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ABSTRACT: The development of a photochemical bromination/alkylation sequence as part of a continuous process for the
synthesis of an intermediate en route to AMG 423 is discussed. Highlights of this continuous process include a signiﬁcant reduction
in reaction time and the elimination of aqueous waste streams. Also discussed are mechanistic and kinetic studies oﬀering insights
into notable features of the photochemical bromination.
KEYWORDS: photochemistry, Wohl−Ziegler, kinetics, photobromination, continuous manufacturing

■

INTRODUCTION
The Wohl−Ziegler reaction has been a staple in organic
synthesis over the last century for the allylic and benzylic
bromination of compounds.1 Our group has recently reported
on the optimization and kinetic studies that have allowed for
the successful implementation of this reaction on the
manufacturing scale as part of the process for the production
of AMG 423.2,3 In order to facilitate further streamlining and
the optimization of the process, we sought to develop a
second-generation route utilizing a photochemical bromination
as part of a fully telescoped continuous process for the
conversion of ﬂuoro-nitrotoluene (FNT) 1 to piperazine
nitrotoluene hydrochloride salt (PIPN HCl) 4, as shown in
Scheme 1. We believe that this would oﬀer process

We were inspired to take this approach by the elegant work
reported by numerous research groups in the past decade for
conducting the Wohl−Ziegler reaction using readily available
and light-emitting diodes (LEDs) or compact ﬂuorescent
lamps (CFLs), thus eliminating the need for using harsh
ultraviolet (UV) lamps or chemical initiators in this reaction.4,5
Other important considerations for successfully implementing
this type of reaction in a continuous ﬂow setup have also been
reported in the literature.6

■

Scheme 1. Current Batch Process of the Production of
PIPN HCl (Top) and the Proposed Second-Generation
Approach (Bottom)
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improvements in several areas including (1) the removal of
the need for benzoyl peroxide as the chemical initiator, which
was responsible for low-level impurities in the batch process,
(2) the elimination of all aqueous workups to streamline the
process and minimize waste output, and (3) allow for
improved reaction times with regard to the bromination.
© 2022 American Chemical Society

RESULTS AND DISCUSSION

Bromination Optimization. We began our reaction
development for the bromination of 1 by examining several
reaction parameters, as highlighted in Table 1. Acetonitrile was
identiﬁed as a promising reaction solvent, as demonstrated by
previous reports,4a,b oﬀering good solubility for N-bromosuccinimide (NBS) as well as being a water-miscible solvent to
allow for direct isolation by the addition of aqueous acid at the
end of the process. NBS was explored as the most preferred
brominating reagent, given its use in the existing process.
Reaction screening was conducted using a commercially
available microphotochemical reactor kit.7
We were pleased to ﬁnd that under our initial conditions
tested (Table 1, entries 1−3), good conversion of 1 to
monobromide (FNB) 2 and dibromide (FNBr2) 3 was
observed in approximately 6 h, resulting in an end of reaction
composition that was very comparable to the chemically
initiated bromination process. Given our aim of developing a
continuous ﬂow process, we then sought to further develop the
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Table 1. Optimization of Conditions for the Bromination of 1

entry

solvent (0.530 M)

brominating reagent
(equiv)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

CH3CN
CH3CN
CH3CN
CH3CNc
CH3CN:AcOH (1:1)
CH3CN:AcOH (1:1)
CH3CN:AcOH (1:1)
CH3CN
CH3CN
CH3CN
CH3CN:AcOH (1:1)
CH3CN:TFA (1:1)
CH3CN
CH3CN
CH3CN
CH3CN
CH3CN
CH3CN
CH3CN
CH3CN

NBS (1.0)
NBS (1.25)
NBS (1.50)
NBS (1.50)
NBS (1.0)
NBS (1.25)
NBS (1.50)
Bromine (1.25)
NBS (1.0)
DBDMH (0.6)d
DBDMH (0.6)d
NBS (1.25)
NBS (1.25)
NBS (1.25)
NBS (1.25)
NBS (1.25)
NBS (1.25)
NBS (1.25)
NBS (1.25)
NBS (1.25)

temperaturea
25−30
25−30
25−30
25−30
25−30
25−30
25−30
25−30
25−30
25−30
25−30
25−30
25−30
25−30
25−30
25−30
40 °C
60 °C
80 °C
80 °C

