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ABSTRACT: 1,1-Bis(diphenylphosphino)methane (dppm) was
used as a linker ligand for the preparation of a series of
heterobimetallic RhIII−PtII and RhIII−PdII complexes. These
complexes were characterized by means of several analytical and
spectroscopic methods. The catalytic activities of these hetero-
bimetallic complexes were carried out in three different tandem
reactions: namely, transfer hydrogenation (TH)/dehalogenation
(DH), TH/Suzuki−Miyaura coupling, and coupling of benzylic
alcohols with nitrobenzenes for Schiff base construction. Ethanol
was used as both the solvent and an inexpensive TH reagent, where
a broad substrate scope was demonstrated for these tandem
reactions. All reactions proceeded smoothly in air at 80−90 °C.
The RhIII−PdII complex showed superior catalytic performance in
comparison to the RhIII−PtII complexes, its monometallic counterparts, and mixtures of monometallic (RhIII + PdII) complexes. The
result demonstrates a cooperative effect between the Rh and Pd metal centers. A mechanism for the catalytic tandem reactions was
investigated. It was found that alcohol medium and base are essential.

■ INTRODUCTION

The discovery of efficient catalytic systems continues to be a
challenge in homo- and heterogeneous catalysis in organic
synthesis.1−3 From this viewpoint, heterobimetallic systems
have emerged as a new platform in catalysis.4−10 These have
been considered in various aspects of catalysis research with

applications in biomimetic catalysis,11,12 tandem reactions,5,13

olefin hydrogenation,14,15 N2 fixation,16,17 and H2 activa-
tion.15,18,19 Because bimetallic complexes incorporate more
than one metal center, they exhibit unusual reactivity and
potential synergy in catalysis. Cooperative electronic and steric
effects between the metal centers and/or coordinated ligands
may arise.5,20,21

The preparation of heterobimetallic complexes could be
challenging and requires a rational synthetic approach
concerning the compatibility and stability of the ligands and
metals.22−24 Consequently, if the two metal complexes have
enough stability, first they can be synthesized individually and
subsequently combined. Correspondingly, further purification
can be avoided using this approach.25 In a second synthetic
strategy, bifunctional chelating ligands can be used to impose
selective coordination to each metal center. This method is
challenging when similar metals are applied.26 A stepwise
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Chart 1. Examples of Heterobimetallic Complexes
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synthetic pathway could yet be another alternative method for
the preparation of heterobimetallic complexes. In this approach,
a metal complex is prepared and a ditopic bridging ligand (a
donor ligand possessing two binding sites for the coordination to
metal atoms) is bound to the first metal, which is followed by
coordination of the secondmetal complex.27 Among these linker
ligands, 1,1-bis(diphenylphosphino)methane (dppm) is a
suitable candidate for the coordination of various metals to
form homo- and heterobimetallic complexes.28 This ligand has a
short chain between its two phosphine moieties which can hold
the metal centers close to each other. Sometimes this proximity
leads to metal−metal bond formation. Also, we have widely
engaged the dppm ligand as a bridging ligand for the formation
of homo- and hetero-organoplatinum complexes with different
applications.29−33

Tandem catalysis refers to the combination of two steps in
one, which makes the process shorter and saves energy, as the
interim purification is avoided.34 Additionally, the usage of one-
pot multistep reactions has been reported as an important and
effective pathway for the construction of C−N35,36 and C−C
bonds20,37 or activation of C−F,38,39 and C−H bonds38,40 in
organic synthesis. Heterobimetallic compounds can be an
option for tandem catalytic processes.5 In this regard, several
catalytic systems such as IrIII−PdII,35,37,41 RhIII−PdII,37,41 RuII−
PdII,13,41 IrIII−AuI,42 RhIII−AuI,42 PdII−AuI,43,44 etc. have been
described and their catalytic activities investigated in various
tandem transformations (Chart 1).
We have synthesized and characterized new RhIII−PtII and

RhIII−PdII complexes supported by a dppm bridging ligand. The
RhIII−PdII complex showed good catalytic activity in three
tandem reactions: (i) transfer hydrogenation (TH) and
dehalogenation (DH), (ii) TH and Suzuki−Miyaura coupling,
and (iii) nitro reduction and imine preparation. Interestingly, in
our tandem reactions ethanol (having abundance, sustainability,
and a safe nature) was used as a powerful and efficient hydrogen
source for the tandem reactions. Although formic acid or iPrOH
have been mainly used for TH reactions,37,41 ethanol has rarely
been applied for tandem processes.45−48 This difficulty can be
attributed to the fact that EtOH causes catalyst deactivation.46,47

■ EXPERIMENTAL SECTION
General Information. All chemicals were purchased from Sigma-

Aldrich or Merck and were used without any further purification. NMR
spectra were recorded on a Bruker Avance DPX 400MHz spectrometer
at room temperature; frequencies are referenced to Me4Si (

1H and
13C{1H}), 85% H3PO4 (31P{1H}), and Na2PtCl6 (195Pt{1H}). The
chemical shifts and coupling constants are given in ppm and Hz,
respectively. Microanalyses were done using a Thermo Finnigan Flash
EA-1112 CHNSO rapid elemental analyzer. Mass data were obtained
by a time-of-flight mass spectrometer equipped with an electrospray ion
source (Bruker micrOTOF II). UV−vis absorption spectra were
recorded on a PerkinElmer Lambda 25 spectrophotometer using a
cuvette with 1.00 cm path length. Powder X-ray diffraction (PXRD)
spectra were recorded on a Bruker AXS D8-Advance X-ray
diffractometer with Cu Kα radiation (λ = 1.5418 Å). All yields refer
to the isolated products. The known precursor complexes [{Ag-
(CH3CN)4}PF6],

