
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

2/
10

/2
02

5 
1:

24
:1

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Aluminium alkyl
aDepartment of Chemistry, Indian Instit

Sangareddy 502285, Telangana, India. E-m

6032; Tel: +91 40 2301 6036
bTata Institute of Fundamental Resear

Hyderabad, India. E-mail: vc@tifrh.res.in
cDepartment of Chemistry, IIT Kanpur, Kanp

† Electronic supplementary information (
details for the catalytic reactions
guanidines/guanylation products 3a–3v,
complexes 2a, 2b, 2c. CCDC 2124039–2
data in CIF or other electronic format see

Cite this: RSC Adv., 2022, 12, 4501

Received 13th January 2022
Accepted 17th January 2022

DOI: 10.1039/d2ra00242f

rsc.li/rsc-advances

© 2022 The Author(s). Published by
complexes supported by imino-
phosphanamide ligand as precursors for catalytic
guanylation reactions of carbodiimides†

Himadri Karmakar, a Srinivas Anga, b Tarun K. Panda *a

and Vadapalli Chandrasekhar *bc

Herein, we report the synthesis, characterisation, and application of three aluminium alkyl complexes, [k2-

{NHIRP(Ph)NDipp}AlMe2] (R ¼ Dipp (2a), Mes (2b); tBu (2c), Dipp ¼ 2,6-diisopropylphenyl, Mes ¼ mesityl,

and tBu ¼ tert-butyl), supported by unsymmetrical imino-phosphanamide [NHIRP(Ph)NDipp]� [R ¼ Dipp

(1a), Mes (1b), tBu (1c)] ligands as molecular precursors for the catalytic synthesis of guanidines using

carbodiimides and primary amines. All the imino-phosphanamide ligands 1a, 1b and 1c were prepared in

good yield from the corresponding N-heterocyclic imine (NHI) with phenylchloro-2,6-

diisopropylphenylphosphanamine, PhP(Cl)NHDipp. The aluminium alkyl complexes 2a, 2b and 2c were

obtained in good yield upon completion of the reaction between trimethyl aluminium and the protic

ligands 1a, 1b and 1c in a 1 : 1 molar ratio in toluene via the elimination of methane, respectively. The

molecular structures of the protic ligands 1b and 1c and the aluminium complexes 2a, 2b and 2c were

established via single-crystal X-ray diffraction analysis. Complexes 2a, 2b and 2c were tested as pre-

catalysts for the hydroamination/guanylation reaction of carbodiimides with aryl amines to afford

guanidines at ambient temperature. All the aluminium complexes exhibited a high conversion with

1.5 mol% catalyst loading and broad substrate scope with a wide functional group tolerance during the

guanylation reaction. We also proposed the most plausible mechanism, involving the formation of

catalytically active three-coordinate Al species as the active pre-catalyst.
Introduction

Metal-catalysed C–N bond formation is an intense area of
research. One of the convenient strategies to achieve the C–N
bond is the catalytic guanylation reaction.1 This reaction is
a hydroamination reaction, where the N–H bond of an amine
adds across carbodiimide, which produces guanidine deriva-
tives.2 The metal-catalysed guanylation reaction is a 100% atom
economy reaction and a straightforward method to prepare
nitrogen-rich compounds.3Guanidine derivatives are important
due to their multipurpose usage in organic synthesis,4 coordi-
nation chemistry,5 pharmaceuticals,6 and the agrochemical
industry. They are also important structural motifs of many
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biologically and pharmaceutically active molecules. They can
serve as building blocks in various pharmaceutical and natural
products.7 Due to their low nucleophilicity, it is difficult for
arylamines to participate in guanylation reactions with unac-
tivated carbodiimides in the absence of a catalyst.8 In 2003,
Richeson et al. reported the catalytic guanylation reaction
between primary arylamines and unactivated carbodiimides for
the rst time using a titaniumimido complex as a catalyst at
elevated temperatures.9 Further, the guanylation reaction of
primary arylamines and carbodiimides has been investigated
using transition-,10 rare-earth-,11 and main group metal
complexes.12 Recently, we reported various titanium(IV) metal
complexes and zinc(II) metal complex as precursors for the
catalytic guanylation reaction of carbodiimides.13

Recent trends in synthetic chemistry demonstrate the
increasing use of synthetic methods in multicomponent reac-
tions and catalysis using earth-abundant metals. Multicompo-
nent reactions emphasize the progress of reactions using fewer
(compared to conventional reactions) steps, while the choice of
earth-abundant metals is driven by their non-toxicity and
economy. Therefore, aluminium, as the most abundant metal
on earth and due to its non-toxic nature, has been used in
complexes as a preeminent catalyst in several important
multicomponent reactions. In 2009, the commercially available
RSC Adv., 2022, 12, 4501–4509 | 4501

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra00242f&domain=pdf&date_stamp=2022-02-03
http://orcid.org/0000-0003-2800-9835
http://orcid.org/0000-0003-3692-0784
http://orcid.org/0000-0003-0975-0118
http://orcid.org/0000-0003-1968-2980
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00242f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012008


