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The conversion of CO; into valuable chemicals has been of major interest because it is cheap and readily
available. The concept of reducing CO, pollution via its utilization into valuable products has inspired us
to synthesise novel 4,4'-((1Z)-butane-2,3-diylidenebis(azanylylidene))dibenzoic acid (L) metal com-
plexes {[(L)Ru"] (C1), [(L)Rh™] (€2), [(L]Ir™ (C3)} complexes for catalytic hydrogenation of CO,. The a-
diimine metal complexes (C1—C3) were characterised using several analytical techniques, including:
NMR spectroscopy and single crystal X-ray crystallography. In a mixture of THF/H,0 and a base, all three
catalyst precursors were able to hydrogenate CO; cleanly to formate as a product. However, the best
combination of catalyst precursor and a base was C1 and DBU that selectively produced formate at a
moderate temperature of 120 °C and at 60 bar. The best productivity under these conditions is TOF of 35
h~! within 2h and a TON of 322. This work is significant because it provides a one-step synthesis for
formate from CO, using a-diimine-based complexes which can be synthesised in a one-step reaction. The
density functional theory calculations on C1 supports that Ru—H is the active species in the process of
CO, hydrogenation to formate with the insertion of the CO, to Ru—H being the rate determining step.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The catalytic conversion of CO, to formic acid or formate has
attracted much attention due to the useful properties of formic acid
in the chemical and pharmaceutical industries. Hydrogenation of
CO; to formic acid catalysed by half-sandwich transition metal
complexes of Ru, Rh, Ir, Mn and Co have been studied both prac-
tically and theoretically using DFT studies [1,2]. Iridium-based half
sandwich complexes are more catalytic active towards the forma-
tion of formic acid [3]. Kanega and co-workers have reported the
direction hydrogenation of CO, to formate with half sandwich Ir-
based complexes containing picolinamide and picolinic acid de-
rivatives as pre-catalysts. Under mild conditions of 0.1 MPa and
25°C in water pre-catalyst containing 4-hydroxy -N-methyl-
picolinamidate produced 0.64 M formate with a turn over number
(TON) of 14700 and turn over frequency (TOF) of 167 h~! [4]. The
excellent catalytic performance by the Ir-4-hydroxy -N-

* Corresponding author.
E-mail address: bmakhubela@uj.ac.za (B.C.E. Makhubela).

https://doi.org/10.1016/j.jorganchem.2019.120892
0022-328X/© 2019 Elsevier B.V. All rights reserved.

methylpicolinamidate complex was attributed to the strong elec-
tron donation by the phenolic O~ functionality and anionic amide
moiety.

A minireview by Himeda on the hydrogenation of CO, to formic
acid catalysed by half sandwich complexes of Ru, Rh and Ir con-
taining 4,7-dihydroxy-1,10-phenathroline and 4,4-dihydroxy-2,2-
bipyridine ligands attributes the high catalytic performance of
these groups 8 and 9 metal complexes to the water solubility of the
catalysts, their electron effect and the polarity of the oxyanion
generated from phenol hydroxyl group when these metal com-
plexes are dissolved in water [5]. Indeed hydrogenation of CO, to
formic acid has not only been observed in water but also in alco-
holic solvents and mixtures of solvents [6]. The addition of a base in
the hydrogenation process of CO, to formate has been reported to
change the reaction rate. The organic base 1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU) base appears to be the best performing with
TON of 95000 reported in the presence of trimethylphosphino
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ruthenium complexes as pre-catalysts [7].

Recently there has been a growing interest in the hydrogenation
of CO, to formate with bipyridine half sandwich complexes. The
studies have been focusing on the effect of strong electron donating
phenolic functionalities on the co-ligands and the water-soluble
catalyst for the hydrogenation of CO; to formic acid [8]. Of inter-
est, none of the publications focus on a-diimine half-sandwich
complexes with carboxylic acid moieties for the same hydrogena-
tion of CO, to formate.

It is clear from the above narrative that to have an effective CO,
hydrogenation catalyst, you need a pre-catalyst and a base that are
both soluble in the solvent in which you run the hydrogenation
reaction. In this contribution, novel ¢-diimine-based complexes
containing carboxylic acid moieties for the catalytic hydrogenation
of CO, will be investigated with mechanistic studies evaluated
using density functional theory calculation. In this study we syn-
thesised novel cationic N°N Ru',, Ri'" and Ir'" complexes (C1—C3)
that are soluble in solvent mixtures and evaluate their ability to
hydrogenate of CO, to formate. The best catalyst for CO; hydroge-
nation reaction to formate Ru complex (C1) as pre-catalyst in the
presence THF/H,0 mixture, DBU and a ratio of 1:4 CO,:H, with total
pressure of 60 bar.

2. Experimental
2.1. Materials and methods

All air and moisture sensitive compounds were manipulated
using standard Schlenk and vacuum line techniques under an argon
atmosphere. Argon HP/zero -grade, carbon dioxide gas HP/zero
-grade and hydrogen gas HP/zero-grade (>99%) were purchased
from Afrox Gases (South Africa). Potassium hydroxide, absolute
ethanol, acetonitrile, toluene, methanol, chloroform, tetrahydro-
furan (THF), dichloromethane (DCM) and dimethyl sulfoxide
(DMSO) were purchased from Rochelle Chemicals (South Africa). 4-
aminobenzoic acid (Sigma-Aldrich, >99%), 2,3 Butanedione (Sigma-
Aldrich, 97%), chloroform-d, dimethyl sulfoxide—dg (DMSO-dg),
N,N-dimethylformamide anhydrous (DMF) (Sigma-Aldrich, 99.8%),
glyme (Sigma-Aldrich, >99%), 1,8-diazabicyclo[5.4.0lundec-7-ene
(DBU)  (Sigma-Aldrich, 98%), pentamethylcyclopentadiene,
IrCl3.3H;0, RhCl3.3H,0 and RuCl3.3H,O0 were purchased from
Sigma-Aldrich. The metal precursors of [Cp*IrClz]., [Cp*RhClz]. and
Ru(p-cymene)Cl;] were synthesised according to literature
methods [9,10]. TH and 3C NMR spectra were recorded on a Bruker
Ultrashield 400 MHz ('H: 400 MHz; *C:100 MHz) spectrometer. All
chemical shift values are reported relative to the internal standard
tetramethylsilane (6 0:00) and in ppm. FT-IR spectra were recorded
on a PerkinElmer FT-IR Spectrum BX Spectrometer. Elemental
analysis was carried out using the Thermo Scientific Flash 2000
CHNSO analyser. ES1-MS was determined at Stellenbosch Univer-
sity Central Analytical Services on a Waters Synapt G2 mass spec-
trometer. All CO, hydrogenation reactions were performed in high
pressure vessels, to a parallel high-pressure autoclave with inbuilt
stirring, heating and cooling system. 'H and *C{'H} NMR chemical
shifts for the hydrogenation products were determined relative to
the internal standard DMF.