49 [Cp*Rh(ppy)Cl]50 (Cp* = pentamethylcyclopen-
tadienyl; ppy = 2-phenylpyridnate), [Cp*{Rh(ppy)(CH3CN)}PF6]
(1),51 [PtMe(Obpy)(κ1-dppm)] (2a;52 Obpy = 2,2′-bipyridine N-
oxide), [Pt(p-MeC6H4)(ppy)(κ

1-dppm)] (2b),31 and [Pd(TSC)(κ1-
dppm)] (2c;53 TSC = 2-chlorophenyl thiosemicarbazone) were
prepared by literature methods.
Synthesis of Complexes. [{Cp*Rh(ppy)(CH3CN)}PF6] (1). This

complex was prepared by a modified procedure.51 Under dark
conditions and an Ar atmosphere, [{Ag(CH3CN)4}PF6] (97 mg,

0.23 mmol) was added to a solution of [Cp*Rh(ppy)Cl] (100 mg, 0.23
mmol) in CH2Cl2 (10 mL). The resulting mixture was stirred at room
temperature for 1 h. The reaction mixture was filtered on Celite to
separate the AgCl precipitate. The solvent of the orange solution was
reduced to a small volume, and 3 mL of n-hexane was added; afterward
1was precipitated as a light orange solid. Yield: 93%. TheNMR spectral
data agree with those reported in the literature.51

[{Cp*Rh(ppy)(μ-dppm)PtMe(Obpy)}PF6] (3a). Under an Ar atmos-
phere, 1 (58mg, 0.1 mmol) and 2a (77mg, 0.1 mmol) were dissolved in
CH2Cl2 (10 mL) to give an orange solution that was stirred at room
temperature for 2 h. The solvent was reduced to a small volume, and 3
mL of n-pentane was added; afterward 3a was precipitated as an orange
solid. Yield: 86%. Anal. Calcd for C57H55F6N3OP3PtRh (MW =
1302.96): C, 52.54; H, 4.25; N, 3.22. Found: C, 52.19; H, 4.34; N, 3.46.
HR ESI-MS(+): m/z calcd for C46H45NP2Rh [4 − PF6]

+ 776.2; found
776.2. NMR in CD3CN: δ (

1H, 400MHz) 0.94 (d, 2JPtH = 77.8 Hz,
3JPH

= 7.0 Hz, 3H, PtMe), 1.62 (s, 15H, MeCp*), 3.67 (t, 3JPtH = 26.1 Hz,
2JPH = 10.6 Hz, 2H, CH2 of dppm), 6.84 (t, 3JHH = 5.9 Hz, 1H), 7.20 (t,
3JHH = 7.5 Hz, 1H), 7.23−7.45 (m, 17 H), 7.48−7.54 (m, 4H), 7.56−
7.66 (m, 4H), 7.75−7.86 (m, 2H), 7.94−8.03 (m, 3H), 8.09 (d, 3JPtH =
21.7 Hz, 3JHH = 6.1 Hz, 1H), 8.76 (d,

3JHH = 5.6 Hz, 1H), 9.90 (d,
3JHH =

8.1 Hz, 1H); δ (31P{1H}, 162MHz) 25.0 (d, 1JPtP1 = 2209Hz,
2JP1

P
2 = 96

Hz, P1), 0.3 and−3.6 (dd, 1JRhP2≈ 46Hz, 3JPtP2 ≈ 312 Hz, 2JP1
P
2 = 96 Hz,

P2), −144.6 (septet, 1JP3
F = 707 Hz, PF6); δ (195Pt{1H}, 85 MHz)

−3986.2 (dt, 1JPtP1 = 2212 Hz, 1JPtP2 = 314 Hz).
[{Cp*Rh(ppy)(μ-dppm)Pt(p-MeC6H4)(ppy)}PF6] (3b). This com-

pound was made similarly to 3a using 2b. Yield: 74%. Anal. Calcd for
C64H60F6N2P3PtRh (MW = 1362.07): C, 56.44; H, 4.44; N, 2.06.
Found: C, 56.71; H, 4.47; N, 2.24. HR ESI-MS(+): m/z calcd for
C46H45NP2Rh [4− PF6]

+ 776.2; found 776.2. NMR in CD3CN: δ (
1H,

400 MHz) 1.62 (s, 15H, MeCp*), 1.99 (s, 3H, Me of p-MeC6H4), 2.94
(t, 3JPtH = 21.8 Hz,

2JPH = 9.8 Hz, 2H, CH2 of dppm), 6.27 (d, 3JHH = 7.7
Hz, 2H), 6.78 (td, 3JHH = 7.1, 4JHH = 1.7 Hz, 1H) 7.16−7.27 (m, 18H),
7.31−7.38 (m, 5H), 7.40 (td, 3JHH = 7.3,

4JHH = 2.1 Hz, 1H), 7.55−7.68
(m, 4H), 7.71−7.85 (m, 4H), 7.95−8.00 (m, 3H), 8.12 (d, 3JPtH = 19.2,
3JHH = 5.5 Hz, 1H), 8.76 (d,

3JHH = 5.6 Hz, 1H); δ (
31P{1H}, 162MHz)

23.9 (d, 1JPtP
1 = 1896 Hz, 2JP1

P
2 = 93 Hz, P1), − 2.2 and −6.1 (dd, 1JRhP2

≈ 39Hz, 3JPtP2 ≈ 291 Hz, 2JP1
P
2 = 93 Hz, P2),− 144.6 (septet, 1JP3

F = 707
Hz, PF6); δ (

195Pt{1H}, 85 MHz)−3831.2 (dt, 1JPtP1 = 1892 Hz, 1JPtP2 =
294 Hz).

