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Microwave-Assisted Synthesis of Metal Complexes

Taichi Abe, Akira Miyazawa, Yuji Kawanishi and Hideo Konno*

National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, Ibaraki 305-8565, Japan

Abstract: Microwave heating has received considerable attention as a powerful synthetic tool for metal complexes in many fields of
inorganic chemistry and material science. Since the 1990s, numerous metal complexes have been synthesized using the microwave tech-
nique. However, only a few studies have discussed such synthesis. In this review, we focus on microwave-assisted synthesis of metal
complexes. We discuss the background to microwave chemistry in metal complex synthesis, the use of domestic microwave ovens for
both closed- and open-system reactions, and some useful microwave heating techniques. In addition, we present a summary of reaction
schemes from selected publications published in the past two decades.
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1. INTRODUCTION

The fundamentals of microwave chemistry were studied and re-
ported in the post-war era for applications such as decomposing
simple organic compounds in a microwave discharge, drying inor-
ganic salts, and wet ashing techniques of biological and organic
materials [1-5]. The first two studies of organic synthesis by means
of the microwave heating technique were reported by Geyde ef al.
and Giguere et al. in 1986 [6, 7]. These reports focused on the sig-
nificant rate acceleration for reactions; microwave heating reactions
are still attracting the attention of synthetic chemists. Microwave
irradiation results in dielectric heating, which is different from clas-
sical thermal heating. Nowadays, the basic principles and theory of
dielectric heating, the characteristic “superheating effect,” and the
experimental results, i.e., considerably shortened reaction time, are
widely studied and are known features of microwave-assisted syn-
thesis [8-11].

Microwave heating is warming caused by rotations and vibra-
tions of substances when the charged particles and dipoles in a sub-
stance interact with the electromagnetic field of the microwave. The
microwave frequency region ranges from 0.3 to 30 GHz (1 cm™' m),
although these days domestic microwave ovens usually operate at
2.45 GHz. Since other frequency ranges are widely used for radars
and telecommunications, the remaining available frequencies of
2.45 GHz and 0.9 GHz are used to prevent jamming. Thus, the
constituents of an electromagnetic field around the forced sphere in
a substance rapidly change directions as fast as 2.45 x 10%s, and
therefore, microwave irradiation results in rapid heating. For this
reason, microwave heating is different from classical thermal heat-
ing and is capable of causing selective, homogeneous, and rapid
heating. With these intriguing features of microwave chemistry,
many efforts have been made, particularly in organic synthesis, and
more than 20 years have passed since the first report on microwave-
assisted synthesis. However, a considerably less number of reports
appear to have been focused on metal complex synthesis than on
microwave synthesis. In this review, we focus on the microwave-
assisted synthesis of metal complexes. Instrumentations, useful
examples of the applications of microwave synthesis, and a list of
reaction schemes are summarized. Metal complexes obtained by
microwave reactions were first reported by Baghurst ez al. in 1989
[12]. Some transient-metal sandwich compounds were synthesized
by microwave irradiation in a closed system at high temperature
and pressure. Ali et al. reported a ligand exchange reaction by
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microwave irradiation in the same year [13]. From then on, many
efforts have been made to synthesize metal complexes by micro-
wave irradiation.

Research topics and studies on metal complexes are increasing
significantly, because of their attractive prospect of playing a key
role in functional materials. Metal complexes as photosensitizers
and photocatalysts in photofunctional materials are now contribut-
ing to providing solutions to energy and environmental issues [14,
15]. Coupling reactions and asymmetric syntheses are promoted by
organometallic compounds [16, 17]. Organic light-emitting device
materials, which are one of the most popular subjects in materials
science in the first decade of the 21st century, and metal complexes
are candidate materials for practical applications [18]. The applica-
tions for metal complexes are growing faster at an astonishing rate.
At the same time, scientists are challenged to design and synthesize
more intricate compounds than ever before. The microwave tech-
nique would be one of the most powerful tools in preparing these
materials.

2. INSTRUMENTATION OF DOMESTIC MICROWAVE
OVEN

There are two types of reaction systems for microwave-assisted
synthesis. One is a closed system that is capable of running a reac-
tion under high pressure and temperature; the other one is an open
system in which a reaction is usually carried out by refluxing. The
first microwave-assisted metal complex was obtained by the closed
system reaction [12]. This reaction employed a Teflon vessel that
can sustain a temperature of 250 °C and pressures of up to 80 atm;
however, the apparatus was not equipped with any sensors to moni-
tor temperature, microwave power, and pressure; therefore, the
experiments were carried out with potential risks. In particular,
since domestic microwave ovens were often used during the early
days of microwave synthesis chemistry, it was apparently not easy
to perform safe experiments. In this context, some important ex-
periments were conducted during the 1990’s using modified domes-
tic microwave ovens and reported in several publications [19-23].
Fig. (1) shows a schematic view of the vessel used for a closed-
system reaction [19]. The microwave oven was perforated on its top
and the vessel, which is connected to a pressure gauge via a pipe-
line, was inserted through the hole. The reaction vessel is made of
Pyrex and covered with a protective sheath. With this modification,
microwave reactions in a closed system were performed safely by
monitoring the pressure level during the reactions. Nowadays, mi-
crowave apparatuses equipped with pressure and thermo sensors are
commercially available. Although the for-research devices are con-
siderably more expensive than domestic microwave ovens, it is
better to use the former for safety reasons.