Precaution: Proper safety measures must be observed as well as
use of personal protective equipment whilst handling H, and CO,
gases (molecular) at experimental conditions.

2.2. Synthesis and characterisation of ligand and complexes

2.2.1. 4,4'-((1Z)-butane-2,3-diylidenebis(azanylylidene))dibenzoic
acid (L)

OH
b a
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-
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2,3-Butanedione (150.01 mg; 1.745 mmol) was dissolved in
20 mL MeOH and the solution stirred for 4 min before adding 4-
aminobenzoic acid (480.00 mg; 3.485 mmol) dissolved in 30 mL
MeOH. The reaction mixture was then refluxed for 48 h to afford a
bright yellow solution. After removal of the solvent on a rotary
evaporation to give a yellow solid, the product was dried in vacuo
for 4 h. Yield: 430.02 mg, 76%. Melting point: decomposes without
melting (onset at 228 °C). '"H NMR (DMSO-dg) (ppm): ¢ 12.78 (br,
2H, H,), 7.96 (d, 4H, *Jy.y = 8.0 Hz, Hp), 6 6.91 (d, 4H, >Jy.y = 8.0 Hz,
He), 6 2.05 (s, 6H, Hq)). ®C{'H} NMR (DMSO-dg) (ppm): 6 167.64
(Ca), 6 166.99 (Cd;), 6 154.44 (Cay), 6 130.59 (Ccq), 6 126.20 (Cp),
0 118.51 (Cc), 6 15.36 (Cq). FT-IR (cm™1): u(C=0) 1681, u(C=N) 1601.
Solubility: insoluble in DCM, EtOH, MeOH, THF; soluble in DMSO,
DMF and partially soluble in water. Elemental analysis: Found: C
66.85, H 4.98, N 8.65%. Calculated: C 66.66, H 4.97, N 8.64%.

2.2.2. [Ru(p-cymene)CI(L)]Cl (C1)

d
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»—\Q oH| &
NN o
o I

u
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Compound L (240.00 mg; 0.73 mmol) was dissolved in EtOH
(15 mL) and stirred for 10 min before adding a solution of [RuCl; (p-
cymene)], (220.03 mg; 0.36 mmol) in 5 mL of ethanol. The reaction
mixture was stirred at room temperature for 24 h to give a brown
precipitate. The precipitate was recovered by vacuum filtration,
washed off with ethanol and dried in vacuo for 6 h to give the
product as a pure brown solid. Yield: 440.04 mg, 90%. Melting
point: decomposes without melting (onset at 228°C). 'TH NMR
(DMSO-dg) (ppm)): 6 12.78 (s, 2H, Ha), 7.96 (d, 4H, 3Jy.y = 8.4 Hz,
Hp), 6.92 (d, 2H, 3Jy_1y = 8.4 Hz, H,), 5.78 (dd, 4H, 3]y = 6 Hz, Hey ),
2.82 (m, 1H, Hg), 2.05 (d, 9H, 3Ji-n=44Hz, Hqe), 118 (d, 6 H, 3Ju.
y=6.8Hz, Hp). 3C{'H} NMR (DMSO-dg) (ppm)): & 166.78 (Ca),
152.43 (Ccq), 130.50 (Cby), 116.12 (Cb), 112.82 (Ca;), 105.64 (Cc),
99.36 (Cg), 85.65 (Ch), 84.79 (Chy), 29.26 (Cf), 20.78 (Ce), 17.15 (Cd).
FT-IR (cm™'): u(C=0) 1678, u(C=N) 1599. Elemental analysis:
Found: C 54.17, H 5.33, N 4.50%. Calculated: C 54.46, H 5.64, N 4.23%.
HR-ESI-MS (m/z): [M + H]"=627.1658. Solubility: insoluble in
DCM, water, toluene; soluble in THF, acetonitrile, DMSO, DMF,
partially solubility in MeOH, partially solubility in EtOH and
partially soluble in Acetone. Compounds C2 and C3 were prepared
in a similar manner as described for C1 using the appropriate
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starting materials indicated for each compound.

2.2.3. [Ir(Cp*)CILICI (C2)

Compound C2 was prepared from L (250.03 mg; 0.76 mmol) in
15 mL EtOH and [Ir(7°-CsMes)Cly ], (300.00 mg; 0.38 mmol) in 5 mL
EtOH. Yield: 240.01 mg, 96%. Melting point: 250—252 °C. '"H NMR
(DMSO-dg) (ppm)): 6 12.78 (br, 2H, Ha), 7.95 (d, 2H, 3.y = 8.2 Hz,
Hc), 6.91 (d, 4H, 31y = 8.2 Hz, Hp), 2.05 (s, 6H, Hq), 1.61 (s, 15 H, He).
FT-IR (cm™): u(C=0) 1679, u(C=N) 1600. 3C{'H} NMR (DMSO-dg)
(ppm)): 6 167.69 (Ca), 167.04 (Cd;), 154.49 (Ccy), 130.64 (Cb), 126.22
(Cay), 118.56 (Cc), 92.10 (Cp* aromatic ring), 15.43 (Cd), 8.26 (Ce).
HR-ESI-MS (m/z): [M + Cl]"=771.0347. Solubility: insoluble in
DCM, MeOH, toluene; soluble in DMF, DMSO, partially soluble in
EtOH and partially soluble in water. Elemental analysis: Found: C
4710, H 4.63, N 3.75%. Calculated: C 47.21, H 4.65, N 3.80%.