Scheme 1 Synthesis of the protic ligands 1a, 1b, and 1c.
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AlMe3 was utilised as a catalyst for the guanylation reaction by
Zhang and co-workers.14 Bergman's group and Zhou's group
also used aluminium alkyl complexes as catalysts for guanyla-
tion reactions.15 Recently, Mandal et al. reported the use of
a cyclic (alkyl) amino carbene complex of AlMe3 as a catalyst for
the guanylation reaction.16

There have been numerous studies on nitrogen-based elec-
tron rich ligands such as amidinate,17,18 guanidinate,18,19 imi-
nophosphonamide,20 and boraamidinate8–21 ligands.
Accordingly, some of these ligands have already found wide
applications in the formation of a range of metal complexes
including the stabilisation of unusual oxidation states of main-
group elements.18 Among them, the amidinate and guanidinate
ligands have received signicant attention by many research
groups.17–19

Monoanionic N-heterocyclic imines such as imidazolin-2-
iminato ligands are oen described by two limiting resonance
structures, thus indicating that the ability of the imidazolium
ring to stabilise a positive charge leads to highly basic ligands22

with strong electron-donating capacity toward early transition
metals.23 Imidazolin-2-iminato ligands were successfully intro-
duced in main group metals, transition metals, lanthanides,
and more recently, actinide metals by Tamm and co-workers to
achieve very short M–N bonds.24 Our group and others25 have
already established that monoanionic imidazolin-2-iminato
ligands are efficient systems for the preparation of catalyti-
cally active transition metal and rare earth metal complexes.26

Recently, the exceptional electron-donating ability and ne-
tuning of the steric properties of imidazolin-2-iminato ligands
were utilised to stabilise main group metal ions. The isolation
of a carbene-stabilised phosphorus mononitride,27 monomeric
phosphinyl radical,28 singlet phosphinonitrene,29 its protonated
derivative30 and metal complexes was reported by Bertrand
et al.31 The further utilisation of this ligand to stabilise several
group 13- and group 16-metal ions was demonstrated by
Inoue32–36 and Rivard.37,38 However, aluminium alkyl complexes
with the imidiazoline-2-iminato ligand were only recently
studied by the research groups of Inoue,35,36 Masuda39 and
Eisen.40

Recently, we developed an N-heterocyclic imine-based
imino-phosphanamide ligand-supported yttrium complex
[{NHIRP(Ph)N-Dipp}Y{NSiMe3}2] (iPr, Me), where the ligand
upon metalation is bonded with the yttrium ion in a mono-
anionic fashion similar to that of amidinate ligands.41 The two
donor nitrogen atoms attached to the phosphorus atom are
completely different and it is interesting to note that this system
is amenable to stereoelectronic modulation through substitu-
tion at the phosphorus and nitrogen centers.42 Currently, we
were interested in the interaction of the unsymmetrical imino-
phosphanamide ligands with p-block elements such as
aluminium and the exploration of the complexes formed in the
catalytic guanylation reaction. Accordingly, herein, we report
the synthesis and characterisation of imino-phosphanamine
ligands [NHIRP(Ph)NHDipp] [R ¼ Dipp (1a), Mes (1b), tBu
(1c)] and the corresponding aluminium alkyl complexes
[{NHIRP(Ph)NDipp}AlMe2] (R ¼ Dipp (2a), Mes (2b); tBu (2c)),
respectively, together with the catalytic applications of the latter
4502 | RSC Adv., 2022, 12, 4501–4509
towards the guanylation of primary arylamines with unactivated
carbodiimides.
Results and discussion
Ligand synthesis

The protic ligands 1a and 1b were synthesised according to the
protocol involving the reaction of imidazolin-2-imine [ImRNH]
(R ¼ Dipp and Mes) with PhP(Cl)NH(Dipp) (Dipp ¼ 2,6-diiso-
propylphenyl) (1 : 1 equiv.) in the presence of triethylamine (1.5
equiv.) at room temperature, as previously reported by us.41 The
ligand 1c was obtained in 80% yield by the reaction between 1,3-
di-tert-butyl-2-(trimethylsilylimino)imidazoline and PhP(Cl)
NH(Dipp) in a 1 : 1 molar ratio at 85 �C in toluene via the
elimination of trimethylsilyl chloride (Scheme 1). All three
ligands, 1a, 1b and 1c, were characterised using 1H, 13C{1H} and
31P{1H} NMR spectroscopy, and elemental analysis.

