Chinese Chemical Letters 34 (2023) 107731

Contents lists available at ScienceDirect

Chinese Chemical Letters

GCh,
o m

journal homepage: www.elsevier.com/locate/cclet

Manganese catalyzed urea and polyurea synthesis using methanol as ®)

C1 source

Check for
updates

Jiaxin Guo?!, Jun Tang®!, Hui XiP, Sheng-Yin Zhao?, Weiping Liu®*

3Key Laboratory of Science and Technology of Eco-Textile, Ministry of Education, College of Chemistry, Chemical Engineering and Biotechnology, Donghua

University, Shanghai 201620, China

b Key Laboratory of Tobacco Flavor Basic Research of CNTC, Zhengzhou Tobacco Research Institute of CNTC, Zhengzhou 450001, China

ARTICLE INFO ABSTRACT

Article history:

Received 18 March 2022
Revised 29 July 2022

Accepted 5 August 2022
Available online 10 August 2022

Keywords:

Manganese
Homogeneous catalysis
Urea synthesis
Polyurea synthesis
Methanol as C1 source

The manganese-catalyzed dehydrogenative coupling between methanol and amines for the synthesis of
ureas and polyureas is described. Importantly, catalytic efficiency can be improved by the newly synthe-
sized MACHO ligands. Furthermore, this highly atom-economical protocol demonstrates a broad substrate
scope with good functional group tolerance, producing H, as the sole byproduct. Mechanistic studies
disclose that formamide is formed through manganese-catalyzed formylation of amine with methanol.
Subsequent dehydrogenation affords a transient isocyanate, which is attacked by another equivalent of
amine to provide the final product.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ureas are a class of essential organic compounds and widely ex-
ist in pharmaceuticals, agrochemicals, dyes, antioxidants in gaso-
line as well as fine chemicals [1-4]. The corresponding polymers
are usually found in substantial applications, such as coating, ad-
hesive, materials, and others [5]. In the past decades, numerous
approaches have been established for the synthesis of ureas and
related polyureas [6]. Classical approaches toward the synthesis
of (poly)ureas apply (di)isocyanates, phosgene, and its derivatives
as starting materials (Scheme 1A) [7]. Although these processes
proved to be very general, they suffer from serious toxicologi-
cal and environmental issues. Alternatively, several methodologies
have been established under (di)isocyanates-free conditions. For
instance, the processes using carbon monoxide (CO) as the source
of carbonyl fragment were developed for the ureas preparation [8-
12]. Such carbonylation reactions are generally performed under
high temperature and high CO pressure conditions with a stoi-
chiometric amount of oxidants. Compared to CO, carbon dioxide
(CO,) is more attractive because it is a renewable and non-toxic
carbon resource [13-19]. However, this protocol typically requires
high temperature and pressure, as well as dehydrating agents.

Recently, transition metal-based pincer catalysts [20-28] have
showcased powerful catalytic ability in acceptorless dehydrogena-
tive cross couplings with alcohols. Normally, H,O and/or H, are
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generated as the “green” side products in the transformation
[28]. This procedure potentially offers an attractive alternative for
(poly)ureas synthesis using methanol to overcome the aforemen-
tioned problems, and such process avoids using toxic C1 source
(such as isocyanates, phosgene, CO), oxidants, and dehydrating
agents. Moreover, methanol is abundant, sustainable, biodegrad-
able, and is also one of the most important C1 feedstock in organic
synthesis [29].

In this regard, homogeneous catalysis enabled the dehydrogena-
tive synthesis of urea using methanol as carbonyl fragment has
been scarcely investigated. In 2016, Hong group demonstrated the
feasibility of this transformation by utilizing methanol and amines
in the presence of ruthenium complex as the catalyst [30]. Re-
cently, the sole dehydrogenative preparation of polyureas utiliz-
ing diamines and methanol was realized by Kumar group apply-
ing ruthenium catalysis [31]. However, the catalyst based on pre-
cious ruthenium is less desirable compared to non-noble met-
als, due to its less abundant and more expensive nature. More-
over, Hazar/Bernskoetter and coworkers elegantly developed iron-
catalyzed urea synthesis with methanol and amines. In this case, a
large excess amount of amines were required to afford high yields
and TONs [32], and demonstrated poor substrate scope.

