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Abstract: Reported is the first study of
the influence of reactor configuration
on the efficiency of a challenging ring-
closing metathesis (RCM) reaction.
With the intention of increasing the
generality of RCM scaleup and reduc-
ing its dependence on substrate modifi-
cation, macrocyclization of an unmodi-
fied, low effective-molarity diene was
explored using different reactor types,
in conjunction with a commercial, ho-
mogeneous Grubbs catalyst. Optimized

tional batch reactor (BR), a continuous
plug-flow reactor (PFR), and a contin-
uous stirred-tank reactor (CSTR). In
the PFR, maximum conversion is
achieved most rapidly, but product
yields and selectivity are adversely af-
fected by co-entrapment of ethylene
with the catalyst, substrate, and prod-
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uct in the traveling “plug”. Use of the
CSTR, in which ethylene is efficiently
swept out, affords an order-of-magni-
tude increase in total turnover num-
bers, and reduces the required catalyst
loadings by 25x relative to the BR (to
0.2mol %), while improving RCM
yields and selectivity to quantitative
levels. Continuous-flow methodologies
that support liberation of the ethylene
co-product thus show great promise for
industrial uptake of RCM.

performance is compared for a conven-

Introduction

Ring-closing metathesis (RCM) has revolutionized laborato-
ry approaches to the assembly of cyclic molecules.!! Nearly
20 years after the breakthrough discovery of “robust” ruthe-
nium catalysts, however,["™ industrial uptake remains star-
tlingly small. A major impediment is the high catalyst load-
ing required for quantitative conversion to desired products,
which imposes very high catalyst costs on production scale,
exacerbated by the high costs of purification required to
remove ruthenium residues. While improvements have been
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made in RCM of dienes such as diethyl diallylmalonates,*?!

which are characterized by very high effective molarity
(EM) values and hence a strong bias toward cyclization, syn-
thesis of macrocyclic targets of broader industrial interest is
considerably more problematic.! The low EM values char-
acteristic of the diene precursors to macrocyclic rings result
in a competition between intra- and intermolecular metathe-
sis. High dilutions are required to improve selectivity for
RCM, and high temperatures are then required to overcome
the unfavorable effect of high dilutions on the kinetics of re-
action. Both exact a severe penalty in terms of catalyst life-
times, loading, and removal. Inefficient, wasteful,” uneco-
nomical processes result.

In a few instances, achieved with much effort, these chal-
lenges have been resolved to the point that industrial-scale
RCM is now beginning to become feasible for high-value
targets, such as precursors to active pharmaceutical ingredi-
ents.l! Prominent among such efforts is a major Boehringer-
Ingelheim (BI) campaign directed at the synthesis of an
HCV protease inhibitor, BILN 2061, in which Ru-catalyzed
RCM is the key step required for assembly of the 15-mem-
bered macrocyclic core.* Extensive catalyst optimization,
accompanied by screening of a fortuitously well-sited pro-
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tecting group to maximize the diene EM, proved key to
achieving high RCM yields and acceptable rates at a viable
catalyst loading (93 % yield; <1 h reaction time; 0.1 mol %
Ru: cf. 92% yield, 40 h and 5 mol % Ru for the unoptimized
process).

While a textbook case for advance through chemical in-
genuity, this approach suffers from limited generality in its
reliance on substrate modification. In seeking alternative,
less time-intensive, and potentially more general paradigms,
we asked whether catalyst efficiency in macrocyclization re-
actions might be artificially constrained by the reliance on
conventional, batchwise RCM. Often overlooked in funda-
mental synthetic research is the decisive impact that reactor
design can have on reaction outcome. Continuous flow (CF)
reactors open new avenues: their improved control over
mass and heat transfer can in turn improve reaction yields
and selectivity, while reducing reaction and cycle times, cata-
lyst loadings, and (depending on configuration) facilitating
process scaleup.”’ Recent reviews describe the implementa-
tion in CF of industrially relevant reactions, including cata-
lytic transformations such as cross-coupling, cycloaddition,
and hydrogenation.®

