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Iron-Catalyzed C—H and C—C Bond Cleavage: A Direct Approach to
Amides from Simple Hydrocarbons**
Chong Qin, Wang Zhou, Feng Chen, Yang Ou, and Ning Jiao*

The direct transformation of hydrocarbons by transition-
metal-catalyzed selective C—H and C—C bond activation
(cleavage) has attracted considerable attention. The attention
arises not only from its fundamental scientific interest but also
from its potential utility in organic synthesis."”) Recently, the
development of more atom-efficient, novel catalytic methods
for the preparation of amides under mild reaction conditions
has been one of the most exciting topics in organic synthesis.
Amides are essential for sustaining life, and they are
important moieties in organic chemistry, biological, and
pharmaceutical compounds.®* Although the preparation of
functionalized compounds by direct C—H or C—C bond
activation has been the focus of a significant number of
studies, the amide bond formation through C—H or C—C bond
cleavage is still an extremely attractive yet challenging
goal.>® Herein, we report a novel iron-catalyzed C—H and
C—C bond cleavage of benzyl hydrocarbons for the synthesis
of amides and enamides under mild reaction conditions

[Eq. (D)].
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Azides have been widely used in organic synthesis,”!
including the click reaction.®! Recently, some novel trans-
formations of an azide species involving C—H bond activation
for the synthesis of nitrogen-containing compounds have
been developed.”) By employing azides as the aminating
agents, the direct synthesis of nitriles and tetrazoles has also
been disclosed.'”! A stabilized azide cation is reported as the
key intermediate in these transformations. To additionally
validate the utility of azide methodologies for the synthesis
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nitrogen-containing molecules through C—H or C—C bond
cleavage, we investigated the FeCl,-catalyzed oxidative
reaction of bis(4-methoxyphenyl)methane (1a) in the pres-
ence of DDQ and sodium azide in acetic acid (see Table 1 for
structures). Interestingly, 4-methoxy-N-(4-methoxyphenyl)-
benzamide (2a) was obtained in 47 % yield (GC; see entry 1
of Table S1 in the Supporting Information). Other azide
regents such as diphenylphosphoryl azide (DPPA),
(nBu),NN;, and p-tosyl azide gave low yields (Table S1,
entries 2-4). Intriguingly, the amide product 2a was directly
produced in 90% yield when TMSN; was employed as the
aminating agent (Table S1, entry 5). It is interesting that the
reaction of 1a under the metal-free conditions could also
produce 2a in 73% yield (Table S1, entry 13), probably
because the substrates containing electron-donating groups
can be easily oxidized by DDQ. The reactions in the presence
of other transition metals such as Pd, Cu, Mn, Co, and Ni did
not significantly affect the transformation (Table S1,
entries 6-12). Hence, it was concluded that the iron salt can
efficiently promote the reaction (Table S1, entries 5 and 13).
The reactions using BQ, CAN, TBHP, or Cu(OAc), as the
oxidant did not perform well (Table S1, entries 17-20). The
yield decreased to 35% when MeCN was employed as the
solvent (Table S1, entry 16). After extensive screening of
different parameters (Table S1), the optimal reaction con-
ditions were determined to be those labeled conditions A
(FeCl, (10mol%), TMSN; (2.0 equiv), DDQ (2.2 equiv),
H,O (2.0 equiv), HOAc (2 mL), 60°C, under argon). Under
these reaction conditions 2a was obtained in 90% yield
(Table S1, entry 5).

The scope of the substrates was investigated under the
conditions A (Table 1). Diphenylmethanes bearing electron-
donating substituents (OMe, NMe, and OEt) afforded the
desired products 2a, 2¢, and 2d in good to excellent yields
(Table 1, entries 1, 3, and 4). However, when diphenyl-
methane (1b) was tested under conditions A, no product
was detected (see entry 1 of Table S2 in the Supporting
Information). Gratifyingly, when 1b was treated with DPPA,
instead of TMSN;3, 41 % yield of 2b was obtained (Table S2,
entry 2). Inspired by this, we additionally optimized the
reaction conditions by employing 1b as the model substrate
(Table S2, entries 3-20). The reaction did not work in the
absence of iron catalysts (Table S2, entries 3). Dramatically,
the efficiency is improved by the combination of azides
(DPPA/TMSN; 1:2) in the mixed solvent (HOACc/TFA 1:1).
Mn, Co, and Ni can also independently catalyze this trans-
formation but with low yields (Table S2, entries 16-20).
Under these alternate reaction conditions (conditions B) 1b
was converted into the desired amide 2b in 92% yield
(Table 1, entry2). When unsymmetric diphenylmethanes,
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such as 1-benzyl-4-methoxybenzene (le) and 4-benzyl-