Themultinuclear NMR spectra of ligand 1a and its molecular
structure in the solid-state were previously reported by us.22 The
solid-state structures of 1b and 1c were established by single-
crystal X-ray diffraction analysis. In the 1H NMR spectrum,
the signal for the amine NH hydrogen atom appears at dH ¼
3.98 ppm as a broad singlet for 1b, whereas the signal for
a similar NH hydrogen atom of 1c appears at dH ¼ 4.59 ppm as
a doublet due to its coupling with the phosphorus atom [2JHP of
3 Hz (1c)]. The two olenic protons of the imidazole ring display
a singlet resonance at dH ¼ 5.61 ppm (1b) and 6.07 ppm (1c).
Three singlet peaks at dH ¼ 2.26, 2.14 and 1.96 ppm appear in
the 1H NMR spectrum of 1b due to the three methyl groups of
the mesityl unit and a sharp singlet at dH ¼ 1.46 ppm in the 1H
NMR spectrum of 1c appears due to the 18 methyl protons of its
two tert-butyl groups. Further, a septet signal centered at dH ¼
3.45 ppm (1b) and 3.52 ppm (1c) and two doublets at dH ¼ 1.13
and 1.06 ppm (1b) and 1.27 and 1.18 ppm (1c) were observed
due to the protons of the isopropyl groups attached to the Dipp
moiety. In the 31P{1H} NMR spectra, compounds 1b and 1c
exhibit a sharp singlet at dP¼ 73.13 ppm (1b) and 78.2 ppm (1c).

Compound 1b crystallises in the triclinic P�1 space group,
whereas 1c crystallises in the monoclinic P21/n space group. The
molecular structures of 1b and 1c in the solid-state are given in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 ORTEP drawing of the molecular structure of 1b, where ellip-
soids are drawn to encompass 30% probability, while hydrogen atoms
were omitted for clarity. Selected bond lengths [Å] and bond angles [�]:
P1–N1 1.7346(11), P1–N2 1.6844(12), P1–C24 1.8390(13), N2–C13
1.2944(18), N3–C13 1.3853(18), N4–C13 1.3815(18), N1–P1–N2
102.91(6), N1–P1–C24 93.10(6), N2–P1–C24 104.11(6), N2–C13–N3
130.67(13), N2–C13–N4 125.01(13), N3–C13–N4 104.30(12). CCDC
no. 2124041.†

Scheme 2 Synthesis of Al-alkyl complexes 2a and 2b.
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Fig. 1 and 2, respectively. The P–N1 and P–N2 bond distances of
1.7346(11) Å and 1.6844(12) Å (1b) and 1.729(2) Å and 1.652(2) Å
(1c) are similar. Similar P–N bond distances were also observed
in compound 1a (1.670(1) Å and 1.741(1) Å).22 The N1–P1–N2
bond angles in 1b (102.91(6)�) and 1c (102.63(12)�) are much
wider than that in 1a (93.79�) due to the less steric crowding in
compounds 1b and 1c.
Aluminium bisalkyl complexes

Trimethyl aluminium (AlMe3) was reacted with one equivalent
of protic ligands 1a, 1b, and 1c to afford, in good yield (Scheme
2), the corresponding aluminium-bisalkyl complexes [k2-
{NHIRP(Ph)-NDipp}AlMe2] (R ¼ Dipp (2a), Mes (2b), tBu (2c)),
respectively. These compounds are highly soluble in benzene,
toluene, and THF, but partially soluble in n-hexane and diethyl
Fig. 2 ORTEP drawing of the molecular structure of 1c, where ellip-
soids are drawn to encompass 30% probability, while hydrogen atoms
were omitted for clarity. Selected bond lengths [Å] and bond angles [�]:
P1–N1 1.729(2), P1–N2 1.652(2), P1–C24 1.848(3), N2–C13 1.292(3),
N3–C13 1.386(4), N4–C13 1.394(3), N1–P1–N2 102.63(12), N1–P1–
C24 98.45(13), N2–P1–C24 99.86(13), N2–C13–N3 123.4(2), N2–
C13–N4 131.6(3), N3–C13–N4 104.6(2). CCDC no. 2124043.†

© 2022 The Author(s). Published by the Royal Society of Chemistry
ether. 2a, 2b, and 2c were characterised via 1H, 13C{1H} and 31P
{1H} NMR spectral data and elemental analysis. Further, the
solid-state structures of 2a, 2b, and 2c were established by
single-crystal X-ray crystallography.

Well-resolved NMR spectra measured in C6D6 were obtained
for 2a, 2b, and 2c. In their 1H NMR spectra, the absence of
resonance signals at dH ¼ 3.73, 3.98, and 4.59 ppm conrmed
the deprotonation of the NH proton of ligands 1a, 1b, and 1c,
respectively. The six protons corresponding to the AlMe2 unit
appeared as a sharp singlet at dH¼�0.73 ppm for 2a,�0.57 and
�0.60 ppm for 2b and �0.19 ppm for 2c in the 1H NMR spectra.
Additionally, signals corresponding to the isopropyl groups of
two Dipp moieties and methyl groups of two mesityl moieties
were also observed for 2a and 2b, respectively. For 2c, a sharp
singlet at dH ¼ 0.99 ppm for the protons from the tert-butyl
group was observed. In the 31P{1H} NMR spectra, 2a, 2b and 2c
exhibit singlets at dP ¼ 134.64 ppm, 130.60 ppm and
158.64 ppm, respectively, which are signicantly shied
downeld compared to that of the corresponding ligands,
which are dP ¼ 71.79 ppm (1a), 73.13 ppm (1b) and 78.26 ppm
(1c).

