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Abstract: An efficient, metal and base-free, chemoselective synthesis of aryl-, heteroaryl-
and alkyl primary amines from the corresponding boronic acids has been achieved at ambient
temperature  mediated by [bis-(trifluoroacetoxy)iodolbenzene  (PIFA) and N-
bromosuccinimide (NBS) using cyanamidyl/arylcyanamidyl radicals as the aminating
species. The primary amine compounds were initially obtained as their corresponding
ammonium trifluroacetate salts which on treatment with aq. NaOH provide the free amines.
Finally, the primary amines were isolated through column chromatography over silica-gel
using hexane-EtOAc solvent system as the eluent. The reactions are sufficiently fast,
completing within 1 h. Quantum chemical calculations in combination with experimental
observations validate that the ipso amination of substituted boronic acids involves the
formation of cyanamidyl/arylcyanamidyl radical, followed by regiospecific interaction of its
nitrile-N centre with boron atom of the boronic acids, leading to chemoselective primary

amination.

Introduction
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Amines, especially aryl- and heteroaryl primary amines serve as crucial building blocks in the
field of pharmaceuticals, dyes, agrochemicals, polymers, xerographic and photographic
materials.' The aromatic primary amines are the most vital moieties to construct different N-
heterocycles2 and thus play a significant role in the branch of medicinal chemistry.3
Consequently, developing newer methodologies working under mild reaction conditions for
synthesizing functionalized aromatic primary amines always remains a centre of attention for
the organic chemists. Apart from the conventional approaches toward the syntheses of
aromatic primary amines, ™" present-day methods give emphasis to the use of boronic acids
as an attractive class of precursor not only to incorporate amine groups but also different
other functional groups,” as numerously functionalized aryl/heteroarylboronic acids are easily
accessible and are highly stable under atmospheric conditions. In this connection, some
recent studies disclosed that the reactions of boronic acids/esters with various aminating
reagents such as hydroxylamine-O-sulphonic acid (HSO;0ONH,;) [HSAL® CsH3(NO,),ONH,’
and MeONH,.HCI**" lead to primary aromatic amines under metal-free reaction conditions
(Scheme 1).

Scheme 1 Transition Metal-free PIFA-NBS Mediated Syntheses of Primary Amines from

Boronic Acids

Our previous work:

R-B(OH), reaction conditions R-NH,

reaction conditions:

MeONH,.HCI / PIFA-NBS; rt, 3-4 h; ref 8b

This work:
PIFA, NBS PIFA, NBS RNz
R-NHfM R-B(OH), —ANHCN
CHaCN, rt, 1h CH4CN, t, 1h
aq. NaOH aq. NaOH +, RNHAr

Our aim was to come up with a method in which both primary and secondary amines could

be synthesized from arylboronic acids utilizing a particular class of reagent under metal-free
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conditions. The simple structural moiety, required for ipso amination of arylboronic acids is a
nucleophilic amine centre attached to a leaving group. Thus, for this purpose cyanamide and
arylcyanamides in the presence of a base were anticipated to be fair choices for preparing
primary and secondary aromatic amines, respectively. In accordance with this view, we
applied cyanamide with  arylboronic acids in the presence of [bis-
(trifluoroacetoxy)]iodobenzene (PIFA)9 and N-bromosuccinimide (NBS) for obtaining the
corresponding primary amines and indeed, the anticipated primary aminations were achieved
in good to excellent yields with the afore mentioned reagent combination. In this connection,
it is pertinent to mention that our group has recently documented methods for ipso
functionalization of aryl-, heteroaryl- and alkylboronic acids mediated by PIFA and NBS
where the combination of PIFA and NBS was anticipated to produce a succinimidyl radical,
which acted as an effective hydrogen atom (connected to an electronegative atom)
abstractor.®™!° Prior to our reports, Gandelman et al. comprehensively reported the use of 1,3-
diiodo-5,5-dimethylhydantoinyl (DIH) radical, a very similar one to succinimidyl radical, for
abstracting hydrogen atom from carboxylic acid to generate an alkyl/aryl radical."’ Therefore,
taking the lead from our earlier work, we utilized the combination of PIFA-NBS to abstract
the hydrogen atom from cyanamides to transform them to cyanamidyl radicals. After
synthesizing the primary amines from the reactions of unsubstituted cyanamidyl radical with
the arylboronic acids, we switched our attention to arylcyanamides (ArNHCN) to obtain
diarylamines under similar reaction conditions. To our surprise, it was observed that the
reactions with several arylcyanamides and arylboronic acids did not produce the desired
diarylamines even after repeated attempts; rather it produced the primary amines of the
corresponding arylboronic acids, as obtained in the reactions with unsubstituted cyanamide.

Taken together, it can be envisaged that the succinimidyl radical, so produced by the reaction
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of PIFA and NBS, abstracts the hydrogen atom from cyanamide, resulting in the formation of

cyanamidyl radical, which can act as an ambident nucleophilic radical (Scheme 2).

