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Abstract: The use of CO2 as a C1 building block for chemical synthesis is receiving growing attention,
due to the potential of this simple molecule as an abundant and cheap renewable feedstock. Among
the possible reductants used in the literature to bring about CO2 reduction to C1 derivatives, hydrobo-
ranes have found various applications, in the presence of suitable homogenous catalysts. The current
minireview article summarizes the main results obtained since 2016 in the synthetic design of main
group, first and second row transition metals for use as catalysts for CO2 hydroboration.
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1. Introduction

In recent years, the accumulation of greenhouse gases in the atmosphere has steadily
increased due to human activity [1]. The combustion of fossil fuels for the production
of energy is the largest source of greenhouse gas emissions [2]. CO2 is a by-product of
fuel combustion, representing the most abundant greenhouse gas (81.3%) of the global
anthropogenic emissions (Figure 1). A significant increase of CO2 in the atmosphere is
expected in view of growing demand for energy [3]. These reasons, combined with the
need for sustainable, fossil-free routes to chemicals and fuels, fostered a new impetus in
the use of CO2 as a C1 building block for chemical synthesis [1].
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Carbon dioxide can be used to make added value products, by reactions such as
copolymerization [4], hydrogenation [5,6], biochemical approaches [7], and electrochemical
reduction [7,8]. Recently, there has been an increase in interest in the homogeneous
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reduction of CO2 using hydrogen [9–11], hydrosilanes [12–15] and hydroborates [16,17].
Reductive approaches allow to obtain simple C1 molecules such as formic acid (HCO2H),
formaldehyde (HCHO), methanol (CH3OH), dimethyl ether (CH3OCH3), methane (CH4)
or higher hydrocarbons, that find many applications in chemistry, manufacturing and
industry [18–23]. CO2 hydrogenation (i.e., reduction under a pressure of hydrogen gas) is,
in principle, the most atom-efficient method, but has safety risks connected with the use of
flammable, pressurized gas. Alternative reductants such as hydrosilanes and hydroboranes
have been successfully applied to replace H2, as they are liquid at room temperature, hence
easier and safer to handle and store. They can bring about CO2 reduction to different
products under mild reaction conditions, due to the fact that E–H bonds (E = Si, B) are
weaker than the H–H bond, and that the formation of stronger E–O bonds constitutes a
driving force for the reaction. It has been demonstrated that CO2 can be reduced by a
hydroborane (Scheme 1) to give formoxyborane (A), bis(boryl)acetal (B), methoxyborane
(C) and bis(boryl)ether (D), and that the choice of appropriate homogeneous catalysts
can drive the selectivity of the process to the desired products, further than promoting
the overall reaction rate [16]. Although precious transition metals play a dominant role
as catalysts for CO2 reduction, various studies demonstrated the possible use of earth-
abundant metals and p-block elements [24,25]. An excellent, comprehensive review on this
chemistry was published by Bontemps in 2016 [16]. The present review summarizes the
main results described in the literature since 2016 on the synthetic aspects of main group
and transition metal-based homogeneous catalysts, and on the selectivity obtained in CO2
hydroboration process. The main reaction parameters are summarized in Table 1, whereas
the most diagnostic nuclear magnetic resonance (NMR) data are collected in Table 2.
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2. Main Group Metal Catalysts for CO2 Hydroboration

Okuda and coworkers [26] showed that alkali metal hydridotriphenylborates [M(HBPh3)]
[1, M = Li (a), Na (b), K (c)] act as efficient catalysts for hydroborative reduction of
CO2 using pinacolborane (HBpin) to give formoxyborane (OCHO)Bpin. The complexes
were obtained from the reaction of metal precursors [M(N(SiHMe2)2)] with ligand tris[2-
(dimethylamino)ethyl]amine (Me6TREN) in tetrahydrofuran (THF) or pentane (Scheme 2).
The mixtures were usually stirred for 30 min at room temperature and in the next step the
resulting complex was mixed with B(Ph)3 in THF to obtain complexes of general formula
[(L)M][HBPh3], where M = Li (1a), Na (1b), K (1c). The obtained complexes were fully
characterized by spectroscopic methods, such as 1H, 13C, 11B NMR and infrared (IR).

