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Tube-In-Tube Reactor as a Useful Tool for Homo- and
Heterogeneous Olefin Metathesis under Continuous Flow

Mode

Krzysztof Skowerski,*"® Stefan J. Czarnocki,™

A tube-in-tube reactor was successfully applied in homo- and
heterogeneous olefin metathesis reactions under continuous
flow mode. It was shown that the efficient removal of ethylene
facilitated by connection of the reactor with a vacuum pump
significantly improves the outcome of metathesis reactions.

Introduction

Over the past decades, olefin metathesis has been repeatedly
proved to be an efficient method of C—C double bond forma-
tion."! Both the industrial and academic success of this ap-
proach was largely caused by
the development of stable and
active ruthenium catalysts, such
as 1-3 (Figure 1). Today, a vast
array of commercially available
complexes allows chemists to
optimize conditions of nearly
any metathetic transformation.
This is of crucial importance, as
it has been proved that no
single  catalyst  outperforms
others in all metathesis reac-
tions.”

Although great advances have m
been made, some issues in the
field of olefin metathesis remain.
Probably the most significant,
especially for industrial applica-
tions, is a need for the develop-
ment of more efficient and sus-
tainable metathesis processes.
To achieve this, research is
widely underway into the utiliza-
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The beneficial aspects of this approach are most apparent in
reactions performed at low concentration, such as macrocycli-
zation reactions. The established system allows achievement of
both improved yield and selectivity, and is ideal for industrial
applications.

tion of renewable raw materials or the introduction of catalysts
that are effective at low loading.” There is, however, another
direction that remains underdeveloped. This is the application
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Figure 1. Classical metathesis catalysts 1-3 and complexes 4, 5 used in flow mode metathesis (Mes = 2,4,6-trime-

of well-defined catalysts to conduct metathetic processes in
continuous flow (CF) mode." The potential of this methodolo-
gy was demonstrated in pioneering works reported by Buch-
meiser etal.,” in which the heterogeneous catalyst 4 gave
a turnover number (TON) of 480 in the CF cyclization of diethyl
diallylmalonate.

Further detailed studies revealed that the efficiency ob-
served for both the homogeneous and heterogeneous cata-

lysts usually applied in batch reactors (BR), tends to decrease
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significantly in continuous or circulating flow processes.” For
example, in the ring-closing metathesis (RCM) of diethyl diallyl-
malonate, the TON observed for heterogeneous catalyst 5 de-
creased from 968 in BR to 75 in a circulating flow reactor.®
This problem is strongly connected to the evolution through-
out the metathesis reaction of ethylene, which is not efficiently
removed in typical CF-conducted processes. The decomposi-
tion studies of metathesis catalysts reported by Grubbs and
co-workers proved that, in contact with ethylene, unstable
ruthenium methylidene species are formed that are susceptible
to degradation, thus decreasing the overall efficiency.”” More-
over, it was shown that pretreatment of 1a with ethylene prior
to metathesis in a CF mode negatively impacts its perfor-
mance.®? An additional confirmation of the negative influence
of ethylene is the observation that high TON values (up to
10000) were obtained in continuous flow processes in which
ethylene is not produced, such as ring-opening ring-closing
metathesis, ring-opening metathesis polymerization, and self-
metathesis."” To the best of our knowledge, only two setups
were developed to solve the problems related to ethylene evo-
lution in metathesis under flow mode. Although very success-
ful, both solutions suffer from some limitations. The use of
a degassing module, as proposed by Ying et al.,’*® is not appli-
cable in the classical CF reactors, and the continuous stirred
tank reactor (CSTR) used by Fogg et al. is not appropriate for
reactions promoted by heterogeneous catalysts.® This in-
spired our research focused on

finding a better, more universal

solution that would give re-

searchers the opportunity to

move processes from batch to

CF systems without losing cata-

lyst efficiency, a task that has

proved to be extremely difficult

so far.

