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Nickel/photoredox catalyzed C—N couplings of hydrazine-derived
nucleophiles provide a powerful alternative to Pd-catalyzed methods.
This continuous-flow photochemical protocol, optimized using
design of experiments, achieves these couplings in short residence
times, with high selectivity. A range of (hetero)aryl bromides and
chlorides are compatible and understanding of process stability/
reactor fouling has been discerned.

Since its development over the past 20 years the Buchwald-Hartwig
coupling, which facilitates the coupling of aryl halides with nitro-
gen nucleophiles, is now a staple organic transformation." An
important sub-group of these cross couplings involves the use of
hydrazine and hydrazine-derived nucleophiles. The resulting
arylhydrazines are useful intermediates in numerous heterocycle-
forming reactions, or as onward nucleophiles in their own right.

Palladium-catalyzed cross-couplings of hydrazine® and its
derivatives® have also been a focus of research, but generally
requires the use of specialized phosphine ligands, and an
inorganic base (Scheme 1a). Additional applications of these
Pd-catalyzed protocols include aqueous micellar catalysis, with
a low Pd loading,* and an example conducted in flow, with
short residence time and low temperature.” Similarly, nickel-
catalyzed methods have seen significant recent attention, but
also necessitate specific ligands and inorganic bases.®

The application of nickel/photoredox dual catalysis has, since
its introduction in 2016,” become a commonly studied alternative
for classical palladium- and nickel-catalyzed Buchwald-Hartwig
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couplings in general (Scheme 1b).® This is owing to the use of
cheaper (often bipyridyl-based) ligands and weaker amine bases.
These couplings have benefitted from the development of proto-
cols using a range of photocatalysts® and nitrogen nucleophiles."®
The relatively high reaction efficiencies, rates, and lack of complex
ligands has driven the adaptation to continuous flow processes,"*
including demonstrations on industrially-relevant scale."
Despite the growing interest in developing these photochemical
dual catalytic methodologies there are, to our knowledge, no
published examples involving hydrazine-derived nucleophiles."®
These nucleophiles represent electronically very different species,
compared to other N-nucleophiles studied in photochemical
coupling reactions. This is expected to have a particularly marked
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Scheme 1 (a) Literature precedents of Pd-catalyzed couplings of hydrazine
derivatives with aryl halides. (b) Literature precedents of nickel/photoredox
catalyzed couplings of amines with aryl halides. (c) This work: nickel/photo-
redox catalyzed couplings of tert-butyl carbazate with aryl halides to form
arylhydrazine derivatives.
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impact, since the amine is often proposed to also act as a ligand for
nickel in these coupling procedures.”” Based on our interest in
synthetic organic photochemistry enhanced by improved perfor-
mance and scalability bestowed by continuous flow processing,**
we endeavored to fulfill this unmet need (Scheme 1c).

As a model reaction, 4-bromo trifluorotoluene 1 was used as
the aryl halide coupling partner, to allow straightforward reac-
tion analysis by "°F NMR. The initial batch optimization efforts
targeted hydrazine hydrate as the nucleophile, however, these
experiments resulted in complete selectivity for dehalogenation
of the aryl halide coupling partner, with no coupling observed
in any case (see ESI,i Table S2). This was even observed to be
the case in the absence of photocatalyst, with irradiation at
365 nm, likely due to the formation of a nickel-hydrazine
complex, which absorbs at short wavelengths.”

Upon changing the hydrazine derivative to tert-butyl carba-
zate (NH,NHBoc), a more promising outcome was achieved. It
was observed that two isomers of the desired product were
formed (2a and 2b), alongside the dehalogenation product 1b
(Table 1). An initial optimization campaign was carried out in
batch, in order to determine the optimal catalyst system and
solvent (see ESIL,T Tables S3-S5). Interestingly, it was observed
that the photocatalyst [Ir(dtbbpy)(ppy).]PFs was far superior to
the usually employed [Ir(dF(CF;)ppy).(dtbpy)]PFe.”*>* Further-
more, DMSO appeared to be far superior to other solvents and a
ligand-free protocol was found to be most appropriate.

Flow experiments were carried out using a glass Corning
Advanced-Flow Lab Photo Reactor," which facilitates high light
flux at a range of different LED wavelengths. Furthermore, the
integration of a heat exchange channel allows processing at
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high temperatures. Finally, the reactor has been developed with
scalability in mind, meaning that the methodology developed
here should be scalable to larger versions of this photoreactor
(i.e. G1 and G3).'

