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Indium promoted C(sp3)-P bond formation by Domino A3-coupling
method - A combined experimental and computational study
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A highly efficient and green process for the synthesis of a-aminophosphonates has been developed, through a one-pot
three-component reaction of various aldehydes, amines, and phosphine oxide in the presence of indium complexes as
competent catalysts under the neat condition at room temperature. The indium complexes [ K2-{RNC(Me)=CHC(Me)=0}.InCl]
(R = 2,6-diisopropylphenyl (Dipp), 2a; 2,4,6-trimethylphenyl (Mes), 2b), and [x>-{DippNC(Me)=CHC(Me)=0}.In(OTf)] [(OTf =
CFsSOs, 3a) were synthesised by the reaction of protic ligand B-ketoimine with equivalent amount of lithium
hexamethyldisilazide followed by the addition of indium trichloride in toluene. The solid-state structures of complexes 2a,
2b, and 3a are established by single-crystal x-ray diffraction analysis. In all the indium complexes, the indium ion is five-fold
coordinated and adopts a distorted trigonal pyramidal geometry around it. The catalytic method offers an efficient approach
with a broad range of a-aminophosphine oxide derivatives in excellent yields with good functional group tolerance. Density
functional theory based mechanistic studies demonsrtates energetically affordable pathways at room temperature for the
indium catalysed aminophosphorylation of benzaldehyde, phenylamine, and diphenylphosphine oxide. The rate-limiting
step deduced in this aminophosphorylation is the initial step in which phenylamine reacts with indium-coordinated

benzaldehyde to build a C-N bond with a concomitant transfer of a proton from phenylamine to benzaldehyde.

INTRODUCTION

Organic phosphorus compound such as a-aminophosphonates and
related derivatives, considered as the structural analogs of a-amino
acids, have significant importance, as ligands in synthetic organic
chemistry and mainly in medicinal®3], pharmacological and
agricultural chemistry[¥ due to their potential biological activity such
as enzyme inhibitors, antibiotics, antihypertensives, antitumorl],
antibacteriall®l, and enzyme-inhibiting properties. Due to this, more
efforts have been applied to catalysis research to develop an efficient
method for the synthesis of a-aminophosphine oxides over the last
years. The two major synthetic routes towards a-aminophosphonate
derivatives available in the literature embrace the Kabachnik—Fields
(phospha-Mannich) three-component condensation,
amine, an aldehyde or ketone, and a H-phosphine oxides reagent,
such as a dialkyl phosphite or a secondary phosphine oxide react in a
one-pot manner 79 and also the Pudovik (aza-Pudovik) reaction, in
which a H-phosphine oxides species is added on the double bond of
imines.[10-11] |n both cases, this transformation proceeds via an in situ
imine formation, followed by the addition reaction between
phosphite nucleophile and imine electrophile to form an N-C-P
bond. In most cases, these additions were carried out in the presence
of various catalysts and solvents. The use of many types of catalysts,
such as Brgnsted acids (recent examples are hypophosphorus
acid,!*2 sulfamic acid(*3! and oxalic acid!*#! or bases like CaCl,[*5 and
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) [16], tetramethyl guanidine
(TMG) [*7Imetal salts like Mg(ClO4),,1*8 Gal,,[1%) metal complexes like
metal triflates (M(OTf)n, M = Li, Mg, Al, Cu and Ce) [29], bismuth(l)
nitrate  2Ygallium(lll)  iodide 22, bismuth(lll)  chloride
23] lanthanum(I11) chloride 24, iron(ll1) chloride [25], ceric ammonium

where an

nitrate (CAN) [26], indium(lIl) chloride also indium(lll) triflate [27)and a
variety of lanthanide (Yb, Sm, Sc, La) triflates [28! were well reported
in literature. Also, two new viable methods for amino phosphonate
synthesis were reported. In the first methodology, various amino
phosphonates prepared via carbene insertion of diazo phosphonates
into aniline under mild reaction conditions in neat water is described;
whereas in the second case, a-aminophosphonates prepared from
aryl azides under solvent-free conditions is reported.(?9] The
hydrophosphonylation of
described, where chiral catalysts were applied in various solvents.[30

enantioselective imines was also
There are a few examples, where the reactions were performed in a
solvent in the absence of any catalyst[31l. As for the microwave (MW)-
assisted additions, only two cases were reported, but the catalytic
variations were carried out in kitchen MW ovens and thus, do lack of
exact temperatures, these results cannot be reproduced.B3233]
Although all the above-mentioned methods have demonstrated
their efficiency in the synthesis of a-amino phosphonates, they are
also suffering from some drawbacks such as long reaction times and
high reaction temperatures, harsh reaction conditions with the use
of acids, poor yields, also the use of toxic solvents. Therefore, the
development of a milder, convenient, and environmentally benign
approach with a broad substrate scope is still under investigation.
From a green chemicals’ point of view, the solvent-free and catalyst-
free additions are of interest, however, in these reactions, relatively
long reaction times (1.5 — 10 h), and/or unreasonably large excesses
(50-150 equiv) of the dialkyl phosphite were applied.3435] The
synthesis of a-aryl-a-aminophosphine oxides by the addition of
secondary phosphine oxides to imines is much less studied as these
reactions cannot be carried out in a one-pot operation with a
carbonyl compound, amine, and dialkyl phosphite as the unreacted



amines and water that exist during imine formation can decompose
the catalysis present in the reaction medium for further reaction.
Only a few publications were found and the reported reactions were
performed in the solvent (in DEE, Toluene), 3637 or in the presence
Owing to the
aminophosphonates from pharmaceutical, industrial and synthetic

of a chiral catalyst. [8 importance of a-
points of view, we wished to develop a facile catalyst and solvent-
free method for the synthesis of a-aryl-a-aminophosphonates and a-
aryl-a-aminophosphine oxides by the addition of dialkyl phosphites
or diphenylphosphine oxide to the double bond of imines, and aimed

at the preparation of new derivatives.