© 2011 Bentham Science Publishers Ltd.
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In contrast, open-system reactions are relatively safer than
closed ones because the former reactions are usually carried out
under atmospheric pressure. In addition, regular glass apparatuses,
which are less expensive than high-pressure apparatuses, can be
used for these reactions. However, a domestic microwave oven
needs to be perforated to provide a connection between the inside
and the outside of the microwave cavity. Water, which is the most
popular coolant for the reflux condenser, effectively absorbs mi-
crowaves. The condenser should be located outside the microwave
cavity and should be connected to the reaction vessel. Generally,
domestic microwave ovens can be modified in two ways for the
chemical reaction. Fig. (2) shows one of the two modifications,
which is a side-connected arrangement [20]. The reaction flask is
connected to an air-cooled tube and a water-cooled condenser
through a hole in the sidewall. A second hole in the sidewall is used
to attach a Teflon tube, which is connected to an inert gas supply, to
maintain the reaction mixture under inert atmosphere. Copper plates
and tubes are attached to both ports to prevent leakage of micro-
waves during reactions. Alternatively, Matsumura et al. developed
a modified domestic microwave oven that has a vertically con-
nected arrangement, as shown in Fig. (3) [21, 22]. In this modifica-
tion, the microwave oven was perforated on the top to allow the
connection of a reflux condenser. A flanged metal pipe was also
attached in order to prevent leakage of the microwaves. A capillary
tube connected to an inert gas supply is introduced through the
condenser to bubble inert gas into the reaction solution. This setup
has a simple arrangement, and its operation may be easy for micro-
wave reactions. Ardon et al. reported a similar modified microwave
oven, shown in Fig. (4) [23]. It has a supplementary reflux control
system in addition to Matsumura’s single reflux. A couple of side
ports are used to fit a glass U-tube through which water is passed.
Excess microwave radiation in the cavity is absorbed by the water
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in the U-tube, and this brings the reaction mixture to a moderate
reflux.

As described earlier in this section, inexpensive domestic mi-
crowave ovens can be easily modified to run chemical reactions in
both closed and open systems; however, there are still some limita-
tions in monitoring and controlling the microwave power, tempera-
ture, and pressure; therefore, the researcher needs to be careful to
reduce the risks faced in carrying out a chemical reaction using the
apparatus.

3. MICROWAVE-ASSISTED SYNTHESIS OF METAL
COMPLEXES

The advantage of microwave synthesis is essentially that it sig-
nificantly accelerates the rate of reactions. In general, the com-
plexation reaction of a first row transition metal element is rela-
tively fast. When this metal is replaced with a second row element,
more vigorous conditions are required for the complexation reac-
tion to afford the desired metal complex. Similarly, more vigorous
conditions are required if a second row metal is replaced with a
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third row element. For example, in the complexation reaction be-
tween the iron group metals and the bidentate ligand 2,2"-bipyridine

(bpy),
M?" + 3bpy— [M(bpy);]*" (M = Fe, Ru, or Os)

the ligand immediately coordinates with iron(II) when these species
are mixed together. However, in the case of ruthenium(ll), the
aqueous reaction mixture has to be refluxed for 30 min to obtain
[Ru(bpy)s*" [24]. Moreover, the complexation of osmium(Il) re-
quires a solvent with a high boiling point, such as ethylene glycol,
and the reaction mixture must be refluxed for approximately 1 h
[25]. This example illustrates a relatively simple reaction; much
more vigorous conditions and longer reaction times would be re-
quired in the synthesis of a coordination compound containing more
complex ligands. In such reactions that require harsh conditions,
microwave heating can play a key role, and many studies have fo-
cused on the preparation of metal complexes using the microwave
technique. In fact, from the perspective of the periodic table, mi-
crowave-assisted reactions for second and/or third row metal com-
plexes seem to predominate over those for first row elements. At
present, numerous studies have been conducted on microwave syn-
thesis of metal complexes [12, 13, 19, 21-23, 26-36, 40-110], and it
may not be feasible to provide a comprehensive overview of these
studies. In this section, the typical reactions that prominently fea-

Table 1. List of Microwave-Assisted Syntheses of Group 6 Metal Complexes
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ture in microwave synthesis are described, and many other reac-
tions are listed in Tables 1-6.

Group 6 Metal Complexes

Selected reaction schemes involving the microwave-assisted
synthesis of group 6 metal complexes are summarized in Table 1.
Molybdenum is the most studied element among the group 6 metals
in this field. Leadbeater et al. reported an apparatus for real-time
monitoring of organometallic reactions under microwave irradiation
using in situ Raman spectroscopy [28]. The ligand exchange reac-
tion of Mo(CO)s was studied by the reactor system shown in
Scheme 1. A solution of Mo(CO); in pyridine (py) was heated from
room temperature to 180 °C over a period of 90 s using a micro-
wave power of 150 W, and the Raman spectrum (2400-1550 cm™)
was measured every 6 s. Four new bands at 2071 ecm™, 1981 em™,
1892 cm™, and 1600 cm’! increased in intensity within 20 s of irra-
diation, while the peaks at vco =2119 cm’! (Eg) and veo = 2015 cm’
"4 1¢) decreased. By comparison with spectra from authentic sam-
ples, the new bands were attributed to Mo(py)n(CO)en (1; n =1, 2;
n =2, 3; n = 3). Maintaining the temperature of the reaction mixture
at 180 °C for a further 1 min resulted in further conversion to 3.
This observation serves as good evidence of the fact that micro-
wave heating can accelerate the reaction to completion within sec-
onds, which is otherwise difficult to achieve by conventional heat-

ing.

