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ABSTRACT: The scale up of light induced nickel catalyzed Negishi reactions is reported herein, with output rates reaching 
multigram quantities per hour. This level of throughput is suitable to support preclinical medicinal chemistry programs in 
late lead optimization, where tens of grams to hundreds of grams of final product is needed. Adjusting reaction times and 
concentrations was critical in achieving this robust output. This example demonstrates how visible photochemistry and use 
of solid metal reagent can be used, and how the progress of the reaction can be followed by in-line NMR monitoring.  

INTRODUCTION 

Using light to accelerate a chemical reaction is one of the most 
promising opportunities to access new chemical transfor-
mations in a more effective and sustainable way.1 However, for 
larger scale reactions, the logarithmic decrease in light trans-
mission versus pathlength of the liquid medium, defined by 
the Lambert-Beer Law, limits photochemical transfor-
mations.2 Therefore, in large batch reaction vessels, the reac-
tion mixture is inefficiently irradiated and low reaction rates 
may be obtained. These limitations can be avoided by chang-
ing from traditional batch processes to continuous flow ap-
proaches. The large surface to volume ratio ensures efficient 
irradiation of the entire reaction mixture. This results in sig-
nificantly intensified protocols and allows scaling up of these 
novel chemistries.3 

However, developing photochemistry, especially at pilot/in-
dustrial scale where significant productivity is required, con-
tinues to be a challenge.4 In general, photochemical processes 
are not used in industry because thermal driven batch proto-
cols are considered to be superior in terms of affordability and 
convenience.5 In addition, solid reagents cannot be utilized 
due to their likelihood to cause reactor clogging.5c 

Recently, we published a new visible light induced photosen-
sitizer free nickel catalyzed Negishi reaction for C(sp3)-C(sp2) 
cross coupling. This new protocol presents a broader scope 
than traditional Negishi reaction and dual catalytic processes 
in terms of halogenated derivatives that can be used.6 In view 
of the medicinal chemists’ need nowadays for new methodol-
ogies to enrich drug candidates with (sp3) motifs,7 we consider 
it a valuable reaction and therefore we aimed to test its scala-
bility in pilot scale photoreactor.  

RESULTS AND DISCUSSION 

To start with, we selected compound 3 (Table 1), an example 
that was already scaled up with our Vapourtec reactor8 using 
a 10 mL coil of fluorinated ethylene propylene (FEP). This re-
actor provided a throughput of 800 mg/h, very convenient for 
Drug Discovery purposes.6 However, due to size limitations of 
the reactor, the higher productivities necessary for the prepa-
ration of clinical candidates for preclinical biological studies 
cannot be reached.9 Therefore, an appropriate pilot scale de-
signed reactor was selected to increase productivity. In collab-
oration with CORNING SAS, Corning G1 photoreactor was 
chosen to perform the experiments.10 

The photoinduced Negishi cross-coupling is a two-step reac-
tion that requires the formation of the organozinc reagent in 
flow followed by coupling with the aryl halide. The first step 
of the reaction, formation of organozinc reagent, is key for the 
overall outcome of the reaction and involves the use of solid 
zinc. We sought a method to capture organozinc formation in 
real time, in order to optimally minimize reaction times.  

NMR spectroscopy is a great technique for monitoring organic 
reactions due to its high degree of functional group specific-
ity.11 Despite being one of the most powerful analytical tech-
niques, the use of the NMR integrated into processes12 has 
been scarcely reported and mainly used in by-pass configura-
tions, flow cells in high field NMR machines or micro coils for 
microfluidic applications.13 Nowadays, apart from our previous 
work6, NMR spectra for organozinc reagents are scarcely pre-
sented in literature. This is due to their instability in open air. 
However, with the use of NMR-inline monitoring, we ex-
pected that we could directly monitor the conversion of the 
starting material in organozinc reagent before flowing into the 
photoreactor. Effectually, we observed that the singlet of the 
benzylic CH2 of trifluoromethoxy benzyl bromide 1 has a dis-
tinct upfield shift (or a distinct right shift) when we form the 
organozinc reagent (Figure 1). 
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The protons corresponding this signal are shielded due to the 
higher electron density at the carbon bonded the metal. The 
same effect is observed even in 19F NMR, but the difference 
between 2 and 4 in ppm is lower (-57,04 and -57.27 ppm) (see 
Figure S1 supporting information). Thus, we selected 1H NMR 
analysis to monitor the reaction. We calculated the concen-
tration of the outcoming organozinc solution by integrating 
the aromatic hydrogens with respect to solvent tetrahydrofu-
ran (THF) hydrogens. Our flow NMR cell was made from PTFE 
tube connected with Teflon connectors at both ends. In this 
way we could support the 4 bars of pressure inside the NMR. 