Scheme 1. Comparison between prior work and current work.
In recent years, the use of indium as a catalyst for various organic
synthesis has been an ever-growing research area, and a variety of
reactions have been developed, such as Diels-Alder reactions,[39-40]
epoxide Friedel-Crafts and
synthesis of organic molecules. As part of our continuing interest in
the development of new synthetic methodologies, we report herein
an efficient and convenient procedure for the synthesis of a-
aminophosphonates by one-pot three-component reaction of
aldehyde, amine and diethyl phosphite catalyzed by B-ketoiminato
indium complexes under solvent-free conditions.

rearrangements, 411 acylations!42],

Result and Discussion
Synthesis of B-ketoiminato Indium (I1l) Complexes:

The bis-B-ketoiminato indium (lll) complexes [In(CI)(RNHC(Me)=
CHC(Me)0),] (R = Dipp, Mes, 2a, 2b) were synthesized in good yield
through a one-pot reaction using B-ketoimine 1a and 1b as protonic
ligands with an equivalent amount of lithium hexamethyldisilazide in

Previous work

[12-16]

o o1 Catalyaé:OH RosnH
oluene or
1) HJLR‘ + RoNH; 4 HPOPh, RN
T I "Ph
Catalyst 1 = H;PO, or H3NSO; or C,H,0, (Bregnsted acids) Ph
Catalyst 1 = Cal, or DBU or TMG (Brensted base)
R 18-28]
o Catalyst 2 2NNH o [ 1
2) JU 4 RNH, + HPOPh DCM or CH;CN or EtOH Vi
H™ Ry 2 T\Ph

Ph
Catalyst 2 = Mg(CIlO,), or Gal, or Bi(NO3); or BiCl; or FeCl; or Sml, or CAN
Catalyst 2 = InCl; or M(OTf),,, M = Li, Mg, Al, Ce, Cu, In, Yb, Sm, Sc, La
[10]

Ros

Catalyst 3 NH

Boc/Tos. POPh PhH,C.
S 2 P Xylene or Hexane or Ether

3 U or | or | + HPOPh,
o Qe e U >

i
Y
Ph

Catalyst 3 = I, or Quinine or chiral thiourea or bis(8-quinolinolato) (TBOx) Al(lll)

1, (0.1 eq), Fe (1 eq) Ay 1291
(0.1 eq), Fe (1 eq
4) Ar—N; 4 RNH, 4 WPOPH, ——— M > )\/?
Neat Ry T\Ph
Ph
Ar [29]
)'t - (MeCN),CuCIO, (2 mol%) SNH ®
5) / + H,N—Ar - . = 4
Ar” “P<oEt 2 H,0 Ar)\P/
1 2 SOEt
© &Et
.
0 Cat In, 2 mol% SNH
L * RNH, * HPOR, N (CotiZinol: PV
R "H Neat, r.t, 6 h Ry 'I’\R
3
R;3 = Ph, OPh, OEt Broad substrate scope Ry

High Yield
Mild reaction condition

room temperature followed by addition of indium trichloride(lll) in
2:2:1 molar ratio for 12 hours in toluene (Scheme 2). Further reaction
of Indium complexes 2a with AgOTf at room temperature in toluene
afforded the corresponding bis-B-ketoiminato Indium (Ill) triflate

complexes [In(OTf)(RNHC(Me)= CHC(Me)0),] (R = Dipp, 3a) in very
good yield (Scheme 2). All the new indium complexes 2a, 2b, and 3a
were showed good solubility in a common organic solvent such as
THF, toluene, diethyl ether, and all the air and moisture sensitive
complexes 2a,b and 3a were characterized by using standard
spectroscopic and analytical techniques. The solid-state structures of
complexes 2a, 2b, and 3a were established by single-crystal x-ray
diffraction analysis.
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Scheme 2. Synthesis of indium complexes (2a,b and 3a).

In the IH NMR spectra, a characteristic singlet resonance signal at &4
4.63 ppm (for 2a), 4.92 ppm (for 2b), and 4.64 ppm (for 3a) was
observed for the corresponding enamine (N-C=CH) proton of the B-
ketoiminato ligand backbone. The resonance signals for the CHs
protons attached to the B-ketoiminato ligand backbone appeared as
a singlet at 64 1.31, 1.25 (for 2a), and at &4 2.15, 1.99 ppm (for 2b).
For complexes, 2a and 3a, two sets of septets signals centered at 6y
3.45 and 3.04 ppm (for 2a) and 6y 3.46 and 3.04 ppm (for 3a) were
observed due to the methine protons (-CH) present in the 2,6-
diisopropylphenyl fragments. Additionally, four doublets were also
obtained for complexes, 2a and 3a, due to methyl (CHs) hydrogen
atoms present in the Dipp fragments (see FS1, FS3, FS5 in ESI). In the
13C{IH} NMR spectra, resonance signals for the corresponding
carbonyl carbon (C=0) 186.6 (for 2a and 3a), 186.3 (for 2b), and imine
carbon (N=CH) 6c and 177.4 ppm (for 2a and 3a), 173.1 (for 2b) were
observed which are significantly low-field shifted when compared to
the free ligand 1a,b (see FS2, FS4, FS7 in ESI).



