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hydroxy-5-halopyridine provided excellent yields. Selective amination preferably at C-5 in 2-bromo-5-

iodopyridine was achieved under the same conditions. The selective, generally mild and economical
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Introduction

Numerous pyridine-derived compounds, isolated from natural
sources, possess a broad spectrum of therapeutic activity, such
as antibacterial, antiviral, anticancer, antifungal as well as anti-
inflammatory.** Substituted aminopyridines could be used as
a synthetic handle to prepare various heterocyclic cores, such as
pyridopyrimidine, imidazopyridine, triazolopyridine and qui-
nazoline, which are of great significance for modifying the
biological function of various, already known, drug-like mole-
cules (Fig. 1).> The formation of C-N bonds has been of great
interest as a method to introduce nitrogen and subsequently
derivatize molecules. Ever since the first report of the intro-
duction of C-N bonds by Ullmann and Goldberg,* there has
been substantial improvement upon the reported process
through usage of metal complexes comprising various ligands.
The efficient N-arylation of aryl halides catalyzed by palladium
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Fig. 1 Biologically active agents containing the 2,5-disubstituted
pyridine moiety.
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coupling reaction at C-5 position described herein could be achieved with amines, heterocycles and

(Pd) and copper (Cu) has been developed independently by
Buchwald and Hartwig using suitable diamine or phosphine
ligands.>® However, there are still limitations to the existing
methods. Most of the studies related to C-N bond formation
have been reported on halobenzene or substituted hal-
obenzene.”® The selective and efficient synthesis of amino-
pyridines containing unprotected amino, hydroxyl or bromo
groups at the C-2 position is still challenging, thus limiting its
scope for various substrates.*

2-Amino-, 2-hydroxy- or 2-bromo-5-iodopyridine offers an
interesting model to study C-N bond formation. The C-5 posi-
tion of 2-aminopyridine is more electron-rich, thus C-X bond
polarization is not sufficient to attain the usual SyAr reaction. At
the C-2 position, the compounds have an unprotected -NH,/-
OH or bromo group, which makes C-N bond formation at the
C-5 position very challenging. In the literature, there are reports
of such transformations where the -NH, group was first alky-
lated or protected with a Boc group and after obtaining the low
yielding C-N bond formation the protection group was subse-
quently deprotected.” For the transformation of 2-hydroxypyr-
idine derivatives, either the hydroxyl group or the nitrogen of
pyridine was first protected with a benzyl group and subse-
quently, at a later stage, a deprotection step was carried out.™
Protection-deprotection chemistry not only increases the
number of steps but also generates undesirable by-products.
Selective amination at the C-5 position of 2,5-dihalopyridine is
still regarded as a non-trivial synthetic challenge. We have
established that by changing the reactivity of the carbon-halo
bond at C-5, selective amination could be achieved at either the
C-2 or C-5 position of 2,5-dihalopyridine. Herein, we report
a systematic study of Pd- and Cu-catalyzed 1,2-diol aryl amina-
tion at the C-5 position of 2-amino-5-halopyridine and there-
after extended the study to 2-hydroxy-5-halopyridine and
2-bromo-5-iodopyridine to develop a highly selective, opera-
tionally simple, high yielding and economically attractive

This journal is © The Royal Society of Chemistry 2017
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method. This approach has several advantages as it not only
eliminates the use of a phosphine ligand and expensive organic
reagents but also unnecessary derivatization and its subsequent
generation of waste by-products.

Results and discussion

The present study is based on our on-going research towards
the development of efficient scalable methodology used for
library synthesis of various privileged scaffolds containing
substituted aminopyridines. We aimed to study Pd- or
Cu-catalyzed reactions to form C-N bond in these systems.** To
check the efficiency of various Pd-catalysts, ligands and bases in
the amination reaction at the C-5 position of 2-aminopyridine,
a prototype reaction was set-up using 2-amino-5-iodopyridine
and morpholine with Pd,(dba); (10 mol%) used as the catalyst
and BINAP (20 mol%) as the ligand in THF/toluene at 110 °C.
The reaction did not proceed at all even after 24 h. Furthermore,
changing from conventional heating to microwave conditions
did not yield the expected product either. Next, we screened the
effect of bulky monodentate/bidentate phosphine ligands and
bulky bases. The reaction proceeded with high yield only when
LiHMDS was used as the base along with Pd,(dba); and XPhos
used as the catalyst and ligand, respectively.’ We tried to
change the catalyst from Pd,(dba); to Pd(dppf)Cl, or Pd(OAc),
keeping the other conditions unchanged, but the reaction
either did not proceed or yielded the product in trace amount.
The reaction with other bases such as NaO‘Bu, Cs,CO; or
K,CO;3, in place of LIHMDS, did not proceed barring a few cases
that yielded the product in trace amounts. The use of LIHMDS
with Pd,(dba); seems to be the pivotal factor in the Pd-catalyzed
C-N bond formation (Table 1). The disadvantages associated
with the above Buchwald conditions depict the highly specific
usage of a bulky base along with a definite catalyst-ligand

