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Formamides as Isocyanate Surrogates: A Mechanistically-Driven
Approach to the Development of Atom-Efficient, Selective Catalytic
Syntheses of Ureas, Carbamates and Heterocycles

Jeffrey Bruffaerts, Niklas von Wolff,t Yael Diskin-Posner, Yehoshoa Ben-David, David Milstein*

Department of Organic Chemistry, The Weizmann Institute of Science, Rehovot 76100, Israel
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ABSTRACT: Despite the hazardous nature of isocyanates, they remain key building blocks in bulk and fine chemical synthesis.
By surrogating them with less potent and readily available formamide precursors, we herein demonstrate an alternative,
mechanistic approach to selectively access a broad range of ureas, carbamates and heterocycles via a ruthenium-based pincer
complex catalyzed acceptorless dehydrogenative coupling reactions. The design of these highly atom-efficient procedures
was driven by the identification and characterization of the relevant organometallic complexes, uniquely exhibiting the trap-
ping of an isocyanate intermediate. DFT calculations further contributed to shed light on the remarkably orchestrated chain

of catalytic events, involving metal-ligand cooperation.

INTRODUCTION

Due to environmental and safety concerns, there is an ur-
gent need to render chemical synthesis not only more effi-
cient, but also less hazardous for humans and the bio-
sphere.! These efforts have led to: (i) the banning of notori-
ously harmful chemicals while finding sustainable alterna-
tives;2 (if) and to significantly reduce the amounts of waste
generated by fostering atom and step-efficient strategies.3-5
Although the environmental footprint of a given chemical
process may be continually optimized, surrogating a key but
harmful chemical reagent generally appears more challeng-
ing. For instance, isocyanates belong to this class of essen-
tial though notoriously sensitive and toxic compounds.
Their industrial importance has continuously grown over
the century, as isocyanates are inevitable precursors of urea
and carbamate linkages found in polyurethanes, drugs, pes-
ticides, etc (Scheme 1, A).¢ The most-produced isocyanate,
methylisocyanate (MIC), has been most (in)famously
known since the Bhopal disaster,”8 tragically highlighting
the hazards of stocking large amounts of volatile and toxic
chemicals. Besides improving safety containments for such
reagents, it would fundamentally be safer to substitute
them with less potent -though still inexpensive- surrogates.
To circumvent the direct usage of an isocyanate, an alterna-
tive approach consists in pre-activating amines or alcohols
(typically with phosgene, or any other synthetic equivalent
synthon). Yet, on large scale, such two-step strategies may
suffer from the toxicity of phosgene (if employed) and the
waste consequently generated (as additional bases are usu-
ally required). Assessing the issues of classical approaches
to generate urea and carbamate bonds further stresses the
importance of developing greener selective alternatives.

In the context of the modern green(r)evolution in chemical
synthesis, the rise of catalysis has not only contributed to

reduce the energetic and environmental impact of reac-
tions, but also to reveal novel and unforeseen synthetic
strategies.? Specifically, the rational design of increasingly
capable and sophisticated transition-metal based homoge-
neous complexes has considerably enhanced the potential
of catalyzed reactions. For example, metal-ligand coopera-
tion (MLC), inspired by Nature’s cooperative enzymatic sys-
tems, has shown great promises in targeting covalent bond
activation through active ligand participation.l® This key
feature enables, in some cases, to significantly reduce cova-
lent bond activation energies, thus enabling new syntheti-
cally useful catalytic reactions. Complexes functioning by
metal-ligand cooperation have been especially useful in cat-
alytic acceptorless dehydrogenative coupling reactions,
typically allowing the a-functionalization of alcohols or
amines through in situ formation of aldehyde or imine inter-
mediates, respectively.10-14 Advantageously, such transfor-
mations catalytically generate these reactive and sensitive
intermediates while only releasing dihydrogen as by-prod-
uct. This approach has led to the development of highly
atom-efficient and straightforward transformations. The in-
herent advantages offered by this greener strategy
prompted us to explore the potential of substituting isocya-
nates by formamides, considerably less noxious and more
stable reagents (Scheme 1, B).