Results and Discussion

Substrate=—pp| |

We present herein our efforts to-
wards the development of more
efficient homo- and heterogene-
ous olefin metathesis processes
proceeding in CF mode with the
evolution of ethylene. We per-
formed a series of CF experi-
ments in tube-in-tube reac-
tors,™ widely utilized in other
areas of organic synthesis. The
benefit of such systems s
strongly related to the process
efficiency that they provide,
which is crucial, especially in in-
dustrial applications. The very
high throughput that can be
provided by flow reactors, com-
bined with no scale-up effects,
makes this technology ideal for
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large-scale production. These characteristics motivated us to
study the possible applications of metathesis in such systems,
which, to the best of our knowledge, has not been examined
before.

The reactor utilized in the present study was constructed
from two tubes. The outer tube was made from fine Teflon
and the inner tube was made from porous material. During
our initial search for the best semipermeable material we
turned our attention to siloxane-based materials such as poly-
dimethoxysiloxane (PDMS) as well as poly(1-trimethylsilyl-1-
propyne) (PTMSP), which are characterized by very good per-
meability for ethylene. Unfortunately, both these materials
swell significantly in contact with organic solvents; moreover,
PTMSP undergoes significant physical aging. Therefore, we de-
cided to use tubes made from Teflon AF2400, a commercially
available semipermeable material that was previously applied
in tube-in-tube reactors.'”? The efficient removal of the ethyl-
ene evolved within the reaction progress was facilitated by
connection of the inner tube to a vacuum pump. The driving
force for the removal of ethylene is a great pressure difference
on both sides of the internal tube. As a result, migration of
ethylene through the Teflon AF2400 tube is possible, thus di-
minishing its negative impact on the metathesis outcome. The
schematic presentation of this new plug flow reactor-vacuum
(PFR-V) is pictured in Figure 2.
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Figure 2. Schematic presentation of PFR-V.
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—~ We decided to test this system
cr \\//\\N by performing both hetero- and
homogenous  metathesis.  The

MesN__NMes former, which in CF-mode can be

RJ‘\CI even more challenging than the
cri latter, was promoted by catalyst 6,
ﬁob which was synthesized in our labo-

6 ratory™ and deposited on com-
mercially available silica gel. Heter-
ogeneous 6-Si0O, was used in the

RCM of 7 in toluene at 80°C (Table 1 and Figure 3).

For comparative purposes, all reactions were performed in

three modes: batch (BR), tube-in-tube reactor in which the

Table 1. Results of RCM of 7 promoted by heterogeneous 6-SiO,.
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Figure 3. Results of the RCM of 7 promoted by heterogeneous 6-SiO,: a) in
BR mode; b) in CF mode.
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outlets of inner tube were closed (PFR), and the new combina-
tion in which the inner tube was connected to a vacuum
pump (PFR-V). The reaction in BR mode promoted by 6-SiO,
(0.2 mol%) provided the tri-substituted product 8 in almost
quantitative yield, which corresponds to a TON of 490. Because
we needed to know the overall conversion for the calculation
of TON, it was important to check that metathesis does not
occur outside the reactor. Therefore, we performed split tests
that proved the heterogeneity of the catalytic system in both
batch and CF reactor (see the Supporting Information for de-
tails). As the outcome of heterogeneous olefin metathesis in
flow mode depends on many factors, it was crucial to ensure
that conditions for reactions in PFR and PFR-V are identical so
that the influence on catalyst efficiency of ethylene removal
alone could be observed. The catalyst, 6-SiO, was loaded into
the space between the inner and the outer tube and the reac-
tion was run at relatively low concentration of 7 (0.1 M) with
low flow rate of 40 uLmin~' to minimize the influence of ethyl-
ene evolution on residence time in PFR. These conditions
could, to some extent, negatively affect the efficiency of 6-SiO,
in CF mode. However, it should be noted that the aim of this
study was to prove the compatibility of PFR-V with heteroge-
neous metathesis, not to optimize the conditions of such
transformations. The overall result of 6-SiO,-promoted RCM
leading to 8 in PFR (TON=71) was found out to be nearly
seven times less efficient than the same reaction in BR mode
(TON=490). Ring-closing metathesis in PFR-V was over two
times more productive (TON=154) than in PFR and the cata-
lyst retained some activity even after 20 h. The efficiency of 6-
SiO, in this approach is obviously insufficient for practical ap-
plications. Nevertheless, the benefits originating from removal
of ethylene in PFR-V are evident. Importantly, in all reactor
types, ruthenium content in the product was very low, as de-
termined by inductively coupled plasma mass spectrometry
(ICP-MS).