[{Cp*Rh(ppy)(μ-dppm)Pd(TSC)}PF6] (3c). This compound was
made similarly to 3a using 2c. Yield: 81%. Anal. Calcd for
C56H55ClF6N4P3PdRhS (MW = 1267.82): C, 53.05; H, 4.37; N,
4.42; S, 2.53. Found: C, 53.21; H, 4.31; N, 4.57; S, 2.62. HR ESI-
MS(+): m/z calcd for C46H45NP2Rh [4 − PF6]

+ 776.2; found 776.2.
NMR in CDCl3: δ (

1H, 400 MHz) 1.74 (s, 15H, MeCp*), 2.73 (s, 3H,
MeCN), 2.94 (d, 3JHH = 4.9 Hz, 3H, NHMe), 4.15 (t, 2JPH = 9.2 Hz,
2H, CH2 of dppm), 3.98 (br, 1H, NHMe), 6.73 (t, 3JHH = 7.6 Hz, 1H),
6.80 (t, 3JHH = 7.7Hz, 1H), 7.11−7.20 (m, 15H), 7.38 (d, 3JHH = 7.5Hz,
1H), 7.43−7.51 (m, 8H), 7.63 (d, 3JHH = 8.0 Hz, 1H), 7.76−7.84 (m,
3H), 8.69 (d, 3JHH = 5.2 Hz, 1H); δ (31P{1H}, 162 MHz) 30.7 (dd,
1JRhP1 = 151 Hz, 2JP1

P
2 = 28 Hz, P1), 22.0 (dd, 3JRhP2 = 4 Hz with 2JP1

P
2 =

28 Hz, P2), − 144.1 (septet, 1JP3
F = 711 Hz, PF6).

[{Cp*Rh(ppy)(μ-dppm)}PF6] (4). Under an Ar atmosphere, 1 (58
mg, 0.1 mmol) and the dppm ligand (39 mg, 0.1 mmol), in a 1:1 molar
ratio, were dissolved in CH2Cl2 (10 mL) to give a dark orange solution
that was stirred at room temperature for 1 h. The solvent was reduced to
a small volume, and 3 mL of n-pentane was added; afterward 4 was
precipitated as an orange solid. Yield: 94%. Anal. Calcd for
C46H45F6NP3Rh (MW = 921.67): C, 59.94; H, 4.92; N, 1.52. Found:
C, 59.83; H, 4.93; N, 1.61. HR ESI-MS(+): m/z calcd for
C46H45NP2Rh [4 − PF6]

+ 776.2; found 776.2. NMR in CDCl3: δ
(1H, 400 MHz) 1.43 (s, 15H, MeCp*), 2.08 ppm (dd, 1JHH = 14.6 Hz,
2JPH = 8.6 Hz, 1H, CH2 of dppm), 2.27 (dd, 1JHH = 14.6 Hz,

2JPH = 10.2
Hz, 1H, CH2 of dppm), 6.69 (t, 3JHH = 7.6 Hz, 1H), 6.77 (t, 3JHH = 7.7
Hz, 1H), 7.04 (t, 3JHH = 7.8Hz, 1H), 7.09−7.20 (m, 20H), 7.39 (d, 3JHH
= 7.7 Hz, 1H), 7.47 (d, 3JHH = 7.8 Hz, 1H), 7.64 (d,

3JHH = 8.0 Hz, 1H),
7.79 (t, 3JHH = 7.7 Hz, 1H), 8.69 (d, 3JHH = 5.4 Hz, 1H); δ (31P{1H},
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162MHz) 31.9 (dd, 1JRhP
1 = 148 Hz, 2JP1

P
2 = 54 Hz, P1),− 29.3 (d, 2JP1

P
2

= 54 Hz, P2), − 144.1 (septet, 1JP3
F = 713 Hz, PF6).

Catalytic Investigation. Transfer Hydrogenation/Dehalogena-
tion of p-Haloacetophenones. A capped vessel containing a stir bar
was charged with the corresponding p-haloacetophenone (1 mmol),
Cs2CO3 (2 mmol), catalyst (2 mol %), and EtOH (2mL). The reaction
mixture was stirred at 90 °C for an appropriate amount of time.
Reaction monitoring, yields, and conversions were determined by TLC
chromatography. Isolated products were characterized by 1H and
13C{1H} NMR after plate chromatography purification using n-
hexane:ethyl acetate (9:1).
Transfer Hydrogenation/Suzuki−Miyaura Coupling. A capped

vessel containing a stir bar was charged with 4-haloacetophenone (0.36
mmol), arylboronic acid (0.55 mmol), Cs2CO3 (1.08 mmol), catalyst 3
(2 mol %), and 2 mL of alcohol, and the solution was heated to 80 °C
for an appropriate amount of time. Products were characterized by 1H
and 13C{1H} NMR after plate chromatography purification using n-
hexane:ethyl acetate (10:2).
Condensation of Nitroarenes and Primary Alcohols. A capped

vessel containing a stir bar was charged with nitrobenzene (0.3 mmol),
benzyl alcohol (5.0 mmol), Cs2CO3 (0.3 mmol), and catalyst (2 mol
%). The solution was heated to 80 °C for an appropriate amount of
time. Products were characterized by 1H and 13C{1H} NMR after plate
chromatography purification using n-hexane:ethyl acetate (8:2).
Computational Details. All calculations were performed using

Gaussian 16 software.54 The B3LYP functional was used in
combination with the 6-31G(d) basis set for all main-group elements,
except for Pd and Rh, for which the LANL2DZ basis set was used.55