°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C

time
(min)

additive (equiv)

yield 2
(FNB)b

yield 3
(FNBr2)b

yield 1
(FNT)b

360
360
360
360
180
180
180
360
180
360
180
180
60
60
60
60
25
15
10
15

none
none
none
none
none
none
none
none
bromine (0.25)
none
none
none
TFA (1.0)
TFA (5.0)
AcOH (1.0)
AcOH (5.0)
TFA (1.0)
TFA (1.0)
TFA (1.0)
TFA (0.25)

75
78
75
0
79
73
53
<1
80
81
81
68
80
76
54
68
81
78
83
83

6
9
15
0
10
21
41
0
6
7
13
22
18
20
2
3
18
19
22
18

14
8
2
100
9
2
0
99
19
13
6
3
2
2
43
27
2
3
4
5

a

Reactions conducted close to room temperature had slight variations because of the heat output from LEDs. bAssay yields determined by HPLC.
Control experiment run without exposure to 435−455 nm LED light. dDBDMH = 1,3-dibromo-5,5-dimethylhydantoin.

c

reaction conditions to allow for the completion of the
bromination in minimal time. The use of AcOH as a cosolvent
in these reactions has been previously noted to accelerate
reaction rates.4b Indeed, when employing a 1:1 mixture of
CH3CN:AcOH as the solvent, a noticeable rate enhancement
was observed, allowing for reaction completion to be reached
in 3 h (entries 5−7) with 1.25 equiv of NBS. Alternative
brominating reagents were also examined. Bromine proved to
be ineﬀective with <1% product seen after 6 h; however, NBS
in combination with lower amounts of bromine leads to
increased reaction rates (entries 8−9). The use of 1,3dibromo-5,5-dimethylhydantoin (DBDMH) as the brominating reagent gave similar results to NBS, and the same solvent
eﬀects of increased reaction rate with AcOH as a cosolvent
were observed (entries 10−11). The use of triﬂuoroacetic acid
(TFA) as a cosolvent also proved viable, and in contrast to
AcOH, the amount of TFA could be lowered to stoichiometric
quantities, while still maintaining the same rate enhancement
eﬀect (entries 13−16) with reactions reaching completion in
60 min. Finally, increasing the reaction temperature provided
clean conversion of 1 to 2 and 3 in only 15 min with the use of
0.25 equiv of TFA (entries 17−20). We reasoned that a
reaction time of 15 min would be adequate for a continuous
ﬂow setup and then began the optimization of the subsequent
downstream steps.
Reduction and Alkylation Optimization. With the
conditions for successful bromination in hand, we turned our
attention toward the reduction of dibromide 3 to monobromide 2, followed by the alkylation of 2 with piperazine
methyl carbamate derivative (PMEC) 5 to generate crude
steams of PIPN for isolation (Scheme 2).

Scheme 2. Downstream Steps of the Telescoped Process

From our previous experience with this reduction/alkylation
sequence, we had utilized diethylphosphite as a mild reducing
agent for selectively converting dibromide 3 to monobromide
2.3 Again, with the goal of minimizing the reaction time in
mind, we were able to quickly adapt to these previous batch
conditions to the ones that would be conducive to a
continuous setup. Upon treatment with 0.40 equiv of
diethylphosphite and 0.65 equiv of N,N-diisopropylethylamine
(DIPEA) in MeOH at 50 °C, reaction streams of the
composition as described in Table 1, entry 20, underwent
smooth conversion of 3 → 2 in only 10 min with <1% of 3
remaining at the end of reaction and 90% assay yield of 2.
Reactions conducted at 25 °C were sluggish and those
conducted at 80 °C showed elevated levels of decomposition
products. Alkylation of the reduction reaction stream was
found to occur readily in 10 min with the addition of 1 equiv
PMEC phosphate 5 and 2.5 equiv DIPEA in MeOH at 60 °C,
furnishing a crude mixture of PIPN in 85% assay yield from 1
over the three steps. Crystallization of the crude PIPN stream
could be readily achieved by the addition of either 4 M HCl in
dioxane or concentrated aqueous HCl. However, further
characterization of PIPN salts isolated in this manner by
chloride ion analysis and X-ray powder diﬀraction (XRPD)
revealed that it was in fact a mixture of the HCl and HBr salts.
Process modiﬁcations for the selective isolation of the HCl salt
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Figure 1. Schematic of a continuous setup for crude PIPN production.

