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Mild and Rapid Pd-Catalyzed Cross-Coupling with Hydrazine in
Continuous Flow: Application to the Synthesis of Functionalized

Heterocycles**

Andrew DeAngelis, Dong-Hui Wang, and Stephen L. Buchwald*

Functionalized arylhydrazines are of widespread importance
as intermediates in the syntheses of nitrogen-containing
heterocycles.!! In this regard, indoles,? arylpyrazoles/pyr-
azolones, ¥ and aryltriazoles,") among othersV can be
efficiently generated from arylhydrazines. These heterocyclic
motifs are prevalent structural elements in numerous com-
pounds of significant biological/medicinal value.”) Among
current strategies to generate arylhydrazines, nucleophilic
aromatic substitution to an aryl halide (ArX)! or diazotiza-
tion of an aniline followed by reduction of the diazonium
salt”! have long been preparative methods of choice [Eq. (1)].
However, the former method typically requires an arene
activated by electron-withdrawing groups, while the diazoti-
zation/reduction sequence is redox-exhaustive and involves
the generation of unstable diazonium intermediates.

N NH; 1) Diazotization o NHNH;  HNNH, N X
RL - RE ~ RE €
= 2) Reduction = A =
SNAT

Modern cross-coupling technology has provided chemists
with powerful tools to construct carbon—nitrogen bonds,® and
thus presents an alternative method of synthesizing aryl
hydrazines.”! Accordingly, several such cross-coupling strat-
egies have been reported utilizing hydrazine equivalents'”!
such as benzophenone hydrazone [Eq. (2)].'%*1 The only
example of direct C—N cross-coupling with hydrazine was
recently reported by Stradiotto et al.l''! While this method
represented a notable advance, the reactions were set up in
a nitrogen-filled glovebox and required relatively high
catalyst loading (3-10 mol % Pd). More importantly, signifi-
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cant safety issues exist with the use of hydrazine in the
presence of transition metals, particularly with heating; many
metal-hydrazine complexes are known to be powerful
explosives.' We have recently demonstrated the feasibility
of C—N cross-coupling reactions in continuous flow,!* and
this strategy represents an attractive solution to minimizing
the hazards associated with hydrazine/transition metal mix-
tures.'** Described herein is a mild and potentially scalable
method for the direct cross-coupling of aryl chlorides with
hydrazine through the use of continuous flow technology
[Eqg. (3)], and the application of this technology to the rapid
construction of a range of heterocyclic scaffolds.
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We began our investigation by carrying out several small-
scale (<0.20 mmol) batch experiments to identify suitable
reaction conditions; the cross-coupling reaction of 4-chloro-
toluene and a commercially available 1.0Mm solution of
hydrazine in THF (2.0 equiv) was selected for optimization
(Table 1). A screen of precatalysts'® revealed fBuXPhos (L2)
and BrettPhos (L3) as efficient ligands in promoting the
desired monoarylation of hydrazine with 3 mol% catalyst
loading at 60°C for 1h. Under these conditions, 4-tolyl-
hydrazine 1 was formed in high yield with high selectivity over
diarylated products 2 and 3 (entries 2-4).'7181 We subse-
quently found that the BrettPhos-based catalyst was
extremely active as it provided 1 in 84% yield with
1.2 equiv of hydrazine at room temperature in only 3 min,
albeit with slightly decreased selectivity over diarylation
(entry 6). Interestingly, the effect of the stoichiometry of
hydrazine on the selectivity over diarylation was not dramatic.
While a ratio of 96:2:2 of 1:2:3 was observed with 2.0 equiv of
hydrazine at room temperature (entry 10), good selectivity
(92:5:3) for arylation of the more nucleophilic hydrazine was
still achieved using only 1.2 equiv (entry 6). Further studies
were conducted using 1.6 equiv (entry 8), as slightly better
selectivity (95:2.5:2.5) was observed compared to using less
hydrazine (entries 6 and 7), while increasing the amount of
hydrazine provided no significant advantage (entries 9 and
10).