The energies were calculated by the CPCM model in EtOH solution.
The Cartesian coordinates and energies of the optimized structures are
reported in the Supporting Information. The calculations for the
electronic absorption spectra using TD-DFT were performed at the
same level of theory. The compositions of molecular orbitals and
theoretical absorption spectra were plotted using Chemissian
software.56

Crystallographic Data. Single-crystal X-ray diffraction data for 1
were collected on a Bruker KAPPA APEX II diffractometer equipped
with an APEX II CCD detector using a TRIUMPH monochromator
with a Mo Kα X-ray source (λ = 0.71073 Å). The crystal was mounted
on a cryoloop under Paratone-N oil and kept under nitrogen.
Absorption correction of the data was carried out using the multiscan
method SADABS.57 Subsequent calculations were carried out using
SHELXTL.58 Structure determination was done using intrinsic
methods. Structure solution, refinement, and creation of publication
data were performed using SHELXTL. Crystallographic information is
presented in Table S1.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Compounds. The

heterobimetallic RhIII−PtII complexes [{Cp*Rh(ppy)(μ-

dppm)PtR(C∧N)}PF6] (3a,b; Cp* = pentamethylcyclopenta-
dienyl; ppy = 2-phenylpyridnate, Obpy = 2,2′-bipyridine N-
oxide; 3a, R = Me, C∧N = Obpy; 3b, R = p-MeC6H4, C∧N =
ppy) and the RhIII−PdII complex [{Cp*Rh(ppy)(μ-dppm)Pd-
(TSC)}PF6] (3c; TSC = 2−chlorophenyl thiosemicarbazone)
were prepared by the stepwise procedure depicted in Scheme 1.
The starting monometallic PtII complexes [PtMe(Obpy)(κ1-

dppm)] (2a)52 and [Pt(p-MeC6H4)(ppy)(κ
1-dppm)] (2b)31

and the PdII complex [Pd(TSC)(κ1-dppm)] (2c)53 were
synthesized according to previously described methods. These
complexes were obtained in high yield and characterized by
means of NMR spectroscopy.
The monometallic RhIII compound [{Cp*Rh(ppy)-

(CH3CN)}PF6] (1) was prepared by a modification of the
already published procedure.51 The Preparation of complex 1
generated by treating [{Ag(CH3CN)4}PF6]

49 and [Cp*Rh-
(ppy)Cl]50 in CH2Cl2 was shown to be an improved and
efficient method (reaction rate and yield) relative to the prior
report.51 The structure of 1 was determined using NMR and X-
ray techniques. The appropriate crystals of 1were grown by slow
evaporation of a CHCl3 solution of this complex at room
temperature. This complex crystallized in the monoclinic crystal

Scheme 1. Synthetic Routes for Preparation of Heterobimetallic RhIII−MII (M = Pt (a), Pd (b)) Complexes 3, with P Atom
Numbering

Figure 1.ORTEP view of the two molecules (1A,B) in the asymmetric
unit of 1. Ellipsoids are drawn at the 50% probability level. The PF6
groups have been omitted for clarity.
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system and space group P21/c, and the crystal structure of 1
contains two molecules in the asymmetric unit cell. An ORTEP
view of 1 is illustrated in Figure 1, while the crystal data and

structural refinement parameters and the main bond lengths and
angles of 1 (molecule 1A) are summarized in Tables S1 and S2,
respectively. The structure of 1 displays a piano-stool type

Figure 2. 31P{1H} NMR spectra of (a) 3a and (b) 3b in CD3CN at room temperature.

Figure 3. 31P{1H} NMR spectra of (a) 3c and (b) 4 in CDCl3, at room temperature.
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geometry, and the bond lengths for this complex are in the range
found for other similar RhIII complexes.50,51,59,60

The treatment of 1 with 2a−c in stoichiometric amounts led
to the formation of 3a−c. In complexes 2, the dppm ligand acts
as a monodentate pendant ligand and it can easily bind to 1 by
replacement of the weakly coordinated CH3CN ligand to give
complexes 3 in high yields. The integrity of 3 in solution was
confirmed by multinuclear NMR spectroscopy. In the 31P{1H}
NMR spectra of Pt−Rh complexes, two distinct resonances are
observed for the dppm ligand at different frequencies (Figure 2).
For P1 (coordinated to the platinum center) in 3a and 3b, a
signal appeared as a doublet at δ 25.0 ppm with 1JPtP1 = 2209 Hz
and 2JP1

P
2 = 96 Hz and a doublet at δ 23.9 ppm with 1JPtP1 = 1896

Hz, 2JP1
P
2 = 93 Hz, respectively. The lower coupling constant

between platinum and phosphorus in 3b is related to the high
trans influence of the carbon of the ppy ligand in comparison to
the Obpy ligand. Interestingly, in these complexes for P2

(coordinated to rhodium center) two signals are observed as a
doublet of doublets at δ 0.3 and−3.6 ppm, each with 1JRhP

2≈ 46
Hz, 3JPtP

2 ≈ 312 Hz, and 2JP1P2 = 96 Hz for 3a and a doublet of
doublets at δ −2.2 and −6.1 ppm, with 1JRhP2 ≈ 39 Hz, 3JPtP2 ≈
291 Hz, and 2JP1P2 = 93 Hz for 3b. This observation perhaps is
relevant to the disposition of the different ligands on the Rh
center, which results in chirality on the rhodium moiety.61−63

Also, for 3c two different doublet of doublets for both P ligating
atoms at δ 30.7 ppm with 1JRhP1 = 151 Hz and 2JP1P2 = 28 Hz and
at δ 22.0 ppm with 3JRhP2 = 4 Hz and 2JP1

P
2 = 28 Hz are observed

(Figure 3). A septet signal for the PF6
− counterion at a lower

chemical shift appeared for all complexes at δ −144.6 ppm with
1JP3F = 707 Hz for 3a,b and at δ −144.1 ppm with 1JP3

F = 711 Hz
for 3c. In these spectra a substantial chemical shift change was
detected for the free phosphine in 2 (doublet at δ −26.3 ppm
with 3JPtP2 = 54 Hz and 2JP1

P
2 = 91 Hz for 2a; doublet at δ −28.6

ppm with 3JPtP2 = 48 Hz, 2JP1
P
2 = 50 Hz for 2b; doublet at δ−26.7

Scheme 2. Synthetic Pathway for the Preparation of 4, with P
Atom Numbering

Figure 4. Optimized structure of 3c. H atoms are omitted for clarity.