Figure 1. NMR monitoring for the formation of 2. 

In the initial setup, the zinc column was fed from gear pump 1 
controlled from MFC1 (Mass-flow controller). At the exit of 
the zinc column, a Magritek benchtop NMR was connected 
for in-line monitoring of the organozinc formation. The NMR 
output line was fed directly into the photo reactor. A second 
gear pump controlled from MFC2 fed Methyl 4-bromobenzo-
ate 3 and catalyst into the photoreactor.  Moreover, by moni-
toring the energy the pump uses under a stable flow rate, we 
could observe abrupt pressure drops, which can be caused by 
fouling that could lead to clogging. To assure a stable flow rate 
the entire system was used under a pressure of 3.5-4 bars using 
a back-pressure regulator (BPR) at the exit of the photoreactor 
(Scheme 1). 

Scheme 1. Schematic overview of the initial flow set-up 

This set up was designed for our preliminary experiments, 
with the aim of adjusting the components for reaction optimi-
zation. Our previously reported conditions6 provided full con-
version to compound 4 (Table 1, entry 1). When the instru-
ment was run at atmospheric pressure, several bubbles were 
observed in the line, probably due to the partial evaporation 
of THF (boiling point 68 °C). This likely contributed to the 
lower conversion of 79% (Table 1, entry 2). Decreasing the 
temperature to 40 °C was not beneficial, as conversion was 

reduced to 90% (Table 1, entry 3). Maintaining both the tem-
perature at 60 °C and the pressurized system while reducing 
the residence time to 15 minutes provided the best combina-
tion of yield and throughput (Table 1, entry 5). 

Table 1. Optimization of the conditions Experiment 1 

Entry tR (min) T (°C) Conversion (%) 

1 20 60 100 
2 20a 60 79 
3 20 40 90 
4 12 60 70 
5 15 60 100 

aNo pressure in the system. Reaction conditions: Methyl 4-
bromobenzoate (1 eq., 15 mmol); 4-(trifluoromethoxy)benzyl 
bromide (2 eq., 30 mmol); Nickel catalyst (0.02 eq., 0.3 mmol); 
dtbbpy (0.03 eq., 0.45 mmol). tR (Residence time) 

With the optimized conditions, the reaction was run for 6.5 h. 
Conversion was analyzed by GCMS sampling every 30 minutes 
(Figure 2). In-line NMR analysis showed a stable concentra-
tion of organozinc solution over time with slight variation be-
tween 4 to 5% during the run (see Figure S3 supporting infor-
mation). There were no traces of benzyl bromide in the NMR 
spectra.                                          

According to the results obtained in Table 1, entry 2, where the 
reaction was run in the absence of back pressure regulator, the 
presence of bubbles had a detrimental effect on the reaction. 
We decided to introduce some nitrogen bubbles in the reac-
tion by moving the inlet frit of compound 3 (limiting reagent) 
out of the solution. The conversion of the corresponding frac-
tion was reduced to 93%. Beyond that fraction, the overall 
conversion remained 98% for the rest of the process and the 
final isolated yield was 93%. 36.6 g of product were obtained 
after purification, increasing seven times the productivity, 
from 0.8 g/h to 5.6 g/h (Table 2).  

Table 2. Comparison of productivity Experiment 1 

 Vapourtec Corning G1 

Yield 93% 93% 
Time 20 min 15 min 

Reactor size 10 mL 40 mL 
Throughput 0.8 g/h 5.6 g/h 

The mass flow controllers were used not only to control the 
gear pumps but also to directly monitor the flow rates, thereby 
giving indirect information about what is happening in both 
reactors, Zn column reactor and the photoreactor. After the 
run we observed that while in the catalyst feed (MFC2) the re-
port showed a stable and linear graph in time, the benzyl bro-
mide feed presented various instabilities (Figure 3 and Figure 
S4 supporting information). The monitoring graph showed a 
linear line parallel to the (X) axis. A fouling is at least at the 
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beginning also linear. It is in the course of time that fluctua-
tions became more frequent, however only in the benzyl bro-
mide feed (MFC1). This suggested us that these instabilities 
could be originated by zinc consumption over time. Neverthe-
less, productivity was not affected. The mass flow controller 
gave a very sensitive measurement of the flow rates in time; 
one every 1/10 of a second. Thus, even though we had small 
spikes every tenth of a second the effect produced in conver-
sion is insignificant. This observation showed us that the sys-
tem needed further optimization.  