To check whether the positive effect of application of PFR-V
is also evident in homogeneous metathesis, we conducted
RCM of 9 promoted by only 0.05 mol % of 3 (Table 2).

The initial experiment was performed in toluene heated to
80°C with 0.2 m concentration of 9 and showed only minor ef-
ficiency differences between the three types of tested reactors.
Therefore, we decided to explore the same reaction performed
at an olefin concentration of 0.02Mm, at which the molar ratio

Table 2. Results of RCM of 9 at 0.02 M concentration.

EtOOC_ COOEt EtOOC, COOEt
_ 005mol%of3 c
/g L Toluene C 0.02M 5:7
10
-CoHy

Mode Conversion [%] tong [Min]® TON TOF [s7"
BR 95 20 1900 4
PFR 83 10 1660 473
PFR-V 98 20 1960 5.53

[a] Time at which maximum conversion was reached. [b] Maximum TOF
value calculated after 5 min.
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of dissolved ethylene to catalyst should be higher. The positive
effect of ethylene removal was more pronounced at lower re-
action concentrations. In BR and PFR-V mode, maximum con-
version was observed after 20 min.'"¥! In PFR-V mode, catalyst 3
not only provided higher conversion than in PFR mode, but
also initiated faster and remained active two times longer, sur-
passing the results obtained by utilization of BR."® Importantly,
even at a relatively high concentration of 0.2 M, we observed
almost the same conversion in BR and in PFR-V, proving that
diffusion of ethylene through Teflon AF2400 does not limit the
efficiency of our reactor. The results obtained at 0.2m and
0.02 M in CF mode suggest that the negative effect of ethylene
can be limited by performing the reaction at high concentra-
tion. However, there are some metathetical transformations
that are preferably performed at low concentration. Seeing the
benefit of our system in conditions of low concentration, we
decided to continue our research in this direction.

We examined the PFR-V system in the homogeneous ring-
closing metathesis of 11 and 12 (Table 3). Metathetic macro-
cyclization is one of the reactions requiring high dilution con-

Table 3. RCM leading to macrocyclic lactones.

o
o o
/\WJLO Toﬁj:n:,olgo =O(f).?)05 M ﬁ)”
)/(J)n 70° e
7 ~CaHy
1M1:n=3 13:n=3
12:n=1 14:n=1
Diene Retention time  Conversion (selectivity) [%]® Yield [9]"
[min]® BR PFR-V PFR BR PFR-V PFR
1 20 91 (90) 91 (95) 59 (97) 81 86 57
30 93 (90) 96 (94) 59 (97) 84 90 57
12 20 82 (98) 86 (99) 52 (99) 80 85 52
30 87 (97) 93 (98) 60 (98) 84 9 59

[a] Retention time is equivalent to reaction time. [b] Determined by GC
using dodecane as internal standard; final £/Z ratio = 8:2 for 13 and 9:1
for 14 (irrespective of the reactor type). [c] Yield [%] = Conversion x Selec-
tivity/100 (Selectivity =% Product/% Conversion x 100).

ditions (5 mm or lower) in order to avoid formation of oligo-
meric byproducts, so we presumed a significant advantage of
PFR-V over PFR."® The results of RCM leading to 13 and 14 are
summarized in Table 3.

