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Synthesis of N-Alkyl Anilines from Arenes via Iron-Promoted Aro-
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ABSTRACT: We report both an intermolecular C—H amination of arenes to access N-methylanilines and an intramolecular variant for the

synthesis of tetrahydroquinolines. A newly developed, highly electrophilic aminating reagent was key for the direct synthesis of unprotected N-

methylanilines from simple arenes. The reactions display a broad functional group tolerance and employ catalytic amounts of a benign iron salt

under mild reaction conditions.

Due to the prevalence of aromatic amines in pharmaceuticals, ag-
rochemicals, catalysts, dyes, and functional materials, the construc-
tion of C(sp*)—N bonds is of particular importance.! Traditional ap-
proaches for the amination of arenes either involve multistep synthe-
ses, harsh reaction conditions” or require a suitably placed handle for
transition metal-catalyzed cross-coupling reactions such as the
Buchwald-Hartwig amination or the Chan-Lam coupling.® Those
limitations of the traditional methods call for complementary ap-

proaches to construct C(sp*)—N bonds.

The C—H amination of arenes represents an alternative strategy
for the synthesis of aromatic amines without the need for prefunc-
tionalization. While early examples were still limited in yield and
scope,* considerable progress has been made in the C—H amination
of arenes in the last few years. Directing groups can assist in the C—H
functionalization step but can be difficult to remove afterwards.’®
This issue can be circumvented by innate C—H amination of arenes
which can be particularly attractive for late-stage functionalization
since these methods do not rely on directing groups or other pre-

functionalization of the arene.° However, many innate C—H amina-

tions either require an excess of arene which presents an issue for val-
uable late-stage applications, or introduce the amine in a protected
form through the use of nitrogen reagents substituted with strongly
electron-withdrawing substituents,’ thus requiring undesirable addi-
tional deprotection steps to access the unprotected aniline.® Nice-
wicz and coworkers could partially address this challenge by employ-
ing a photoredox strategy for the direct synthesis of primary anilines
from arenes.” Following this report, several research groups, includ-
ing ours, have reported methods for the C—H amination of simple
arenes to access primary anilines.'®"' In contrast, the direct synthesis
of secondary aromatic amines from

Scheme 1. Context of this work.
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simple arenes has received considerably less attention, despite the
broad occurrence of this motifin target-oriented synthesis. Kirtiand
Falck have developed a rhodium-catalyzed process for the synthesis
of primary and secondary anilines using hydroxylamine derivatives
as aminating reagents (Scheme 1A)."* Subsequently, Falck and
coworkers showed isolated examples of secondary anilines that can
be accessed through a copper-mediated amination of arenes."” The
group of Leonori has employed a ruthenium-catalyzed photoredox
strategy to access secondary and tertiary anilines from arenes using
alkyl amines (Scheme 1B)."* A photoredox approach using an acri-
dinium catalyst for the amination of highly electron-rich arenes with
primary amines has been reported by Nicewicz (Scheme 1C) but
this methodology has a limited scope of arenes and amines."* There-
fore, there is still a necessity for the development of complementary,
broadly applicable methods which do not rely on noble metal cata-
lysts.

Herein, we report an iron-promoted C—H amination of arenes to ac-
cess secondary aromatic amines employing hydroxylamine deriva-
tives as aminating reagents (Scheme 1D). The reaction can be per-
formed under air, does not require specialized equipment and is thus
operationally simple. A modified, intramolecular protocol also un-
locked the direct synthesis of tetrahydroquinolines, an important
class of heterocycles.

We recently reported the design and synthesis of alkylated hydrox-
ylamine-derived reagents for the synthesis of unprotected secondary
and tertiary amines from alkenes through an aminochlorination re-
action.’® We thus questioned whether these reagents could enable
the direct synthesis of unprotected secondary anilines from arenes
via innate C—H amination. Initial investigations using the previously
reported pivalate reagent (2a), however, resulted in low yields of the
desired product 3a (Table 1, entry 1). Given that tuning the leaving
group ability of the reagent can be essential to achieve good reactiv-
ity,"™ we next turned our attention to the synthesis of a new reagent
bearing a OTs group (2b). This proved to be a crucial change, and
the product 3a was obtained in moderate yields (Entry 2).

Table 1. Selected optimization data for the N-methylamination
of benzene.’
Ha H

9 N
@ . RO/’)‘_\Me Iron salt (5 mol%) Me
OTf

Solvent, 40 °C, 16 h

1a R = Piv (2a) 3a
Ts (2b)
Ns (2¢)

Entry Iron salt Sé(r)l:ie;l)t R ?/:5‘:
1 FeSO47H:0 HFIP Piv <S
2 FeSO47H,O HFIP Ts 39
3 FeSO47H,O TFE Ts )
4 FeSO47H;0 Me?f ?20 Ts <s
S Fe(acac): HFIP Ts 37
6 FeCl, HFIP Ts 38
7 FePc HFIP Ts 25
8 FeSO4+7H20 HFIP Ns 67
9 - HFIP Ns 9
10 FeSO4+7H,O HFIP Ns 21¢