Interestingly, pioneering reports critically suggested the
possibility of catalytically generating isocyanates from N-
arylformamides to access ureas!®> and carbamates!¢ using
ruthenium-based complexes, although yields and turn-over
numbers were relatively modest. Only recently, this trans-
formation has further drawn attention through the utiliza-
tion of PNP-type pincer complexes based on ruthenium?7.18
and iron,*?although limited to amine nucleophiles and with-
out the possibility of surrogation of the notorious MIC. Ded-
icated to further promote and exploit the full potential of



this remarkable and somewhat undervalued reaction, we
developed an interest in fundamentally understanding its
mechanism, essential to potentially address the current
synthetic limitations. Indeed, the selectivity for the desired
transformation can be drastically hampered by numerous
(catalyzed or uncatalyzed) side reactions. For instance, we
and others!6-19 observed cases of (i) formamide decarbonyl-
ation, (if) transamidation / esterification, (iif) competitive
dehydrogenative pathways and (iv) urea scrambling

(Scheme 1, C) leading to limited substrate scope and selec-
tivity. These numerous side reactions further highlight the
remarkable challenge of finding the optimal experimental
conditions to efficiently and selectively generate urea or
carbamate moieties from formamides. To address the selec-
tivity issues, we anticipated that insight into the mechanis-
tic events at play may potentially empower us to rationally
enhance its scope, as well as spark new opportunities.

Scheme 1. Approaches to access ureas and carbamates (X = leaving group, Alk = alkyl, Ar = aryl).
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RESULTS AND DISCUSSION quantitatively providing ruthenium amido complexes in so-

We have been interested in the behavior of ruthenium(II)
and manganese(I) based pincer complexes (for alist of com-
plexes assessed in this study, see Fig. S1 in Supplementary
Information) in the activation of covalent N-H bonds, such
as in amines.20 At the outset, we studied the possibility of N-
H activation of formamide derivatives. Indeed, upon reac-
tion with the dearomatized pincer complex (PNP*)RuH(CO)
complex 121 (Scheme 2), rapid N-H activation took place,

lution (2-5). Remarkably, the formamido complex 2 was un-
stable at higher temperatures (100°C), releasing hydrogen
in an acceptorless fashion, while yielding a novel, crystallo-
graphically characterized (Figure 1, left) Ru-isocyanate
complex (6). We are unaware of previous reports on isocy-
anate metal complexes accessed from formamides. This un-
precedented result suggested the in situ generation of iso-
cyanic acid (HNCO) via the stoichiometric dehydrogenative
decomposition of formamide. Furthermore, the reaction of



1 with N-methyl- or N-benzylformamide similarly yielded,
respectively, complexes 3 and 4 in solution at room temper-
ature. Upon heating, these complexes also liberated Hz and
were interconverted into the novel isocyanate complexes 7
and 8, respectively, featuring new covalent C-C bonds be-
tween the pincer ligand and the isocyanate moiety, and a
hydrogen bond to a formamide molecule (Scheme 2). Com-
plex 7 was crystallographically characterized (Figure 1,
middle). The crystallographically characterized isocyanate
complex 9 (Figure 1, right), same as 8 except for the hydro-
gen bonded benzylformamide, was prepared by addition of
benzyl isocyanate to 1. Addition of Hz (2at) to 9 in the pres-
ence of excess benzyl isocyanate led to isocyante hydro-

genation and formation of 8, confirming the structural fea-
tures of complex 8, as well as the regioselectivity of its bind-
ing (covalent binding of the metal complex through the C=N
bond of the isocyanate moiety). (Scheme 2). This C-C cova-
lent binding was further corroborated by NMR, IR and
HRMS analyses (see Supporting Information). Interestingly,
complex 5, formed by the reaction of N-methylacetamide
with 1, did not lead upon heating in solution to any dehy-
drogenation event. Also, N,N’-dimethylformamide (DMF)
did not react with 1 even at elevated temperatures, ruling
outa direct oxidative insertion of the formyl C-H bond to the
metal complex. These initial findings indicate dihydrogen
abstraction through metal-ligand cooperation, similarly to
the reaction with alcohols (vide infra Scheme 5 and 6).22

Scheme 2. Stoichiometric experiments and reactivity towards formamides and isocyanates (NR = no reaction, specified

temperatures are bath temperatures).
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Figure 1. X-ray crystal structures of compounds 6, 7 and 9 (thermal ellipsoids drawn at the 50% probability level, C-H bonds are
omitted for clarity). Selected bond distances (A) and angles (deg) for 6: Ru(1)-H 1.512(17), Ru(1)-N(1) 2.1518(9), Ru(1)-N(2)
2.2164(11), N(2)-C(25) 1.1503(17), 0(2)-C(25) 1.2197(16), C(24)-Ru(1)-N(1) 175.09(4), P(2)-Ru(1)-P(1) 158.270(10), N(2)-
Ru(1)-H 175.2(7), C(25)-N(2)-Ru(1) 151.64(10), N(2)-C(25)-0(2) 178.52(15). For 7: Ru(1)-H 1.51(2), Ru(1)-N(1) 2.1233(11),
Ru(1)-N(2) 2.2548(11), N(2)-C(25) 1.3210(18), 0(2)-C(25) 1.2547(17), C(7)-C(25) 1.5494(19), C(24)-Ru(1)-N(1) 177.28(6), P(1)-
Ru(1)-P(2) 161.444(13), N(2)-Ru(1)-H 164.3(8). For 9: Ru(1)-H 1.505(17), Ru(1)-N(1) 2.1170(10), Ru(1)-N(2) 2.2980(10), N(2)-
C(23) 1.3253(15), C(1)-C(23) 1.5512(16), O(1)-C(23) 1.2526(14), P(2)-Ru(1)-P(1) 157.245(11), N(2)-Ru(1)-H 163.5(6), C(31)-

