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Investigation of Cocatalysis Conditions Using an Automated Microscale
Multireactor Workstation: Synthesis of meso-Tetramesitylporphyrin
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Abstract:

Prior manual work has shown that the condensation of
mesitaldehyde and pyrrole leading to tetramesitylporphyrin
depends sensitively on concentration and requires cocatalysis
involving BF3-O(Et), and ethanol or other protic species. We
have applied an automated microscale chemistry workstation
capable of parallel or adaptive experimentation to systematically
investigate these cocatalysis conditions. Examination of ex-
perimental grids spanning a 1000-fold range of the concentra-
tions of BF;*O(Et), and ethanol identified the best cocatalysis
conditions for various mesitaldehyde and pyrrole concentra-
tions. As the reaction concentration increased from 10 to 200
mM, the optimal yields were achieved with a parallel increase
in BF3*O(Et), concentration (from 3.3 to 56 mM), but the
amount of ethanol remained relatively constant. Catalysis
conditions were identified that afforded ~30% yields for
reactants in the range of 16-73 mM, thereby enabling the
reaction to be performed at increased concentration without
loss in yield. Application of a catalyst searching protocol
identified ethylene glycol, 2-methoxyethanol, and methanol as
effective cocatalysts from a set of 12 candidates. Collectively,
these results show the utility of an automated chemistry
workstation in acquiring a comprehensive set of data concerning
the scope of cocatalysis in the reaction of mesitaldehyde and
pyrrole.

Introduction

The search for appropriate conditions for synthetic
transformations is often a lengthy process involving inves-

formed, and the necessity to investigate reaction parameters
in a systematic manner, have dictated the workstation design.
In hardware, we have focused on multireactor workstations
for performing microscale reactions exclusively involving
liquids (Figure 1). The restriction to liquids limits the scope
of chemistry but also avoids a host of difficult sample-
handling problems. In software, we have focused on the
ability to plan and carry out diverse experiments in parallel
and to evaluate data automatically in order to focus searches
and avoid futile experimentation (Figure 2). Together, these
hardware and software features enable the workstation to
perform experiments accurately, exhaustively, strategically,
and autonomously in selected domains of chemistry in pursuit
of the objectives stated by the scientist.

One particularly challenging problem for application on
an automated chemistry workstation involves identifying
appropriate catalytic conditions for the synthesisntéso-
tetramesitylporphyrin (TMP). TMP and its derivatives serve
as constituents of molecular photonic devicas well as
biomimetic oxidation catalysts. TMP was initially prepared
using high-temperature (170—22C) sealed-bomb reac-
tions? We developed a two-step, one-flask synthesis of
porphyrins, in which an acid-catalyzed pyrreleldehyde
condensation affords the porphyrinogen, which in turn is
oxidized to the porphyrid® The reaction is performed at
room temperature in C{€1, and affords good results with
diverse aldehydes, but our initial results with mesitaldehyde
and pyrrole afforded no TMP.

In searching for modified conditions for the two-step, one-
flask procedure that would be applicable to TMP, we found

tigation of solvents, reagents, catalysts, concentrations ofthat the condensation of mesitaldehyde and pyrrole proceeded

reactants, temperature, and other paramétefse labor-

smoothly at room temperature in the presence of BEEt),

intensive nature of such tasks in synthetic chemistry hasin CHCls, but notin CHCl,** We subsequently found that
prompted the development of a variety of automated the presence of ethanol as a stabilizer in the commercial

chemistry workstation® Our efforts in this area have been

source of CHGJ was the source of the reactivity difference

aimed at developing workstations for systematic investigation (6) plouvier, J.-C.; Corkan, L. A.; Lindsey, J. Shemom. Intell. Lab. Syst.:

of synthetic reactions and optimization of reaction
conditions*® The large numbers of reactions to be per-
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Figure 1. Automated chemistry workstation. (1) 60-vessel reaction station. Each vessel consists of a 10-mL glass vial fitted with a
septum cap and a Teflon-coated magnetic stir bar. The entire station is thermostated, and each vessel is individually stirred. (2)
264-sample-vial rack. (3) Washing station for syringes. (4) Solvent inlet line. Four solvents can be delivered via valving and syringe
pumps (not shown). (5) Reagent and sample transfer syringe. The syringe is back-flushed to prevent contamination. (6) Robotic
arm with speed of ~1 m/s. (7) Space for location of additional analytical instruments. (8) Reagent rack. (9) Workup reagent rack.
(10) UV—visible absorption spectrophotometer equipped with fiber-optic input and output lines (not shown). (11) Solvent inlet and
outlet lines to cuvette.
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Figure 2. Flow diagram illustrating the throughput of experiments in an automated chemistry workstation. (a) The scientist works
with the experiment planner to compose an experimental plan. (b) Each experimental plan consists of a list of commands, including
simple directives or conditionals that depend on experimental data. (c) A resource manager tabulates the total resource demands,
including chemicals (reagents, reaction solvents, solvents utilized by instruments) and containers (reaction vessels, sample vials,
etc.). The schedule is separated into executable experiments and experiments awaiting resources. Other safeguard features are
invoked automatically to prevent overflowing or depleting vessels. As additional resources become available, the experiments in
gueue can be scheduled. (d) The scheduler renders the experiments in parallel to the extent possible. (e) The executable scheduled
experiments are passed to the automated chemistry workstation. (f) Data are generated from the UWis instrument. (g) In open-

