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ABSTRACT: Urea derivatives are prevalent intermediates in the synthesis of resin precursors, dyes, agrochemicals, and pharmaceu-
tical drugs. Furthermore, polyureas are useful plastics with applications in coating, adhesive, and biomedical industries and have a
current annual market of USD 885 million. However, the conventional methods for the synthesis of urea derivatives and polyureas
involve toxic reagents such as (di)isocyanates, phosgene, CO, and azides. We present here the synthesis of (poly)ureas using much
less toxic reagents - (di)amines, and methanol via a catalytic dehydrogenative coupling process. The reaction is catalyzed by a pincer
complex of an earth-abundant metal, manganese, and liberates H, gas, valuable by itself, as the only by-product making the overall
process atom-economic, and sustainable. A broad variety of symmetrical, and unsymmetrical urea derivatives and polyureas have
been synthesized in moderate to quantitative yields using this catalytic protocol. Mechanistic insights have also been provided using
experiments and DFT computation suggesting that the reaction proceeds via an isocyanate intermediate.

INTRODUCTION

Urea derivatives are prevalent organic compounds with a va-
riety of applications such as resin precursors,' dyes,> agrochem-
icals,** pharmaceutical drugs,> and in supramolecular chemis-
try.” Additionally, polyureas are useful classes of plastics with
a range of applications for construction materials (e.g. coatings,
adhesives),® and biomedical industry (e.g. drug delivery).” The
current industrial methods for the synthesis of urea derivatives
or polyureas involve reaction of amines or diamines with highly
toxic reagents such as phosgene,'® (di)isocyanates'! or CO."2
Reaction of CO, with (di)amines for the synthesis of
(poly)ureas have also been reported but they suffer from draw-
backs such as the use of harsh reaction conditions (e.g. temper-
ature > 150 °C, pressure > 40 bar), and limited substrate
scope.'*1¢ Thus, the development of an atom-economic, safer,
and sustainable route for the synthesis of (poly)ureas will be
highly valuable to chemical industries and benefit human
health, and the environment.

Reactions based on catalytic dehydrogenative coupling are
green and atom-economic routes for the synthesis of organic
compounds.'”!® Several carbonyl compounds such as ketones,
esters, and amides, along with polymers such as polyesters,'”
and polyamides®™?' can be synthesized using the approach of
acceptorless catalytic dehydrogenative coupling of alcohols and
amines.”> This approach has also been utilized for the synthe-
sis of urea derivatives via the dehydrogenative coupling of
amines and methanol. The first example of the synthesis of urea
derivatives from the dehydrogenative coupling of amines and
methanol was reported by Hong using a ruthenium-Macho-BH
pincer catalyst (A, Figure 1).2® A TON of up to 190 was reported
for the synthesis of symmetrical ureas, however, the synthesis
of unsymmetrical ureas was achieved using a complex two-step
method and higher catalytic loading (TON < 15). Additionally,
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Figure 1. Previous reports on the dehydrogenative synthesis of (poly)ureas.

a catalyst based on precious metal such as ruthenium is less de-
sirable as it is expensive, less abundant, and sometimes toxic
which could be a concern if the target compound is a pharma-
ceutical drug. Several catalysts based on earth-abundant metals
have been reported for the (de)hydrogenative transformation in
the recent past.>’* Bernskoetter has recently reported the de-
hydrogenative coupling of amines with methanol for the syn-
thesis of symmetrical urea derivatives using an iron-Macho pin-
cer catalyst (B, Figure 1).*® Unsymmetrical ureas were synthe-
sized by the reaction of formamides with amines, albeit with a