Optimization in flow began with irradiation at 450 nm,
where only 27% of the starting aryl halide 1 was consumed
(entry 1). A comparison of irradiation wavelengths revealed
395 nm to be favorable (entry 2), likely due to the higher
absorption by the photocatalyst at this shorter wavelength."”
Lowering the photocatalyst loading to 0.25 mol% significantly
decreased the reaction rate (entry 3), but this was then restored
by increasing the reaction temperature to 80 °C (entry 4). It
should be noted that for temperatures above 40 °C, a pressure
of 6 bar was applied to the reactor (using a Zaiput BPR-10 back
pressure regulator), to ensure that no volatile reaction compo-
nents would vaporize in the process.

Based on this initial knowledge a Design of Experiments
(DoE) study was carried out for detailed optimization of the
reaction conditions. To avoid complete conversion, which
provides limited reaction knowledge, the study was carried
out at 50% of the total light intensity and 10 min residence
time. Six variables were examined: all reagent and catalyst
loadings, alongside temperature and concentration. A total of
19 experiments were performed (16 corner points and 3 center
points), resulting in excellent models for four measured
outputs: starting material 1 (inverse of reaction conversion),
product 2a, both regioisomers 2a + 2b, and dehalogenation side
product 1b. Selected results from this study are presented in
Table 1 (entries 5-9), but complete model details and statistics
are presented in the ESL¥

Table 1 Optimization of nickel/photoredox C—N coupling in flow, including selected entries (5-9) taken from a DoE study (see ESI for full details)

NH,NHBoc (equiv), NiBr,*3H,0 (mol%)
[ir(dtbbpy)(PPY)2IPFs (mol%)

PEEN
1 e T 1b
DBU (equiv), 395 nm LEDs
DMSO (conc), tres, temp
NH,NHBoc Photocatalyst DBU loading  NiBr,-3H,0 Conc.  Residence Temp. 1 2a 2b 1b
Entry loading (equiv.)  loading (mol%) (equiv.) loading (mol%) (M) time (min) (°Q) [%]* [%]* [%]" [%]*
1° 3 0.5 2 5 0.2 20 40 73 20 3 3
2 3 0.5 2 5 0.2 20 40 65 25 5 5
3 3 0.25 2 5 0.2 20 40 76 18 2 4
4 3 0.25 2 5 0.2 20 80 16 64 12 7
5¢ 3 0.3 2.25 5 0.3 10 100 72 22 1 5
6° 2 0.1 1.5 2.5 0.4 10 120 79 16 1 4
7¢ 2 0.5 1.5 7.5 0.4 10 80 83 14 1 2
8¢ 4 0.1 3 2.5 0.2 10 120 76 18 1 5
9¢ 2 0.5 1.5 7.5 0.2 10 120 32 56 2 9
10 2 0.5 1.2 7.5 0.2 10 120 <1 84 8 8
11¢ 2 0.5 1.2 7.5 0.2 10 120 99 <1 <1 1
12° 3 0.5 2 5 0.2 — 35 <1 82 10 8

“ Product ratios were determined by '°F NMR analys1s

batch, using 450 nm LEDs with 20 h reaction time.
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Reaction was 1rrad1ated at 450 nm. “ Reaction was run as part of a DoE study, using only
50% llght intensity, to prevent complete conversion from being reached. ¢ Reaction was performed in the absence of light.

Reaction was run in
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The key findings from this study show that the reaction rate
is strongly dependent on high photocatalyst loading (likely due
to the short path length provided by this reactor) and high
temperature. Conversely to related protocols,”>1? faster reac-
tion was observed with lower concentration. Loading of nickel
catalyst, tert-butyl carbazate and DBU had only minor influ-
ences. These parameter dependencies, and the requirement for
a highly reducing photocatalyst, suggest that the reaction
mechanism may involve the reduction of the aryl halide by
the photocatalyst, rather than direct oxidative addition by the
nickel catalyst, as proposed for similar transformations."®

Based on these findings, a set of reaction conditions were
selected, which provided complete conversion in 10 min resi-
dence time, with only 8% of the dehalogenation side product
1b (entry 10). To ensure that this reaction is not progressing
thermally, a control reaction was performed without light (entry
11), which showed minimal dehalogenation and none of the
desired coupling products. A comparison with batch conditions
is shown (entry 12), which provided similar results, but high-
lights the intensification achieved in flow, by a significant
reduction in reaction time.