Ru(1)-N(1) 176.61(4), 0(1)-C(23)-N(2) 128.05(11).

Based on these experiments, we then turned our attention
to devise optimal catalytic protocols. Gratifyingly, in the
presence of catalytic amounts of complex 1, monosubsti-
tuted formamides could indeed be efficiently and selectively
coupled with a large variety of nucleophiles (Scheme 3), in-
cluding amines, alcohols and aminoalcohols (Scheme 4), ex-
clusively releasing dihydrogen as by-product in an accep-
torless fashion. For instance, primary amines were coupled
with N-benzylformamide (10a-d) or N-methylformamide
(10e-m) at 100°C in 1,2-diethoxyethane as the solvent of
choice in the presence of 0.5 mol% of 1 under additive-free
conditions. To the best of our knowledge, the latter repre-
sent the first examples of accessing methyl ureas via the de-
hydrogenation of formamides, hence successfully surrogat-
ing MIC. Our optimization efforts were primarily concerned

by the selectivity of this reaction to prevent urea scram-
bling, which is especially observed at higher temperatures
(>120°C). Additionally, the catalytic coupling of secondary
amines was also efficient though exclusively triggered at
higher temperatures (typically 135°C). Several experi-
mental observations such as the unsuccessful coupling of
various less nucleophilic (e.g. aniline) and/or bulkier
amines (e.g. diisopropylamine, even in the presence of the
isopropyl version of catalyst 1) revealed the acute chemose-
lectivity of complex 1 towards different nucleophilic rea-
gents (see Supplementary Information).

Scheme 3. Scope of the catalytic dehydrogenative coupling of monosubstituted formamides with nucleophiles.
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The coupling of alcohols with monosubstituted formamides cer complexes easily promote competitive alcohol dehydro-
proved more challenging, especially as Ru(Il) and Fe(II) pin- genative pathways, limiting the substrate scope to amine



nucleophiles.16-12 We discovered that the choice of the lig-
and was essential, as complex 1 was the only catalyst in our
toolbox capable of allowing the selective formation of car-
bamates (Scheme 3, ligand effects, path A), by favoring the
dehydrogenation of formamides over that of the primary al-
cohol (Scheme 3, ligand effects, path B) (see also Supple-
mentary Information). Indeed, primary alcohols could suc-
cessfully be coupled (11ab,e-g) with monosubstituted
formamides in closed systems at 125°C using 1 mol% of 1.
We also noted a strong influence of the electronic effects on
the resulting carbamate yield. Thus, more electrophilic N-
arylformamides afforded higher yields of the corresponding
carbamates, whereas N-alkylformamides (11b,c) failed to
undergo a similar reaction, even at higher temperatures or
in the presence of other catalysts. Nonetheless, this meth-
odology could be extended to the coupling of secondary al-
cohols at 145°C, albeit in typically moderate yields (11h-
m). Moreover, during our investigation, functional groups
such as ethers (10h, 10p, 10v and 11j), tertiary amines
(10r), silanes (10c), olefins (10s), unprotected alcohols
(10w and 11a-m), halides (10f, 10u, 11b and 11e-h), cy-
clobutanes (10i), pyridines (10j), thiophenes (10Kk) and hy-
drazines (10d) were shown to be tolerated under our reac-
tion conditions. Also, the catalyst did not lead to any scram-
bling of any potentially sensitive during the synthesis of
compounds 10i, 111 and 11m).