biphenyl (1f) were employed,

two regioisomers were

obtained with the regioselectivities of 1.3:1 and 1.4:1,

respectively (Table 1, entries 5 and 6).

Significantly, the present strategy was also applicable to
the ring-expansion reactions (Table 1, entries 7-10). Various
lactams can be constructed by this direct transformation
through C—H and C—C bond cleavage. Six-membered-ring

Table 1: Direct transformation of the benzyl hydrocarbons 1 into the amides 2.”!
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benzyl hydrocarbons 9,10-dihy-
droanthracene (1h) and anthracen-
9(10H)-one (1i) were successfully
converted into the same lactam
product (2h; Table 1, entries 8-9).
Eight-membered ring lactam 11,12-
dihydrodibenzo[b,f]azocin-6(5H)-
one (2j) was obtained in moderate
yield from seven-membered-ring
substrate 1j (Table 1, entry 10).
Interestingly, phenanthridine (2g)
was produced in the reaction of
fluorene (1g) (Table1, entry?7),
thus suggesting that 2g is generated
by the dehydration of the desired
product phenanthridin-6(5H)-one.
This chemistry provides a novel
strategy for ring-expansion reac-
tions through C—H bond function-
alization under mild reaction con-
ditions.

In addition, under the originally
optimized reaction conditions (con-
ditions A), (E)-1,3-diphenypro-
penes 3 can be converted into the
corresponding acrylamides 4 in
good to excellent yields
(Scheme 1). These results show the
high chemoselectivity and indicate
that the aryl groups migrate prefer-
entially over the alkenyl groups
during the rearrangement process.
Substituents at different positions
of the arene rings (para, meta, and
ortho) did not affect the efficiency
of the reaction (4b, 4e, 4i). Fluoride
(4d), chloride (4c¢), and bromide
(4f) substitutents were also com-
patible with the process, thus pro-
ducing the corresponding acryl-
amides in good yields. It is note-
worthy that both electron-donating
substituents (e.g., OMe, 4j) and
electron-withdrawing substituents
(e.g., CF;, 4g) are tolerated in the
reaction. The reaction of substrates
with two different arene rings such
as l-cinnamyl-4-methoxybenzene
(3j), 1l-cinnamyl-4-chlorobenzene
(3k), and 1-cinnamyl-4-(trifluoro-
methyl)benzene (31) afforded prod-
ucts consisting of regioisomers in
ratios of 1:7.1, 1.4:1, and 5:1, respec-
tively. The regioselectivity may
originate from the 3,3-sigmatropic
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Table 1: (Continued)
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much lower than that of 2a reacting

Entry Substrates Products Yield under conditions B. Furthermore,
(94! the reaction of 5 did not produce

glel 1 2h 72 2b under Schmidt conditions (in the
absence of oxidant) similar to con-

Q ditions B [Eq. (4)]. All of these

0.0 NE results suggest that the reaction

O O does not undergo oxidation of

10 1j 2j 52 diphenylmethane to benzophenone

[a] Standard conditions: Conditions A: 1 (0.5 mmol) and Me;SiN; (1.0 mmol), FeCl, (0.05 mmol), H,0O
(1.0 mmol), and DDQ (1.1 mmol) in HOAc (2 mL) at 60°C under Ar for 24 h. [b] Yield of isolated
product. [c] Conditions B: 1 (0.5 mmol) and Me;SiN; (2.0 mmol), DPPA (1.0 mmol), FeCl, (0.05 mmol),
H,O (1.0 mmol), and DDQ (2.5 mmol) in HOAc (1 mL) and TFA (1 mL) at 80°C under Ar for 48 h.
[d] The ratio of isomers was determined by '"H NMR analysis of the purified mixture of products.