Scheme 2 Ambidency of the Cyanamidyl Radical

0o

PIFA+ NBS — Ne _ANHCN Ar—N—C=N ~— Ar—N=C=I‘\l

0 reacting centre

All amination reactions of boronic acids/esters reported to date including our previous work,
involve attack of a nitrogen centre, carrying a leaving group, on the boron atom which is
subsequently followed by an anionotropic rearrangement to provide the corresponding
primary amines. Interestingly, in the present method, unlike our previous report, the cyanide
moiety of the arylcyanamide/cyanamide is not acting as a leaving group; rather, it is the
nitrile-N radical (not the amine-N radical) of the cyanamides/arylcyanamide which is
responsible for the nucleophilic attack to the boron centre, leading to chemoselective primary
amination in all cases. In the manuscript presented herein, we report a chemoselective ipso
amination of  various aryl-, heteroaryl- and alkylboronic acids  using
cyanamide/arylcyanamide as aminating agent in the presence of PIFA and NBS under mild
reaction conditions. The detailed mechanistic pathway of the amination reaction was
substantialized through Density Functional Theory (DFT) using B3LYP/6-311++G(d,p). To
the best of our knowledge, it is the first example of cyanamides being used as aminating
reagents for ipso amination of boronic acids. Furthermore, the formation of cyanamidyl
radical and its regiospecific utilization of the nitrile-N centre radical for the nucleophilic

attack to the boron atom have not yet been documented in the literature.

Results and Discussion
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To accomplish the initial investigation for PIFA-NBS mediated ipso amination of arylboronic
acid, m-tolylboronic acid (1a) was taken as a reference substrate along with unsubstituted
cyanamide as an aminating agent, and the results are summarized in Table 1.

Table 1 Optimization of Reaction Conditions®

B(CH), NH,

PIFA, NBS
@\ NH,CNP @\
1a ' 2a
entry organoiodine(Ill)/equiv. additive/ solvent yield®
equiv.

1 - - CH;CN n.r
2 PIDA/3.0 - CH;CN n.r
3 PIDA/3.0 NBS/2.0 CH;CN n.r
4 HTIB/3.0 - CH;CN n.r
5 HTIB/3.0 NBS/2.0 CH;CN n.r
6 PIFA/3.0 - CH;CN 42
7 PIFA/2.0 NBS/1.0 CH;CN 61
8 PIFA/2.0 NBS/2.0 CH;CN 89
9 PIFA/2.0 NBS/2.0 THF 65
10 PIFA/2.0 NBS/2.0 CHCl; 72
11 PIFA/2.0 NBS/2.0 CH,(CI, 69
12 PIFA/2.0 NBS/2.0 CH,Cl, 87°

PIDA: PhI(OAc), ; HTIB: PhI(OH)(OTS)
*Optimized reaction conditions: 1a (2.0 mmol, 1.0 equiv.), PIFA (4.0 mmol, 2.0 equiv.), NBS
(4.0 mmol, 2.0 equiv.), NH,CN (2.2 mmol, 1.1 equiv.), CH;CN (8 mL), rt, 1 h, open air. "All

optimization reactions were carried out with 1.1 equiv. of NH,CN. “Isolated yield of 2a. No
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amination was observed; starting boronic acid remained unreacted even after 24 h at ambient

temperature. “The reaction was carried out in argon atmosphere.

Primarily, cyanamide (NH,CN) was applied with 1a in the absence of any organoiodine(III)
and additive; and as expected, no amination was found to take place even after 24 h at
ambient temperature (entry 1). Subsequently, different organoiodine(Ill) regeants were
screened, both in the presence and absence of NBS as an additive for the said reaction. It was
observed that PIDA and HTIB failed to promote the desired amination either in the presence
or in the absence of NBS (entries 2-5). On the other hand, PIFA was able to exhibit the
amination reaction successfully even in the absence of NBS, but with a lower yield (entry 6).
The presence of NBS was found necessary for full consumption of the arylboronic acid. The
optimization process with PIFA and NBS revealed that complete conversion of 1a to its
corresponding ammonium trifluoroacetate salt was found to take place within 1 h at ambient
temperature when 2.0 equiv. of PIFA and 2.0 equiv. of NBS were employed using
acetonitrile as solvent (entries 7-8). Other solvents, like THF, CHCl; and CH,ClI, were also
evaluated; however, lower yields were obtained with these solvents (entries 9-11). No
significant change in the reaction outcome was noticed when the reaction was performed
under inert environment (entry 12).

