i-Pr
d 18h
(90-92%)
8
AL ®
5

Pd[P(t-Buy)],, K3PO4

[Ope]
B

toluene
120-130 °C, 120 h
(8-25%)

are distinguishable (Figure 3). Moreover, it appears that the
rotation of the pendant aryl ring is slow on the 700 MHz 'H
NMR time scale at room temperature.

The slow rotation of the pendant group is evidenced by the
observation of three singlet peaks for both the methyl groups
(6Hy at & = 2.053, 2.043, and 2.033 ppm) and the aromatic
protons (2H, at § = 7.089, 7.083, and 7.078 ppm).”” The
center singlet peaks correspond to + pair-6 because two
methyl groups (H;) or two aromatic protons (H,) are
expected to be homotopic (related by a rotation about a C,-
axis). The outer two singlet peaks correspond to meso-6
because both the methyl groups and aromatic protons are
expected to be diastereotopic. These findings also indicate
that the ratio of the diastereomers, meso-to + pair, is about 2,
which is consistent with the analysis of the aliphatic region of
the '"H NMR spectrum in Figure 3.

A broad singlet peak at 6 = 2.931 ppm (2H.) in
chloroform-d is assigned to the N-H group. This assignment
was confirmed by a cross-peak between 'H at § = 3.216 ppm
(2H,.) and N in "H-""N HSQC spectra in acetone-dg; the
N NMR chemical shift is § = —288.2 ppm (Figure SS,
Supporting Information). Additional evidence for the N-H
group is obtained from a complete H/D exchange of the
singlet at § = 3.051 ppm (2H.) in benzene-dq.

'H and "*C NMR spectra of 6 in acetone-dg or chloroform-
d are obtained using standard 2D NMR spectroscopy,
including "H-"*C HSQC, 'H-"C HMBC, 'H-'H NOESY,
and 'H—"N HSQC (Figures S1 and S2, S5—S9, SI), to assign
the chemical shifts. We obtain the correlation between the
DFT-calculated and experimental 'H and *C NMR chemical
shifts.

Geometry of 6a, a simplified structure for 6, in which the n-
propyl groups are replaced with methyl groups (Figure 4),
and tetramethylsilane are optimized at the B3LYP/6-31G(d,p)
level of theory and confirmed as minima by vibrational
analyses.”®> Using these DFT-optimized geometries, 'H and
3C NMR isotropic shieldings for 6a and tetramethylsilane are
computed at the GIAO/B3LYP/6-31G(d,p) level of theory
with the IEF-PCM-UFF solvent model for acetone or
chloroform (Gaussian 09),~*° to provide calculated 'H and
BC NMR chemical shifts Sppp('H) and Sppr(*C) for direct
comparison with the experimental NMR spectra of 6 in
acetone-dg and chloroform-d.***” For reference, the data for
previously studied diamines precursors to diradicals 1 and
model diradical la are presented in the Supporting
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Figure 3. '"H NMR (700 MHz, chloroform-d) spectrum of diamine 6. Note that the methyl groups, labeled H; and Hy/, are diastereotopic in

both diastereomers of 6.
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Figure 4. (A) Correlations between calculated (Sppr) and experimental (6expt) 13C NMR chemical shifts for 6a and 6, respectively. Solid lines are
the best fit to Oppr = @ + b Seyp- (B) Difference between scaled (8yyeq = (Sppr — @)/b) and experimental (5expt) 13C NMR chemical shifts; error
bars correspond to the standard deviation of chemical shifts calculated for carbon atoms that are magnetically equivalent by symmetry and
rotation. Statistical parameters are summarized in Table 1. Further details are reported in Figures S3 and S4 and Table S1 (Supporting

Information).

Information.”> Correlations between DFT-computed and
experimental '*C NMR chemical shifts give correlation
coefficients (R*) that are expected for correctly assigned

structures of small-sized organic molecules (Figure 4 and

Table 1).>%%®

Table 1. Statistical Parameters for the Correlations of 3C
and '"H NMR Chemical Shifts.?

a b R? MaxErr  CMAE (n)
6/6a (*C) 41059 09463  0.9989 276 1.495 (15)
6/6a ('"H) —0.0490  1.0378  0.9934” 0.47 0.134 (7)

“a and b are the intercept and slope of the linear fit to Sppr = a + b
Oexpy and R?* is its correlation coefficient. MaxErr is the maximum
corrected absolute error with respect to the linear fit (16, eq — §expt|).
CMAE is the corrected mean absolute error for n chemical shifts
IBgcated — Bexpil/ 1) bIf the NH group is taken out of the correlation,

the R* improves to 0.9996.
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The relationship between computed and experimental
NMR chemical shifts is further illustrated by applying the
correlations to scale linearly Sppr(**C), to provide Syyeq(*°C),
and then by plots of the differences between the scaled and
experimental NMR chemical shifts for each distinct carbon
atom in the structure (Figures 4).”>~> These plots confirm
the good agreement between the theory and experiment, and
specifically the low values of statistical parameters for '*C
NMR chemical shifts such as MaxErr and CMAE in Table 1,
as expected for correctly assigned structures.

