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The coordinatively unsaturated 12-electron complex dichloro z-butylimido bispyridine titanium(1v) (2a)
has been shown to react with CO, to give N,N-bis-z-butyl urea. Two analogous sterically hindered
coordinatively saturated 14-electron complexes dichloro z-butylimido trispyridine titanium(1v) (10a)
and dichloro 2,6-(i-Pr),phenylimido trispyridine titanium(1v) (10b) also gave their corresponding
symmetrical ureas upon treatment with CO,. Further experiments support the intermediary of
metallocycles formed from heterocumulene metathesis reactions. The unsymmetrical urea N-benzyl,
N-t-butyl urea (11) was produced from treatment of 2,6-(i-Pr),phenylimido trispyridine titanium(1v)
(10b) with CO, and interception with BnNH,. Equimolar quantities of N,N-bistrimethylsilybenzyl-
amine or N,N-bistrimethylsilyphenethylamine were shown to promote the reaction between
t-butylimido bispyridine titanium(1v) (2a) and CO, to give near quantitative yields of symmetrical urea.
Other symmetrical ureas could be produced from TiCl,, amine and CO, in moderate to quantitative

yields depending on the stoichiometry of amine present.

Introduction

There is currently a search for alternatives to chemical feedstocks
for the fine chemicals industry that do not rely upon oil
Carbon dioxide has emerged as a renewable candidate as it is
abundant, non-toxic, non-flammable and is the waste product of
many industrial processes. However, it is thermodynamically and
kinetically very stable and its use as a general C-1 reagent poses
significant problems.! Carbon dioxide is currently used industrially
for the synthesis of urea, inorganic carbonates, methanol, salicylic
acid, cyclic carbonates and polycarbonates. For these processes
the CO, is always pressurised or is in the solid state.'®* While
there have been considerable advances in the activation and use
of CO, as a renewable C-1 source in the copolymerisation of
CO, and epoxides,® there is a need for the development of other
processes that can function at ambient temperature and pressures
of CO,. The synthesis of ureas from primary and secondary amines
with CO, at atmospheric pressure and ambient temperature still
remains a challenge.*

We have been interested in heterocumulene synthesis through
the direct combination of CO, as a C-1 reagent with metal
imido complexes to form isocyanates (Scheme 1). The converse
reaction, to generate a metal imido complex (and CO,) from the
combination of isocyanates and metal oxo complexes is a well
known method for the synthesis of metal imido complexes.® The
reactions proceed by a [2 + 2] cycloaddition to generate a titanium-
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Scheme 1 The formation of a carbamate metallocycle by [2 + 2] reactions.

carbamate metallocycle 1. The lability of these sorts of complexes
normally leads to the elimination of carbon dioxide. Examples of
the forwards reaction described in Scheme 1 are rare,® but titanium
has shown some general reactivity in this reaction.” Cycloaddi-
tion reactions of titanium imido complexes with CO, have been
reported for a number of titanium complexes by Mountford” and
others.*® The formation of the thermodynamically stable titanium
oxo complex is normally the driving force for the reaction and its
isolation the focus of most studies.®

Mindiola and co-workers reported the formation of an iso-
cyanate from the reaction between a latent low coordinate
titanium imido complex and CO, (eqn (1)).® Unlike other imido
systems, excess CO, did not lead to six-membered ring aryl
imidodicarboxylates.” Isocyanates are also known to react with ti-
tanium imido complexes to give carbodiimides.” ' It has also been
reported that certain titanium imido complexes react with carbodi-
imides to give symmetrical metallocyclo—guanidine complexes.!!
In this paper we report our studies between Mountford-like
12- and l4-electron titanium imido complexes with CO, to
give ureas as a preparative reaction. Further experiments are
presented that support a reaction mechanism involving the
in situ formation of metallocycle intermediates via heterocumulene
metathesis.
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Results and Discussion

Recently we reported the synthesis of carbodiimides by a
heterocumulene metathesis reaction between isocyanates and
Ti(N‘Bu)CLPy, (2a),”> which led us to explore the possible
activation of CO, by this complex.'” We envisaged that reaction
of 2a with CO, could lead to an isocyanate like the Mindiola work
(eqn (1)).® In the event, treatment of 2a with 1.5 atm of CO, in
CH,(l, at rt for 5 h followed by work up with 2 M HCI gave
symmetrical urea 3a in 8% yield after aqueous hydrolysis (eqn
(2)). We inferred from this result that the central carbonyl carbon
was derived from CO,.