. Reaction Time and Yields
Reaction Scheme Metal Type of Product (Number of Examples) Ref.

z H H = 45_590,
CrCl; + AICl; + Al (powder) + benzene —— C:r BH, Cr 7-arene complex 2045 rrz;néz;iisles;ﬁ 52% [22]

- (¢]
diglyme ﬁ T co

> 1 1 = . 0,

Mo(CO)s + “ ——————= OC—Mo—Mo——CO Mo 7j-arene complex 20 min-—4 h, yields = 18-94% [27]
z 5 (5 examples)
oc ‘ &
CO &
Q 40 min, yield = 78% (1 exam-
diglyme/THF Co N-coordinated ple) in Ref. [23]; 15 min-2 h, [23],
Mo(CO)e + Q OC—NL>/— N > Mo complex 39-96% (15 examples) in Ref. [27]
s | [30]
oC
Cco

Ny _diglym/THF N N-coordinated 15 min-2 h, yields = 14-96%

Mo(CO)s + z . Mo complex (20 ’e\;/(am les) ’ (27]
| N 0OC—Mo— N & p p
2N oc
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. Reaction Time and Yields
Reaction Scheme Metal Type of Product (Number of Examples) Ref.
PO
p
I o Mo
Mo(CO) —\ . . .
+ b_) oC- lv‘lo CO — oC- lv‘lo N / —_— OC*]\/‘IS* Ni\ / \ Mo N—coordllnated 25 min (t((;tal), yleids)not [28]
pytidine ‘ - / complex given (3 examples
0C ¢o o \/ ~N o
\//
|, C f N-coordinated 30 s—15 min, yields = 63-85%
Mo(CO)s + O_{‘I)N/\\{ diglyme OC (N|10'_N\N O Mo complex (2 examples) (29]
N oc Ly 4
O—\
4 h, yield =12% (1 example).
water N-coordinated This product can not be ob-
Mo . : [30]
complex tained from conventional
heating.
cl o O
7
/L 30 min, yield = 65% (1 exam- [19]
Mo(CO)s + AcOH/(Ac0)0 —— = 771 Mo acetato complex | ple) in Ref. [19]; 45 min, 48% 27
e I (1 example) in Ref. [27]
Mo —Mo
H,N F HN— N
2 HF, EtOH/ ’ F f i
> EtOH water ~ 1 h, yield not given
MoO; + N—\_—> 0 Mo FHy'N N'H; Mo halogeno complex (1 example) [31]
X
NH, F ‘ p
F F
HoN
OCh,CH; W(CO)s W(CO)s
(0C)sW H,N
30 s-30 min, yields = 7-97%
+ - . 5
\\ o /& /& w carbene complex (15 examples). [32]
MeHN O Ph
Ph Me H
Table 2. List of Microwave-Assisted Syntheses of Group 7 Metal Complexes
. Reaction Time and Yields
Reaction Scheme Metal Type of Product Ref.
(Number of Examples)
AlCl;3 ‘ 3 min, yields = 0-56%
BrMn(CO)s + ‘ —_— _Mn PFg Mn n-arene complex [33]
= NH,PF, oC ‘ \CO (9 examples)
CO
OH
NaOMe, McOH e
Mn(ClO,),* 4H,O0 + H 4 . OH 5 min, yield = 80%
n(ClOy), 2 saoth saoH,: <N~ Mn cluster complex ° [34]
[Mn""(0x(520)s(O:CH)( CH;0H),] * 2McOH (I example)
O ~\ (0] 0:(—>\
WoNH HN- /7> xn
{ ) EtoHw o, © tetradentated 1.5—4 min, yields = 25-65%
Mn(CH;CO0), + 4H,0 + \ ) EtOHwaer, =~ N Mn [35]
) € SR complex (4 examples)
HO‘T{ >fOH o0
o) o oﬂ\;)/
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Scheme 2.

. Reaction Time and Yields
Reaction Scheme Metal Type of Product Ref.
(Number of Examples)
0,
oH Ph
A ,L i A o
NH
| P P 0x_OH j/
0 [Te(COH,0)* T N-coordinated 1015 min (total), yields = (36]
cOy — [ 20)3 C
¢ R / \ — 7 \ H complex 77-92% (9 examples)
HO
/o . 10 min * n (monitored by
=\ toluene N-coordinated ) .
[Re(CO)sBr] + )—PNNA J > Re ) infrared spectroscopy), yields [40]
complex
N 2 P = 68-95% (3 examples)
“\//N
5-15 min, yields = 63-90%
[Re(CO)s(H;0):]Br + KF aq./EtOH Re metallocarbor- (7 examples) in Ref. [41]; [41],
A ane complex 15-60 min, yields = 57-94% [42]
(7 examples) in Ref. [42]
co +
. 0, | OH
99 - QQmTC
TeOy Microwave heating v | N
3 min oc OH
/ \ OH 4,
N (0]

7 N\

, H0 oc

>
Microwave heating
2 min

b

Microwave heating
5 min

Microwave heating
5 min

ocC

@ sodium tartrate, sodium tetraborate, sodium carbonate, potassium boranocarbonate.
b acetonitrile, N-hydroxysuccinimide, N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide®
¢ acetonitrile, N,N-diethylethylenediamine, benzylamine, or 1-(2-methoxy)-phenylpiperazine.
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Reaction time (min)  Isolated yield (%) Ref.