Figure 2. Monitoring of the conversion of starting material in 
product 

Figure 3. Pump monitoring showing fluctuations over time. 

 
To avoid the potential back flow into the zinc column caused 
by zinc consumption, a modified set up able to keep the zinc 
column under higher pressure than the photoreactor was put 
in place with several additions to the system. A needle valve 
was placed just after the NMR in order to maintain the first 
part of the reaction under 4 bars of pressure. This was moni-
tored with a pressure sensor. To observe the exact flow rate 
entering the photoreactor after the zinc column, a mass flow 
meter (MFM) was added. In order to monitor the lower pres-
sure in the photoreactor, a new pressure sensor was added at 
its entrance which was controlled from the BPR (Back Pres-
sure Regulator) at the exit of the photoreactor (Scheme 2). 
Taking advantage of the fact that Mini CORI-FLOWTM 
MFC/MFM (Mass Flow Meter) can also measure the density 
in-line, the density of the solution was measured before and 
after the zinc column. As expected, the density of the or-
ganozinc solution was higher than the starting material 

solution. In this way density can be used as an additional pa-
rameter of control when NMR monitoring does not provide 
suitable information about this first step of the reaction.  

To test this new set up, the coupling between benzyl zinc bro-
mide 5 and 2-amino-5-iodopyrimidine 7 was used as a model.  
The free amino group in this example makes it an especially 
useful product, suitable for further derivatization.7a  

As in the previous example, the original conditions provided 
full conversion (Table 3, entry 1). Reducing the residence time 
to 15 minutes also provided full conversion (entry 2). Shorten-
ing the reaction times further was insufficient for full conver-
sion of starting material (entry 3). Increasing the concentra-
tion of 5 to 1 M had the same result as using 0.5 M, but due to 
solubility issues of 7 pure DMF was used to dissolve the cata-
lyst feed reagents (entry 6). Three equivalents of benzyl bro-
mide were necessary to obtain full conversion (entry 5). In the 
absence of light, only 34% of isolated product was obtained 
(entry 7).  

The final scale up reaction was performed using the condi-
tions of entry 6 in Table 2 as it could be run at higher concen-
tration increasing significantly the productivity of the reactor 
to 3.4 g/h, more than 10 times larger than our initial report 
using a reactor only 4 times larger (Table 4).6  

 

Scheme 2. Schematic overview of the optimized flow set-up 

Table 3. Optimization of the conditions Experiment 2 

E. tR (min) T (°C) Eq. 5 Light [7](M) Con. (%) 

1 20 60 3 On 0.375 100 
2 15 60 3 On 0.375 100 
3 12 60 3 On 0.375 >95 
4 15 60 2 On 0.375 >95 
5 15 60 2.5 On 0.375 >95 
6 15 60 3 On 0.750 100(94)a 
7 15 60 3 Off 0.750 34a 

aIsolated yield, DMF used as solvent. Reaction conditions: 2-
amino-5-iodopyrimidine (1 eq., 15 mmol); benzyl bromide (3 
eq., 45 mmol); Nickel catalyst (0.02 eq., 0.3 mmol); dtbbpy 
(0.03 eq., 0.45 mmol). 
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Table 4. Productivity of the reaction  

 Vapourtec Corning G1 

Yield 93% 94% 
Time 20 min 15 min 

Reactor size 10 mL 40 mL 
Conc. RM 0.375 M 0.750 M 

Throughput 0.3 g/h 3.4 g/h 

In order to avoid chromatographic purification on this Discov-
ery Process scale reaction, it was decided to perform a recrys-
tallization in water after an aqueous work up.14-16 To remove 
zinc salts, extraction with aqueous ammonia solution (pH=9) 
was required. Then the organic phase was separated and con-
centrated to perform the recrystallization in water affording 
the desired product as a white crystalline solid (see Figure S6 
supporting information).  

