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An electrochemical flow-cell for highly efficient and selective
generation of Cu'-N-heterocyclic carbene complexes under R+ R{

neutral and ambient conditions is reported. The feasibility of @ E;\N*Rz /SH Nj\N*RZ -
the flow-cell is demonstrated through the electrochemical R ke LR ko © R
synthesis of [Cu(IMes)Cl] and subsequent in situ flow directly ) - N—R?
into hydrosilylation reactions, with equal efficiency to the (B) M(s) 2 M (e R R

purified catalyst.

) o . . . Scheme 1 Electrochemical synthesis of metal-NHC complexes: (a) reduction of
Since their isolation in 19¢N-heterocyclic carbenes (NHCS)imidazolium to a free NHC; (b) oxidation of metal; (c) combination of NHC and

have become ubiquitous in organometallic chemistry ameftal.

catalysis, including hydrogenation, hydrosilylation, cross-

coupling reactions and olefin metath@]n recent years, Practical issuesssociated with the electrochemical batch
metal-NHCs have also shown significant promise irocess exist: (i) a large overpotential is required due to
biomedicine, particularly within the fields of antimicrobials aninefficient mass-transfer between the electrode surfaces; (ii)
cancer chemotheraf5f] The most common synthetic method&aradaic efficiency tends to be low (Q generally >2). These
to prepare metal-NHCs use imidazolium salt precursors a@blems can be overcome by moving into continuous mode,
often require the use of strong bases and strict inert corslitigRaking the technology more accessible for academic, industrial
or the use of basic metal precursors (agZO)The major and clinical use. An electrochemical microreactor for the
disadvantages of these routes include the generation of unstayghesis of organic compounds in flow has previously been
intermediates, formation of undesirable side-products aiportet® Herein, we report the design, construction and
incompatibility with base-sensitive substituen®hen and co- optimisation of an electrochemical flow-reactdor the
workers reported a simple and practical procedure for tﬁﬂ]theSiS of both neutral heteroleptic and cationic homoleptic
production of metal-NHCs using N_pyridine or N_pyrimidin&UI-NHC Complexes. To the best of our knowledge, this is the
substituted imidazolium salts and metal plf@é/e reported a first example of the electrochemical synthesis of metal
valuable extension to this model by using ligands that do f@mplexesin continuous flow.

comprise a pendant donor arm, to produce selectively both Our first prototype consists of a PTFE linear flow-channel
neutral and cationic comple&§As basic conditions are not(190 x 4 x 3.5mm), which supports two parallel copper
necessary, the route was found to be compatible with baglectrodes (190 x 4 x 0.5 mmat a separation distance of 2.5
sensitive substituents, thus significantly widening the range B (see Supporting InformationJhe effective volume of the
NHCs that may be developed. During the electrochemid@w-channelis 1.9 cn?’. Preliminary experiments in MeCN
reaction, an imidazolium ion (electrolyte) is reduced at th&der a M atmosphere indicated thatsignificant amount of
cathode, releasing Hto form a free NHC. Concomitantly, undesired [Cu(NHG)[CuCl;] (3) was formed, likely due to the
oxidation of the sacrificial copper anode occurs, liberating Cl@rge distance between electrodes and consequently poor

ions into solution. These two species combine to deliver tRéxing between the carbene and [Cu(NCMEe)Scheme 2).
desired Cu-NHC complex (Scheme 1). Glass beads (dia. 2rim) were packed into the flow channel in
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staggered formation to reduce the effective volume of thkannel) were assembled as shown in Fig. 2. The copper plates
reactor to 1.05m° and increase flow velocity. Residence timalternate between cathode and anode to provide five
inside the cell was reduced and the formation 3ofwas consecutive parallel-plate electrochemical flow-reactors. This
completely suppressed. All subsequent data recorded in the fietign allows reactor metrics (channel length, width, electrode
flow-cell was therefore with the use of glass beads. separation, interfacial area and reactor volume) to be optimised
as required. The short distance between electrodes and the

< mes—n’ ] cucy  tailored channel shape minimise the diffusive ion path-length
LN e E V) Mes /Z“ >/N\Mes and cell resistivity, whilst optimising current density. The
N= (s) Eappl, cell N 4
g/va\Aes Mec#» T\/N*Mes * Mes. /<°“ second flow-cell had a total volume of 4.0 mL, and the surface

areas of the anode and cathode electrodes were Z8axin.