Fig. 1 ORTEP drawing of the molecular structures of indium complex
23; ellipsoids are drawn to encompass 30% probability. Hydrogen
atoms are omitted for clarity. Selected bond lengths (&) and angles
(deg) are given. Some hydrogen atoms are omitted for clarity: In1-
012.105(2), In1-02 2.103(2), In1-N1 2.186(2), In1-N2 2.189(3), In1-
Cl44 2.376(10), 01-C3 1.285 (4), 02-C8 1.283(4), N1-C1 1.321(4),
N2-C6 1.325(4), C1-C2 1.408(4), C2—C3 1.363(5), C6-C7 1.409(5), C7-
€8 1.362(5), 02-In1-01 172.09(10), 02-In1-N1 89.81(9), 01-In1-N1
86.88(9), 02-In1-N2 86.45(9), 01-In1-N2 89.90(9), N1-In1-N2
127.81(9), 02-In1-Cl44 95.76(7), O1-In1-Cl(44) 92.09(7), N1-Inl-
Cl44 107.96(7), N2-In1-Cl44 124.21(7), C3-01-In1 122.1(2), C8-02—
In1 128.2(2), C1-N1-C11 119.2(3), C1-N1-In1 121.5(2), C(11)-N(1)-
In(1) 118.9(2), C(6)-N(2)-C(23) 118.8(3), C(6)-N2-In1 124.1(2), C23-
N2-In1 117.06(18). CCDC 2035015.

Fig. 2 ORTEP drawing of the molecular structures of indium complex
2b; ellipsoids are drawn to encompass 30% probability. Hydrogen
atoms are omitted for clarity. Selected bond lengths (A) and angles
(deg) are given. Some hydrogen atoms are omitted for clarity: In1-
01 2.077(6), In1-02 2.086(7), In1-N1 2.169(7), In1-N2 2.184(8),
In(1)-Cl44 2.382(2), 01-C3 1.313(10), 02-C8 1.334(12), N1-C1
1.324(11), N2-C6 1.353(12), C6-C7 1.384(14), C7-C8 1.392(14), O1-
In1-02 171.8(2), 01-In1-N1 87.9(3), 02-In1-N1 90.0(3), 01-In1-N2
88.8(3), 02-In1-N2 86.0(3), N1-In1-N2 125.3(3), O1-In1-Cl44
95.54(17), 02-In1-Cl44 92.48(19), N1-In1-Cl44 116.93(19), N2-In1-
Cla4 117.65(19), C3-O1-In1 129.8(6) C8-02-In1 128.0(6), C1-N1-
€11 118.5(7), C1-N1-In1 124.6(6), C11-N1-In1 116.8(5), C6-N2-In1,
125.7(6), C20-N2-In1 115.6(6). CCDC 2035016.

The attachment of the B-ketoiminato ligands to the indium ion was
confirmed by establishing the molecular structures of complexes 2a,
2b, and 3a in their solid-state by single-crystal x-ray diffraction
analysis. The indium chloride complexes 2a and 2b crystallize in the
monoclinic space groups C2/c and P2i/c, respectively with two
independent molecules in the unit cell. The molecular structures of
complexes 2a and 2b are shown in Figures 1 and 2 respectively. The
details of the structural and refinement parameters are given in
Table TS1 in supporting information. The five-fold coordination
number is observed for both the complexes 2a and 2b by the x*-
chelation mode of two B-ketoiminato ligands and one chloride ions
to the central indium ion adopting a distorted bipyramidal geometry
with geometric parameter T = 0.77 (2a), 0.74 (2b) in each case. In
both the complexes, distorted bipyramidal geometry is formed by
the chelation of two nitrogen atoms N1 and N2 of the B-ketoiminato
ligands and one chloride ion (Cl 44) in the equatorial position and two

oxygen atoms O1 and 02 in the apical position in each case. The
indium nitrogen bond distances of 2.169(7), 2.184(8) A (for 2a),
2.186(2), 2.189(3) A (for 2b) are similar and have an indication of
indium amido bond and are in agreement with reported Indium
amido complexes.3! The indium oxygen bond distances of 2.077(6),
2.086(7) A (for 2a), 2.105(2), 2.103(2) A (for 2b) are relatively shorter
than In-N bonds indicating the presence of delocalization of electron
density to the nitrogen and oxygen centres of the ligand backbone.
The indium chlorine distance of 2.382(2) A (2a) and 2.3762(10) A are
quite similar and are slightly longer than those found in InCl;. Two
six-membered metallacycles In1-N1-C1-C2-C3-01 and In1-N2-C6-C7-
C8-02 (for 2a and 2b) are formed in each case and a dihedral angle
of 62 2 (2a) and 46.52 (2b) are also observed between the two six-
membered mean planes.
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Fig. 3

ORTEP drawing of the molecular structures of indium complex 3a;
ellipsoids are drawn to encompass 30% probability. Hydrogen atoms
are omitted for clarity. Selected bond lengths (A) and angles (deg) are
given. Some hydrogen atoms are omitted for clarity. In1-02 2.070(3),
In1-01 2.076(3), In1-N2 2.147(3), In1-03 2.153(3), In1-N1 2.159(3),
02-1n1-01 174.61(13), 02-In1-N2 90.50(12), 01-In1-N2 92.60(13),
02-1n1-03 88.24(13), 01-In1-03 86.42(14), N2-In1-03 117.68(14),
02-1n1-N1 92.99(12), 01-In1-N1 88.40(12), N2-In1-N1 129.91(13),
03-In1-N1112.37(14). CCDC 2035020.