1 Ethylene glycol Microwave heating

2 Water/Ethanol Oil-bath heating

3 Ethylene glycol Microwave heating

4 Ethylene glycol Oil-bath heating

15 91 [21]
180 80 [38]
20 86 this work
20 42 this work

Scheme 3.
Group 7 Metal Complexes

Selected reaction schemes involving the microwave-assisted
synthesis of group 7 metal complexes are summarized in Table 2
Technetium, a synthetic element, does not have any stable isotopes
and it would be difficult to store technetium-containing products
over a large duration. Due to its rate acceleration effect in com-
plexation reactions, microwave heating may be an important syn-
thetic tool for short-lived group 7 1sot0pes e.g., ””™Tc and '%'®5Re.
Causey et al. reported the efficient microwave synthesis of 99mTc

complexes for use as radiopharmaceuticals in clinical studies [36]
Radioactive **Tc has been widely used as a radioactive agent in
positron emission tomography (PET) because of its favorable half
life (6 h) and gamma ray energy (E, = 140 keV). Pre-treated prior to
administration to patients, instant labeling kits consisting of a radi-
onuclide, ligand(s), buffer, and reducing agent have been used for
their low cost, convenience, and high reproducibility. The expedlent
synthesis of 9ngc(CO);-blf'unctlonal chelate complexes is shown in
Scheme 2. The reaction starts with ° TcO4 and carbonylation
agents to initially yield 4, followed by several steps to yield 5 or 6.
The radioactivity of each compound was characterized by y-HPLC.
Every reaction was carried out with microwave heating and the
entire procedure was completed in less than 30 min with a decay-
corrected yield of 86%. In contrast, conventional heating required a
total of over 2 h, and decay-corrected yields were 57%. The ap-
proach described here represents a movement away from conven-
tional instant kits toward automated multistep synthesis and purifi-
cation platforms that should help to accelerate the process of dis-
covering novel *™Tc agents for molecular imaging and therapy and
increase the number of new targeted agents being used in clinical
applications.

Group 8 Metal Complexes

Selected reaction schemes involving microwave-assisted syn-
thesis of group 8 metal complexes are summarized in Table 3

Table 3. List of Microwave-Assisted Syntheses of Group 8 Metal Complexes

Ruthenium complexes are among the most studied group 8 metals
as seen from Table 3. The microwave effect in the preparation of a
well-known tris-chelated ruthenium complex will be discussed in
this section. Matsumura ef al. reported that [Ru(Hdpa);]** (7; Hdpa:
2,2'-dipyridylamine) can be synthesized within 20 min of micro-
wave irradiation at yields as high as 91% from ruthenium(III) chlo-
ride and Hdpa (Scheme 3) [21]. In contrast, a conventional method
involving oil-bath heating gives 7 with a 30% yield for a reaction
time of 2 h. The low yield in the latter case is due to the formation
of impurities during the reaction. Togano et al. reported the synthe-
sis of 7 using “ruthenium blue” solution [37], wherein the product
was obtained by using ruthenium(III) chloride and aqueous ethanol,
as the starting materials, with a yield of up to 80% [38]. We synthe-
sized 7 by both microwave heating and oil-bath heating under the
same reaction conditions [39] and determined the isolated yields of
7 to investigate the influence of the heating source. Microwave-
assisted reaction afforded a crude product as a yellow powder with
an initial yield of 94%, which was recrystallized by slow vapor
diffusion of ether into an acetonitrile solution of the product to give
yellow crystals with a yield of 86%. The slight decrease in the yield
can be attributed to the absence of isolating processes, resulting in
the near quantitative yield. On the other hand, a dark green solid
was obtained with a yield of 95% by oil-bath heating under the
same reaction conditions. The dark green color indicates that ruthe-
nium(III) substances could not be removed even after repeated re-
crystallization. After purification by alumina column chromatogra-
phy, the product afforded a bright yellow powder with a yield of
42%. The results of accelerated complexation and reduction of
ruthenium ions by microwave irradiation showed that ionic metal
salts and/or polar ligands were activated by microwave heating to
form 7. Microwave heating makes it possible to obtain the desired
product in a shorter reaction time. Furthermore, the reaction yield
improved possibly because of the prevention of undesirable reactant
decomposition and the elimination of unnecessary side reactions.

Reaction Scheme

Reaction Time and Yields
Metal Type of Product (Number of Examples) Ref.

[ AlCl3 ‘E
Fe 2PF¢
FeCl; + j HPFe i

2 min, yields = 2-37%
Fe 7-arene complex Y ’ [43]
(9 examples)
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Reaction Time and Yields

