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ABSTRACT: Metastable radicals exist in a steady-state equilibrium in solution with
dimers, which can be either σ dimers or π dimers. Here, we show that steric hindrance at
the para position causes julolidine-derived dicyanomethyl radicals to form σ dimers rather
than π dimers, the opposite behavior as seen in other carbon-centered radicals, where steric
hindrance typically favors pimerization. The change in dimerization mode can be
attributed to weaker London dispersion forces and a decreased orbital overlap in the
sterically hindered dicyanomethyl radical π dimers, while the bulky groups exert relatively
little effect on the energy of the σ dimer.

Free radicals that exist in equilibrium with dimers are useful
building blocks for stimuli-responsive materials,1−5 spin

crossover materials,6,7 and dynamic covalent assemblies.3,4,8−10

Such metastable radicals dimerize to form either weak σ dimers
or π dimers (pimers).11−16 See Figure 1. While σ dimerization

is a standard bonding motif, the radical−radical bond within π
dimers features a multicenter covalent bonding pattern that
results from head-on π orbital overlap that results in the atoms
being closer than van der Waals distance but much longer than
a traditional two-atom bond.11−16

However, it remains difficult to understand and predict why
some metastable radicals form σ dimers while others form
pimers. It is important to develop models to predict why some
radicals form σ dimers while others form pimers because the
geometries and properties of the two types of radical dimers
show striking differences. Optically, σ dimers absorb mostly
UV light and have properties that are common to conventional
closed-shell organic molecules. By contrast, π dimers usually
absorb visible to near-infrared light and often show charge-
transporting properties with broader energy bands than typical
organic semiconductors.15,16 Furthermore, σ dimers form
predictable structures, often useful for dynamic covalent
assemblies, while π dimers feature fluctuating torsional
geometries about energetically flat minima on their potential
energy surfaces. In contrast to normal “π stacked” closed-shell
aromatics, the energetic minima for pimers are typically
cofacial orientations to maximize orbital overlap rather than
slip-stacked orientations.15,16

Recently, we developed a model based on examining the
structural preferences of aryl dicyanomethyl radicals to
understand the stereoelectronic principles that lead to some
free radicals forming σ dimers while other structures form π
dimers.17 The conclusion from that study was that London
dispersion forces, spin delocalization, and polarization play a
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Figure 1. Examples of radicals that change the dimerization mode
based on structural perturbations.11
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critical role in dictating whether a radical prefers to form a σ
dimer or a π dimer. A limitation with that study was that it
focused solely on electronic effects deriving from changing the
para substituent and did not examine the effect of steric
hindrance on the dimerization preference.
Previously, Seki and co-workers16 showed that the

julolidine-derived radical 3 forms a π dimer in both solution
and the solid state. Here, we show that more sterically
encumbered derivatives of 3, radicals 1 and 2,18 form σ dimers
(Figure 2). This steric-dependent dimerization behavior

contrasts with the behavior of other carbon-centered radicals,
such as phenalenyl radicals,14,19 where steric hindrance favors
the π dimer over the σ dimer instead. Computational analysis
indicates that steric hindrance disfavors the pimer by
decreasing π orbital overlap and London dispersion forces in
the pimer while having relatively little energetic effect on the σ
dimer.

■ RESULTS AND DISCUSSION

Radicals 1 and 2 were synthesized by oxidation of the aryl
dicyanomethane. The crystal structures (Figure 3) indicate
that, in the solid state, they form σ dimers featuring an
elongated σ bond. To evaluate the solution-phase preference,
variable-temperature UV−vis experiments were conducted.
Aryl dicyanomethyl radicals show bands in the visible to near-
IR range of the optical spectrum. As the solution is cooled,
dimers are formed, either a σ dimer or π dimer. The σ dimers
and π dimers can be easily distinguished because π dimers
maintain the radical absorption and feature a new broad
absorption band in the near-IR ∼800 nm. Visually, the
solutions typically become darker colored. In contrast, σ
dimers absorb mostly in the UV region of the spectrum and are
typically colorless or yellow. Radicals 1 and 2 are colored
(orange and green, respectively) at room temperature but turn
yellow upon cooling and the bands corresponding to the
radical disappearance (12 is fluorescent). This indicates that, in
the solution phase, 1 and 2 are also making σ dimers, similar to
what we observe in the solid state.

Steric Hindrance Decreases Favorable Orbital Over-
lap and Dispersion in the Pimer. Why do the sterically
encumbered derivatives 1 and 2 form σ dimers, while 3 forms a
pimer? We considered several possibilities. First, changes in
spin delocalization can affect dimerization preference, with
highly delocalized spins favoring pimers, while more localized
spins favoring σ dimers.17 Second, steric hindrance could lead
to a change in London dispersion forces between the pimers.
Finally, steric hindrance could alter the overlap between the π
orbitals in the pimer, leading to attenuated pimer stabilization
by covalent bonding.
The computed spin densities are shown in Figure 4.