The bis-B-ketoiminato indium () triflate complex
[In(OTf)(DippNHC(Me)=CHC(Me)0O),], 3a crystallizes in the triclinic
space group P-1. The molecular structure of complex 3ain solid-state
is shown in Figures 3, and details of the structural parameters are
given in Table TS 1 in supporting information. Similar to complexes
2a and 2b, the two B-ketoiminato ligands are attached to the indium
ion in complex 3 through donor nitrogen and oxygen atoms of each
ligand in a x2-chelating fashion through trans coordination.
Additionally, the centre indium ion is attached with an oxygen atom
of the triflate (OTf) group to make the metal ion fivefold coordinated.
The geometry around the indium ion can best be described as
distorted trigonal bipyramidal with me geometric parameter t=0.74.
Two oxygen atoms O1 and 02 occupy the apical position whereas N1,
N2, and O3 occupy the equatorial position of the trigonal bipyramid.
The indium nitrogen distances of 2.159(3) and 2.147(3) A are similar
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to those observed in complexes 2a and 2b. The indium oxygen bond
distances In1-01 2.076(3) and In1-02 2.070(3) A are much shorter
than In1-03 2.153(3) due to the preferential less sterically crowded
apical position of 01 and O2 compare to an equatorial position of the
03 atoms of sterically bulky triflate group. Two six-membered
metallcycles In1-01-C1-C2-C3-n1 and In1-N2-C32-C33-C34 are
formed due to x2-coordination of the monoanionic B-ketoiminato
ligands and a dihedral angle of 502 is observed between the mean
planes of two six-membered rings.

Catalysis reaction for C-P bond formation by using indium catalyst:

All three indium complex 2a, 2b, and 3a were first tested as
precatalysts for aminophosphorylation of aldehyde, amine and
phosphine oxide to make corresponding aminophosphinated
product. Representative results are given in Table 1.

In the beginning, catalytic experiments were performed using 2 mol
% of the indium complex (i.e. 2a, 2b or 3a) along with equimolar
amounts of benzaldehyde, aniline, and phosphine oxide under the
neat condition at room temperature for six hours. We are delighted
to observe that all the catalysts 2a, 2b and 3a exhibited significant
catalytic activity for the same reaction and resulted in the formation
of the corresponding aminophosphinated product in excellent yield
81-97% (Table 1, 1-3).
aminophosphorilation of aldehyde, amine with phosphine oxide was
performed in the absence of the catalyst, it did not yield any product

entries As a control experiment,

at room temperature as well as at elevated temperature (Table 1,
entry 4). Table 1 also shows that the reaction has no notable effect
on the product formation by an increase of temperature or the
reaction time as there was no enhancement in yield at high
temperature and longer reaction time whereas lowering the reaction
time, the yield of the reaction decreases (Table 1, Entry 5 and 6).
Additionally, when the aminophosphorylation of aldehyde, amine,
and phosphine oxide was performed using a higher equivalent of
phosphine oxide, almost a similar yield of a-aminophosphonate was
obtained (Table 1, entries 7) indicating no remarkable impact on the
efficiency of the reaction. We also have studied the effect of various
solvents such as hexane, toluene, and THF for the formation of
aminophosphinated product (Table 1, Entries 8-10). It was observed
that the lower yield of ~81% of the product obtained in the presence
of a solvent. Thus using 2 mol % of the indium complex 3a under the
neat condition at room temperature and 6 hours of reaction time
optimal the catalytic
aminophosphorylation of aldehyde, amine, and phosphine oxide.

were chosen as conditions  for

Table 1. Screening of Indium complexes as a pre-catalyst for
aminophosphorylation of aldehyde, amine, and phosphine oxide to
yield the corresponding aminophosphinated product.

o NH,
T O e

NH
Cat (2 mol%) o

- 0000 . P

.

S.No | Catalys | phosphi Solvent Temp (° | Time %
t ne oxide C) (h) yield?
(equiv)
1. 2a 1 Neat r.t. 6 82
2. 2b 1 Neat r.t. 6 89
3. 3a 1 Neat r.t. 6 97
4. None 1 Neat rt. and | 12 0
90
5. 3a 1 Neat 90 24 97
6. 3a Neat r.t. 2 71
3a 1.5 Neat r.t. 6 96
8. 3a 1 Hexane r.t. 12 86
9. 3a 1 Toluene r.t. 12 83
10. 3a 1 THF r.t. 12 81

All the reaction was performed with benzaldehyde (1.0 mmol),
aniline(1.0 mmol) and triethyl phosphate (1.0 mmol) in neat
condition at room temperature. 2Isolated yield.

In a further study with the optimized conditions established, the
scope and generality of this reaction were investigated by reacting
varieties of aldehydes, amines, and diphenylphosphine oxide in using
2 mol % of the indium complex 3a under the neat condition at room
temperature for 6 hours. The respective a-aminophosphonates
derivatives were isolated in each case and analyzed through 'H and
13C, 31p NMR spectroscopy (see ESI). The yields were calculated after
the isolation of pure products. The reactions displayed a broad
substrate scope. The results of the catalytic reaction are presented
in Table 2. It was found that the benzaldehyde having both electron-
donating (methyl, methoxy, amido) and withdrawing group (such as
fluro, chloro, nitro, cyano) is well tolerated to furnish corresponding
products in excellent yields (Table 2, entry 4b-4m). Besides, the steric
influence of the substituents of benzaldehyde was also worked well
in this reaction to deliver the products 4 h in good yield. Notably,
anilines with both electron-rich and deficient groups on the aryl ring
proceeded smoothly and offered the respective products in high
yield (Table 2, entry 4n-4r). The aminophosphorylation reaction was
also worked smoothly using anilines with bulkier substituents on the
phenyl ring such as diphenylmethanamine, 2,6-dimethylaniline,
leading to the desired product in high yield (Table 2, entry 4p and 4r).
These results demonstrate that this protocol provided an efficient,
the

aminophosphonates under ambient conditions.