L/N7M953

1 2
Mes = o
Mes J{

4\ L/N*Mes

Scheme 2 Concomitant electrochemical reduction/complexation of [IMesH]CI 1
in flow.

Flow-rate and applied potential were optimised for
efficiency and selectivity using a solution of [IMesH]CI (6.6
mM) in MeCN (Fig. 1). The reduction potential of [IMesH]CI
in MeCN was determined to be2.32 V (versus Fc/FQ by
cyclic voltammetry (see ESI). Maximum conversion in Singl@l’g. 2 Photograph of the second-generation electrochemical flow-reactor (left)
pass mode was achieved with an applied potential of 2.5 V angithe shape of the reactor channel through a 1 mm thick Teflon spacer (right).
flow-rate of 0.5 mL mift (residence time = 126 seconds)
giving Cu(IMes)Cl @) in 36% vyield. An insoluble copper Experimental evaluation of the revised flow-cell provided
species was formed whervoltage > 3 V was applied, with the significant improvements in both the electrochemical output
current density at 2.5 V being calculatad 036 mA cm? and selectivity. At 1.94 V and 0.67 mL rlifresidence time =
(Table 1). When the concentration of [IMesH]CI was increas880 seconds), a yield &4% of complex2 was achieved in
five-fold, a decrease in conversion5¢a yield) was observed, single-pass mode. Imidazolinoné was reduced to3%,
indicating that the surface area of the electrizdthe limiting Presumably due to reduced distance between the electrodes
factor. Recirculation of the 6.6 mM solution (20 mL, 0.13increasing the rate of formation of Cu(IMes)ZI The lower
mmol) allowed full conversion ofl to give complex2 in 92% potential required highlights the improved efficiency of the
yield after 80 minutes, a significant improvement on the yiefg¢cond flow-cell, and its capacity to selectively form desired
in batch (590/A small amount of imidazolinoné (8%) was complexesin the presence of redox sensitive functional groups.
observed, presumably as a consequence of air being introdubeg overall reaction time to convert 0.132 mmol of [IMesH]CI
into the reactor during recirculation. Oxo-adducts of relaté® complex2 was reduced to 29.9 minutes (20 mL, 0.67 mL
NHCs have previously been observed, and can be induced fidifi", single-pass). A comparison between the performance of
the imidazolium salt using Cs. The overall Faradaic the two electrochemical flow-cells is summarised in Table 1.
efficiency of the cell wa88%

Tablel Comparison of the electrochemical synthesis of Cu(IMe@)Ch
first- and second-generation flow-reactors.

Power supply - ‘|+_®_ Ammeter
}——' 1st Flow- 2nd Flow-
cell cell
Flow-cell Single electrode surface area gm 7.6 40
o Distance between electrodes (mm) 2.5 1.0
Output Applied potentialVV) 2.50 1.94
! Observed current (mA) 2.7 10.0
Pump ] i Current density (mAm?) 0.36 0.25
- : Residence time (s) 126 360
E b Time to convert 0.132 mmaoi 1 to 2 (mins) 80.0 (92%) | 29.9 (9P6)°
Recirculation

Input

3 registered at steady-stalén recirculation modefin single-pass mode.

Fig. 1 Schematic diagram for the electrochemical synthesis of 2 in continuous
mode. The versatility of the second-generation flow-cell was
examined using a variety of imidazolium precursors (Table 2).

To further increase the electrode surface area, a secgRdse included N-substituents with decreased steric bulk
modular reactor design was developed. Six square copper plgé@sries 3-6), in addition to base-sensitive allyl and ester N-
(50 x 50 x 1 mm), separated by five PTFE spacers (1 nagibstituents (entries 3-4) and a macrocyclic imidazolium salt

thickness cut with a 4 mm wide and 200 mm long floyentry 6). Furthermore, imidazolium hexafluorophosphate salts
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were assessed (entries 2, 5¥8hich form exclusively cationic Conclusions

homoleptic complexes. A variety of ENHC complexes were
Two simple and effective electrochemical flow-reactors have
prepared selectively and in high yields, validating that th

optimised cell is suitable for the efficient synthesis of a broagen reported which perform highly selective and efficient
syntheses of CU-NHC complexes in excellent yields under
range of ClsNHCs.