. c
c Ph,P a

Reaction Scheme Metal Type of Product (Number of Examples) Ref.
: AICI, Al B L
H H . 3—4 min, yields = 48-99%
Fe —_— F PF¢ - ?
EL + o EL 6 Fe 7-arene complex (9 examples) [43]
Me
oH 3.5 min, yields =9-95% (7
M OH ’
M Me At Al e examples) in Ref. [36]; 2-8 1331,
Fe —_— Fe Me pp,- Fe 7-arene complex min, 0-94% (46 examples) in [44],
E HPF = Ref. [45]; 2-5 min, 5-55% (7 [45
‘@7 ‘e )N examples) in Ref. [46]
s (A
~ diglyme DMSO H 15 min (total), yield = 86% (1
7 \ > F=e Fe 7-arene complex example) [46]
KO'B . =
e u FeCl,4H0 @
\
10 min, yield = 88%
Fe 7-arene complex (1 example) [46]
20 min (total), yields = 76—
Fe 7-arene complex 9002) 3 e)meples) [46]
_ 7 1 = 7 0,
Fe n-arene complex 0.5-7 Tllrll’e}:::;lesl)s 94% [47]
Fe \H + Ar-CHO ———  Fe Y\ 2-7 min, yields = 41-88%
- o = o Fe 7-arene complex -7 ml(né Z)l;mspl;s) —88% [48]
N —r
cat.: Aliquat 336 as a phase transfer catalyst
COOEt Et00C
; F arene comple 6h, yields =76-80% [49]
- X
EC ¢ K P (2 examples)
35-50s, yields = 68-91% (4
EtOH/H,0 A examples) in Ref. [12]; 0.5-9 [12],
RuCI3 «xH,O + — ‘Ru”\ : Ru! Ru n-arene complex min, 66-84% (2 examples) in 191,
a’ 4 Ref. [19]; 10-30 min, 67-87% [50]
(3 examples) in Ref. [50]
[\ O@
PP diethyl lycol
= liethylene glyco H . . _
v Ru__ + NaSPh+ ( _— v Ru—__ Ru n-arene complex 2 min, yields =88-91% [51]
PhyP" { cl PPh, Ph,P" { SPh (5 examples)
Ph,P L ppp,
. ! c
ARG S ) 5 min-5 h, yields = 60-94%
TR R . > —_— Ry - OIS R 7 pppy) Ru n-arene complex a l’examples) [52]
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. Reaction Time and Yields
Reaction Scheme Metal Type of Product (Number of Examples) Ref.
- i 5 min, yield = 89%
Ru N-coordinated y o (53]
complex (1 example)
10 min, yields = 87% (1
example) in Ref. [19]; 20 min, [19],
R N-coordinated 57-95% (10 examples) in Ref. [21],
u complex [21]; 40 s, yields = 68—-94% (4 [54],
RuCl; « xH,0 + examples) in Ref. [54]; 5 min, [55]
i 88% (1 example) in Ref. [55]
Ru
DMF
N-ethyl li : H H H
RuCl » xH,0 + - H ylmorpholine Ru N-coordinated 10 min, yields not given [56]
— complex (4 examples)
Me\N ) ]>/[e
N
N J\\/\> /N/\\3 N-coordinated 30 min (total), yields =
. + N EOH - Y =
RuCl; - xH:0 “ —_— T/\/I /N Ru complex 55-70% (12 examples) [57)
@ N
Ru
2CI-
ethylene glycol o o
: i 3 = R0,
RuCly * 3H,0 + N-ethylmorpholine Ru N-coordinated 4 min, yields = 82% [58]
; - /‘ 7 complex (3 examples)
KPFg aq.
Ru  2PFg
RuCl » xH,0 + ethy kene glycol Ru N—coordilnated 15-30 mi‘n, yieldslz 15-44% [(59]
NHP Fyaq. complex (4 examples)
- i 4.5 h, yield = 36Y
RuCl; + ethylene glycol Ru N-coordinated 5 h, yield = 36% [60]
complex (1 example)
NH,PF, aq.
7 N\
=N 2000,
N 7N — I . o 4
| N Ru X 3n N-coordinated 10 min, yields not given
> —1 ethyene glycol \ /N Ru ) 47 1 [61]
RuCly»xH,0 + HN Naclo, aq._> N NH complex (47 examples)
ZN ) N - |
S | ¥\ A
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Table 3. contd...

. Reaction Time and Yields
Reaction Scheme Metal Type of Product (Number of Examples) Ref.
45-135 min (total), yields =
N-coordinated 63-98% (6 examples) in Ref. [621,
MRu(cod);Clla + Ru complex [62]: 1h, 90% [63]
(1 example) in Ref. [63]
N-coordinated 1 h, yields = 19-38%
Ru coordinate y o [26]
complex (3 examples)
20 min, yield = 87% (1 exam-
) le) in Ref. [64]; 20 min, 22% [641,
ethylee glycol N- p
[Ru(dms0);Clo] + Ru coordinated (1 example) in Ref. [65]; 5 [65],
NH,PF complex . .
min, 12-64% (4 examples) in [66]
N—/= Ref. [66]
\ D
RuCl; « xH,O + N-coordinated 4 min, yields not given
Ru [67]
complex (2 examples)
N- i 4 min, yields = 89-99%
RuCl; « xH,0 + Ru coordinated y o [68]
complex (3 examples)
N-coordinated 10 min, yields = 31-37%
Ru ’ [69]
complex (2 examples)
- h lycol
| _N cH ., —,Ct peneeyee R N-coordinated 24 min, yields = 70-97% (70]
R+ 7©/ NH,4PF aq. 4 complex (8 examples)
el
=
2
NS
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Reaction Time and Yields

DMF/piperidine

Reaction Scheme Metal Type of Product (Number of Examples) Ref.
e
=-si
Mo A N-coordinated 1 h, yield = 62%
Br Ru [71]
Cul, Pd(PPh3),Cl, complex (1 example)

RuCl-xH,0 + PPhy; — RuCl,(PPhs);

P-coordinated 30 min, yields = 85-94%
Ru [50]
complex (2 examples)

Cl
K@ THF O,NH\ | /Pth
— Ru
~
o/ dmso
[Ru(dmso)sCly] + - N J:l
[ ]’ H,

“

P-coordinated 15 min, yield = 65%
Ru [72]
complex (1 example)

RuCly-xH,0 + CO Rus(CO),,

NH,
EtOH/HCI aq. S .
_— R halogeno com- 2 min, yields not given (73]
u
K4[Rulv,0Cl, ] Ko[Rul'(H,0)Cl;s] plex (1 example)
KOH (pH =9), 15 min
—_— conc. HCI aq., 3 min
Ru'V(OH)Cl3 [HCOOM, Gmin [Ru'vO,- xH,0 R halogeno 24 min (total), yield not given (4]
- ) 4 complex (1 example)
[Ru5(0)Cly(H0) 1 [RuT(COXCISF
1-15 min, yields = 90-98% (5
CsCO3, MeOH Ru cluster complex Y ¢ [75]

examples)

0,

- />
TN ethylene glycol XY
€l cne CO -
(NH:[OsClg] *xH0 + /= i Ny 2o
\ N NaClO, aq. N
/

N-coordinated 20 min, yields = 65-74%

complex (2 examples)

PLEL,P, 1

PEt,Ph

(NH)A[0sCL] + @?%i- PhEr:PEowAc"EOéﬁiPEnPh

cr

P-coordinated 5 min, yields = 60%

CH,Cl,

complex 4 examples
PhEGP Cl PEt,Ph ( ples)
PPh;
Os3(C0O);1(PPhs)
CH\CN . - 5-7min, yields = 67-82%
0‘53((.0)1‘_3"053((' 0)11(CH;CN) Os cluster complex min, yieies ? [77]