In all cases, both the conversion and selectivity varied from
good to excellent. Both PFR-V and PFR ensured higher selectiv-
ity than BR; this was most apparent in RCM of 11, a precursor
of a musk-scented fragrance ingredient."® A decrease in yield
of 13 and 14 was observed when the reaction was conducted
in PFR instead of BR. On the other hand, yields in PFR-V were
noticeably higher than in BR. This suggests that, at low con-
centrations, removal of ethylene in PFR-V is even better than
in the open batch reactor, a finding that was not anticipated
by us. Interestingly, in all cases, the selectivity of reaction was
affected by isomerization and ring contraction, not by sub-
strate oligomerization.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The most important observation was that the yield noted in
CF setup, when ethylene was removed, was 50-60% higher
(57 vs. 90% yield). Having obtained these promising results,
further optimization was undertaken. RCM of 11 run in PFR-V
with 0.25 mol% of 3 resulted in the formation of 13 in 60%
yield [as determined by gas chromatography (GC)], corre-
sponding to a TON of 240 [turnover frequency (TOF) of
0.2 s7'1,7" which was over two times higher than observed for
reaction in PFR, but remained unsatisfactory. The general con-
clusion from these experiments is that PFR-V is especially suita-
ble for macrocyclization reactions that have to be performed
at low concentration, because it ensures better conversion and
selectivity. In addition, with appropriate construction of the
whole setup (for example, application of continuous removal
of solvent from post reaction mixture), the use of PFR-V can
avoid the need for large volumes of solvents.

Searching for further applications of the PFR-V system, we
turned to utilization of renewable resources. Long chain die-
sters and aminoesters are valuable monomers for the synthesis
of polymers, thus their production in CF mode should be of in-
terest for the industry if high throughput can be achieved."®
Recently, it has been shown that cross metathesis (CM) of re-
newable unsaturated esters with methyl acrylate or acryloni-
trile can be an attractive way to synthesize such compound-
s.5¢ To test the compatibility of our setup with CM we react-
ed methyl undecenoate (15) with 4 equivalents of methyl acry-
late (16) in the presence of 0.5 mol% of fast initiator 2’
(Table 4).%

Table 4. CM of methyl undecenoate with methyl acrylate.
i ° 05 mothorz i 1
/\ms)l\o/ * o Toluene, C = 0.02 M \OWO/
60°C

15 16 ~CH, 17, E/Z 93/7
Mode Conversion [%] tong [MiN]
BR 91 30
PFR 62 10
PFR-V 92 30

Again, a significant decrease in conversion of the substrate
was observed when reaction was conducted in PFR instead of
BR. Results of the process in BR and PFR-V modes were similar.
Directly comparing PFR and PFR-V, the reaction proceeded
with significantly higher conversion and the catalyst remained
active three times longer when ethylene is removed. Notably,
in all cases, only traces of the dimer of 15 (<1%) were ob-
served. Attempts to conduct this transformation at higher con-
centrations revealed differences in results that were not
strongly pronounced. A minor difference in conversion in PFR
and PFR-V was observed at 0.2 M reaction concentration (86 %
and 93 %, respectively). Nevertheless, conversion in PFR-V was
very close to that observed in BR (95 %), proving again that re-
moval of ethylene in PFR-V is effective even at high concentra-
tion. As in the case of RCM, high concentration in CM limited
the negative effect of ethylene observed in PFR. This is also
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the reason that the advantage of PFR-V over PFR is more ap-
parent at low concentration.