We chose to explore the potentially higher efficiency of
CF-RCM macrocyclization by using the two dominant con-
tinuous reactor configurations, the plug-flow reactor (PFR)
and continuous stirred-tank reactor (CSTR), and comparing
their performance with that in a batch reactor (BR). To
press the case, and to maximize the potential for generality,
we deliberately selected a standard “off-the-shelf” homoge-
neous catalyst, and an unmodified low-EM substrate (Fig-
ure 1a), the latter being the precursor to an important, mac-
rocyclic perfumery agent.”! Here we show that by intelli-
gent, mechanism-based matching of the reactor design to
the chemical problem, RCM macrocyclization can be made
dramatically more efficient than the corresponding batch re-
action,'! thereby reducing process and environmental
costs.’! This approach offers a powerful and exceptionally
facile alternative to standard paradigms based on catalyst
and substrate tuning.
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Figure 1. a) RCM reaction examined herein; b) dienes used in compara-
tive literature studies of batch versus CF-RCM. Fmoc =9H-fluoren-9-yl-
methoxycarbonyl.

L = HolMes

R = CHyCO,1Bu
R' = NH-Fmoc

Results and Discussion

While CF studies of cross-metathesis (CM)'!) date back 40
years, CF-RCM has been less examined,®™ ' and challeng-
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ing, macrocyclic targets not at all. In a rare comparative
study of the effect of reactor configuration in RCM,
Kirschning, Grela and co-workers reported poorer perfor-
mance in CF-RCM of 3 via a ruthenium catalyst ionically
bound to Raschig rings, versus batch RCM (B-RCM) with
the same catalyst.’®"®! In contrast, the Organ group found
that CF-RCM was superior to batch reaction in cyclization
of the high-EM dienes 4-5 via the homogeneous Grubbs-
class catalyst Ru-1 with microwave heating.'¥

Prior work on B-RCM of 1 described the suitability of
both supported™ and homogeneous****! Ru-NHC cata-
lysts, quantitative RCM being achieved in as little as Sh at a
catalyst loading of 5mol% (5 mm 1, CH,Cl,, reflux).® We
began by assessing the efficiency of CF versus batch RCM
of 1 under these optimized conditions, but using toluene as
solvent, in place of methylene chloride. The latter is undesir-
able in industrial practice: as well, its lower boiling point
limits reaction rates and the thermodynamic driving force
that controls selectivity in equilibrium RCM.[!

Comparison of BR and PFR performance: Simplified reac-
tor configurations are depicted in Figure 2. The batch reac-

Coil

Figure 2. Simplified schematics depicting a) BR; b) PFR; ¢) CSTR. In a),
Ru-1 is added in one dose once the operating temperature is reached.

tor consisted of a round-bottom flask equipped with a con-
denser and an argon inlet. The progress of RCM was moni-
tored by periodically removing samples and quenching with
KTp (KTp=potassium tris-pyrazolyl borate)!'" prior to GC-
FID analysis. The PFR consisted of two independent Tele-
dyne ISCO syringe pumps connected to a microstructured
IMM mixer, and a stainless steel coil immersed in a temper-
ature-controlled oil bath. The syringe pumps were used to
introduce equal-volume solutions of catalyst and substrate
into the micromixer, and to drive the resulting reactant
stream through the coil. Reactions were quenched on exit
by addition to a KTp solution. Reaction times (i.e., the resi-
dence time in the coil, 7)!'”! were varied by altering flow
rates (0.10-96 mLmin~'; corresponding to 0.03-60 min). For
each data point in the time profiles, the new flow rate was
allowed to stabilize for 10s, followed by purging for 37 to
flush out residues from the previous “experiment”, prior to
collecting samples for analysis.
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At 60°C, RCM rates and conversions are consistently
slightly lower in the PFR, versus the BR (Figure 3 a), despite
the closely comparable performance expected for these ho-
mogeneous, kinetically controlled reactions. We attribute
the difference to entrapment of the ethylene co-product, the
effect of which is discussed in more detail below. We
deemed the agreement sufficiently good, however, to war-
rant deeper exploration. To extract the maximum perfor-
mance from the PFR, we examined the effects of tempera-
ture, catalyst loading, and feed concentration on space-time
yields and selectivity.

a) b)
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Figure 3. Yields of 2 as a function of time in RCM of 1 by Ru-1. a) Com-
parison of BR (m) versus PFR (A) performance: 5 mol% Ru, 60°C, 5 mm
1, C;Hg. All of b)-d) carried out in the PFR. b) Effect of temperature:
80°C (o), 60°C (A), 40°C (m). c) Effect of Ru loading at 80°C: 10 mol %
(@), 5mol% (a), 1 mol% (m). d) Effect of diene concentration on RCM
yields for reaction at 80°C, 1 mol% Ru: 20 mm (m), 10 mMm (e), SmMm

(4).