poor substrate scope. These are the only two catalysts reported
in the past for the synthesis of a broad scope of urea derivatives
from the dehydrogenative coupling of amines and methanol.
Prakash,*! and Milstein* have also independently studied the
dehydrogenative coupling of methanol with diamines to form
cyclic ureas for the purpose of developing new hydrogen stor-
age materials using ruthenium pincer catalysts. Along a similar
direction, Milstein has recently reported the synthesis of urea
derivatives from the dehydrogenative coupling of formamides
with amines in the presence of a ruthenium PNP catalyst (C,
Figure 1) where the formamide was shown to act as an isocy-
anante surrogate.”> Gunanathan has reported the synthesis of

urea derivatives by the dehydrogenative coupling of N,N-dime-
thylformamide (DMF) and amines in the presence of a ruthe-
nium-Macho complex (D).** The reaction occurs via the formyl
C-H activation of DMF leading to the elimination of NMe,H
and the formation of CO that subsequently reacts with an amine
in the presence of the complex D to form a urea derivative. The
concept of the dehydrogenative synthesis of ureas has been re-
cently expanded by us for the synthesis of polyureas from the
dehydrogenative coupling of diamines and methanol using the
ruthenium-Macho complex D with a TON of up to 100 (Figure
l).35

Table 1. Optimization of catalytic conditions for the dehydrogenative coupling of octylamine and methanol.?

Complex 1-6

'd Base 7
) Nt H/L\H ey /\/\/\/\HJLH/\/\/\/\ + 3(Hy
(1 mmol) (2 mmol) Ui
Entry Complex Base Solvent Temperature Isolated yield
L. 1 (1 mol%) KO'Bu (4 mol%) toluene 120 °C 44%
2. 2 (1 mol%) KO'Bu (4 mol%) toluene 120 °C 38%
3. 3 (1 mol%) KO'Bu (4 mol%) toluene 120 °C 25%
4. 4 (1 mol%) KO'Bu (4 mol%) toluene 120 °C 0%
5. 5 (1 mol%) KO'Bu (4 mol%) toluene 120 °C 0%
6. 6 (1 mol%) KO'Bu (4 mol%) toluene 120 °C 0%
7. 5 (1 mol%) KO'Bu (4 mol%) toluene 90 °C 0%
8. 6 (1 mol%) KO'Bu (4 mol%) toluene 90 °C 0%
9. 1 (1 mol%) KO'Bu (4 mol%) anisole 120 °C 45%
10. 1 (1 mol%) KO'Bu (4 mol%) THF 120 °C 78%
11. 1 (1 mol%) KO'Bu (4 mol%) THF 150 °C 98%
12. 1 (1 mol%) KOH (4 mol%) THF 150 °C 88%
13. 1 (1 mol%) K>COs (4 mol%) THF 150 °C 92%
14. 1 (1 mol%) - THF 150 °C 0%
15. 1 (0.5 mol%) KOBu (2 mol%) THF 150 °C 97%
16. 1 (0.05 mol%) KOBu (0.2 mol%) THF 150 °C 68%
17.° 1 (0.5 mol%) KO'Bu (2 mol%) THF 150 °C 45%
18. 1 (0.5 mol%) KO'Bu (4 mol%) neat 150 °C 35%
19. - KO'Bu (4 mol%) THF 150 °C 0%
20. 1 (0.5 mol%) KOBu (0.5 mol%) THF 150 °C 41%
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*Catalytic conditions: octylamine (129 mg, 1 mmol), methanol (0.16 mL, 2 mmol), solvent (1 mL), 24 h. Ar = 3,5-Me,-4-OMeCsHo.
®0.5 mmol of methanol was used.




Replacement of the ruthenium-based catalyst with a catalyst of
earth-abundant-metal can make the overall process more cost-
effective, and sustainable. We present here the synthesis of a
wide variety of urea derivatives and polyureas using a pincer
complex of manganese, which is the second most abundant
transition metal in the earth’s crust. This is the first example of
a base-metal catalyst for the dehydrogenative synthesis of pol-
yureas, and the second example for the dehydrogenative syn-
thesis of urea derivatives after the recent report by Bernskoetter
(Complex B, Figure 1). Moreover, the use of methanol for the
production of useful chemicals and materials makes the process
beneficial to the circular economy as 100% renewable methanol
can be directly produced from the hydrogenation of CO, or
from biomass.