Similar analyses of the relationship between computed and
experimental '"H NMR chemical shifts are summarized in
Table 1 and illustrated in the Supporting Information (Figures
S3 and S4).

The DFT-computed N NMR chemical shift for 6a is 5 ~
—288 ppm, which is within 1 ppm of the experimental value
for 6 and within the typical range for NH groups in similar
diamines (Table S2, Supporting Information)."*"*

Electrochemistry of Diamine 6. Redox properties of
diamine 6 are investigated and compared to the analogous

DOI: 10.1021/acs.joc.5b00421
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Table 2. Structures of Diamines 9 and 10, and Oxidation Potentials of Diamines™?

NN
H H

N

N
q el

9 10
compound oxidation potentials CV E;,™ (V) SWV E,> V) Enomo (eV)d
6 E+° 0.310 + 0.003 (8) 0.302 + 0.002 (6) —4.7
B+ 1.450 + 0.003° (3) -
9 E*° 0.322 + 0.002 (4) 0.320 + 0.001 (6) —4.7
E¥/* 1.410 + 0.015°(5) -
10 E*° 0.459 + 0.007 (6) 0.426 + 0.002 (4) —4.8

“Further details are in Figures S10—S13, Supporting Information. bPotentials (vs SCE) from CV and SWV reported as arithmetic mean =+ standard
deviation (1), where n is the number of voltammograms. For potential determinations, the voltammograms were recorded with scan rates of 50—200
for 6, 50—500 for 9, and 100—200 mV s™* for 10 (and SWV, with frequency of 10 Hz) in 0.1 M [n-Bu,N]*[PF¢]™ in dichloromethane, using 100 ym
Pt-disk as working electrode. The potentials are calibrated with decamethylferrocene (Cp*,Fe) as the internal standard (—0.130 V vs SCE for
Cp*,Fe*’* in dichlog(«;))glllethane).29 “The second oxidation potential was approximately estimated. 4Calculated using the empirical relationship Eyopo
= _(ononset + 44) ’
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Figure 5. Cyclic voltammograms (CV, 200 mV s™') and square wave voltammograms (SWV, frequency 10 Hz, gulse height 25 mV) for diamine
6 in 0.1 M [n-Bu,N]*[PE]™ in dichloromethane, and internally referenced to Cp*,Fe*’® (~0.130 V vs SCE).”” Voltammograms for 9 and 10,
including decamethylferrocene reference, are shown in Figures S11 and S12 (Supporting Information). Oxidation potentials are summarized in
Table 2.

diamines 9 and 10. Cyclic voltammograms (CV) and square hexanes (THF/hexanes) at —30 °C, and then after solvent
wave voltammograms (SWV) for 6 and 9 indicate that exchange to 2-methyltetrahydrofuran (2-MeTHF), the re-
reversible oxidations to the corresponding to aminium radical sultant dianion was oxidized with iodine at —115 °C. The
cations, with the first oxidation potential, E'*/* = 0.30-0.32 V iodine was vacuum transferred in portions into the EPR

(Table 2 and Figure S). Diamine 10 possesses considerably sample tube (eq 2).
higher E'*/° = 0.43—0.46 V that is not completely reversible
under the experimental conditions (Table 2, Figure S12,

Supporting Information). The onsets of oxidation suggest that O O

the HOMO energy is about —4.7 eV in 6 and 9, and about - N N N

—4.8 eV in 10 (Table 2).***" These energies are slightly O 1. n-BuLi, -30 °C, THF/hexanes O 2)
higher than the HOMO energy of —4.9 eV found in 2.1, 115 °C, 2MeTHF

diazapentacene-based diaryl diamine.*®

However, oxidation of 6, 9, and 10 to the corresponding 6 3
diradical dications is not reversible, with the estimated second
oxidation potential, E>*/* ~ 1.41—1.45 V for both 6 and 9. The EPR spectra of 8.0 mM aminyl diradical 3 in 2-
These potentials are much higher than E**/* ~ 1.16 V in the MeTHF matrix at 132 K showed six symmetrically disposed
diazapentacene-based diaryl diamine.”® These results suggest side peaks corresponding to triplet state of diradical (IAm, =
that the corresponding aminium diradical dications are not 1). Also, the forbidden half-field transition (IAmgl = 2), which
likely to be persistent at room temperature. is characteristic of the triplet state, was observed. The center
Preparation of Aminyl Diradical 3. Diradical 3 was peak was assigned to a monoradical byproduct.
obtained according to the procedure for preparation of the The EPR spectrum of 3 can be simulated using the zero-
analogous aminyl diradicals 1 and 2.'*'* Diamine 6 (ca. 1 field splitting (zfs) parameters, ID/hcl = 18.4 X 107> cm ™, |E/
mg) was treated with n-BuLi (2.2 equiv) in tetrahydrofuran/ hel = 2.77 X 107 cm™". Pentuplets of the outermost peaks are
5038 DOI: 10.1021/acs.joc.5b00421
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reproduced with splitting of 1A,,/2hd = 120 X 107> cm™

from two equivalent '*N nuclei. These EPR spectral
parameters are similar to those for diradicals 1 and 2 (Figure
6 and Table 3),"*" and are quite distinct from those for
planar S = 1 nitroxide diradicals.>®