In this second experiment, NMR monitoring provided clear 
information about the formation of the benzyl zinc bromide 
under more concentrated conditions. The singlet correspond-
ing to the benzylic protons was shifted downfield when benzyl 
zinc bromide 6 was formed. The integration of aromatic pro-
tons provided information about the concentration of the out-
coming organozinc reagent, in this case varying between 
8.5%-9.8% (see Figure S7 supporting information). The con-
centration remained stable in time without important varia-
tions. The density sensors showed similar results as the NMR 
monitoring. There was a clear difference between the density 
of the benzyl bromide solution (0.959 g/mL) and the benzyl 
zinc bromide solution (1.022 g/mL) and this difference re-
mained stable over the run. Under the new reaction condi-
tions, the report showed stable flow rates in both feeds. More-
over, the system seems to get more stable over time. Even 
though some nitrogen bubbles were intentionally introduced 
into both feeds at different points in time, minor alterations 
were observed (see Figure S8 supporting information). 

CONCLUSION 

In conclusion, visible light induced nickel catalyzed Negishi 
reaction can be scaled up in quantities that would support the 
preparation of potential drugs for preclinical experiments. 
This protocol provides an example of how the use solid rea-
gents and photochemistry can be scaled up using flow chem-
istry. NMR monitoring provided an excellent readout for the 
organozinc formation. In-line density monitoring has been 
identified as an alternative when NMR is not suitable. Herein 
we proved this two-step reaction works in gram scale with 
productivities that ranges from 3.4 to 5.6 g/h (ideally from 82 
to 270 g/day). The nickel loading was kept at 2 mol%. The op-
timized system and the controlled parameters give autonomy 
to the chemist and reproduce situations that can be found in 
a production plant. Future work for a completely automated 
system can bring the process to direct industrial production 
and will be matter of future publications. 

EXPERIMENTAL SECTION 
General information 
The reactions were conducted in a standard Corning © Ad-
vanced-FlowTM G1 Photo reactor equipped with 5 glass fluidic 
modules connected in series (8.2 ml volume each). Each mod-
ule was illuminated from both sides by a multiple wave-
length LED (Light Emitting Diode) panel (>100mW/cm2). The 
chosen wavelength was 405 nm and the intensity was adjusted 
to 100%. The temperature of the fluidic modules was regulated 
by a LAUDA® Proline RP45 thermostat using ethylene gly-
col as thermofluidic (transparent at 405 nm), the LED panels 
were cooled by a second LAUDA® Proline RP45 thermostat. 
The liquids were pumped with micro gear pumps (HNP 
Mikrosysteme MZR®- 7255), which were controlled directly by 
Mini CORIFLOWTM M14 mass flow controllers using the soft-
ware flowplot for monitoring (Bronkhorst High-Tech B.V). 
The pressure was regulated with a back-pressure regulator 
from Zaiput flow technologies. In-line NMR analysis was car-
ried out with a 43 MHz SpinsolveTM NMR spectometer from 
Magritek, the flow cell was a PTFE tube (OD 5 mm, ID 4mm). 
 For the preparation of the organozinc reagent SolventPlusTM 
Omnifit column (bore: 35 mm, length: 150 mm, AF (1× adjust-
able & 1× fixed endpiece); Omnifit, cat. no. 006SCC-35-15-AF. 
The needed parts are the glass tube, two 30 μm × 35 mm pol-
ytetrafluoroethylene (PTFE) frits, one fixed end piece as a bed 
support and one adjustable end piece (plunger) to adjust the 
bed height. 
(https://www.dibaind.com/wpcontent/uploads/2015/01/2015
01_1_OFLW_CAT.pdf).  
GC measurements were performed using a 6890 Series Gas 
Chromatograph (Agilent Technologies) system comprising a 
7683 Series injector and auto sampler, J&W HP-5MS column 
(20 m x 0.18 mm, 0.18 μm) from Agilent Technologies coupled 
to a 5973N FID Flame Ionization Detector. Thin layer chroma-
tography (TLC) was carried out on silica gel 60 F254 plates 
(Merck) using reagent grade solvents. Unless otherwise spec-
ified, reagents were obtained from commercial sources and 
used without further purification. 
 
Activation of the Zn column: 
A solution 1.0 M trimethylchlorosilane (TMSCl) and 0.24 M 1-
bromo-2-chloroethane was prepared under nitrogen (N2) at-
mosphere in a dried flask by dissolving 6.25 mL of TMSCl and 
1.25 mL of 1-bromo-2-chloroethane in 50 mL of dried tetrahy-
drofuran (THF). 25 mL of this solution were passed through 
the 35 mm internal diameter Omnifit column containing Zn 
(150 g) using the MFC1 at room temperature and 4 mL /min 
flow rate.  
 