I{
BU\N i) CO, (1.5 atm) Q
CludwPy  CHChSh o o ©)
Py/ \CI ii) 2M HCI H H
2a 3a 8%

We presume the mechanism is similar to that formulated by
Mindiola®* and which we had used to explain the formation
of carbodiimides from isocyanates and Ti(N‘Bu)Cl,Py, (2a).'*
Isocyanate 5 (and presumably 6), formed from the collapse of
metallo carbamate 4, could react with 2 to form either of the two
metallocycles 7 (from [2 + 2] cycloaddition across RN=—=C of 5)
or 8 (from [2 + 2] cycloaddition across C=O0 of 5). Potentially
complexes 7 and 8 could interconvert. Hydrolysis of 7 or 8
during work up would lead to symmetrical urea 3. Alternatively,
metallocycle 8 could break down to diimide 9 that could then be
hydrolysed during work up to 3 (Scheme 2).
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Scheme 2 Possible mechanisms for the conversion of CO, to ureas.

In order to investigate whether analogous imido complexes of
2 performed this transformation we required a flexible synthesis.
We found we could not purify other alkyl imido analogues of
complex 2a synthesised using the Mountford route to 2a.'* The
use of anilines also gave no products. Attempted transimination
of the 12-electron complex 2a with alkyl amines and anilines was
uniformly unsuccessful. We then investigated another method of
Mountford" and prepared a range of coordinatively saturated 14

electron complexes 10 by transimination of #-butyl complex 10a
with anilines. Unfortunately, attempted transimination reactions
with alkyl amines did not go to completion and we were unable
to purify without degradation. Removal of the apical pyridine
ligand under high vacuum had been demonstrated by Mountford
for the conversion of certain sterically hindered titanium imido
complexes, such as 10b to 2b.? From our work we found
that the less sterically hindered imido complexes prepared by
transimination did not undergo this reaction, only the sterically
hindered imido complex 10a lost a pyridine ligand under high
vacuum to give complex 2a (Scheme 3). Not surprisingly there
seems to be a steric effect in this ligand loss, which for our purposes
was preparatively restrictive.

Bu_ 2,6-PryPh_
i) 6 equiv ‘BuNH " ArNH
Ticl, —oaey Uz CI“ TQ\Py . CI“ TQ\Py
ii) 4.1 equiv Py CI | CI
98% Y 10b 84%
0.1 mm Hg 0.1 mm Hg
65°C,6h 40°C, 4h
2a 2b

Scheme 3 The synthesis of 12-electron titanium imido complexes.

Treatment of coordinatively saturated 14 electron complexes 10
with CO, mostly gave no reaction except for the sterically hindered
analogues 10a and 10b that gave symmetrical urea 3a and 3b in
14% and 98% unoptimised isolated yields, respectively (eqn (3)).
We speculate that the reaction proceeds by the 12 electron imido
complexes 2 and that loss of a pyridine ligand from 10a, b occurs
during the reaction as a consequence of steric compression from
the large #-Bu and 2,6-(i-Pr),Ph groups on nitrogen. Loss of a
pyridine ligand would be necessary to allow coordination of CO,.

R )
‘r‘\l i) CO, (1.5 atm) 0]
Clin, uPy CH,Clp, 5 h )J\
Py/‘ Cl i) 2M HCl NN (3)
10a R—'Bu 3a 14%
10b R=2,6-Pr,Ph 3b 98%

In order to try and decipher whether urea 3 was produced
from hydrolysis of complexes 7 or 8, or formed by hydrolysis of
carbodimide 9 (Scheme 2) a range of nucleophiles were added to
the reaction (eqn (3)). Complex 10b was allowed to react with CO,
as before and then treated separately with nucleophiles EtOH,
H,O and BnNH, in an attempt to intercept any intermediate
before hydrolysis (Scheme 4). If these nucleophiles were to react
with the imide type ligand of 7 or 8 in an acyl substitution type
mechanism we would expect to isolate a carbamate, an amine

NaOEt, o
_ o g R
2,6-ProPh _ 68% N" N
N H 3b H
Cli, -I‘- \\Py C02 (1 5 atm)
e iy
Py BnNH,
B R\ _Bn
10b 6% NN
H H

11 R=2,6-Pr,Ph

Scheme 4 Activation of CO, by 10b.
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(via decarboxylation of carbamic acid) and an unsymmetrical
urea, respectively. Reaction with EtOH led to degradation, but
treatment with NaOEt led to symmetrical urea 3b in 68% yield.
Treatment with H,O led to no reaction. The fact that no urea
was observed by quenching with H,O or EtOH suggests no
carbodiimide 9 is present as these are favourable reactions.
When the reaction was quenched by addition of benzylamine,
unsymmetrical urea 11 was isolated in 18% yield.