[Amg| =2
|Amg| =1
132K
x 10
162 172 182
%
— experiment
—— simulation
x 10
314 329 344 359 374

mT

Figure 6. EPR (X-Band, v = 9.6451 GHz) spectrum of aminyl
diradical 3 in 2-MeTHF at 132 K; inset plot: |Am = 2 region, v =
9.6449 GHz. The simulation parameters for the S = 1 state are |D/
he = 18.4 x 1073 cm™, |E/hd = 2.77 x 1073 cm™, |A,,/2hd = 1.20
X 107 cm™, g, = 2.0045, g, = 2.0027, g, = 2.0014, Gaussian line (L,
=084, L, =094, L, = 076 mT). The center lines correspond to an
S = 1/2 (monoradical) byproduct simulated with the identical g-
values, IA,,/hcl = 2.15 X 10~ cm™ and Gaussian line (L, = 0.8, L=
0.8, L, = 0.9 mT). Further details may be found in Figures S14—S17
in the Supporting Information.

Decay Kinetics of Aminyl Diradical 3. The persistence
of 3 in 2-MeTHF was investigated by EPR spectroscopy,
analogously to 1 and 2. A typical kinetic run is illustrated
using a sample of 2.7 mM diradical 3 (Figure 7). We were
surprised to discover that 3 already started to decay at 246 K
according to the first order kinetics with a half-life, 7,,, =
19.34 + 1.67 min (mean + 95% confidence interval). For
another sample of 3, 7,,, = 16.53 + 2.43 min at 246 K was
determined (Table SS, Supporting Information).

These findings are in contrast to no change of EPR signal
for most studied samples of 1 and 2 at 246 K,'>** thus
implying that diradical 3 is much less persistent than 1 and 2.

After annealing diradical 3 at room temperature with
exclusion of light for 2—4 d, HR EI-MS of the crude reaction
mixtures show diamine 6 as the predominant product
(Figures S27C and S28C, Supporting Information). However,
"H NMR spectra of the crude mixtures are complicated and
TLC analyses show the presence of a significant amount of

el =1 | —0s  —180s
192K \ —360s —720s
x 10 —1080s —1440s
2040s —2940 s
—3840 s
- D4
)
A-6.5 [
§ 7 {
g7 ’ x 10
£ {
-3.: y= 0/5(;08; -9 357311 [
T 1000 2000 3000 U *
Time (s)
314 329 344 359 374
mT

Figure 7. Decay kinetics for 2.7 mM diradical 3 in 2-MeTHF at 246
K: for the peaks at ~330 and 358 mT, asterisks indicate the peaks
plotted in the inset plot as —In ph (corr) vs Time, where “ph (corr)”
corresponds to averaged peak heights, for which intensities were
corrected with the nitroxide reference (1.0 mM TEMPONE).
Further details may be found in Figures S18—S20 and Tables SS
and S6 in the Supporting Information.

materials that are much more polar than diamine 6. Filtration
of the crude mixtures through silica gives diamine 6
corresponding to ~20—30% recovery (Figures S24 and
$26). Conversion of aminyl diradical 3 to diamine 6 may
take place via a hydrogen-atom abstraction mechanism
because of low C—H bond dissociation energy, ~92 kcal
mol™}, of solvent such as 2-MeTHF or THF;> =36 however,
this would not explain why diradical 3 decays much more
rapidly than 1. We considered that diradical 3 may decay via
an intramolecular hydrogen-atom abstraction mechanism
involving benzylic methyl groups, which possess C—H bond
dissociation energy of ~90 kcal mol™'.***” We computed such
a reaction using the model diradical 3a at the UB3LYP/6-
31G(d,p) level of theory, which provided an activation energy
of ~26 kcal mol™" (Scheme 2, Table S9, Figures S22 and S23,
Supporting Information).*®

The intramolecular hydrogen-atom abstraction at the
benzylic methyl groups in 3a would lead to C,)N-centered
biradical 12a, which upon rotation of the pendant group
could undergo ring closure to form 13a. However, at low
temperatures, such rotation of sterically hindered pendant in
the biradical is not likely. Indeed, the ring-closure product 13,
which is two m/z units below the m/z corresponding for
diamine 6, is not observed in HR EI-MS of the crude reaction
mixtures. We postulate that the biradical 12, which is expected
to be a highly reactive intermediate, abstracts hydrogen atoms