In the course of our in-depth study, the investigations were further extended to other
substrates to figure out the substrate scope of the newly developed PIFA-NBS-NH,CN
mediated method for primary amination of the aryl-, heteroaryl- and alkylboronic acids, and
the results are summarized in Scheme 3. The present method developed herein exhibited a
broad range of functional group compatibility; diversely functionalized (CN, CO,Me, NO,
and COMe) arylboronic acids were easily transformed to their corresponding primary amines
(2g-j) in very good yields. It was also observed that arylboronic acids, substituted by different
groups with different electronic properties at the o/m/p positions, were converted to the

respective primary amines with comparable yields under these reaction conditions,
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demonstrating the insignificant effect of steric (2¢, 2e) and electronic factors (2f-j) on the
reaction outcome. We noted that N-heteroarylboronic acids were found to undergo facile
amination following the presently developed reactions conditions (2p-r). The protocol,
developed herein was successfully employed to various alkylboronic acids to achieve primary
aliphatic amines (2s-w) in good yields. On the other hand, aryl-, heteroaryl- or alkylboronic
acids pinacol esters were not observed to undergo amination under these reaction conditions.

Scheme 3 PIFA-NBS-NH,CN Mediated ipso-Amination of Different Boronic Acids®

PIFA, NBS
NH,CN
-B(OH), ———2>— R“NH,
CHCN, it 1h
ag. NaOH
H3C\©/NH2 ©/NH2 ©:NH2
CHs /C
2a (89%) 2b (80%) 2¢ (86%) 2d (90%)
SO Q Q
OCH3 H5CO EtO,C
2e (88%) 2f (91%) g (85%) h (83%)
O,N
2i (80%) 2j (87%) 2k (71%) 21 (78%)
NH,
NH, Cl NH, N
ol 1y CO C
Br Cl N~ “NH,
2m (93%) 2n (85%) 20 (79%) 2p (77%)°
NH,
mNHz | X ©/\/NH2 ©/\NH2
— —
N N
2q (82%)° 2r (85%)° 2s (89%) 2t (84%)
o™ O
HaC” > ""NH
HsC 3 2
2u (87%) 2v (74%)° 2w (72%)P

*Reaction conditions: Corresponding boronic acid 1 (2.0 mmol), PIFA (4.0 mmol), NBS (4.0
mmol), NH,CN (2.2 mmol), CH3CN (8 mL), rt, 1 h, open air. PReactions were carried out in
3.0 mmol scale with respect to corresponding boronic acids.
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Encouraged by these results, the methodology was explored to the reactions of
arylcyanamides with the arylboronic acids in order to obtain the diarylamines (4). Four
arylcyanamides (3b, 3d-f) were treated with different arylboronic acids under optimized
reaction conditions. To our surprise, formations of diarylamines (4) were not detected in any
of the cases; rather the reactions resulted in the formation of the primary amines of the
corresponding arylboronic acids exclusively (Scheme 4). This phenomenon clearly indicated
the exclusive involvement of the nitrile-N centre in the nucleophilic attack toward the boron

centre of the boronic acids.

Scheme 4 Reactions with Arylcyanamides and Arylboronic acids Mediated by PIFA-NBS

B(OH), NHCN NH, H
X X
R—'\ +R—'\ PIFA, NBS | |
T 207 CHeCN 1, 2h R, /\Rz
aqg. NaOH
Ry =3-Me: 1aand R, = H: 3b 2a (not 4ab) Not observed
R4 =H:1b and R, = 4-Me: 3d 2b (not 4bd)
R{ = 3-COMe: 1j and R, = 2-OMe: 3e 2j (not 4je)
R1=4-Br: 1m and R, = 4-OMe: 3f 2m (not 4mf)

Reaction conditions: 1 (1.0 mmol), 3 (1.1 mmol), PIFA (2.0 mmol), NBS (2.0 mmol),
CH;CN (8 mL), rt, 2 h, open air.

Next, the optimized reaction conditions were applied to a gram scale substrate to judge the
practicality of this method (Scheme 5). The amination reactions, performed between 1a/1m
and unsubstituted cyanamide on a 10.0 mmol scale, produced the corresponding primary
amines in comparable yields to those with small scale experiments, indicating the practical
applicability of the protocol.

Scheme 5 Scale-up Experiment to Gram Scale

B(OH NH
Ok biea, NBS 2
7 NH,CN
Ri—
2 CHiCN,tt,1h
R =3-Me: 1a ag. NaOH 2a: R = 3-Me (86%)
R =4-Br: 1m 2m : R = 4-Br (88%)
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Reaction conditions: 1a (1.35 g, 10.0 mmol)/1m (2.0 g, 10.0 mmol), PIFA (20.0 mmol),
NH,CN (11.0 mmol), NBS (20.0 mmol), CH3CN (14 mL), rt, 1 h, open air.

From our previous experiences, these amination reactions were anticipated to follow a radical
pathway, yet, to get confirmation, radical scavenging experiment with TEMPO was
performed (Scheme 6). No amination of 1a was found to take place at ambient temperature
even after 5 h in the presence of 1.2 equiv. of TEMPO, keeping the optimized reaction
conditions otherwise fixed. The radical scavenging experiment with TEMPO clearly indicates
our hypothesized radical pathway of the reaction.