and DIPEA in MeOH. This mixture was then passed through
the second PFR at 50 °C, allowing for clean conversion of 3 to
2 in a 13 min residence time. Again, a mixing T-joint was used
to merge this outcoming stream with a solution of PMEC
phosphate 5 and DIPEA in MeOH for reaction in a ﬁnal PFR
at 60 °C with a 12.5 min residence time.
The outgoing stream of crude PIPN was monitored and
maintained a steady-state concentration of ∼80 mg/mL over
the course of 3 h, ultimately allowing for the production of
crude PIPN at a rate of ∼25 g/h with this laboratory-scale
setup. The use of online liquid chromatography sampling could
be employed to monitor the composition of the various
reaction streams exiting a PFR in order to ensure a consistent
reaction proﬁle.15
Crystallization of PIPN HBr was achieved by the addition of
the crude reaction stream of PIPN and 2.5 equiv concentrated
HBr into a seed bed of PIPN HBr in acetonitrile at 55 °C.
Rapid desaturation was observed during the addition, and at
the time of completion, the concentration of PIPN HBr was
near-equilibrium solubility at 55 °C. This was followed by a
controlled cooling of the batch temperature over 30 min and
then a 1 h stir-out time to reach the near-equilibrium solubility
of 8.5 mg/mL of PIPN HBr at 25 °C.12 Conducting
crystallization at elevated temperatures, followed by cooling
to 25 °C, was found to oﬀer increased robustness for the purity
of isolated PIPN HBr from this process. With this continuous
process, we were able to demonstrate the conversion of 1 to
crude PIPN in just over 45 min of the total reaction time,
streamlining the process by the removal of all aqueous workup
and direct isolation by the addition of aqueous HBr to aﬀord
PIPN HBr 6 in 82% isolated yield with >99.9 LC area % purity
on a >50 g scale. With the successful demonstration for a
viable continuous process, we sought to further investigate the
photochemical bromination in attempts to gain insights into

under these telescoped reaction conditions proved ineﬀective,
and thus, for this second-generation process, we targeted the
isolation of PIPN as the HBr salt. Gratifyingly, the
crystallization of the PIPN HBr salt could be achieved by
the addition of concentrated HBr to crude PIPN streams.8
Having successfully developed and characterized the reaction
proﬁles for each step in batch, we sought to translate this to a
fully continuous ﬂow process. This is in line with an
overarching goal within our group to develop robust
continuous processes, thus allowing for agile and innovative
approaches to support the evolving needs of our pipeline, as
highlighted in recent work on programs such as Carﬁlzomib,9
AMG 176,10 and AMG 397.11
Development of a Continuous Flow Process for
Crude PIPN. Given the short reaction times obtained from
our optimization work in batch, we reasoned that a series of
plug ﬂow reactors (PFRs) would be ideal for a continuous ﬂow
process. A proof of principle set of experiments was conducted
in small-scale Teﬂon-coiled tube microreactors.12 In this way,
each reaction could be rapidly explored in order to validate the
results observed in batch. We were pleased to ﬁnd that indeed
the reaction times that we observed in batch translated to the
corresponding residence times in the PFRs, and the crude
PIPN streams produced with the series of microreactor PFRs
were of the same composition as those from the batch.
With a successful demonstration of the small-scale
continuous process, a larger laboratory-scale version was
conducted. The conditions for each step as well as a schematic
detail of the continuous setup are outlined in Figure 1.13 As
shown, a solution of 1, NBS, and TFA was prepared in
acetonitrile, and this was then pumped through the ﬁrst PFR
under irradiation from 435−445 nm LEDs at 77 °C with a
residence time of 20 min.14 Clean conversion to the expected
mixture of 2 and 3 occurred, and this stream was joined
together at a mixing T-joint with a solution of diethylphosphite
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some of the more notable reaction features observed during
our initial optimization.
Further Studies for Photochemical Bromination.
When considering the Wohl−Ziegler reaction, there are two
mechanisms that have been the subject of much discussion in
the literature (Figure 2). The Bloomﬁeld mechanism, ﬁrst

Figure 2. Bloomﬁeld (top) and Goldﬁnger (bottom) mechanisms for
the Wohl−Ziegler reaction.
Figure 3. Conversion of 1 to 2 and 3 (top) and the overlay of total
product and succinimide formed (bottom).