In the specific case of amino alcohols (Scheme 4, R'=Alk), a
subsequent imido bond- forming reaction?? was triggered
following the urea synthesis, leading to the synthesis of the
5- membered ring hydantoin derivatives (12a, 12b and
12f-h) and the 6-membered ring dihydrouracil (12d and
12i) derivatives. The exceptional temporal selectivity?* of
this unprecedented transformation led us to access these
heterocycles in moderate to excellent overall yields, conse-
quently releasing three equivalents of Hz. Although this con-
ceptually new approach could not be extended at this stage
to bulkier aminoalcohols (12c) or larger heterocycles
(12e), it uniquely demonstrates the unforeseen potential to
devise cascade catalytic transformations triggered by
formamide dehydrogenation. The current route using
formamide dehydrogenative coupling with aminoalcohols
may provide an alternative access to core heterocyclic
structures of high therapeutic significance; hydantoins2®
(generally featured in anticonvulsant active ingredients)
and uracils?¢ being frequently encountered motifs in drugs.

Scheme 4. Catalytic dehydrogenative coupling of N-al-

kylformamides with amino alcohols leading to the for-
mation of heterocyclic adducts 12.
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All reactions were carried out on a 1 mmol scale (1:1 equiva-
lents) in 1,2-diethoxyethane (0.5 mL) with 0.5 mol% of 1 in
closed systems. All yields are reported as isolated yields after
column chromatography purification.

In all the aforementioned cases using catalyst 1, it must be
stressed that free isocyanates were not detected during the
course of these reactions. Given the acute chemoselectivity
of complex 1 towards both coupling partners and the ab-
sence of observed free isocyanates in solution, a metal-lig-
and cooperative dehydrogenative coupling mode is indi-
cated (see Scheme 6).

In addition to the insights provided by the stoichiometric
control experiments, DFT calculations (see Supporting In-
formation for details) were carried out to further under-
stand the chain of events of these highly-controlled coupling
reactions. In agreement with the stoichiometric experi-
ments (see Scheme 2), we can simplify the reaction scheme
into two main steps: formamide dehydrogenation (Scheme
5, A) and urea bond formation (Scheme 5, B). In qualitative
agreement with the experiments, N-H activation by MLC to
form intermediates Ia and Ib, and H-abstraction to form
transient isocyanate, are readily achieved (TS1 and TS3,
not via B-hydride elimination). Hydrogen release from the
dihydride species III might be facilitated through H-bond-
ing (TS4, AG' = 33.8 kcal.mol1).27.28 Free isocyanates might
be avoided through reversible C-C bond formation with the
ligand (V via TS5, Scheme 5, B, see also Scheme 2, complex
7). Indeed, the coupling of free isocyanate with 1 after He-
loss is downhill in energy by around 15 kcal.moll. Im-
portantly, this formation of V (experimentally observed),
which can be viewed as a “tamed isocyanate”, decreases the
electrophilic character of the central isocyanate carbon
atom (compared to free methylisocyanate, Scheme 5, C)
possibly preventing uncontrolled side-reactions. It also rep-
resents the resting state of the catalytic cycles as species V



is relatively inert towards nucleophile attack (e.g. benzyl
amine, TS6 and Scheme 5, C). In the presence of a nucleo-
phile, the O-coordinated intermediate IVb undergoes metal-
ligand cooperative urea bond formation (TS7b,
AG! = 32.1 kcal.mol?). Indeed, the ligand C=C double bond is

well positioned to deprotonate the incoming nucleophile,
while the heterocumulene is activated by the Lewis acidic
metal center (see also Scheme 5, C). The benzylic ligand po-
sition is then acidic enough to re-protonate the urea-nitro-
gen, thus releasing the product (TS8).

Scheme 5. DFT calculations of the catalytic coupling of N-methylformamide with benzylamine at the ®B97X-V/def2-

TZVP//M06-L GD3 /def2-SVP /W06 level of theory.

deprotonation

AG in keal.mol™!

i -
/ w
/ N—R/u—co A 15.4 (14.0)
— /| T$19.9 (3.9)
P
H
o

1 HJ\N/ OJ\N/
0.0(00) " | -
!\ R{J—CO ol \N—R{J—CO

/ Y|

P

b

I I
0(-49) 06 (0.6)

-Hydride eliminationHydride-abstraction

Hydrogen release
~o R Nt

'
/' N—ru—co /
N—Ru—CO

P
H
TS431.3 (28.1)
2 Iva
23.9 (18.7)

1
13.8 (11.8)

n i
34(18) / N—R{J—CO
H -
P P/|

\
/ N—Ru—CO

437 )
reversible C-C &\“ \7 MLC-nucleophilic attack

bond formation

AG in kcal.mol!
—_—

va Vb
23.9(18.7) 223 (15.4)
Ng,
e \C§O

tamed isocyanate

Cc
Nc— ANse :
=i ~o +o 87 i:
/P NS 083
/' “N—ru N—Ru—CO / N—Ru—CO
/|
H
tamed

highly active activated, but controlled

charge on C I ————

isocyanate

P
—p 1.9 (-2.0)
4 \ P
{%_(?ia{l—co / a
N - P/‘ - N—/Tu—CO
H P
H

off-cycle intermediate

urea release

)i .:‘t
AN y
t \*)‘
P
R \}él 2
S v X
! NP 5 N
v
P
/ “\—ru—co / \
= NN P
P B b dp
A ; TS7a 43.3 (36.9) /