Interestingly, while there are negligible differences between 2
and 3, contrary to our expectation, the more conjugated
derivative 1 has a more localized spin density than 2 or 3 (0.56

Figure 2. Equilibrium preferences for radicals 1, 2, and 3.

Figure 3. (top) Ortep at 50% thermal ellipsoids for 1−3; (bottom) the variable-temperature UV−vis for 1−3. The UV−vis and crystal structure for
3 are reproduced from prior work by Seki and co-workers,16 while the others derive from the present work.
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spin density on benzylic carbon, compared to 0.51 and 0.50 for
2 and 3, respectively). Apparently, the increased spatial
separation of the donor nitrogen to the dicyanomethyl group
makes it a less effective electron donor, and this is a more
important effect than the increased conjugation opportunities
provided by the naphthyl ring. Since the degree of
delocalization correlates strongly with radical stability, it is
not surprising that the equilibrium constant (Ka), determined
from van ‘t Hoff plots, for 1 is larger than 2 (1.6 × 107 M−1 for
1 and 2.4 × 106 M−1 for 2; see Supporting Information for van
‘t Hoff plots). Thus, changes in spin density could be a small
effect for 1, disfavoring the pimer relative to 2 and 3, but
cannot be a major effect for the change in dimerization mode
between 2 and 3.
What about changes in London dispersion forces21,22 within

the π dimers? Here, we plotted the noncovalent interaction
surfaces20 (Figure 4) and also computed the energetic
differences between the σ and π dimer using two density
functionals, one including a dispersion correction (B97D) and
the other without (B98). The change in the ΔE is shown in
Table 1. While these functionals are not useful for providing
quantitative predictions of the equilibrium thermodynamics,
the difference between the predictions gives an estimate of the
relative importance of the dispersion energy. In all cases, the
dispersion-corrected functional strongly favors the pimer and

appears to overestimate the stabilities of the pimer. However,
the ΔEdispersion, the difference between ΔEσ−π

23 at the B98 level
and the ΔEσ−π at the B97D level, gives an estimate of how
much dispersion stabilizes the pimer in relative terms. Here, we
find that the pimer dispersion energy follows the trend 1 > 3 >
2. The greater dispersion 1 vs 3 can be understood by an
increased surface area of interaction (see the noncovalent
interactions surfaces in Figure 4), while the increased
dispersion for 3 over 2 can be explained by the greater
separation of the pimer for 2 than 3. The computed pimer
structures indicate that 2 is ∼0.077 Å further separated than 3
because of the increased steric hindrance.
Changes in covalent bonding could also explain why 3 favors

a pimer over 2. Inspecting the HOMOs for each pimer
indicates less overlap of the π orbitals for 2 than 3. This is also
due to the radicals being further apart in the pimer of 2 over 3.
Thus, a combination of decreased stabilizing forces in the
pimer from reduced orbital overlap and reduced dispersion
forces because of the greater spatial separation of the radicals
in this work explains the change in dimerization mode. Radical
1 is a difficult case; the pimer is favored by greater dispersion
interactions because of a greater radical surface area than
radicals 2 and 3, but the σ dimer is overall energetically favored
because of the more localized spin. Here, the σ dimer is
computed to be the lowest energy form by 1.9 kcal/mol,
suggesting that the more localized spin “wins out” over the
greater pimer dispersion energy, but the σ dimer and pimer are
computed to be nearly degenerate.
In conclusion, adding steric hindrance to these julolidine-

derived dicyanomethyl radicals favors σ dimerization over π
dimerization. This can be attributed to the increased steric
hindrance in the pimer that leads to a more spatially separated
radical−radical contact in the pimer, which reduces the
favorable dispersion and covalent bonding forces. In contrast,
the σ dimer is not affected significantly by the increased steric
hindrance, which contrasts with other carbon-centered radicals,
such as the phenalenyl radical, where steric hindrance perturbs
the σ dimer more than the π dimer. On the other hand, the

Figure 4. Select Mulliken spin densities (Uω-B97XD/6-31+G(d,p)) for 1−3; the HOMO for 1−3 (Rω-B97XD/6-31+G(d,p), isovalue = 0.0375),
the noncovalent interaction surface (Uω-B97XD/6-31+G(d,p), visualized with NCIPlot20), and the pimer geometry with select bond lengths (Rω-
B97XD/6-31+G(d,p)).