The solid-state structures of complexes 2a, 2b and 2c were
determined by single-crystal X-ray diffraction analysis, which
conrmed the attachment of the unsymmetrical imino-
phosphanamide [NHIRP(Ph)NDipp] ligand to the aluminium
ion. Complexes 2a and 2c crystallise in the monoclinic space
group P21/n and P21/c, respectively, and complex 2b crystallises
in the triclinic space group P�1. The crystallographic details and
renement parameters are given in Table TS1 in the ESI.† The
molecular structures of 2a, 2b and 2c in their solid state are
shown in Fig. 3, 4 and 5 respectively.

2a, 2b, and 2c are monomeric and their coordination poly-
hedrons are formed by the chelation of two nitrogen atoms
from the monoanionic imino-phosphanamide [NHIRP(Ph)
NDipp]� moiety. The aluminium ions are asymmetrically
attached to the ligand backbone, as indicated by the Al1–N1
bond distances of 2a, 2b, and 2c [1.8642(19) Å, 1.8679(11) Å and
1.8979(12) Å, respectively] and the Al1–N2 bond distances of 2a,
2b and 2c [2.0022(18) Å, 1.9903(11) Å and 1.9401(12) Å,
respectively]. The anionic amido nitrogen atoms are better
electron donors towards the Al(III) cation than the imino-
phosphanamide nitrogen atoms. In all the complexes, the
central aluminium ion is four-fold coordinated due to the
coordination of two nitrogens from the imino-phosphanamide
ligand and two methyl groups are attached to the metal ion in
each case. The geometry around the aluminium ion in each
RSC Adv., 2022, 12, 4501–4509 | 4503
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Fig. 3 ORTEP drawing of the molecular structure of 2a, where ellip-
soids are drawn to encompass 30% probability, while hydrogen atoms
were omitted for clarity. Selected bond lengths [Å] and bond angles [�]:
Al1–N1 1.8642(19), Al1–N2 2.0022(18), Al1–C1 1.974(3), Al1–C2
1.952(3), N2–C15 1.316(2), N3–C15 1.380(3), N4–C15 1.372(2), N1–P1–
N2 88.67(8), N1–Al1–N2 76.96(7), N1–Al1–C1 115.89(11), N1–Al1–C2
114.02(13), C1–Al1–C2 107.79(17), N2–Al1–C1 117.37(13), N2–Al1–C2
122.14(13), N2–C15–N3 130.04(18), N2–C15–N4 124.93(18), N3–
C15–N4 105.02(16). CCDC no. 2124040.†

Fig. 4 ORTEP drawing of the molecular structure of 2b, where ellip-
soids are drawn to encompass 30% probability, while hydrogen atoms
were omitted for clarity. Selected bond lengths [Å] and bond angles [�]:
Al1–N1 1.8679(11), Al1–N2 1.9903(11), Al1–C1 1.9672(17), Al1–C2
1.9698(17), N2–C15 1.3177(17), N3–C15 1.3714(16), N4–C15 1.3688(17),
N1–P1–N2 88.41(5), N1–Al1–N2 77.16(5), N1–Al1–C1 114.64(7), N1–
Al1–C2 114.21(7), C1–Al1–C2 112.97(8), N2–Al1–C1 117.61(6), N2–Al1–
C2 115.69(7), N2–C15–N3 130.10(12), N2–C15–N4 125.01(11), N3–
C15–N4 104.89(11). CCDC no. 2124042.†

Fig. 5 ORTEP drawing of the molecular structure of 2c, where ellip-
soids are drawn to encompass 30% probability, while hydrogen atoms
were omitted for clarity. Selected bond lengths [Å] and bond angles [�]:
Al1–N1 1.8979(12), Al1–N2 1.9401(12), Al1–C1 1.987(2), Al1–C2
1.968(2), N2–C15 1.3479(18), N3–C15 1.3722(18), N4–C15 1.372(2),
N1–P1–N2 89.26(6), N1–Al1–N2 78.36(5), N1–Al1–C1 120.36(8), N1–
Al1–C2 115.83(8), C1–Al1–C2 108.41(10), N2–Al1–C1 115.77(7), N2–
Al1–C2 115.77(8), N2–C15–N3 125.48(13), N2–C15–N4 128.37(13),
N3–C15–N4 106.06(12). CCDC no. 2124039.†
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complex can best be described as distorted tetrahedral. In each
complex, one four-membered metallacycle Al1–N1–P1–N2 is
formed, suggesting molecular strain.
Catalytic study