2.2.4. [Rh(Cp*)CIL]CI (C3)

Compound C3 was prepared from L (240.02 mg; 0.74 mmol) in
15mL EtOH and [Rh(n’-CsMes)Cly], (300.01 mg; 0.38 mmol) in
5 mL EtOH. Yield: 435.88 mg, 95%. Melting point: 251—-253°C. 'H
NMR (DMSO-dg) (ppm): 6 12.79 (br, 2H, Ha.), 7.95 (d, 4H, 3J.
1 = 8.3 Hz, Hp), 6.91 (d, 4H, 3J;.1; = 8.3 Hz, H.), 2.05 (s, 6H, Hgq), 1.61
(s, 15 H, He). 3C{'H} NMR (DMSO-ds) (ppm)): 6 167.69 (Ca), 167.04
(Cdy), 6 154.49 (Ccy), 130.64 (Cb), 126.22 (Cay), 118.56 (Cc), 92.10
(Cp* aromatic ring), 15.43 (Cd), 8.26 (Ce). Solubility: insoluble in
DCM, MeOH, toluene; soluble in DMF, DMSO, partially soluble in
EtOH and partially soluble in water. Elemental analysis: Found: C
53.42, H 5.10, N 4.14%. Calculated: C 53.72, H 5.29, N 4.32%. FT-IR
(cm~1): v(C=0) 1678, v(C=N) 1599. HR-ESI-MS (m/z): [M +
H]™ =613.1390.

2.3. General procedure for the hydrogenation of CO»

In a typical experiment a pre-catalyst (7 pmol), DBU
(4.20 mmol), THF (5 mL) and H,0 (1 mL) were mixed in 4 x 50 mL
stainless reactor vessels. Each reactor vessel was flushed three cy-
cles with nitrogen gas, followed by addition of CO; gas and H; gas
(1:2, COz/Hy bar) to give a total pressure of 60 bar. The reactor
vessels were transferred to a preheated EYELA parallel reactor block
at 120°C and at a stirring speed of 1000 rpm (a magnetic stir bar
was used to stir) and reaction run for 24 h. The reactor then was
cooled to room temperature followed by carefully venting of the
reactor. The reaction mixture was analyzed by 'H NMR and 3C
NMR spectroscopy using DMF as an internal standard. In a separate
reaction, the homogeneity of the catalytic reaction was tested by
the mercury poisoning test.

2.4. Computational studies of the catalytic hydrogenation of CO,

To investigate the mechanism of the hydrogenation reactions,
that catalytic reaction was modelled with Spartan’l4 and
Gaussian’09 molecular modelling packages. Starting geometries
were constructed with Spartan’14 graphical model builder. All ge-
ometries were optimized, and IR frequencies calculated to ensure
that transition states have only one imaginary frequency vibrating
along the reaction coordinate and all minima have no imaginary
frequencies. Single point energies were calculated for H and Cl
anions as there were no bonds to be optimized. All reported en-
ergies are relative Gibbs free energies. DFT MO6 calculations were
carried out with Gaussian using 6-31G* basis set augmented with
quasi-relativistic pseudo-potential, LANL2DZ, for the metal centre.
All calculations were carried out in vacuo at 298 K.

3. Results and discussion
3.1. Synthesis and characterisation of L

The synthesis of compound L was performed by refluxing 2,3-
butanedione and two mole equivalents of 4-aminobenzoic acid in
dry methanol (Scheme 1) using reported literature methods [11,12]
to give a bright yellow solid that was isolated in a high yield of 76%.
Ligand L is not a new, nevertheless it was characterised by 'H and
13c{H} NMR spectroscopy, FI-IR spectroscopy and elemental
analysis (CHN). Evidence of the successful Schiff base reaction was
seen in the 'H NMR spectrum (Fig. S1) with the aromatic protons
observed as doublets, integrating for four protons each, at 7.96 ppm
and 6.91 ppm; having J values of 8.00Hz each. The J values of
8.00 Hz are characteristic of aromatic protons. The methyl protons
were observed as a singlet at 2.05 ppm. The >C{'H} NMR of L
(Fig. S2) shows a singlet resonance at 166.99 ppm which is a
characteristic imine carbon with no ketone carbonyl signals from
the 2,3-butanedione starting material. These results are in agree-
ment with previously reported literature results [12].

The infrared spectroscopic results further substantiate that the
imine functionality is present, with the u(C=N) absorption band at
1601 cm™ . The other absorption band observed at 1681 cm™! is for
the carbonyl group (C=0). Elemental analysis results show that L is
pure with the calculated results being very similar to the experi-
mental results.

3.2. Synthesis and characterisation of C1—C3

Synthesis of complexes C1—C3 was achieved by reacting ligand
L with corresponding metal precursors as shown in Scheme 2.
Other counter anions such as triflate were considered but products
were air and moisture sensitive. The coordination of «-diimine
nitrogen of L to the ruthenium-arene moiety to form complex C1
was confirmed by 'H NMR spectroscopy. The 'H NMR spectra of

OH
@o
NJYN

o 2 equiv. Methanol
OH
Yl O ——
4 O Reflux, 48h

HO 6]
L

Scheme 1. Schematic illustration of synthesis of N'N ligand L.
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Ethanol

0.5 [Ru(p-cymene)Cl,],

Stirring 24 h
o
o
\}N
|
N

Ethanol

B ———

0.5 [Ir(Cp*)Cl,],
Stirring 24 h

OH
L1

Ethanol

0.5 [Rh(Cp*)Cl,],
Stirring 24 h

Scheme 2. Schematic illustration of the synthesis C1—C3.

complex C1 (Fig. S3) showed characteristic signals associated with
ruthenium dimer complexation relative to the free ligand L. 'H
NMR spectra showed a had a downfield shift of the aromatic pro-
tons from 6.91 ppm for L to 6.92 ppm in C1. Minimal chemical shifts
are expected due to a greater influence of the metal coordination on
the aromatic protons ortho-to the imine nitrogen atoms observed at
6.91 ppm in the ligand L than the meta-position protons. This shift
confirms that the nitrogen atoms are coordinated to the ruthenium
metal centre by displacement of a chloride. The signal for the four
aromatic protons of p-cymene moiety in C1 were observed as two
doublets due to the perpendicular plane position of the p-cymene
moiety to the metal. The presence of the p-cymene moiety was also
evidence that the complexation was successful.