During the experiments, an interesting observation was
made. The conversion in BR and PFR-V always grows as the re-
action time increases (up to maximum conversion). In the PFR
mode, on the other hand, an inconsistency was observed
(Figure 4). The maximum conversions for CM in PFR were ob-
served after 5 min (89%) and 10 min (62 %) at 0.2m and 0.02m

% Conversion

Time/ min

PFR

Figure 4. CM of 15 and 16 at 0.02 m concentration.

concentration, respectively. After slightly longer reaction times,
conversion dropped and then again started to increase when
reactions were performed for a longer period. This suggests
that, after accumulation of some critical amount of ethylene,
the reverse reaction - ethenolysis - may occur. However, limit-
ed mixing efficiency in the presence of ethylene bubbles could
be responsible for these unusual results as well. Thus, PFR-V
can also serve as a useful tool for fast optimization of reaction
conditions for batch processes, as results obtained in these re-
actors are generally in good agreement.

Conclusions

We have shown that the problems associated with ethylene
presence in CF olefin metathesis processes catalyzed by ruthe-
nium complexes can be easily circumvented by a new ap-
proach: utilization of a tube-in-tube reactor. This work presents
the compatibility of the PFR-V system with both hetero- and
homogeneous metathesis reactions. A significant increase in
heterogeneous catalyst efficiency is observed in PFR-V when
compared to a simple continuous flow reactor (PFR). Results of
homogeneous RCM and CM reactions run at low concentra-
tions in PFR-V mode also clearly proved the beneficial aspects
of ethylene removal under CF mode. In addition, the results
obtained using the developed technique are similar or better
than those obtained in batchwise mode, even at concentration
as high as 0.2m, and the technique is free from scale-up
issues. It seems that material which would allow better diffu-
sion of ethylene could potentially provide further improve-
ment, namely higher substrate conversions in CF setup than in
batch setup, as was observed for reactions run at very low
concentration. Work is on-going in our laboratory to explore
the enormous potential of the PFR-V reactor in olefin metathe-
sis, including on-line removal of residual ruthenium or modifi-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cation of the reactor to allow for the portionwise addition of
ruthenium complex, which is known to be beneficial in meta-
thetic transformations.

Experimental Section
Materials

Toluene (Sigma-Aldrich) was dried by distillation over Na, trans-
ferred under argon and stored over MS 4A molecular sieves (Alfa
Aesar). Indenylidene 2" generation catalyst (3, Stream) as well as
nitro-substituted Hoveyda catalyst (2, Apeiron Catalysts) and cata-
lyst 6 (Apeiron Catalysts) were commercially available. Teflon
AF2400 tube was purchased from Biogeneral. Teflon impermeable
tubes were purchased from Postnova. Column chromatography:
Merck silica gel 60 (230-400 mesh).

Analytical methods

NMR spectroscopy: Spectra were recorded on a Bruker Avance
300 MHz spectrometer in CDCl;; chemical shifts (0) are given in
parts per million (ppm) downfield from trimethylsilane as refer-
enced to residual protio solvent peaks; coupling constants (J) are
given in Hz. GC: Trace GC Ultra, Thermo Electron Corporation, HP-5
column; inlet temperature 250°C; detector temperature 300°C.
Method parameters for RCM of 7: initial temperature 170°C, initial
time 1 min, ramp 12°Cmin~", final temperature 240°C, final time
1 min. Retention times: substrate 6.161 min, product 8 6.750 min.
Method parameters for RCM of 9: initial temperature 160 °C, initial
time 1 min, ramp 10°Cmin~', final temperature 220°C, final time
1 min. Retention times: substrate 3.471 min, product 10 3.065 min.
Method parameters for RCM of 11: initial temperature 172°C, initial
time 0.1 min, ramp 6.5°Cmin~", final temperature 210°C, final time
1.0 min. Retention times: substrate 5.801 min, product 13 [(E)-
isomer 5.728 min, (2)-isomer 5.876 min], dodecane 1.840 min.
Method parameters for RCM of 12: initial temperature 160 °C, ini-
tial time 0.1 min, ramp 6°Cmin~", final temperature 210°C, final
time 1.0 min. Retention times: substrate 5.023 min, product 14 [(E)-
isomer 4.943 min, (2)-isomer 5.105 min], dodecane 2.062 min.
Method parameters for CM of 15 with 16: initial temperature
170°C, initial time 0.1 min, ramp 8°Cmin~', second temperature
195°C, second time 0.1 min, ramp 50°Cmin~', final temperature
295°C, final time 4 min. Retention times: substrate 15 2.501 min,
product 17 [(E)-isomer 4.370 min, (2)-isomer 4.175 min], dimer of
15 6.400 min. Retention times were confirmed with samples au-
thenticated by NMR analysis. Residual ruthenium was measured
using ICP-MS.