- (3 examples)

0s3(CO)y, (pyridine)

Microwave heating has also been found to be advantageous for
the synthesis of supramolecular compounds. Ott et al. reported a
method for preparing PS,-[Ru]-PEG;, block copolymer (PS: poly-
styrene and PEG: polyethylene glycol), as shown in Scheme 4 [26].
They optimized the reaction conditions by varying the reaction
time, solvent, and temperature. First, they set the reaction time to 1
h because longer reaction times did not lead to an increase in the
conversion yield from the starting mono-complex 8 to the desired
bis-complex 9; however, this resulted in the decomposition of 8, as
determined by gel permeation chromatography (GPC) analyses. In
addition, 9 was obtained in a higher yield when the reaction tem-
perature was increased from 80°C to 110°C; however, higher tem-
peratures also led to the decomposition of 8. Moreover, changing
the reaction solvent from chloroform to THF/MeOH mixture pro-

vided a better conversion yield of up to 73%. Because the concen-
tration of the substrate in the reaction mixture is also an important
factor increasing the yield of 9; thus, a higher content of methanol,
which is a major precipitant of polymers, is not preferable. How-
ever, methanol plays the important role of a reducing agent in the
reduction of ruthenium ions from Ru(IIl) to Ru(Il) in the reaction.
Finally, the reaction conditions were optimized as shown in Scheme
4. These optimization processes were carried out for the microwave
irradiation technique by accurately controlling the reaction time and
temperature using a microwave synthesizer. Microwave heating
appears to be a much better alternative for reactions that involve
undesirable decomposition, as mentioned above, because conven-
tional heating methods may require longer reaction times and result
in low yields.
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o X
}@ |
THF/MeOH (4:1) o
(0]
=

Microwave heating 2+

; 1N o”
(6] 70

Scheme 4.

Table 4. List of Microwave-Assisted Syntheses of Group 9 Metal Complexes

Reaction Time and Yields

(Number of Examples) Ref.

Reaction Scheme Metal Type of Product

10 min, yields = 3—52% for 1
Co n-arene complex and 14-85% for 2 [78]
(7 examples)

CpCo(CO), + Ph————"Ph PH

Qe
)

e

&
S
//Zm

G

\\
=N -N N o N-coordinated 25 min, yield = 57% (791
CoCl+6H,0 + HN W _Sthylene glycol . HN Y2 complex (1 example)
NaCl
aclo, TCo 2¢Oy
water
. Co(O5PCy)(H,O
CoSO4*TH0 + CyP(O)(OH)Z—>[ (O5PCy)H; )]n/ Co P-coordinated 10 min, yield not given [80]

b"’"\.,_ complex (1 example)
Cy: zk ;

0

30, yield = 62%
(1 example)

PFg Rh 7]-arene complex [12]

EtOH/H,0
RRClexH0 + || i
/ MeOH/NH4PF¢

RhCle 3H.0 + —y cthylene glycol
3¢ 2! [

- KPFg aq.

i

(

N-coordinated 75 s—4 min, yields = 65-86%
. Rh
PF¢ complex (3 examples)

[81]
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Table 4. contd....
. Reaction Time and Yields
Reaction Scheme Metal Type of Product (Number of Examples) Ref.
1311 or 211Al
OH
s S EtOH/water pH =4.0 S/ /?
: H H = )
Rh(NO3); + <: :> HO{ \Rh/ on Rh S-coordinated 35 min, yields = 83-90% (8]
S S 1317 o 211 A¢ v s complex (2 examples)
C o
OH |
OH
ethylene ghveol It N-coordinated 15 min, yields = 43-65% (83]
complex (6 examples)
(NH4)3[IrCIh] + KF'T}. ai.
\J 1 ~
. N.~= .
10min &; Smin Ir N-coordinated 15 min (total), yields = 30— (84]
(NH,);[IrClg] + —_— complex 65% (7 examples)
KPF, .
ethylene glycol Ir N-coordinated 15 min, yields = 18-63% (85]
(NHy)[IrClg]  + —t complex (4 examples)
KPF,ag.
7 /
- ethylene dycol | > ’ Ir cyclometallated 1 min, yields =75% (86]
~ / ‘ complex (2 examples)
IrCl; «3H,0 + = e
~O
=N glycenol Ir cyclometallated 30 min, yields = 10-40% (87]
/ .
Ir(acac); + /j< complex (4 examples)
N/
S ST,
b S——58 70 min, yields = 96% (1
ﬂ, \ ‘/ | S-coordinated example) in Ref. [19]; 16-150 [191,
IrCl; s xH,O + \ % Ir\ r complex s,49-98% [88]
S S Ccl ‘ Cl (2 examples) in Ref. [88]
Cl
+ R
NI-T‘ N N?z‘
>/ 2 T
HCl aq. H, \S /Cl Ir S-coordinated 1 min, yield not given [89]
K5[IrClg] + S=C(NH,), =i ): S— r - s:( Cl— ‘Ir—c1 complex (1 example)
HN s~ Hy, S
HoN NHCI /u\
H,NT NH,
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- R - R - R
Cl
2-Arylpyridine (n equiv.) /
ITC]; 3H,0 L Ir + Ir Ir
Ethylene glycol \ =
Microwave heating = IN = ,N Cl N |
L X 3 L X 12 L A 12
10 11
10a; R=H 11a;R=H
10b; R = Me 11b; R =Me
Entry R n? Reaction time (min) Ratios®
10:11
1 H 100 1 100:0
2 H 50 3 100:0
3 H 30 30 55:45
4 H 10 30 0:100
5 Me 100 3 100:0
6 Me 10 30 0:100

2 Molar ratio of the ligand vs. IrCl; 3H,O used.

b Ratios determined from the integrals of the "H NMR spectra.