loop experimentation, where no decisions are made automatically about ongoing or planned experiments, the data from common
experiments are combined in an output file. (h) In closed-loop experimentation, where decisions are made without user intervention
about ongoing or planned experiments, the data are passed to the evaluation unit of the experiment planning module. (i) The data
are evaluated in the context of the scientific objective as stated in the experimental plan. (j) Depending on the results of the evaluation,
ongoing experiments can be terminated or altered, pending experiments can be expunged from the queue, or new experiments can
be spawned. (k) The results from open-loop and closed-loop experiments are available for review by the scientist.

in the two chlorinated solvents. In the absence of 0.75%  The conditions we identified for the synthesis of TMP
ethanol in CHCJ, the reaction essentially failed, while the involved a 1-h room-temperature condensation of 10 mM
presence of 0.75% ethanol in CH@F CH,Cl, gave smooth mesitaldehyde and pyrrole in CHC{containing 0.75%
reaction and TMP was obtained in 31% yield. ThuszBF

ethanol cocatalysis provides for efficient formation of TRMP.  (12) Lindsey, J. S.; Wagner, R. W. Org. Chem1989,54, 828—836.
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Scheme 1. Two—step one-flask synthesis ofmeso—tetramesitylporphyrin (TMP)

1. Condensation Mes H
= BF;O(Et), + ROH Mes
4 CHO + 4 N-H - MH L+ 4HO
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Mes H
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Mes H \ -
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(e} OH
Cl CN Cl CN
3 3
Cl CN Cl CN R R
o OH Tetramesitylporphyrin
bbQ DDQH,

ethanol) with 3.3 mM BE-O(Et), (Scheme 1). The yields Examination of the reaction of 2,6-dimethyl-4-cyanobenzal-
determined manually were 31% and 13% at 10 and 100 mM dehyde and pyrrole led to the observation that only trace
reactants, respectively. While these conditions are satisfac- quantities of ethanol were required for effective cocataffsis.
tory for preparing small quantities of TMP, for preparative The porphyrin yield exhibited a sharply poised requirement
purposes we sought higher reaction concentrations. In earlyfor one-tenth the amount of ethanol as used with mesital-
studies of the concentration dependence with benzaldehydedehyde. These observations prompted us to perform a
and pyrrole, we found that the yield of tetraphenylporphyrin comprehensive exploration of the scope ofsBEthanol
peaks at 10 mM reactants, falling off significantly upon cocatalysis conditions in the synthesis of TMP. This broad
reaching 100 mM reactant¥. We subsequently found that ~ study has been facilitated by use of the automated chemistry
the decline in yield with higher reactant concentrations could workstation.
be partially offset with higher acid catalyst concentrations  In this paper, we report application of the automated
(BF3-O(Et), or trifluoroacetic acid}® Thus, an exploration chemistry workstation to investigate conditions that span a
of conditions for a high-concentration synthesis must care- Very large range of concentrations of 86(Et), and ethanol
fully explore the effects of acid catalyst concentration. In in the synthesis of TMP. The conditions include those that
the synthesis of TMP, this exploration is complicated because@re useful for preparative applications, especially with
the acid catalysis involves interaction of B(Et), and increasing concentrations of mesitaldehyde and pyrrole, as
ethanol in an undefined way. well as conditions that are not preparatively useful (i.e., give
The mechanistic basis of BFethanol cocatalysis is not  [0W Yields) but that may help to delineate the scope of
known. Several noteworthy observations are as follows. (1) cocatalytic effects. The reactions have been monitored over
The BR—ethanol cocatalysis conditions discovered for time in order to provide a database about reaction rates with

mesitaldehyde have proved effective for aryl aldehydes diverse Bik—ethanol cocatalysis gonqlitions. T.hese studies
bearing a variety of alkyl or alkoxy substituents at the 2,6- ave been performed by examination of gridded search

positionst (2) The use of EtOD in the presence of BF spaces, which can be examined efficiently using the parallel
O(Et), causes deuteration of porphyrins at f@ositions reaction capabilities of the automated chemistry workstation.
under the mild conditions of the pyrrot@ldehyde conden- The experimental grids are analogous to full factorial designs,
sation, suggesting the formation of a new Bronsted &tid. but the results are displayed as empirically derived response