“Reaction conditions: Benzene (0.20 mmol), aminating reagent (2) (0.50
mmol), iron salt (0.01 mmol), solvent (0.2 mL), 40 °C, 16 h, under air. *Yields in
% obtained by GC-FID using n-dodecane as internal standard. “Boc-protected
aminating reagent precursor, triflic acid (0.50 mmol), 1 mL solvent. Ns = nosyl.
Pc = phthalocyanin. Piv = pivaloyl. TFE = 2,2,2-trifluoroethanol. T's = tosyl.
The evaluation of different solvents (Entries 2-4) showed that
1,1,1,3,3,3-hexafluoroisopropanol (HFIP) was optimal for the trans-
formation. Among different iron(II) salts that were investigated
(Entries 2, 5-7), iron sulfate afforded the product in the highest yield.
Interestingly, the yield of the reaction could be further increased by
improving the leaving group ability of the sulfonyl group. Employing
NsONHMe'TfOH (2c) as an aminating reagent afforded the de-
sired product 3a in 67% yield (Entry 8). The air- and moisture-stable
reagent 2¢, which has not been reported previously, can be readily
accessed in three steps from commercially available materials in 1%
overall yield and is stable for several months if

Scheme 2. Arene substrate scope.*
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"Reaction conditions: Arene (0.50 mmol), 2¢ (1.25 mmol), FeSO47H:0 (0.025
mmol), HFIP (0.5 mL), 40 °C, 16 h, under air. Yields are of isolated products;
regioselectivity determined by NMR. Yields in parentheses correspond to the re-
actions performed without FeSO4-7H20.

stored at —20 °C. The reaction can be performed under air and does
not require anhydrous solvents. Interestingly, when the Boc-pro-
tected precursor of the aminating reagent is deprotected in-situ by
the addition of triflic acid, the desired product can be obtained in
21% yield (Entry 10).

Having the optimized conditions in hand, we set out to investigate
the generality of the reaction on a range of arenes (Scheme 2). Both
electron-neutral and electron-rich arenes could undergo N-me-
thylamination in moderate to good yields. Unfortunately, electron-
poor arenes proved to be unsuitable for the reported process. The
more electron-poor the arene substrate was, the lower was the con-
version and thus the yield of the amination reaction. However, on

systems with an additional electron-donating group, even strongly
electron-withdrawing groups such as ester (3g) and nitro (3h)
groups were tolerated. (Pseudo)halides that are known to undergo
oxidative addition with late transition metals remained untouched
(3i-k, 3m-p). Arenes bearing aliphatic halides (3q, 3r) and alcohols
(3s) are also suitable substrates. Substrates bearing multiple aryl
groups react selectively on the more electron-rich arene, without any
diamination being observed (3f, 3t). Collectively, these results sug-
gest that the reaction could be employed in late-stage functionaliza-
tion."” To support this hypothesis, pharmaceuticals or derivatives
thereof were used as substrates for the reaction. Nimesulide (3t) and
ibuprofen methyl ester (3u) both underwent the N-methylamina-
tion reaction to afford the corresponding aniline. The preparative
value of the methodology could be further demonstrated in a scale-
up experiment where mesitylene was aminated on a $ mmol scale to
afford 3¢ in an even slightly higher yield than on small scale.

Control reactions revealed that the two very electron-rich anilines
3e & 3f can be obtained from the corresponding arenes without the
use of FeSO4+7H,0 in a similar yield compared to the optimized re-
action conditions. Due to the high electrophilicity of the reagent 2c,
the iron-free reaction presumably proceeds in these two cases
through a direct electrophilic aromatic substitution pathway. How-
ever, for less electron-rich substrates, the iron-free control reaction
resulted in a yield of <25% (see Scheme 2 and SI for details). In light
of these results, we next performed further control reactions using
common radical initiators instead of the Fe-salt to test whether rad-
ical chain reaction mechanisms might be operating (see SI for de-
tails). When 5% benzoyl peroxide were used instead of the iron salt,
N-methylaniline (3a) was obtained in a decreased yet significant
459% yield, while the use of AIBN and Cu(I)-salts did not deliver the
product. Furthermore, when the iron-free reaction is heated to 60 °C
instead of 40 °C, 3a is obtained in 66% yield. The reaction, in this
case, is likely initiated by thermal homolysis of the N-O bond. How-
ever, we noticed that the iron-free reaction had a slower rate when
compared to the iron-promoted reaction, again demonstrating the
activating effect of the Fe salt. Collectively, these results suggest that
radical chain reactions could be partially involved in this reaction,
particularly at higher temperatures, although it is not possible at this
stage to determine whether iron solely acts as an efficient radical in-
itiator or truly catalyzes the reaction. These observations are con-
sistent with the work of Ritter and coworkers describing the synthe-
sis of primary anilines from arenes.'™

We also investigated the regioselectivity of the reaction using bro-
moanisoles. While 4-bromoanisole and 2-bromoanisole were exclu-
sively aminated at the ortho (3m) and para (30) position relative to
the methoxy group, respectively, the amination of 3-bromoanisole
gave an inseparable mixture of three regioisomers (3n). Amination
mainly occurred in para position to the methoxy group but some
amination on the two ortho positions could also be observed. Gener-
ally, it can be said that amination usually occurs selectively at elec-
tronically activated positions. However, in substrates bearing only
weakly directing substituents, additional regioisomers can be
formed.

