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Inline, real time NMR and temperature measurements have been used to optimise the continuous
flow synthesis of difluoromethyltrimethylsilane (TMSCFzH) by the reduction of the Ruppert-
Prakash reagent (TMSCF3). These measurements were used to maximise the space-time-yield,
while ensuring this exothermic process remains safe. In this way, a three-fold increase in space-
time-yield was achieved compared to the reported batch procedure, isolating 25 g of pure
TMSCF:H after 105 minutes.

1. Introduction

The synthesis of newly reported key reagents, reactants and
building block intermediates is of great importance for expediting
the discovery of molecules with improved properties. This is
especially true for small molecules, where the fine-tuning of
properties is typically achieved by late-stage reactions. Indeed,
there is an increase in the number of reagents and methods
reported  for  late-stage  functionalisation reactions.?
Implementation of such an approach at a research and
development scale results in a high demand for the newly
developed and reported reagents. Thus, there exists a requirement
for commercial chemical suppliers to have reliable and safe
access to new commodity chemicals in the forms of reagents and
reactants.

Recently, we have been interested in one such reagent;
difluoromethyltrimethylsilane (TMSCF.H). This material is
capable of providing a nucleophilic  source  for
difluoromethylation and has been applied to the treatment of
imines, ketones and in metal catalysed processes (Scheme 1).?
Our lab and others have reported the formation of
difluoromethylthioethers through the treatment of disulfides with
TMSCFH in the presence of a fluoride source.® As part of this
reaction development, several methods for the preparation of
TMSCF,H were explored; we found the reduction of the
Ruppert-Prakash reagent (TMSCF;) using sodium borohydride,
as reported by Tyutyunov and co-workers, to be the most direct.*
Particularly notable about this process is the high reaction

exotherm (as well as some curious and unusual reactivity!)
which, depending on solvent may be accompanied by a vigorous
exotherm and even explosion.* Indeed, we found that reaction in
diglyme could not reliably be scaled beyond 10 g batches.
Calling upon our previous experience in continuous flow
processing and controlling of reactions that require low
temperatures, we opted to explore the facile scale up of this
exothermic reaction. It was ultimately planned to deliver a hybrid
flow-batch route to this commodity chemical (Scheme 2). The
flow component of the hybrid design would allow the bulk of the
exotherm, generated in the early part of the reaction, to be better
dissipated through the increased surface area to volume ratio.®
The flowing stream would then drop into the batch component,
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Scheme 1 Synthesis and use of TMSCF,H
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Scheme 2 Deciding where to change from flow to batch to maximise efficiency and maintain safety

where the final part of the reaction could be completed under
high temperature conditions whilst simultaneously distilling the
product from this reaction pot. In so designing such a hybrid
reactor, we considered where to make the change from flow to
batch, Scheme 2 shows three possible theoretical scenarios.
Scenario 1) describes a situation where the exotherm is not fully
dissipated before passing into the heated batch reactor and thus
represents a potential safety risk, whereas scenario 3) represents a
reactor where the space-time yield is suboptimal as the exotherm
is essentially all dissipated and the reaction progression is now
slow in the flow part of the reactor. Scenario 2) represents a
‘Goldilocks’ situation where the balance between safety and
space-time- yield are in the optimial region. This analysis shows
that such a hybrid design is actually thus prone to individual
operator’s targets and regulations for safety and space-time-
yield.*

Continuous flow processing provides several advantages at
scale compared to analogous reactions in batch mode operation.
Owing to this, such methods are becoming widely used and
explored for synthesis in both academia and industry.® Recently,
the ability to monitor reaction processes continuously has been
further developed, particularly with regard to the equipment
available for incorporation in to synthesis setups. Inline
monitoring of a reaction provides the operator with significantly
more understanding of a process than analysis after downstream
processing, such as workup or solvent removal. Many standard
analytical techniques have been adapted to provide inline, in-situ
analysis in real time. These include IR, UV and NMR
spectroscopy as well as mass spectrometry and HPLC.” These
methods have been used to simply ensure that a system is
running correctly but also to measure yields and feedback to a
computer control unit for automatic optimisation of reactions.™
8 Inline NMR spectroscopy is perhaps one of the most
powerful tools as it can provide more structural information than
the other techniques and is most familiar to the common day
practice of a synthetic chemist. Indeed, the development of
benchtop spectrometers, specially designed flow NMR probes
and the necessary software has permitted inline NMR to become
an accessible and useful technique.®