The catalytic reactions between CO2 (1 atm) and HBpin (0.14 mmol) were tested in
the presence of metal complexes 1a–c (1 mol%) at room temperature in THF (0.5 mL).
The lithium derivative 1a gave the best result with a turnover frequency (TOF) of 10 h−1

(reaction time = 10 h) compared to sodium (1b, TOF = 6.25 h−1, reaction time = 16 h) and
potassium (1c, TOF = 6.25 h−1, reaction time = 16 h) complexes. A simplified mechanism
was proposed (Scheme 3) based on stoichiometric reactions with CO2 and HBpin, showing
that CO2 activation occurs by insertion into the H–B bond in the anion of 1. The so-obtained
formoxytriphenylborate complexes [(L)M{(HCO2)BPh3}] [1, M = Li (a); Na (b); K (c)] were
fully characterized by 1H, 13C, 29Si NMR and infrared spectroscopy (Table 2). Mechanistic
and computational studies were planned at the time of publication [26].
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Scheme 3. Proposed mechanism for CO2 hydroboration with 1a [26].

The low-valent magnesium(I) complex [(XylNacnac)Mg]2 (2, Xyl = 2,6-Me2C6H3) was
employed by Ma and coworkers [27] as a highly efficient precatalyst for the hydroboration
of CO2 under mild conditions. Complex 2 (Scheme 4) was synthesized from reaction of
precursor [MgI(OEt2)(Nacnac)] with an excess of potassium metal in toluene over 24 h.
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The reaction between HBpin (0.5 mmol) and carbon dioxide (1 bar) led to methoxyb-
orane in high yields (96%) using 5 mol% of 2 at 100 ◦C for 15 h (Scheme 4). Although
a reaction mechanism was not proposed, stoichiometric reactions between 2 and HBpin
showed that hydroborane activation led to the dimeric magnesium boryloxide complex
[(XylNacnac)Mg(µ-OBpin)]2 (2a, Figure 2), and this was proposed as a catalytic intermedi-
ate [27].

The magnesium bis(hydridotriphenylborate) complex [Mg(thf)6][HBPh3]2 (3) was
synthesized by Okuda and coworkers and briefly investigated as catalyst for CO2 hydrobo-
ration under ambient conditions (10 mol% catalyst, THF-d8, 25 ◦C, 3 h) [28]. It was isolated
as a solvent-separated ion pair from the reaction of [Mg{N(SiHMe2)2}2] with BPh3 in THF
for 12 h at room temperature (Scheme 5).
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Scheme 5. Synthesis of complex 3 [28].

With HBpin, complex 3 gave a 1:1 mixture of CH3OBpin and pinBOBpin, whereas the al-
kali metal hydridoborates [(L)M][HBPh3] and the metal-free ammonium salt [nBu4N][HBPh3]
selectively gave the formoxyborane (OCHO)Bpin. Although the authors did not give
full mechanistic details, it was shown that rapid CO2 insertion into the B–H bond of 3
gave the bis(formoxytriphenylborate) complex [Mg(thf)4][HCO2BPh3]2 (3a) in high yield
(Scheme 6). Complex 3a showed a characteristic chemical shift at 2.9 ppm in DMSO-d6 in
the corresponding 11B NMR spectrum [28].
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Scheme 6. Synthesis of complex [Mg(thf)4][HCO2BPh3]2 (3a) [28].

The first example of use of a silicon(II) complex for the hydroboration of CO2 was
described by So and coworkers [29]. The NHC-stabilized silyliumylidene cationic complex
[(IMe)2SiH]I (4, IMe = :C{N(Me)C(Me)}2) was obtained from the reaction between the NHC–
iodosilicon dimer [IAr(I)Si:]2 (where IAr = :C{N(Ar)CH}2) with four equivalents of IMe in
toluene at 60 ◦C (Scheme 7). The complex was fully characterized by spectroscopic methods
such as IR and UV–Vis spectroscopy and 1H, 29Si NMR, giving signals at 9.73 ppm for the
Si–H bond and −77.9 ppm (1JSiH = 283 Hz), respectively [30].
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Scheme 7. Synthesis of complex 4 [29].