We next turned our attention to the synthesis of partially saturated
N-heterocycles. Notably, in addition to the intermolecular N-me-
thylamination, Kiirti and Falck also reported the rhodium-catalyzed
intramolecular N-alkylamination of electron-poor, -neutral and -rich



arenes.’? In 2017, Bower demonstrated the trifluoroacetic acid-me-
diated intramolecular C—H amination of electron-neutral and elec-
tron-rich arenes.’® The authors hypothesized that after an acid-pro-
moted deprotection, the resulting protonated O-tosyl hydrox-
ylammonium intermediate can be nucleophilically attacked by the
tethered arene. Consistent with this hypothesis, they observed that
electron-poor substrates did not undergo intramolecular C—H ami-
nation in the absence of a metal catalyst. We

Table 2. Selected optimization data for the intramolecular C—H

amination.’
Br Iron salt (5 mol%) Br
_OR Acid (2 equiv.)
’\\l Solvent, r.t., 16 h
Boc N
H
4 5a
Solvent Yield
E I \{ R Aci
ntry ron salt (ratio) cid [%]°
1 - HFIP Ts TFA 6
2 Fe(acac), HFIP Ts TFA 42
3 FeCly HFIP Ts TFA 37
4 FeSO4+7H,0 HFIP Ts TFA 45
S FeSO4+7H,0 HFIP Ts AcOH 36
6 FeSO4+7H,0 HFIP Ts TfOH <S5
7 FeSO47H,0 TFE Ts TFA <S5
MeCN/H
8 FeSO47H:0 CCN/HO- TFA <5
(2:1)
9 FeSO4+7H,0 HFIP Ms TFA 41
10 FeSO4+7H,0 HFIP Ns TFA 33

“Reaction conditions: 4 (0.050 mmol), iron salt (0.0025 mmol), solvent (0.5
mL), room temperature, 16 h, under air. "Yields in % obtained by NMR using
CH:Br as internal standard. Ms = mesyl. Tf = triflyl. TFA = trifluoroacetic acid.

thus set out to investigate whether a benign iron salt can also pro-
mote the intramolecular N-alkylamination of electron-deficient sub-
strates."’

The intramolecular aromatic C—H amination was optimized on
the bromobenzene derivative 4a, which only gave traces of aryl C—H
amination in the absence of a transition metal (Table 2, entry 1).
FeSO.*7H,0 was identified as the most suitable in an evaluation of
different iron(II) salts (Entries 2-4). TFA proved to be the optimal
acid to promote the in situ Boc-deprotection of the starting material
(Entries 4-6). Interestingly, the use of triflic acid did not result in the
formation of the desired product Sa, despite the established effi-
ciency of triflate salts as reagents in our intermolecular N-me-
thylamination of arenes. An evaluation of different solvents revealed
that HFIP is the optimal solvent for this transformation (Entries 4,7
& 8). Interestingly, varying the O-substituent only had a minor im-
pact on the reaction outcome. The use of an O-tosyl group afforded
the desired product 5a in the highest yield (Entries 4, 9 & 10).

Having the optimized conditions in hand, we briefly evaluated the
substrate scope of the transformation (Scheme 3). We focused on
arenes carrying substituents that deactivate the aromatic ring and
thus do not undergo aryl C—H amination in high yields in the ab-
sence of a transition metal. Ortho- and para-substituted bromoben-
zenes were both suitable substrates for the transformation (5a &
5b). The meta-substituted analog afforded the aminated product as

well but due to the ortho/para directing effect of bromine, the reac-
tion also proceeded in a similar yield in the absence of the iron salt
and was thus outside of the scope. The strongly electron-deficient
trifluorotoluene derivative (5c) was also a suitable substrate for this
process. Furthermore, aryl fluorides (5d), chlorides (Se) and io-
dides (5f) could all be converted to their tetrahydroquinoline ana-
logs in moderate yields.

Scheme 3. Arene scope intramolecular C—H amination.*
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“Reaction conditions: Arene (0.50 mmol), FeSO47H,0 (0.025 mmol), TFA
(1.00 mmol), HFIP (5 mL), room temperature, 16 h, under air. Yields are of iso-
lated products. Yields in parentheses correspond to the reactions performed with-
out FeSO,7H,0.

In conclusion, we have developed processes for the synthesis of N-
methylanilines and tetrahydroquinolines from simple arenes. A be-
nign iron(Il) salt enables both transformations. The reactions are
not sensitive to air or moisture and can be performed on the bench-
top under mild reaction conditions. The generality of the transfor-
mations was shown on a broad scope of arenes bearing unprotected
polar functional groups often found in biologically active molecules.
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