Table 1 Optimization of 2-amino-5-iodopyridine using Pd(dba)z

C N

NN . _
| Pd,(dba)s, ligand, base | P

N NH N NH,
2 Solvent, 110 °C 2

Seal tube or MW

Entry  Ligand (15 mol%)  Base Solvent  Yield®

1 BINAP Na‘OBu THF? No product®
2 XantPhos Na‘OBu THF No product
3 DavePhos Na‘OBu THF No product
4 XPhos LiHMDS THF 78%

5 XpPhos Na’'OBu THF” Trace

6 XPhos Na‘OBu/LiBr ~ THF <10%

7 XantPhos LiHMDS THF 28%

8 BINAP LiHMDS THF No product
9 DavePhos LiHMDS THF No product

“ Isolated yield. » Microwave (50 W) at 100 °C in toluene for 1 h. ° K,CO;
and Cs,CO; was used instead of Na‘OBu. The reaction was performed on
a 0.5 mmol scale, 3.0 equiv. of base, 10 mol% Pd,(dba); and 20-30 mol%
ligand.
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Table 2 Optimization of reaction conditions used to couple 2-amino-
5-iodopyridine with morpholine

H
N o™
! X [ j k/N X
‘ o~ ' Cul ligand, base |

= pZ

N™ "NH, N~ "NH,
2-propanol, 110 °C

Entry  Ligand (20 mol%) Base Time  Yield*

1 Ethylene glycol K;PO, 10 h 87%"”

2 Ethylene glycol K,CO3 12 h 80%

3 Ethylene glycol Cs,CO; 12 h 85%

4 cis-1,2-Cyclohexanediol K;PO, 36 h 74%

5 trans-1,2-Cyclohexanediol K;3PO, 36 h 72%

6 2-Methoxyethanol K;PO, 48 h 63%

7 1,3-Propandiol K;PO, 48 h No product
8 Glucose K;PO, 24 h No product
9 Ethylene diamine K;PO, 24 h No product
10 N,N-Dimethylethane-1 K;PO, 24 h No product

,2-diamine

11 L-Proline K;PO, 48 h 55%

12 4-Hydro-L-proline K;PO, 48h Trace

13 N-Hydroxy succinimide K;PO, 48 h No product
14 No ligand K;PO, 48 h No product

“ Isolated yield. ® +BuOH as solvent showed same yield. Reaction
performed in 0.5 mmol scale, 10 mol% Cul, 3.0 equiv. of base,
10 mol% ligand in seal tube.

combination for the reaction to proceed in high yield. The
oxophilicity associated with phosphine ligand, high cost as well
as air sensitivity of palladium catalysts and operational diffi-
culty associated with LIHMDS prompted us to explore the Cu-
catalyzed Ullmann reaction conditions (Table 2).

We initiated our study using inexpensive Cul as the catalyst.
We decided to evaluate the effect of N,N-bidentate, O,0-biden-
tate and N,O-bidentate ligands. The C-N bond formation was
favored with 1,2-diol ligands such as ethylene glycol, cis-1,2-
cyclohexanediol and trans-1,2-cyclohexanediol. Although cis-
1,2-cyclohexanediol and trans-1,2-cyclohexanediol provided

Table 3 The effect of the Cu() and Cu(i) catalysts on the coupling of
2-amino-5-iodopyridine with morpholine

)
‘ N Cu salt, ligand, base m
— e

N NH, @ —————— > N NH,
2-propanol, 110 °C

Entry Cu salt Time Yield®
1 Cul 10h 87%
2 Cu,0 36 h 74%
3 CuO 36 h 70%
4 CuBr 14 h 82%
5 Cu(OAc), 24 h 72%