At the outset of our study, the efficiency of a 2a, 2b, and 2c
towards the catalytic hydroamination/guanylation of various
aryl amines with carbodiimides was studied. The catalytic
experiments were performed using equimolar amounts of
4504 | RSC Adv., 2022, 12, 4501–4509
carbodiimides and primary amines. The benchmark guanyla-
tion reaction of 2-bromoaniline with N,N0-diisopropylcarbodii-
mide (DIC) was chosen to check the efficiency of 2a and 2b as
precatalysts. In the case of amine addition, due to the fact that
–NH2 is a diprotic nucleophile, isomerisation of the initial
product occurs, leading to guanidine derivatives (3a–3v) as the
major products. In each case, the corresponding guanidine
products were isolated and puried by washing with n-pentane
and the results are given in Table 1. As a control experiment,
a blank reaction was carried out at 60 �C for 20 h in the presence
of only diisopropyl carbodiimide (DIC) and 2-bromoaniline,
which showed that no guanidine product was formed (Table 1,
entry 1). However, in the presence of 0.5 mol% 2a as a pre-
catalyst, 71% of substituted guanidine 3a was achieved as the
product at room temperature within a reaction time of 6 h
(Table 1, entry 2). Under the same reaction conditions, 2b
yielded 72% of product 3a (Table 1, entry 3). When the catalyst
loading was increased to 1.0 mol%, and nally to 1.5 mol% for
2a, a substantial increase in the product yield up to 89% was
observed within 2 h at room temperature (Table 1, entries 4 and
6). However, under the same conditions, complex 2b did not
showmuch improvement in the product yield (Table 1, entries 5
and 7). The use of precatalyst 2c gave 83% of product 3a under
similar conditions (Table 1, entry 8). To optimise the solvent
effect, the catalytic reactions were carried out in different
solvents such as n-hexane and THF as well as in neat conditions
at room temperature. However, we did not observe any major
effect of solvent on the catalytic reaction.

Aer the preliminary evaluation of the catalysts for the
hydroamination of DIC, we concluded that complex 2a is more
efficient than 2b at room temperature and in toluene solvent.
With room temperature and toluene as the solvent being the
optimal reaction settings for the hydroamination of carbodii-
mides, we set out to examine the scope of various substituted
aryl amine and carbodiimide substrates in the presence of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimisation study of the guanylation reaction between 2-
bromoaniline and DICa,b,c

Entry Catalyst Mol% Solvent Time (h) Yield (%)

1 Toluene 20 0
2 2a 0.5 Toluene 6 71
3 2b 0.5 Toluene 6 72
4 2a 1 Toluene 2 88
5 2b 1 Toluene 2 85
6 2a 1.5 Toluene 2 89
7 2b 1.5 Toluene 2 86
8 2c 1.5 Toluene 2 83
9 2a 1.5 Hexane 2 82
10 2b 1.5 Hexane 2 81
11 2a 1.5 THF 2 85
12 2b 1.5 THF 2 86
13 2a 1.5 Neat 2 88
14 2b 1.5 Neat 2 87

a Reaction conditions: Al complex 2a (1.5 mol%), toluene solvent, room
temperature, 2 h (optimised reaction time). b Compounds were isolated
and puried by washing with n-pentane. c Yields were calculated from
isolated pure products.

Table 2 Hydroamination of various arylamines to carbodiimides using
complex 2a as the catalysta,b,c

a Reaction conditions: Al complex 2a (1.5 mol%), toluene solvent, room
temperature, 2 h (optimised reaction time). b Compounds were isolated
and puried by washing with n-pentane. c Yields were calculated from
isolated pure products.
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1.5 mol% of aluminium complex 2a as the precatalyst. The
results of the catalytic hydroamination reactions are displayed
in Table 2. All the products 3a–3v were fully characterised with
the help of NMR spectroscopy and the yields were calculated
from the isolated yields.

Substituted aryl amines containing electron-withdrawing
groups, such as bromo, chloro, and nitro anilines reacted
with DIC, affording very good yields (78–88%) of the desired
guanidines within 2 h at room temperature (3a–3c), respec-
tively. The unsubstituted aniline afforded 83% yield under the
optimal conditions (Table 2, 3d). The aryl amines with electron-
donating groups such as 4-isopropyl aniline, 2,4,6-trimethyla-
niline, and 4-methoxy aniline exhibited excellent conversion,
affording the corresponding guanidines within 2 h at room
temperature (Table 2, 3e–3g), respectively.

The substrate scope was further expanded by using N,N-di-
tert-butylcarbodiimide and N,N-dicyclohexylcarbodiimide
(DCC) with various arylamines in the presence of aluminium
catalyst 2a. The reaction of aniline with N,N-di-tert-butylcarbo-
diimide afforded 81% yield of the corresponding guanidine
product. Anilines with electron-releasing groups and deacti-
vated anilines with electron-withdrawing groups reacted
smoothly with two carbodiimides, N,N-di-tert-butylcarbodii-
mides and DCC, resulting in the corresponding guanidine
products in excellent yields (Table 2, entries 3h–3t). This indi-
cates the high efficiency of the aluminium complex 2a. Pyrro-
lidine, which is a secondary amine, also reacted smoothly with
DIC under the optimised condition to afford N,N0-
© 2022 The Author(s). Published by the Royal Society of Chemistry
diisopropylpyrrolidine-1-carboximidamide (3u) and N,N0-
dicyclohexylpyrrolidine-1-carboximidamide (3v) in 84% and
81% yield (Table 2, 3u and 3v), respectively.