Table 1. Computed Equilibrium Energy Difference between
the σ Dimer and Pimer for Radicals 1−3 and the Computed
Grouped Mulliken Atomic Spin Density on the Benzylic
Position (ω-B97XD/6-31+G(d,p)a

ΔEσ−π (kcal/mol)

radicals ω-B97XD UB98 UB97D ΔEdispersion spin density

1 −1.9 −4.1 17.3 −21.4 0.56
2 −6.9 3.4 12.1 −8.7 0.51
3 8.3 8.7 26.9 −18.2 0.50

aA positive value for ΔEσ−π indicates the pimer is favored.
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effect of steric hindrance on the σ and π dimer is likely to be
highly dependent on the structure of the radical and the pimer
geometry. It is possible and perhaps likely that steric hindrance
in different positions of aryl dicyanomethyl radicals will favor
the pimer rather than the σ dimer. Support for this idea comes
from a computation of the σ dimer−pimer energetics for a
demethylated version of 1 that shows that the σ dimer is
favored by 9.7 kcal/mol compared to the methylated derivative
1 being favored by 1.9 kcal/mol.

■ EXPERIMENTAL SECTION
General Methods. Nuclear magnetic resonance (1H NMR and

13C NMR) spectra were recorded on Agilent Varian MR-400 and
Bruker NEO-400 instruments. NMR spectra were recorded in CDCl3
at room temperature except where noted. EPR spectra were recorded
on a Bruker FT-EPR instrument. UV−vis spectra were recorded on an
Agilent 8453 spectrometer. Mass spectra were recorded on an Agilent
QTOF 6540 instrument. The crystal structure was obtained on a
BRUKER APEX II diffractometer equipped with an APEX II CCD
detector. All reactions were performed under an argon atmosphere in
oven-dried glassware. Xylenes were dried under activated molecular
sieves (4 Å). All other chemical reagents were purchased from
commercial sources and used without purification.
Synthesis Procedures. See Supporting Information (S3) for

schemes and numbering.
6-Bromonaphthalen-2-amine (0.66 g, 3 mmol) and K2CO3 (1.38 g,

10 mmol) were dissolved in acetonitrile (10 mL) in a 50 mL round-
bottom flask. 1-Bromo-3-methylbut-2-ene (1.20 g, 8 mmol) was
added to the flask. The mixture was stirred at rt for 5 h. After
completion, water was added to dissolve the salt, the solution was
extracted with DCM, and the organic layer was concentrated under
reduced pressure and purified by column chromatography on silica gel
(Rf = 0.40, hexane/EtOAc = 20:1) to yield 1a (0.91 g, 85%) as a
yellow solid. 1H NMR (400 MHz, chloroform-d): δ 7.79 (d, J = 1.9
Hz, 1H), 7.56 (d, J = 9.1 Hz, 1H), 7.46 (d, J = 8.8 Hz, 1H), 7.37 (dd,
J = 8.8, 2.0 Hz, 1H), 7.10 (dd, J = 9.1, 2.6 Hz, 1H), 6.83 (d, J = 2.5
Hz, 1H), 5.25−5.21 (m, 2H), 3.95 (d, J = 6.3 Hz, 4H), 1.74 (s, 12H).
13C {1H} NMR (101 MHz, CDCl3): δ 147.3, 134.6, 133.6, 129.3,
129.2, 127.8, 127.7, 127.5, 121.3, 117.5, 114.6, 106.2, 48.3, 25.8, 18.0.
HRMS (Q-TOF, ESI): m/z calcd for C20H24BrN, 358.1165 [M +
H]+; found, 358.1165.
For compound 1b, compound 1a (1.07 g, 3 mmol) was dissolved

in ether (10 mL) in a 50 mL round-bottom flask at 0 °C,
concentrated HCl (1 mL) was added to the solution, and the mixture
was stirred at 0 °C for 20 min. Na2SO4 was added and filtered, and
the solvent was removed under reduced pressure to give 1a·HCl as a
white solid. The solid was used without further purification.
Methanesulfonic acid (10 mL, purged) and 1a·HCl were mixed in a
50 mL round-bottom flask. The reaction was heated at 85 °C for 2 h
under a N2 atmosphere. After completion, ice was added to the flask,
the solution was neutralized with ammonium hydroxide, then
extracted with DCM, and the organic layer was concentrated under
reduced pressure and purified by column chromatography on silica gel
(Rf = 0.35, hexane/EtOAc = 20:1) to yield 1b as a green solid (0.322
g, 30% yield). 1H NMR (400 MHz, chloroform-d): δ 8.01 (d, J = 9.4
Hz, 1H), 7.76 (d, J = 2.3 Hz, 1H), 7.43 (s, 1H), 7.35 (dd, J = 9.4, 2.3
Hz, 1H), 3.28 (t, J = 6.1 Hz, 2H), 3.22−3.20 (m, 2H), 1.94−1.91 (m,
2H), 1.84−1.81 (m, 2H), 1.66 (s, 6H), 1.40 (s, 6H). 13C {1H} NMR
(101 MHz, CDCl3): δ 141.0, 135.5, 130.4, 130.2, 129.1, 127.1, 126.6,
123.5, 120.0, 113.4, 47.6, 46.7, 42.3, 36.4, 33.2, 33.1, 30.9, 30.9.
HRMS (Q-TOF, ESI): m/z calcd for C20H24BrN, 358.1165 [M +
H]+; found, 358.1164.
General Procedure to Couple Malononitrile to Aryl Bromide.