Formation of the symmetrical urea 3b from the treatment of
10b with CO, and H;O* work up suggests either hydrolysis of
metallocycle 7 or 8 or hydrolysis of a symmetrical carbodiimide
9. Formation of the same urea from treatment with ethoxide
ion, however, suggests displacement of the imido ligand from
7 or 8 by the oxygen nucleophile (ethoxide ion). The fact that
no carbamate was generated from this latter experiment suggests
that any intermediate isocyanate 5 is consumed rapidly in the
reaction, presumably by reaction with another molecule of imido
complex 2. The isolation of the unsymmetrical urea 11 from
treatment with BnNH, suggests either the interception of a
postulated metallocycle like 4, which based on the results for the
oxygen nucleophiles would seem unlikely, or more likely an acyl
substitution type reaction with the analogous complexes 7 or 8.
The fact the oxygen nucleophiles react in a different manner may
be a facet of titanium’s oxophilicity.

Intermediate complexes 7 and 8 are identical to those postulated
in our previous report for the synthesis of ureas from the reaction
of complex 2a and isocyanates.'” Treatment of 2a with tert-
butylisocyanate in an NMR experiment showed only a constant
~1:1 mixture of an intermediate, believed to be 7 or 8 and
carbodiimide product over 16 h with no impurities [intermediate
(30%) : 2a (43%) : bis-N,N’-'butyl carbodiimide (23%):6 (3%)].”
Quenching an identical preparative experiment led to the isolation
of symmetrical urea 3a in 62% yield (Scheme 5)."* When the
reaction was quenched with NaOEt, 3a was isolated in 82% yield,
but when quenched with BnNH, unsymmetrical urea 12¢ was
isolated in 51% yield. No symmetrical urea 3a was detected in the
crude reaction mixture or isolated product of this latter reaction.

2M HCI

0
62% J\
- NaOEt,  BuN” “NBu
SN ‘BuNCO i ‘ EtOH H,, H
| > or
Cli, ‘-.,\\Py 82%
/TI\ o)
Py Cl BnNH,
2a _— t
51% BuN NBn
H H

12¢

Scheme 5 The investigation of the intermediate.

The similarities in these two sets of experiments (Scheme 4
and 5) suggests a common intermediate, which we propose is
either complex 7 or 8. As supported by our previous work,'®
the treatment of either 2a or coordinatively saturated 14-electron
complexes 10a, b with CO, gave symmetrical ureas with no
evidence for the formation of carbodiimide 9.

To investigate the reaction further we decided to investigate
the reaction of a mixture of complexes 10a and 10b with CO,.
Theoretically a mixture of 3 ureas 3a, 3b and 12b could be
expected (eqn (4)). In the event, treatment of 2 different mixtures
of complexes 10a and 10b with CO, (1.5 atm) for Sh at rt in CH,Cl,

Table 1 Evolution of eqn (4) with different ratios of 10a and 10b

Initial ratio 16 h ratio 40 h ratio
10a:10b 10a:10b 10a:10b
20:80 4:96 0:100
28:72 12:88 0:100
52:48 37:63 26:74
48:52 40:60 29:71
60:40 50:50 43:57
77:23 70:30 64:36

Experiments were conducted in C¢Ds.

followed by workup with 2 M HCl led only to the unsymmetrical
urea 12b.

(0]
A
+
(0]

BUN” “NBu
By R H, Hiaox
>~ >N i) CO, (1.5 atm)
[ |
CI”’,’Ti““‘Py+ CI/;.I‘.i.:\Py CH,Clp, 5 h )k
Pym L 'Cl  Py" | *Cl iy oM HCI RN~ “NR
Py Py % (4
10a 10b H ,H 3b0%
R=2,6-Pr,Ph o
BuN NR
H H
10a:10b 12b
30 :70 36%
36 :64 21%

The formation of only 12b suggests that one of the complexes
reacts faster with CO, than the other. The isocyanate formed
then reacts with the other complex to form a mixed urea after
hydrolysis. In order to assess this a series of NMR experiments
were conducted with varying ratios of complexes 10a and 10b
(Table 1).