1) Cross-coupling
—_—

2) H*/H,0

Cross-coupling
—_—
Flow reactor
(This work)
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Table 1: Optimization of reaction conditions.!

al H,NNH,P! (x equiv) NHNH, ©
Precat. (1 — 3 mol%)
NaO?Bu (1 2 equiv) © /©/
Me THF, RT, 3 min /©/
Me 3
Entry Precat. HZNNHZ“’] Yield of Ratio
[mol %] [equiv] 1[9%]9 (1:2:3)
14 4 (3) 2.0 40 100:0:0
2 5 (3) 2.0 90 95:2.5:2.5
3 6 (3) 2.0 87 97:1.5:1.5
44 7 (3) 2.0 92 95:3:2
5 5(1) 1.2 24 100:0:0
6 7(1) 1.2 84 92:5:3
7 7() 1.4 86 92:4.5:3.5
8 7(1) 1.6 87 95:2.5:2.5
9lel 7 (1) 1.8 89 95:2.5:2.5
10% 7() 2.0 89 96:2:2

[a] Reaction conditions: 4-chlorotoluene (0.2 mmol), hydrazine (x equiv),
precatalyst (x mol %), NaOtBu (1.2 equiv), THF (0.3 m). [b] 1.0m
solution in THF. [c] Determined by "H NMR analysis of the crude
reaction mixture using trimethoxybenzene as an internal standard. See
Supporting Information for additional attempts and complete details.
[d] Run for 60 min at 60°C. [e] Run for 10 min at RT (see Supporting
Information for details).

Ligands:

O OMe
PR, MeO l PCy,
iPr g iPr iPr ! iPr

iPr iPr
L1 (R = Cy, XPhos) L
L2 (R = {Bu, tBuXPhos) 3 (BrettPhos)

Precatalysts:

Pd—L Pd’
O OMs L3’ ¢
4:L=XPhos (L1) 7

5: L =tBuXPhos (L2)
6 : L = BrettPhos (L3)

We next turned our attention to developing a continuous
flow process based on our batch-optimized reaction condi-
tions. To this end, a microfluidic system was assembled as
shown in Figure 1. Our group recently demonstrated that
clogging issues resulting from solid formation associated with
aryl amination reactions can be addressed by ultrasonication
in flow,”® and a similar system for hydrazine arylation was
implemented. Additionally, we decided to trap the aryl-
hydrazine intermediates as benzaldehyde hydrazones to
Precat.

7

H,NNH, PhCHO

tr =5.75min

@ :@ R1 @: _R2 | 8a

ACI NaOtBu 30'2;:?;'0” aq TFA Oil bath 87 %
Key: )
Y @ Syringe pump tr  Residence time PFA Tubing
Reactor
F Tee-mixer ——»  Flow directon R1,R2 Reactor 1,2

Figure 1. Experimental setup for continuous flow hydrazine arylation/
hydrazone formation.?"! TFA=trifluoroacetic acid.

Angew. Chem. Int. Ed. 2013, 52, 34343437

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
imemationalediion . CEIMIE

avoid the isolation and storage of sensitive arylhydrazines."”!

Thus, THF solutions of precatalyst 7, ArCl, hydrazine, and
NaOrBu were consecutively merged and introduced into R1
(submerged in a sonication bath) with a residence time () of
3 min at room temperature. Upon exiting R1, the reaction
mixture was met with a stream of aqueous TFA which served
a dual purpose: a) it dissolved solid NaCl formed following
the cross-coupling reaction, and b) it acidified the reaction
mixture to catalyze the hydrazone formation. The reaction
mixture was finally merged with a solution of benzaldehyde
and introduced into R2, which was submerged in an oil bath at
60°C. Following fraction collection and offline workup and
purification, hydrazone 8a was isolated in 87 % yield.