NaOtBu (1.153 g, 12 mmol) was added into a 50 mL two-neck
round-bottom flask, and 10 mL of xylene was added, followed by
malononitrile (0.396 g, 6 mmol). The mixture was stirred at room
temperature for 30 min. Pd(PPh3)2Cl2 (0.070 g, 0.1 mmol) and 1b
(0.36 g, 1 mmol) were added to the solution, and the mixture was

refluxed for 2 h. After cooling, brine (30 mL), DCM (30 mL), and
Celite were added to the solution, filtered off, and extracted with
DCM (30 mL × 3). The organic phase was dried over Na2SO4,
filtered, and concentrated under reduced pressure. The obtained
mixture was purified by silica gel column chromatography (Rf = 0.45,
hexane/EtOAc = 8:2) to give the product as a red solid (0.16 g, 48%).
1H NMR (400 MHz, chloroform-d): δ 8.23 (d, J = 9.1 Hz, 1H), 7.74
(d, J = 2.4 Hz, 1H), 7.55 (s, 1H),7.32−7.28 (m, 1H), 5.13 (s, 1H),
3.35−3.27 (m, 2H), 3.26−3.24 (m, 2H), 1.95−1.92 (m, 2H), 1.85−
1.82 (m, 2H), 1.67 (s, 6H), 1.42 (s, 6H). 13C{1H} NMR (101 MHz,
CDCl3): δ 142.1, 136.0, 132.1, 127.7, 127.3, 126.8, 124.4, 121.7,
119.6, 116.6, 112.3, 47.5, 46.6, 42.1, 36.1, 33.2, 33.1, 30.8, 30.6, 28.0.
HRMS (Q-TOF, ESI): m/z calcd for C23H25N3, 342.1976 [M − H]−;
found, 342.1975.

For compound 2-H, the bromide was prepared according to
literature procedure.18 The general procedure produced the dicyano-
methane 2-H as a green solid (0.12 g, 40%). 1H NMR (400 MHz,
chloroform-d): δ 6.92 (d, J = 8.2 Hz, 1H), 6.03 (d, J = 8.2 Hz, 1H),
4.50 (s, 1H), 3.12−3.09 (m, 2H), 3.06−3.03 (m, 2H), 1.83−1.76 (m,
4H), 1.46 (s, 6H), 1.28 (s, 6H). 13C{1H} NMR (101 MHz, CDCl3):
δ 153.1, 143.7, 124.9, 124.1, 116.6, 105.0, 47.6, 47.3, 40.6, 37.5, 32.4,
32.2, 29.2. HRMS (Q-TOF, ESI): m/z calcd for C19H23N3, 292.1819
[M − H]−; found, 292.1819.

General Procedure for Oxidation. In a 25 mL round-bottom flask,
1 (8 mg, 0.02 mmol) was dissolved in DCM (5 mL), and PbO2 (30
mg, 0.13 mmol) was added. The mixture was stirred at rt for 15 min.
The solid was filtered and washed with DCM, and then the filtrate
was removed under reduced pressure to yield the radical/dimer.

Single-Crystal X-ray Structure Determination. Crystal struc-
tures are obtained with slow evaporation of a chloroform, 1,2-
dichloroethane, and toluene solvent mixture. Intensity data were
collected at 173 K using a Bruker Venture D8 (Cu Kα radiation)
equipped with a microfocus sealed tube. Data reduction, multiscan
absorption correction, structure solution, and refinement were
performed using the APEX 3 software suite [Apex 3 Suite, Bruker
AXS., Inc. Madison, Wisconsin, USA, 2020].

General Procedure for VT-UV−Vis Studies. The radical/dimer
species were dissolved in toluene. The spectra were collected at 10 K
increments with an equilibration time of 5 min for each temperature.

General Procedure for VT-EPR Studies. The 1−10 mM radical/
dimer species toluene solution was purged and cannulated into an
EPR tube. The EPR studies were then performed at 10 K increments
with an equilibration time of 5 min for each temperature increment.
The following instrument parameters were generally followed for each
sample: modulation frequency, 100 kHz; receiver gain, 40 dB;
modulation amplitude, 0.5; time constant, 0.01 ms; center field, 3355
G; sweep width, 150 G; microwave attenuation, 20 dB; number of
data points, 2048; average number of scans, 4.
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