“ Isolated yield. 10 mol% Cul, 3.0 equiv. of base, 10 mol% ligand in
sealed tube.
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Table 4 The reaction of 2-amino/hydroxy-5-iodopyridine with
amines, amides and heterocycles

N Re
NN R Ry RN
| Cul, ethylene glycol 1 \
N7 X K3PO4 N7 X
X =NH,, OH 2-propanol, 110 °C X=NH,, OH
Entry Product Time Yield”
o
LN
1 [ 10 h 87%
1 ONTONH,
ch\N/\
2 LN S 10 h 92%
2 N7 ONH,
BOC\N/\
3 LN 5 10 h 85%
3 NN,
4 S HN \‘/ NH, 14 h 72%
4
HaC\lO\ A NH,
5 AT 12 h 86%
5 H
N
N
6 “m 8h 85%
6 N7 NH,
-
7 N i N 10 h 82%
7 7 NH,
8 £ ZN = 8h 88%
x \ 7 —NH,
s N
ol -
9 HNQNHZ 12 h 76%
9
-
10 I N Sh 80%
10 N/ NHy
O
11 ©T:<N = 12 h 70%
N\ 7—NH,
1 N
o
12 KN B 10 h 82%
12 N”OH
BOC\N/\l
13 LN 5 10 h 80%
13 N/ OH
14 C H‘NOOH 14 h 78%
14 N
15 ﬁ 8h 91%
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Table 4 (Contd.)
H R
N .z
NP R Ry NN
| _ Cul, ethylene glycol 1 \
NT X KsPO4 N7 X
X =NH,, OH 2-propanol, 110 °C X=NH,, OH
Entry Product Time Yield”
16 f ZNO 8h 92%
x \ /—OH
16 N
P
17 4 m 8h 84%
47 N on

“ Isolated yield. 10 mol% Cul, 3.0 equiv. of KzPO,, 10 mol% ligand,
0.5 mmol scale in seal tube. The reactions with 2-amino/hydroxy-5-
bromopyridine yielded ~10% less products along with unreacted
starting material after 24 h.

good yields, the time taken for the completion of the reactions
was 36 h. It is worth mentioning that 2-methoxyethanol, where
one of the hydroxyl groups of ethylene glycol is protected with
a methyl group, provided the expected product with 63% yield
along with the recovery of starting material after 48 h. The
reaction proceeded efficiently using Cul as the catalyst and
ethylene glycol as the ligand in ¢-butanol or 2-propanol at 110 °C
with an 87% isolated yield after 10 h. The use of inexpensive and
readily available ethylene glycol is pivotal as propylene glycol,
which is a 1,3-diol, failed to provide any product. Furthermore,
no product was observed in the absence of ethylene glycol.
Thus, we could assume that the 1,2-diol ligand plays an
important role in accelerating the rate of the Cu-salt catalyzed
C-N bond formation reaction when compared to 1,3-diol. This
could be attributed to ethylene glycol being more effective in
stabilizing the copper complex. Interestingly, among all the
other ligands used, only 1-proline gave 55% yield of the expected
product. The reactions with 2-amino-5-bromopyridine and
various amines yielded ~10% less products (Table 4).

Next, we intended to establish a generalized protocol for C-N
bond formation using both Cu(i) and Cu(u) salts (Table 3).
Accordingly we studied the role of Cul, CuBr,, Cu,0, CuO and
Cu(OAc),. Interestingly, the reaction could be performed readily
with both oxidation states of the copper salts with high yields.
With respect to the reaction yield and reaction time, Cu(r) was
found to be the best choice, while the other copper salts gave
lower yields with longer reaction times.