PFR: Temperature (Figure3b; Table 1, entries 2-4): At
40°C, the RCM rate is slow, reaching only 17 % after 0.5 h.
The proportion of oligomers, initially high, declines over
time as backbiting liberates cyclic 2. Thus, RCM selectivity
(% 2/% conversion x 100) is 33% at 1 min, rising to 55%
at 30 min. At 60°C, solely 2 is observed, and reaction is
much faster, though RCM yields are limited to about 80 %
by competing catalyst deactivation. At 80°C, 82% conver-
sion is achieved in only 1.5 min. While conversions again
plateau at this value, GC analysis reveals no side-reactions
potentially mediated by catalyst decomposition products. Of
note, the rate of RCM relative to catalyst deactivation in-
creases in the PFR at the higher temperature. Maximum
conversions are essentially identical to those at 60°C, but
are achieved 10x faster, without adversely affecting selectiv-
ity. In engineering terms, transferring operations from the
BR to the PFR transforms a slow, unproductive (“type C”)
reaction requiring hours into a highly intensified (“type B”)
reaction requiring minutes."¥ This dramatic improvement in
space-time yields is of keen interest from a process engi-
neering perspective in limiting reactor costs. Subsequent ex-
periments were therefore carried out at 80°C.

PFR: Catalyst loading (Figure 3c; Table 1, entries 4-6): De-
creasing catalyst loadings from 5 to 1 mol% has an unex-
pectedly low impact, maximum conversions dropping by
only 12%. Catalyst lifetimes are also extended, with RCM
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Table 1. Overview of performance for RCM of 1 via Ru-1.1*

Reactor mol% T 1] Tend Conv. [%] Yield
Ru [°C] [mm] [min]®  (SeL)® [%]

1 BR 5 60 5 10 84 (*) 84
2 PFR 5 60 5 11 79 (*) 79
3 PFR 5 40 5 30 31 (55) 17
4 PFR 5 80 5 1.5 82 (*) 82
5 PFR 10 80 5 1 94 (86)L! 81
6 PFR 1 80 5 11 70 (*) 70
7 PFR 1 80 10 2 72 (79) 57
8 PFR 1 80 20 1 84 (51) 43
9 CSTR 1 80 5 20 >99 (¥) >99
10 BR 1 80 5 10 82 (*) 82
11 CSTR 02 80 5 50! >99 (¥) >99
12 CSTR 0.1 80 5 5014 76 (*) 76
13 CSTR 1 80 20 10 >99 (65) 65

[a] See Supporting Information for full rate data. 7., indicates the reac-
tion time required to reach maximum RCM yield (see Figure 3), except
for entry 3, for which reaction was terminated at 30 min. Yields in reac-
tions for which no starting diene was detected by GC-FID analysis indi-
cated as>99%. [b] Selectivity= % 2/% Conv. x 100; < +2 (entry5:
+3%). (*)=no observable byproducts. [c] Isomerized and ring-contract-
ed byproducts observed; [d] 7 unoptimized.

being sustained over 11 min. Importantly, this implies that
bimolecular deactivation dominates over unimolecular™ de-
activation under these process conditions. Sustained con-
sumption of diene 1 (20 min) is also observed at 10 mol %
Ru, but RCM ceases after only 1 min: that is, the product
distribution is dominated by non-metathetical reactions®”!
(isomerization, ring-contraction; see Supporting Informa-
tion). Subsequent experiments were thus carried at
<1 mol% Ru.

PFR: Concentration (Figure 3d; Table 1, entries 6-8): Be-
cause RCM macrocyclization of 1 via Ru-1 proceeds under
thermodynamic control, high dilutions (Smwm 1 in batch
RCM) are essential to shift the concentration-dependent
ring-chain equilibrium in favor of cyclic 2./ As expected, in-
creasing the concentration of 1 above 5 mMm increases rates
of metathesis (see Supporting Information), but the selectiv-
ity for 2 suffers (Figure 3d). Moreover, selectivity decreases
over time, presumably owing to competing re-opening and
polymerization of 2, as reported by the Fiirstner® and Ya-
mamotol® groups for other macrocylic targets.