Nowadays, a rising trend in catalysis is the application of 3d
metals due to their natural abundance and often reduced toxicity
[22-26,33-42]. Particularly, manganese is overall the twelfth most
abundant element and the third most abundant transition metal in
the earth’s crust. Furthermore, manganese is found as an essential
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Scheme 1. Synthesis of urea and polyurea.

Table 1
Optimization of manganese-catalyzed urea synthesis (2a).2

Mn-1 (0.5 mol%) o
Ph NH, + Meon _Dase(2.0mol%) Ph/\N)kN/\Ph
solvent (x mL) H H
1a T(C),24h 2a
Entry Base Solvent x (mL) T (°C) 2a (%)°
1 KOtBu Mesitylene 0.5 150 78
2 KOtBu 1,4-Dioxane 0.5 150 81
3 KOtBu m-Xylene 0.5 150 82
4 KOtBu p-Xylene 0.5 150 81
5 KOtBu Toluene 0.5 150 86
6 KH Toluene 0.5 150 83
7 NaOtBu Toluene 0.5 150 83
8 KOMe Toluene 0.5 150 84
9 KOtBu Toluene 1.0 150 49
10 KOtBu Toluene 0.2 150 85
11 KOtBu Toluene 0.5 140 82
12 KOtBu Toluene 0.5 130 66

@ Reaction condition: 1a (2.0 mmol, 1.0 equiv.), methanol (2.0 mmol), Mn-1 (0.01
mmol, 0.5 mol%), base (2.0 mol%), solvent, in 50 mL pressure tube, 24 h.
b Isolated yields based on 1.0 mmol of 1a, each yield is an average of two trials.

trace element for life [43]. In recent years, the well-defined pincer
manganese catalysts have been well explored [44-53]. Herein, we
demonstrate the manganese-catalyzed urea and polyurea synthe-
sis using methanol as carbonyl source. The presence of newly syn-
thesized MACHO ligands permits increased efficiency/activity using
amines and methanol under mild conditions, thereby providing the
ureas and polyureas with broad substrate scope in good to excel-
lent yields.

We initiated our investigations by testing the dehydrogenative
coupling between benzylamine (1a) and methanol as a bench-
mark reaction in the presence of Mn-MACHO catalyst. Firstly, dif-
ferent solvents were screened with a catalytic amount of KOtBu as
the base, toluene was proved slightly better than mesitylene, 1,4-
dioxane, and xylene (Table 1, entries 1-5), affording the desired
product 1,3-dibenzylurea (2a) in 86% yield. Other tested bases,
such as KH, NaOtBu and KOMe, provided comparable efficiency
(Table 1, entries 6-8). Surprisingly, decreasing the substrate con-
centration (2.0 mol/L) led to a much-diminished yield (49%) of 2a
(entry 9), while a higher concentration (10 mol/L) did not affect
much thus delivering the corresponding urea 2a in 85% yield (en-
try 10). Unfortunately, lower yields were obtained when the reac-
tions were carried out under milder conditions (Table 1, entries 11
and 12).
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Table 2
Manganese-catalyzed urea synthesis (2a)?.