Complex 4 was used as an efficient catalyst (10 mol%) for the selective reduction
of CO2 with HBpin to formoxyborane (OCHO)Bpin, in details reaching a yield of 94%
after 0.08 h (TOF = 113.2 h−1). After 0.17 h complete conversion was observed, with
98% of (OCHO)Bpin (TOF = 58.7 h−1) and 2% of (Bpin)O(Bpin) under 90 ◦C. At lower
catalyst loadings (5 mol%), the catalytic hydroboration was incomplete (90% conversion
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to (OCHO)Bpin, 0.5 h). BH3·S(Me)2 was also tested and the borate B(OMe)3 (18%) and
[BO(OMe)]3 (81%) were observed as products in 1:4 ratio after 0.5 h (TOF = 19.8 h−1).
The hydroboration of CO2 using catecholborane (HBcat) needed longer reaction times
(24 h, >99% conversion, TOF = 0.34 h−1) to afford a mixture of bis(boryl)ether (Bcat)2O
(major product, yield = 70%) and methoxyborane CH3OBcat (minor product, yield = 12%).
Density functional theory (DFT) calculations and NMR experiments led to the proposed
mechanism shown in Scheme 8. Further studies showed that by reacting 4 with excess
HBpin in C6D6 at 60 ◦C for 5 min, a 11B NMR signal at 0.92 ppm was observed, whereas
the 1H NMR spectrum showed a set of signals due to methyl protons of IMe and Bpin.
The 29Si NMR spectrum displayed a singlet at −93.0 ppm, corresponding to a Si(II) cationic
center. The authors attributed these signals to the NHC-borylsilyliumylidene complex
[(IMe)2Si(Bpin)]I that tested as catalyst (2.5 mol%) gave (OCHO)Bpin in 94% yield after
0.17 h, corresponding to a TOF of 227 h−1 [29].
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Scheme 8. Proposed mechanism for CO2 hydroboration with 4 [29].

In summary, main group metal (Li, Na, K, Mg) and non-metal (Si) compounds and
adducts showed a modest degree of activity for CO2 hydroboration, using hydroboranes
such as pinacolborane (HBpin), catecholborane (HBcat) and 9-BBN, under mild reaction
conditions. Whereas alkali metals did not play a role in either borane or CO2 activation,
the role of the Mg(II) centers in the activation mechanism likely depended on the nature of
the complex, and in the case of 2, borane activation seems to take place first. On the other
hand, Si(II)-NHC hydrido adducts were proposed to activate preferentially CO2, which
then reacts with HBpin in an outer-sphere fashion, to give formoxyborane as product.
The process selectivity varied from formoxy- to methoxyborane products, and the latter
are generally obtained at higher temperature (90–100 ◦C, Table 1).

3. First-Row Transition Metal Catalysts for CO2 Hydroboration

The first example of use of a manganese complex in CO2 hydroboration was reported by
Leitner and coworkers [31]. The complex [MnBr{(Ph2PCH2SiMe2)2NH}(CO)2] (5) was syn-
thesized in 90% yield by treatment of [Mn(CO)5Br] with 1,3-bis((diphenylphosphino)methyl)
tetramethyldisilazane in toluene at 100 ◦C for 16 h (Scheme 9). The product was charac-
terized by 1H, 13C, 31P NMR and single crystal X-ray diffraction analysis in the solid state.
The 31P{1H} NMR spectrum of 5 showed a singlet at 48.46 ppm, downfield shifted from the
value of −22.51 ppm of the free ligand, as expected upon coordination to the metal center [31].
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Scheme 9. Synthesis of complex 5 [31].