Equipment for CF experiments with heterogeneous catalyst

Tube-in-tube reactor: length 40 cm; outer tube (fine Teflon) with
inner diameter (ID) of 1.57 mm and outer diameter (OD) of
3.15 mm; inner tube (Teflon AF2400) with ID of 0.8 mm and OD of
1 mm. A solution of 7 was driven through the system with the use
of a PN 1610 syringe dosing system (Postnova) with a flow rate of
40 uLmin~". The tube-in-tube reactor in which the internal tube
was connected to a vacuum pump is denoted as PFR-V. The same
reactor in which the outlets of internal tube were closed is denot-
ed as PFR.
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Equipment for CF experiments with homogeneous catalyst

Tube-in-tube reactor: length 2 m; outer tube (Teflon) with ID of
1.57 mm and OD of 3.15 mm; inner tube (Teflon AF2400) with ID
of 0.8 mm and OD of 1 mm. No special mixer was used for mixing
the substrate(s) and catalyst streams. Solutions of substrate(s) and
catalyst were driven through the system with the use of an AP23
double syringe pump (Ascor). The tube-in-tube reactor in which
the internal tube was connected with a vacuum pump is denoted
as PFR-V. The same reactor in which the outlets of internal tube
were closed is denoted as PFR.

Preparation of 6-SiO,

Complex 6 (6 mg, 7.46 umol) was dissolved in DCM (4 mL) and
silica gel (234 mg) was added. The resultant suspension was stirred
at room temperature for 2 min. Next, solvent was removed on a ro-
tavapor, resulting in 6-SiO, (240 mg) which was dried at high
vacuum for 10 min prior to use.

RCM of 7 in BR

A solution of 7 in dry, degassed toluene (0.1 m, 38 mL, 3.80 mmol
of 7) was stabilized at 80°C and 6-SiO, (240 mg, 7.60 umol of 6,
0.2 mol%) was added in one portion and reaction was stirred at
700 rpm. The reaction progress was monitored by means of gas
chromatography with flame ionization detector (GC-FID) (100 pL of
reaction mixture was removed periodically, filtered through cotton,
and diluted with 450 pL of toluene).

Split test for RCM of 7 in BR

RCM of 7 promoted by 6-SiO, was performed as described above.
After 3 min of reaction, half of each reaction mixture was filtered
through a piece of cotton (under argon) into a new flask that was
filled with argon and placed in an oil bath heated to 80°C. A
sample from the filtered mixture was quenched with ethyl vinyl
ether and analyzed by means of GC-FID in order to determine the
conversion at the split time. After 30 min, conversion in filtered
and non-filtered reaction mixtures was determined by means of
GC-FID.

RCM of 7 in PFR

6-Si0, (240 mg, 7,60 umol of 6) was loaded into a tube-in-tube re-
actor (in which both outlets of inner tube were closed; PFR) as
a suspension in dry, degassed toluene, and an additional 4 mL of
solvent was passed through the reactor. Next, the reactor was con-
nected to a tube that delivered a solution of substrate (the tube
was previously filled with a 0.1 M solution of 7) and placed in an oil
bath heated to 80°C. A solution of 7 (70 mL) was placed in
a round bottomed, two-necked flask from which it was transferred
into the reactor with the use of a syringe dosing system with
a flow rate of 40 pLmin~' via the tube (ID 1.0 mm, OD 1.57 mm)
placed in the oil bath heated to 80 °C. Periodically, samples of reac-
tion mixture (40 uL) were collected, diluted with toluene (200 uL)
and analyzed by means of GC-FID to determine the conversion.
After 20 h, all samples collected for GC analysis were combined
with the main fraction and overall conversion was determined by
means of GC-FID.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