proposed in 1944, postulates that NBS is the active
brominating reagent and that the succinimidyl radical
functions as the radical chain propagator.16 In the second
mechanism, later proposed by Goldﬁnger, NBS serves to
generate and maintain a low concentration of bromine
throughout the course of the reaction, and the bromine radical
functions as the radical chain propagator.17 Subsequent kinetic
and mechanistic studies18 along with the demonstration that
the N−Br19,20 bond dissociation energy is larger than that of
the Br−Br18 have led to the Goldﬁnger mechanism being
widely accepted as the operative mechanism in the Wohl−
Ziegler reaction. However, this is not to say that ﬁner points of
the mechanism not depicted in Figure 2 do not play an
important role. The existence of a radical-polarized transition
state in the hydrogen atom abstraction event is supported by
Hammett studies.21 Other considerations such as the
formation of charge-transfer complexes22 and solvent cage
interactions23 have also been reported. Certainly, all these
eﬀects can have varying impacts on the overall transformation,
depending on the exact reaction conditions employed, and the
Wohl−Ziegler reaction remains as an intricate and fascinating
reaction mechanism for study.
In our work, we noted several features of the photochemical
bromination during our initial optimization reactions that
prompted us to follow up with more detailed studies in order
to further explore this transformation. Shown in Figure 3 is the
reaction proﬁle collected under our typical conditions for the
bromination reaction 1 → 2 and 3. The top proﬁle in Figure 3
tracks the consumption of 1 and the formation of 2 and 3. Of
note was the induction period of approximately 60−90 s that
was consistently observed when conducting the reaction under
our standard photochemical conditions.24 Clean conversion of
1 to 2 occurs over the ﬁrst ∼50% of the reaction, and the
formation of dibromide 3 becomes more competitive as the
reaction proceeds, highlighting the diﬃculty of driving this
reaction to completion without the addition of excess NBS.
The bottom proﬁle in Figure 3 tracks the product (2 and 3)

and succinimide formation. The close overlap of each indicates
that NBS is turned over to succinimide as each bromination
occurs and that there is no signiﬁcant amount of excess
bromine present throughout the course of the reaction.
The eﬀects of residual bromine or HBr in NBS on the
performance of Wohl−Ziegler reactions have been previously
noted.4b,25 In line with the proposed Goldﬁnger mechanism,
these small amounts of bromine or HBr could provide the
initial low levels of bromine needed to initiate the reaction. We
tested NBS from our commercial supplier (measured to
contain 0.04 mol % bromine) and a recrystallized sample
(measured to contain 0.03 mol % bromine), and in each case,
identical reaction proﬁles for the bromination of 1 possessing
an approximately 60−90 s induction was observed. This led us
to believe that the very low levels of radical propagation species
formed could be eﬀectively quenched by residual oxygen
during the induction period. 24 A control experiment
monitoring the conversion of NBS to succinimide showed
that during the induction period, an increase in the bromine
concentration from an initial concentration of 0.12 mM up to
0.93 mM was observed after ∼90 s (Figure 4 top). Conducting
bromination with bromine levels spiked at 1 mM from the
beginning showed a signiﬁcant decrease in the induction
period, while the conversion of 1 → 2 proceeded at the same
rate as the standard reaction (Figure 4 bottom), indicating that
the radical quenching of the induction period could be
modulated by varying the initial bromine concentration. The
eﬀect of light intensity was also investigated. An increase in the
light intensity (use of three LED rings instead of 1) reduced
the time of the induction period but again had the same rate of
reaction for the conversion of 1 → 2 (Figure 4 bottom). This
suggests that under our standard conditions, after initiation,
the reaction is saturated with respect to light, but it is not
saturated during the process at work for generating the initial
amount of bromine.26
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was ﬁrst turned oﬀ, likely demonstrating that the low level of
bromine persists in the reaction mixture.27
Having investigated the role of bromine on the transformation, we then turned our attention toward kinetic studies
through the use of reaction progress kinetic analysis (RPKA)28
to further understand the inﬂuence that the concentrations
TFA, NBS, and 1 have on the reaction proﬁle. We began our
studies by ﬁrst performing diﬀerent excess experiments with
respect to TFA. When conducting the diﬀerent excess TFA
experiments under our standard conditions for bromination,
we found identical reaction rates for the range tested from 1 to
25 mol % charges of TFA (Figure 6, top). The observed

Figure 4. UV−vis assay of the bromine concentration during the
conversion of NBS to succinimide (top). Comparison of standard
reaction with reaction starting with 1 mM bromine concentration, a
reaction with higher light intensity or with nitrogen-sparged solvent
and ran under nitrogen (bottom).

