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Abstract:

Representative Suzuki couplings in water using low catalyst
concentrations in conjunction with microwave heating have
been transferred from sealed-vessel to open-vessel reaction
conditions. They have then been scaled-up to the mole scale
using a dedicated multimode microwave apparatus. The reac-
tions are complete within 20 min of heating at reflux.

Introduction

Microwave-promoted synthesis is an area of increasing
interest in both academic and industrial laboratotigsAs
well as being energy efficiedtmicrowave heating can also

ous flow cell could end up being time-consuming, reopti-
mization of reaction conditions often being required. The
other option is to use a batch-type process. This could either
involve using one large ves$&l! or parallel batch reac-
tors1%16 A drawback with performing large-scale reactions
in batch mode can be the penetration of microwave irradia-
tion into the reaction mixture as the vessel size is increased.
Continuously stirring the reaction mixture offsets this
problem to some degree.

Our research in the area of microwave-promoted chem-
istry recently led to the discovery that it is possible to perform
Suzuki couplings in water using ultralow quantities of
palladium catalyst’~2° Water is an excellent solvent for
microwave-promoted synthesis. Although it has a dielectric

enhance the rate of reactions and in many cases iImprovegss factor which puts it into the category of only a medium
product yields. An area of increasing research interest is theabsorber, even in the absence of any additives it heats rapidly

scale-up of microwave-promoted chemistries. While many

reactions have been performed on the small scale using (7) Cablewski, T.; Faux, A. F.; Strauss, C. R.Org. Chem1994,59, 3408.

microwave heating, few have been further developed into
larger-scale syntheses. This clearly needs to be addressed
the technology is going to impact process chemistijhere

are two possible scale-up options. The first is to use a
continuous flow microwave cell, this technology being used
successfully for a number of different reactiong! The
drawback of a continuous flow microwave apparatus is that
it can be difficult to process solids, highly viscous liquids,
or heterogeneous reaction mixtures. Also, adaptation of
conditions from simple small-scale reactions to the continu-
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Table 1. Optimisation of conditions for the open-vessel microwave-promoted Suzuki reactions in water

OMe B(OH), uw
Br Pd, Nay,COs

entry reaction conditions product yield (%)
1 18.5 mmol NaCOs;, 5 mmol TBAB, 0.045 mol % Pd, 30 mL 4D, 0 min 68
2 18.5 mmol NaCOs, 5 mmol TBAB, 0.045 mol % Pd, 30 mL #D, 20 min 83
3 18.5 mmol NaCOs, 5 mmol TBAB, 0.00045 mol % Pd, 30 mL HO, 20 min 86
4 5 mmol Na,COs3, 5 mmol TBAB,0.00045 mol % Pd, 30 mL HO, 20 min 60
5 18.5 mmol NaCQ;, 1.2 mmol TBAB, 0.00045 mol % Pd, 30 mL HO, 20 min 55
6 18.5 mmol NaCGQ;, 0.0009 mol % Pd,15 mL H,0, 15 mL EtOH, 20 min 70
7 18.5 mmol NaCO;s, 0.0045 mol % Pd, 5 mL H,0, 15 mL EtOH, 20 min 94

a All reactions were performed using 5 mmol bromoanisole and 6 mmol phenylboronic acid. Reaction mixtures were heated from room temperature to reflux using
an initial microwave power of 100 W and held at this temperature for the allotted tiFa. clarity, changes in reaction conditions from entry 1 are noted in bold.