Comparison of CSTR performance (Figure 4; Table 1, en-
tries 9, 11-13): The CSTR differs from the PFR and BR in
its characteristically broad residence time distribution
(RTD), in consequence of which longer reaction times are
required to reach comparable conversions. (The high rates
of RCM achieved in the PFR are thus an important pre-
requisite for transfer of this process to the CSTR.) A com-
pensating feature of great interest is the capacity of the
CSTR to permit escape of ethylene (in contrast to the PFR,
in which the ethylene is trapped along with catalyst, reactant
and products in the traveling “plug”), and hence to limit
non-productive metathesis and ethylene-mediated deactiva-
tion.”®! We chose a CSTR design that provided a large head-
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Figure 4. Performance of CSTR (m) versus PFR (a) in RCM of 1. a)
Yield of 2 as a function of time (5mwm 1, 80°C, 1 mol% Ru-1). b) Cata-
lyst productivity, as indicated by maximum turnover number, TON,,,
(i.e., TON at 7,q; see corresponding entry in Table 1) at 100 % selectivi-

ty.

space, which was continuously flushed with argon to main-
tain sub-millimolar concentrations of ethylene in solution.”*!

As the broad RTD of the CSTR can limit selectivity if
competitive reaction pathways are accessible, inhibiting oli-
gomerization is critical. We therefore adopted the conditions
of temperature and dilution established as optimal for selec-
tivity in the PFR study, and chose the CSTR flow rate
(0.1 mLmin™') to maximize conversions. That is, primarily
cyclic 2 is present, accompanied by low concentrations of 1
and Ru-1, at all times following the initial incubation perido
(10 7). Experiments were carried out by infusing the solution
of substrate and catalyst (homogenized at 20°C using the
micromixer) into a 10 mL round-bottom flask containing
5 mL of toluene at 80°C. An “exit” pump was used to main-
tain a constant volume of 5 mL in the tank. The product dis-
tributions shown in Table 1 are those present at steady state
(typically 107; confirmed by GC analysis of the KTp-
quenched effluent).

Maximum RCM yields in the CSTR were significantly
higher than in our optimized PFR or BR setups, with quan-
titative yields at 20 min when using 1 mol% Ru-1 at 80°C
and 5mwm 1 (Figure 4a; Table 1, entry 9: cf. entries 6, 10).
Even on decreasing the catalyst loading five-fold, quantita-
tive RCM was achieved by 50 min reaction time (entry 11).
At 0.1 mol % Ru, however, only 76 % 2 was obtained at the
same stage (entry 12). Use of the potentially more robust
styrenyl ether analogue of Ru-1 gave similar results (72 %
RCM): that is, in neither case was complete conversion ef-
fected within 1 h, which we set as a maximum tolerable du-
ration of reaction to maintain space-time yields.

A key finding from Figure 4a is that although initial reac-
tion is faster in the PFR (as predicted by theory; see
above), it is rapidly outstripped by that in the CSTR. More-
over, RCM activity is sustained over a longer period in the
CSTR. The beneficial impact of efficient removal of ethyl-
ene on catalyst lifetime and productivity has been noted in
two earlier CF studies,™? but this is the first delineation of
its impact on the synthesis of a challenging, real-world RCM
target. More unexpected is the slower deactivation in the
CSTR relative to the BR implied by comparison of entries 9
and 10. Whether the simultaneous presence of fresh and
“old” catalyst in the CSTR is a factor is targeted for future
study.

Finally, increasing feed conversions in the CSTR reduced
selectivity, as expected, albeit to a lesser extent than in the
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PFR. At 20 mm 1, conversion was quantitative after 10 min
using 1 mol% Ru-1, but RCM yields reached only 65%
(entry 13). Noteworthy, however, is the improved selectivity
relative to that in the PFR under identical conditions
(entry 8). Operation in the CSTR thus appears to permit a
slight increase in the diene concentration that can be toler-
ated in RCM macrocyclization. This may reflect the long
“tail” in the RTD, which allows more time for backbiting,
and hence establishment of equilibrium RCM yields.