V1 15.6 (10.5)

Ph N N
~H ¢ ~

dependance on Nu
more active

Benzylamine +32.1

Pyrrolidine  +33.7

keal.mol™"

Cyclopentanol +43.3

less active



Values correspond to Gibbs free energies in toluene (SMD model) at 298 K in kcal.mol-! with respect to the starting complex 1
(0.0 kcal.mol-1). Values in brackets are gas phase Gibbs free energies. DFT-structures with C-H hydrogens, omitted for clarity, are
given for key structures and transition states. (A) Reaction potential energy surface for the dehydrogenation of N-methylformamide,
(B) subsequent urea bond formation, (C) calculated NBO charges on the central carbon atom of different isocyanate moieties and
(D) Energies of key transition state TS7b for different substrate nucleophiles.

Although the reaction was computed to be only slightly ex-
ergonic (AG = -1.9 kcal.mol?), the experimentally observed
insolubility of the urea product might act as an additional
driving force. Importantly, this mechanism also qualita-
tively accounts for the observed order of reactivity of the
different nucleophiles (Scheme 5, D). In order to confirm
the resting state character of V, we performed catalytic re-
actions using complex 7 as the catalyst in the presence of N-
benzylformamide and benzylamine, which showed good ac-
tivity although at slightly higher temperature (130 °C, see SI
for additional details). This is in qualitative agreement with
the computed mechanism and highlights the reversible na-
ture of the resting state.

Scheme 6. General plausible mechanism (dotted boxes
indicate experimentally identified complexes).
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Both our experimental and theoretical studies emphasize
the pivotal role of MLC of the pincer ligand of 1 by aromati-
zation-dearomatization?® on the catalytic activity in almost
all fundamental events. In summary, we suggest the follow-
ing general catalytic mechanism (Scheme 6): (i) rapid N-H
activation via MLC of the formamide by 1 affords the Ru-
amido complexes I, (ii) followed by a hydride abstraction,
formally a disproportionation reaction, yielding Il and pre-
sumably 1V, (iii) rapid C-C bond activation equilibrium re-
sults in adduct V as the resting state of this catalytic system;
(iv) nucleophilic coupling of IV yields VI, this event presum-
ably being the rate determining step; (v) eventually, the cat-
alyst (1) is concomitantly regenerated either through the

extrusion of the corresponding urea (10) or carbamate
(11), and hydrogen release from the dihydride III.

CONCLUSION

In conclusion, we report a general and isocyanate-free alter-
native approach to access valuable unsymmetrical ureas in-
cluding methyl ureas (avoiding the notorious methylisocy-
anate), carbamates and the heterocycles hydantoins and di-
hydrouracils in good yields and excellent selectivities
(Scheme 3). Despite the numerous competitive pathways
(Scheme 1, C), it was demonstrated that various monosub-
stituted formamides could be employed as versatile surro-
gates to isocyanates in generally atom-economical and effi-
cient dehydrogenative coupling reactions. Control experi-
ments, including isolation of key relevant novel complexes
(Scheme 2) and DFT studies (Scheme 5) provided critical
and unique insights of the mechanisms involved, highlight-
ing the critical ligand’s cooperative role. Advantageously,
the singular mode of action of complex 1 allows to minimize
uncontrolled side-reactions (Scheme 6). Isocyanate-organ-
ometallic adducts obtained by dehydrogenation were ob-
served via this approach for the first time (Schemes 2, 6-8),
providing structural information on catalytic intermediates
(Scheme 6, IV and V). Remarkably, complex 1 also enabled
the unprecedented subsequent cascade transformation
leading to valuable hydantoin- and dihydrouracil- deriva-
tives (Scheme 4) with an excellent temporal selectivity be-
tween the formamide and alcohol dehydrogenation key
events. Ultimately, we hope that the fundamental under-
standing of the catalytic events in play may spark interest in
the implementation of such catalytic generation of isocya-
nates into organic synthesis. We also hope that this work il-
lustrates the need, as well as the opportunities, in seeking
surrogates for commonly used hazardous chemicals to es-
tablish safer and greener synthetic transformations.
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