The 'H NMR spectra of Ir (C2) (Fig. S4) and Rh (C3) (Fig. S5)
complexes showed the —CH3 protons for iridium and rhodium Cp*
at 1.61 ppm for both complexes. These protons were observed in
the same region due to their perpendicular plane position to the
metal. The '3C{'H} NMR spectra of all three complexes C1—-C3
(Figs. S6—8) showed a downfield shift of the imine carbon from
166.99 ppm to about 167.04 ppm with all other aromatic and alkyl
chain carbons being accorded for in their respective regions.
Elemental analysis, FT-IR absorption band shifts for the imine
functionality and high-resolution electrospray ionisation mass
spectrometry further confirmed the formation of the three
complexes.

Orange single crystals of complex C3, suitable for XRD analysis
were grown by slow diffusion of n-hexane (0.5mL) into a
concentrated solution of C3 in DMF (0.2 mL) and DCM (0.1 mL) at
ambient temperature. Complex C3 crystallises in a monoclinic
crystal system in the space group P2¢/n (primitive two-fold screw
axis) (Table S1). The two imine nitrogen atoms are coordinated to
the rhodium centre forming a piano stool octahedral geometry

complex around the rhodium metal centre (Fig. 1). The bond
lengths along the Rh metal centre of Rh(1)—N(1)(2.097 A), Rh(1)-N
(2)(2.094 A) and Rh(1)—Cl(1) (2,4073 A) fall within literature re-
ported values [13,14]. Structural analysis of the complex in PLATON

Fig. 1. Crystal structure for complex €3 with hydrogen atoms omitted for clarity.
Selected bond lengths (A): Rh(1)—CI(1), 2.4073(9), 87; Rh(1)—N(2), 2.097(3),; Rh(1)—
N(1), 2.094(3), Rh(1)—C(1); 2.152(4), Rh(1)—C2(1), 2.171(4); Rh(1)—C(3), 2.193(3);
Rh(1)—C(4), 2.157(4); Rh(1)—C(5), 2.191(4). Selected bond angles (deg.): N(2)-Rh(1)-
Cl(1), 87.56(8); N(2)-Rh(1)-C(1), 163.47(13); N(2)-Rh(1)-C(1), 124.17(13); N(1)-Rh(1)-
Cl(1), 86.86(9); N(1)-Rh(1)-N(2), 75.31(12); N(1)-Rh(1)-C(1), 121.16(13); C(1)-Rh(1)-
CI(1), 94.45(11); C(1)-Rh(1)-C(2), 39.38 (14); C(1)-Rh(1)-C(3), 64.81 (14); C(1)-Rh(1)-
C(4), 65.16 (14); C(1)-Rh(1)-C(5), 38.33 (14).
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[C1-C3].cat, 60 bar

DBU,120°C

Scheme 3. Direct hydrogenation of CO, to formate.

Table 1
Initial hydrogenation of CO, with pre-catalysts C1—C3.
Entry Cat. Solvent Pressure (bar) HCOO~ (mmol) TON TOF (h™')
1 1 THF/H,0 60 19 270 11
2 C2 THF/H,0 60 1.3 190 7.7
3 C3 THF/H,0 60 0.6 86 3.6

Conditions: DBU base (4.20 mmol), CO, (20 bar), H, (40 bar), 120 °C, THF (5 mL),
H,O (1mL), and 24h. Cat.= pre-catalyst; cat loading (7 pmol). Products were
determined by 'H NMR and '>C{'"H} NMR spectroscopy in the presence of DMF
(10uL) as an internal standard. Average error estimate: C1=+0.20, C2=+0.18,
C3=+0.19.TON = (mmol of formate/mmol of pre-catalyst). TOF = TON/reaction
time.

[15,16] shows that there are no classic hydrogen bonds in com-
pound C3.

3.3. Catalytic hydrogenation of CO, using C1—-C3

The direct hydrogenation of CO, was explored using the syn-
thesised complexes C1—C3 as pre-catalysts as in Scheme 3.

The pre-catalysts C1—C3 were first investigated as catalysts in
the hydrogenation of CO; at 60 bar of 1:2 CO,/H; using THF and H,0
as solvents and the strong organic base 1,8-Diazabicyclo[5.4.0]
undec-7-ene (DBU). Results of the catalytic tests are summarized in
Table 1. From these experiments (Table 1) pre-catalyst C1 (Entry 1)
was found to be the most active pre-catalyst in producing formate
(1.91 mmol) as the only product under the reaction conditions. C1,
ruthenium (II) pre-catalyst was found to be three times better than
C3 a rhodium (III) pre-catalyst which had 0.60 mmol formate and a
TON of 86 (Entry 3). The ruthenium (II) pre-catalyst was the best
performing and this could have been due to the basic nature of the
reaction medium. In literature is has been reported that the
ruthenium hydride active species is stable and very active in basic

solutions during catalytic hydrogenation of CO; to formate [17]. The
iridium (III) pre-catalyst C2 produced 1.3 mmol of formate with a
TON of 190 with was double that of C3. C2 had a better TON value
compared to some Ir (III) catalysts in literature by Wang who had a
TON value of 50 (TOF 30 h~1) [18] and Tanaka with TON value of 43
(TOF 1 h™1) [19]. C1 results are superior to the results reported by
Man and co-workers who hydrogenated CO, to formate with Ru-
based complexes at 120 °C for 45 h with a total pressure of 60 bar
and achieved a TON value of 43 and TOF value of 1 h~![20]. Fig. S12
shows the '"H NMR spectrum of formate (HCOO™) as a singlet at
8.28 ppm and a typical formate peak in the >C{'H} NMR spectrum
(Fig. S13) at 170.01 ppm.