We started our investigation by developing optimized cata-
lytic conditions for the dehydrogenative coupling of octyl
amine with methanol in the presence of manganese complexes
1-6 most of which have been reported for their excellent activity
for (de)hydrogenative transformations. Refluxing a toluene so-
Iution (120 °C, 24 h) of octyl amine (1 mmol), and methanol (4
mmol) in the presence of the manganese-Macho pincer complex
1 (1 mol%), and KO'Bu (4 mol%) under the open flow of nitro-
gen did not result in any conversion of octyl amine presumably
due to the low boiling point of methanol (64.7 °C at 1 bar). In-
terestingly, performing the same reaction in a sealed Young’s
flask resulted in the 50% conversion of octyl amine. 1,3-di-
octylurea was isolated in 44% yield (Table 1, entry 1). The PCy»
analogue complex 2 resulted in a slightly lower yield of the 1,3-
dioctylurea whereas no formation of the urea derivative was ob-
tained in the case of complexes 3-6 under analogous conditions
as described in Table 1, entries 3-8. As complex 1 was found to
be the most active precatalyst for this transformation, we used
this complex for further optimization of reaction conditions.
Using anisole as a solvent instead of toluene, keeping the re-
maining conditions same, resulted in a similar yield (45%, entry
9), whereas a significantly higher yield was obtained in the case
of THF (78%, entry 10). Remarkably, when the temperature
was increased to 150 °C while using THF as a solvent, a quan-
titative conversion of octylamine was obtained and 1,3-di-
octylurea was isolated in 98% yield by simple filtration and
washing (with hexane) method (entry 11). The use of other ba-
ses such as KOH, and K,COjs also showed excellent yields (en-
tries 12,13) whereas no conversion of octyl amine was obtained
when the reaction was performed in the absence of a base (entry
14). Remarkably, reducing the catalytic loading to 0.5 mol% 1;
2 mol% KO'Bu also resulted in an almost quantitative yield of
1,3-dioctylurea exhibiting a TON of 200 (entry 15). Further re-
duction of the catalytic loading to 0.05 mol% 1, and 0.2 mol%
KO'Bu resulted in 68% yield of 1,3-dioctylurea (entry 16). In-
terestingly, lowering the methanol amount to the reaction stoi-
chiometric value i.e. 0.5 mmol, resulted in a lower yield of 1,3-
dioctylurea (entry 17) presumably due to the low boiling point
(64.7 °C at 1 bar) of methanol keeping its significant part in the
gas phase. A low yield (35%) was obtained when the reaction
was performed under the neat condition without using any sol-
vent (entry 18). Finally, performing a control experiment in the
absence of a manganese catalyst but in the presence of 2 mol%
KO'Bu did not result in any conversion of octylamine sugges-
tive of the crucial role of the manganese catalyst (entry 19). In-
terestingly, using 0.5 mol% of KO'Bu in combination of 0.5
mol% of complex 1 resulted in a lower yield of the product
(41%) suggesting that an additional amount of base albeit in the
catalytic amount is needed for a higher yield. Role of bases such

as KO'Bu in lowering the barrier of (de)hydrogenation reactions
has been suggested before.*

