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Abstract: A new free carbon radical was obtained in a micro-
wave-assisted solvothermal reaction of the primary amine (1-
methyl-1H-benzo[d]imidazol-2-yl)methanamine with
FeCl;:6 H,O in methanol at 140°C. Through a combination
of crystallography and electrospray ionization mass spectron-
etry, the reaction process was studied. The longest domino
reaction includes 14 steps and forms up to 12 new covalent
bonds (9 C—N and 3 C—C bonds) and 3 five-membered
heterocycles. For the first time, the homolytic cleavage of a
C—=0 bond was used to synthesize a triarylmethyl radical.

One of the primary goals in chemistry is to understand
bonding and the way reactions progress.'~! Domino reactions
consist of multiple transformation steps in which the subse-
quent reaction takes place at the functional group formed in
the previous step.*®! Molecules with complex architectures
can be obtained from simple substrates by domino reactions
without isolation of the intermediates, which improves atom
economy.m Furthermore, domino reactions can also give
molecules that cannot be produced by traditional methods,
and as a result, they have been applied in many fields such as
total synthesis and biology. Consequently, developing new
domino reactions is very
desirable (see the Supporting
Information, Scheme S1), and
tracking and understanding
domino reactions is even
more significant and challeng-
ing.

Under solvothermal con-
ditions, some organic ligands
can be transformed insitu

14 steps

into new ligands, in processes N

catalyzed by  transition
metals.[*”! These “black box” N Fecl, N
conditions render it even ©:l\i>_\NH
more difficult to track and 2
understand the overall pro-

cess. Fortunately, combina-
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tions of techniques, such as crystallography and electrospray
ionization mass spectrometry (ESI-MS), have been cooper-
atively applied in the study of complicated reaction process-
es268% For example, we have analyzed the process of
a multistep assembly along with an insitu ligand reaction
that gives a highly stable luminescent Zn; cluster,® as well as
the generation of the biggest chiral cobalt coordination
cluster Coy.,”" and the heptanuclear disks Co,Ni,_, (x=0-
7).°<I Recently, we have discovered a FeSO,-7H,O catalyzed
domino N-alkylation reaction of NEt;/NH; under solvother-
mal conditions resulting in a trimeric cluster [Fe;(Ls-N),].[!
The various Fe intermediates were identified by ESI-MS for
the first time, and a mechanism was proposed with the help of
crystallography. Furthermore, on this basis, we were able to
selectively synthesize the organic intermediates by controlling
the reaction time.

Herein, we describe the generation of a rare room-
temperature-stable organic free radical, compound 1, in
a domino reaction under solvothermal conditions. In addition,
key intermediates identified as “tetramer” 2, “dimer” 3, and
[Fe™(L1),CI(OCHS,)]Cl 4 were characterized by crystallog-
raphy and ESI-MS (Scheme 1). Based on the structures of

9C-Nand 3 C-C
3 heterocycles

“hexamer”

@ “tetramer”

Scheme 1. The chemical structures of L1, “dimer” 3, “tetramer” 2, and “hexamer” 1 formed during the
domino reaction leading to compound 1.

these intermediates, time-dependent ESI-MS of the reaction
solution, control experiments, and isotope labeling experi-
ments, a possible domino process was proposed. This is the
longest one-pot domino reaction reported thus far, involving
up to 14 steps and constructing 12 new covalent bonds (9 C—N
and 3 C—C bonds) and three five-membered heterocycles.

Ligand L1 (1-methyl-1H-benzo[d]imidazol-2-yl)methan-
amine (1 mmol) was dissolved in methanol (20 mL) at room
temperature followed by the addition of FeCl;-6H,0
(0.2 mmol). The reaction mixture was stirred for 10 min and
then transferred to a Teflon-lined steel bomb and subjected to
microwave heating at 140°C for 30 min. The reaction mixture
was evaporated to dryness, the residue was dissolved in
CH,Cl,, and the resulting suspension was filtered to give
a blue solution from which purple solid 1 was obtained by
column chromatography (EtOAc/MeOH =3:1) in 30 % yield
(based on L1).