RCM of 7 in PFR-V

6-Si0, (240 mg, 7.60 umol of 6) was loaded into the tube-in-tube
reactor (in which both outlets of the inner tube were connected to
a vacuum pump; the vacuum pressure was in the range of 0.05-
0.07 mbar; PFR-V) as a suspension in dry, degassed toluene, and an
additional 4 mL of solvent was passed through the reactor. From
this point, the procedure was identical to that for reaction in PFR.
After 20 h, all samples collected for GC analysis and the sample
from the split test were combined with the main fraction and over-
all conversion was determined by means of GC.

Split test for RCM of 7 in PFR-V

RCM of 7 was run as described above and after 160 min, a sample
of reaction mixture (200 pL) was collected in a 5 mL flask prefilled
with argon; 40 uL of this mixture was transferred to GC vial,
quenched with ethyl vinyl ether (4 pL), diluted with toluene
(200 L), and analyzed by means of GC-FID to determine conver-
sion. The rest of the sample was gently stirred at 80°C for an addi-
tional 200 min. After that, the sample was prepared and analyzed
by means of GC.

Construction of time profile for homogeneous reactions in
PFR and PFR-V

Reaction times were varied by controlling the flow rates through
the system; each data-point in the rate curves thus corresponds to
a separate experiment. Flow rates were in the range of 4-
48 mLh™". For each, a 1 min interval was allowed for the new flow
rate to stabilize, followed by purging for a period of double the re-
action time, and then collection of the samples for analysis. Sam-
ples for GC were collected into vials containing ethyl vinyl ether to
ensure immediate quenching of the reaction.

Representative procedure of homogeneous reaction in BR

A solution of 11 and dodecane (1 equiv) in dry, degassed toluene
(0.01 ™, 18 mL, 1.8 mmol) was placed in dry flask and diluted with
dry, degassed toluene (18 mL). Next, 150 uL of this solution was re-
moved and analyzed by GC-FID to establish the initial ratio of the
substrate to dodecane at t, (0% conversion). The remaining solu-
tion of substrate (0.005 M) was stabilized at 70°C and stock solu-
tion of complex 3 in dry, degassed toluene (86 pL, 0.5 mol%) was
added. Reaction progress was monitored by GC-FID (200 pL of re-
action mixture was removed periodically, quenched with 4 uL of
ethyl vinyl ether, and analyzed at this concentration).

Representative procedure of homogeneous reaction in PFR

A syringe was filled with a solution of 11 and dodecane (0.01m,
25 mL) and installed in a syringe pump. Stock solution of complex
3 (119 pL, 0.5 mol%) was placed in a dry flask and diluted with dry,
degassed toluene (24.9 mL). A syringe was filled with the resultant
solution and installed in syringe pump. Solutions were pumped
with the same speed (to generate the final substrate concentration
of 0.005 m) into the PFR placed in oil bath heated to 70°C. Solution
of 11 was delivered through the tube placed in the same oil bath.
Reaction progress was monitored by means of GC-FID (200 uL of
reaction mixture was collected, quenched with 4 pL of ethyl vinyl
ether, and analyzed at this concentration). The initial ratio of sub-
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strate to dodecane determined for the experiment in BR was used
for calculations in this experiment.

Representative procedure of homogeneous reaction in
PFR-V

The reaction was performed and monitored as described for PFR
except that, in PFR-V, the internal tube was connected to
a vacuum pump (pressure was in the range of 0.05-0.07 mbar).

Keywords: continuous

flow - ethylene removal -

heterogeneous catalysis -+ homogeneous catalysis - metathesis
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