The impact of these reactor configurations on catalyst
productivity is highlighted in Figure 4b, which depicts maxi-
mum turnover numbers at 100% selectivity (TON,,,).
Values of TON,,,, in the CSTR approach 800, an order of
magnitude higher than in the PFR or BR. Maximum turn-
over frequencies (TOF,, =152, 8.2 and 6.4 min~' for the
CSTR, BR and PFR, respectively; see Table 1, entries 12,
10, and 6), and hence reactor throughput, show a less dra-
matic improvement, owing to the RTD issue noted above. It
will be noted, however, that at TOF,,,, conversions are in-
complete in all reactor configuration. Realization of quanti-
tative RCM conversions, as well as complete selectivity, is
critical to minimizing purification requirements, with their
deleterious economic and environmental impacts. A more
relevant metric is thus TOF,,, at quantitative conversion
and 100 % selectivity. In this respect the CSTR (with a value
of 10 min~!, see entry 11) stands alone: neither the PFR nor
the BR permits full conversions under these optimized reac-
tion conditions, even at 1mol% Ru (BR) or 5 mol%
(PFR). Quantitative conversions were attained in the earlier
work in the BR using refluxing CH,CL,"! but only at a cata-
lyst loading of 5 mol %.

Conclusion

The foregoing demonstrates that dramatic improvements
can be achieved in RCM efficiency for a challenging, low-
EM diene, without recourse to catalyst or substrate tuning,
by the use of an appropriate continuous-flow reactor. Quan-
titative RCM (i.e., full conversion and complete selectivity)
is achieved in the CSTR at 0.2 mol % Ru, a catalyst loading
25x lower than that required for comparable performance
in batch mode. Operation in the PFR can reduce reaction
times further, but at the cost of RCM yields and selectivity.
Continuous-flow methodologies that permit removal of eth-
ylene thus show great potential to facilitate uptake of RCM
into industrial practice. Experiments directed at increasing
the working concentration in these reactions are under way,
and will be reported in due course.

Experimental Section

Material: Toluene (Fluka) was degassed by sparging with Ar for a mini-
mum of 3h, and stored over activated 4 A molecular sieves (Aldrich).
Decane (Fluka), potassium tris-pyrazolyl borate (KTp; Strem), argon
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(Carbagas), and catalyst Ru-1 (Aldrich) were used as received. Substrate
1 was prepared by the reported method.?”

Analytical method: GC-FID analyses were performed on an Agilent
Technologies 6850 GC-FID equipped with an Agilent 6850 Series auto-
sampler and a Agilent DB-1701 column (60 m length, 320 um diameter),
using an inlet split ratio of 50:1, an inlet temperature of 200°C, and
helium (UHP grade) as carrier gas with a flow of 98.5 mLmin~'. Method
parameters: an initial oven temperature of 60°C was maintained for
2 min, after which it was ramped up at 25°Cmin~"' until 280°C was
reached, at which temperature it was maintained for 2 min. Retention
times for diene 1 (9.73 min), RCM product 2 (E isomer=9.84 min; Z
isomer=9.93 min) and decane (3.93 min) were confirmed with samples
authenticated by GC-MS and NMR analysis. The FID response was
maintained between 100-2000 pA, using analyte concentrations of 5 mm.
GC-FID quantification was established by constructing calibration curves
of peak area versus concentration to account for the dependence on de-
tector response for the substrate, product, and decane (internal standard
in catalytic runs) in the relevant concentration regime. Yields in catalytic
runs were determined from the integrated peak areas, referenced against
decane, and compared to the integration ratio of 1/decane at time zero
(t,)-

Equipment for continuous-flow experiments: Two independent Teledyne
ISCO D-Series pumps, one containing the catalyst solution and the other
containing the diene solution, were used in parallel to drive the reactants
through the system. Mixing was accomplished using a CPMM-V1.2 cater-
pillar mixer of internal structure R-1200 (internal volume 25 pL), manu-
factured by the Institute for Mikrotechnik Mainz (IMM). For PFR ex-
periments, a stainless-steel coil (0.72 mm inner diameter, internal volume
2.87 or 11 mL) was used as the residence time module. For CSTR experi-
ments, an Ismatec pump was used to maintain a constant volume in the
tank.