Complex 5 catalyzed the selective formation of methoxyborane from carbon dioxide
hydroboration with HBpin under mild conditions (CO2, 1 atm; [Mn] 0.072 mol%; NaOtBu,
0.2 mol%; HBpin, 2.76 mmol; 90 ◦C; 14 h). Control experiments demonstrated that both the
Mn complex and the base were required. The best results in terms of Turnover Numbers
(TON = 883) were obtained at 100 ◦C, under solvent-free conditions. A proposed mech-
anism was described (Scheme 10). In the presence of base, 5 is converted to the active
Mn-imino species 5a. Pinacolborane is activated through B–N bond formation generating
5b, which reacts with CO2 to give intermediate 5c, from which formoxyborane (OCHO)Bpin
is released regenerating 5a. The second reduction step involves the activation of (OCHO)Bpin
by 5b to give the manganese-acetal specie 5d. This species in turn releases formaldehyde and
pinBOBpin giving back 5a. The third step involves the activation of formaldehyde again by
5b, followed by release of the desired product CH3OBpin and 5a [31].
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Gonsalvi, Kirchner and coworkers [32] tested the well-defined manganese complexes
[MnH(PNPNR-iPr)(CO)2] [6, R = H (a), Me (b)] for the selective reduction of CO2 to
methoxyboranes using HBpin and 9-BBN (9-BBN = 9-borabicyclo[3.3.1]nonane) and bo-
rates as Lewis acids additives. Complex 6a was previously synthesized by Kirchner and
coworkers in 91% yield by reaction of PNP-iPr and Mn(CO)5Cl in dioxane, for 2 h at 70 ◦C,
followed by reaction of the halide product with NaHBEt3 (Scheme 11) [33].
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Scheme 11. Synthesis of complex 6a [32].

In the catalytic study, it was observed that the choice of solvent was crucial to drive
the selectivity of the process to the desired six-electrons reduction product. High yields
in CH3OBpin (up to 78%) were obtained after 24 h of reaction in THF-d8 under mild
reaction conditions (1 bar CO2, 60 ◦C) using 6a (2.24 × 10−3 mmol, 1 mol% to HBpin), and
B(OPh)3 as co-catalyst (2.24 × 10−2 mmol) (Scheme 12). On the other hand, (OCHO)Bpin
was obtained with yields as high as 73% running the tests under the same conditions
using DMSO-d6 as solvent. A side product, derived from unproductive reaction of HBpin
with B(OPh)3, was identified as (PhO)Bpin by 11B NMR spectroscopy. Using (9-BBN)2,
a maximum yield in CH3O(9-BBN) of 74.4% was obtained. Preliminary mechanistic studies
suggest that the initial activation step may occur by cationization of the metal center by the
strong Lewis acid, and that both metal-catalyzed and metal-free steps may be present [33].
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Scheme 12. CO2 hydroboration in the presence of complex 6a [33].