In this study, we describe the use of inline F NMR, in
combination with temperature measurements, to optimise the
preparation of the difluoromethylating reagent TMSCF;H. In our
setup, the Bruker InsightMR flow tube was used.’® This has

several desirable features, of which, perhaps the most important
is that it can be used in high-field spectrometers by simply
inserting it in the place of a normal NMR sample tube. This
means that a range of multinuclear experiments are possible with
high resolution and good sensitivity. This enables data to be
acquired with few scans, so high quality spectra can be obtained
frequently, giving good temporal resolution. The InsightMR tube
is also designed to permit accurate control of temperature by
incorporation of a recirculating chiller. For reactions monitored
by 'H NMR spectroscopy, the reaction in question needs to be
run either with solvent suppression pulse sequences or in costly
deuterated solvents. Whilst the equipment used in the present
study is capable of solvent suppression simply by clicking the
appropriate solvent from the software menu (pre-programmed
sequencing), our particular reaction example was instead better
suited to *F NMR monitoring. By using °F NMR, it was not
necessary to use deuterated solvents or solvent suppression pulse
sequences to acquire high quality spectra on the crude reaction
mixture.

Inline, real time monitoring by multiple techniques can
provide complementary information to optimise reaction
conditions or ensure the system is stable. In combination with
inline NMR analysis, we used a number of inexpensive
thermocouples to measure the temperature at different points
along the reactor coil. These thermocouples could be directly
connected to a laptop and the data processed in real time using
Microsoft Excel (See Supporting information for further details).
It was envisaged that this temperature profile combined with
information on the yield of the reaction from inline NMR data
would allow optimisation of the space-time-yield for the
synthesis of TMSCF,H by choosing the most appropriate point to
change from flow to batch.

2. Results and Discussion
2.1. Inline temperature measurements

The reduction of TMSCF; was performed in flow and initial
results showed that temperature differences could be detected
outside of the tubing. The commercially available thermocouple
sensors were simply attached to the outside of the 4 m (2 mL)
reactor coil (see Supporting Information for pictures and detailed
measurement description).
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Scheme 3 Results of inline temperature measurements a)
Temperature change along the length of the reactor tube.
b) Temperature change with respect to residence time.

The temperature at different points along the tube (T1: inlet,
T2: 1/3 of the length, T3: 2/3 of the length, T4: outlet) was
measured for different flow rates at steady state. It was expected
that the temperature would initially increase when the rate of heat
production exceeds the rate of dissipation. After the reaction had
progressed sufficiently, it was expected that a peak temperature
would be reached, after which the rate of dissipation exceeds the
rate of heat production and the temperature would then decrease.
After this point, the exotherm is deemed as being safely
controlled and a thermal runaway is unlikely. By using four
thermocouple sensors, the exact position and value of the
temperature peak could not be determined, but it could be
confirmed if the exotherm had been safely dissipated by the end
of the reactor coil.
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At all flow rates tested the temperature went through a
maximum between T1 and T3, with the highest measured
temperature at T2, and then decreased over the length of the
tubing (Scheme 3a). At slow flow rates (0.5 mL/min and
1 mL/min), a negligible temperature change was detected,
suggesting the exotherm was completely dissipated early in the
reactor coil. The highest temperature was observed for the fastest
flow rate (58 °C, T2 at 4 mL/min). For all flow rates, the
temperature then decreased along the length of the reactor
demonstrating that the exotherm was successfully dissipated.
However, for the faster flow rates, the temperature at the outlet
(T4) remained slightly above room temperature (Scheme 3a).