[Mn] (0.5 mol%) o
KOtBu (2.0 mol%) )L
P SNH, + MeOH P > NZ N7 Ph
Toluene (0.5 mL) H H
1a 130°C, 24 h 2a
noBr Ir;,: o ".‘ t ./'3-'
’1‘/‘ -~ X W =24
~ B g VAL ™
S A4 % j g1
co {4 I t S
[ I

Mn-1: R = Ph Mn-3 Mn-4
Mn-2: R = jPr . .
Mn-3: R = 2-naphthyl Te ol s o
Mn-4: R = p-anisole .3 )
Mn-5: R = p-tol Mn-6 =— }4, : .¢. «
Mn-6: R = m-xyl X ) ¥ | ‘i:‘
Entry [Mn] Yield (%) Entry [Mn] Yield (%)
1 Mn-1 66 4 Mn-4 74
2 Mn-2 39 5 Mn-5 76
3 Mn-3 64 6 Mn-6 84 (91)

2 Reaction conditions: 1a (2.0 mmol, 1.0 equiv.), MeOH (2.0 mmol, 1.0 equiv.),
[Mn] (0.01 mmol, 0.5 mol%), KOtBu (2.0 mol%) and toluene (0.5 mL) in 50 mL pres-
sure tube, 130 °C for 24 h, isolated yields.

b MeOH (3.0 mmol).

Recently, Mn-MACHOF™ catalyst (Mn-2) has displayed high
activities in hydrogenation and dehydrogenation processes [44-
47,54-57]. In this regard, Mn-2 exhibited lower activity than Mn-
1 in the current transformation under 130 °C conditions (Table
2, entries 1 and 2). Prompted by the critical role of substituents
on phosphorus, we became interested in the synthesis of Mn-
MACHO catalysts with different substitutions on the aromatic rings
to improve efficiency (Table 2). Four new Mn-MACHO catalysts
as shown in Table 2 were successfully synthesized. Suitable crys-
tals of complex Mn-3, Mn-4 and Mn-6 for X-ray diffraction (XRD)
measurement were grown via recrystallization from a mixture
of dichloromethane (DCM) and n-hexane solution (see Support-
ing information). Unfortunately, Mn-5 failed to get suitable crys-
tals for XRD measurement, but it was fully characterized by NMR
and HRMS analyses. The catalytic activities were further tested in
the current system under milder conditions (130 °C). We found
that a comparable yield of 2a was obtained when phenyl groups
of MACHO ligand were replaced by 2-naphthyl group (Mn-3) at
the phosphorus center (Table 2, entry 3). To our delight, while a
methoxy (Mn-4) or methyl (Mn-5) group was installed at para-
position of the phenyl ring, catalysts exhibited higher activities,
thus providing the desired product in 74% and 76% yields, respec-
tively (Table 2, entries 4 and 5). The yield of 2a was slightly im-
proved up to 84% by applying the sterically bulky 3,5-dimethyl
group substituted in the phenyl ring of MACHO ligand (Mn-6)
(Table 2, entry 6). Delightedly, increasing the loading amount of
methanol led to 91% yield of 2a (Table 2, entry 6). Furthermore, it
was observed that the TON of the current system could achieve
152 with lower catalyst loading for the product 1a, which was
comparable to reported iron system, but lower than ruthenium
catalysis.

Encouraged by the success, we explored the substrate scope un-
der the optimized catalyst (Mn-6) and conditions. As shown in
Scheme 2, the desired products were obtained in all cases with
moderate to excellent yields. Various substituents and functional
groups on the benzene ring, including methoxy-, chloro-, bromo-
and others, irrespective of their location at the ortho-, meta- or
para-position could be well tolerated. It should be pointed out that
this transformation could not tolerate strong electron-withdrawing
substituents, for example, trifluoromethyl and nitro groups. No-
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Mn-6 (0.5 mol%)

A~ KOtBu (2.0 mol%)
R NHz + MeOH N N R
toluene (0.5 mL) H H
1 130°C, 24 h 2
R R
R=H (1a): 91% R = Me (1g): 85%° R = Me (1k): 87%°¢

10 mmol scale: 79%?
R = Me (1b): 84%
R = OMe (1c): 86%"
R = Ph (1d): 91%
R =Cl (le): 84%
R = Br (1f): 95%°

R = OMe (1h): 82%P
R = Cl (1i): 75%
R =Br (1j): 79%
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Table 3
Manganese-catalyzed polyurea synthesis.?

