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Standardized Stirring for Small Scale Surveys**
Isaac Omari, Mathias Paul, and J. Scott McIndoe*[a]

Stirring rates in heterogeneous catalytic reactions have an effect
on reaction rates. When conducting small-scale surveys using a
single central stir plate, reaction vessels in different positions
experience slightly different levels and patterns of agitation. We
probed this effect by running the same reaction 40 times,
varying the stir rate (fast/slow) and the vial position using two
3D-printed vial holders. We found variability of conversion
(measured mass spectrometrically) to be approximately two
times higher for vials placed somewhat randomly in comparison
to when vials are consistently placed at a fixed distance from
the centre of the stir plate, but the effect was relatively small
and could be minimized by using a high stir rate. For those
experimenters wishing to completely eliminate differential
stirring as a cause for variation in results, the 3D-printed circular
array we designed is recommended over a conventional
rectangular array.

1. Introduction

Catalytic reactions are sensitive to a wide range of experimental
conditions, even in homogeneous systems.[1–9] These conditions
include variables, such as concentration of reactants and
catalyst,[10] stirring rate,[11] reaction time and temperature,[12]

which contribute to the outcome of a catalytic system after
optimization. This study focuses on the influence of stirring in a
small-scale cross-coupling reaction. The effect of stirring on the
rate of coupling reactions is well-established.[13–15] With refer-
ence to this, we noticed significant discrepancies in reaction
behavior in a variant of the copper-free Sonogashira
reaction[16–25] when a heterogeneous base was used, with what
seemed like minor differences in stirring. Herein, we therefore
delved deeper into this topic by probing the effect of changing
the distance of a reaction vial from the center of a stir plate. We
studied the reaction at low concentration using ESI-MS[26–30] and

concluded that while the differences were small, they were
significant enough to advise taking precautions to avoid them
when optimizing reaction conditions. To this end, we designed,
and 3D-printed linear and circular vial holders for 10 and 20
vials respectively. The circular vial holder is expected to ensure
identical stirring conditions and thus, maximize the reproduci-
bility and reliability of small-scale screening experiments,[31–35]

where small differences may attract significant attention. In
addition, the vial holders can be scaled up or down easily (using
the software corresponding to the 3D printer of choice) to
handle larger or smaller reaction vials.

2. Results and Discussion

In searching for heterogeneous variants of the copper-free
Sonogashira reaction reported previously,[16] we reasoned that
changing the base used from 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU) to cesium carbonate (Cs2CO3) would be the simplest
modification. However, under diluted conditions optimized
suitable for ESI-MS, Cs2CO3 completely dissolved. Accordingly,
the less soluble calcium carbonate (CaCO3) was selected.

The experimental conditions were optimized to accommo-
date CaCO3 (Scheme 1), and reactions were monitored in real-
time at different stirring rates (60 rpm vs. 400 rpm; see Movies
S1–S4) but otherwise under the same conditions. The differ-
ences between the reactions were subtle but real (see Figure 1),
with the faster stir rate resulting in a slightly higher yield.

It is common in optimization of organometallic reactions
(different solvents, additives, ligands, or metal centers) to
charge e.g. 24 vials in a 6×4 grid and stir them all together
from a central point. The distance of a stir bar from the center
of the stir plate determines exactly how the reaction is stirred.
In a worst-case scenario, all reactions within such an optimiza-
tion attempt could stir differently, and if this difference led to
significant differences in rate, inaccurate conclusions could be
drawn regarding the next optimization step. Due to this, we
probed the extent of error in differently stirred reactions. A vial
holder that can hold 10 reactions at once but at different
positions (see Supporting Information) from each other (0–
75 mm away from the center) was designed as part of this
investigation. In this setup, the vial directly next to the center
and the vial farthest from the center were stirred most
consistently, while in most others the stir bar performed a
clicking or walking motion. To compare these 10 differently
stirred reactions, we designed another holder for equal stirring
(see Figure 2). The vial is held in place by the cap and the unit
is designed for a tight fit. All experiments were done using
3 dram (11 mL) vials of dimensions 65 mm (h)×19 mm (d) and
stirrer bars of dimensions 15 mm (h)×4.5 mm (d), but the
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design can be easily rescaled to accommodate other sizes of
vial or stirrer bar. STL files are available in the Supporting
Information for 10 and 20-vial circular holders. The vial holder
can be used to place the vials in the oil bath unsupported or
can be clamped at the desired height using the central pillar. It
is compatible with heated or cooled reactions. Commercial
circular vial holders for hot plates are available, but at a price
approximately 100× that of the design in Figure 2.

For consistency, ten vials in this configuration were placed
in every other slot at the same distance from the center as the
one farthest from the center in the setup for unequal stirring.
Figure 3 and Figure 4 depict the outcome obtained by means
of ESI-MS after reactions were performed in vials using 3D-
printed linear (0, 24, 34, 41, 48, 53, 60, 64, 71, 75 mm) and
circular vial holders (all at 72 mm). Two separate sets of ten
experiments were conducted at two different stirring rates, for

Scheme 1. The copper-free Sonogashira reaction, employing a permanently
charged aryl iodide for mass spectrometric reaction monitoring (Ar+ I),
phenyl acetylene, tetrakis(triphenylphosphine)palladium(0) as the precatalyst
and calcium carbonate as the heterogeneous base (B). All species in black
are detectable by ESI-MS. Species in grey are neutral and are thus
undetectable. The catalytic cycle was generated using catacycle.com.[36]

Figure 1. Two kinetic profiles of the copper-free Sonogashira reaction with
6 mol% of catalyst being employed. Top, at a relatively fast stirring rate and
bottom, at a relatively slow stirring rate. For the purpose of illustration, the
intensities of palladium intermediates were multiplied by 100. Traces were
normalized to the sum of all species. This data was obtained using the full
scan mode on a triple-quadrupole mass spectrometer.