Compound 1 (C(C;sH;,N5)HCI-3 CH;0H) crystallizes in
the orthorhombic space group Pna2, with a chloride counter-
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ion. It has a central carbon atom (C55) attached to three
4-methyl-1-(1-methyl-1H-benzo[d]imidazol-2-yl)-4 H-benzo-
[d]imidazo[1,5-a]imidazolyl groups. These three heterocycles
are held in a propeller-like conformation, which can be
attributed to steric hindrance. The bond lengths of C55—C1
(1.427(5) A), C55—C19 (1.417(5) A), and C55—C37 (1.430-
(5) A) are between the values of C—C single (1.54 A) and
C=C double (1.34 A) bonds. In addition, the maximum
deviation from the least-squares plane through the central
carbon atom (C55) and the three attached carbon atoms (C1,
C19, and C37) is 0.051 A for C55, indicating its planarity.
These results suggest that the central carbon atom is sp*-
hybridized (Figure Sla and Table S1). Initially, compound
1 was assigned as [C(C;sH4N;);]"Cl—-3CH;0H), and C55 is
a carbocation balancing the negative charge of the Cl°
counterion. However, magnetism and electron paramagnetic
resonance (EPR) experiments suggested that compound 1 has
one unpaired electron (Figures 1 and S1). Thus 1 could be
assigned as the (C(C;gH;,N5)HCI-3CH;0H) (“hexamer” of
L1), with a proton balancing the negative charge of Cl™. It is
worth noting that the dihedral angle between rings D and G
(30.0°, Figure S1) is much larger than the other two corre-
sponding dihedral angles (rings B and E: 10.3°; rings C and F:
15.4°). The considerable difference between these dihedral
angles suggests the different steric hindrance between the
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Figure 1. Top: EPR spectrum of compound 1. Inset: EPR spectrum of
3C-labeled 1 in the solid state (red: experimental, blue: simulation).
Bottom: Temperature dependence of y,, T for compound 1 at 0.1 T.
Inset: 1/y, vs. T. Solid lines represent the theoretical fits generated
using the models discussed in the text.
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heterocycles, which could be caused by the proton attached to
N14 (Figure S1). Theoretical calculations on C(C;gH;,N5);H*
(simplified model of 1 by omitting the chloride counterion
and solvent) at the DFT-B3LYP/6-31G(d) level of theory
agree well with the crystal structure of 1, and the correspond-
ing dihedral angles are 20.2°, 6.1°, and 13.6°, respectively,
suggesting that one of the N atoms is protonated (Table S2b).