upon microwave irradiation. Water also offers practical controlled with the use of a computer. The reaction mixture
advantages over organic solvents. It is cheap, readily can be introduced into the microwave vessel from two
available, nontoxic, and nonflammable. Our reactions were separate feed lines. After the reaction is complete, the
performed using a monomode microwave apparatus, working reaction vessel can be vented to remove an overpressure and
on a 1 mmol scale in a 10-mL sealed glass vessel. Thethen the contents of the reactor pumped into a collection
reactions are run using between 50 ppb and 2.5 ppmvessel. This allowed us to scale the reaction from the 1 mmol
palladium and are complete in around 5 min. This offers an level to batches of 10 mmol. However, we were keen to
easy, fast, and efficient route to biaryl-functionalised prod- develop a procedure for the preparation of multigram
ucts. A further operational advantage of the methodology is quantities of biaryls rapidly and efficiently. To do this, we
that lengthy metal extraction steps for product purification decided to move away from sealed tubes and instead move
may not be required because the catalyst loading is alreadytowards using an open-vessel since, when working on a large
below the specification limit for many products. scale, atmospheric pressure conditions offer significant safety
Since SuzuK? couplings are used on a regular basis in and operational advantages. To do this we needed to
the chemical industry for the preparation of, for example, reoptimise our reaction conditions using a monomode
pharmaceuticals, natural products, and advanced materialsmicrowave apparatus and then test them on larger scales
we were keen to address issues of scale-up to prepare gramgsing a multimode microwave. Our results are presented here.
instead of miligrams of product. Some approaches to scale-
up of Suzuki reactions have been published. Using a flow Results and Discussion
cell, conditions involving 20 mol % PdgPPh), as the Our first objective was to transfer our Suzuki coupling
catalyst, ethanol as the solvent, and triethylamine as a basemethodology from sealed-vessel to open-vessel operation.
have been developéfl The Suzuki reaction has also been To do this we used the same monomode microwave
used to demonstrate the applicability of a microreactor and apparatus as employed for the sealed-vessel experiments
a flow-capillary reactor, both developed for use in conjunc- since it has the capability to run reactions in open round-
tion with microwave heating®?* Our initial approach was  bottom flasks of capacity up to 125 mL. The apparatus is
to use an automated stop-flow microwave system that equipped with an opening in the top through which a glass
combines the advantages of a batch reactor with those of atube can be placed connecting the flask in the microwave
continuous flow reacto® It is a monomode apparatus with ~ cavity with a reflux condenser located outside the microwave.
one 80-mL vessel in the microwave cavity. The reaction Working on the 5 mmol scale and using a 100-mL round-
mixture is pumped in to and out of the vessel by a peristaltic bottom flask as the reaction vessel we screened a range of
pump; these functions, as well as running the reaction, arereaction conditions with 4-bromoanisole and phenylboronic
_ _ _ acid as test substrates. Representative data are shown in Table
@1 5?&?;”;?&'55,‘iﬂ_‘;"3352?1?_?835?2,'”K’BIgf‘“p‘if)i'e?;aéeegs'_eéi‘iioé’f"#rawa’1; We decided to start by using, as close as possible, a
191. (b) Rosso, V. W.: Lust, D. A.; Bernot, P. J.; Grosso, J. A.; Modi, 5. directly scaled version of our sealed-vessel reaction mixture.
P.. Rusowicz, A.; Sedergran, T. C.; Simpson, J. H.; Srivastava, S. K.; A 1:1.2 ratio of aryl halide to boronic acid was used,
Humora, M. J.; Anderson, N. Grg. Process Res. De1997,1, 311. (c) . . .
Larsen, R. D.; King, A. O.; Chen, C. Y.; Corley, E. G.; Foster, B. S; tetrabutylammomum br0m|dea TBAB, (1 equw.) employed
Roberts, F. E.; Yang, C.; Lieberman, D. R.; Reamer, R. A; Tschaen, D. as a phase transfer agent, and 30 mL of water as the solvent.
stem%ﬁ”DT ,\Rﬂgofz'dfrhﬁ' Ao gfgfséﬂ‘;}nfigéfsrg?kes' When working in water, a major problem can be precipitation
6391. of palladium from a stock solution, particularly when
e o v, bt Crs. e 03y ey Working with a salt such as palladium acetate. This was
Hassan, J.; Sévignon, M.; Gozzi, C.; Schulz, E.. LemaireCklem. Rev. avoided by using an acid-stabilised stock solution such as
2002 102, 1359. (d) Kotha, S.; Lahiri, S.; Kashinath, Detrahedror2002 that purchased as an ICP standard for palladium. This can
36, 9633, be diluted accordingly to give solutions of the desired

(23) He, P.; Haswell S. J.; Fletcher, P. DLab Chip2004,4, 38. . : 8 . .
(24) He, P.; Haswell, S. J.; Fletcher, P. DAppl. Catal. A2004,274, 111, concentrations. Starting with a palladium loading of 50 ppm
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(0.045 mol %) we determined that the optimum reaction time Table 2. Open-vessel microwave-promoted Suzuki reactions
was 20 min at reflux with shorter times leading to lower In water?
yields of the desired biaryl product (Table 1, entries 1 and s BOH: . 0.0045 mol % Pd