Upon optimization of catalytic conditions, we turned our at-
tention to utilize this protocol to synthesize a broad variety of
urea derivatives. Gratifyingly, using 0.5 mol% of complex 1,
and 2 mol% KO'Bu (THF, 150 °C, 24 h) a variety of symmet-
rical ureas were synthesized in moderate to excellent yields
(Figure 2). As mentioned above, almost quantitative yield was
obtained in the case of octyl amine (U1). However, a slightly
lower yield was obtained in the case of isobutyl amine possibly
due to the low boiling point of the amine (U2). Ethoxypropyla-
mine also resulted in the corresponding urea in 80% yield (U3).
Cyclohexyl amine afforded dicyclohexylurea in 85% yield
whereas a relatively lower yield was obtained in the case of cy-
clopentyl amine. (U4, U5S). Excellent yields were obtained in
the case of benzylamine and its derivatives (U6-U9). P-
anisidine resulted in poor yield of corresponding urea deriva-
tives even at longer reaction time (72 h) presumably due to poor
nucleophilicity of amines. Moreover, secondary amines such as
N-methyl benzylamine, and N,N-dicyclohexylamine also re-
sulted in poor yields even at longer reaction time (72 h) possibly
due to higher steric hindrance.
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Figure 2. Dehydrogenative synthesis of symmetrical urea deriva-
tives using the manganese complex 1. 1 (0.005 mmol), KO'Bu
(0.02 mmol), amine (1 mmol), and methanol (0.16 mL, 2 mmol).

bYield estimated by 'H NMR spectroscopy and GC-MS.

Although dehydrogenative synthesis of symmetrical urea de-
rivatives using a manganese catalyst is interesting, several ex-
amples of urea containing agrochemicals or pharmaceutical
drugs involve unsymmetrical urea derivatives.>*® We utilized
the approach of coupling formamide with amines to form un-
symmetrical urea derivatives. This approach has been previ-
ously demonstrated by Milstein®* and Bernskoetter*® using a ru-
thenium and an iron pincer catalyst, respectively. Gratifyingly,
using manganese pincer complex 1 (0.5 mol%), and KO'Bu (2
mol%), several unsymmetrical urea derivatives were synthe-
sized from the dehydrogenative coupling of N-benzylforma-
mide and amines in very good to excellent yields as described
in Figure 3.
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Figure 3. Dehydrogenative synthesis of unsymmetrical urea deriv-
atives using the manganese complex 1. 1 (0.005 mmol), KO'Bu
(0.02 mmol), formamide (1 mmol), amine (1.5 mmol). ®Yield es-
timated by '"H NMR spectroscopy and GC-MS.

Having accomplished the synthesis of a wide variety of urea
derivatives, we expanded this catalytic protocol to demonstrate
the dehydrogenative synthesis of polyureas which have not
been achieved before using a catalyst of an earth-abundant
metal. Gratifyingly, using 1 mol% of complex 1 and 4 mol% of
KO'Bu, we synthesized various polyureas in good to excellent
yields (Table 2). Polyureas were characterized by NMR and IR
spectroscopy as well as MALDI-TOF mass spectrometry. Due
to the insolubility of polyureas in common organic solvents
such as THF, toluene, and DMF, we were unable to estimate the
molecular weight and PDI of polymers using GPC, and there-
fore the number average molecular weight (M,) of the isolated
polymers were estimated using the "H NMR spectroscopy. The
thermal stability of the polyureas was studied using the thermo-
gravimetric analysis (TGA) that showed that the polyureas are
stable up to 230 — 348 °C. Decomposition temperatures (Tq)
were calculated by 10% weight loss in the TGA experiments.
Melting temperature (T,,) and the glass transition temperature
(T,) were estimated by the DSC analysis and found to vary with
the change of diamine.

Furthermore, we also demonstrated the synthesis of a poly-
urea from the dehydrogenative coupling of diformamide and di-
amine using the catalytic conditions described in Table 2
(Scheme 1). The corresponding polyurea was isolated in 70%
yield and exhibited a decomposition temperature of 285 °C as
estimated by the TGA study.