Bontemps and coworkers [34] applied the iron(II) bis(hydrido) complex cis-[Fe(H)2
(dmpe)2] [7, dmpe = 1,2-bis(dimethylphosphino)ethane] for the reduction of CO2 with
9-BBN, affording selectively the bis(boryl)acetal derivative (9-BBN)OCH2O(9-BBN) in
85% yield under mild conditions (25 ◦C) and with very short reaction time (45 min)
(Scheme 13). The study can be considered a breakthrough result, as this protocol represents
a synthetically viable way to obtain a molecule that is potentially useful for CH2 group
transfer to various organic derivatives, giving in turn a variety of value added products
and in some cases generating chiral carbon centers [34].
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The tridentate ligand-stabilized iron(II), cobalt(II) and copper(I) complexes [Fe(κ3-
PhSi{CH2PPh2}3)(MeCN)3][OTf]2 (8a, OTf = O3SCF3), [Fe(κ3-PhSi{OPPh2}3)(MeCN)3][OTf]2
(8b), [Co(κ2-PhSi{CH2PPh2}3)Cl2] (8c), [Co(κ3-PhSi{OPPh2}3)Cl2] (8d), [Cu(κ3-PhSi{CH2
PPh2}3)Br] (8e), [Cu(κ3-PhSi{OPPh2}3)I] (8f) and [Cu(κ3-PhSi{OPPh2}3)Br] (8g), prepared
by complexation of metal salt precursors according to Scheme 14, were shown by Cantat
and coworkers to promote the catalytic hydroboration of CO2 with (9-BBN)2 [35]. Diagnos-
tic 31P{1H} NMR signals fall in a broad range of chemical shifts, depending on the ligand
and metal. For example, 8a is characterized by a singlet at 30.15 ppm, whereas the phosphi-
nite analogue 8b shows a singlet at 147.93 ppm in CD3CN. As expected, it was not possible
to collect 31P{1H} NMR spectra for the Co(II) complexes 8c,d due to paramagnetism. For 8e,
a multiplet at ca. −33 ppm (JP–63Cu ∼ 840 Hz, JP–65Cu ∼ 900 Hz) was observed in CD2Cl2,
instead signals at 80 ppm (m, JP–Cu ∼ 860 Hz, CD2Cl2) and 82.9 ppm (brs, C6D6) were
identified for 8f and 8g, respectively.
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In the case of Fe(II) and Co(II) complexes, those stabilized by PhSi(CH2PPh)3 showed
higher activities than those containing PhSi(OPPh)3, whereas the reverse trend was ob-
served with the Cu(I) complexes. Remarkably, both copper catalysts 8e and 8f favor the
reduction of CO2 to the acetal derivatives. Quantitative conversion of (9-BBN)2 into a 4:1
mixture of (9-BBN)OCH2O(9-BBN)2 and CH3O(9-BBN) was obtained at room temperature.
The best TON = 66 was achieved with complex 8f. The iron and cobalt catalysts showed
lower activities, giving preferentially CH3O(9-BBN) at 60 ◦C. The authors suggested that
the copper complexes act as Lewis acids and their catalytic activity may become enhanced
upon coordination to the less electron donating ligand. The product distributions and
selectivities obtained for each system are shown in Scheme 15 [35].
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An effective and efficient reduction of CO2 by different hydroboranes into methoxyb-
oranes was disclosed by Tamang and Findlater [36], using Co(acac)3 (9) as pre-catalyst.
With BH3·S(Me)2, CO2 hydroboration gave [BO(OMe)]3 as product. Sluggish reactions
were observed with HBcat, giving a maximum 25% of CH3OBcat after 72 h. The reaction
with pinacolborane gave mixture of products: formoxyborane (27%), bis(boryl)ether (63%)
and methoxyborane (4%), reaching maximum TON = 300 and TOF = 15 h−1. The mech-
anism shown in Scheme 16 was proposed for CO2 hydroboration in the presence of 9.
The addition of NaHBEt3 to a solution of [Co(acac)3] leads at first to the formation of the
active Co–H species (9a). Next, the insertion of CO2 into the Co–H bond generates the
cobalt formate complex 9b. Subsequent transmetallation of the formate complex using
HBR2 provides formoxyborane and regeneration of 9a. Insertion of formoxyborane into
the Co–H bond of 9a gives the metal acetoxy complex 9c, which can undergo β-alkoxy
elimination to generate free formaldehyde and the metal alkoxyborane 9d. Insertion of free
formaldehyde into the Co–H bond of 9a gives the methoxy cobalt complex 9e from which
methoxyborane is finally released [36].
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Chen and coworkers [37,38] described a number of different types of bis(phosphinite)
POCOP-type Ni(II) pincer complexes of general formula [{2,6-(R2PO)2C6H3}NiX] (R = tBu,
iPr, Ph; X = SH, N3, NCS, SC6H4-p-OCH3, SC6H4-p-CH3, SC6H5, SC6H4-p-CF3, SCH2C6H5)
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(Scheme 17), that were applied for the catalytic hydroboration of CO2 in the presence of
HBcat.
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Scheme 17. Synthesis of complexes [{2,6-(R2PO)2C6H3}NiX] [37,38].

It was found that pincer complexes with iPr2P phosphine arms are more active than
those with iBu2P arms, whereas those with Ph substituents decomposed. The reduction
proceeds to the methoxyborane (CH3OBcat) level (Scheme 18), reaching a maximum
TON = 490 and TOF = 2400 h−1 at room temperature under an atmospheric pressure of CO2
with 0.2 mol% of the thiolato complex [{2,6-(tBu2PO)2C6H3}Ni(SC6H4-p-OCH3)] (10a) [38].
The best results for the other series of complexes, containing non-thiolato Y ligands, were
obtained with pre-catalyst [{2,6-(iPr2PO)2C6H3}NiN3] (10b, TON = 477, TOF = 1908 h−1).
The catalytic activity follows the series X = SH ≈ N3 >> NCS). The authors propose that
the nickel hydride complex [{2,6-(R2PO)2C6H3}NiH] is the active catalyst, generated in situ
in all cases [37].
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Scheme 18. CO2 hydroboration in the presence of complex 10 [37].