Table 3. Summary of Experimental EPR Spectra for Aminyl Diradicals in 2-MeTHF at 132-133 K and Computed EPR

Spectra at the B3LYP/EPR-II Level Using ORCA®

ID/hel |E/hcl
conc.’ v (1073 (1073 |AZ§/2hc|
diradical ~ (mM) (GHz) cm™!) cm™') (107 cm™!)
1° 9 9.4780 17.49 3.60 1.13
24 s 9.6415 17.94 142 1.08
3 8 9.6451 18.40 2.77 1.20

calculations

ID/hel |E/hcl
(1073 (1073 |Az,/2hdl
&x &y g7 g cm_l) cm_l) (10_§ cm_l)
2.0046 2.0030 2.0019 2.0032 34.4 0.02 1.13
2.0050 2.0031 2.0018 2.0033 35.9 0.80 1.16
2.0045 2.0027 2.0014 2.0029 36.0 1.51 121

“Further details may be found in Tables S3, S4, and S10 in the Supporting Information. bConcentration based on the mass of precursor diamines for

diradicals 1, 2, and 3 and volume of the solvent. “ref 14. “ref 1.
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Scheme 2. Plausible Pathways for the Decay of Aminyl Diradical 3“

intermolecular

intermolecular

H-atom 2-MeTHF 2-MeTHF H-atom
transfer transfer
— -1
R N O N R R N O N R R N O N R
. o . H H H
J— — g — J
0.00 25.70 5.39 31.04 11.54
AEst 10.41 0.13 -1.11 2.35 11.82
3a:R=CHj TS1 12a: R=CHj TS2 14a: R = CHj3
3:R=n-Pr 12: R =n-Pr 14: R = n-Pr

C,N-centered biradical

C-centered diradical

-35.51
13a: R=CHj3
13: R=n-Pr

“The B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p) relative energies and singlet—triplet energy gaps after ZPVE correction for simplified structures.

Table 4. Statistical Analyses of T for Diradical 3

sample 1 sample 2
X 2/k (K) XTi 2J/k (K)
XTepr 0 164 113 XTepr 0 76 49
0.535289134 0.485616492 0.512499962 0.507126438 0.517148814 0.494986482 0.512946671 0.507577135
0.528758434 0.489912267 0.518147501 0.512494059 0.530555348 0.498237069 0.516823233 0.511262718
0.535241081 0.487645638 0.515164597 0.509659577 0.531260391 0.494407715 0.512257249 0.50692145
0.514202611 0.486830753 0.514093856 0.508641798 0.530431878 0.497079739 0.515442159 0.509949931
0.515791691 0.487023872 0.51434753 0.50888294 0.533451016 0.495070906 0.513047257 0.507672793
0.518805148 0.486049864 0.513068603 0.507667103 0.50915416 0.499957961 0.518878612 0.51321596
n 6 6 6 6 6 6 6 6
Mean 0.52468135 0.487179814 0.514553675 0.509078652 0.525333601 0.496623312 0.514899197 0.509433331
Stdev 0.009633435 0.001519882 0.001998295 0.001899223 0.009828971 0.002187714 0.002609766 0.00248098
SEM 0.003932833 0.000620489 0.000815801 0.000775354 0.004012661 0.000893131 0.001065433 0.001012856
P 0.000174666 0.049309058 0.00993991 0.000626216 0.047748761 0.009630655

from 2-MeTHF to provide diamine 6.>>*¢ Alternatively, 12
might undergo intramolecular hydrogen abstraction at the
other benzylic position to give rise to C-centered diradical 14,
which would then abstract hydrogen atoms from 2-MeTHEF to
provide diamine 6.3 The computed activation energy for
the reaction of 12a to 14a is 24.5 kcal mol™" on the triplet
state potential energy surface (Scheme 2). In addition,
biradical 12 and diradical 14 could undergo various other
transformations, including dimerization/oligomerization at
their sterically less encumbered benzylic radical positions,
giving rise to polar compounds detected by TLC.

5040

Determination of the Ground State and AEg; for
Diradical 3: Statistical Analyses of Mean xT Determined
by EPR Spectroscopy. Because of the relatively low content
of diradical 3 (~20—40%) in the samples, which precludes
reliable determination of the ground state and lower limit of
AEgr by SQUID magnetometry,'* we used our recently
developed approach based upon statistical analyses of mean
T measured by EPR spectroscopy."® The estimated yT as a
function of AEgr (¥TY,) is obtained from double integrated
peak intensities of diradical and monoradical in the sample,
and the total T (yTgpg) is measured using a spin counting
standard.
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For a given sample of 3 in 2-MeTHF, the difference
between the mean yT of each of the yT|, and yTgpr data sets
is tested for statistical significance, to determine the triplet
ground state and AEgy. The test is carried out using a two-
tailed two-sample ¢t test for means with unequal variances
(Welch variant of t test), to compare the mean y Ty, with the
mean yTgpr. This comparison identifies the differences
between the means that would be significant at the probability
P, eg, P < 0.05 and P < 0.01. For example, the difference
between mean yTgpr and y T, (2J/k = 0 K) is very significant
with a probability P = (2—6) X 107* indicating unequivocally
a triplet ground state (Table 4). The difference is significant
at a probability P < 0.05 when 2J/k = 164 or 76 K; at a more
statistically significant probability, P < 0.01, smaller values of
2J/k = 113 or 49 K are obtained. These results establish that
3 possesses triplet ground state with AEgy > 0.3 kcal mol ™.