Whether such a Bronsted acid is involved in catalyzing the fg&{%cjzllvétugitbStatr']St'Caél ztinalyrss.n ]:Arstrtz:lterglc setarlch;ngi;n
pyrrole—mesitaldehyde condensation is not known. (3) een used 1o screen for other cocatalysts

the TMP reaction. Collectively, these experiments have
(13) Lindsey, J. S.. MacCrum, K. A Tyhonas, J. S.. Chuang, YJYOrg. ylelded extenglve data concerning the scope of cocatalysis
Chem.1994,59, 579—587. in the synthesis of TMP. The results also illustrate the use

(14) Lindsey, J. S. IMetalloporphyrin-Catalyzed Oxidations; Montanari, F.,  of an automated chemistry workstation to address the types
Casella, L., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands,
1994; pp 49—86.

(15) Gross, Z.; Kaustov, LTetrahedron Lett1995,36, 3735—3736. (16) Steiger, B.; Anson, F. C. Heterocycl. Chenl997,34, 269—272.
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Table 1. Experimental plan for a TMP-forming reaction 2

operation start time finish time description of the command duration

1 00:00:00 00:00:53 fill reaction vessel to 10.000 mL with CKICI 00:53

2 00:00:53 00:01:44 transfer 0.028 mL of pyrrole to reaction vessel to make 10 mM 00:51

3 00:01:44 00:02:35 transfer 0.030 mL of mesitaldehyde to reaction vessel to make 10 mM 00:51

4 00:02:35 00:04:04 transfer 0.405 mL of ethanol to reaction vessel to make 1000 mM 01:29

5 00:04:04 00:04:56 transfer 0.032 mL of BB(Et), to reaction vessel to make 3.16 mM 00:52

6 00:04:56 00:06:07 wash transfer needle with DMSO 01:11

7 00:06:07 00:10:22 remove reaction aliquot, oxidize, and collect absorption spectrum 04:15

8 00:10:22 00:14:37 remove reaction aliquot, oxidize, and collect absorption spectrum 04:15

9 00:18:09 00:22:44 remove reaction aliquot, oxidize, and collect absorption spectrum 04:35
10 00:22:44 00:23:55 wash transfer needle with DMSO 01:11
11 00:33:24 00:37:59 remove reaction aliquot, oxidize, and collect absorption spectrum 04:25
12 01:03:09 01:07:44 remove reaction aliquot, oxidize, and collect absorption spectrum 04:35
13 03:03:09 03:07:44 remove reaction aliquot, oxidize, and collect absorption spectrum 04:35
14 03:07:44 03:08:55 wash transfer needle with DMSO 01:11

aFor a complete experimental plan listing all individual commands, see Supporting Infornfafioa.solvent volume actually delivered (assuming additivity of
volumes) is such that the final volume after adding all reactants and reagents is 10.000 mL.

of challenging tasks faced on a daily basis by synthetic Given a lower limit for handling samples of 1, reactants

chemists and process development chemists.

Experimental Section

Materials. Ethanol-free CHGl (Aldrich ACS spectro-
photometric grade, stabilized with amylenes) was distilled
from K,COs;. Materials from Aldrich (mesitaldehyde, an-
hydrous methanol, HPLC grade 2-methoxyethanol, 2,2,2-
trifluoroethanol N,N-diisopropylamine, anhydrous ethylene
glycol, tert-butyl alcohol,N,N-diethylamine, dithiothreitol,
BF3;-O(Et), DDQ), Fisher (THF and toluene, both of HPLC

were used as neat liquids for reactions=&7 mM, while
reactions at 10 mM reactants employed a 3.6 M pyrrole stock
solution and a 3.3 M mesitaldehyde stock solution. Simi-
larly, ethanol was used in neat form or as a 1.7 M stock
solution in toluene. Stock solutions of BP(Et), were
prepared by diluting BEFO(Et), (8.1 M) to 0.1 or 4.1 M in
toluene or CHG. DDQ was used as a 0.05 M solution in
THF. Stock solutions were used for two sets of experimental
grids and then replaced. For reaction monitoring, samples
were removed from the reaction vessels and mixed with

grade), and USP (absolute ethanol) were used as receivedexcess DDQ (in THF), and then absorption spectra were

Pyrrole (Aldrich) was distilled from Cafl and stored
samples were used prior to discoloration.
Workstation.”~2° The automated chemistry workstation
builds on the design of our previous workstatias well as
computer-aided design simulations for achieving high per-
formance?! This workstation has been jointly developed by
our group and by Scitec, U.S. (Wilmington, DE). The
workstation hardware is outlined in Figure 1, and the
software strategy is outlined in Figure 2. The lower limit
for handling samples is 10L, and the accuracy for sample
transfers is—1 uL in the range of 16-50 uL and —0.5uL
in the range of 50—10Q:L. The reaction vessels are
thermostated and individually stirred. Absorption spectra
(Ocean Optics PC1000) were collected in THF. The

collected. DDQ rapidly converts the porphyrinogen to the
porphyrin (Scheme 1). Measurement of the absorption of
the Soret bandAax = 420 nm,e = 427 000 M* cm™?)

with appropriate baseline correction and knowledge concern-
ing the reactant concentrations and dilution factors enables
determination of the yielf. The candidate cocatalysts that
are solids (phenol, dithiothreitol) were used as 3 M solutions
in CHCL. The candidate cocatalysts that are liquids were
used as neat liquids.