Having demonstrated the application of manganese pincer cat-
alyst 1 for the dehydrogenative synthesis of a broad scope of
urea derivatives and polyureas, we carried studies to gain in-
sights into the mechanism of the dehydrogenative coupling re-
action. When the catalytic reaction between octyl amine and
methanol as per the conditions of Table 1, entry 15 was stopped
after 6 h, formation of N-octylformamide and 1,3-dioctylurea
(U1) was obtained in 10% and 30% yields, respectively. This
suggests that the formation of urea derivatives occurs via a

formamide intermediate presumably formed from the reaction
of amine and methanol. This is in agreement with the ability of
complex 1 to dehydrogenative couple formamides and amines
to form urea derivatives as demonstrated in Figure 3.

Table 2. Substrate scope for the dehydrogenative synthesis of

polyureas.
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Entry Diamine Yield M T4(°C) Tm(°C) Tg(°C)
1. H2N’V‘O’\’O\/‘O’\/‘NH2 88% 4420 280 NA NA
2 NSAONANOANH, g0, 3567 351 NA NA
3b H2N¢\,{O\/\O}\/~NH2 68% 8500 230 NA 24
) n

77% 3400 285 NA NA
4. NN, °

82% 3890 258 208 NA
5. HZN/HE‘NHZ

2 o 3674 .

6. HZN/HLNHZ 86% 335 45/100 42
7 ,O\/O\ 68% 3678 348 NA 24
©HN NH,
8. Priamine 80% - 289 NA NA

Catalytic conditions: Diamine (2 mmol), methanol (3.2 mL, 8
mmol), Complex 1 (0.02 mmol), KO'Bu (0.04 mmol).
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Scheme 1. Synthesis of polyurea from the dehydrogenative cou-
pling of diformamide and diamine.

Based on the previous studies,’®**** and our mechanistic inves-

tigations, we suggest that the dehydrogenative synthesis of urea
derivatives occurs via three steps where each step releases one
equivalent of Hy: (a) dehydrogenation of methanol to form for-
maldehyde, (b) dehydrogenative coupling of formaldehyde and
amine to form a formamide, and (c) dehydrogenative coupling
of formamide with another equivalent of amine to form the urea
molecule. We carried DFT calculations at the PBE0-D3/def2-
TZVP/PCM//RI-BP86/def2-SVP/PCM level to get deeper in-
sights into pathways for the occurrence of these steps as de-
scribed below.

Step1: Dehydrogenation of methanol to formaldehyde: The
manganese pincer complex 1 has been previously utilized for
the dehydrogenative coupling of alcohols.**** Based on the pre-
vious studies, we suggest that complex 1 reacts with a base such
as KO'Bu to form the manganese-amido complex 7 that acts as
an active species in catalysis. A pathway to the dehydrogenation
of methanol to formaldehyde by complex 7 is outlined in Figure
4A. The amido site of the complex 7 abstracts a proton from



methanol through transition state TSI that appears to be shallow
on the potential energy surface.