The scope of this transformation was then explored, and
the results are summarized in Table 2. Good to excellent
yields (59-95%) were obtained across a broad array of

Table 2: Continuous flow Pd-catalyzed cross-coupling of aryl chlorides

with hydrazine/hydrazone formation.?!
H,oNNH; (1.6 equiv)

I Precat. (1 mol%) NHNH, aq TFA H
N NaOt-Bu (1.2 equiv) W N N‘Né\ Ph
RT ~| R |
Z THF,RT, 1.5 -6 min % 60°C,6min XX 8

N~
o Q
Me 8a 8c

tBuO,C 8b
87 % z 7% 59 %
tr =3 min tr =1.5min tr=1.5min
(5 mol% Pd)
H
Me0\©/N\ al
8d C 8e \©/ 8f
91 %
tr =3 min tR—‘lSmln tR‘15mln
n- Hex
HN V©/
8gld \©/ 8h
90 % 69% 95 %
tr =3 min tr =3 min tr = 3 min
K i
= ~
Ph" N N"Ph N"Ph
A 8j 8kl
76% Fac0 87 %
tr = 3 min tr = 6 min
H (2.5 mol% Pd)
= N n I~
N~ "Ph ~r NN pn
N | _
N 8l N om
i 74.%
fr =6 min tr = 3 min

(45°C, 5 mol% Pd) (45 °C, 5 mol% Pd)

[a] Yields of isolated products on a 1.0 mmol scale (average of two runs).
[b] 2.0 Equiv of hydrazine used. [c] Hydrazone formation performed
offline in a batch reactor due to the insolubility of the ArNHNH,- TFA salt.

substrates. Both electron-neutral and electron-deficient aryl
chlorides were coupled efficiently with 1 mol% catalyst
loading and short reaction times (1.5-6 min). 1-Chloro-4-
trifluoromethoxybenzene as well as electron-rich 4-chloro-
anisole could also be productively coupled, albeit with higher
catalyst loadings (Table 2, entries 8¢, 8k). Several functional
groups were well tolerated including tert-butyl ester (8b),
OCF; (8k), CF; (8e), halogen (8f), pyrrole (8g), primary
alcohol (8i), as well as free N—H-bearing functional groups
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such as an aniline (8h) or amide (8j). Reactions with
heterocyclic aryl chlorides such as 6-chloroquinoline and 3-
chloropyridine (81, 8m) were also successful with 5 mol %
catalyst loading and a slightly elevated temperature (45°C).”"!

An additional advantage of continuous flow technology is
the ability to integrate multistep syntheses into a single
operation.*! Given the synthetic utility of arylhydrazines, we
sought to develop tandem flow processes for the direct
formation of interesting heterocycles. By introducing readily
available B-diketones into the system following hydrazine
arylation and subsequent acidification, cyclocondensation
cleanly took place to furnish aryl pyrazole derivatives 9 in
good to high yield over two steps (Table 3).??2l The amount

Table 3: Continuous flow synthesis of aryl pyrazoles via cross-coupling of
aryl chlorides with hydrazine.!

RZ
H,oNNH, (1.2 equiv) aq TFA
cl Precat. (1 mol%) NHNH, B-diketone )
X, NaOtBu (1.2 equiv) (1.4 equiv) NN
R - 7; _(dea) - }
Z THF,RT, 1.5 -6 min Z 60 °C, 6 min
- 0
N-N ¢ N 9c
9b[b d o
9a 82%
Me 89 % 79% 80 %l
tr =3 min tg = 6 min tg = 1.5 min
@1 (94:6)
Ph Me
9d 9e /©/
72% Faco 78 % tBuO,C of
tr = 1.5 min tr =6 min _71 %
(96:4) 2.5% Pd tr =1.5min
(94:6)
Me Me

h\ Me
2~—Me =
N-N Zl/g\Me

[ 9g /©/ N
MeO 69 % N 9hld!
tr=1.5min Q/ 78 %

5% Pd tr =3 min

[a] Yields of isolated products on a 1.0 mmol scale (average of two runs).
Numbers in parenthesis refer to the regioisomer ratios as determined by
GC analysis of the crude reaction mixtures. [b] Pyrazole formation was
more conveniently performed offline in a batch reactor due to longer
required residence time. Pyrazole formation was run for 18 min.