Scheme 6 Radical Scavenging Experiment with TEMPO

B(OH), NH»>

PIFA, NBS
TEMPO
RNHCN 7/

CH CHs

3 CHCN, rt,5h
1a 2a
R=H

= C¢H,OMe(p): 3f

1a remained unreacted even after 5 h

Reaction Conditions: 1a (1.0 mmol), NH,CN/3f (1.1 mmol), PIFA (2.0 mmol), NBS (2.0
mmol), TEMPO (1.2 mmol), CH3CN (8 mL), rt, 5 h.

In this perspective, it could be stated that interaction of radical with organoboranes leading to
the generation of carbon-centred radicals by cleavage of carbon-boron bonds has been under
extensive study for the last three decades.”” Brown et al. comprehensively reported the
formation of a carbon centred radical by the displacement of the alkyl group attached to the
boron atom through nucleophilic attack of a dimethylaminyl radical to the boron centre.'**'*
Therefore, from our experimental results and literature references, the reaction pathway for
the ipso amination of boronic acids can be explained by considering that PIFA and NBS first

. L . 18b,10,11
readily reacts to produce a succinimidyl radical™ ™

which abstracts the hydrogen atom of
the sufficiently acidic cyanmide'” to generate cyanamidyl radical. The cyanamidyl radical,

subsequently attacks to the boron atom, specifically, through its nitile-N centre, to form a
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“tetracoordinate boranyl radical complex (I).”"**"

and finally, amine salts are produced via
intramolecular B-N 1,2-aryl migration from the aforementioned tetracoordinate boranyl

radical complex I (Scheme 7).

Scheme 7 Anticipated Reaction Pathway

I|3r
N 0
U 2
Phl(OCOCF3), Nﬁ—(@*
i OCOCF
CF3COOBr ©
Phl CF3COO
[R—N:C=l:l — R-I.\I—CEN] RNFCN Z\FO
) .. .o o o O ':l
Ar-B(OH) ﬁ °
r- 2 N
S
OH .
Ho\e/ (HO)ZB\-N-/C=NR
< \o(
Ar' N NEC=N-R |
8 . Ar
[
RRL =N | RNH-C=N
CF3CO,H [(HO),B .
[Ar/NH\C:NR] 3CO, B ~C=NR

I
Ar

CF3CO,H | H,0  B(OH)(OCOCFy)

RNHCHO + ArNH,.CF3CO,H

J

could not be isolated;
produced complex mixture
under these reaction conditions

In this context, it should be mentioned that during the optimization process, it was observed
that PIFA itself was able to promote the desired primary amination of the boronic acids even
in the absence of NBS (Table 1, entry 6). The reason behind this is that in the absence of

NBS, cyanamide could slowly react with PIFA to undergo a ligand exchange reaction to
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produce meta-stable intermediate II, which, via radical cleavage of the I-N bond, would

culminate the cyanamidyl radical, the aminating species (Scheme 8).*'¢

Scheme 8 Generation of Cyanamidyl Radical in the absence of NBS

RNHCN
OCOCF3 ” (l)COCF3

ph—iw_ A NACTNR Ph—I i ——= RN=C=N
| (-CF3CO,H) -~
OCOCF3 N=C=NR /

aminating species

The nucleophilic attack on the boron atom specifically through the nitrile-N centre of the
cyanamidyl radical can be attributed to HSAB interaction; the boron being a hard centre
prefers to combine with relatively harder nitrile-N centre than the amine-N centre of the
ambident cyanamidyl radical (Scheme 9). Also, higher electron spin density on the nitrile-N
cetre compared to the amine-N centre, along with the steric environment surrounding the
amine-N centre of arylcyanamide further facilitated the specific interaction of its nitrile-N
centred radical.

Scheme 9 Probable Hard-Hard (h-h) and Hard-Soft (h-s) Combination of Arylboronic Acid

and Arylcyanamidyl radical

softer harder

(0] TI ﬂ
Ne M Ar—N—C=N

/\ /% h-h combination

h-s combination B(OH), more favourable
less favourable ﬁj\ Harder

In order to understand the underlying mechanism (Scheme 7) of the reaction in detail,

PIFA + NBS

quantum chemical evaluation was taken up with phenylboronic acid (1b) and cyanamide
(Ia)/methylcyanamide (Ib)/phenylcyanamide (Ic) to generate aniline (2b) (Scheme 10)."