Methyl 4-[[4-(trifluoromethoxy)phenyl]methyl]benzoate (4). A 
solution of 4-(trifluoromethoxy) benzyl bromide 1 (254 mmol; 
2 eq.+50 mmol) in 608 mL of THF was pumped through a col-
umn containing activated zinc at room temperature at 1.35 mL 
/min using the MFC1. The outcoming solution of the or-
ganozinc compound was analyzed by in line NMR monitoring 
and once the organozinc reagent started to flow, inserted into 
the photoreactor. The outcoming solution was combined with 
a solution of methyl 4-bromobenzoate 3 (1 eq. 127 mmol), 
NiCl2 glyme (0.02 eq., 2.54 mmol), dtbbpy (0.03 eq., 3.81 
mmol) in 407 mL of THF and 101 mL of DMF in Corning G1 
Photoreactor at 1.35 mL /min each line (tR= 15 min; coil vol-
ume= 40 mL) at 60 °C irradiating with 405nm blue LEDs. The 
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system was maintained under 3.5-4 bars of pressure with a 
back-pressure regulator. The out coming of the reactor was 
collected in fractions of 80 mL each. The collected fractions 
were concentrated by evaporating the THF and then diluted 
with ethyl acetate and added to a separatory funnel containing 
1 L of ammonium chloride saturated aqueous solution. The or-
ganic layer was separated, dried with MgSO4, filtered and then 
the solvents evaporated. Purification by flash chromatography 
using Heptane: Ethyl acetate from 100:0 to 75:25 afforded 36.6 
g of 4 as a transparent liquid, 93% isolated yield. 1H NMR 
(CDCl3, 500 MHz): δ = 7.97 (d, J = 8.4 Hz, 2H), 7.22-7.27 (m, 
2H), 7.09-7.21 (m, 4H), 4.03 (s, 2H), 3.90 ppm (s, 3H). 13C NMR 
(CDCl3, 126 MHz): δ = 166.9, 147.8, 145.7, 138.9, 130.2, 130.0, 
128.9, 128.4, 121.5, 121.0, 52.1, 41.2 ppm. 19F NMR (CDCl3, 471 
MHz): δ = -57.93 ppm (br s, 1F). HRMS (ESI-TOF) m/z: Calcd 
[M+H]+ for C16H14F3O3 311.0895; Found 311.0897.  
 
5-Benzylpyrimidin-2-amine (8). A solution of benzyl bromide 5 
(351 mmol; 3 eq.+ 100 mmol) in 451 mL of THF was pumped 
through a column containing activated zinc at room temper-
ature at 1.35 mL /min using the MFC1. The outcoming solution 
of the organozinc compound was analysed by NMR in line 
monitoring and once the organozinc reagent started to flow, 
inserted into the photoreactor. The outcoming solution was 
combined with a solution (B) of 2-amino-5-iodopyrimidine 7 
(1 eq. 117 mmol), NiCl2 glyme (0.02 eq., 2.34 mmol), dtbbpy 
(0.03 eq., 3.51 mmol) in 351 mL of DMF in Corning G1 Photo-
reactor at 1.35 mL/min each line (tR= 15 min; coil volume= 40 
mL) at 60 °C irradiating with 405 nm blue LEDs. The zinc re-
actor was maintained under 4 bars of pressure controlled from 
the needle valve and the photoreactor was maintained at 3.5 
bars of pressure from the BPR. The out coming of the reactor 
was collected in fractions of 80 mL each. The collected frac-
tions were concentrated by evaporating the THF and then di-
luted with dichloromethane and added to a separatory funnel 
containing 1 L of aqueous ammonium solution (pH= 9). The 
organic layer was separated, dried with MgSO4, filtered and 
then the solvents evaporated. The rests were dissolved in min-
imum quantity of dichloromethane and the product was crys-
tallized in water as 20.4 g of 8 a white crystalline solid, 94% 
isolated yield. 1H NMR (CDCl3, 400 MHz): δ = 8.15 (s, 2H), 7.27-
7.36 (m, 2H), 7.22 (s, 1H), 7.17 (s, 2H), 4.96 (br s, 2H), 3.80 ppm 
(s, 2H). 13C NMR (CDCl3, 101 MHz): δ = 158.4, 139.8, 128.7, 128.6, 
126.5, 123.9, 103.6, 35.7 ppm. HRMS (ESI-TOF) m/z: [M+H]+ 

Calcld for C11H12N3: 186.1031; Found 186.1029. Melting point: 
121.86 °C. 

ASSOCIATED CONTENT  
Supporting Information. 1H, 19F and 13C NMR spectra, con-
trol graphs and reaction details are available free of charge via 
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