To explore the generality of the method, a wide variety of
substrates were subjected to the standardized Ullmann reaction
conditions using 2-amino-5-iodopyridine and 2-hydroxy-5-
iodopyridine (Table 4). The substrates include primary
amines, aliphatic cyclic amines, heterocycles, aliphatic amides,
cyclic amides and aromatic amides. The reaction with aliphatic
cyclic amines (entries 1-3, 12, 13) provided the expected product
in excellent yield. It is noteworthy to mention that the reaction

This journal is © The Royal Society of Chemistry 2017
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conditions could be tolerated by the susceptible-Boc group
(entry 3, 13). The reaction was performed on 5.0 g scale with
85% yield. The reaction with primary amines, containing
benzylic amines (entry 4, 14) and cycloalkyl amine (entry 5),
readily yielded the product in 72%, 78% and 86% respectively.
N-Aryl imidazole," N-arylindole'® and N-arylamide'” motifs are
prevalent structural elements present in numerous natural
products, drugs and energetic materials. The reaction with
different heterocycles such as imidazole (entry 6, 15), pyrazole
(entry 7) and indole (entry 8, 16) efficiently yielded the expected
amination reaction at the C-5 position. The reaction with indole
provided exclusively the N-aryl product and no traces of the C-
aryl product were obtained.*® The reaction with aliphatic amide
(entry 9), cyclic amides (entry 10, 17) and aromatic amide (entry
11) also provided the expected products. The amination reac-
tion between 2-amino-5-iodopyridine and 2-hydroxy-5-
iodopyridine provided comparable chemical yields. We inser-
ted differential protecting groups (entry 3, 13) to depict the
robustness of the methodology and for further strategic
manipulation and derivatization.

Encouraged by these results, we further explored the selec-
tive nature of the protocol in dihalopyridines. It has been re-
ported that 2-5-dibromopyridine exclusively delivers amination
at the C-2 position via Ullmann reaction conditions."” On the
contrary, we have found that on changing the reactivity of the
carbon-halo bond, the amination product could be reversed.
2-Bromo-5-iodopyridine, when subjected to the standardized

Table 5 The substrate scope of the reaction of 2-bromo-5-iodo-
pyridine with amines, amide and heterocycles

| N R "Ry R(N A
| Cul, ethylene glycol | _
N~ Br K3PO4 N~ “Br
—_—
2-propanol, 110 °C
Entry Amine Product Time Yield®
/N H3C‘N
H,C-N  NH
/ N
1 ~ m 6h 85%
18 N7 B
/ A\ Boc.
Boc—N  NH N
2 — N N 4h 80%
19 N e
N N
N =
3 [N> ¥ S 4h 91%”
H P
20 N er
4 EZ EZ = 4h 72%”
W N N@\Br 0
21 N
Qe CA A~
5 I CL 6h 84%
o 22 N7 TBr

“ Isolated yield. Reaction performed in 0.5 mmol scale, 15 mol% Cul,
3.0 equiv. of K3PO, and 10 mol% ethylene glycol in a sealed tube.
b About 5-8% of the 2-amination product was observed.

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances
trrocH3 /C(/N
I SN
BOC‘N/H HFIP, 70 °C, 12h Boc/N\) 24 ©
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. SN N, /@f&Br NN YV
Q
N
H3CO o’\© Boc” \)
23
L= >
25

NaHCOg, acetone, reflux

Scheme 1 Application in the synthesis of biologically active cores.

reaction conditions (Table 5) with aliphatic amines (entry 1, 2),
heterocycles (entry 3, 4) and amides (entry 5), provided amina-
tion at the C-5 position with excellent chemoselectivity and high
chemical yield. In case of 2-bromo-5-iodopyridine, the amina-
tion occurs at the more reactive C-I bond resulting in selective
amination at C-5 position. We also extended the methodology to
the synthesis of privileged scaffolds, such as imidazopyridine*®
and pyridopyrimidine' as shown in Scheme 1.

Conclusions

In summary, we have achieved a copper-catalyzed ethylene
glycol promoted amination of 2-amino/2-hydroxy/2-bromo-5-
halopyridine containing unprotected functional groups. The
robustness of the protocol was evident from the fact that various
primary amines, aliphatic cyclic amines, heterocycles, and
amides were coupled with excellent yield and selectivity. We
have established that selective amination preferably at the C-5
position could be achieved in 2,5-dihalopyridines. On
changing the reactivity of the carbon-halo bond at the C-5
position, the amination product could be reversed. This oper-
ationally simple and economically attractive protection free
protocol not only reduces the number of steps and undesirable
by-products but also eliminates the use of phosphine ligands
and expensive Pd catalysts. The protocol was applied to the
synthesis of privileged scaffolds such as imidazopyridine and
pyridopyrimidine.
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