Table 1. Tandem Reaction (TH/DH) of p-
Haloacetophenonesa

yield (%)b

entry catalyst X base
time
(h) A B C TON

1 2c Cl Cs2CO3 24 30 10 - 150
2 2c Cl NaOtBu 24 45 15 - 300
3 2cc Cl Cs2CO3 24 40 10 - 250
4 2c Br Cs2CO3 24 10 - 40 200
5 2c F Cs2CO3 24 - 60 - 250
6 1 Cl Cs2CO3 24 10 40 - 300
7 1 Cl NaOtBu 24 10 45 - 275
8 1c Cl Cs2CO3 24 10 40 - 250
9 1 Br Cs2CO3 24 40 - 10 250
10 1 F Cs2CO3 24 - 70 - 400
11 1 + 2c Br Cs2CO3 24 15 - 53 340
12 3c Cl Cs2CO3 15 trace trace 90 450
13 3cc Cl Cs2CO3 15 trace trace 70 350
14 3c Br Cs2CO3 8 - - 96 480
15 3c F Cs2CO3 10 - - - 0
16 3c F NaOtBu 8 - 80 - 400
17 4 Br Cs2CO3 24 - 70 10 350
18 4 F Cs2CO3 24 - 80 - 400
19 3ac Br Cs2CO3 48 trace trace - 0
20 3ad Br Cs2CO3 48 10 45 - 275
21 3ac Br NaOtBu 48 - trace - 0
22 3ad Br NaOtBu 48 - 15 - 75
23 3bc Br Cs2CO3 48 - trace - 0
24 3bc Br NaOtBu 48 - trace - 0
25 3bd Br NaOtBu 48 - trace - 0

aReaction conditions unless specified otherwise: p-haloacetophenone
(1 mmol), base (2 mmol), catalyst (2 mol %), and 2 mL of ethanol,
90 °C. bIsolated yields after preparatory thin-layer plate chromatog-
raphy. cEthanol as the solvent, 110 °C. diPrOH as the solvent, 110 °C.

Figure 5. Reaction profile for the TH/DH of p-bromoacetophenone (1
mmol) and 3c (2 mol %) in the presence of Cs2CO3 (2 mmol) and
EtOH (2 mL) at 90 °C.
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ppm with 2JP1
P
2 = 79 Hz for 2c) to 3. This downfield chemical

shift is related to the coordination of rhodium to the free
phosphine,29,31 and it revealed a considerable coupling constant
between Rh and P2 in 3. The 195Pt{1H} NMR spectra of Pt−Rh
complexes contain a pseudo doublet of triplets arising from the
coupling between the platinum center and phosphorus (δ
−3986.2 ppm with 1JPtP1 = 2212 Hz and 1JPtP2 = 314 Hz, 3a; δ

−3831.2 ppm with 1JPtP1 = 1892 Hzand 1JPtP2 = 294 Hz, 3b). In
the 1H NMR spectra, the hydrogens of the CH2 group of dppm
appear as pseudo triplet resonances at δ 3.67 ppm (3JPtH = 26.1
Hz, 2JPH = 10.6 Hz, 3a), δ 2.94 ppm (3JPtH = 21.8 Hz, 2JPH = 9.8
Hz, 3b), and 4.15 ppm (2JPH = 9.2Hz, 3c) with a small downfield
shift from the equivalent resonances in 2a (δ 3.42 ppm, 3JPtH =
25.3 Hz, 2JPH = 8.7 Hz), 2b (δ 2.58 ppm, 3JPtH = 19.0 Hz, 2JPH =

Scheme 3. Proposed Mechanism for the TH/DH Reaction

Figure 6. Relative energy profile and DFT-calculated proposed structures of intermediates F−H and J−L. Selected bond lengths (Å) are also shown.
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Table 2. Tandem Reaction of p-Haloacetophenones and Boronic Acidsa

yield (%)b

entry catalyst X Y base time (h) D E TON

1 3c Br H Cs2CO3 5 - 98 490
2c 3c Br H Cs2CO3 4 - 95 475
3d 3c Br H Cs2CO3 5 30 - 150
4 3c Br H NaOtBu 3 - 95 475
5 3c Cl H Cs2CO3 5 10 86 480
6 3c F H Cs2CO3 8 40 - 200
7 3c F H NaOtBu 5 - 96 480
8 3c Br tBu Cs2CO3 5 96 - 480

9 3c Br OMe Cs2CO3 3 47 50 485
10 3c Br CF3 Cs2CO3 5 - 95 475
11e 3c Br 3,4,5-F Cs2CO3 5 - 92 460
12 3c F tBu NaOtBu 5 - 75 375

13 3c F CF3 NaOtBu 5 - 83 415
14 2c Br H Cs2CO3 20 18 10 140
15 1 Br H Cs2CO3 20 - - -
16 3a Br H Cs2CO3 20 - - -
17 3b Br H Cs2CO3 20 - - -
18 1 + 2c Br H Cs2CO3 20 10 30 150

aReaction conditions unless specified otherwise: p-haloacetophenone (1 mmol), ArB(OH)2 (2 mmol), catalyst (2 mol %), base (3 mmol), EtOH
(3 mL), 80 °C. bIsolated yields after preparatory thin-layer chromatography. ciPrOH solvent. dEtOH;THF 2:1. eThis boronic acid has three
fluorine substituents.