3.3.1. Effect of catalyst loading on hydrogenation of CO, with C1

In the hydrogenation of CO, to formate under our conditions
(Fig. 2), a catalyst played a vital role because in the absence of a
catalyst the reaction does not proceed thus no formate produced.
Formate started to form with a minimum catalyst loading of 1 pmol
giving a TON value of 320 which was the highest TON achieved
under our reaction conditions. The formate concentration increase
with increase in catalyst from 1 to 7 umol which shows that the
reaction is first order dependence with respect to catalyst loading.
Further increase in catalyst loading from 7 to 10 pmol did not show
any significant change in hydrogenation products possibly due to
insignificant variation in liquid solid mass transfer.

3.3.2. Homogeneity evaluation of the hydrogenation of CO, with
pre-catalyst C1

The mercury poisoning test is used to establish if a homogenous
catalytic reaction is indeed truly homogeneous and not produce
nanoparticle that could also catalyse a reaction. As such the mer-
cury poisoning tests were conducted using C1 and elemental
mercury in the hydrogenation of CO,. There was no significant drop

Effect of catalyst loading on CO, hydrogenation with C1

2.5
3 2
=
£
3 15
£
L2
) 1
©
£
2 05 TON 320
0
0 I
0 1 4

TON 180

TON 270 TON 190
T T
T L
7 10 13

Catalyst loading (umol)

Fig. 2. Effect of catalyst loading on CO, hydrogenation with pre-catalysts C1. Conditions: pre-catalysts (0—10 pmol), DBU (4.20 mmol), CO (20 bar), H, (40 bar), 120 °C, 24 h, THF
(5mL) and H,0 (1 mL). Products were determined by '"H NMR and *C{'"H} NMR spectroscopy in the presence of DMF (10 uL) as an internal standard.
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Influence of mercury drop test on CO,
hydrogenation to formate

2.5

TON 270

15

0.5

DBUCOOH formed (mmol)

No Hg

TON 250
7

Hg

Fig. 3. Effect of mercury test on CO, hydrogenation with pre-catalyst C1. Conditions: Conditions: pre-catalysts (7.00 umol), DBU (4.20 mmol), CO, (20 bar), H, (40 bar), 120 °C,
elemental mercury (catalyst to mercury ratio 1:3), 24 h, THF (5 mL) and H,0 (1 mL). Products were determined by 'H NMR and '>C{'H} NMR spectroscopy in the presence of DMF

(10 pL) as an internal standard.

in conversion, with a TON of 250 compared to a similar reaction
where there was no mercury added (TON of 270) (Fig. 3); a drop of
only 7.5%. This suggested that catalytic activity was due to ho-
mogenous catalytic species in the system. Having established the
catalyst is homogeneous, we proceeded to optimise CO, hydroge-
nation reaction with C1.

3.3.3. Effect of base on hydrogenation of CO, with pre-catalyst C1
The base dependent catalytic homogenous hydrogenation of
CO, was investigated with pre-catalyst C1 at 120°Cin a 1:2 CO3/H;
mixture (60 bar) in different bases for 24 h. In the absence of a base
(Table 2, entry 1) there was no product observed. This could be due
to the thermodynamically unfavourable direct formic acid syn-
thesis (AG%gg = +33 k] mol~1) [21]. It is clear from Table 2 that

Table 2
Effect of base on CO, with pre-catalyst C1.
Entry Cat. Base Pressure (bar) HCOO~ (mmol) TON TOF (h™1)
1 c1 No base 60 0 0 0
2 c1 Pyridine 60 0 0 0
3 C1 EtsN 60 1.5 210 87
4 Cc1 KOH 60 0.4 57 24

Conditions: base (4.20 mmol), CO, (20 bar), H, (40 bar), 120°C, THF (5 mL), H,0
(1 mL), and 24 h. Cat. = pre-catalyst; cat loading (7 pmol). Products were determined
by 'H NMR and "3C{'"H} NMR spectroscopy in the presence of DMF (10 uL) as an
internal standard. Average error estimate: +0.20 (KOH), +0.19 (Et3N). TON = (mmol
of formate/mmol of pre-catalyst). TOF = TON/reaction time.

Influence of temperature on CO, hydrogenation to

formate
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Fig. 4. Effect of temperature on CO, hydrogenation with pre-catalysts C1. Conditions: pre-catalysts (7.00 pmol), DBU (4.20 mmol), CO; (20 bar), H, (40 bar), 90—120 °C, 24 h, THF
(5mL) and H,0 (1 mL). Products were determined by '"H NMR and *C{’H} NMR spectroscopy in the presence of DMF (10 uL) as an internal standard.
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Effect of solvent on CO, hydrogenation to formate with
C1 pre-catalyst
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Fig. 5. Effect of solvent on CO, hydrogenation with pre-catalysts C1—C3. Conditions: pre-catalysts (7.00 pmol), DBU (4.20 mmol), CO, (20 bar), H (40 bar), 120°C, 24 h and total
solvent (6 mL). Products were determined by 'H NMR and ">C{'H} NMR spectroscopy in the presence of DMF (10 uL) as an internal standard.

addition of a base is necessary of the hydrogenation of CO, to occur;
but it is the strongest DBU (that produced and the most formate
(1.9 mmol). These results were expected as bases containing ni-
trogen have been shown to capture CO; during hydrogenation of
CO; [22]. It is important to note that under acid conditions, pre-
catalysts C1 could not hydrogenate CO,. This is due to the hydro-
lysis of the imine bond in ligand in C1 and hence the decomposition
of the catalyst.