To explore the conversion of amine to guanidine and the
highest possible efficiency of catalyst 2a, the insertion of aniline
into DIC was monitored using 1H NMR spectroscopy, showing
the progress of the reaction as a function of DIC consumption
followed by the formation of guanidine. The insertion of aniline
into DIC was monitored at 10 minute intervals using 1H NMR
spectroscopy, showing the formation of the guanidine product
as a function of DIC consumption with time. The yield of the
guanidine product was plotted against time, as shown in Fig. 6.
It was observed that the formation of the guanidine product was
very fast in the initial 20 min, and then it gradually slowed down
aer 2 h to attain saturation.
Most plausible mechanism

To explore the most plausible mechanism for the catalytic
addition of N–H to carbodiimides, we performed some
controlled reactions. Given that our ligand fragment contains
a P-atom, it was easy for us to monitor the catalytic reaction
through 31P{1H} NMR measurement. The stoichiometric
RSC Adv., 2022, 12, 4501–4509 | 4505
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Fig. 6 Plot of the yield of the guanidine derivative (%) vs. time (min) as
monitored by 1H-NMR spectroscopy for the reaction between 2-
bromoaniline and DIC at room temperature.
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reaction of catalyst 2a with DIC was carried out in benzene-d6
and the 1H and 31P{1H} NMR spectra of the reaction mixture
suggested no reaction even at 70 �C. The Al-complex 2a was
treated with primary arylamine p-anisidine in a 1 : 2 molar ratio
at room temperature. In the product, we detected one sharp
singlet at dP 71.79 ppm in the 31P{1H} NMR spectrum, and in the
1H NMR spectrum a singlet peak at dH ¼ 3.73 ppm also
appeared, which is ascribed to the NH proton of free ligand 1a
(Fig. FS54 and FS55 in the ESI,† respectively). Analogously, the
reaction of 2a with a secondary amine such as piperidine in
a 1 : 2 molar ratio at 70 �C gave one sharp singlet at dP

71.79 ppm in the 31P{1H} NMR spectrum and dH ¼ 3.73 ppm in
the 1H NMR spectrum, conrming the formation of free ligand
1a (Fig. FS56 and FS57 in the ESI,† respectively). Thus, we easily
observed the dissociation of the ligand moiety from the metal
ion.

Based on these experiments, the catalytic cycle is proposed
(Scheme 3) to proceed via amine exchange with the supporting
Scheme 3 Most plausible mechanism for guanylation reaction
between carbodiimide and aryl amines mediated by aluminium
complex 2a as a precatalyst.

4506 | RSC Adv., 2022, 12, 4501–4509
ligand to form a catalytically active three-coordinate Al species,
which can subsequently add to carbodiimides to form Al
guanidinate species. The catalytically active species can then
be regenerated by another amine exchange reaction with free
aniline. A similar mechanism was also reported by other
research groups.15 The rst step in this mechanism involves
the rapid protonolysis of the ligand fragment of the
aluminium catalyst 2a by the N–H moiety of ArNH2, with the
displacement of free ligand 1a, producing an active three-
coordinate Al species (I). In the next step, the carbodiimide
molecule is bonded to Al species I to form Al guanidinate
species III. Further, species III undergoes an amine exchange
reaction with the free aniline in the nal step to regenerate
active species I.
Conclusions

In summary, we synthesised and characterised three unsym-
metrical imino-phosphanamide-supported aluminium alkyl
complexes and established their solid-state structures. The
aluminium complex 2a acted as an efficient catalyst for the
guanylation reaction of arylamines and carbodiimides at room
temperature. The three different carbodiimides underwent
guanylation reactions to provide near-quantitative yields of the
corresponding guanidines at ambient temperature within short
reaction times. The most plausible mechanism for the catalytic
addition of the N–H bond of arylamine to carbodiimides was
also described. The key features of this protocol include the
high catalytic efficiency of the aluminium complex 2a with
a wider substrate scope of carbodiimides and aryl amines at
ambient temperature.
General experimental procedures

All manipulations involving air- and moisture-sensitive
compounds were carried out under argon, using the standard
Schlenk technique or argon-lled M. Braun glove box. Hydro-
carbon solvents (n-hexane, toluene, and benzene) were distilled
under a nitrogen atmosphere from LiAlH4 and stored inside the
glove box. THF was dried and deoxygenated by distillation over
sodium benzophenone under argon and then distilled and
dried over CaH2 before being stored in the glove box. 1H NMR
(300 MHz), 31P{1H} (121.5 MHz) and 13C{1H} (75 MHz) spectra
were recorded on a Nano Bay 300 MHz spectrometer. Elemental
analyses were performed on a BRUKER EURO EA at the Indian
Institute of Technology Hyderabad. Imidazolin-2-imines
[ImRNH] (R ¼ Dipp, Mes) or their silylated derivative
[ImRNSiMe3] (R ¼ tBu) prepared according to the published
procedure.17 The protic ligand 1a was synthesised according to
our previously reported method.22 Trimethylaluminium, all
amines, diisopropyl-carbodiimide, N,N-di-tert-butylcarbodii-
mide, and N,N-dicyclohexylcarbodiimide were purchased from
Sigma Aldrich. Amines were distilled over CaH2 before use.
NMR spectroscopy solvent C6D6 was purchased from Sigma
Aldrich, India and dried over Na/K, distilled, and stored in
a glove box.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Preparation of [ImMesNP(Ph)NH(Dipp)] (1b)