facile, and practical method for synthesis of «a-

Table 2. Scope of bis-B-ketoiminate Indium (Ill) complex 3a catalyzed
synthesis of a-aminophosphonates.

o NH, o
Cat 3a (2 mol%) it
S
R S H +© + HPOPh, — . ‘\ B
> X Neat, rt, 6 h o
Ry R

(4a-4r)




.,
@/ ot
EtO

(5a 95%)

Q. . "

P\oEt /©)\P\oa
ElO EtO

(5¢ 96%)

or

NH
P\OEt
EtO

(5b 91%)

S

(5d 98%)

2,

0 My
P~okt H ” P
MeO £ ot okt | OPh
Tae - e ben
(5e 96%) (5f 94%) (59 93%) (62 96%)
Q. L Q. C,,
NH NH NH ]
I 7\0Ph

PhO

b 0

B !

{ TOPh 7 ~oph
PhO MeO PhO

(6b 91%)

Q.

7\0Ph MeO
0

o
=
o

(6d 90%) (6e 89%)

: “NH
o
P
r‘q PhO MeO

(6h 92%)

(6c 95%)

L ©\NH
P\oph /©/KP\oph
Pnd PhO

(67 93%)

H
e
PhO

(6] 92%)

i
7\oph

F

g
= ;2
3
z
2 E
o

(6g 97%) (61 94%)

4r, 96%

All reaction was performed with benzaldehyde (1.0 mmol), aniline
(1.0 mmol), diethyl phosphonate/diphenyl phosphonate (1.0 mmol),
and complex 3a (18 mg, 0.02358 mmol, 2 mol%) in neat condition at

All reaction was performed with benzaldehyde (1.0 mmol), aniline
(1.0 mmol), diphenylphosphine oxide (1.0 mmol), and complex 3a
(18 mg, 0.02358 mmol, 2 mol%) in neat condition at room
temperature for 6 hours. Yields were calculated as an isolated yield
basis.

The substrate scope was further expanded to diethyl phosphonate
and diphenyl phosphonate. The reaction of diethyl phosphonate and
diphenyl phosphonate with varieties of substituted aldehydes,
amines, having o-/p-Me, methoxy group, alkyl groups, halides, and
amide proceeded very smoothly and resulted in the selective
production of the corresponding a-aminophosphonates derivatives
with ~82-96% vyield (Table 3, 5a-5g and 6a-6j). The molecular
structure of 4m, 6b, and 6d is shown in Figures 4, 5, and Figure 6.
From this survey, we see that complex 3a displayed a broad substrate
scope.

Table 3. Scope of bis-B-ketoiminate indium (l11) complex 3a catalyzed
synthesis of a-aminophosphonates.

=
R~ |
NH
Cat 3a (2 mol%) it

+ HPO(OR;), ‘ A |"\°R2

Neat, rt, 6 h A OR,

Ri R,=Et,Ph

R, = Et (5a-5g)
Ph (6a-6j)

room temperature for 6 hours. Yields were calculated as an isolated
yield basis.

Fig. 4 The solid-state structure of diphenyl ((phenylamino)(p-
tolyl)methyl)phosphonate 4m. Some hydrogen atoms are omitted
for clarity. Selected bond lengths (&) and bond angles (°): P1-01
1.4789(15), P1-C1 1.8417(19), P1-C21 1.795(2), P1-C15 1.792(2),
C1-N1 1.444(2), P1-C1-N1 110.12(12), C1-P1-01 112.30(9). CCDC
2035017.
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Fig. 5 The solid-state structure of diphenyl ((phenylamino)(p-
tolyl)methyl)phosphonate 6b. Some hydrogen atoms are omitted for
clarity. Selected bond lengths (A) and bond angles (°): P1-0O1
1.449(3), P1-02 1.576(3), P1-03 1.570(3), P1-C13 1.817(4), C13-N1
1.452(5), P1-C13-N1 106.9(3), C13-P1-01 116.58(18), C13-P1-02
106.52(18), C13-P1-03 99.56(17), 01-P1-03 116.80(17), 01-P1-02
114.49(18), 03—P1-02 100.70(17). CCDC 2035019.
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Fig. 6 The solid-state structure of diphenyl ((phenylamino)(p-
tolyl)methyl)phosphonate 6d. Some hydrogen atoms are omitted for
clarity. Selected bond lengths (A) and bond angles (°): P1-01
1.454(3), P1-02 1.584(3), P1-03 1.580(3), P1-C1 1.824(3), C1-N1
1.461(4), P1-C1-N1 106.3(2), C1-P1-O1 115.18(17), C1-P1-02
109.31(15), C1-P1-03 99.65(14), 01-P1-03 117.09(16), 01-P1-02
109.06(16), 03—P1-02 105.83(14). CCDC 2035018.

To the best of our knowledge, 3a is the first example of B-
ketoiminato indium complex as a competent catalyst for the one-pot
synthesis of a-aminophosphonates under solvent-free condition,
room temperature, low catalyst loading, and reduced reaction time
to give excellent yield with broader substrate scope and high

functional group tolerance compared to the other indium
precatalysts reported in the literature.[27]

Most plausible mechanism

The most  plausible  mechanistic pathway for  the

aminophosphorylation of aldehyde, amine, and phosphine oxide to
yield the corresponding aminophosphinated product by indium(lll)

precatalyst 3a is depicted in Scheme 3. In the initial step of this
stepwise process, the indium precatalyst 3a reacted with one
equivalent of aldehyde. The nucleophilic attack of the nitrogen atom
from the incoming arylamine onto the electrophilic carbon center
resulted in the formation of the intermediate imine complex (I) upon
the elimination of H,0. Complex (lI), the active catalyst, further
reacted with one equivalent of phosphine oxide to give a tetrahedral
zwitterionic intermediate (Il). In the final step, the active, B-
ketoiminate indium triflate species are regenerated by eliminating

the corresponding free a-aminophosphonates product.
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Scheme 3. A most plausible mechanism for the

aminophosphorilation of aldehyde, amine, and phosphine oxide to
yield the corresponding aminophosphinated product by indium(lil)
precatalyst 3a.