Table 3. Catalytic Condensation of Nitrobenzenes and Benzyl Alcoholsa

aReaction conditions: nitrobenzene (1 mmol), benzyl alcohol (5 mmol) used as solvent and reagent, Cs2CO3 (3 mmol), catalyst (2 mol %) at 80
°C after 8 h. bIsolated yields after preparatory thin-layer chromatography.
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9.0 Hz), and 2c (3.22 ppm, 2JPH = 9.5 Hz). The signals for
methyl groups on the Cp* ligand (a singlet at δ 1.62 ppm for
3a,b and a singlet at δ 1.74 ppm for 3c), the methyl group
coordinated to the platinum center in 3a (a doublet at δ 0.94
ppm, 2JPtH = 77.8 Hz, 3JPH = 7.0 Hz), the methyl group of the p-
MeC6H4 ligand in 3b (a singlet at δ 1.99 ppm) and methyl
groups coordinated to the TSC ligand (a doublet at δ 2.94 ppm
with 3JHH = 4.9 Hz and a singlet at δ = 2.73 ppm) were assigned.
Also, other characteristic resonances for ppy, Obpy, and TSC
moieties are clearly distinguishable at the appropriate region.
The HR ESI-MS spectra of CH3CN solution of 3a−c, in

positive mode, displayed an intense peak at m/z 776.2 (exact
mass 776.2, Figure S1), which corresponds to the Rh fragment
[{Cp*Rh(ppy)(κ1-dppm)}]+. This observation indicates that
these heterobimetallic complexes perhaps are labile in the gas
phase and undergo dissociation via rupture of the Pt−P or Pd−P
bonds. According to the mass data, the observed peak can be
reproduced by the reaction of 1 with the dppm ligand in 1:1
molar ratio and leads to the formation of the complex
[{Cp*Rh(ppy)(κ1-dppm)}PF6] (4) (see Scheme 2). This
complex was readily characterized by NMR spectroscopy. In
the 31P{1H} NMR spectrum of 4 (Figure 3), a doublet of
doublets at δ 31.9 ppm with 1JRhP1 = 148 Hz and 2JP1

P
2 = 54 Hz

and a doublet at δ−29.3 ppmwith 2JP1P2 = 54 Hz are assigned for
phosphorus atoms. A septet signal at δ −144.1 ppm with 1JP3F =
713Hz is attributed to PF6. The

1HNMR spectrum of 4 displays
that the hydrogens of the CH2 group of dppm have a
diastereotopic feature. Those appeared as two clear doublet of
doublets signals at δ 2.27 ppm with 1JHH = 14.6 Hz and 2JPH =
10.2Hz and at δ 2.08 ppmwith 1JHH = 14.6Hz and

2JPH = 8.6Hz.
The methyl groups on the Cp* ligand are observed as a singlet
signal at δ 1.43 ppm. Other characteristic peaks for the phenyl
groups of dppm and ppy ligands appeared in the aromatic
region.
Several attempts to obtain suitable single crystals of the

heterobimetallic complexes for X-ray analysis were not
successful. Therefore, to gain further insight into the structure
of the heterobimetallic complexes, DFT calculations were used
to optimize the geometry of 3c. The structure of 1was optimized
(shown in Figure S2), and the selected geometrical parameters
are presented in Table S2. The computed structural details are in
good agreement with experimental parameters, showing that the
B3LYP/LANL2DZ/6-31G(d) method is a reasonable com-
promise between accuracy and CPU time of calculations, and
therefore we used it for the structural prediction of the new
complex 3c. The optimized structure of 3c (Figure 4), the
corresponding geometrical parameters (Table S2), charge
distributions (Table S3), frontier orbitals (Figures S3 and S4
and Table S4), and overlaid experimental and calculated (TD-
DFT) UV−vis absorption spectra (Figure S5 and Table S5) are
collected in the Supporting Information. Also, comparative
HOMO−LUMO gap diagrams of complexes 1, 2c, and 3c are
presented in Figures S6 and S7. In the simulated structure of 3c,
the coordination geometry of the rhodium center has a piano-
stool feature which is similar to those observed in related
complexes, such as 1. The Cp* ring occupies three facial
positions in the Rh environment by revealing the regular η5

coordination mode. The palladium environment in 3c is
approximately square planar with the Pd(TSC) moiety, which
is similar to the case for other Pd complexes.53 The distance
between the two phosphorus atoms in the dppm ligand is 3.175
Å, and a metal−metal bond is not found (the distance is 6.460 Å
between Rh and Pd).

Catalytic Studies. On the basis of our previous experiences
on the application of mono-64−71 or heterobimetallic72

complexes in catalytic reactions, the RhIII−Pt (3a,b) and
RhIII−PdII (3c) complexes were applied in three different
tandem reactions.