B3LYP exchange-correlation functional was used to define the quantum chemical method
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and 6-311++G(d,p) basis set was used to define the wave function. Overall, the mechanistic
pathway leading to the formation of primary amines can be divided into five steps: (i)
formation of cyanamidyl radical, (ii) reaction of phenylboronic acid with one of the nitrogen
centres of cyanamidyl radical, (iii) 1,2 phenyl shift leading to the formation of C-N bond, (iv)
formation of the neutral iminamine species and (v) hydrolysis of the imine moiety. The
optimized geometry of species Ia reveals that C'-N' and C'-N? bond distances are 1.16 A
and 1.33 A, wheras, in case of cyanamidyl radical (Ila) they are 1.19 A and 1.27 A,
respectively. The initiations of cyanamidyl radicals Ila, IIb and Ilc, from cyanamides (Ia, Ib,
Ic) are found to be stabilized by 27.23, 33.33 and 39.38 kcal/mol (Figure 1), respectively,
which clearly indicate that strong exothermic processes are involved in all of the cases. This
phenomenon clearly establishes that the formation of cyanamidyl radical from cyanamide is a
highly favourable process. The spin density analysis indicates that spin densities on both
nitrogens in I1a/IIb/Il¢ (path A, Scheme 10) are comparable, though, some little excesses are
observed on the nitrile N (N') centres of the cynamidal radicals. Considering the ambidentet
nature of cyanamidyl radical and the spin density analysis, it might be expected that the
reaction between II (in scheme 10) and boronic acid could occur through either of the
nitrogen centres leading to both primary and secondary amines. However, during the
quantum chemical optimization process, it was convincingly noticed that the quantum
chemical optimization could be carried out only on IIla-c (path A, Scheme 10) but not on
IVa-c (path B, Scheme 10). This evidently confirms that the reaction between boronic acid
and cyanamidyl radical takes place through N': the nitrile N centre, but not via N*: the amine
N centre. This is in accordance with the experimental observation where the reactions
between arylcyanamides and boronic acids did not produce secondary amines in any of the
cases.

Scheme 10 Proposed Reaction Mechanism for the Amination Process along with the Free

Energy Changes (AG/AE,) using Quantum Chemical Method (B3LYP/6-311++G(d,p). The
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energy values reported in the scheme are with respect to the local reaction step. All the

energy values are in kcal/mol. The respective energy values provided in each of the local

steps correspond to total energy including all of the reagents and side products. For potential

energy surface, refer Figure 1.

]
H(;,OH
R, 1* " el
N2=C'=N'-B(OH), N*=C'=N
AG AE, @
lla = 19.83 Via=7.30
lb = 22.23 i Vib =10.18 Vi
llic = 25.07 Vic = 12.36
PIFA + NBS Vila = 2,93 | AC .
< Vib=-164| HO _ |
£ 1 Viic=-1.72 B
s B(OH), o
R— NZ—c’l N1/

R \ / .
AG 1
o N2 C'=N" ‘N2=C=N"

N2—c1 N1

@ -
1,2 - phenyl

QO

Vil shift viI
lla = -27.23 Vilia = -35.45
! lb = -33.07 i Villb = -37.47
R lic = -39.39 ) IXa = -4 99 Vllic = -35.59
la=H § IXb = -1123
Ib=CH, e IXc = -17.45
Ic = Ph
OH
H
7{ \N/C N1’B M eneN RN >N
Vel Q) g OgacQ)
[ CF3?OOH Xla = 10.55
B(OH), IX Xa=-035 v yp=1376 X
Xb =-0.68 Xic = 15.10
/ v Xc = -1.48
Xlla =231 |
Could not be optimized Xllb = -25.54
P 7 Xlic = -24.30
R R
, , N'H,
(HO),B—N?~C'=N N2H
Xl

X

The potential energy calculations based on the free energy changes with respect to local

reaction steps for the entire amination process could be depicted in a graphical form as shown

in Figure 1.
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Figure 1 Potential Energy Surface (based on AG values) for the formation of 2b from 1b by

using cyanamide (Ia), methylcyanamide (Ib) and phenylcyanamide (Ic¢). Y-axis represents
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In this context, it should be mentioned that the formation of intermediate III is overall
energetically favored process with respect to the starting material (I + succinimide radical).
From the potential energy surface, it has been observed that Illa, b, ¢, are found to be
stabilized by -7.4, -10.84 and -14.32 kcal/mol, respectively, with respect to starting
substances (I + succinimimidyl radical) under radical conditions. However, the most
important step of this reaction is the formation of the intermediate VIII. VIII could be

obtained from III via 1,2- phenyl migration through a transition state (TS, VI) (Figure 2) and

a meta-stable intermediate VII.

Figure 2 3D structures of important transition states (TS VIa-c) showing the bond distances

Via

Vib

=B 0=0Q O=N

Vie
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It is pertinent to mentain that on the potential energy surface, the energy for the TS structures
(VI) are found to be lowered by 0.10, 0.66 and 1.96 for VIa, VIb and Vlc, respectively in
comparison to I. However, the activation energy for the conversion of III to VIII was found
to be ~7-12 kcal/mol. The formation of VII from TS VI is an exergonic process by ~2-3
kcal/mol, which further loses another ~35-37 kcal/mol to culminate VIII. The
"transformation step* from II to III is found to be rate limiting step for the ipso amination
process presented herein. The formation of final product 2b from VIII proceeds through three
more stages via formations of IX, X and XI. Transformation from VIII to IX is interesting.
VIII would take up the hydrogen from the cyanamide itself regenerating the cyanamidyl
radical and the reaction continues. This is also supported by the quntum calculations, as the
relative energy change for the aforementioned transformation is found to be exergonic by ~5-
17 kcal/mol. From the study, it could be indicated that the chemoselctive formation of
aniline (2b) form cyanamidyl and substituted cyanamidyl radicals through specific interaction
of their nitrile-N centres are found to be highly exothermic process by ~30-39 kcal/mol,
which clearly suggests the spontaneous nature of this chemoselective amination process

presented in the report.