The temperature profile was also analysed with respect to the
residence time (Scheme 3b) instead of the length of tubing. In
general, this was as expected for an exothermic reaction.
However, there are some points where for identical residence
times but different flow rates different temperatures were
observed. For these points, the faster flow rates exhibited higher
temperatures despite having passed through a longer length of
reactor coil. This suggests that the faster flow rates are
accelerating the reaction, possibly through different mixing
behaviour.

Having now established that the exotherm was dissipated at all
flow rates tested, our attention was turned to measuring the
performance of the reaction at different flow rates using inline
NMR methods.

2.2. Inline NMR measurements

The reaction setup was modified to allow the quantitative
analysis of our reaction by inline NMR. The reactor coil was
directly attached to the Bruker InsightMR flow tube in order to
allow direct yield determination at the reactor outlet (see
Supporting Information for pictures and details of modification
and measurements).

The yield of the reaction was determined using *F NMR with
trifluorotoluene as internal standard. A number of considerations
were required to achieve this. Firstly, the flow rates that could be
used were limited by the NMR experiment to 4 mL/min. If the
flow rate was too high, the nuclei excited by the radiofrequency
pulse had already left the sample tube when the spectrometer
recorded the fid. Secondly, in order to obtain reliable data on the
composition at the reactor output, the measurements had to be
taken at steady state, taking into account the additional volume of
the sample chamber (approximately 1.6 mL). Finally, in order to
achieve conditions in the reactor coil that were comparable to the
temperature measurements, the Bruker InsightMR flow tube was
modified to have the same dimensions as our reactor coil (see
Supporting Information for further details). Using a high field
spectrometer (500 MHz) allowed a single scan to be used to
obtain quantitative data, so real time data on the composition of
the reaction mixture could be obtained approximately every 5
seconds. The yield was measured for different flow rates at
steady state according to the setup in Scheme 4. As expected, the
yield increases with the residence time with a plateau of about
50% after 10 min (Scheme 4). However, even at short residence
times (0.5 min) a yield of 27% is still observed (entry 9). It is
noteworthy that the reaction still continued in the collection flask
for the low yield entries.
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Scheme 4 Results of inline NMR measurements

2.3. Scale Up

With the information about the temperature profile and yields
of the reaction in hand, it was now possible to design a setup that
would allow safe, efficient production on a larger scale. As
shown in Scheme 2, the optimal point at which to change from
flow to batch could now be assessed. The space-time-yield (STY)
and productivity were calculated using the information obtained
from the inline NMR measurements. The space-time-yields are
slightly higher for slow flow rates due to the higher yields.
However, the productivity was greatest for the highest flow rate
even for the non-completed reactions (Scheme 4). As the
reaction is to be completed in batch, it is preferable to choose a
high flow rate with the highest productivity. Initial studies
(performed cautiously on small scales) demonstrated that
although the outlet temperature for the faster flow rates remained
above room temperature, when fed into a batch flask at 50 °C no
thermal runaway occurred. Therefore, we decided to use the
fastest flow rate for the scale up setup where the reaction would
then be completed in batch and directly purified by distillation.

The flow output was collected directly into a distillation flask,
allowing the reaction to be driven to completion by heating and
to be distilled directly. This semi-continuous process has the
potential for design improvements to achieve a continuous
process, in which the flow reactor outlet has the potential to be
directed to multiple distillation flasks using a multi-port single-
input switching valve. These flasks can then be automatically
emptied after distillation is complete and would then be ready to
be filled again.

The outlet of the flow setup was fed into a two-necked flask
equipped with a thermometer and condenser (Scheme 5). During
the collection, the reaction was stirred at 50 °C. After determined
collection volume had been reached Stirring the reaction solution
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NaBH, 30s
M in diglyme

0.8

() - TMSCF; feed solution (2.4 M in diglyme) (3 - Flow reaction coil

(5) - NaBH, feed solution (0.8 M in diglyme) () - Batch reaction and distillation flask

@ - HPLC feed pump 1 (TMSCF3) @ - Thermometer

@ - HPLC feed pump 2 (NaBHy4) (D - Condensor + collection flask (TMSCF,H)

-
-
Q

Scheme 5 Setup for scaling up the reaction

for an additional 30 min in the collection flask at 50 °C was
required prior to distillation in order to ensure only TMSCF,H
was obtained (in the absence of this additional 30 minute stirring,
TMSCF; could be found in the distillate).