Experimental Grids. Planning the investigation of the
experimental grids was accomplished with an experiment-
planning module for factorial design and related combina-
torial experiment$? An experimental plan is constructed
for one experiment as shown in Table 1. In this plan,

experiment planner relies on a menu of commands that causeeaction vessels are charged with solvent, equimolar amounts

the workstation to dispense, transfer, mix, acquire spectra,

of reactants (mesitaldehyde and pyrrole), and ethanol. Then

and perform other miscellaneous operations. The experimentBF;-O(Et), is added to initiate the reaction. The final total

planner has been described in det&il®
Workstation Preparation. Mesitaldehyde and pyrrole
(the “reactants”) were always employed in equimolar amounts.

(17) Du, H.; Corkan, L. A.; Yang, K.; Kuo, P. Y.; Lindsey, J. Ghemom. Intell.
Lab. Syst.submitted.

(18) Du, H.; Shen, W.; Kuo, P. Y.; Lindsey, J. Shemom. Intell. Lab. Syst.,
submitted.

(19) Kuo, P. Y.; Du, H.; Corkan, L. A.; Yang, K.; Lindsey, J.Ghemom. Intell.
Lab. Syst.submitted.

(20) Wagner, R. W.; Du, H.; Cork, D. G.; Yang, K.; Corkan, L. A,; Li, F,;
Lindsey, J. S. Technical Report TR98-1; Department of Chemistry, North
Carolina State University, Raleigh, NC, 1998.

(21) Lindsey, J. S.; Corkan, L. Chemom. Intell. Lab. Syst.: Lab. Inf. Manage.
1993,21, 139—150.

volume of the reaction mixture is 10 mL. Absorption
spectral data are obtainedt = 3, 7, 15, 30, 60, and 180
min from the start of the reaction (when BB(Et), is added).
The reaction vessels are thermostated at°@5and are
individually stirred. This experimental plan is analogous to
that used previous82 This experimental plan is used
repetitively in examining the experimental grid with auto-
matic modification of designated parameters (concentrations
of reactants, BEFO(Et), or ethanol). For our applications,

(22) Corkan, L. A.; Plouvier, J.-C.; Lindsey, J. Shemom. Intell. Lab. Syst.:
Lab. Inf. Manage1992,17, 95-105.
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Figure 3. Gantt chart showing a schedule of 16 experiments.

The dark blocks indicate robot activity. The scheduler offsets 0 : o . . ] ] —

the start time of experiments, thereby interleaving the individual 0O 20 40 60 80 100 120 140 160 180
operations. Note that the first block in each timeline encom- Time (min)

passes the commands for additions of solvent and reagents, as . ) . .
well as two analysis procedures. The remaining four blocks are ~ Figure 4. Time course of TMP formation for seven reactions
the subsequent analysis procedures. The robotic utilization, N CHCI3 at 25 °C with 10 mM reactants, 10 mM BFs-O(Et)2,

shown by the composite schedule at the top, is 51.1%. and various amounts of ethanol. [EtOH]: %, 3.16 M; v, 1.00
M; x, 3.16 mM; A, 100 mM; O, 31.6 mM; <, 10.0 mM; O,
3.16 mM.

we have generally usedx 7, 4 x 4, or 3x 3 experimental
grids (as well as six data points over time for each reaction
in the experimental grid). The experiment planner generates
the plans for the reactions, and the scheduler interleaves th
intact experimental plans in order to maximize parallelt$m.
A typical schedule of 16 reactions is displayed as a Gantt
chart (Figure 3). The Gantt chart shows that, at most, four

reactions are performed in parallel at any one time, and the3o min and then declined over 3 h. The decrease in yield

duration of the 16 reactions comprising the experimental grid . . .
) over time indicates reaction processes that degrade the
is 18.5 h. The response surfaces and contour plots were

! 3 o . )
generated using Surfer 6.03 (Golden Software, Golden, CO)'?oc;r?hhgrslgsgﬁféailt?;rzz 4;23:’::;2?];/;?(1 i’g ﬁl@.&pgtilots
Catalyst Screening Protocol. The Catalyst Screening P g