In all cases the proportion of complex 10b increases with time.
These results suggest that the 7-butyl compex 10a reacts quicker
than 10b with CO,, presumably to produce t-butylisocyanate.
Attempted isolation of the putative titanium oxo complex was
never achieved in this or any other experiments and could be due
to the propensity of Ti—O bonds to oligomerise.*® Complex 10b
then reacts with the ¢-butylisocyanate, in preference to CO,, to
give complex 7 or 8 and upon hydrolysis 12b. From experiments
above (eqn (3) and Scheme 5) we also think the reaction between
10a and /BuNCO is slow (vide infra)."® In support of these
conclusions, treatment of complex 10b with CO, in an NMR
tube (C¢Dq, rt, 16 h) led to the formation of only ~10% of 2,6-
di-isopropylphenylisocyanate, indicating this is a slow reaction.
Also treatment of 10b with #-butylisocyanate in CH,Cl, for 48 h at
rt followed by quenching with dilute acid led to 12b in 29% yield.
Treatment of 10a with 2,6-di-isopropylphenylisocyanate produced
no urea after prolonged stirring. These control experiments were
consistent with the proposed order of events.

The attempted synthesis of non aromatic 12- and 14-electron ti-
tanium imido complexes via transimination (Scheme 3) had proved
unsuccessful. The reactions most often did not go to completion
and we were unable to separate the new imido complexes without
degradation. Due to these difficulties in purification we submitted
some crude reaction mixtures to reaction with CO, (eqn (5)).
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10a 7Y
10c R=Bn 3c 10% 12¢ 0%
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10d R=Ph(CH,),

The yields were low and gave mixtures of ureas due to
the mixtures of complexes present. Another known method of
performing the desired transimination to form new complexes is
to use bis-silylated amines." Treatment of 10a with either of two
bistrimethylsilylamines (1 equivalent) and addition of CO, in situ
generated symmetrical urea 3a in almost quantitative yield (eqn
(6)). Clearly no transimination took place, but the silylated amines
are promoting the reaction in some way (compare with eqn (3)).
Their exact role in this reaction remains unknown. A tertiary
amine Et;N (1 equivalent) was also found to activate the reaction,
but less efficiently with a reduced yield of 37%.

[
Bu\‘N i) amine o
Cliu Py i) CO, ) )k .
Py7IYcl — —5 = BuN® NBu
10a 7Y iii) HzO 3a (6)
amines BnN(TMS), 99%
Ph(CH,),N(TMS), 97%
Et;N 37%

Another conceivable route to non-aromatic imido-titanium
complexes is their generation from TiCl, and amines, similar to the
method used by Mountford'? and which we used to synthesize the
t-butylimido complex 2a. This route gave us the desired complexes,
but the formation of byproducts of similar solubility made their
purification difficult. The crude complexes were thus treated with
CO, in situ to give moderate yields of the symmetrical ureas
(eqn (7) and Table 2). Three equivalents of amine were initially
added as we believed at least two equivalents would be needed to
sequester HCl. We postulate that a 12- or 14-electron titanium
complex is formed followed by heterocumulene metathesis to
form isocyanate. Heterocumulene metathesis between the formed
isocyanate and another equivalent of complex would give a
metallocycle intermediate (7 or 8) that upon hydrolysis gives
symmetrical urea 3. This mechanism requires 2 equivalents of
TiCl, to form one equivalent of urea.

Using one equivalent of amine gave yields roughly one third
of that when using 3 equivalents. Excess amine (6 equivalents)
seemed to be deleterious to the reaction. Theoretically, excess
amine could intercept the isocyanate and effectively 1 equivalent of
TiCl, would only be needed. We found that a large excess of amine
(300 equiv) and pyridine (230 equiv) gave near quantitative yields
of symmetrical urea 3 based upon 1 equivalent of TiCl,. Control
experiments where the reactions were repeated in the absence of
TiCl, led to no reaction.