Scheme 5.
Group 9 Metal Complexes

Selected reaction schemes involving the microwave-assisted
synthesis of group 9 metal complexes are summarized in Table 4.
Cyclometallated iridium complexes such as fac-[Ir(ppy);] (10a;
ppyH = 2-phenylpyridine) have attracted considerable attention as
phosphors for use in organic light-emitting diodes (OLEDs). Nu-
merous cyclometallated iridium(III) complexes with various or-
ganic ligands have already been reported in the last decade. Al-
though iridium chloride reacts with 2-arylpyridine under reflux
conditions, the undesired dichlorobridged dimer 11 is the main
product, with only a small amount of the tris- cyclometallated com-
plex (10%) being produced. In general, the syntheses of iridium
complexes require long reaction times at high temperatures and
result in low yields. We have studied the reaction of iridium chlo-
ride with 2-arylpyridine and reported the selective one-pot synthesis
of tris-cyclometallated iridium complexes using microwave irradia-
tion [86]. This new synthetic route does not require column chro-
matography for purification. It should be noted that the product
distribution between the formation of 10 and 11 was strongly de-
pendent on the amount of 2-arylpyridine in the solution, as shown
in Scheme 5. When a large excess of 2-arylpyridine (100 times
molar excess) was used, 10a was produced with a yield of 75%
after microwave irradiation for 1 min. When a 10-fold excess
amount of 2-phenylpyridine was used, however, 100% of 11a re-
mained even after microwave irradiation for 30 min, indicating that
2-phenylpyridine acted not only as a ligand but also as a base that
traps protons in the solution. Since the deprotonation of 2-
phenylpyridine is essential for its coordination to the iridium(III)
center, a base should be required for the one-pot synthesis of 10a.
This synthetic method can probably be applied to other cyclometal-
lated iridium complexes for use in OLEDs.

Group 10 Metal Complexes

Selected reaction schemes involving the microwave-assisted
synthesis of group 10 metal complexes are summarized in Table 5.
Castan et al. reported the novel cyclometallation of palladium and
platinum complexes in the solid state, as shown in Scheme 6 [91].
The complexes [M(2,4"-bpyMe)X;] (M = Pd, Pt; X = Cl, Br) re-

leased one molecule of HX under microwave irradiation to give
cyclometallated complexes [M(2,4"-bpyMe-H)X;]. The reactions
were investigated by thermal analysis (TGA, DTA, and DSC). The
results indicate that one molecule of HX was released from [M(2,4 -
bpyMe)X;] in the temperature range of 160-260 °C with concomi-
tant cyclometallation to give [M(2,4-bpyMe-H)X,]. The ease of
cyclometallation was found to be in the order Pd > Pt and C1 > Br.
Upon irradiation in a microwave oven, [M(2,4"-bpyMe)X3] can also
be transformed to [M(2,4"-bpyMe-H)X,]. Interestingly, the rate of
reaction depends on the irradiation mode used. A multi-mode reac-
tor did not work in the case of solid-state irradiation since the parti-
cle was not large enough to absorb the microwave. The use of ver-
miculite as a supporter to absorb microwaves afforded good heat-
ing; however, the reaction time was consistent with that of conven-
tional heating, which was as long as 1 h. On the other hand, a sin-
gle-mode apparatus could heat the [M(2,4"-bpyMe)X;] complex in
the solid state without any supporter, resulting in reaction times as
short as 1-5 minutes. By using this technique, a rapid and quantita-
tive cyclometallation of the complexes could be achieved, and this
result is now attributed exclusively to a microwave effect.

4. SUMMARY

In recent times, metal complexes have been attracting increas-
ing attention because of the characteristics they exhibit as func-
tional materials. One of the most basic approaches employed to
study metal complexes is design and synthesis, and by using this
approach, various compounds have been synthesized. For the past
several decades, microwave heating has been one of the most
widely studied techniques as a tool for facilitating reactions in syn-
thetic chemistry. In this review, we described the microwave-
assisted synthesis of metal complexes. More than 20 years have
passed since the first metal complexes were synthesized by micro-
wave heating. During this period, majority of the microwave reac-
tors were obtained by modifying domestic microwave ovens. Mi-
crowave heating contributes to the synthesis of metal complexes not
only by reducing the reaction time but also by increasing the yield
and selectivity through suppression of undesirable side reactions.
This technique will aid researchers in synthesizing materials whose
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Table 5. List of Microwave-Assisted Syntheses of Group 10 Metal Complexes
. Reaction Time and Yields
Reaction Scheme Metal Type of Product (Number of Examples) Ref.
CHO
OH
CH;CN . 29 min, yield = 87%
Ni(ClOy); * 6H,0 - Ni cluster complex [90]
(109, : CH;NH,, (CH;);N (1 example)
Me Me
Zu Z N
| |
XX solid state XYy Pd cyclometallated 1-5 min, yields not given [91]
—— comple;
_N_ pd’C] N~ pg plex (3 examples)
N /[ ~a
Cl Cl Cl
Ph Ph
N N
Ph / Ph
OH  penzene/acetone OH pd cyclometallated 10 min, yield = 79% 0
[Pdy(dba);CHCL;] + Br Ol complex (1 example) (92]
Q Ph