[e] Solvent: TFA (2 mL). [f] Solvent: TFA (2 mL), stirred at 100°C for 96 h. [g] 3.5 mmol DDQ was used.
DDQ =2,3-dichloro-5,6-dicyano-1,4-benzoquinone, TFA =trifluoroacetic acid.

rearrangement of the allyl azide intermediate under the
reaction conditions, and is obviously affected by the electron
density of aromatic rings.""

Additional mechanistic studies with possible key inter-
mediates have been investigated. One possible pathway for
this transformation is likely to be a tandem oxidative Schmidt
reaction process.'l However, when diphenylmethane (2a)
was tested in the absence of azides (DPPA and TMSN;), no
benzophenone (5) was observed [Eq. (2)]. Although 5 can be
converted into 2b under conditions B [Eq. (3)], the yield is

FeCl;, (10 mol%)

DDQ (2.2 equiv) >
SN O MesSiN; (2.0 equiv) /O R
R4 | R
Z Z " H,0 (20 equiv)

HOACc, 60 °C, Ar

Q/\AOJ@MOJ@/\AQ

with a subsequent Schmidt reaction.
To further probe the reaction mech-
anism, (azidomethylene)dibenzene
(6) was synthesized and subjected
to conditions B, 2b was obtained in
91% yield [Eq.(5)]. It indicates
that the azide species 6 may be
involved as the key intermediate in
this transformation.
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Scheme 1. Transformation of 1,3-diphenylpropenes 3 to acrylamides 4.
Standard conditions: 3 (0.5 mmol), Me;SiN; (1.0 mmol), FeCl,

(0.05 mmol), H,O (1.0 mmol), and DDQ (1.1 mmol) in HOAc (2 mL)
at 60°C under Ar for 24 h. Yield is that of the isolated product. [a] The
ratio of the isomers is determined by '"H NMR analysis of the purified
mixture of products.
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On the basis the above results, a tentative reaction
mechanism is illustrated in Scheme 2. Initially, 1b undergoes
the iron-assisted single-electron-transfer (SET) oxidation
with DDQ!"! to produce the corresponding diphenylmethyl
radical A, which could be additionally oxidized to the
diphenylmethyl cation B. Then substitution reaction of B
with an azide anion generates 6, which would be oxidized to
diphenylmethyl azide cation C by the iron-assisted DDQ
oxidative system. Subsequent isomerization of diphenyl-
methyl azide cation C leads to the intermediate D. If the
substrate was unsymmetrical, two isomeric iminodiazonium
ions (D and D) would be produced in this step." As in the
Beckmann rearrangement, the trans group (Ph* in D and Ph!
in D) migrates from the carbon to the nitrogen atom to
generate the intermediate E. Subsequent nucleophilic attack
by H,O leads to the desired amide product 2b through the
tautomerization of the intermediate F. The reaction of 1b in
the presence of H,'®O produced the desired isotopically
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Scheme 2. A plausible mechanism for the amide formation.

labeled product [**O]-2b [Eq. (6)],
mechanistic hypothesis.

In summary, we have demonstrated a novel iron-catalyzed
transformation of benzyl hydrocarbons into corresponding
amides through C—H and C—C bond cleavage under mild
reaction conditions. Ring expansion can be achieved by this
present strategy to generate lactams. The mechanistic study
shows that the transformation is a new process involving an

thus supporting this

FeCl, (10 mol%)

DDQ (5.0 equiv) 180
TMSN3 (4.0 equiv)
DPPA (2.0 equ1v) (6)
H2180 2.0 equiv)
2a HOAc, TFA, Ar [ 801 2b (85 %)

oxidative rearrangement rather than a tandem oxidative
Schmidt reaction. This protocol not only provides a new
synthetic tool for constructing synthetically and medicinally
important amides, but also offers an opportunity to achieve
C—H and C—C bond cleavage under mild reaction conditions.
Additional studies on the reaction mechanism and the
synthetic applications are ongoing in our group.
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