2.0 protocol was used to screen a set of candidates fora.nOI ethanol ranging from 3.16 to 3160 mM. The highest

catalytic activity*® This protocol is tailored for specific yield obtained at any time in each of the 49 reactions was
A . . used to generate the response surface shown in Figtfre 5.
applications through a series of dialogue prompts. The

screening algorithm is described in the text. Each candidateThe response surface reveals that the highest yield obtained
galg e B is 28% with 3.16 mM BE-O(Et), and 100 mM ethanol. This
was used as a neat liquid os @ 3 M solution in CHGl

: ) . . is generally in accord with our previous findings for the
Stock solutions were diluted automatically as required to . .
. e ; o .. _reaction at 10 mM mesitaldehyde and pyrrole, where 3.33
achieve the specified concentrations within the constraints

. 0, i
of the liquid-handling system. Data points were collected mM BFy-O(Et), and 130 mM ethanol afforded a 31% yield

att = 10, 20, and 30 min following the addition of an aliquot * 1"

of the candidate cocatalyst. The yield threshold for flagging o _further nvestigate the optl_mal reaction conditions, we
; L examined a fine-grained 8 3 grid centered at the apex of
catalytic activity was set at 5%.

the response surface of thex77 grid shown in Figure 5.
The reaction was examined over a 3.16-fold range of BF
S ) O(Et), and ethanol concentrations (with 1.78-fold intervals).
1. Investigation of BR—Ethanol Cocatalysis. 1.1.  The highest yields obtained from each experiment in the 3
Reactions at 10 mM Mesitaldehyde and Pyrrole. Our x 3 grid are shown superimposed on those from the 7

prior manual work employed mesitaldehyde and pyrrole at ig (Figure 6). The yields match closely. The highest TMP

10 mM in CHCE (containing 0.75% ethanol, 130 mM) at yield (26%) was again observed with 3.16 mM 8B(Et),

room temperature. The addition of 3.3 MM $BB(Et), gives and 100 mM ethanol.

TMP in 31% vyield'? Other relevant observations include

the following. (1) A 3-fold change in BFO(Et), concentra-

tion can significantly alter the course of reaction and the

yield of porphyrint? (2) Concentrations of BFO(Et), (23) L, F.; Yang, K;; Tyhonas, J. S.; MacCrum, K. A} Lindsey, JT&trahedron

i ; 1997,53, 12339—12360.

ranging from 1 to 316 mM _have been examlﬁéd]—o_ . (24) The highest yield obtained at any time during the reaction is plotted for

encompass and comprehensively explore these conditions, two reasons. (1) Some of the reaction yields pass through a maximum and

we sought a 1000-fold concentration range in each of the then decline; in these cases, reporting the yield at long times does not
. L accurately reflect the effectiveness of the cocatalysis conditions in giving

cocatalysts, with concentration increments of 3.16-fold. These  Tup. in addition, the reactions in different regions of the search space

objectives led to 7 7 experimental grids with BFO(Et), proceed at different rates and plateau or pass through respective maxima at

B : different times. (2) The highest yield is generally of greatest interest from
ranging from 0.316 to 316 mM and ethanol ranging from a preparative standpoint. Note that all data are available in tabular form in

3.16 to 3160 mM. the Supporting Information and can be used to plot other response surfaces.

The mesitaldehyde—pyrrole reactions were performed in
CHCl; stabilized with amylenes (rather than ethanol). The
reactions were automatically initiated and monitored over a
S-h period. In general, reactions using 0.31® mM BF;:
O(Et), gave yields that increased steadily over the 3-h
monitoring range, while reactions with 3816 mM BR:
O(Et), gave yields that passed through a maximum ir-15

Results and Discussion

1.2. Reactions at Higher Concentrations of Mesital-
dehyde and Pyrrole. With mesitaldehyde and pyrrole

32 e Vol 3, No. 1, 1999 / Organic Process Research & Development
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Figure 5. Response surface from the & 7 experimental grid Figure 7. Response surface from the & 7 experimental grid
of the reaction of mesitaldehyde and pyrrole at 10 mM in CHC} of the reaction of mesitaldehyde and pyrrole at 27 mM in CHC}
at 25°C. The highest yields at any time are shown. The contour at 25°C. The highest yields at any time are shown. The contour

plot at the top shows computer-fitted isoyield lines. plot at the top shows computer-fitted isoyield lines.
3169, A 7® deleterious side reactions in the condensation process.
Following each 7x 7 coarse-grained search, a fine-grained
3 x 3 grid was examined around the apex of thex77
178 @ = gl response surface. The coarse-grainedx 77 response
— 16 20 24 surfaces (displaying the highest yields at any time) are shown
% for the reactions at 27 (Figure 7), 73 (Figure 8), and 200
= 100 7 16 28 24 23 mM reactants (Figure 9). The results from examining these
T * 0 ] m ® . ! ) . ! 2
o six experimental grids are listed in Table 2. A significant
) finding upon comparing these data is that the ethanghBF
17 21 15 O(Et), ratio affording the highest yield changes from 32 to
56.2 o = = 1-1.8 as the reactants are increased from 10 to 200 mM
(Table 2).
8 17 5 The response surfacestat 3, 7, 30, and 180 min from
31.6@ | P 1 Py the reactions with 73 mM mesitaldehyde and pyrrole and
1 1.78 3.16 562 10 various amounts of BFO(Et), and ethanol are shown in
[BF3.0(Et)2] (mM) Figure 10. Three key features emerge upon examining these