neutral and ambient conditions. This was achieved through
Table2 Scope ofCu-NHC complexes prepared under continuous rational design and construction of a flow-cell to maximise
electrochemical conditions in the second-generata-€ell. interfacial area and mixing of species generated fromwioe

electrodes, which resulted in much more controlled
y 12%%  glectrochemical conditions. The synthetic utility of the cell has

x R"N/\,L\Rx been demonstrated through the preparation of a range'ef Cu
- Cugey cu* . mono- and bis-NHCs comprising varying N-substituents. In
i sl on [ e gx Gperd) g mono prising varying
[ VF ™ LV S addition, the floweell can be used to ‘dispense’ Cu(IMes)Cl 2
X=cl, Br X = PR, as catalyst directly into catalytic hydrosilylation reactions with
Cyclophane virtually no difference in catalytic activity when compared to
isolated catalyst.
R R’ X | Eapp [ T’ Yield
) | (mA)° | (mins) | (%)’
T [ mesiyl | mesityl Cl | 194 | 100 | 299 | 94 Notes and references
2 | mesityF | mesityl PR | 254 | 20.1 20.0 93 # School of Chemistry, University of Leeds, Woodhouse Lane, Leeds,
3 | picolyl® | allyl Br | 2.20 19.3 6.7 91 LS2 9JT.
‘5‘ L“eth;/:: EHZC(IDZIBU PCFIE ggg gég égg gi ® School of Mechanical Engineering, University of Leeds, LS2 9JT.
enz enzy . . . ) . .
6 Cyclophank PR, | 4.90 744 300 95 Acknowledgements: We would like to thank AstraZeneca for funding

towards the first-generation flow-cell and the High Value Chemical
Manufacturing Hub at Leeds for funding the second-generation flow-cell.
Electronic Supplementary Information (ESI) available: Synthetic and

To demonstrate the synthetic utility of our electrochemicéftalytic procedures, CV data and cell design and optimisation. See
flow-cell, the output stream containing compi2xi.e. formed PO!: 10.1039/c000000x/
in entry 1) in MeCN was introduced directly from the flow-cell
into catalytic hydrosilylation reactions of functionalised ketonds A-J- Arduengo, R. L. Harlow and M. Kline, J. Am. Chem. 50891,
(Table 3). Near quantitative isolated yields, which were 113, 361-363.
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and purified2 asa catalyst, to provide very similar yields. The*: E. A. B. Kantchev, C. J. O'Brien and M. G. Organ, Angew. Chem.-
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of the formation of Clbis-NHC complexes. Such complexes 841-859.
were reported to be much more reactive, highlighting the K- M. Hindi, M. J. Panzner, C. A. Tessier, C. L. Cannon andJW.
importance of selective complex formafibh.Our results Youngs, Chem. Rev., 200209, 38593884.
demonstrate the potential of the electrochemical flow-reastor’a L- Mercs and M. Albrecht, Chem. Soc. Rev., 2(84),19031912.
an ‘on-demand dispenser' of high purity catalyst directly into8 DP- C. F. Monteiro, R. M. Phillips, B. D. Crossley, J. Bei and C.

reaction without the need for isolation and work-up. E. Willans, Dalton Trans., 20121, 37203725.
9. W. A. Herrmann and C. Kocher, Angew. Chem.-Int. Edit., 1987,

Table3 Hydrosilylation reactions using catalysdirectly from the 21622187.
electrochemical flow-cell. 10. D. Bourissou, O. Guerret, F. P. Gabbai and G. Bertrand, Chem. Rev.
2000,100, 39-91.

2in single-pass mod@&jn recirculation mode’ registered at steady-state;
4 analysed byH NMR spectroscopy.

/SE .
o HSIEt; (5 eq.), 2 (3 mol%) o S 11. 1. J. B. Lin and C. S. Vasam, Coord. Chem. Rev., 2087,,642-670.
RXR- NaO'Bu, Toluene, 80 °C R)\R- 12. C. E. Willans, K. M. Anderson, M. J. Paterson, P. C. Junk,.L. J
R R' Time Yield Time | Yield Barbour and J. W. Steed, Eur. J. Inorg. Chem., 2009, 2835-
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