Figure 2. Left: empty 3D-printed 20-vial holder and right: vial holder loaded
with vials.

Figure 3. Percentage of remaining reactant based on distance of vial from
central stirring point at a slow stir rate (60 rpm). Blue squares are vials
mounted in the linear holder; red circles are those mounted in the circular
holder.
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a total of 40 different determinations of yield at a fixed reaction
time point (10 minutes after addition of catalyst). Figure 3
shows the results for the slow stirring rate (60 rpm).

The reaction was impressively reproducible for both sets of
10 experiments, with slightly greater scatter for the vials
mounted at different distances from the central stirring point
(blue squares, 63.6%�0.5%) compared to those at fixed
distances (red circles, 63.9%�0.2%).

When the vials were stirred rapidly, variation fell for both
sets of experiments by approximately a factor of two (see
Figure 4). The range was again less for the vials in the circular
holder. Data were also collected in all cases for the appearance
of cross-coupled product and of the hydrodehalogenation
byproduct, and the trends observed above were reflected in
these results, namely the same increased variation where the
distance from the central stirring point was varied (see
Supporting Information for more details). It is likely the case
that most experimentalists will be perfectly content with the
level of variability observed in this experiment as it likely falls
well within the normal range of variation for a given experi-
ment, and they are looking for much more significant changes
than observed here, but it is probably worth testing the
variation in their own setup by doing the same reaction across
their whole array if they suspect stirring effects are perturbing
results.

3. Conclusion

Differential stirring effects were detected in small-scale hetero-
geneous catalytic reactions based on distance of the reaction
vessel from the central stirring point. However, these effects
were small and could be mitigated (though not eliminated) by
ensuring reasonably fast stir rates. Circular vial holders of
variable size can be 3D printed inexpensively and without the
use of support material to reduce stirring effects to a minimum
and to improve reproducibility in small-scale surveys.

Experimental Section
All chemicals were purchased from Sigma-Aldrich and used as
received except for the HPLC grade methanol and tetrahydrofuran
which were dried over calcium hydride and distilled under nitrogen
before use. Argon (UHP200) was obtained from Airgas (Calgary,
Canada) and employed without further purification.

In this study, both on-line and off-line experiments were carried out
for fast and slow stir rate reactions. For on-line experiments,
phenylacetylene (12 μmol, 1.2 eq) and calcium carbonate
(0.5 mmol, 50 eq) were added to a solution of [I(C6H4)CH2PPh3][PF6]
(10 μmol, 1 eq) in methanol (7 mL) in a vial charged with a stir bar
under inert conditions and brought to 70 °C in an oil bath. The
reaction was initiated by addition of a THF solution of Pd(PPh3)4
(6 mol%) by syringe through a septum. The vial was pressurized
with 3 psi argon and the reaction solution was transferred into a
mass spectrometer through PEEK tubing.[28,37] An IKA C-MAG HS 7
hot plate magnetic stirrer was used for all experiments. Stirring rate
was set to 400 rpm for fast stirring reactions and 60 rpm for slow
stirring reactions. For off-line experiments, all reagents were
prepared as described for the on-line experiments and placed in
20 vials with stir bars under inert conditions in a glovebox;
however, the experiments were conducted outside the glovebox.
Two sets of vials (10 vials per set) from the glovebox were arranged
in a linear and circular vial holder (these vial holders were printed
on a Creality Ender 3 printer using PLA filament); immersed in a
heated oil-bath (70 °C) for 10 minutes at both fast and slow stirring
rates. The reaction was quenched after 10 min by placing the hot
vials in an ice-bath for 20 min; the quenched samples were filtered
and diluted with cold methanol to 1% v/v. These samples were
loaded into a Hamilton GASTIGHT® syringe and transferred through
PEEK tubing directly into the mass spectrometer at a rate of 10 μL/
min.

Electrospray ionization mass spectra were collected on a Waters
Acquity Triple Quadrupole Detector mass spectrometer in positive
ion mode. Instrument source parameters were as follows: capillary
voltage was held at 3 kV, cone voltage at 10 V, and extraction cone
at 0.5 V. The following settings were used for desolvation
conditions: desolvation gas flow rate, 200 L/h; cone gas flow rate,
100 L/h; source temperature, 80 °C; desolvation temperature,
200 °C. The detector gain was set to 470 V. Scan time was set to 5 s,
with an inter-scan time of 0.5 s. Low and high resolutions were set
to 17. The relative intensities of species recorded were used for
percent yield calculation. Percent yield was calculated by multi-
plying the ratio of the intensity of species (intensity of species of
interest: total intensity of all species) by 100.

Figure 4. Percentage of remaining reactant based on distance of vial from
central stirring point at a fast stir rate (400 rpm). Blue squares are vials
mounted in the linear holder; red circles are those mounted in the circular
holder.
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