Further experiments with higher charges of bromine
concentrations at the beginning of the reaction by the addition
of either 5 mol % bromine or 5 mol % HBr showed complete
removal of the induction period and noticeably faster reaction
rates. In order to conﬁrm this is indeed a photochemically
mediated process, we conducted an “on−oﬀ” experiment,
where after ∼50% conversion, the LED was turned oﬀ and the
reaction was held at a temperature for 30 min, and then the
LED was turned back on (Figure 5). Indeed, in the absence of

Figure 6. Reaction proﬁle with no TFA, 1% TFA, and 25% TFA
(top). Reaction proﬁle with no TFA, 1% TFA, 5% TFA, and 25%
TFA with 5% HBr added at the beginning of the reaction (bottom).

saturation kinetics indicate that a direct interaction between
either 1 or NBS is not responsible for the rate acceleration that
is seen with reactions containing TFA. It has been previously
suggested that Brønsted acid additives in the Wohl−Ziegler
reaction could oﬀer rate acceleration by increasing the turnover
of NBS to bromine.4b,29 While this is the case for the reaction
of NBS with HBr, the saturation kinetics would imply that this
is not the case for TFA. During the course of our studies, we
have not observed any evidence of an interaction between TFA
and NBS that would lead to the release of bromine, and the
TFA concentration remains constant throughout the course of
the reaction, indicating it is not being consumed through other
pathways. Control experiments investigating the induction
period showed no diﬀerence in the conversion of NBS to
succinimide in the presence of TFA, and experiments
monitoring the reaction of NBS with HBr to produce bromine
and succinimide have shown that the reaction is very rapid and
irreversible. Therefore, it is unlikely that the rate acceleration
would be attributed to the participation of TFA in the process

Figure 5. An “on−oﬀ” experiment for the bromination of 1.

light, little reaction conversion (∼1%) was observed,
demonstrating the need for constant irradiation and that a
thermal pathway for reaction did not contribute signiﬁcantly to
the overall transformation. Also, of note is that upon turning
the LED on again, no induction period was observed, and the
reaction progress proceeded at the same rate as when the LED
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to turn over NBS to bromine.12 The saturation kinetics
observed suggest that TFA may be interacting with a species
present in only relatively low levels during the course of the
reaction, possibly either with bromine or a bromine radical.
With this in mind, a second set of diﬀerent excess experiments
were conducted with a 5 mol % spike of HBr at the beginning
of the reaction, ensuring that a relatively large amount of
bromine would be present throughout the course of the
reaction as compared to our standard conditions. In this case, a
very clear trend showing rate acceleration was observed for
each diﬀerent charge of TFA at 1, 5, and 25 mol %. The
observed response under these conditions oﬀers some
evidence for an interaction between TFA and either bromine
or a bromine radical that could be responsible for the rate
acceleration.
With the RPKA completed for TFA, we moved to explore
diﬀerent excess experiments with respect to 1 and NBS.
Throughout the course of our optimization and initial kinetic
studies, we had relied on aliquot and time point analysis for
monitoring reaction progress, which was often labor-intensive
and required the preparation of multiple samples for analysis.
This also limited the data point resolution we could obtain,
which made more subtle aspects diﬃcult to capture. A
particularly attractive technique developed in recent years for
continuous monitoring of photochemical reactions by nuclear
magnetic resonance (NMR) oﬀers a convenient solution to
these issues.30 In this case, reaction progress could be
monitored by NMR on a single sample with a ﬁber optic
cable inserted into the NMR tube for irradiation, and data
could be collected with high temporal resolution (∼5 to 10 s).
We found that this technique was particularly useful when
collecting data for RPKA work with 1 and NBS and processing
by either the initial rate or variable time normalization analysis
(VTNA).12,31 A standard reaction proﬁle collected using this
technique is shown in Figure 7 (top) monitoring reaction
progress by 19F NMR, which was especially useful in this case
for tracking TFA as well. The reaction proﬁle is in line with our
earlier analysis, but with much higher data density now. This
allowed for the collection of data for the diﬀerent excess
experiments with respect to 1 and NBS with the resolution
needed for the initial rate and VTNA processing at the
standard reaction conditions. Pictured in Figure 7 (middle) is
the overlay for the formation of 2 for the diﬀerent excess
experiments of 1 and NBS without TFA present. In each
diﬀerent excess experiment, the concentration of 2 or NBS was
half of the standard concentration. The clear overlay of these
two diﬀerent excess experiments indicates the same reaction
order with respect to either 1 or NBS, and initial rate or VTNA
processing both show ﬁrst-order reaction dependence with
respect to each component. However, this is not the case when
conducting the analogous diﬀerent excess experiments with
TFA present. In this case, the overlay is not the same, and a
ﬁrst-order reaction dependence is still observed for NBS, but
the reaction order for 2 is now closer to 0.5.12 The same
reaction order observed with respect to NBS both in the
presence and absence of TFA is in agreement with our earlier
observations that there does not appear to be a direct
interaction of TFA and NBS under the reaction conditions.
The diﬀerent reaction order seen for 1, however, suggests that
there is some interaction with TFA during the course of the
reaction. Taking this into account along with the dependence
on the bromine concentration also eﬀecting the rate of the
reaction, this may be an indication that TFA could play a role