Representative procedure for RCM of 1 using a batch reactor (BR): A
500 mL three-neck round-bottom flask was dried in a Salvis vacuum
oven (80°C, 25 mbar) for a minimum of 15h before use. It was then
cooled to room temperature under a stream of Ar, and charged with sub-
strate 1 (464 mg, 1.74 mmol), decane (248 mg, 1.74 mmol), toluene
(350 mL, [1]=5 mm) and a stir bar, again under a flow of Ar. A 1 mL ali-
quot was removed and analyzed by GC-FID to establish the initial ratio
of substrate to decane at ¢, (0% conversion). The remaining solution was
heated in a oil bath until the temperature of the solution inside the flask
stabilized at 60°C, at which point catalyst Ru-1 (74 mg, 0.087 mmol, 5
mol %) was added as a solid against a flow of Ar. Samples (1 mL) were
removed periodically, quenched with KTp (10 pL of a 258 mm stock solu-
tion in THF; 40 equiv versus Ru; the large excess is for experimental
convenience) and analyzed by GC-FID.

Representative procedure for RCM of 1 using a plug-flow reactor (PFR):
Two 250 mL Schott borosilicate bottles were dried in a Salvis vacuum
oven (80°C, 25 mbar) for a minimum of 15 h before use. They were then
removed from the oven, allowed to cool under a flow of Ar for 10 min,
and capped. Substrate 1 (464 mg, 1.74 mmol), decane (248 mg,
0.174 mmol) and toluene (175 mL) were added to the first bottle. A
0.75 mL aliquot was removed and diluted with toluene (0.75mL) to
assess the ratio of 1/decane before addition of catalyst by GC-FID. To
the second bottle was added toluene (175mL) and Ru-1 (74 mg,
0.087 mmol, 0.50 mm). The substrate and catalyst solutions were intro-
duced into a syringe pump at a fill rate of 20 mLmin ', from which they
were pumped into the micromixer where the solutions were homogen-
ized. The combined solution was then sent to the residence time module
immersed in a Julabo HC temperature-controlled silicon oil bath main-
tained at a temperature of 40, 60, or 80°C (£0.1°C). The effluent from
the coil was sampled periodically by diverting an aliquot (1 mL) into a
4 mL vial containing a KTp solution (10 uL of a 258 mM stock solution in
THF; 40 equiv vs. Ru). The quenched solution was then analyzed by GC-
FID. Note: The ethylene formed as a co-product during RCM escapes
only on exit of the reactant/product “plug” from the coil.

Construction of time profile using the PFR: 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. For each, a 10s
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interval was allowed for the new flow rate to stabilize, followed by purg-
ing for 37 prior to collecting samples for analysis. The minimum flow rate
is 0.1 mLmin ™" (irrespective of coil volume). At slower rates, axial diffu-
sion and upstream mixing can limit the reproducibility of the coil resi-
dence time. For 7=0.03-28.7 min, the 2.87 mL coil was used. To gain
access to longer reaction times (7=30-60 min), the 11.00 mL coil was
used to maintain flow rates above the 0.1 mLmin~' threshold. Upon exit
of the effluent from the coil, a 1 mL sample was quenched with KTp as
above. Of note, immediate quenching (essential to ensure that residence
times are reproducible and accurate) was confirmed in control experi-
ments in which KTp was charged along with the substrate feed. The du-
ration of sampling ranged from <1 at a flow rate of 96 mLmin~" (reac-
tion time 0.03 min), to 10 min for flow rates of 0.1 mLmin~' (reaction
time 1 h). The total residence time remains constant for each sub-zone in
the reacting solution: that is, it is independent of the sampling time.

Representative procedure for RCM of 1 using the continuous stirred-
tank reactor (CSTR): The reaction was set up as for the PFR, up to the
point of transfer from the micromixer. Following homogenization, the re-
actant solution was driven through a fine Teflon tube (total internal
volume 247 uL; selected for fast transfer, <2.5 min) into the bottom of
the residence time module. The tank consisted of a 10 mL round-bottom
flask containing toluene (5 mL) and a magnetic stir bar, immersed in an
oil bath maintained at 80°C. A second Teflon tube (total internal volume
3 mL), connected to a piston pump and positioned at the 5 mL mark of
the round-bottom flask, was used to remove any volume of solution in
excess of SmL. The speed of the piston pump was maintained at
40 mLmin~!, versus a maximum of 5mLmin~! for the upstream syringe
pumps, to ensure a constant volume of 5 mL, and to minimize the time
interval (maximum 5 s) between removal of the reactant solution from
the tank, and its addition to the quenching solution. This minimizes any
run-on metathesis following exit from the tank, and has the added benefit
of promoting exchange of the headspace gas. The system was purged
with 50 mL of the substrate and catalyst solution (i.e., 10x the residence
time) before sampling. Upon exit, samples were quenched and analyzed
as above.
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