Transfer Hydrogenation (TH) and Dehalogenation (DH)
Reactions. The catalytic activity of the synthesized mono- and
heterobimetallic complexes were examined for TH/DH of
different p-haloacetophenones. The three potential productsA−
C (see Table 1) are expected, depending on the relative rates of
TH versus DH.41 TH/DH reactions were performed under
mildly basic conditions in the presence of Cs2CO3 in EtOH
solvent as a source of hydrogen transfer at 90 °C. The
mononuclear complexes alone show activity with Pd complex 2c
favoring DH and Rh complex 1TH, but neither metal is as active
as the heterobimetallic catalyst 3c. Furthermore, the physical
mixture of 1 and 2c improves the selectivity toward product C
(TH/DH) but is still significantly less effective than 3c. This
result supports cooperativity in the heterobimetallic cata-
lyst.37,41,42

It is not surprising that Pd 2c shows DH more than TH,
favoring product A irrespective of the base or the alcohol
hydrogen source (Table 1, entries 1−5). The Rh complex 1 is
more effective toward ketone TH, and product B is favored
(Table 1, entries 6−10). As would be expected, the physical
mixture of 1 and 2c producesC (TH/DH product) but only in a
53% yield after 24 h (Table 1, entry 11). This is in sharp contrast
to a 96% yield of product C in 8 h with the bimetallic Rh−Pd
catalyst 3c (entry 14). Interestingly, the bimetallic catalyst shows
the best performance with a milder base and EtOH in
comparison to iPrOH. Also, our study extended to checking
the catalytic activity of 4 (entries 17 and 18), which showed
higher activity in comparison to 1 in the TH reaction. Perhaps
this may be related to the presence of a phosphine ligand in its
structure. The Rh−Pt bimetallic catalysts 3a,b exhibit
unremarkable activity with very modest yields, which could be
attributed to Rh alone (entries 19−25) on the basis of the
product selectivity for B. According to the obtained results, 3c
was more active than 3a,b (Table 1) in this tandem reaction.
The time resolution of the tandem reaction in the presence of

3c as the catalyst and p-bromoacetophenone is shown in Figure
5, which provided more insight about the progress of the TH/
DH catalytic process. The reactant p-bromoacetophenone was
consumed essentially during 2 h, and A and B in that time
peaked at ca. 70% and 20%, respectively. Over the subsequent 5
h, both A and B decreased and the TH/DH final product C
increased. This is consistent with a reactant → A/B → C
sequential process. On the basis of the relative accumulation ofA
versus B, DH is somewhat faster than TH.
The stability of 3c was also investigated under the optimized

conditions; the solution NMR spectra did not show any
decomposition even after 5 h. Only after 48 h could a small
amount of Pd black or unidentified decomposition products
(less than 5%) be observed. This experiment confirmed that 3c
was stable under the reaction conditions. Additionally, the
crystallinity of 3c was investigated by powder X-ray diffraction
(PXRD), as shown in Figure S8. This complex revealed a peak at
2θ = 40.20° corresponding to Pd(111) and a peak at 2θ = 41.15°
assigned to Rh(111). The PXRD spectrum of recovered 3c after
TH/DH reactions confirmed that its crystallinity was retained.
The results obtained for the TH/DH tandem reaction suggest

two consecutive reaction cycles to promote a tandem process, as
shown in Scheme 3. The DH of aryl halide and hydrogenation of
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carbonyl occur over Pd (cycle I)73−75 and Rh of 3c (cycle
II),45,76,77 respectively, leading to the tandem process. In the DH
cycle, the Pd center in 3c activates the Ar−X bond through an
oxidative addition process.73 In the next step, halide was
replaced by an ethoxide anion (formed by the reaction of EtOH
and Cs2CO3) in the coordination sphere of the Pd center. This
process is followed by a β-hydrogen elimination78 of
coordinated ethoxide (yielding formaldehyde) and a reductive
elimination step (producing product A in Scheme 3) that
regenerated the initial Pd species. In the second cycle, the Rh
center of 3c, in the presence of Cs2CO3, reacts with EtOH to
give an ethoxy−Rh fragment, which results in a β-hydrogen
elimination, producing an Rh−H bond. This Rh hydride center

reacts with compound A (obtained from cycle I) to produce C,
regenerating the active catalyst. A series of calculations have
been performed in order to propose the possible structure for
intermediates shown in Scheme 3, in which Cp* and the Ph
group of the dppm ligand are replaced by Cp and Me,
respectively, due to computational cost. The lowest energy
structures of the complexes F−H and J−L and their relative
energies to 3c, as calculated by density functional theory (DFT),
are shown in Figure 6.

TH/Suzuki−Miyaura Cross-Coupling Reactions. The heter-
obimetallic complex 3c, as a catalyst, was applied to another
tandem reaction (TH/Suzuki−Miyaura cross coupling).37 For
this purpose, different p-haloacetophenones and boronic acids in

Table 4. Comparison of Catalytic Activities of 3c with Previously Reported Catalysts in the Three Studied Tandem Reactions

aUnder an inert atmosphere (N2),
bBromotoluene. cIodobenzamide, dbenzyl alcohol, aniline.
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the presence of heterobimetallic complexes 3a−c (or the
monometallic complexes 1 and 2c, to compare their catalytic
activity) and different bases and alcohol solvents were examined
to find the optimal conditions (see Table 2). The reaction of
phenylboronic acid and p-bromoacetophenone in the presence
of Cs2CO3 and 3c in EtOH (entry 1) led to a tandem reaction
and product E in 98% yield. When the solvent was changed to
iPrOH, the rate of the reaction was slightly faster and the yield
was comparable to that for EtOH (entry 2). In the mixed solvent
system EtOH:THF (2:1), only compound D was observed in
low yield (entry 3). Interestingly, p-fluoroacetophenone
converted to E only in the presence of the stronger base
NaOtBu (entry 7), while in the presence of Cs2CO3 only D in
low yield was obtained (entry 6). By a change in substituents on
the boronic acids,D (entries 8 and 9) and E (entries 9−13) were
obtained. These results indicated that electron-withdrawing
groups on the boronic acids were more effective than electron-
donating substituents (except for entry 13 in the presence of
NaOtBu). The use of the monometallic Pd complex 2c gave low
yields even after 20 h (entry 14). No TH/Suzuki−Miyaura cross
coupling reaction was observed in the presence of 1 (entry 15)
and heterobimetallic complexes 3a,b (entries 16 and 17). A
slight synergic effect was observed in themixture of 1 + 2c (entry
18), and it led to the formation of D (10%) and E (30%). The
data suggest a mechanism for the tandem reaction, catalyzed by
3c, in two cycles as shown in Scheme S1. Cycle I (Pd center)
involves a C−C cross-coupling reaction, and the reduction of
carbonyl to alcohol takes place in cycle II (Rh center).
Condensation of Nitroarenes and Primary Alcohols. In