The results of our magnetism and EPR experiments
clearly suggested that 1 has one unpaired electron. The EPR
spectrum features an asymmetric derivative peak, implying
the existence of magnetic anisotropy in the molecule.
Computational spectral simulations showed that the molecule
has an axial magnetic anisotropy with S=1/2, g, =2.0130(5),
and g, =2.0105(5). Hyperfine coupling of *C(a) was found at
room temperature with a hyperfine coupling constant of
16.9 G (Figure 1), which is close to the value obtained by
theoretical calculations (10.7 G). The spin value is in good
agreement with the values commonly measured for organic
radicals,"*!! confirming that 11is a radical. The g value (2.012)
is higher than those of other triarylmethyl free radicals
(2.002-2.003), which could be partially ascribed to its nitro-
gen-rich character. Furthermore, the axial magnetic aniso-
tropy of 1 agrees well with its planar structure. To study the
electronic nature of 1, the temperature dependence of the
magnetic susceptibility was measured at 0.1 T as shown in
Figure 1. The y,, T value of 0.377 cm* K mol " at 300 K is close
to the spin-only value of 0.375 cm®Kmol ™' expected for one
magnetically isolated magnetic center with S=1/2 and g=2,
implying the existence of one unpaired electron in 1. As the
temperature is lowered, y,7 gradually decreases to
0.15 cm*Kmol™" at 2 K, indicating the presence of antiferro-
magnetic coupling among the molecules. This is supported by
the negative Weiss temperature 6 = —3.57(5) K, obtained by
fitting the 1/y,, versus T curve with the Curie—Weiss law
between 30 and 300 K. The susceptibility of 1 was fitted using
the PHI program with a model assuming that the decrease in
xm 1 1s due to intermolecular interactions. The resulting
intermolecular interaction constant zJ amounts to —2.41-
(2) cm™', which falls in the range of reported values for
organic radicals.'"”’ The results of the theoretical calculations
also suggest that compound 1 is a radical (Tables S2 and S3).
The first stable triarylmethyl radical, the triphenylmethyl
radical, was reported by Gomberg in 1900.1”! However, thus
far, there are few examples of this type of radicals,">¥ such as
the tris(2,4,6-trichlorophenyl)methyl (TTM) radical, the per-
chlorotriphenylmethyl (PTM) radical, pyridyl-containing tri-
arylmethyl radicals (PyBTM), the (N-carbazolyl)-bis(2,4,6-
trichlorophenyl)methyl radical (CzBTM),” and the tri(9-
anthryl)methyl radical.’™ Recently, 3-substituted 9-(naphtha-
len-2-yl)-9H-carbazole (3NCz) and 3-substituted 9-phenyl-
9H-carbazole (3PCz) were introduced into the skeleton of
TTM radical to give TTM-3-NCz and TTM-3PCz, respec-
tively." Compound 1 represents a new type of triarylmethyl
radical containing different heterocycles. Furthermore, a solid
sample of 1 could be stored in air at room temperature for
months without appreciable decomposition, showing excel-
lent stability.

Along with the generation of 1, light yellow plate-like
crystals were also formed in the reaction mixture. This
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compound was characterized by NMR spectroscopy and high-
resolution mass spectrometry and could be assigned to
compound 2 (C5;H;Ny,; bis(4-methyl-1-(1-methyl-1H-benzo-
[d]imidazol-2-yl)-4 H-benzo[d]imidazo[1,5-a]imidazol-3-
yl)methane). Crystals suitable for single-crystal X-ray dif-
fraction were obtained by recrystallization of the crude
crystals in a mixture of dilute hydrochloric acid and methanol.
The C—C bond lengths around the central carbon atom are
1.506 A, close to those of typical C—C single bonds, suggesting
that the central carbon atom is sp’-hybridized (Figure S1).
Compound 2 consists of two 4-methyl-1-(1-methyl-1H-benzo-
[d]imidazol-2-yl)-4 H-benzo[d]imidazo[1,5-a]imidazolyl
groups linked by the central carbon atom, and can be seen as
a “tetramer” of the starting ligand L1. There are two Cl™
counterions in the crystal structure, and two N atoms (N1 and
N1’) are protonated. The torsion angle of N1-C8-C9-N5
(—29.6°) is close to that in compound 1 (26.4°). Both
compounds 1 and 2 consist of the same (4-methyl-1-(1-
methyl-1H-benzo[d]imidazol-2-yl)-4 H-benzo[d]imidazo-[1,5-
alimidazolyl) groups, a “dimer” of L1, indicating that this
“dimer” could be the synthon to produce compounds 1 and 2.
Fortunately, this “dimer”, compound 3 (C;sH;sNs), was
successfully synthesized from L1 by using isopropanol (i-
PrOH) as the solvent (Figure S2 and Table S4). In the solid
state, the dihedral angle between the two heterocycles in 3 is
12.9°, which is in the range of those in 1 (10.3-30.0°). The two
coordinating N atoms are located on either side of the C—C
bond connecting the two heterocycles, which can be ascribed
to the steric hindrance between the methyl substituent and
the H atom of the phenyl group. In addition, when the
reaction of L1 with FeCl;-6 H,O in MeOH was carried out at
room temperature, the complex [Fe(L1),CI(OCH,)]CI (4;
Figure S3) was obtained. Its structure clearly shows that two
L1 ligands coordinate to the Fe' cation. It is worth noting that
compounds 1 (the “hexamer”), 2 (the “tetramer”), and 3 (the
“dimer”) were formed from relatively simple substrate L1
under solvothermal conditions. A series of transformations
should be involved in this reaction, which needed further
study.