Conclusions

In conclusion, we have developed a novel metal and base free method for chemoselective
synthesis of primary amines via ipso amination of boronic acids using a combination of
PIFA-NBS as acidic hydrogen radical abstractor and cyanamides as the aminating agent. The
reaction conditions employed in the protocol exhibited a wide range of functional groups
compatibility especially to the carbonyl, nitrile and ester. The method is applicable for both
aryl- and heteroarylboronic acids and produces amino compounds at ambient temperature in
1 h. Furthermore, computational studies utilizing Density Functional Theory (DFT) have

been performed to understand the mechanism of the reaction in depth. To the best of our
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knowledge, it is the first example of using cyanamide as the aminating reagent for ipso
amination of arylboronic acid. Additionally, use of ambident cyanamidyl radical and its
exclusive specificity to utilize the nitrile-N centre towards the arylboronic acids for the
amination to take place is a unique phenomenon and has not been reported so far. The use of

cyanamide radical and its ambidency for other reactions are currently under progress.

Experimental Section

Experimental Details:

General Information

Chemicals and reagents were purchased from commercial suppliers and used without further
purification. Anhydrous acetonitrile obtained from supplier was used for the reactions.
Column chromatography was performed using silica gel 60 (100-200 mesh). NMR spectra
were recorded in CDCl; at operating frequencies of 400 MHz (‘H) or 100 MHz ("°C) as
indicated in the individual spectrum. Chemical shifts (8) are given in ppm relative to
residual solvent (chloroform, &= 7.26 for 'H and 77.16 for proton decoupled *C NMR) and
coupling constants (J) in Hz. Multiplicity is tabulated as s for singlet, d for doublet, t
for triplet, q for quartet, dd for doublet of doublet, dt for doublet of triplet and m for
multiplet.

Preparation21 of Arylcyanamides, 3b, 3d-f

To a solution of cyanogen bromide (5.0 mmol, 1.0 equiv.) in THF/Et,O (12 mL; 3:1
v/v), the primary amines, 2b, 2d-f (8.0 mmol, 1.6 equiv) was added slowly at 0 °C. After
some time, solid amine salt started to separate out. Under this circumstance, the reaction
mixture was stirred at room temperature for 12 h. Then the solvent was evaporated carefully
under reduced pressure and washed with water. After drying it over anhydrous Na,;SOs, the

crude mixture was further purified by a short column chromatography to give the desired
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arylcyanamides. The spectroscopic data for the substrate 3b,”* 3d-e** and 3f* were identical

to those reported in the literature.

General procedure for synthesis of the amino compounds:

To a stirred solution of appropriate boronic acids (2.0 mmol, 1.0 equiv.), PIFA (4.0 mmol,
2.0 equiv.) and NBS (4.0 mmol, 2.0 equiv.) in CH3CN (6 mL), the solution of cyanamide or
arylcyanamides (2.2 mmol, 1.1 equiv.) in CH3CN (8 mL) were added and the mixture was
stirred for 1-2 h. After completion of the reaction (checked by TLC), the solvent was
evaporated under reduced pressure. A solid mass was obtained which was then dissolved to
its optimum extent, in minimum volume of water. The solution was made completely alkaline
with saturated aq. NaOH solution under ice-cold condition and the aq. solution was extracted
with ethyl acetate (5%20 mL). The combined organic phase was washed with distilled water
(3%7 mL) and was dried over anhydrous Na,SO,. After evaporating the solvent, the residue
was purified by column chromatography over silica gel using hexane/EtOAc as eluent to
provide the pure target product.

3-Methylaniline (2a)’: Light yellow liquid (89%, 190.4 mg). "H NMR (400 MHz, CDCl;): &
7.08 (t, J = 7.8 Hz, 1H), 6.62 (d, J = 7.8 Hz, 1H), 6.52-6.54 (m, 2H), 3.54 (s, 2H), 2.30 (s,
3H); °C NMR (100 MHz, CDCls): & 146.2, 139.1, 129.0, 119.5, 116.0, 112.3, 21.8.

Aniline (2b)’: Pale yellow liquid (80%, 148.8 mg). '"H NMR (400 MHz, CDCl5): & 7.19-7.23
(m, 2H), 6.80-6.84 (m, 1H), 6.71-6.73 (m, 2H), 3.58 (s, 2H); °C NMR (100 MHz, CDCl): &
146.3,129.3, 118.3, 115.2.