general, Schiff base production proceeds in three steps: (1)
preparation of an aldehyde through the oxidation of benzyl
alcohol, (2) amine synthesis by reduction of a nitroarene, and
(3) condensation reaction between the amine and the aldehyde
to afford the corresponding Schiff base.42 To obtain suitable
conditions for the condensation reaction, reactions were carried
out in the presence of nitroarene, benzyl alcohols, and catalyst.
Entries 1−3 indicate different catalytic activities for 1, 2c, and 3c
under the same conditions. On the basis of these results, 3c was
selected as the best performer (on the basis of on reaction time
and yield), while 1 and 2cwere inferior, not reaching completion
even after 24 h. Obviously, these data exhibited a notable result
for nitro reduction in the presence of 1 by metal hydride
transformation and oxidation of the alcohol to give a related
Schiff base (35%). From another point of view, 2c was not
appropriate for alcohol oxidation to aldehyde and transfer
hydrogenation for reducing nitrobenzene to aniline, and it
displayed a trace amount of N-benzylideneaniline. According to
this result, a pathway can be proposed for this tandem reaction in
two steps by using 3c as a catalyst. The Rh center in 3c can
dehydrogenate the alcohol, while the Pd center in 3c facilitates
nitrobenzene reduction by using the released hydrogen (from
alcohol dehydrogenation, see Scheme S2). Therefore, the
heterobimetallic complex 3c was applied as a homogeneous
catalyst in the coupling between various benzyl alcohols and
nitrobenzenes to prepare imines (Schiff bases). The catalytic
reaction was performed with 2 mol % of catalyst (3c) loading in
the presence of 5 mmol of benzyl alcohol (which was used as
both solvent and hydrogen donor), 1 mmol of nitrobenzenes,
and Cs2CO3 (base) at 80 °C. Under these conditions various
Schiff base compounds were prepared cleanly via the tandem
reaction, and the results are collected in Table 3. In this process,
2 equiv of benzaldehyde in all entries was observed for every 1
equiv of an imine product.

■ CONCLUSIONS
The present investigation summarizes the synthesis of a new
category of heterobimetallic complexes bearing RhIII−PtII and
RhIII−PdII, via dppm as the bridging ligand. The isolated
complexes have been characterized by various spectroscopic
techniques. The enhanced catalytic activities of these air-stable
complexes have been applied for three different tandem
reactions: TH/DH, TH/Suzuki−Miyaura coupling, and cou-
pling of nitrobenzenes with benzylic alcohols for imine
synthesis. We used EtOH (instead of the previously reported
iPrOH)37,41 as an uncommon hydrogen source and solvent.46,47

The scope of these tandem processes is very broad, covering
electron-rich and electron-deficient p-haloacetophenones or
nitroarenes. The RhIII−PdII complex 3c shows higher activity in
comparison the mono- and heterobimetallic complexes reported
in this work. Consequently, the cooperation between the Rh and
Pdmetal centers provides an efficient catalyst.37,41,42 A proposed
mechanism pathway for the TH/DH tandem reaction displays
the role of each metal center in this process. It suggests that the
DH of aryl halide and hydrogenation of carbonyl occurs with the
assistance of Pd (cycle I) and Rh centers of 3c (cycle II),
respectively, leading to the tandem process. This investigation
opens a new avenue for designing efficient heterobimetallic
systems for various organic transformations.
The heterobimetallic complex RhIII−PdII reported here has

better efficiency, has higher rates, requires lower temperatures,
and uses a weaker base (Cs2CO3) in comparison with other
reported catalysts (see Table 4). As noted, the key point in this
study is using EtOH as a solvent with low toxicity in comparison
to iPrOH as a common solvent for tandem reactions.
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(9) Karunananda, M. K.; Vaźquez, F. X.; Alp, E. E.; Bi, W.;
Chattopadhyay, S.; Shibata, T.; Mankad, N. P. Experimental
determination of redox cooperativity and electronic structures in
catalytically active Cu−Fe and Zn−Fe heterobimetallic complexes.
Dalton Trans. 2014, 43, 13661−13671.
(10) Karimi, B.; Barzegar, H.; Vali, H. Au-Pd bimetallic nanoparticles
supported on a high nitrogen-rich ordered mesoporous carbon as an
efficient catalyst for room temperature Ullmann coupling of aryl
chlorides in aqueous media. Chem. Commun. 2018, 54, 7155−7158.
(11) Ghosh, P.; Ding, S.; Chupik, R. B.; Quiroz, M.; Hsieh, C.-H.;
Bhuvanesh, N.; Hall, M. B.; Darensbourg, M. Y. A matrix of
heterobimetallic complexes for interrogation of hydrogen evolution
reaction electrocatalysts. Chem. Sci. 2017, 8, 8291−8300.
(12) Tang, H.; Hall, M. B. Biomimetics of [NiFe]-Hydrogenase:
Nickel- or Iron-Centered Proton Reduction Catalysis? J. Am. Chem. Soc.
2017, 139, 18065−18070.
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