If the mechanism for the formation of the urea is as we
hypothesised (Scheme 3), then there exists an opportunity to try
and encourage turnover of the titanium oxide byproduct to react
with amine and form an imido complex and thus make the process
catalytic in Ti. Preliminary experiments to activate the presumed
Ti=—O bond by the addition of varying amounts of TMSCI
were unsuccessful, giving only stoichiometric quantitative yield
as observed above (eqn (7)). Other Lewis acids, such as Mg(OTY),,
Bu; BOTT, Bu;SnCl and B(C,Fs);, were also tested under the same
reaction conditions, but they inhibited the reaction and no urea
or other identifiable organic adduct was formed.

Conclusions

Our initial observation that the 12-electron complex
Ti(N‘Bu)ClL,Py, (2a) gave symmetrical urea 3a upon treatment
with CO, (eqn (2)) led us to investigate this reaction further.
We found that only two sterically hindered 14-electron imido
complexes Ti(N'‘Bu)CLPy; (10a) and Ti(NPh(2,6-'Pr),)Cl,Py;
(10b) underwent the same reaction (Equation 3). As these
were also the only two complexes that we could form the
analagous 12-electron complexes 2a, b by removal of a
pyridine ligand under vacuum (Scheme 3), we propose that this
particular cumulene metathesis reaction with CO, requires a
coordinatively unsaturated 12-electron complex. Further studies
with Ti(NPh(2,6-Pr),)CL,Py; (10b) that tried to intercept reaction
intermediates after treatment with CO, by the addition of H,O
or EtOH gave no identifiable products. Treatment instead with
NaOEt led to symmetrical urea and addition of BnNH, led to the
unsymmetrical urea (Scheme 4). The formation of symmetrical
urea from treatment with CO, and acid workup suggests
hydrolysis of the corresponding carbodiimide 9 or hydrolysis of
an intermediate complex 7 or 8, of which the existence of the
latter is supported by some NMR data from our previous work.”

R. 0 Formation of symmetrical urea from treatment with NaOEt

, i) RNH, cin "\\l_ WPy i) CO, RNJ\NR and unsymmetrical urea from treatment with BnNH, are both

TiC i) pyridine' Py’T\I‘CI i) Hy0® H @ consistent with displacement of the urea like ligand from 7/8

(2.3 equiv) PYn 3a R=t-Bu by ethoxide ion and an acyl substitution type mechanism by

n=0 or 1 g; E;g: (CHy) the amine at the central urea carbon of the bidentate ligand in

3e R=Cy 22 7/8. No products derived from direct reaction with isocyanate

Table 2 Synthesis of ureas with CO,*

3 R Yield urea% 3 equiv RNH, Yield urea% 1 equiv RNH, Yield urea% 6 equiv RNH, Yield urea®% 300 equiv RNH,
a t-Bu 7 2 26 99
c Bn 48 16 34 99
d Ph(CH,), 56 17 42 99
e Cy 36 14 19 99

“Isolated yields. ® 230 equiv of pyridine used.

This journal is © The Royal Society of Chemistry 2012
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5 were detected. We generated the same intermediate 7/8 from
our previous work by the treatment of Ti(N‘Bu)Cl,Py, (2a)
with +-BuNCO and treated this mixture with aqueous acid,
ethoxide ion and BnNH, to repeat the results above (Scheme
5). This is strong evidence for the pathway of this reaction
proceeding through intermediate 7 or 8 or some equilibrating
mixture of the two. NMR experiments showed the ~-Bu imido
14-electron complexes 10a to be more reactive towards CO, than
the analagous 2,6-(i-Pr),Ph complex 10b (Table 1). The formation
of symmetrical urea from 2a upon treatment with CO, could be
made nearly quantitative by the addition of bis-silylated amines
(eqn (6)). The exact role of the silylated amines is unknown at
present, but could be due to some Lewis acid effect by the silicon
groups and we are investigating this further. This could represent
a very efficient synthetic method for preparing ureas from an easy
to make complex and CO,. However, at present the generality of
this process was restricted by our inability to prepare pure alkyl
(aside from #-Bu) analogues of the complexes 2 and 10. Using an
in situ preparation from TiCl, and amines we were able to isolate
symmetrical ureas of alkyl amines (eqn (7), Table 2). Interestingly
the yields were moderate with an optimised 3 equivalents, but
near quantitative with a vast excess of amine. This again is
a curious result we are investigating further. Initial attempts
to make the process catalytic in titanium by converting the
presumed titanium oxo complex back to an imido complex have
proven unsuccessful, but is the subject of our current and future
endeavours.
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