N wt

O Ph

. dnso 25 min, yield =75%
+ N*~ * »
PA(OAC) o o - Pd carbene complex (1 example) [93]
Cl Cl
/ EtOH \P JH
water t, 15 min, yield = 89%
Ko[PtCly] =————————> Cl/ /”/% H Pt 7j-arene complex mlln vie ) ’ [94]
conc HClaq., e h ykne (50psi) - (1 example)
H
Et
.
a }:? —\ e Pt N-coordinated 10 min-3 h, yields = 62-90% [95]
B, - i _ Q\ _’)< CELL a complex (4 examples)
a” g N R
o C]’ \
h /Me
oy H /Me B| N 170 min (total), yields = 68—
- =N y 76% (5 examples) in Ref.
P ~ O
i WNC o RGNS o N-coordinated [96]: 1 h, 55-60% Lt
, ~Nq SENT YA, complex (4 examples) in Ref. [97]; 1-2 98]
/C// 0\ min, 75% (12 examples) in
P N-TH Ref. [98]
Me/ Ph
N =N
N Php ]I\]\ />—Me 1 h, yields = 35-65%
3t N3 _ DMF 3 ~TTN N-coordinated
'Pt' + N=C-Me—mmm Pt Pt
Ph;P’ TN,

NoyY v
N PPh
Me—</ | 3
N’N

(8 examples) in Ref. [99]; 1 h,
yield not given

(1 example) in Ref. [100]

complex

[99],
[100]
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Table S. contd....

: Reaction Time and Yields
Reaction Scheme Metal Type of Product (Number of Examples) Ref.
T TN
NN N b
L 2 [y ) Ph
TN\ ‘ DMF _N N\( . . B o
Vo NN | - 1 h, yields = 58—65%
N==P RNy NSCR | NPN Pt N °°°rd‘1"a‘ed Y ° [101]
I N | P NN complex (3 examples)
N3 PH —
|
LN
N-coordinated 1 min, yields =37-47%
P
K,PtCly + t complex (2 examples) (881
Me Me
o \
P 0
I 7N o
wager Cl N= N N= Pt cyclometallated 1-6 min, yields = 55-94% (5 [102]
K,[PtClL] + Zcthoxyehanol SN 2-thoxy ethan gl complex examples)
o[PtCly] + Ay Pl P LSoneEng Pt
s Cl |\
L =
Ph,
+ OAC P/////n, Pt‘N\\\Me
—
ph, Me ph, Me - MeOAc P M ) 440 h.t nstants (k
, rate constants (k)
P, awMe Py, aMe Phy P-coordinated ol
r "t , r 7 _ Pt complex and the product selectivities [103]
—p ‘ WMe -OAc P YMe cH Phy p of the reactions are discribed
Ph, Ohe Ph, - Sole P////m,‘ tH\N\Me
* OAc P Soac
Ph,
THPTES — ‘PBUL P di d 6 min—1 h, yields = 47-76%
PICI, + —_— MO — }‘»[ — OMe Pt -coor 11nate min— 8,yle sl— ~76% [104]
PBu3, Cul PBus complex (8 examples)
Me
+_CH
= - 3
= NS — —\+
| / N—CH;
N X . . \ N \
N Microwave heating
/M\ Sol fi > M
olvent-tree
« « . e \X
Entry M X Irradiation time® (min)
multi-mode single-mode
1 Pd Cl 15 1
2 Pt Cl 60 5
3 Pd Br 60 5

2 The irradiation times for complete reaction.

Scheme 6.
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Table 6. List of Microwave-Assisted Syntheses of other Groups Metal Complexes
. Reaction Time and Yields
Reaction Scheme Metal Type of Product (Number of Examples) Ref.
0,N
N O
)s\ Cl M eOH N di d 8 min, yields not given
- Vi
; - Sn _McOH_ } Sn coordinate , Y g [105]
A NN al complex (8 examples)
o. NJ\{J (L)
2 L Sn —
Mc/ ‘ S
Cl
Hg(OAc), + 7>\ - EtOH, LiCl O N, —_— mercurated com- 30-47 min, yields =29-33%
N=N \_/ N\ Hg plex (2 examples) (13]
O e
MeO,
2:\//0 ! |
N m Cu(BF,), | ,of 1 min, yield = 86%
N — I - Cu N‘/\ I 1 24 ° 1
E ] MeOH , Na,CO, LUN \/\/’\0/ ‘ ¢ Ccu” N0 Cu cluster complex (1 example) (106]
NH N i o /' \i
OMe v
N— water
\ / L-glutamic acid . . .
CuSO, * SH0 + Cu cluster complex 3 min, yield not given [107]
(1 example)
7N
=N
=
N
5‘@ - N,\Cl\l/ _
- N
‘ 5 7\ D
> j — |
N S_\s@ Tjr s
DMF/EtOH
Cu(NOy), *3H0 B — WM 1.5 min, yield = 69%
= | ~ Cu cluster complex : ’ 1 [108]
a _ (1 example)
NG %1
/N S, rS
g o S
N\ 7 ~ ]
N
N
- SEC S
N
§© 7\
S—
Q (Q c1 HN
HO ) \ O \
N MCOH . . . _ o
LnClye xH,0 + Ln N-coordinated 2 min, yields = 63-70% [109]
complex (7 examples)
NH C] Cl d
Ln = La(IIl), Ce(I11), Pr(I1I), Nd(IIT), Sm(IIT), Eu(IIT) or Gd(IIT)
(0] (0]
\ \
P—
OH O/p N 0/8 ~l__o
1 _Ln _Ln
HO-P;, 07\ N -07 \ g
o NaOH aqo\S o) =S o) . _
o N ‘o N Ln cluster complex 2 h, yields=25-56% [110]
LnX; + Os%0 0.1 078~ O 8~q p (6 examples)
: M~ M~o0 %
OH 07 0o ~p-0" 0o ~p-0
o’ o’
Ln = Ho(IIT), Ex(I1T), Tm(I1T), Yb(III), Lu(III) or Y(II)
X =NOj3, Clor CH;COO
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synthesis might otherwise be difficult by conventional thermal heat-
ing methods.
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