Using these conditions, a substrate scope was carried out, to
determine the applicability of this method to other aryl halides
(Scheme 2). Since both N-coupled regioisomers were expected,
the mixture of products was subjected to Boc deprotection (4 M
HCI in dioxane), to furnish a single arylhydrazine product as

395 nm LEDs
120 °C, 10 min
R
X = B VRN VAR VIRY2
orer ’*#’ R'=Boc or H
NH,;NHBoc (2 equiv)
NiBry3H20 (7.5 mol%) HCI
[Ir(dtbbpy)(ppy)2]PFg (0.5 mol%) ® dioxane, rt

DBU (1.2 equiv), DMSO (0.2 M) NaH,
R‘©/ Cci

1, 86% (>99%)
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Scheme 2 Substrate scope of aryl halides using the developed reaction
conditions in flow, followed by Boc deprotection in batch. Yields shown
are that of isolated HCl salt products (2 x HCl for N-heterocycles). Value in
parentheses denotes the conversion of starting material, as observed by
HPLC (vs. internal standard) in the photochemical step. ®Reaction was
performed using a 20 min residence time. °Starting material was used as
the HCl salt, so an additional equivalent of DBU was added to the reaction
mixture. “Product was isolated as the Boc protected intermediate.
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the HCI salt. The model substrate 1 reacted with good selectivity
and its corresponding HCI salt was isolated in 86% yield, in
congruence with the optimization experiments (Table 1,
entry 10).

Other electron-poor aryl bromides (3 and 4) showed excel-
lent reactivity, furnishing their products in high yields (83%
and 95%, respectively). The more challenging p-fluoro substrate
5% required a longer residence time of 20 min to reach a high
level of conversion, providing a moderate yield. Electron-
neutral m-bromotoluene reached only relatively low levels of
conversion (58%, see ESIt), even at 20 min residence time.
Electron-neutral and -rich substrates are known to be challenging
for these methodologies® and would likely require reoptimization
to achieve synthetically useful results.

Our attention then turned toward N-heterocyclic substrates,
where almost complete conversion was achieved in the photo-
catalytic step, despite most substrates (6, 7 and 9) requiring a
20 min residence time. Good yields were achieved for pyridine
substrates 7 and 8, whilst pyrimidine substrate 9 was isolated
as the Boc protected intermediate in relatively low yield, due to
instability of the hydrazine HCI salt. Finally, it was envisaged
that this procedure could also be applied to more challenging
aryl chloride substrates. Gratifyingly, it was found that substrates
3’ and 8’ underwent good conversion in the photochemical step,
allowing isolation of the corresponding arylhydrazine HCI salts
in 66% and 65% yields, respectively.

A selection of other aryl halide substrates were found to be
incompatible with these reaction conditions - most markedly,
ortho-substituted aryl bromides showed almost no reactivity.
This is proposed to be due to the dramatic steric effect on the
nickel catalytic cycle. Furthermore, expanding this procedure to
other hydrazine derivatives (e.g: methylhydrazine and phenylhydra-
zine) showed no significant quantity of the coupling product, only
dehalogenation of the aryl halide substrate (see ESIt for details of
unsuccessful substrates).

In order to further capitalize on the benefits of flow proces-
sing for photochemical transformations, a scale-out experiment
using the model substrate was attempted (Fig. 1). This involved
processing 100 mL of starting material solution (340 min
processing time), using the previously optimized conditions.
In this case, after 80 min, the reaction yield began to decrease
gradually, ending in only 73% conversion at the end of the
process (Fig. 1b). This was found to be due to the formation of
Ni(0) on the inside of the reactor, which blocks the incident
light, hindering reaction progress (see ESIT for a photograph of
the fouled reactor).

Based on previously published mechanistic work,'® it was
proposed that the extent of Ni(0) formation could be limited by
reducing the loading of photocatalyst. However, from the
previous DoE studies, it is clear that this would decrease the
rate of reaction. As a compromise, a lower photocatalyst load-
ing (0.25 mol% instead of 0.5 mol%) was paired with a longer
residence time (20 min instead of 10 min). The reaction was
run for the same length of time and the level of conversion
was maintained (>99%) for 260 min, decreasing to 93% after
340 min (Fig. 1c).
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Fig. 1 Scale-out processing of the developed protocol. Assay yields were
determined by *°F NMR integration. (a) Reaction conditions used. (b) Product
profile over time, using conditions in blue (high photocatalyst loading, short
residence time). (c) Product profile over time, using conditions in red (low
photocatalyst loading, long residence time).

In summary, we present the first nickel/photoredox methodol-
ogy for the formation of arylhydrazine derivatives. This methodol-
ogy was rapidly optimized in continuous flow, using a combination
of one factor at a time and DoE experiments, providing an in-depth
understanding of the influence of each reaction variable. The
optimized conditions were found to be applicable to a range of
aryl halide substrates, including N-heterocycles and some aryl
chlorides. Finally, a scale-out experiment demonstrated the issues
of Ni(0) formation over time, but this could be minimized using
altered reaction conditions for more stable processing.
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