Article

Figure 7. Standard reaction with continuous monitoring by NMR
(top). Diﬀerent excess experiments for 1 and NBS without TFA
(middle). Diﬀerent excess experiments for 1 and NBS with TFA
(bottom).

in assisting with the hydrogen atom abstraction event, which is
believed to be the rate-determining step in this reaction.25 The
fractional order with respect to 1 may also be an indication
that multiple reaction pathways for the conversion of 1 to 2
and 3 could occur competitively that may or may not involve
TFA. While the exact nature of the role TFA in this reaction is
not fully understood at the point, we believe the studies here
oﬀer insights helpful for further probing the complexity and
fascinating aspects of the Wohl−Ziegler reaction.

■

CONCLUSIONS
In conclusion, we have reported our development work on
photochemical bromination and demonstrated the utility in a
continuous process for the preparation of 6 en route to AMG
423. This continuous process oﬀered several distinct
advantages over the current process in that it oﬀers
signiﬁcantly shorter reaction times, reduced waste by
eliminating all aqueous work ups, and allowed for direct
crystallization from the crude reaction mixture. This process
was demonstrated in laboratory-scale runs to produce crude
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(in this case, a stack of 4 LEDs was used to cover the length of
the PFR at a distance of 3 cm) and submerged in a
thermostated water bath maintained at 77 °C at a rate of 2.9
mL/min (total residence time of 20 min). This stream was
then joined together with the stream of diethyl phosphite and
DIPEA in methanol pumped at 0.46 mL/min at a T-mixer
joint. The outgoing combined stream was then pumped
though a coiled tube PFR submerged in a thermostated water
bath maintained at 50 °C at a rate of 3.36 mL/min (total
residence time of 13 min). Finally, this stream was then joined
together with the stream of 5 and DIPEA in methanol pumped
at 1.65 mL/min at a T-mixer joint. The outgoing combined
stream was then pumped though a coiled tube PFR submerged
in a thermostated water bath maintained at 60 °C at a rate of
5.01 mL/min (total residence time of 12.5 min). The resulting
crude steam of PIPN was collected in a Schott bottle at 25 °C.
A seed bed of 6 was then prepared by charging a 1 L
jacketed reactor with acetonitrile (80 mL) and 6 (1.4 g) and
heating the batch to 55 °C. To the seed bed was then added
simultaneously 590 mL of the crude PIPN solution
(concentration 82.2 mg/mL of crude PIPN, 48.5 g, 163
mmol) at a rate of 300 mL/h and concentrated HBr (48 wt/wt
%, 45.6 mL, 408 mmol, 2.5 equiv relative to crude PIPN) at a
rate of 22.8 mL/h. The batch was then cooled to 25 °C over
30 min followed by addition stir out at 25 °C for 1 h. The
mixture was then ﬁltered, and the cake was washed with 3 ×
100 mL of acetonitrile washings at 55 °C. After drying, 50.7 g
of 6 was obtained as a white solid for an overall of 82% yield.
Fluoro-Nitrotoluene 1. 1H NMR (400 MHz, CDCl3) δ
7.89−7.80 (m, 1H), 7.52−7.43 (m, 1H), 7.89−7.80 (m, 1H),
2.39 (d, J = 4.0 Hz, 3H).32
Monobromide 2. 1H NMR (400 MHz, CDCl3) δ 8.07−
7.97 (m, 1H), 7.77−7.67 (m, 1H), 7.35−7.27 (m, 1H), 4.56
(s, 2H).30
Dibromide 3. 1H NMR (400 MHz, CDCl3): δ 8.23−8.14
(m, 1H), 8.09−8.02 (m, 1H), 7.46−7.38 (m, 1H), 6.97 (s,
1H).30
PIPN HBr 6. 1H NMR (400 MHz, DMSO-d6) δ 11.74 (br s,
1H), 8.30−8.22 (m, 1H), 8.22−8.10 (m, 1H), 7.54 (t, J = 8
Hz, 1H), 4.45 (br s, 2H), 4.02 (br s, 2H), 3.63 (s, 3H), 3.44
(br s, 4H), 3.11 (br s, 2H).33