DFT Computation of Singlet—Triplet Energy Gaps
and EPR Tensors. The simplified structures of aminyl
diradicals 1 and 3, ie.,, 1a'*'® and 3a (Table 5), were studied

Table 5. DFT-Computed Singlet-Triplet Energy Gaps

(AEg).*
N O N N O N
1a 3a

AEU]—[F AEST

diradical  BS-DFT+ZPVE level (kcal mol™) (kcal mol™)
la  UB3LYP/6-31G(d)” 6.12 11.58
UB3LYP/6- 5.86 11.03

311+G(d,p)®

UM06-2X/6-31G(d)? 625 11.94
3a  UB3LYP/6-31G(d) 5.60 1042
UB3LYP/6-311+G(d,p) 5.36 9.92
UMO06-2X/6-31G(d) 5.64 10.69

“Optimized geometries and zero-point vibrational energy correction
for the triplet and broken-symmetry singlet. Further details may be
found in Table S8, Supporting Information. brefs 15 and 16.

at the UB3LYP/6-31G(d)+ZPVE, UB3LYP/6-311+G-
(d,p)+ZPVE, and UMO06-2X/6-31G(d)+ZPVE levels of
theory. Geometries were optimized for both triplet and
broken-symmetry (BS) singlet states. Conformations of the
lateral rings of the fused tricyclic moieties are oriented “anti”,
ie, in 3a, the fused tricyclic moiety has an approximate C,
point group of symmetry.

The AEgr may be estimated using the energy difference
between ground state triplet and BS singlet (AEyyg) and the
correction for spin contamination (eq 3).38_40

AEgr = AEUHFRSZT)/((SZT) - <SZBS—S>)] 3)

Diradical 1a and diradical 3a possess similar AEgr ~ 10—12
kcal mol™, as expected, because the spin density in both
diradicals is predominantly confined to the aza-m-phenylene
moiety (Figure 8). Most likely, our BS-DFT-computed values
of AEg; are overestimated;’' ** Barone and co-workers’
computation of la at a much higher level of theory (DDCI)
provided AEg; & 9.6 kcal mol™},'® which is about 2 keal
mol™" below the BS-DFT results in Table S.
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Figure 8. Spin density maps for the triplet ground state of diradicals
la (top) and 3a (bottom) at the UB3LYP/EPR-III//UB3LYP/6-
311+G(d,p) level of theory. Positive (blue) and negative (green)
spin glensities are shown at the isodensity level of 0.006 electron/
Bohr.

Calculations of EPR D-tensor and '*N A-tensors at the
B3LYP/EPR-1I//UB3LYP/6-311+G(d,p) level were carried
out using ORCA,** analogously to the previously reported
computations of la (Table S10, Supporting Information)."*
The B3LYP/EPR-II-computed EPR spectra of 3a provide the
correct orientation of the D-tensor (and thus, the positive
sign of D); in particular, the outermost lines (Z-lines) are split
into pentuplets with the splitting of A;,/2hc showing excellent
agreement between the theory and experiment for the '*N-
hyperfine coupling of two equivalent nitrogens (Table 3).
However, as in la and other planar aminyl diradicals, the
calculated value of the zero-field splitting parameter D = 36.0

X 107 cm™' in 3a is overestimated by a factor of about
271415

3. CONCLUSION

Aminyl diradical 3 possesses triplet ground state with AEgp >
0.3 keal mol™’, as determined by the statistical analysis of its
EPR spectra. This lower limit for experimental AEg; can be
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compared to the DFT-computed energy gap of 10 kcal mol ™.
In spite of increased steric protection of aminyl radicals,
diradical 3 is less persistent in 2-MeTHF (half-life of ~20 min
at 246 K), compared to diradical 1 (half-life of 10 min at 295
K). The faster decay of 3 is possibly due to intramolecular
hydrogen atom abstraction from benzylic methyl groups,
which may be then followed by intermolecular hydrogen atom
abstraction from 2-MeTHF solvent to provide diamine 6.