To gain more insight, ESI-MS was applied to track the
reaction process. First, at room temperature, the fragment
[Fe™(L1),Cl]" and other fragments containing [Fe(L1)] moi-
eties were detected, indicating the coordination of Fe’* with
L1 (Figure S4 and Table S5). Then, under microwave-assisted
solvothermal conditions, as shown in Figure 2 (and Figure S5
and Table S6), the representative fragments corresponding to
1 (m/z 912.3748, [1]%), 2 (m/z 613.2596, [2]7), 3 (m/z 302.1315,
[3+H]"), and 4 (m/z 413.0942, [Fe"(L1),CI]") were detected.
Initially, the abundances of [3+H]" and [Fe"(L1),CI]*
increased, but after 8 min, they began to decrease. The
abundance of 1 increased gradually during the reaction course
and that of 2 was low, which could be ascribed to its low
solubility. Furthermore, two key fragments corresponding to
[(3-H)CH,OH + H]" (m/z 332.1508) and [(3-H),CHOH+H]*
(m/z 631.2692) were also detected (Figure S6).

Control experiments were also performed to gain more
information (Table S7 and Figure S7). First, without
FeCl;:6 H,0O, no fragments corresponding to compounds 1,
2, or 3 were detected, indicating that the metal salt is
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Figure 2. a) Relative intensities of the three systems during the assem-
bly process at different points in time (1: 2 min; 2: 4 min; 3: 8 min; 4:
15 min) under ambient conditions. b) MS fragment assignment of key
intermediates in isotope labeling experiments (*CH;OH and CD;0D).

a prerequisite (Figure S7a), which may activate the ligand by
coordination. Interestingly, when 3 was heated in MeOH
without FeCl;-6H,0 (Figure S7b) under solvothermal con-
ditions (140°C), the fragments of 1 and 2 were detected,
indicating that once 3 has been formed, FeCl;-6 H,O is not
indispensable for the subsequent transformations. Further-
more, 1 and 2 were also detected under two other reaction
conditions, namely upon 1) treating L1 with HCHO in i-
PrOH in the presence of FeCl;-6 H,O (Figure S7c¢); and upon
2) treating 3 with HCHO in i-PrOH without FeCl;-6 H,O
(Figure S7d). These results also suggest that the solvent
MeOH may be transformed into HCHO and then participate
in the reaction. It is worth noting that 2 could also be
transformed into 1 without FeCl;-6 H,O (Figure S7¢), indi-
cating that 1 might originate from 2. When the reaction was
carried out in the presence of DMPO (2,2,6,6-tetramethylpi-
peridine 1-oxyl), the peaks of 1 were not detected (Fig-
ure S7f). This clearly confirmed that the reaction involves
a radical pathway.

To further confirm the source of the central carbon atom,
isotope labeling experiments using *CH;OH and CD;0D as
the solvent were carried out. The *C-labeled species 1", 2", (3-
H)®*CH,0H, and (3-H),”CHOH were detected ([1]":
913.3781 (m/z), [2™+H]": 616.2771, [(3-H)*CH,OH+H]":
333.15, [(3-H),*CHOH+H]": 632.27; Figure 2b and Fig-
ure S8). The deuterated fragments (m/z 316.14, m/z 352.16,
m/z 614.26, and m/z 760.83) were also detected (Figures 2b
and S8 and Table S8). All of these results confirmed the
hypothesis that methanol is the source of the central carbon
atom. As an abundant chemical feedstock, methanol can be
used as a C, building block in C—C and C—N bond formation;
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however, coupling reactions between aromatic carbon atoms
and methanol are very rare.l'”! Radical 1 represents the first
example of a free radical derived from the sequential cleavage
of the four bonds around the carbon atom of methanol.
From the synthesis of 3 and the control experiments,
a plausible mechanism is proposed (Figure 3a). Ligand L1
coordinates with FeCly6H,O to give intermediate [Fe'-
(L1),C1]* (step i). The self-condensation of the coordinated