Mn-6 (1.0 mol%) o
R. . KOtBu (4.0 mol%) R
HaN" "NH; MeOH —— vent, 150 °C NN
n

3 4

Entry  Substrate Yield (%) M,

HZN/\/\O/\/O\/\O/\/\NHZ 36

1v 3a 2752
A~ NH

2 3b HoN 2 99 3120
A NH

3 3c HzN 99 3028

4 3d HoN : : NH, 93 3459

2 Diamines 3 (1.0 mmol), MeOH (4.0 mmol), Mn-6 (0.01 mmol, 1.0 mol%), KOtBu
(4.0 mol%), p-anisole (0.2 mL) and toluene (0.3 mL) in 50 mL pressure tube, 150 °C,
24 h, isolated yields, M, were determined by 'H NMR spectroscopy.

1n: 64%° 10: 90%°

| A NH; | A NH; X NH, & NH,

N N~ \_0 \_s

1p: 69% 1q: 81%° 1r: 66% 1s:76%

NH, NH
o™ O g
n=1(1w): 82%"

1t: 70%P 1u: 86%° 1v: 73%° n=2(1x): 81%"

Ve Me n=3(1ly): 70%°
NH, )\/\ Ph

\,\‘:\ Me NH, N~SNH, PR WH,

1z: 710 1aa: 65%° 1bb: 83%° 1cc: 67%°

Scheme 2. Manganese-catalyzed urea synthesis. Reaction conditions: 1 (2.0 mmol,
1.0 equiv.), MeOH (3.0 mmol, 1.5 equiv.), Mn-6 (0.01 mmol, 0.5 mol%), KOtBu
(2.0 mol%) and toluene (0.5 mL) in 50 mL pressure tube, 130 °C, isolated yields.
2 1a (10 mmol) and MeOH (15 mmol) in 250 mL pressure tube, 150 °C. ® Mn-6
(0.75 mol%), KOtBu (3.0 mol%). ¢ 150 °C.

tably, heteroaryl substituted methylamines, such as pyridyl (1p,
1q), furanyl (1r), and thienyl (1s), could deliver the correspond-
ing ureas smoothly as well under the manganese catalysis. It was
found that a series of aliphatic amines were also suitable sub-
strates, thus affording the desired urea products in good yields un-
der a slightly higher amount of catalyst loading conditions. How-
ever, secondary amines, such as N-methylbenzylamine, failed to
furnish the desired urea products under the developed manganese
catalyst system, along with the formation of formamide as the ma-
jor product. Additionally, we also tested the tolerance of substrates
bearing other reducible functional groups. These experiments were
conducted with 1.0 equiv. of additional substrates (Table S1 in
Supporting information). We observed 1,3-dibenzylurea (2a) was
formed in moderate to high yields in the presence of acetophe-
none and 1,2-diphenylethyne, albeit along with hydrogenation to
the corresponding alcohol and alkene occurred. Moreover, the reac-
tions were stopped upon the addition of primary amide substrates.
Importantly, a slightly lower yield of 2a was obtained when per-
forming the manganese-catalyzed dehydrogenative coupling on a
larger 10 mmol scale.

Delightedly, the applied PNP-based manganese catalyzed de-
hydrogenative coupling system was not restricted to the synthe-
sis of normal urea. Indeed, diamines also underwent the process
with methanol for the formation of corresponding polyureas with
high catalytic efficacy albeit with moderate to good molecular
weight (M,) (Table 3). More specifically, a set of conditions were
tested using 4,7,10-trioxa-1,13-tridecanediamine (3a) as the sub-
strate, the product was afforded with 86% yield and 2752 Da, em-
ploying the combination of Mn-6 (0.5 mol%) and KOtBu (2.0 mol%)
under 150 °C (Table S2 in Supplementary Material). Other di-
amines, such as hexane-1,6-diamine (3b), octane-1,8-diamine (3c),
and 4,4’-methylenebis(cyclohexan-1-amine) (3d), provided the cor-
responding polyureas as well using a mixed solvent system due to
poor solubility of the polymers in toluene.