+

2). We then turned our attention to the catalyst loading and | NazCOn. Hi0 / EIOH » @—@
found that reduction to 500 ppb (0.00045 mol %) did not K ' R
have a noticeable effect on product yield (Table 1, entry 3).
Reduction of the sodium carbonate from 3.7 to 1 equiv or entry aryl bromide product yield (%)
reduction of the TBAB from 1 to 0.25 equiv had a noticeably o
deleterious effect on product yield (Table 1, entries 4 and 1 @J\ 99
5). Thinking ahead to larger-scale experiments, we were keen Br
to find conditions that would allow us to eradicate the need OMe
for addition of TBAB to the reaction mixture for operational /©/
reasons. Purification of the product can be troublesome when
considerable quantities of TBAB are used. In addition, as 3 /@NO’ »
the scale is increased, it becomes more and more wasteful Br
to use TBAB as an additive. We screened a water/ethanol oN
mixture as the reaction medium since we knew that this 4 /©/ 94
offered an alternative to using neat water as a solvent in
conjunction with TBABZ?° Using a 1:1 water/ethanol mixture 5 ©/B' -
as solvent, we found that higher levels of palladium were
required to obtain acceptable yields of the desired biaryl N
product, with catalyst loadings of 1 ppm (0.0009 mol %) 6 O/ 91
and 5 ppm (0.0045 mol %) leading to product yields of 70%
and 94%, respectively. This could be due, at least in part, to OMe
the fact that the reaction mixture reached reflux at a lower @K
temperature (82C) when using the water/ethanol mixture
as solvent as Opposed to neat water. 2 Reactions were performed using 5 mmol aryl halide, 6 mmol phenylboronic
We decided that the operational advantages brought byacid, and 0.0045 mol % Pd as catalyst. Reactipn_mix’tpres were heated from
eradicating TBAB from the reaction mixture overcame the rl%%mm}eggeﬁgfgfgtt%irse{g‘:]éggi:eC)fO‘;Sg(‘)gnj‘i’r‘L'"'“a' microwave power of
disadvantages of having to use a somewhat higher palladium

loading. So, with our optimal reaction conditions in hand, . ) ) ) )
we screened a range of aryl bromides in the coupling with Microwave apparatus was again equipped with an opening

phenylboronic acid. The results are shown in Table 2. N the top through which a glass tube could be placed,
Comparable yields of product were obtained using the new connecting the flask In_the microwave cavity with a reflu)$
open-vessel conditions and previously published sealed-condenser located outside the microwave apparatus. Working
vessel condition& In the case of 2-bromoanisole a lower ©N @ large scale, accurate temperature measurement and

yield was obtained than when using the para substituted SONtro! is important. This was achieved using a fiber-optic
analogue (Table 2, entries 2 and 7). This is also seen whenPr0Pe inserted into the reaction mixture by means of a glass
using sealed-vessel conditions and could be attributed, at leasi?€rMoWell. Using reaction conditions identical to those of
in part, to steric effects. Since the reaction is run in water/ tN€ 5 mmol reaction, we were able to scale the reaction to
ethanol as a solvent, isolation of the product can be achieved®-2> Mol with no significant difference in product yield
with a simple aqueous/organic extraction. Since the palladium (TaPle 3, entry 1). We next moved to the 1 mol scale,

concentration is low (5 ppm), its removal from the product working in a 3-L rea_ctlor_1 vessel. AQa'”’ we obtalne:'d a
mixture often is not necessary or, when it is desired, is simple comparable product yield in the coupling of 4-bromoanisole

since it stays in the aqueous washings during the product2nd Phenylboronic acid (Table 3, entry 2). Using an initial
extraction procedure. The reactions could be scaled up furthefMicrowave power of 600 W, the reaction took between 3
to 10 mmol using the same apparatus, but beyond this the@"d 4 min to reach reflux temperature (82). Since we

quantity of material became too large for performing the Used & very efficient reflux condenser, we were able to
chemistry in a 100-mL reaction vessel. continue putting in close to the maximum allotted microwave

To scale-up the reaction further we moved to a multimode POWer during the course of the reflux. We wanted to reassess
microwave apparatus. Reports in the literature discussingthe effects of catalyst concentration on the reaction and found
transfer of sealed-vessel chemistry from monomode to that it was possible to reduce the palladium Ioading from
multimode apparatus suggest that this can be achieved with0-0045 mol % (5 ppm) to 0.0009 mol % (500 ppb) with no
little or no modification of reaction conditions. Using a 1-L  decrease in product yield (Table 3, entry 3). We re-ran the
round-bottom flask, we attempted to scale the reaction of reaction but stopped it once it had reached reflux temperature.
4-bromoanisole and phenylboronic acid from 5 mmol to 0.25 Analysis of the mixture showed that the reaction had

mol. Our results are shown in Table 3. The multimode €ssentially reached completion within this time. However,
since we wanted to develop a methodology applicable to a

(25) Leadbeater, N. E.; Marco, M. Org. Chem2003,68, 5660. range of substrates, we decided to run the reactions for 20