In a ame-dried 50 ml Schlenk ask, 500 mg (1.56 mmol) 1,3-
bis(mesityl)imidazolin-2-imine and triethylamine (0.22 ml, 1.56
mmol) were dissolved in 20 ml toluene. Then PhP(Cl)NH(Dipp)
(Dipp ¼ 2,6-diisopropylphenyl) (500 mg, 1.56 mmol) in 20 ml
toluene was added dropwise to the mixture. The reaction
mixture was allowed to stir for 3 h at room temperature.
Subsequently, the reaction mixture was ltered to obtain a clear
solution and the solvent was evaporated from the ltrate. A
white solid powder was obtained, which was further washed
with hexane. The compound was recrystallised from a toluene/
hexane mixture at room temperature. White crystals were ob-
tained aer 2 days.

1b: yield: 858 mg, 91%. 1H NMR (300 MHz, C6D6, 298 K): dH
7.53 (t, J¼ 6 Hz, 2H, Ar–H), 7.13–6.98 (m, 6H, Ar–H), 6.77 (s, 2H,
Ar–H), 6.64 (s, 2H, Ar–H), 5.61 (s, 2H, NCH), 3.98 (bs, 1H, NH),
3.49–3.40 (m, 2H, CH(CH3)2), 2.26 (s, 6H, CH3), 2.14 (s, 6H,
CH3), 1.96 (s, 6H, CH3), 1.13 (d, J ¼ 9 Hz, 6H, CH3), 1.06 (d, J ¼
6 Hz, 6H, CH3) ppm. 13C{1H} NMR (75 MHz, C6D6, 298 K): dC
150.38, 150.13, 145.70, 145.37, 140.97, 140.85, 138.33, 137.80,
137.10, 134.15, 129.93, 129.62, 129.22, 129.05, 123.31, 122.71,
113.79, 28.43, 28.35, 24.12, 24.09, 23.98, 21.12, 18.55, 18.49,
18.00 ppm. 31P{1H} NMR (121.5 MHz, C6D6, 298 K): dP

73.13 ppm. Elemental analysis for C39H47N4P (602.7). Calcd for
C 77.71, H 7.86, N 9.29; found C 77.63, H 7.58, N 9.03.
Preparation of [ImtBuNP(Ph)NH(Dipp)] (1c)

In a ame-dried 50 ml Schlenk ask, 332 mg (1.24 mmol) 1,3-di-
tert-butyl-2-(trimethylsilylimino)imidazoline was added and
dissolved in 25 ml toluene. Then PhP(Cl)NH(Dipp) (Dipp ¼ 2,6-
diisopropylphenyl) (396.16mg, 1.24mmol) in 20ml toluene was
added dropwise to the mixture. The reaction mixture was
allowed to stir for 12 h at 85 �C. Subsequently, the reaction
mixture was ltered to obtain a clear solution and the solvent
was evaporated from the ltrate. A white solid powder was ob-
tained, which was further washed with hexane. The compound
was recrystallised from a toluene/hexane mixture at room
temperature. White crystals were obtained aer 2 days.

1c: yield: 475 mg, 80%. 1H NMR (300 MHz, C6D6, 298 K): dH
7.90 (t, J ¼ 6 Hz, 2H, Ar–H), 7.26 (t, J ¼ 6 Hz, 2H, Ar–H), 7.18–
7.07 (m, 4H, Ar–H), 6.07 (s, 2H, NCH), 4.59 (d, J¼ 3 Hz, 1H, NH),
3.57–3.48 (m, 2H, CH(CH3)2), 1.46 (s, 18H, CH3), 1.27 (s, 6H,
CH3), 1.18 (s, 6H, CH3) ppm. 13C{1H} NMR (75 MHz, C6D6, 298
K): dC 149.35, 149.13, 147.11, 146.67, 141.21, 140.47, 130.09,
129.80, 123.81, 122.50, 108.78, 55.75, 29.61, 28.69, 24.45,
24.24 ppm. 31P{1H} NMR (121.5 MHz, C6D6, 298 K): dP

78.26 ppm. Elemental analysis for C31H47N4P (506.7). Calcd for
C 73.48, H 9.35, N 11.06; found C 73.31, H 9.21, N 10.93.
Preparation of [k2-{ImRNP(Ph)NDipp}AlMe2] (R ¼ Dipp (2a),
Mes (2b), tBu (2c))

In a ame-dried 25 ml Schlenk ask, ligand 1a (200 mg, 0.29
mmol) or 1b (179 mg, 29 mmol) or 1c (134 mg, 0.29 mmol) was
added and dissolved in 15 ml toluene. Then trimethylalumi-
nium solution (2 M) in toluene (0.15 ml, 0.29 mmol) was added
© 2022 The Author(s). Published by the Royal Society of Chemistry
to it under ice-cold conditions and stirred at room temperature
for 18 h. Next, the solvent was evaporated, and the residue was
washed with hexane. The crude product was recrystallised from
a toluene/hexane mixture at room temperature.