Figure 6. Superposition of the results from two experimental kinetic d.ata. @) The |soy|§Id lines generally exhibit a
grids. Open squares are the points from the fine-grained 3« 3 concentric pattern with low yields toward the corners of the
grid of mesitaldehyde and pyrrole at 10 mM in CHCI; at 25 search space, indicating again that bothsBREt), and
°C. Closed circles are the relevant points in the corresponding  ethanol are required for catalysis. (2) The reaction is quite
_coarse-grained 7x 7 grid. The highest yield from each reaction fast, with yields >15% achieved in 3 min. The yields
is shown. - . .

steadily increased over 180 min for all regions of the contour
concentrations each at 27, 73, or 200 mM, the reaction wassurface except the corner having the highest concentrations
examined over a 1000-fold range of BB(Et), and ethanol of both BR-O(Et), and ethanol, where the yields passed
concentrations (identical search space with the 10 mM through a maximum and then declined. (3) As time
reactions). Thus, three % 7 experimental grids were progresses, the peak in the response surface shifts toward
examined using the general experimental plan shown in Tablelower total amounts of BFO(Et), and ethanol. However,
1, with appropriate changes in reactant concentration. Thesethe ratio of ethanol:BfO(Et), that affords the highest yield
reactions also afforded yields that decreased afte3D5win at any time remains constant at 5.6-fold. The shift of the
at high BR-O(Et), concentrationsX10 mM BF;-O(Et), for peak in the response surface is a consequence of a slower
27 mM reactions;> 100 mM for 73 and 200 mM reactions).  reaction with lesser amounts of BE(Et), and ethanol, as
The decline in yield over time indicates the presence of well as a leveling off of the reaction after 30 min with the

Vol. 3, No. 1, 1999 / Organic Process Research & Development o 33



Yield (%)

Figure 8. Response surface from the & 7 experimental grid
of the reaction of mesitaldehyde and pyrrole at 73 mM in CHC}
at 25°C. The highest yields at any time are shown. The contour
plot at the top shows computer-fitted isoyield lines.

Figure 9. Response surface from the & 7 experimental grid
of the reaction of mesitaldehyde and pyrrole at 200 mM in
CHCI3z at 25°C. The highest yields at any time are shown. The
contour plot at the top shows computer-fitted isoyield lines.

higher amounts of BFO(Et, and ethanol. The kinetic
trends observed for the reaction at 73 mM mesitaldehyde
and pyrrole were generally also observed for the other
mesitaldehyde and pyrrole concentrations.
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Table 2. Concentrations of BR-O(Et), and ethanol
affording the highest yields of TMP?

optimal

concentrations (mM) T™P
[reactants] [EtOH]}/  vyield time
(mM) BFz*O(Et, EtOH [BFz:O(Et)] (%) (min)d
1¢¢ 3.3 130 40 25 60
10 3.16 100 32 26 180
27 5.62 56.2 10 34 180
73 17.8 100 5.6 28 180
200 56.2 56.2, 100 1,1.8 20 360

a Each reaction was performed in 10 mL of CHGtabilized with amylenes
at 25°C. Data points were collected At = 3, 7, 15, 30, 60, and 180 min after
the addition of the BEFO(Et),. ® Concentration affording the highest yield in
the search¢ The concentration of mesitaldehyde and pyrrél€he time at which
the maximum yield was obtaine8iPerformed manually in CHCl..

The results from the various experimental grids are best
compared in Figure 11, which shows the concentrations of
BF3s-O(Et), and ethanol that gave yields within three-fourths
of the highest yield for a given mesitaldehyde and pyrrole
concentration. This graph illustrates two important observa-
tions. (1) Each of these 75% cutset scatter plots includes at
least six data points covering a significant portion of the
search space, illustrating the robustness of the pyfrole
mesitaldehyde condensation conditions toward slight changes
in BFs-O(Et), and ethanol concentrations. Specifically, the
ethanol and BEO(Et), concentrations can each be varied
from 1.78- to 10-fold and still obtain TMP in a yield within
three-fourths that of the highest yield observed for a given
concentration of mesitaldehyde and pyrrole. (2) As the
reaction concentration increases, the highest yield of TMP
is obtained by a significant increase in the concentration of
BF5-O(Et), but with no increase in the ethanol concentration.
The ethanol:BE-O(Et), ratio declines from 32 to less than
2 on going from reactants at $@00 mM, as listed in Table
2.