3.3.4. Effect of temperature on selectivity of pre-catalyst C1

The effect of temperature on the selectivity of pre-catalyst C1
during CO, hydrogenation was studied at temperatures ranging
from 90 to 160 °C under standard conditions (C1 (7.00 pmol), DBU
(4.20 mmol), total pressure = 60 bar and P(CO,)/P(H;) pressure ra-
tio=1:2; see Fig. 4). The catalyst could not convert CO, at tem-
peratures below 90°C, possibly due to the thermodynamic and
kinetically stability of CO,, Between 90 and 160 °C there was 100%
selectivity towards formate production (Fig. 4). As the temperature
increased from 90 °C to there was an increase in formate produc-
tion from 1.11 mmol to 1.91 mmol. Further increase in temperature
to 160 °C resulted in decrease of formate production with only
0.55 mmol of formate produced. The decrease in formate produc-
tion could be caused by the pre-catalyst degrading and also due to
the exothermic nature of the CO, hydrogenation process it is
possible that there is a threshold temperature (120 °C) where any
further increase in temperature is detrimental to the production of
formate.

3.3.5. Effect of solvent on the hydrogenation of CO, with C1
Solvents can play a major role in the hydrogenation of CO, by
influencing the hydride donor ability, thus affecting the formation
of active species. Changing from water to organic solvents can
change the products formed during hydrogenation of CO, because
some solvents form carbonates species and intermediates in the
presence of CO; [23,24]. With this in mind, we investigated the
effect of solvents on CO, hydrogenation using pre-catalysts C1 and
the conditions in Fig. 5, there was no catalytic conversion of CO, in
the absence of a solvent. This was a clear indication that C1 was
active as a homogenous catalyst and that the reaction is solvent

dependent. In water and pyridine no formate is produced due to the
insolubility and partial solubility respectively of C1 in these sol-
vents which resulted in a hydrogenation reaction mixture which
was not homogenous. It was surprising that in a DMSO/water
mixture no product was observed though C1 is completely soluble
in DMSO. This could be due to the ability of DMSO coordinating to
the metal centre hence competing with the substrate. In ethanol,
ethanol (5 mL)/water (5 mL) and THF under our conditions there
was 100% selectivity towards formate production with ethanol/
water mixture and the highest TON of 87 and TOF of 3.6 h™.
Ethanol is a protic solvent which could assist in the formation of
hydride species which have been known to be active species in the
hydrogenation of CO,. It is the ability of the base to enhance the
solubility of the complexes in ethanol and assisting in the hydrogen
heterolysis to form active species that could be responsible the
enhanced activity observed. But the best solvent for this reaction is
THF (5 mL)/water (1 mL) mixture with a TON of 270 The biphasic
nature of this reaction system made it possible for the formate to be
recovered in inorganic water phase whilst the catalyst remained in
the organic phase.

3.3.6. Effect of pressure on the hydrogenation of CO, with C1
Partial pressure variation studies were performed by changing
the partial pressure of CO, and H; gases but maintaining a total

Table 3
Effect of pressure on CO, with pre-catalyst C1.
Entry Cat. Base P(CO,)/P(H;) (bar/bar) HCOO~ (mmol) TON TOF (h~1)
1 C1  DBU 30/30 1.1 150 6.4
2 C1 DBU 20/40 1.9 270 11
3 C1 DBU 40/20 0.63 91 3.8
4 C1 DBU 15/45 22 320 13
5 C1 DBU 12/48 23 330 14

Conditions: DBU (4.20 mmol), Total pressure 60 bar, 120 °C, THF (5 mL), H,0 (1 mL),
and 24 h. Cat. = pre-catalyst; cat loading (7 pmol). Products were determined by 'H
NMR and '>C{'H} NMR spectroscopy in the presence of 10 uL DMF as an internal
standard. Average error estimate: +0.19 (30/30), +0.20 (20/40), +0.17 (40/20), +0.18
(15/45), +0.19 (12/48). TON = (mmol of formate/mmol of pre-catalyst). TOF = TON/
reaction time.
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Fig. 6. Effect of time on CO, hydrogenation with pre-catalysts C1. Conditions: pre-catalysts (7.00 umol), DBU (4.20 mmol), CO, (20 bar), H; (40 bar), 120 °C, 0—24 h, THF (5 mL) and
H,0 (1 mL). Products were determined by '"H NMR and "*C{'H} NMR spectroscopy in the presence of 10 uL DMF as an internal standard.

pressure of 60 bar (Table 3). On applying equal pressure of 30 bar
CO; and 30 bar Hy (Entry 1) and keeping all the other parameters
constant, 1.1 mmol of formate was produced. Upon doubling the
pressure of H, (Entry 2), the amount of formate produced almost
doubled. An increase in CO; and decrease in Hy (Entry 3) resulted in
a decrease in formate production to 0.63 mmol. This maybe
because of the effect of having only enough H, gas to form the
hydride active species and eventually less to proceed to the hy-
drogenation process. An increase in Hy pressure and decrease in
CO, pressure resulted in an increase in formate produced. The
optimum ratio for formate production is 1:4 ratio (Entry 5). Results
obtained confirmed that the amount of formate produced depends
on the gas pressure, but more of the partial pressure of H, than the
partial pressure of CO,.

3.3.7. Reaction time effect on CO; hydrogenation with C1
Hydrogenation of COto formate with pre-catalyst C1 was
studied at times ranging from 0 to 24 h (Fig. 6). Increasing the

reaction time from 2 h to 24 h increased the amount of formate
produced from 0.49 mmol to 0.91 mmol. This clearly shows the
time dependent effect of the CO, hydrogenation to formate. The
highest TOF under our reaction conditions was 35 h™! after a re-
action time of 2 h, but the highest amount of formate was produced
in 24 h.

3.3.8. Catalyst recyclability

The recyclability of the active catalyst from C1 was checked
under the optimized conditions, and the results are shown in Fig. 7.
The recycling tests were performed by separating the biphasic so-
lutions via decantation and adding fresh substrates to the aqueous
organic layer. This reaction procedure was repeated for recycling
studies. The catalyst could be reused two times, maintaining a
formate production of 1.9 and 1.6 mmol with 100% selectivity. The
third and fourth cycle formate produced reduced to 0.35 and
0.050 mmol respectively.