B EXPERIMENTAL SECTION

NMR and IR SpectroscoPy, Mass Spectrometry, and
Computations. NMR spectra ('H, 400, 500, 600, and 700 MHz)
were obtained using benzene-ds, acetone-ds, and chloroform-d
(CDCl;) as solvent. The S00 and 700 MHz instruments were
equipped with a cryoprobe. The chemical shift references were as
follows: ('H) benzene-ds, 7.15 ppm; (**C) benzene-ds, 128.39 ppm
(benzene-dg); (*H) acetone-ds, 2.05 ppm; (*C) acetone-ds, 29.92
ppm (acetone-dg); (*H) chloroform, 7.26 ppm; (**C) CDCl,, 77.0
ppm (CDCLy). Natural abundance 'H—'N HSQC spectra were
externally referenced to '*N,-labeled urea (98+% N, 0.7 mg in 0.4
mL of acetone-dg). The reported "N chemical shifts were converted
to the & *N (nitromethane) = 0 ppm scale,*’ usin8g the relation: 6
5N (urea) = 6 N (nitromethane) + 304.7 ppm.*

IR spectra were obtained using an instrument equipped with an
ATR sampling accessory.

DFT computations were carried out using an 8-CPU workstation
running Gaussian 09.>> All optimized geometries had RMS forces in
Cartesian coordinates of less than 1.2 X 107 au. Except for
transition states for the intramolecular hydrogen-atom transfer, all
reported computed structures are minima on the gas phase potential
energy surface, as determined by vibrational analyses (Tables S4,
Supporting Information).

Electrochemistry. Cyclic voltammetry and square wave voltam-
metry data were obtained in a glovebag under argon atmosphere
using a commercial potentiostat/galvanostat. About 1 mg of diamine
6, 7, or 8 was dissolved in the supporting electrolyte solution (2.4
mL), 0.1 M tetrabutylammonium hexafluorophosphate (n-Bu,NPF)
in anhydrous DCM, and then transferred to a custom-made cell
equipped with quasi-reference (Ag-wire), counter (Pt-foil), and
working (100-um Pt-disk) electrodes. The redox potentials were
referenced to SCE using an internal decamethylferrocene (—0.130 V
vs SCE for Cp*,Fe/Cp*,Fe* in CH,Cl,).” For each compound,
plots of peak current vs square root of scan rate (50—500 or 20—500
mV/s) in cyclic voltammetry were linear. A detailed description of
the voltammetry may be found in the Supporting Information.

Synthesis. Standard techniques for synthesis under inert
atmosphere (argon or nitrogen), using custom-made Schlenk
glassware, custom-made double manifold high vacuum lines, and
argon-filled Vacuum Atmospheres gloveboxes, were employed.
Chromatographic separations were carried out using normal phase
silica gel; for separations of diamine 6, silica gel was deactivated by
treatment with 3% of triethylamine in pentane or hexane.*

Boronate 8. 1-Bromo-4-tert-butyl-2,6-dimethylbenzene (0.101 g,
0418 mmol, 1 equiv) was transferred into a Schlenk vessel and
evacuated under high vacuum for 10 min. Freshly distilled THF (1.5
mL) was added into the reaction vessel. After stirring at room
temperature for S min, the reaction was cooled to —78 °C for 15
min. +BuLi (1.59 M, 0.55 mL, 0.879 mmol, 2.1 equiv) was added
dropwise to the Schlenk vessel. The reaction mixture was stirred at
—78 °C for 2 h to produce milky solution. The reaction was then
stirred at —30 °C for 15 min, then was cooled down to —78 °C for
1S min. 2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxoborolane (0.12
mL, 0.586 mmol, 1.4 equiv) was added to the reaction mixture. The
reaction was stirred and allowed to warm up to room temperature
slowly for overnight. After 18 h, the milky solution was worked up
with a brine solution (2 mL). The crude mixture was extracted with
diethyl ether (3 X 25 mL). The organic phase was combined, dried
over MgSO,, and evaporated in vacuo to give a white solid of the
target product 4 (0.111 g 92%). Mp 162—163 °C. R; = 0.11
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(pentane). "H NMR (400 MHz, chloroform-d): § = 6.992 (s, 2H),
2.433 (s, 6H), 1.384 (s, 12H), 1.293 (s, 9H). *C NMR (100 MHz,
chloroform-d): § = 152.2, 141.9, 123.7, 83.4, 34.3, 31.2, 24.9, 22.6.
IR (em™): 3052, 2962, 2864, 1605, 1373, 1335, 1301, 1265, 1139,
1061, 960, 857, 735. HRMS (EI), m/z ion type (%RA for m/z =
50—400): Caled for '2C;3'H,o'°0,""B [M]* 288.2261; Found
2882270 (23%). Calcd for 2C;;'H,6'°0,''B [M-CH,]* 273.2026;
Found 273.2016 (100%).