2. Catalyst Screening Experiments.Prior manual work
showed that cocatalysis in the mesitaldehyde—pyrrole con-
densations is not limited to ethanol but can encompass other
proton donors such as acetic a&idert-butyl alcohol*? or
methanol® (though acetic acid antkrt-butyl alcohol gave
quite low yields). To screen for cocatalysts that are effective
with BF3*O(Et), in catalyzing the formation of TMP, we
developed catalyst searching protocdl¥ The catalyst
searching protocols make use of the adaptive features of the
workstation, where data from an ongoing experiment are used
to alter the experiment in progress as well as to plan new
experiments. In the protocol used herein (Catalyst Screening
2.0)}8 reactants and BFO(Et), are added to CkCl, in a
reaction vessel, and then an aliquot of the test cocatalyst is
added. If the yield is below a preset threshold at the end of
an appropriate wait period, an additional aliquot of the test
cocatalyst is added to the reaction vessel, and monitoring is
continued for an additional wait period. This process is
repeated until the entire concentration range of the cocatalyst
has been stepped through or the yield has reached the
threshold. Then the next candidate cocatalyst is tested in a
new reaction vessel, and this screening process is continued

(25) Kihn-Botulinski, M.; Meunier, Blnorg. Chem.1988,27, 209—210.
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Figure 10. Response surfaces obtained at selected times from the reactions with 73 mM mesitaldehyde and pyrrole and various
amount of BF;-O(Et), and ethanol at 25°C in CHCI 3. The contour plots show computer-fitted isoyield lines. Note the yields of
~16% att = 3 min, and the shift of the peak in the response surface along the diagonal at= 30 min.

until all candidates are examined. Those candidates thatto meet the 5% threshold can be categorized as more acidic
reach the threshold are flagged as effective cocatalysts, thethan ethanol (trifluoroacetic acid, acetic acid, 2,2,2-trifluo-
concentration at which the threshold is reached is noted, roethanol, phenol), more hindered than ethanol (2-propanol,
monitoring is discontinued, and the next candidate is tert-butyl alcohol), or containing thiol or amino functional

examined. groups. Though the catalyst screening protocol is an
The catalyst screening protocol has been used to screennherently serial algorithm, each candidate cocatalyst was
12 candidate cocatalysts in conjunction withsBB{Et), in screened for activity across a reasonable concentration range

the TMP-forming reaction (Table 3). The candidate cocata- in less than 3 h, and the survey required 36 h in total.
lysts were screened over a range of 3.16—1000 mM, with  prompted by the positive response of the catalyst search-
mesitaldehyde and pyrrole concentrations of 10 mM, and jng experiments for methanol, ethylene glycol, and 2-meth-
BFs-O(Et) at 3.16 mMin CHG. Data points were collected  oxyethanol, we investigated experimental grids involving
att =10, 20, and 30 min following the addition of an aliquot  these three alcohols. Each experimental grid was selected
of the candidate cocatalyst. The threshold for catalytic gn the basis of the concentration at which activity was
activity was set equal to a 5% yield of TMP. The candidates gpserved in the catalyst screening protocol. In so doing, an
identified with catalytic activity (methanol K, 15.5; 2-meth- anomaly was noted for ethylene gly@3l.The results are
oxyethanol, pi 14.8; ethylene glycol, pK14.2) have pK  shown in Table 4. 2-Methoxyethanol (26%) and ethylene
values resembling that of ethanol (15?9)Those that failed glycol (24%) gave yields comparable to those with ethanol
(26) Riddick, J. A.; Bunger, W. AOrganic Solvents, 3rd ed.; Wiley-Inter- (25%)_’ while methanol \_Nas less active (19%). The time
science: NY, 1970. evolution of TMP formation and the response surfaces due
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3160 Table 3. Cocatalyst screening resultd

7 total concentration of cocatalyst (mM)
candidate cocatalyst 3.16 10 31.6 100 316 1000

1000

trifluoroacetic acid -
acetic acid - - - - - -
phenol -
2,2,2-trifluoroethanol —
methanol -
100 O O Q ° ethanol -
O o . . 2-methoxyethanol -

ethylene glycol +b

o) ® . 2-propanol - - - - - -
tert-butyl alcohol - - - - - -
dithiothreitol - - - - - -
10- N,N-diethylamine - - - - - -
N,N-diisopropylamine — - - - - -

Lo

O © .« e

[EtOH] (mM)
mRon|
OoOooOoog
[ ++ 1

[

aEach reaction was performed in 10 mL CH@t 25°C. The — symbols
indicate yields below threshold; the symbols indicate the concentration of the
b cocatalyst at which the 5% TMP yield threshold was reached. Monitoring was
1 10 100 316 discontinued when the threshold was reachéthe activity observed with