2-Methylaniline (2¢)’: Pale yellow liquid (86%, 184.0 mg). "H NMR (400 MHz, CDCls): &
7.07-7.10 (m, 2H), 6.76 (t, /= 7.4 Hz, 1H), 6.71 (d, J = 7.8 Hz, 1H), 3.61 (s, br, 2H), 2.20 (s,

3H); >C NMR (100 MHz, CDCL): & 144.9, 131.2, 127.0, 121.8, 118.6, 114.6, 17.4.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Organic Chemistry Page 18 of 24

4-Methylaniline (2d)®: Off-white semi-solid (90%, 192.6 mg). '"H NMR (400 MHz, CDCl;):
8 6.97-6.99 (m, 2H), 6.61-6.64 (m, 2H), 3.39 (s, br, 2H), 2.26 (s, 3H); *C NMR (100 MHz,
CDCls): § 143.9, 129.8, 127.9, 115.3, 20.5.

2-Methoxyaniline (2e)®: Light yellow liquid (88%, 216.5 mg). '"H NMR (400 MHz, CDCls):
§ 6.73-6.83 (m, 4H), 3.86 (s, 3H), 3.69 (s, br, 2H); °C NMR (100 MHz, CDCls): & 147.3,
136.1,121.2,118.2, 115.3, 110.4, 55.4.

4-Methoxyaniline (20)°: Pale off-white solid (91%, 223.9 mg). 'H NMR (400 MHz, CDCl5):
8 6.75 (dd, J = 8.6 Hz, 2.3 Hz, 2H), 6.65 (dd, J = 8.7 Hz, 2.3 Hz, 2H), 3.74 (s, 3H), 3.19 (s,
br, 2H); >C NMR (100 MHz, CDCls): & 152.9, 139.8, 116.5, 114.7, 55.7.

4-cyanoaniline (2g)7: Pale yellowish solid (85%, 200.6 mg). 'H NMR (400 MHz, CDCl5): &
7.40 (dd, J = 8.7 Hz, 1.8 Hz, 2H), 6.64 (dd, J = 8.6 Hz, 2.3 Hz, 2H), 4.17 (s, br, 2H); °C
NMR (100 MHz, CDCLy): § 150.5, 133.9, 120.1, 114.5, 100.1.

Ethyl 4-aminobenzoate (2h)®: Off-white solid (83%, 273.9 mg). 'H NMR (400 MHz,
CDCls): & 7.85 (dd, J = 8.7 Hz, 2.3 Hz, 2H), 6.63 (dd, J = 8.7 Hz, 2.3 Hz, 2H), 4.31 (q, J =
7.3 Hz, 2H), 4.05 (s, br, 2H), 1.35 (t, J = 6.9 Hz, 3H); °C NMR (100 MHz, CDCls): & 166.6,
150.7, 131.6, 120.1, 113.9, 60.1, 14.8.

4-nitroaniline (2i)***: Brown solid (80%, 220.8 mg). '"H NMR (400 MHz, CDCl;):  8.06 (d,
J = 8.7 Hz, 2H), 6.62 (d, J = 9.2 Hz, 2H), 4.39 (s, br, 2H); °C NMR (100 MHz, CDCl;): &
152.4,126.3, 122.0, 113 4.

3-Aminoacetophenone (2j)**": Brownish solid (87%, 234.9 mg). 'H NMR (400 MHz,
CDCls): & 7.24-7.26 (m, 1H), 7.14-7.19 (m, 2H), 6.78-6.81 (m, 1H), 3.66 (s, br, 2H), 2.49 (s,
3H); °C NMR (100 MHz, CDCl3): § 198.9, 146.8, 138.1, 129.5, 119.9, 119.0, 113.8, 26.8.
3-Trifluoromethylaniline (2k)**: Light yellow liquid (71%, 228.6 mg). 'H NMR (400

MHz, CDCLy): 7.15 (t, J = 7.8 Hz, 1H), 6.90 (d, J = 7.8 Hz, 1H), 6.79 (m, 1H), 6.70-6.73 (m,
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1H), 3.72 (s, br, 2H); C NMR (100 MHz, CDCl3): § 146.7, 131.7, 131.5, 131.1, 129.8,
128.3,125.6, 122.9, 118.0, 115.1, 115.0, 111.4, 111.3.

4-Fluoroaniline (21)": Brown liquid (78%, 173.2 mg). "H NMR (400 MHz, CDCL): & 6.83-
6.87 (m, 2H), 6.59-6.63 (m, 2H), 3.45 (s, br, 2H); °C NMR (100 MHz, CDCL): & 157.6,
155.3,142.4,116.2, 116.1, 115.8, 115.6.

4-Bromoaniline (2m)’: Off-white solid (93%, 319.9 mg). 'H NMR (400 MHz, CDCls): &
7.23 (dd, J = 6.8 Hz, 1.8 Hz, 2H), 6.55 (dd, J = 6.4Hz, 2.3 Hz, 2H); *C NMR (100 MHz,
CDCls): 6 145.3, 132.1, 116.8, 110.1.