Diamine 6. Bromodiamine 5 (359 mg, 88.1 umol) was
transferred to a Schlenk vessel and evacuated under high vacuum
for 3 h. Boronate 4 (76.2 mg, 264 umol, 3 equiv) and anhydrous
K;PO, (93.5 mg, 441 umol, S equiv) were charged into the Schlenk
vessel under N, atmosphere. Pd[P(¢-Bus), (36.0 mg, 70.5 umol, 0.8
equiv) was added to the vessel in a glovebox under Ar atmosphere.
Finally, toluene (1 mL) was added to the vessel by vacuum transfer.
The reaction was stirred for 5 d at 130 °C, with exclusion of light.
After cooling down to room temperature, the reaction mixture was
diluted by chloroform and filtered through a Celite pad to provide
the crude mixture. Column chromatography (3% deactivated silica,
diethyl ether/pentane, 1:33, R; = 0.79) provided the diamine 6 (10.9
mg, 25%) as a white solid. Mp 152—160 °C (dec, under air). 'H
NMR (500 MHz, benzene-dg): 6§ = 7.377 (s, 2H), 6.894 (s, 1H),
3.048 (s, 2H, exch D,0), 2.400 (t, J = 2.5 Hz, 6H), 1.408—0.739 (m,
8H), 1.310 (m, 6H), 1.275 (s, 6H), 1.256 (s, 9H), 0.893 (s, 3H),
0.886 (s, 3H), 0.707—0.669 (m, 6H). 'H NMR (500 MHz,
chloroform-d): § = 7.095 (bs, 2H), 6.589 (s, 1H), 2.931 (bs, 2H),
2.053-33 (s, 6H), 1.547—1.275 (m, 8H), 1.343 (s, 9H), 1.165 (s,
6H), 1.121 (s, 6H), 1.030 (s, 6H), 0.883 (t, ] = 7.0 Hz, 6H). 'H
NMR (500 MHz, acetone-dg): & = 7.165, 7.155, 7.144 (s, 2H,
mixture of diastereomers), 6.698 (s, 1H), 3.216 (bs, 2H), 1.568—
1.278 (m, 8H), 1.331 (s, 9H), 1.182, (s, 6H), 1.125 (s, 6H), 1.057
(s, 6H), 0.864 (t, J = 7.2 Hz, 6H). 'H-"N HSQC (acetone-dy): &
(N) = —287.8 ppm. °C NMR (100 MHz, chloroform-d): § =
149.5, 1450, 1372, 136.8, 1364, 1317, 128.1, 124.66, 124.50,
124.33, 114.2, 105.3, 684, 46.4, 38.4, 34.3, 31.5, 23.89, 23.85, 23.5,
209, 20.04, 20.02, 19.99, 18.0, 14.9. IR (cm™): 3375, 2956, 2932,
2871, 1602, 1435, 1381, 1364, 1301, 1156, 1127, 868, 756. HRMS
(EI), m/z ion type (%RA for m/z 200—650): Calcd for
20, 'H,"*N, [M]" 488.4131; Found 488.4131 (35%). Calcd for
2Cy3'Hyo N, [M-CH,]* 473.3896; Found 473.3866 (100%).

4,4,5,5-Tetramethyl-2-(2,4,6-tri-tert-butylphenyl)-1,3,2-dioxabor-
olane (pinacol 2,4,6-tri-tert-butylphenylboronate). 1-Bromo-2,4,6-
tri-tert-butylbenzene (20.6 mg, 0.063 mmol, 1 equiv) was transferred
into a Schlenk vessel and evacuated under high vacuum for 4 h.
Freshly distilled THF (1 mL) was added into the reaction vessel.
After stirring at room temperature for S min, the Schlenk vessel was
cooled to —78 °C for 10 min. t-BuLi (1.68 M, 0.08 mL, 0.133 mmol,
2.1 equiv) was added dropwise to the reaction vessel. The reaction
mixture was stirred at —78 °C for 1 h to produce a clear light yellow
solution. The reaction was stirred at —30 °C for 20 min, then was
cooled down to —78 °C for 10 min. 2-Isopropoxy-4,4,5,5-
tetramethyl-1,3,2-dioxoborolane (0.02 mL, 0.089 mmol, 1.4 equiv)
was added to the reaction mixture. The reaction was warmed up
slowly to room temperature and stirred overnight. After 17 h, the
milky solution was quenched by adding brine solution (2 mL) and
extracted with diethyl ether (3 X 25 mL). The organic phase was
combined, dried over Na,SO,, and evaporated in vacuo to give a
crude product. The crude product was filtered through a short silica
gel plug with pentane to 1% diethyl ether/pentane to obtain a white
solid of the product (14.0 mg, 59% yield). Mp 175—176 °C. R; =
0.19 (pentane). '"H NMR (400 MHz, chloroform-d): § = 7.373 (s,
2H), 1.486 (s, 18H), 1.466 (s, 12H), 1.313 (s, 9H). *C NMR (100
MHz, chloroform-d): § = 154.3, 149.6, 120.5, 83.9, 37.5, 34.9, 32.8,
31.3, 26.4. IR (cm™): 3001, 2954, 2909, 2869, 1603, 1363, 1317,
1293, 1140, 1057, 964, 857, 691. HRMS (EI), m/z ion type (%RA
for m/z = 320—550): Caled for 2C,,'H,,'°0,"'B [M]* 372.3200;
Found 3723203 (100%). Caled for 2C,;'Hy,'%0,"'B [M-CH,]*
357.2965; Found 357.2970 (58%).