’
B om0 + 2L
FeCly'6H,0 + 2 NHNHZ
: l L1
Coordination

__~Hz
L1 . i < HNg
) Oxidation [F°]:N1N'
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\
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Di: iati addition v
'
\ H N.@
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Dehydrogenation [FelNyAq. v [Fe]‘NlN‘ NH,
Nucleophilic @
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H-G-OH
H
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HCHO H, QH
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Homolytic
cleavage HQ, Y Nu addition g + 22
r G [ 2 &
*OH xiii
1 Xiv 2
912.3749 613.2585

Figure 3. Plausible mechanisms for the formation of 3 (a) and 1 (b).

L1 to an imine (ii-iv) is followed by intramolecular cyclization
(v), aromatization (vi), and dissociation (vii) to give 3.1%
Then, 3 could react with formaldehyde (viii) derived from
methanol to give a primary alcohol (ix; Figure 3b). This
primary alcohol could be oxidized to an aldehyde (x), which
could undergo nucleophilic addition with 3 to produce
a secondary alcohol (xi). This secondary alcohol could
disproportionate to 2 and a ketone (xii). Then, the ketone
could again undergo nucleophilic addition with 3 to give
a tertiary alcohol (xiii), which could undergo homolytic
cleavage of the C—O bond to afford the free radical 1 (xiv).
Finally, free radical 1 could combine with a HCl molecule
present in the reaction system to give the final product, free
radical cation [1]'HCI. This reaction meets the criteria of
domino reactions. Although the classification of the reaction
steps in this domino reaction is not straightforward, based on
the chemical bond breaking and forming, this is a 14 step
domino reaction."” This sequence involves more steps than
the longest previously reported 12 step cascade reaction.®
While the previously reported radicals were synthesized by
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oxidation of the corresponding carbanions with I, or p-
chloranil (Table S9), our new radical was prepared by C—O
homolytic cleavage, which represents a new pathway to give
a carbon-centered free radical.

In summary, we have described the synthesis of a novel
organic free radical 1 with high stability under microwave-
assisted solvothermal conditions at 140 °C. The new method is
different from the common procedure for generating such
radicals, which involves the oxidation of the corresponding
carbanion at room temperature or even lower temperature.
Ligand L1 underwent a series of transformations, including
coordination, self-condensation, cyclization, aromatization,
and triple coupling with the solvent methanol followed by
C—O homolytic cleavage to produce 1 via the key intermedi-
ates 4, “dimer” 3, and “tetramer” 2. Even with such a large
series of reaction steps, the yield of free radical 1 was still as
high as 30 %, and the atom economy of the domino reaction is
as high as 91.8 %. This domino reaction, thus far the longest
reported (14 steps), was thoroughly studied through the
combination of crystallography and ESI-MS techniques. This
combination of techniques shows great usefulness in tracking
complicated reaction processes even for the rare circumstance
in which the solvent takes part in the reaction. To the best of
our knowledge, this is the first time that a triarylmethyl free
radical has been produced by the homolytic cleavage of a
C—0 bond, which is different from the traditional oxidation of
a carbanion and provides a new strategy to synthesize free
radicals. The participation of the solvent methanol, which
undergoes multiple activations of the four bonds around the C
atom, is attractive and inspiring for the synthesis of organic
macromolecules.
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