3,4-Dichloroaniline (2n)***: Grey solid (85%, 275.4 mg). 'H NMR (400 MHz, CDCl;): &
7.16 (d, J = 8.7 Hz, 1H), 6.75 (d, J = 2.8 Hz, 1H), 6.48-6.51 (m, 1H), 3.71 (s, br, 2H); *C
NMR (100 MHz, CDCls): & 146.1, 132.7, 130.6, 121.2, 116.9, 114.9.

1-Aminonapthaline (20)**": Grey solid (79%, 235.4 mg). '"H NMR (400 MHz, CDCls): 7.81-
7.84 (m, 2H), 7.46-7.48 (m, 2H), 7.29-7.35 (m, 2H), 6.80 (d, J = 6.8 Hz, 1H), 4.03 (s, br,
2H); *C NMR (100 MHz, CDCly): & 142.1, 134.4, 128.6, 126.4, 125.9, 124.9, 123.7, 120.8,
119.0, 109.7.

2-Aminopyridine (2p)***: Light yellow solid (77%, 217.1 mg). "H NMR (400 MHz, CDCls):
8.03-8.05 (m, 1H), 7.37-7.46 (m, 1H), 6.59-6.62 (m, 1H), 6.46 (d, J = 8.2 Hz, 1H), 4.52 (s,
br, 2H); *C NMR (100 MHz, CDCls): & 158.2, 148.1, 137.8, 114.0, 108.2.
3-Aminoquinoline (2q)***: Brownish solid (82%, 354.2 mg). '"H NMR (400 MHz, CDCl;): &
8.49 (s, 1H), 7.94-7.96 (m, 1H), 7.55-7.58 (m, 1H), 7.39-7.44 (m, 2H), 7.21 (m, 1H), 3.65 (s,
br, 2H); °C NMR (100 MHz, CDCls): & 143.1, 142.6, 139.9, 129.2, 128.9, 127.0, 125.9,
125.7, 115.1.

4-Aminopyridine (2r)***: White solid (85%, 239.7 mg). 'H NMR (400 MHz, CDCL;): § 8.20
(dd, J = 6.4 Hz, 1.4 Hz, 2H), 6.51 (dd, J = 6.4 Hz, 1.4 Hz, 2H), 4.14 (s, br, 2H); °C NMR

(100 MHz, CDCls): & 152.7, 150.4, 109.7.
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2-Phenylethylamine (25)**: Light brown liquid (89%, 215.4 mg). '"H NMR (400 MHz,
CDCl3): 6 7.28-7.32 (m, 2H), 7.19-7.23 (m, 3H), 2.96 (t, J = 6.9 Hz, 2H), 2.74 (t, /= 6.9 Hz,
2H), 1.24 (s, br, 2H); *C NMR (100 MHz, CDCls): & 139.8, 128.9, 128.4, 126.0, 43.8, 40.0.
Benzylamine (2t)***: Light yellow liquid (84%, 179.8 mg). "H NMR (400 MHz, CDCL): &
7.14-7.27 (m, 5H), 3.77 (s, 2H), 1.43 (s, 2H); °C NMR (100 MHz, CDCly): & 143.2, 128.5,
127.1, 126.8, 46.5.

4- Methylbenzylamine (2u)***: Brownish oil (87%, 210.5 mg). "H NMR (400 MHz, CDCL;):
8 7.16-7.21 (m, 4H), 3.81 (s, 2H), 2.34 (s, 3H), 1.49 (s, 2H); °C NMR (100 MHz, CDCl5): &
140.3, 136.2, 129.1, 127.0, 46.2, 21.0.

Cyclohexylamine (2v)**": Pale yellow liquid (74%, 219.8 mg). "H NMR (400 MHz, CDCl5):
0 2.53-2.60 (m, 1H), 1.74-1.78 (m, 2H), 1.63-1.68 (m, 2H), 1.52-1.57 (m, 1H), 1.34 (s, br,
2H), 0.94-1.26 (m, 6H); *C NMR (100 MHz, CDCl5): & 50.5, 36.9, 25.7, 25.2.

Hexylamine (2w)**": Light brown oil (72%, 218.2 mg). '"H NMR (400 MHz, CDCl;): & 2.64
(t,J=7.3 Hz, 2H), 1.36-1.41 (m, 2H), 1.21-1.31 (m, 6H), 1.16 (s, br, 2H), 0.85 (t, /= 6.9 Hz,
3H); *C NMR (100 MHz, CDCL): & 42.3, 39.9, 31.6, 26.4, 22.7, 14.0.

Quantum Chemical Analysis

Quantum chemical calculations were carried out using Gaussian09 suite'® of programs on a
cluster computer with intel octacore processors. Complete geometry optimizations were
performed on all the structures without any symmetry constraints using B3LYP/6-
311++G(d,p)" levels of quantum chemistry. Vibrational frequencies were computed
analytically for all optimized species on the reaction pathways at the same levels to
characterize them as either minima or transition states.”® Transition states on different
cyclization pathways were characterized to be first order saddle points with one negative
imaginary vibrational mode. The energy values discussed in the manuscript are based on the

free energy (AG) changes.
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