Using this setup, 50 g of starting material was processed in a
total of 105 min. After the additional 30 min of stirring,
distillation yielded TMSCF,H with traces of solvent which were
removed by a second distillation to obtain pure product (25 g,
56%) with a STY of 0.048 kgL*h™.

These results allowed us to compare the space-time-yield of
our telescoped process to the batch process. Typical procedures
such as the one performed by Goossen and co-workers usually
processed a maximum of 20g of TMSCF; to yield 12 g
TMSCF;H (71% vyield) in 12 h in batch giving a STY of 0.016
kgL-lh-l'Zn

The hybrid flow-batch process developed here is therefore not
only safer and easier to scale up, it also shows a threefold STY
compared to the previously reported batch process mainly due to
a significant decrease in time from 12 h to under 2 h.

Finally we were intrigued by the reaction mechanism of this
exothermic process. We hypothesized two possible reaction
pathways (Scheme 6), both of which commence with the
formation of a silicate complex by hydride transfer from sodium
borohydride onto the Ruppert-Prakash reagent. The fate of this
silicate complex is then postulated to proceed via either a 1,2
hydride shift mechanism with concomitant loss of fluoride that
could be facilitated by a borane (or related) Lewis acid species or
a carbene mechanism. The latter process would instead involve
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the degradation of the silicate to trimethylsilane, difluorocarbene
and boronate species, again facilitated by a boron derived Lewis
acid, followed by insertion of the carbene into the Si-H bond to
furnish the product. Analysis of this process by inline F NMR
did not permit an understanding of this process in our hands.
However, a silane competition experiment was designed to probe
this reaction further. Addition of triethlysilane to the reaction
mixture would compete with the putative trimethylsilane for the
insertion of difluorocarbene and thus give rise to Et;SiCFH. In
the event, no Et;SiCF,H was observed thus favouring a hydride
shift mechanism, although carbene generation inside a local
stablilised solvent cage cannot be ruled out.

3. Conclusion

A continuous flow process for the monitoring and control of
an exothermic reaction, the reduction of TMSCF3 (, TMSCF;H,
has been established. The temperature profile along the reactor
was monitored via commercially available thermocouples and the
yield determined by inline F NMR measurements using a high
field spectrometer. This enabled the identification of a safe
reaction regime and allowed scale up of the process in a
telescoped semi-continuous approach. 50 g of starting material
were processed in 105 min total reaction time to yield 25 g (56%)
of clean material after distillation. Compared to the batch process
a threefold improvement in space-time-yield was achieved.

4. Experimental section
4.1. General Methods

Trifluoromethyl trimethyl silane (TMSCF;) and diethylene glycol
dimethyl ether (diglyme) were purchased from Fluorochem
(007685 and 075235). Sodium borohydride was purchased from
Acros Organics (44850). TMSCF; and sodium borohydride were
used without further purification. Digylme was dried over CaH;
and distilled prior to use. NMR measurements were conducted on
a Bruker Avance Il HD 500 MHz spectrometer equipped with a
Prodigy  Cryoprobe, using the InsightMR  software
(version 1.0.b22). The flow setup consisted of a modified version
of InsightMR (see S3 in Supporting Information). The flow setup
consisted of perfluoroalkoxy (PFA) tubing of an 0.8 mm ID,
1.2 mm OD supplied by Polyflon and two pumps. The residence
coil was made from the tubing by taking the appropriate length
(4 m) for the desired volume (2 mL). Fittings were supplied by
Kinesis and part numbers given where appropriate. The
thermocouples are xllogger (itec) parts with a temperature sensor,
a reading panel and a USB adapter. In all cases solutions of the
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two reactants were prepared separately before pumping them
into the flow system where they were combined at a T-piece and
passed through the reactor coil.