+
@ CH;OH —> HCHO + H, } o
v
No, i PiPr
AG kcal/mol [ Mn
PPy | Yo
3 co
" TS7-8
30 ! 32,61 \ — a2k
" 0:414 S 3s1a AG
0Ly L H ;o369 N AH423K
25 R H / — AE (BP86/
PN H ; \ def2-svp)
I P , PiP K \
20 N,,M‘“szrz l"\\l r ’/ |
PP (o CO PIPT2 co 0 8+ / ey
15 __HCOH, V' 26.40
TSI o8 14.62 '\
10 11.70 "
11.05 THH,
5 H T _—¢o
\ N N
N, PiPr, / PiPr,
0 . n’ /Mn’
PPy | Yo PPy \
7+MeOH
-5 O CHs 0
N T 8 7
‘), »\PzPrz h ~ Hy
-10 /Mr{ N, PiPr, i
PiPry 7 ( - n\
co PPy | Yo H™H
ol co
)<H
H”H
[ HCHO +RNH, —> RNHCHO + H,
NICH; [f
0—¢p + — AG423K
H H CHxg — AH423K
TN
//N, NP PT2 0=y — AE (BP86/
N CH H def2-svp)
AG kcal/mol PiPry Cco el NH H g
co 0=£y N«./_"\PiPrz
10.06 y o H PN
CHyn 742 N PiPry CIO co
[O__,/\H 374 1/ (‘Mn‘PlPrz
7+ 10 ITI H a-TSII 7 . \CO
10 C. L I PPr2 o o-TSIII
HH N PiPry | 290 fm— a—_
n : / NN Pt \
CHs PiP \ EO _5.06(:" g-TSII RN g-ILTZf - —322 “‘
N 12 co , 922 -6.19
H H o ":7.66 \ TS7-8
5 | =— , ' 16,42 | —_—
554 S B i ;535
lose s/ / Z;; :
15.60 o 23 P “'
\ 0.0 o A{’ . \\‘ ’,' ",
0.0 -~ T+a-MAM) N | ; \
0 [E—a— o S ‘ 0 . \
7+g-MAM o . \ ; !
N, /bibr, \ HJL NH ‘
€O Mn* cH; |
N S .\ \ 3
-5 ( ‘.. /PzPrz PiPry co 7 t-NMF
M V1003 ] ,
PiPry on " 1324 :
10 7 H leeL_f L 146
- H ! " - .
H ' \
NH a-MAM LN ‘S+NMF; \ 243
OH CHs N | PiPr,  _12.64 L 407
< eh My -15.70 —_—
s HON AN PPy | Yo -19.42 T+H, +
co
0] cH ¢-NMF
8 -H3
H)L NA
c¢-NMF
Figure 4. Free energy profile for (A) dehydrogenation of methanol using catalyst 7 to give formaldehyde, and (B) synthesis of
formamides from the dehydrogenative coupling of amines and methanol (using methylamine as a model substrate, PBE0-D3/def2-
TZVP/PCM//RI-BP86/def2-SVP/PCM level).



A similar step has been reported for the DFT computation by
Jiao and Beller for the dehydrogenation of methanol to formal-
dehyde.* TSI leads to the formation of a zwitterionic interme-
diate (INT1), with a driving force of AG = 9.48 kcal/mol. For-
mally INT1 can be described as a complex between a N-proto-
nated complex (7-H") with methoxide ion (MeO"), with a strong
(agostic) interaction between a CH bond of the latter and the
metal (BP86 optimized C-H and Mn~H distances of 1.18 and
1.86 A, respectively). Starting from INT1, formaldehyde disso-
ciates to form the Mn-dihydride complex 8, with no apparent
barrier on the potential energy surface (in a scan at the BP86
level, the energy rises continuously as the C...H distance is in-
creased). The free energy for the full dissociation of formalde-
hyde is AG = 14.6 kcal/mol relative to the reactants (7 +
MeOH). The regeneration of the active catalyst can be achieved
by the dehydrogenation of complex 8 proceeding through TS7-
8. This is the rate-determining barrier with a free activation en-
ergy of AG* = 32.6 kcal/mol relative to 7. The overall process
of the methanol dehydrogenation is computed to be endergonic
by AG =13.1 kcal/mol. It is noteworthy that the agostic inter-
mediate INT1 can rearrange to a zwitterionic methoxide com-
plex INT1', which is slightly lower in energy (by AG = -5.3
kcal/mol) than INT1, but this does not affect the kinetics or
thermodynamics of the overall catalytic cycle.