94
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Table 3. Optimisation of conditions for the open-vessel multimode microwave-promoted Suzuki reaction in water

OMe B(OH), uw, Pd
Br Na,COg, H;0 / EtOH

Y

entry reaction conditior’s product conversion (%)
1 0.25 mol 4-bromoanisole, 0.3 mol phenylboronic acid, 99
0.925 mol NaCO;3, 0.0045 mol % Pd, 100 mL 4D, 100 mL EtOH
2 1 mol 4-bromoanisole, 1.2 mol phenylboronic acid, 99
3.7 mol Na&C0;, 0.0045 mol % Pd, 500 mL D, 500 mL EtOH
3 1 mol 4-bromoanisole, 1.2 mol phenylboronic acid, 99

3.7 mol NaCGs, 0.0009 mol % Pd, 500 mL #0, 500 mL EtOH

aReaction mixtures were heated from room temperature to reflux ¢€83ising an initial microwave power of 600 W and held at this temperature for 20 min.
b Determined using GC—MS analysis.

min to ensure complete conversion of the starting materials 720/€ 4. Open-vessel microwave-promoted Suzuki reactions

to the desired biaryl product. The reaction mixture was stirred In water on the 1 mol scalé

throughout the reaction by means of a rotating magnetic plate B B(OH), .

located below the floor of the microwave cavity and a Teflon- ®/ . @f pw. 00009 mol% Pd ®_®

coated magnetic stir bar in the vessel. However, with the R/ Z Na,C0s, H,0 / EtOH R/ /

large quantities of material in the flask, better mixing can

be obtained using an overhead paddle stirrer. A Teflon paddle| eqtry aryl bromide product conversion (%)

attached to a glass shaft can be introduced into the reaction

mixture from above the microwave apparatus and an adaptor i

used for stirring using a conventional stirrer motor while also Q)k

allowing for efficient reflux.
With our reaction conditions in hand, we screened arange| , /©/°M€ 99 (96

of aryl bromides in the coupling with phenylboronic acid. Br

The results are shown in Table 4. With one exception, NO,

comparable yields of product were obtained using the 3 /©/ 9%

multimode microwave apparatus on the 1 mol scale and the

monomode apparatus on the 5 mmol scale but with the addeq O/

o]

99 (99)

o]
=

benefit of a lower catalyst loading. When using 4-bromoa- 4 87

niline we find that a higher palladium loading (0.0045 mol

%) is required to obtain a good yield of the desired biaryl 5 Q/koﬁ 94 93y

product. This may be due to the fact that the amine

functionality in the 4-bromoaniline could coordinate to the

ligandless palladium source used in the reaction. 6 /@
Although we again tried to reduce the quantity of sodium Br

50

carbonate used in the reaction, we were unable to do so
without compromising reaction yields. From our previous 7e
work, we knew that sodium carbonate can sometimes be
contaminated with traces of pa"adldﬁhWhen performlng aReactions were performed using 1 mol aryl halide, 1.2 mol phenylboronic

chemistry on a 1-mole scale, this clearly could be an issue, acid, and 0.0009 mol % Pd as catalyst. Reaction mixtures were heated from

: . ; ; room temperature to reflux (883 °C) using an initial microwave power of
since it involves addlng 392 g of NaG; to the reaction 600 W and held at this temperature for 20 nfilsolated product yieldt Using

mixture. This could make the actual catalyst loading higher 0.0045 mol % Pd as catalyst.
than that determined on the basis of the palladium added to
the reaction mixture. To determine whether this was a factor, require 1—5 ppm Pd as the catalyst. The catalyst is a cheap,
we analysed the sodium carbonate used in the reactions usingeadily available palladium solution, and no ligands are
ICP-MS and found it contained less than 1.5 ppb Pd. We required. Our results compare favourably with those from
therefore can discount the “indirect” loading of palladium Suzuk?® coupling protocols that have been scaled up using
in the reaction mixture and believe our catalyst concentrationsconventional heating and reported in the literature. At the
to be accurate. low palladium loadings reported here, we find that conven-
In summary, we have shown that low catalyst concentra- tional heating results in much lower product yields and
tion Suzuki couplings can be performed in open reaction reaction times need to be in the order of hours and not
vessels using microwave heating. The reaction is scalableminutes. Rate enhancements over conventional heating
from the mmol to the 1 mol scale with no need for methods are attributed to localized superheating of the
reoptimization. The reactions can be performed in air, are reaction mixture. It is also possible that at these low catalyst
run using a mixture of water and ethanol as solvent, and loadings, the microwave heating has an effect in the