The synthesis and characterization of Ni–Cl (11a) and Ni–H (11b) pincer complexes
supported by a new bis(indolylphosphino)silyl ligand (Scheme 19) was described by
Turculet and coworkers [39]. All complexes were fully characterized by spectroscopic
methods (1H, 13C, 31P, 29Si NMR). Complex 11a featured a 31P{1H} NMR signal a 36.0 ppm
(s, C6D6) and a 29Si NMR singlet at 43.8 ppm. The hydride derivative 11b instead showed
a 31P{1H} NMR signal at 65.6 ppm, and a 29Si NMR signal at 59.8 ppm. The corresponding
Ni-H resonance showed to be temperature-dependent, featuring a broad hydride resonance
at −4.80 ppm at room temperature. At low temperature (−60 ◦C, toluene-d8) this signal is
resolved into an apparent triplet with 2JPH = 47 Hz.
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The nickel hydride complex (11b) exhibited unprecedented selectivity (97%) for the
hydroboration of CO2 with HBpin to the formaldehyde level, giving the bis(boryl)acetal
CH2(OBpin)2 in high yields under mild conditions (25 ◦C, 4 h, 0.2 mol% of 11b, Scheme 20).
The bis(boryl)acetal was successfully isolated and applied as a source of methylene for the
formation of C−N and C−P bonds. Although a rationale for this high selectivity to acetal
was not given, stoichiometric experiments showed that CO2 activation initially occurs by
insertion into the Ni-H bond to give the corresponding formato complex [39].
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Scheme 20. CO2 hydroboration in the presence of complex 11b [39].

Guan and coworkers [40] applied the phosphinite-based homobimetallic nickel pincer
complex [{2,3,5,6-(iPr2PO)4C6}Ni2H2] (12a) as catalyst for CO2 hydroboration. Complex
12a was synthesized in a two steps reaction. In the first step, [(L)Ni2Cl2] was prepared either
by heating a mixture of 1,2,4,5-tetrahydroxybenzene, iPr2PCl, NiCl2 and Et3N at 150 ◦C
in a microwave reactor or by refluxing a mixture consisting of L = 1,2,4,5-(iPr2PO)4C6H2
with NiCl2 and Et3N at 175−250 ◦C in a flask. Subsequently, halide–hydride exchange
was achieved by reacting the chloride derivative with LiEt3BH to give 12a in ca. 89%
yield (Scheme 21). The catalytic activity of 12a was compared to that of the mononuclear
analogue [{2,6-(iPr2PO)2C6H3}NiH] (12b).
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Scheme 21. Synthetic route to 12a [40].

In the reduction of CO2 with HBcat (100 equiv.) in C6D6 at 25 ◦C (Scheme 22),
both complexes yield CH3OBcat and catBOBcat as products. TON, based on B−H bond
utilization, was measured as 75 over 10 min for 12a (TOF = 7.5 min−1), whereas 12b showed
a slightly higher efficiency (TON = 75 in 7 min, TOF = 10.7 min−1). The lower efficiency of
12a was attributed to less favorable thermodynamics for the first CO2 insertion step and
to the disfavorable entropic factor due to the bimetallic nature of 12a. Extensive catalyst
decomposition was observed at the end of the catalytic tests for both systems, hampering
mechanistic investigations [40].
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Scheme 22. CO2 hydroboration in the presence of complex 12a,b [40].

The ligands tris[1-(di-R-phosphino)-3-methyl-1H-indol-2-yl]methane (HTIM(PR2)3,
R = Ph, iPr) were used by Lloret-Fillol and coworkers [41] to coordinate Cu(I). A small
library of eight Cu complexes of general formula [Cu{HTIM(PR2)3}X] (R = Ph, iPr; X = Cl−,
I−, OTf−, BF4

−) showed in Scheme 23 were obtained. Interestingly, depending on the
reaction conditions, both κ3-P (13a,b) and κ2-P (13c–g) complexes were obtained in the
solid state as determined by X-ray diffraction analysis. In solution, a dynamic κ3- to
κ2-coordination shift was observed.
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Scheme 23. Synthetic routes to [HTIM(PR2)3CuX] [41].