Step 2: Synthesis of formamide from the dehydrogenative
coupling of formaldehyde and amine: The formed formalde-
hyde reacts with an amine to form a hemiaminal that releases
H, to form a formamide. Sola and Poater have recently reported
a DFT study on the synthesis of formamides from the dehydro-
genative coupling of methanol and amines catalysed by a man-
ganese pincer complex originally reported by Milstein.*** The
proposed mechanism suggests that formaldehyde and amine re-
act off-metal to form a hemiaminal intermediate that subse-
quently gets dehydrogenated in the presence of the manganese
pincer complex to form the formamide. Using methylamine as
model substrate, our DFT calculations aligns with this se-
quence. The proposed pathway for the dehydrogenative cou-
pling of formaldehyde with the model methylamine to form N-
methylformamide (NMF) and H, starts with the off-metal for-
mation of a hemiaminal, N-methylaminomethanol (MAM).
This intermediate can exist in two conformations, gauche and
anti with respect to the O-C-N-C dihedral angle. At our DFT
level, the gauche conformer, g-MAM, is more stable than the
anti-form (a-MAM) by 2.5 kcal/mol and its formation from the
reactants is computed to be exergonic by AG = -5.5 kcal/mol.
Likewise, the final product NMF can exist in two isomeric
forms, cis and frans relative to the (O)C-N(C) bond, of which
cis (¢-NMF) is more stable than trans by 2.6 kcal/mol. Dehy-
drogenation of the MAM conformer by the active catalyst 7
may be expected to proceed in analogy to that of MeOH (vide
supra), with two possible pathways, one linking g-MAM with
¢-NMF, and the other linking the other isomers, i.e. anti-N-
methylaminomethanol (a-MAM) with frans-N-methylforma-
mide (t-NMF). The situation is slightly complicated by the ob-
servation that a stable agostic zwitterionic intermediate akin to
INT1 is only found on one of these pathways, namely starting
from g-MAM (labelled INT2) via g-TSII. The analoguous TS
on the anti pathway, a-TSII, does not connect to a zwitterionic
intermediate, but is a concerted TS for transfer of both H atoms
(though asynchronous, because protonation of the N atom of
catalyst 7 occurs before hydride transfer to the metal), affording

the product t-NMF directly. The rate-limiting step is again in-
dicated to be regeneration of the active catalyst 7 from 8, but
now with an overall barrier AG* of only 18.0 kcal/mol. Produc-
tion of formamide is thus indicated to be very rapid under the
reaction conditions.

Step 3: Dehydrogenative coupling of formamide with an-
other equivalent of amine: The third step that is the dehydro-
genative coupling of formamide and amine to form urea, can
occur via two pathways (Scheme 2): (a) formamide can react
with amine to form a bisamino methanol type intermediate fol-
lowed by its subsequent dehydrogenation to form urea, or (b)
formamide can dehydrogenate to form an isocyanate that sub-
sequently reacts with an amine to form a urea. The mechanistic
studies conducted by Milstein using the ruthenium pincer com-
plex C suggested the later pathway.*
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Scheme 2. Possible pathways for the dehydrogenative coupling
of formamide with amine to form a urea derivative.

We performed control experiments to verify which pathway is
more likely to occur. Our attempt to perform dehydrogenative
coupling of a secondary amine with methanol to form a substi-
tuted urea was not successful (see SI). Moreover, the reaction
of benzylamine with N,N-dibutylformamide did not result in
the formation of a urea derivative (Scheme 3). This is sugges-
tive of the isocyanate pathway as an isocyanate intermediate
will not be formed in the case of disubstituted formamide due
to the lack of an N-H proton. Interestingly, a reaction of benzyl-
formamide and N,N-dibutylamine resulted in the formation of
the corresponding urea product in 70% yield (Scheme 3). It is
noteworthy that both the above-mentioned reactions will form
the same aminal intermediate as per the pathway a of the
Scheme 2. This experiment, thus, is supportive of the pathway
b. Furthermore, we performed the reactions of N-methylforma-
nilide with primary amines such as octyl amine and benzyla-
mine (Scheme 4). Although N-methylformanilide is a disubsti-
tuted formamide without N-H proton, it is less bulky compared
to N,N-dibutylformamide. Interestingly, in these cases symmet-
rical urea derivatives (dioctylurea, dibenzylurea) were formed
with N-methylaniline as the by-product (observed by the GC-
MS). We suggest these proceed via reaction of N-methylfor-
manilide with an amine to form an aminal intermediate which
instead of dehydrogenating eliminates N-methylaniline to form
an N-alkyl formamide containing an N-H proton. The forma-
mide reacts with the remaining amine to form the corresponding
symmetrical urea derivative (Scheme 4). These experiments
further support the hypothesis that the presence of an N-H pro-
ton on the formamide is crucial to the formation of urea deriva-
tives.