[BFS'O(Et)Z] (mM) ethylene glycol is anomalously high.
Figure 11. Comparison of the 75% cutset data for reactions

of mesitaldehyde and pyrrole at different concentrations Table 4 i f BR:-O(E ROH affordi
(abstracted from the response surfaces in Figures 5,8). As thibh?gﬁesct:c;,?;gzt:)afq?&;o FrO(ED. and ROH affording

the concentration of reactants increases, the highest yields are

T T T T T T T T T

obtained with increasing amounts of BR-O(Et), while the optimal T™MP
concentration of ethanol remains relatively constant. The entire concentrations (mM) [ROH)  yield time
region examined in the experimental grids is displayed. Leg- ROH BR-O(Ety ROH [BFsO(Ety] (%) (min)°
end: 10 (©); 27 (O), 73 @), and 200 mM ().
. . _. methandl 10 316 32 19 60
to cocatalysis with methoxyethanol resemble those with 2-methoxyethan8l 10 316 32 26 60
ethanol. These data show thatBfROH cocatalysis of the  ethylene glycd 10 31.6 3.2 24 180
ethandl 3.16 100 32 25 60

mesitaldehyde—pyrrole condensation is not restricted to

ethanol but can be achieved with several alcohols of related  agach reaction was performed with 10 mM mesitaldehyde and pyrrole in 10

idi mL of CHCI; at 25°C. Data points were collected At = 3, 7, 15, 30, 60, and

structure and aCIdlty' 180 min after the addition of BFO(Et). ® Time at which the maximum yield
was obtained¢ A 4 x 5 grid with the [BR-O(Et)] spanning 3.16100 mM
Conclusions and the [ROH] spanning X01000 mM.9 A 4 x 4 grid with the [BR-O(Et)]

Through the use of an automated chemistry workstation, S g 32100 T and e LR S e s (ROM] Shanning
we have now performed a comprehensive study of the 3.16—100 mM.From Table 2.
reaction conditions for forming TMP with mesitaldehyde and
pyrrole concentrations ranging from 10 to 200 mM. Alto-
gether, 11 experimental grids comprising 284 reactions were 200 mM. By using the optimal amounts of BB(Et), and
examined over a 10-week period, yielding 1704 data points. €thanol, a relatively constant 25% te80% yield of TMP
Where comparisons can be made, the yield data are nearly¢an be obtained as the reactant concentrations are increased
identical in the automated and manual studies. While no from 10 to 73 mM. (2) As time progresses, the peak in the
yield improvement has been achieved, several new insightsfesponse surface shifts toward lower total amounts of BF
have been obtained. (1) As the reactant concentration©O(Et: and ethanol, but the ratio of BfO(Et), and ethanol
increases7 the amount of BE)(Et)Z required for reaction that affords the hlghest y|9|d at any time remains constant
increases steadily, while the amount of ethanol remains for a given concentration of reactants. (3) The reaction at
essentially constant. In particular, the ethanokBREt), 73 mM reactants is quite fast, with yields15% achieved
ratio affording the highest yield changes from 32 to118 in 3 min, but 28% attained only after 180 min. (4) The
as the reactants are increased in concentration from 10 to'esponse surface for BfO(Etp—ethanol cocatalysis is
somewhat broad for the mesitaldehyde and pyrrole concen-
i otk The catalyst screening protocol duntiied eihyions giycol as an L auons examined. For example, at 73 mM, the ethanol and
gczszeotr:dcatalyst aty3.16 mM. %Ering manual prepargtion O%ythe stock BF3"O(Et) concentrations can each be varied by 5.6-fold
solutions for the experimental grids, we noted that ethylene glycol was not and still give TMP in 21-28% yield, which is within three-
Soe 1 CH0L g e et i s sesnile e ook S0 o, that of the highest yield (28%) observed. Thus,
little activity at 3.16 mM (but was active at 31.6 mM). Thus, the activity ~ Unlike the results with 2,6-dimethyl-4-cyanobenzaldehyde

observed at 3.16 mM in the catalyst screening program is a false positive, g pyrrolele the reaction of mesitaldehyde and pyrrole does
originating with the automated dilution procedures in the catalyst screening !

program (which prepared diluted stock solutions of candidates as needed not reqUire sharply pOised concentrations OE'B:F(EOZ and
in CHCLy). The resulting stock solution of ethylene glycol was undoubtedly ethanol. The Comprehensive set of data accumulated herein

biphasic, leading to delivery of an amount of ethylene glycol in excess of : o
the required 3.16 mM target solution. This anomaly highlights a pitfall of establishes the scope of Bfethanol CocatalySIS in the

automation that at present can only be overcome through user vigilance. Synthesis of TMP and should be useful for planning syntheses
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as well as in studies aimed at elucidating the mechanism(s)data for each of the 11 experimental grids, and response

of catalysis. surfaces for the experimental grids with the cocatalysts
methanol, 2-methoxyethanol, and ethylene glycol (23 pages).
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