Catalyst reusability
19
2 T
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o T
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£
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[
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0 -
1 2 3 4

Catalytic run

Fig. 7. Catalyst reusability on the hydrogenation of CO, with pre-catalyst C1. Conditions: pre-catalysts (7.00 pmol), DBU (4.20 mmol), CO; (20 bar), H, (40 bar), 120°C, 24 h, THF
(5mL) and H,0 (1 mL). Products were determined by 'H NMR and *C{'"H} NMR spectroscopy in the presence of 10 uL DMF as an internal standard.
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3.4. Theoretical investigation of CO; hydrogenation using pre-
catalyst C1

The 100% production of formate during CO, hydrogenation with
our novel pre-catalysts (C1—C3) inspired our goal to understand
their CO; hydrogenation mechanism. The mechanistic studies were
to investigate whether complexes C1—C3 are active species or pre-
catalysts in CO; hydrogenation reaction and to understand how CO;
is reduced selectively to formate or methanol. In this way, it was
essential to determine the thermodynamic favourability of the
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hydride species relative to your complex as the active species
through semi-empirical or DFT calculations. This computational
work aims to investigate these two aspects using novel synthesised
N°N ruthenium C1 complex which was the best performing pre-

catalysts during hydrogenation of CO,.

3.4.1. Catalyst model: formation of the Ru—H active species
Previously, hydrogenation of CO, has been proposed in various

studies to involve the hydride species as the active catalyst in the

reaction [25—27]. An iridium imine-diphosphine catalyst by Liu

411.6 I W-R Ll
: R-N_ N~
2+
/ RU------ H
+ TSI poym” N
H
H ¥
3713/
——
m
H ’,’Cym 2+
f~—
H Ru
R-N N-R

pcym
®
H
\/Ru
N
R-N N-R
% -80.2 H
v

Fig. 8. DFT Energy profile for the formation of Ru—H active species.
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was found to be highly active for the hydrogenation of CO, with the
Ir—H complex being the active species and a TON value of 450 000
was achieved [28]. Comparative analysis of these literature reports
with our experimental design enabled us to focus on formation of
ruthenium hydride species as our initial step in computational
studies through DFT calculations.

We rationalized three steps to our proposed ruthenium hydride
(Scheme 4) as the active species, these include (i) reductive elimi-
nation (ii) 16-electron cationic complex (solvate) formation (iii)
hydrogen insertion. The first step is reductive elimination of the
chloride from the cationic ruthenium (II)-chloride complex C1 to
form a cationic complex IL. Il was formed through conversion of the
18-electron complex I to a 16-electron complex with a vacant site
for the coordination of the H, molecule.

Intermediate III, a dihydrogen complex, is formed through
insertion of Hy via TS2 which is enabled by the d-donation the Hy
and the w—backdonation of the Ru metal centre. The active species
IV is formed after elongation of the dihydrogen complex TS3 with
hydrogen splitting with elimination of HCL. The proposed mecha-
nism was studied with DFT/MO6 to give an energy profile Fig. 8.
According to Fig. 8, the elimination of Cl~ (through transition state
TS1) is the first rate-determining step with an activation energy of

382.8 kcal/mol followed by the second-rate determining step
through TS3 with an energy of 411.6 kcal/mol relative to the starting
material I. It is important to note that the active species with an
energy of —80.2 kcal/mol is the most stable species of in this cycle.

3.4.2. Formate formation from CO, hydrogenation

The hydrogenation of CO, with N"N Ru pre-catalyst (Scheme 4,
structure I) at 120°C with a pressure of 60bars (1 CO2:2H3)
resulted in formation of formate in the presence of a base. These
findings led us to the investigations of the mechanism associated
with formate formation with our pre-catalyst. The computational
studies for the mechanism for formate formation (Scheme 5), were
carried out under vacuum. The catalytic cycle proceeds from the
pre-catalyst I which proceeds to the formation of the active species,
the Ru—H complex (IV) according to Scheme 4.

The insertion of CO, via associative addition generates the
formate complex (V) which readily dissociates the formate to
regenerate the 16-electron complex (II). Complex V was not
observed with '"H NMR but the formate product was observed in
the presence of a base. This could be due to the rapid exchange of
the complex formate (V) with hydronium ion H30" to produce
HCOOH in the presence of solvent [29]. This was also observed
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Scheme 5. Proposed mechanism for hydrogenation of CO, to formic acid.
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through DFT calculations by Osadchuk and co-workers involving
the sequential insertion of two CO, molecules in two Ir—H bonds
before hydrogenation [30]. From Fig. 9, transition state TS4 which is
the insertion of CO, requires an energy of 142.1 kcal/mol relative to
intermediate [ after formation of IV. After the formation of the
Ru—H active species, Fig. 9 shows that CO, insertion is the rate
determining step with the highest energy barrier which could be
due to the thermodynamic stability of CO,.

3.4.3. Methanol formation from CO, hydrogenation

The insertion of CO, into a metal hydride bonds and successive
formation of metal-formate complexes has been studied both
experimentally and theoretically by various researchers [31—34].
The mechanistic studies of CO, hydrogenation to methanol has
been extensively studied theoretically and supports that the hy-
drogenation to methanol include HCOO*, HCOOH*, CH30,* and
CH30* intermediates [35—39]. Based on literature and evidence
from our 'H and ®C{'H} NMR experiments [38,40], a plausible
catalytic cycle that reduces CO, to methanol step wisely through
formic acid (and formaldehyde theoretically) via key intermediates
I, IIL, IV, V and VI was developed as proposed in Scheme 6.