To better understand the performance of this manganese cat-
alyzed dehydrogenative transformation, a set of mechanistic ex-

> Mn-6 (0.005 mmol, 0.5 mol%), KOtBu (2.0 mol%) and toluene (0.5 mL), 36 h.

Mn-6 (0.5 mol%)

(0]

PN PN

KO1Bu (2.0 mol%)
VS
@ PR SNH, + (CH,0), ——————— pp NS e
toluene (0.5 mL) H H
0
1a (5.0 equiv)  190°C.24h 2a: 17% (NMR yield)
o Mn-6 (0.5 mol%) o
#
) Bn\NJ\H + B, _KOBu@Omo%) Y
H toluene (0.5 mL) Ph u u Ph
130°C, 24 h
5 1a 2a: 89%
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o
(© Bn. )J\ .o KOtBu (2.0 mol%) PR Y
NT H N T > P N N PR
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130°C, 24 h Me
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Scheme 3. Mechanistic studies.

periments were carried out (Scheme 3). Employing paraformalde-
hyde instead of methanol led to the formation of 2a in 17% NMR
yield (Scheme 3a). This result demonstrated that formaldehyde is a
potential reaction intermediate in the dehydrogenative cross cou-
pling process [58]. However, the diminished productive yield was
probably due to the low propensity for the formation of [Mn]H,
species in the presence of paraformaldehyde [59,60]. The exper-
iment using N-benzylformamide (5) and benzylamine (1a) or N-
methyl-1-phenylmethanamine (6) as substrates under the standard
condition was conducted [61,62], the desired 1,3-dibenzylurea (2a)
and 1,3-dibenzyl-1-methylurea (7) resulted in 89% and 56% yields,
respectively (Schemes 3b and c). Additionally, applying N-benzyl-
N-methylformamide (8) along with benzylamine (1a) as starting
materials failed to form the corresponding urea product (Scheme
3d), which is also in agreement with the formation of formylated
[58,63-67] product using N-methylbenzylamine as substrate (vide
supra). These findings highlight the importance of the free NH moi-
ety of formamide [68]. Furthermore, reaction applying 9 and 6 was
executed, and an excellent yield of desired urea 7 was obtained
(Scheme 3e).

Based on the above observations, we postulate NH-formamide
and isocyanate as the key intermediates in the pathway of this de-
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Scheme 4. Plausible reaction pathways for the dehydrogenative cross coupling of
methanol and amines.

hydrogenative reaction. Here, plausible reaction pathways for the
manganese-catalyzed urea synthesis with methanol as carbonyl
source are proposed (Scheme 4). Formaldehyde is generated firstly
via dehydrogenation of methanol under manganese catalysis, fol-
lowed by reacting with the amine to afford hemiaminal species.
Subsequent elimination of H, furnishes formamide as one of the
key intermediates. Then, formamide is dehydrogenated enabled by
the manganese catalyst to form a transient isocyanate, which is at-
tacked by another equivalent of amine releasing the final product.
Notably, the formation of H, was confirmed by GC via analyzing
the gas existent in the headspace of the reaction tube (see Sup-
porting information).

In summary, manganese-catalyzed urea synthesis via dehydro-
genative coupling of methanol and amines has been established
for the first time. The presented newly synthesized MACHO lig-
ands demonstrations increased efficiency/activity under mild con-
ditions, thereby providing the ureas with broad substrate scope in
good to excellent yields. Additionally, diamines can be successfully
applied in this protocol for access to the corresponding polyureas.
Preliminary mechanistic investigations reveal that in situ formed
NH-formamide and isocyanate are the central intermediates in this
dehydrogenative transformation.
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