[c] Isolated as a mixture of regioisomers; 9b is the major regioisomer.
[d] Second step performed offline in a batch reactor due to the
insolubility of the ArNHNH,-TFA salt. [e] Yield of isolated product on

a 5.0 mmol scale (average of 2 runs).

of hydrazine used was reduced to 1.2 equivalents so as to not
consume a large quantity of diketone by the formation of
undesired N—H pyrazole side product. Unsymmetrically
substituted diketones, which can often give rise to mixtures
of regioisomers,®! were efficient reaction partners providing
aryl pyrazoles with high regioselectivity (entries 9c—e). The
exception was in the formation of 9b, which was formed in
good yield (79%) but modest regioselectivity (3:1). The
formation of compound 9b also demonstrates the tolerance of
ortho-substitution in the cross-coupling reaction. To demon-
strate the potential scalability of this process, the reaction to
generate 9¢ was performed on a 5 mmol scale: on this scale,
the product was obtained in 80 % yield.
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Table 4: Tandem hydrazine arylation/heterocycle synthesis."!

2
H,NNH, (1.2 equiv) i

Precat. (1 mol%_) NHNH, R3 X0 (1.5 equiv)

NaO¢Bu (1.2 equiv) aq TFA, EtOH
TS — > ! ToEon fm i 10-11

R _J THF, RT, 15-6min |R1TT__ 125 °C, time (£2)
(flow reactor) (batch reactor)
OMe
@C\Q
\ eO u
84 % 74 %
1ga[b] tr1 =3 min tr1=1.5min
t2 =10 min t2 =6 min
Me
Hex(H)N
N 9 : 0
65 % 92 % 67 %
10d™

tr1=1.5min tr1 =3 min tr1 =3 min
t2 = 8 min t2 =30 min t2 =15 min

[a] Yields of isolated products on a 1.0 mmol scale (average of two runs).
[b] p-Toluenesulfonic acid (p-TsOH) used. [c] 1.2 Equiv of 3,4-dihydro-
2H-pyran used.

Indoles 10 as well as pyrazolone 11 could also be
generated in multistep sequences (Table 4). Thus, following
the acidification of the crude aryl hydrazine and introduction
of a carbonyl compound (or equivalent), the crude reaction
mixture was collected into a batch reactor and heated to
125°C;P! these reactions were complete in 6-30 min. Good
yields over two steps of 23-disubstituted indoles were
achieved using 2-chlorophenylacetone (entry 10a) and cyclo-
hexanone (entries 10b and 10¢), as well with as 3,4-dihydro-
3H-pyran to form 2-unsubstituted indole 10d.**! Cyclocon-
densation was also successful with ethyl isobutyrylacetate to
give aryl pyrazolone 11 in 67 % yield.

To demonstrate the competency of N-aryl benzaldehyde
hydrazones 8 as arylhydrazine equivalents, 8¢, 8 f, and 81 were
treated with fB-dicarbonyl compounds in the presence of
aqueous acid (Table 5). The hydrazones smoothly underwent
an in situ hydrolysis/cyclocondensation sequence to furnish
N-aryl pyrazole products 9g and 12a-12b with excellent
yields (94-97%).

In summary, a highly efficient and chemoselective method
for the construction of arylhydrazines via a C—N cross-

Table 5: Use of N-aryl benzaldehyde hydrazones as arylhydrazine
equivalents in aryl pyrazole synthesis.*"
R3
2

H o o R
RIAN. aqHBF; ﬁ%& ,
2 | N Ph + RZMRZ —_— R\/ N. 7R
\ RO THF,70°C,3h (%) N
(2 equiv) A
Me Me Me Me

12a 12b
MeO 96 % N 97 %

[a] Hydrazone (1 equiv), B-diketone (2.0 equiv), HBF, (10 equiv), THF
(0.17m), 70°C, 3 h. [b] Yields of isolated products on a 0.50 mmol scale
(average of two runs).

94 %
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coupling reaction featuring a broad scope of aryl/heteroaryl
chlorides has been developed. By taking advantage of the
benefits of continuous flow, the hazards associated with the
use of hydrazine in the presence of transition metals have
been decreased, providing a convenient and potentially
scalable cross-coupling method to access aryl/heteroaryl-
hydrazines. Furthermore, the cross-coupling reactions are
exceptionally rapid as they are complete in minutes at or
slightly above room temperature. Multistep processes for the
direct conversion of arylhydrazine intermediates into N-aryl
pyrazoles and indoles have also been described.
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