Computational Study

It is
proposed in Scheme 2 that in the initial steps of the reaction the

Computational Model System and Computational Details:

indium catalyst reacts with benzaldehyde and phenylamine. So, to
perform DFT calculations we built a computational model consists of
the indium catalyst, benzaldehyde and phenylamine (Fig. 7). In the
model system, small methyl groups are considered in place of large
2,6-diisopropylphenyl (dipp) and 2,4,6-trimethylphenyl (mes) groups
to save computational time and resources. DFT calculations were
carried out using the ORCA4.2 quantum chemical program
package.!*4 The relative Gibbs free energies reported in mechanistic
studies were obtained at the BP86(45461-D3[47]/def2-TZVP!48] // BP86-
D3/def2-SVP8l |evel of DFT. Refer to the supporting information for
computational details. All Gibbs free energies
mechanistic studies are in kcal mol* and relative to A (computational

reported in

model).
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Fig. 7 (1) Schematic representation of the computational model (A)
for DFT calculations. (1) 3-D view of the model A. (Ill) The unclouded
3-D view of the model A. Note that the phenyl rings (Ph) and methyl
groups (Me) are considered in all DFT calculations.

DFT based Mechanistic Studies

(i) Indium Catalyzed Condensation of Benzaldehyde with Aniline: We
commence our mechanistic studies using the computational model
shown in Fig. 7 in which benzaldehyde is coordinated to the indium-
center at the axial position and aniline is m-stacked with
benzaldehyde. In the first step (A—TSag, Fig. 8), phenylamine reacts
with the indium-coordinated benzaldehyde to form a C-N o-bond
between the electrophilic carbonyl carbon of benzaldehyde and
nucleophilic nitrogen of phenylamine with a concomitant transfer of
a proton from the nitrogen of phenylamine to the oxygen of
benzaldehyde. The transition state TSag with an activation barrier of
22.6 kcal mol-1leads to a carbinolamine intermediate B (AGyos = 7.4
kcal mol1). It is evident that A—B is reversible as B is less stable
compared to A. To illustrate the orbital interactions in the first step,
selected quasi-restricted orbitals (QROs)49! are plotted in Fig. 9.
QROs show the formation of the o(N-C) bond and the proton

transfer steps.
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Fig. 8 DFT derived mechanistic pathway for indium catalyzed
condensation of benzaldehyde with phenyl amine. DFT method used
in the study is BP86-D3/def2-TZVP // BP86-D3/def2-SVP. Gibbs free
energies AGagg [kcal mol1] are relative to A. (#: Refer to Fig. 10 for
QROs studies of B—>TSgc—C and C—>TScp—>D)
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Fig. 9 QROs are plotted for A, TSag and B. Here, LP is lone pair. QROs
in the first row illustrate the formation of the 6(N-C) bond between

phenylamine and benzaldehyde. QROs in the second row display the
proton transfer from N (of phenylamine) to O! (of benzaldehyde).

Subsequent to A—>TSag—>B, we expected B to undergo a second
proton transfer to yield an imine intermediate. However, to our
surprise, we could not locate a transition state for the second proton
transfer from B. To understand the reason behind this failure, we
plotted relevant QROs of B. The QROs under discussion are
illustrated in the first row of Fig. 10. It is noticed that in B the lone
pair present on nitrogen is not properly aligned with the o(0!-C)
orbital, whereas B—>TSgc—C conversion brings them into one plane.
The successive C—>TScp—D step orients the oxygen (0O?) lone pair
away from the nitrogen-centered lone pair to reduce the repulsion
(Fig. 10, second row). So, the intermediate D is more stable than C.
The conversions B—>TSgc—C and C—>TScp—D can be achieved via
minute activation barriers and the reaction steps B—C and C—»D
construct a flat energy plot (Fig. 8).
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Fig. 10 Here, LP is lone pair. The first-row QROs illustrate an
alignment arising between LP(N) and the o(O!-C) orbitals. The
second-row QROs display a rotation of the oxygen-centered lone pair
around the C-0! bond axis to reduce the repulsion between LP(N)
and LP(O?Y).

D undergoes a 6(C-0?) bond scission to result an imine t(N-C) bond
and a lone pair on oxygen (0O%) in TSpe (Figs. 8 and 11). The LP(0O?)
abstracts a proton to form a o(O'-H) bond in E. The o(C-0?) bond
scission and the proton abstraction steps proceed via a concerted
mechanism. The activation barrier for D—>TSpe—E is only 5.6 kcal
mol-! and E is more stable than its all the preceding intermediates
thus the formation of E would drive the reaction in the forward
direction. The axially-coordinated water in E easily eliminates to yield
an imine-coordinated complex F. Two probable pathways branch off
from F at this point.
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Fig. 11 Here, LP is lone pair. QROs illustrate the formation of a (N-C)
bond in imine and a 6(O'-H) bond in axially-coordinated water in E.