/\/\NJ?\H ©/\NH2 @ /\/\Nj\,\,
P : — > A~ H/\©

(0%)

o e B grviee
(70%)

Scheme 3. Control experiments in support of pathway b.

(j o @ o N
N

R ~

,TJJ\H +  RNH, E— R\NJLN/ + ©/

H H
(R = n-Oct, Benzyl)) (45%)

= o el
@\Nj)\HN/R A—» j\,R

[ H H
Scheme 4. Reaction of N-methylformanilide with octyl amine,
and benzylamine.

Our DFT results fully agree with this interpretation. Dehydro-
genation of formamide is predicted to proceed via a zwitterionic
intermediate akin to that involved in methanol dehydrogenation
(labelled TSI in Figure 4A), namely INT3 in Figure 5, and a
transition state (TSV) with a moderately high barrier of AG* =
23.3 kcal/mol (Figure 5).
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Figure S. Key steps for isocyanate formation with the active cata-
lyst 7 from DFT (using cis-N-methylformamide, c-NMF, and me-
thyl isocyanide, MI, as model substrates, PBEQ-D3/def2-
TZVP/PCM//RI-BP86/def2-SVP/PCM level).

As in the Mn-catalyzed dehydrogenation steps discussed above,
regeneration of the active catalyst 7 from 8 is indicated to be
rate-limiting with an overall barrier of AG* = 30.6 kcal/mol (see
full profile in Scheme S2). This barrier is similar to (and even
slightly lower than) that for methanol dehydrogenation (32.6
kcal/mol, vide supra, Figure 4A), confirming the isocyanate
pathway as a viable route. The isocyanate product would be re-
moved from this mixture through rapid reaction with an amine,
affording the urea product (computed driving force for the
model reaction MeNCO + MeNH, — N,N'-dimethylurea is AG
=—3.5 kcal/mol at our DFT level).

In contrast, much higher barriers are computed for the aminal
route (pathway a of Scheme 2). While catalytic dehydrogena-
tion of a model aminal is indicated to be kinetically feasible at
our DFT level, the formation of such an aminal from the forma-
mide and alkylamine is so unfavourable (computed AG = 20.6
kcal/mol for the methylated models) that the overall barrier is
raised to AG* = 38.3 kcal/mol (see Schemes S4 and S5). This
value is significantly higher than that computed for the isocya-
nate route (AG* = 30.6 kcal/mol, see above), suggesting that it
is the latter pathway that is followed essentially exclusively, in
full accord with the experiment.

CONCLUSIONS:

In conclusion, we report here the dehydrogenative synthesis of
urea derivatives and polyureas using a manganese pincer cata-
lyst. Urea derivatives and polyureas are synthesized by the de-
hydrogenative coupling of (di)amines and methanol or using
(di)formamides and amines. Only one example of the earth-
abundant metal catalyst (iron-macho catalyst) has been reported
before for the synthesis of urea derivatives although selectivity
and substrate scope for the unsymmetrical urea derivatives were
poor. This is the first example of an earth-abundant metal cata-
lyst for the synthesis of polyureas. We also report here our
mechanistic studies supported by both experiments and DFT
computation and suggest that the formation of urea derivatives
proceeds via an isocyanate intermediate. Overall, this method-
ology presents a sustainable alternative to the current state of
the art for the production of ureas and polyureas by virtue of
being atom-economic, using an earth-abundant metal catalyst,
and avoiding toxic reagents such as phosgene and isocyanates.
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