PIPN at rates up to 25 g/h with a total residence time from the
beginning to the end of approximately 45 min. Detailed kinetic
studies oﬀered insights into key features of the reaction, such
as the concentration and the role of bromine in these reactions
and the eﬀects of TFA as an additive in this transformation.
These kinetic studies coupled with the use of continuous
monitoring by NMR oﬀers a powerful technique for the
characterization and further development of reactions of this
type and will no doubt be a valuable resource in future
development work.

■

EXPERIMENTAL SECTION
General Materials and Methods. Photochemical reactions were conducted under an ambient atmosphere, while all
other transformations were conducted under a nitrogen
atmosphere using anhydrous solvents. All commercially
obtained reagents were used as received. A kit from SigmaAldrich for a LED microphotochemical reactor was used for
reaction development, and the equipment for photoNMR
experiments was purchased from Goldstone Scientiﬁc (see the
Supporting Information for more details). Experiments for
reaction screening and kinetics were conducted in 1-dram vials
or NMR tubes. Other batch experiment work was conducted
in Metter-Toledo EasyMax reactors. PFRs for laboratory-scale
experiment were constructed from 1/8” ID, 1/4” OD PFA
tubing. 1 H NMR spectra were recorded on Bruker
spectrometers (at 400 MHz) and are reported relative to
deuterated solvent signals (7.27 ppm for CDCl3 and 2.50 ppm
for DMOS-d6). Data for 1H NMR spectra are reported as
follows: chemical shift (δ ppm), multiplicity, coupling constant
(Hz), and integration.
General Procedure for Photochemical Bromination. A
10 mL volumetric ﬂask is charged with 1 (822 mg, 5.30 mmol,
1 equiv), followed by the addition of 6 mL of acetonitrile (or
d3-acetonitilre for NMR experiments). Then, NBS (1.18 g,
6.63 mmol, 1.25 equiv) and TFA (151 mg, 0.099 mL, 1.33
mmol, 0.25 equiv) were charged to the volumetric ﬂask,
followed by the appropriate amount of acetonitrile (or d3acetonitilre for NMR experiments) to bring the ﬁnal volume to
10 mL (530 mM concentration with respect to 1). For
experiments using 1-dram vials, 2.8 mL of this solution is
dispensed into the vial, and for experiments using an NMR
tube, 0.5 mL of this solution is dispensed into the NMR tube.
The reaction vessel is then placed in a water bath heated to 80
°C and irradiated for 15 min to furnish a mixture of 1 (3%
assay yield), 2 (74% assay yield), and 3 (23% assay yield).
Procedure for the Continuous Process. A 2 L Schott
bottle is charged with acetonitrile (1087 mL), followed by the
addition of 1 (100 g, 647 mmol, 1 equiv), NBS (144 g, 806
mmol, 1.25 equiv), and TFA (18.4 g, 12.0 mL, 161 mmol, 0.25
equiv).
A second 250 mL Schott bottle is charged with methanol
(100 mL) followed by the addition of diethyl phosphite (33.2
mL, 258 mmol, 0.4 equiv) and DIPEA (73 mL, 419 mmol,
0.65 equiv).
A third Schott bottle was charged with methanol (300 mL),
followed by 5 (144 g, 648 mmol, 1 equiv) and DIPEA (281
mL, 1611 mmol, 2.5 equiv). The mixture was ﬁltered through a
pad of Celite and then washed with methanol (170 mL). The
combined ﬁltrate was transferred back to the Schott bottle.
As depicted in Figure 1, the acetonitrile solution of 1, NBS,
and TFA was then pumped though a coiled tube PFR (1/8”
ID, 1/4” OD PFA tubing) irradiated under 435−445 nm LEDs
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