(ii) Phosphorylation of Imine Complex of Indium:

Path-1: Diphenyl phosphine oxide ((Ph),P(=0)H) with F produce a
stable adduct G’ (AGzes = —7.3 kcal mol~1, relative to A, Fig. 12) which
undergoes a proton transfer and a o(P-C) bond formation in a

7



concerted way to yield the product H’ (AGyss = -26.3 kcal mol-d,
relative to A, Fig. 12) via a transition state TSew. The activation
barrier for this conversion is 54.1 kcal mol-! which is too high to
access at room temperature. Thus, the path-1 can be discarded.

Path-2: An alternate mechanism for the phosphorylation of F is
explored (Fig. 13). In place of diphenyl phosphine oxide ((Ph),P(=0)H)
its tautomerized species (Ph),P-OH reacts with F to form a stable
adduct G. Detailed (Ph),P(=0)H — (Ph),P-OH
tautomerization is provided in ESI. The intermediate G readily
undergoes nucleophilic attack by (Ph),P-OH to the electrophilic

study on

carbon (of imine) via a flat transition state TSeu which results in the
formation of a o(P-C) bond in the intermediate H (AG29g = —17.4 kcal
mol=1, relative to A) (Fig. 13 and Fig. 14, first row). Subsequently, the
lone pair residing on nitrogen in H readily abstract a proton to form
a o(N-H) bond in I via a transition state TSy (Fig. 13 and Fig. 14,
second row). | is the most stable species in the overall energy profile
and hence the formation of | would drive the reaction forward.
Moreover, the minute transition state barriers throughout the
reaction profile suggest path-2 to be preferred over path-1 for the
phosphorylation of the imine complex of indium (F). Hence, the
proposed indium catalyst is found to be efficient for the

aminophosphorylation of benzaldehyde, aniline and

diphenylphosphine oxide.
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Fig. 12 DFT derived mechanistic pathway for the indium catalyzed
phosphorylation of the imine complex (F). DFT method used in the
study is BP86-D3/def2-TZVP // BP86-D3/def2-SVP. Gibbs free
energies AGaog [kcal mol~] are relative to A (shown in Fig 8).
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Fig. 13 DFT derived mechanistic pathway for the indium catalyzed
phosphorylation of the imine complex (F). DFT method used in the
study is BP86-D3/def2-TZVP // BP86-D3/def2-SVP. Gibbs free
energies AGaog [kcal mol1] are relative to A (shown in Fig 8).
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Fig. 14 Here LP is lone pair. The first-row QROs illustrate the
formation of a o(P-C) bond in G—>TSey—>H. The second-row QROs
display a proton abstraction in H—>TSy—1 by the nitrogen lone pair
to make a o(N-H) bond in I.

Conclusions

In summary, we successfully have prepared a series of new
indium metal complexes 2a, 2b, and 3a supported by the bulky
B-ketoimine ligands. The structures of the heteroleptic indium
complexes 2a, 2b, and 3a were confirmed using X-ray
crystallography. In the solid-state, for all three complexes, the
monoanionic B-ketoiminato exhibited x? -chelation mode to
adopt a distorted tetragonal bipyramidal geometry around the
indium ion. The indium triflate complexes 3a was used as an
active pre-catalyst for the one-pot three-component reaction
for the synthesis of a-amino phosphonates through the
reaction of aldehydes, amines with phosphine oxide. The
method allows operational simplicity and mild reaction
conditions for the preparation of a wide variety of a-
aminophosphonates which is tolerant to a variety of sensitive
functional groups, given a very high vyield. Detailed DFT
investigations for the indium catalyzed aminophosphorylation
of benzaldehyde, phenylamine and diphenylphosphine oxide
were performed in two parts: (i) indium catalyzed condensation
of benzaldehyde with phenylamine, and (ii) indium catalyzed
phosphorylation of the imine complex. DFT showed that the
rate-determining step has an activation barrier of ~23 kcal mol-1
and other activation barriers involved in the mechanistic
pathways were below 10 kcal mol-1. Thus, indeed this indium
catalyzed aminophosphorylation is easily achievable at room
temperature. Quasi restricted orbital analysis has pinpointed all
the key orbital overlaps occurred in the course of reactions.

Experimental

General: All manipulations of air-sensitive materials were performed
with the rigorous exclusion of oxygen and moisture in flame-dried
Schlenk-type glassware either on a dual manifold Schlenk line,
interfaced to a high vacuum (10 torr) line or in an argon-filled M.
Braun glove box. Hydrocarbon solvents (toluene and n-pentane)
were distilled under nitrogen from LiAlH, and stored in the glove box.
1H NMR (400 MHz) and BC{'H} NMR (100 MHz) spectra were



recorded on a BRUKER AVANCE 111-400 spectrometer. BRUKER ALPHA
FT-IR was used for FT-IR measurement. Elemental analyses were
performed on a BRUKER EURO EA at the Indian Institute of
Technology Hyderabad. B-ketoimine ligands 1a and 1b and all the
amides were synthesized according to the published procedure.>%
The NMR solvent C¢Ds was purchased from Sigma Aldrich.
Crystallographic data for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC 2035015 (2a), CCDC 2035016
(2b), CCDC 2035020 (3a), CCDC 2035017 (4m), CCDC 2035019 (6b),
CCDC 2035018 (6d).

Preparation of [{(DippNC(Me)=CHC(Me)=0},InCl] (2a) : In a dry 25
mL Schlenk flask, B-ketimine ligand 1a [ R = Dipp; (200 mg, 0.6920
mmol), 5 mL of toluene was placed, to this solution, a mixture of
lithium bis(trimethylsilyl)amide (58 mg, 0.3460 mmol) was added
and the resulting reaction mixture was kept under stirring at room
temperature for 6 hours. Then a solution of indium trichloride (76
mg, 0.340 mmol)and 5 mL of toluene was added onto reaction
mixture, kept under stirring for overnight at room temperature. A
white precipitate was observed which was filtered off and the filtrate
was evaporated under vacuum to give a colourless residue. The
residue was washed with dry n-pentane (5 mL). The compound 2a
was re-crystallised from toluene at -35 °C, and colorless crystals
were obtained after 3 days.