2a: yield: 177.3 mg, 82%. 1H NMR (300 MHz, C6D6, 298 K): dH
7.34 (t, J ¼ 6 Hz, 3H, Ar–H), 7.21–7.13 (m, 3H, Ar–H), 7.07–7.02
(m, 5H, Ar–H), 6.93 (d, J ¼ 9 Hz, 3H, Ar–H), 5.89 (s, 2H, NCH),
3.28–3.19 (m, 4H, CH(CH3)2), 2.81–2.72 (m, 2H, CH(CH3)2), 1.64
(d, J ¼ 6 Hz, 6H, CH3), 1.04 (d, J ¼ 6 Hz, 18H, CH3), 0.94 (d, J ¼
9 Hz, 12H, CH3), �0.73 (s, 6H, Al–CH3) ppm. 13C{1H} NMR (75
MHz, C6D6, 298 K): dC 150.57, 149.76, 149.16, 149.00, 147.92,
146.79, 141.32, 141.11, 133.00, 131.40, 129.88, 129.54, 124.93,
124.80, 122.84, 118.39, 29.61, 29.43, 26.71, 26.35, 25.93, 22.47,
22.13,�3.50,�5.01 ppm. 31P{1H} NMR (121.5MHz, C6D6, 298 K):
dP 134.64 ppm. Elemental analysis for C47H64AlN4P (743.0) (2a).
Calcd for C 75.98, H 8.68, N 7.54; found C 75.63, H 8.39, N 7.32.

2b: yield: 162 mg, 85%. 1H NMR (300 MHz, C6D6, 298 K): dH
7.45 (s, 2H, Ar–H), 7.07 (s, 6H, Ar–H), 6.83 (s, 2H, Ar–H), 6.61 (s,
2H, Ar–H), 5.33 (s, 2H, NCH), 4.07 (bs, 1H, CH(CH3)2), 3.65 (bs,
1H, CH(CH3)2), 2.32 (s, 6H, CH3), 2.12 (s, 6H, CH3), 1.66 (s, 6H,
CH3), 1.54 (bs, 6H, CH3), 1.17 (bs, 3H, CH3), 0.40 (bs, 3H, CH3),
�0.57 (s, 3H, Al–CH3),�0.60 (s, 3H, Al–CH3) ppm. 13C{1H} NMR
(75 MHz, C6D6, 298 K): dC 151.06, 150.27, 145.73, 145.58, 142.15,
141.96, 140.37, 138.46, 138.39, 137.08, 131.62, 131.60, 131.40,
131.04, 129.85, 129.56, 129.34, 123.08, 123.04, 115.82, 21.11,
18.47, 18.41, 17.87, �4.36, �4.67 ppm. 31P{1H} NMR (121.5
MHz, C6D6, 298 K): dP 130.60 ppm. Elemental analysis for
C41H52AlN4P (658.8) (2b). Calcd for C 74.74, H 7.96, N 8.50;
found C 74.58, H 7.83, N 8.42.

2c: yield: 112 mg, 75%. 1H NMR (300 MHz, C6D6, 298 K): dH
8.11 (q, J¼ 7 Hz, 2H, Ar–H), 7.16–7.10 (m, 6H, Ar–H), 5.82 (s, 2H,
NCH), 4.20–4.06 (m, 1H, CH(CH3)2), 3.98–3.84 (m, 1H,
CH(CH3)2), 1.58 (d, J ¼ 6 Hz, 3H, CH3), 1.47 (d, J ¼ 6 Hz, 3H,
CH3), 1.19 (d, J ¼ 6 Hz, 3H, CH3), 0.99 (s, 18H, CH3), 0.83 (d, J ¼
6 Hz, 3H, CH3), �0.19 (s, 6H, Al–CH3) ppm. 13C{1H} NMR (75
MHz, C6D6, 298 K): dC 150.80, 150.64, 139.38, 139.24, 137.80,
134.53, 134.32, 131.16, 124.71, 123.87, 115.21, 61.83, 31.97,
31.04, 29.06, 25.30, 25.02, 23.06, 14.37, �4.13 ppm. 31P{1H}
NMR (121.5 MHz, C6D6, 298 K): dP 158.46 ppm. Elemental
analysis for C31H48AlN4P (534.6) (2c). Calcd for C 69.63, H
9.05, N 10.48; found C 69.54, H 8.87, N 10.29.
General procedure for catalytic guanylation reaction

In a 25 ml Schlenk ask, aromatic primary amine (1 mmol) and
carbodiimide (1 mmol) were added and 2 ml toluene was added
to form a homogeneous mixture. Then complex 2a (1.5 mol%)
was added to the reaction mixture as a precatalyst. The mixture
was allowed to stir at room temperature for 2 h. Then the
solvent was evaporated, and the residue was extracted by ether.
Aer evaporation of the ether, the nal product was obtained by
washing with n-pentane. The products were characterised by 1H
and 13C{1H} NMR spectroscopy and details are given in the ESI.†
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