99
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equilibrium for the agglomeration of the palladium atoms bar in the vessel or else with the use of an overhead paddle
in the direction of very small nanopatrticles. Work is currently stirrer.

underway to devise ways to increase the scale of the reaction Representative Example of a Suzuki Coupling on a 5
further as well as to investigate the scope for scale-up of mmol Scale Using the Monomode Microwave Appara-
other microwave-promoted methodologies developed in ourtus: Reaction between 4-Bromoanisole and Phenylbo-

laboratories. ronic Acid. In a 100-mL round-bottom flask was placed
4-bromoanisole (0.935 g, 0.625 mL, 5.0 mmol), phenylbo-
Experimental Section ronic acid (0.732 g, 6.0 mmol), Nao; (1.86 g, 18.5 mmol),

General Methods. All materials were obtained from  Palladium stock solution (0.0045 mol % added), ethanol (15
commercial suppliers and used without further purification. ML), and water (15 mL). The vessel was placed into the
The palladium stock solution used was elemental Pd in microwave cavity. Initial microwave irradiation of 100 W
5—20% HCI, concentration 1000 mg/mL, J.T. Baker cat. no. Was used, the temperature being ramped from rt to reflux.
5772—04 or Aldrich cat. no. 207349. All reactions were Once this was reached, taking around 2 min, the reaction
carried out in air!H NMR spectra were recorded at 293 K mixture was held at this temperature for a further 20 min.
on a 300 or 400 MHz spectrometer. G®IS analysis was After allowing the mixture to cool to room temperature, the
run using a Perkin-Elmer AutoSystemXL Gas Chromato- contents of the reaction vessel were poured into a separatory
graph/TurboMass mass spectrometer equipped with a columrfunnel. Water (100 mL) and ethyl acetate (100 mL) were
Elite-5MS (30 mx 0.25 mmx 0.25xm). All analyses were added, and the organic material was extracted and removed.
run using the following temperature gradient: temp 1, 50 After further extraction of the aqueous layer with ethyl
°C (1 min); temp 2, 200C (2.57 min); rate 31.8C/min; acetate, combining the organic washings and drying them
temp 3, 250°C; rate 30.0°C/min. over MgSQ, the ethyl acetate was removed in vacuo leaving

Description of the Microwave Apparatus. Small-scale the crude product, which was characterised by comparison
open-vessel microwave reactions were conducted using a°f NMR data with that in the literature. .
commercially available monomode microwave unit (CEM  Representative Example of a Suzuki Coupling on a 1
Discover). The machine consists of a continuous focused Mol Scale Using the Multimode Microwave Apparatus.
microwave power delivery system with operator selectable Reaction between 4-Bromoacetophenone and Phenylbo-
power output from 0 to 300 W. Reactions were performed "onic Acid. In a 3-L round-bottom flask was placed
in a 100-mL round-bottom flask. The temperature of the 4-Promoacetophenone (199 g, 1 mol), phenylboronic acid
contents of the vessel was monitored using an IR sensor(146 g, 1.2 mol), NZCO; (392 g, 3.7 mmol), palladium stock
located underneath the reaction vessel. The contents of theSolution (0.0009 mol % added), ethanol (500 mL), and water
vessel are stirred by means of a rotating magnetic plate(500 mL). The vessel was placed into the microwave cavity.
located below the floor of the microwave cavity and a Teflon- Initial microwave irradiation of 600 W was used, the
coated magnetic stir bar in the vessel. Temperature, pressurdemperature being ramped from rt to reflux. Once this was
and power profiles were monitored using commercially reached, taking 3—4 min, the reaction mixture was held at
available software provided by the microwave manufacturer. this temperature for a further 20 min. After allowing the
For the large-scale reactions a commercially available Mixture to cool to room temperature, the contents of the
multimode microwave apparatus was used (CEM MARS). reaction vessel were poured into a separatory funnel. Watgr
The machine consists of a continuous microwave power (1.5 L) and ethyl acetate (1.5 L) were added, and the organic
delivery system with operator selectable power output from material was extracted and removed. After further extractions
0 to 1200 W. Reactions were performed in either a 1- or Of the aqueous layer with ethyl acetate and combining the
3-L round-bottom flask. The temperature of the contents of Organic washings, the ethyl acetate was removed in vacuo
the vessel was monitored using a fiber-optic probe inserted!€@ving the 4-acetylbiphenyl product as a white solid (193
directly into the reaction mixture by means of a glass 9): Which was characterised by comparison of NMR data
thermowell. The contents of the vessel were stirred either With that in the literature.
by means of a rotating magnetic plate located below the floor
of the microwave cavity and a Teflon-coated magnetic stir Acknowledgment
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