Yield: 392 mg, 85%. *H NMR (400 MHz, C¢Ds, 25 °C): &4 7.08 — 7.01
(m, 4H, Ar), 6.95-6.90 (m, 2H, Ar), 4.63 (s, 2H, NCH), 3.50 — 3.43 (m,
1H, CH), 3.07 —3.00 (m, 1H, CH), 1.51 (s, 3H, CHs), 1.31 (s, 3H, CHs),
1.25 (s, 3H, CHs), 1.14—1.13 (d, 3H, (CHs)2), 1.05 = 1.02 (d, 3H, (CHs),)
ppm. BC{IH} NMR (100 MHz, C¢De): 8¢ 186.6, 177.4, 143.5, 143.0,
141.6, 129.1, 128.4, 127.9,127.6, 126.4, 125.5, 124.4,123.0, 97.2,
28.7, 28.4, 26.8,25.0,24.6,24.4,23.8,22.4. ppm. Elemental analysis:
C34H4sClINN20; (667.0): caled € 61.22, H 7.25, N 4.20. Found C 60.87,
H7.09, N 4.13.

Preparation of [In(Mes(NHC(Me)=CHC(Me)O,)Cl] (2b) : The complex
2b was obtained by similar procedure of complex 2a by using B-
ketimine ligand 1b. The complex 2b was re-crystallised from toluene
at =35 2C, and colourless crystals were obtained after 2 days.

Yield: 471.6 mg, 88%. 1H NMR (400 MHz, C¢Dg, 25 °C): 84 6.73 — 6.67
(s, 4H, Ar), 4.92 (s, 2H, NCH), 2.40 (s, 3H, CHs), 2.15 (s, 3H, CHs), 1.99
(s,3H, CHs) 1.14 — 1.13 (s, 6H, CH3) ppm. B3C{{H} NMR (100 MHz,
CeDg): 6c 186.6, 173.0, 144.5, 134.0, 131.9, 131.1, 131.8, 129.4,
129.1, 129.0, 128.2, 128.0,127.9, 96.5, 27.9, 21.9, 21.9, 20.8, 18.5,
17.3. ppm. Elemental analysis: CsgH72Cl2In;N4O4 (1165.7): caled C
57.70,H6.23, N 4.81. Found C57.57, H 6.19, N 4.69.

Preparation of [In (DippNHC(Me)=CHC(Me)O,)OTf ] (3a): In a dry 25
mL Schlenk flask, 1a (200 mg, 0.6920 mmol), 5 mL of toluene was
placed, to this solution, a mixture of lithium bis(trimethylsilyl)amide
(58 mg, 0.3460 mmol) was added and the resulting reaction mixture
was kept under stirring at room temperature for 6 hours after that
Indium chloride (76 mg, 0.340 mmol) was added into the reaction
mixture, kept under stirring for overnight in room temperature then
the white precipitate was observed which was filtered off and the to

this filtrate, AgOTf (87 mg, 0.340 mmol) was added and the reaction
mixture was stirred 30 minutes. The white precipitate of AgCl was
filtered off and the filtrate was evaporated under vacuo to give a
colorless residue. The residue was washed with 5 mL of n-pentane.
The complex 3a was re-crystallised from toluene at -35 2C, and
colorless crystals were obtained after 3 days.

Yield: 392 mg, 76%. 'H NMR (400 MHz, C¢Dsg, 25 °C): &4 7.07 — 7.01
(m, 4H, Ar), 6.96 — 6.90 (m, 2H, Ar), 4.63 (s, 2H, NCH), 3.49 — 3.43 (m,
1H, CH), 3.07 — 3.00 (m, 1H, CH), 1.52 — 1.50 (s, 3H, CHs), 1.31 (s, 3H,
CHs), 1.25 (s,3H, CHs) 1.14 — 1.13 (d, 3H, (CHs)) 1.05 — 1.02 (d, 3H,
(CHs)2) ppm. 13C{1H} NMR (100 MHz, C¢D¢): 5c 186.6, 177.4, 143.8,
143.8, 141.6, 137.7, 129.1, 128.4, 127.9, 127.6, 126.4, 125.5, 124.4,
123.0,97.2,28.4,28.2, 26.8, 25.0, 24.8, 24.6, 23.8, 21.2. ppm. 19F{1H}
NMR (376.46 MHz, Cg¢Dg): 76.93 ppm Elemental analysis:
Ca9H36F3INN>05S (696.5): calcd C50.01, H5.21, N 4.02. Found C49.91,
H 5.09, N 3.89.

General procedure for aminophosphorilation reaction by using
indium complex as a catalyst:

Inside the glove box to a 25 mL dry Schlenk flask, the required
aldehyde precursor (0.9433 mmol, 1 equiv) was added to the
reaction mixture of amine (0.9433 mmol, 1 equiv.) and diphenyl
phosphine oxide (0.9433 mmol, 1 equiv.) and 2 mol% complex 3a (18
mg, 0.02358 mmol). The colourless reaction mixture was stirred at
room temperature. After 6 hours, the reaction mixture was
quenched and workup with water and compound extracted in
dichloromethane as an organic layer 3 times. Then the final product
was purified by column chromatography in hexane/EtOAc (100:5).
The products were identified according to !H, 13C, and DEPT NMR
spectroscopy (wherever necessary), as well as MS analysis.
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