4.2. Inline temperature measurements

The temperature measurements were conducted using xllogger
temperature sensors (itec) with the software being built-in to
excel via a plug-in. The setup consists of a thermistor,
temperature reading and a USB cable (See Supporting
Information for full details). The sensors of each thermocouple
were attached to the surface of the flow tubing with a cable tie at
the inlet (about 1 cm), 1.3 m (1/3 of the length), 2.6 m (2/3 of the
length) and at the outlet (4 m). They were insulated with cotton
wool. Prior to use, the room temperature reading was taken for
calibration. The room was thermostatically controlled, and the
temperature was 19 °C during all measurements. The room
temperature value of the thermocouples was corrected to that
value. Solutions of TMSCF; (2.4 M in diglyme) and of sodium
borohydride (0.8 M in diglyme) were pumped through the setup
equipped with the thermocouples using syringe pumps. The
temperature measurement was started when the flow was started.
The temperature reading was taken after 8 residence times to
ensure steady state. For 4 mL/min and 1 mL/min the
measurement was repeated three times, the average taken and the
standard error in the mean calculated to be a maximum of 2 °C.

4.3. Inline NMR measurements

The setup was modified to measure yields at different flow
rates and residence times acquiring °F NMR spectra using the
Bruker InsightMR software (See Supporting Information). The
flow tube was inserted into the NMR machine and the system
flushed with a solution of trifluorotoluene (1.6 M) in diglyme.
After stopping the pumps, the spectrometer was set to optimise
the shim settings in respect to the *H spectrum of the solution and
then tune back to 19F. After that the reaction measurements were
started by pumping a solution of TMSCF; (2.4 M) and
trifluorotoluene (1.6 M) in diglyme and a solution of sodium
borohydride (0.8 M in diglyme) through the setup according to
Scheme 6.15 using a dual syringe pump. At each flow rate, the
system was stabilised for three residence times and then integrals
of TMSCF,H were measured in comparison to the
trifluorotoluene standard for one residence time. Each spectrum
was acquired using only one scan and the frequency of spectra
acquisition adjusted depending on the flow rate. For fast flow
rates the frequency was high (highest frequency possible
approximately every 7 s) and for flow rates the frequency was
lower (e.g. 0.66 mL/min flow rate, 30 min residence time, 2 min
frequency of spectra acquired). The acquired spectra were
integrated using the InsightMR software, the data exported into
Excel and converted into a graph showing the integration over
time. The yields were calculated from the integral of the
trifluorotoluene standard and the integral of the compound after
stabilisation (after 3 residence times), averaged and the standard
error in the mean calculated, which proved to be a maximum of
0.3% for all measurements. Applying this method for all
residence times/ flow rates gave the TMSCF.H yield for different
residence times resulting from the change in flow rates.

4.4, Telescoped large scale synthesis of TMSCF,H

Solutions  of  sodium  borohydride (0.8 M) and
trifluoromethyltrimethylsilane (2.4 M) in diglyme were prepared
and pumped through the flow system using HPLC pumps at
2mL/min each (residence time 30s, see Supporting
Information). After 1 minute (allowing the system to reach steady
state), the output was fed directly into a flask and stirred at 50 °C.
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After 75 minutes (51 g, 360 mmol starting material processed),
the pumps were stopped and the flask stirred at 50 °C for another
30 minutes. The temperature was increased to 180 °C and crude
product collected by distillation. Further distillation (b.p. 65 -
70°C) yielded difluoromethyltrimethylsilane  (25.04 g,
202 mmol, 56%) as a colourless liquid.

IH NMR (400 MHz, CDCl3) & 5.85 (t, J = 46.2 Hz, 1H), 0.17 (s,
9H, CHs) ppm.

1E NMR (376 MHz, CDCls) & -139.54 (d, J = 46.3 Hz, 2F) ppm.

13C NMR (101 MHz, CDCls) § 124.0 (t, J = 254.1 Hz, CF,H), -
5.0 (CHs) ppm.

IR: 2963, 2903, 1321, 1256, 1078, 989, 858 cm™. Data is
consistent with literature reports.2"
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