Attempted Synthesis of Diamine 7. Bromodiamine 5 (6.1 mg,
15.0 umol) was transferred into a Schlenk tube and evacuated under
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high vacuum for overnight. 4,4,5,5-Tetramethyl-2-(2,4,6-tri-tert-
butylphenyl)-1,3,2-dioxaborolane (16.7 mg, 45.0 pmol, 3 equiv)
and anhydrous K;PO, (15.9 mg, 74.9 pumol, S equiv) were charged
into the Schlenk vessel under N, atmosphere. Pd[P(t-Bu;)], (6.1 mg,
12.0 pumol, 0.8 equiv) was added to the vessel in a glovebox. The
reaction vessel was evacuated on high vacuum briefly and toluene
(0.15 mL) was added to the reaction vessel by vacuum transfer. The
reaction was stirred for 6 d (144 h) at 130 °C with exclusion of light.
After cooling down to room temperature, the reaction mixture was
diluted by chloroform and filtered through a Celite pad to provide
the crude mixture. The crude mixture was separated by preparative
TLC (3% deactivated silica, diethyl ether/pentane, 1:33) gave the
starting boronate, debrominated diamine $, and trace amount of its
dimer, S-dimer, as well as other unidentified byproducts (Figures
$29 and S30, Supporting Information).

General Procedure for the Generation of 3. Diamine 6
(0.60—1.10 mg, 1.23—2.25 umol) was placed in a custom-made
Schlenk-EPR-tube (S mm OD) and then it was placed under high
vacuum (107* mTorr). The sample tube was heated at 70 °C
overnight using a heating tape. After the heating tape around the
sample area was removed, additional heating at 110 °C was applied
to the remaining EPR tube overnight. These steps are critical for
achieving appropriate environment for radical generation. THF (~0.1
mL, ~10 mm height) was added to the vessel by vacuum transfer,
and then the solution was stirred for 30 min at —30 °C. n-BuLi
(0.15—0.27 M in hexane, 18—20 uL, 2.66—5.40 ymol, 2.1—-2.4 equiv)
was added at —30 to —S50 °C. The orange reaction mixture was
stirred at —30 to —50 °C for 1—2 h, before the solvents were
evaporated at —50 to —40 °C, and then the reaction mixture was
immersed in liquid nitrogen. 2-MeTHF (~0.1 mL) was added to the
reaction mixture by vacuum transfer. After brief warming (under
vacuum) to —80 or —100 °C to form a light orange solution, the
reaction mixture was immersed in liquid nitrogen. Subsequently,
iodine was vacuum transferred to the sample tube wall, just above
the reaction mixture. Iodine was mixed into the reaction mixture at
—115 °C, and then the solution was stirred at —115 °C for 1 h. The
resultant solution was stored in liquid nitrogen; EPR spectra were
obtained at 132 or 133 K. Further experimental details are
summarized in Table S11, Supporting Information.

General Procedure for the Measurements of T for
Statistical Analyses for 3. After obtaining the samples using the
protocol described above, 2-MeTHF was added by vacuum transfer
at liquid N, temperature, to obtain solution of ~4—5 cm height in
the EPR tube. The resultant solution was mixed by hand with a
magnetic stir-bar (and external magnet) for additional 15—30 min at
—115 °C before EPR spectra were taken at 132 K. Two EPR spectra
of the sample and the nitroxide reference were obtained and their
double integrations were averaged, separately for the sample and for
the reference. Subsequently, the sample and the reference were
annealed at —115 and 22 °C, respectively. Following the annealing,
the sample and the reference were frozen carefully with liquid N, to
give a continuous (and bubble-free) block of 2-MeTHF glass, prior
to placing the sample and the reference in the EPR cavity for
another set of spectra. Overall, n = 6 of independent sets of spectra
were obtained for each of the two samples of 3 and their references
(Table 4).

General Procedure for Decay Kinetics Measurements for 3.
After obtaining the dilute samples using the protocols described in
the generation and statistical analyses of 3, EPR spectra were taken
at 132 K, following annealing of the samples at —27 °C (246 K). For
EPR intensity reference, EPR spectra of TEMPONE (1 mM in 2-
MeTHF) were obtained at 132 K.

B ASSOCIATED CONTENT

© Supporting Information

General procedures and materials, additional experimental
details, computational data tables, and complete ref 23. The
Supporting Information is available free of charge on the ACS
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