Scheme 6 show that the cycle starts from cationic Ru—H com-
plex I with (migratory) insertion of CO, to ruthenium hydride
species I which leads to a Ru-formate species III. Reaction of IV with
one equivalent of hydrogen leads to the formation of Ru-
hydromethanolate species, V which upon further reduction for-
mic acid transforms to Ru-methanolate complex VI. Hydro-
genolysis of Ru—OMe complex requires a third equivalent of
hydrogen to liberate the product and closing of the cycle to
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regenerate Ru—H complex L

The first step in the mechanism of the formation of methanol
from CO, hydrogenation (Fig. 10), is the insertion of CO; into the
Ru—H bond forming a Ru—O bond via TS4 with an energy of
114.7 kcal. Intermediate III (70.1 kcal/mol) is more stable than in-
termediate IV (78.6 kcal/mol). Similar results have been reported by
Wesselbaum and co-workers who carried out mechanistic in-
vestigations of multiphase catalysis for CO, hydrogenation to
methanol with a homogenous ruthenium-Triphos catalyst [38]. The
insertion of Hy via TS6 from intermediate IV is considered as the rate
determining step with an energy of 160.2 kcal/mol relative to the
intermediate I. However, TS5 and TS7 could not be located and this
could be due to different modes of H, coordination to the Ru metal
centre or due to a missing intermediate in the proposed cycle but
they have been reported by exist by Wesselbaum and co-workers
[38]. The energy profile proceeds to the methoxy intermediate, VI
(121.7 kcal/mol) followed by the liberation of methanol via TS8
(140.1 kcal/mol) then regeneration of the active species I (—80.2 kcal/
mol) which is relatively more stable than all the intermediates.

4. Conclusion

The main thrust of the work is to synthesise imine-based
complexes containing carboxylic acid moieties for the hydrogena-
tion of CO, to formate. Metalation of L with [RuCl, (p-cymene)]y,
[Ir(n°-CsMes)Cly], and [Rh(n°-CsMes)Cl,], afforded novel PGM
complexes C1, C2 and C3 which were tested as pre-catalysts for the
hydrogenation of CO,. Hydrogenation of CO; to formate with H; gas
was achieved under moderate conditions with the highest TON and
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Fig. 9. Energy profile for the hydrogenation of CO, to formate.



12

N. Makuve et al. / Journal of Organometallic Chemistry 899 (2019) 120892

A4
N 15 NS
1\ pcym ‘\
R-N_ /N‘R T ----Cq
® Ru—O TS4
,tlx:ym CO, ,ocym/'l| 4
H
“Ru \_ I \\o
R-N /N’R N/ e
1\
R-N N-R T
! ‘RG—0
7
pcym \
o#CH
CH;0H
{ m
1\ ®
® R-N N-R tt
\N /
Ru\——O
H,\ R pcym ' TS5
R-N N- O=—-C-H
\ s
Ru--OCHj
PCV’(”\\H H / )—‘< o
—— 1\
_ R
H ) N\R/N——O ff
2 _Ru
TSS ® pcym \ \
— T O=—C-H
R ~R v
H
RU-OCHs N—/ 2
/ \—-(
cym @
pey H.,O \ R-N 'N-R + —
2 H 7 R-N N R
Vi 2 lRui—OH \R/ o
pcym \ -Ru---0O-~y._
0—C-H peym= —_\) j
\ o=-=C-
o\ @ H 0
R-N_N Tt v TS6
_Ru----OH )s
pcym” \ H
v
____S:\’
HH
TS7

Scheme 6. Proposed catalytic mechanism for hydrogenation of CO, to methanol in the absence of a base.



N. Makuve et al. / Journal of Organometallic Chemistry 899 (2019) 120892

13
E (kcal/mol) @ s
— Tt T
R-N_N-BR N~ B
JRG--0-1 R-N 'NR +t RoN V§-R
peym™ R N TR ‘Ru---oHJ! N
o=-"=c-{, peym TN N K Ru--OCH,
® h 160.2 0---C 1NN
R\ TT J— H/\H 140.1 pPCym 'H---H
- -R ! \ —
R-N_ N ; Tse Tss)
/R‘u——? \ _< ," \ \ / |
pcym” ' TN\ R . / \ !/ TST ' \
HeeoC R-N. N H \ / 121.7/ '
~o RG—O Vl"’l' . / \
114.7 pcym \ K \ / Vi \
— O=C¢C-H / N\ 1017/ o
TSN i e N i
ETTAN / N—( v R—N_N-R '
\ N / \-R g \
\ W, i R-N_ N + RG-OCH, '
; ! ,Ru\—OH peyrh
/ i peym \ L
78.6 o—c-n '
e— \
. 70.1 W M
m — i
\_( @ R-N N R T 4
—OH
O\ - '
_ R T peym” N\ |
R=N, /N C-H \
/Ru——o v
peym \ \
o#CH ‘.‘
\
m !
; i
0.00. |
! 4
\
}
pcym ® ‘.‘
Ho .‘
~Ru \
rR-N 'N-R 4
\/ '
H |
\
A
+ pcym e
CO, + H; + cCr H\Rl ' -80.2
u —
SN
-R
o R—N\ /N I
OH / \

Fig. 10. Energy profile for the hydrogenation of CO, to methanol.

TOF of 320 and 35 h™! respectively at 120 °C with C1. Remarkably,
the biphasic nature of the hydrogenation process brings about easy
catalysts recovery and recycling. This work is important as it has
demonstrated new imine-based Ru, Ir'! and Rh'' complexes as
pre-catalyst for the one-step synthesis of formate from CO, hy-
drogenation whilst addressing CO; conversion issues. In the future,

we expect to modify the properties of L with electron withdrawing
and donating groups to obtain better TON and TOF values under
lower temperature and pressure reaction conditions. The mecha-
nistic studies for the hydrogenation of C1—C3 as pre-catalysts in the
formation of formate and methanol was studied using C1 with
density functional theory calculation. Theoretical mechanistic
studies for complex C1 calculated using DFT/MO6 show that the
active species is ruthenium hydride hence the synthesised com-
plexes act as pre-catalysts. The high energy values associated with
the formation of methanol explains why we could not obtain
methanol under our reaction conditions. These studies are signifi-

cant in designing and elucidating new catalytic active catalysts/
species for the hydrogenation of CO».
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