All complexes were tested as catalysts (2 mol%) for CO2 hydroboration using (9-BBN)2
in THF-d8, 50 ◦C, 18 h. The reactions gave (OCHO)(9-BBN) as main product, with selec-
tivities ranging from 95 to 100% (Scheme 24). Moderate TON values were measured in
the range 19–31. The best results (TON = 31) were obtained with [Cu{HTIM(PR2)3}X] (13g,
R = iPr; X = I−) [41].

The zinc hydridotriphenylborate [Zn(L){N(SiHMe2)2}][HBPh3] (14, L = 1,4,7,10-
tetramethyl-1,4,7,10-tetraazacyclododecane, Me4TACD) was synthesized by Okuda and
coworkers [42] from the reaction of [Zn{N(SiHMe2)2}2] with L and BPh3 in 1:1:2 ratio in
THF for 24 h at room temperature. Complex 14 was obtained as colorless microcrystals in
66% yield (Scheme 25).
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CO2 hydroboration in the presence of HBpin and complex 14 (10 mol% to HBpin)
was accomplished with complete conversion within 16 h at 60 ◦C giving a 1:1 mixture
of CH3OBpin and (Bpin)2O (Scheme 26). It was demonstrated that CO2 rapidly inserts
into the anion B–H bond to give [Zn(L){N(SiHMe2)2}][(OCHO)BPh3]. Under catalytic
conditions, it is likely that further reduction occurs at the anion, to release CH3OBpin [42].
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Scheme 26. CO2 hydroboration in the presence of complex 14 [42].

Zn diazafluorenyl complexes 15a,b were synthesized by Song and coworkers [43]
and tested for the catalytic reduction of CO2 with HBcat and HBpin. [ZnL(Mes2nacnac)]
(15a, L = diazafluorenyl) was obtained from the reaction of ZnEt2, ligand nacnac and
diazafluorene in good yield. Next, 15a was reacted with HBpin to generate 15b, with
formation of a new C–B bond on the diazafluorenyl moiety (Scheme 27). Stoichiometric
reaction of 15b with CO2 showed the formation of a new boronic ester derivative 15c, with
insertion into the diazafluorenyl C–B bond.
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CO2 hydroboration was carried out in the presence of 10 mol% of catalyst, HBpin
or HBcat in C6D5Br (Scheme 28). The best activity was shown by 15a at 90 ◦C for 20 h.
The catalytic reactions gave the methoxy derivatives as a main products, albeit with
moderate TONs. In the case of HBpin, CH3OBpin was obtained with TON = 45, together
with traces of bis(boryl)acetal (TON = 0.1) and small amounts of formoxyborane (TON = 3).
For HBcat, CH3OBcat was instead obtained with TON = 16 and complete selectivity, at
60 ◦C for 20 h [43].
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Scheme 28. CO2 hydroboration in the presence of complex 15a,b [43].

The first examples of zinc dihydrides as catalysts for the hydroboration of CO2 was
presented by Xu and coworkers [44]. The zinc complexes 16 were prepared by reaction of
(P,C)-chelating ligands comprising a diphenylphosphino moiety and an Ar-NHC binding
arm [Ar = 2,6-iPr2-C6H3 (DIPP), a; 1,4,6-Me3C6H2 (Mes), b]. The first step consisted of
the reaction of ZnEt2 with an equimolar amount of ligand, to obtain the corresponding
zinc dialkyl complexes. These were then converted into zinc diaryloxides by adding two
equivalents of 2,6-diisopropylphenol. The last step included metathesis reactions of zinc
diaryloxides with PhSiH3 to afford the desired homobimetallic [{Zn(L)(H)}2(µ-dihydride)]
complexes 16a,b in high yields. Notably, in 16 the phosphinocarbene ligands coordinate
Zn in κ1-C fashion, with a dangling P arm (Scheme 29), as demonstrated by the 31P NMR
resonances at −20.0 ppm (16a) and −19.5 ppm (16b), only slightly shifted from the values
of the free ligands (−22.1 and −22.7 ppm, respectively. In 1H NMR spectra, two distinct
hydride signals were observed at 4.15 and 3.50 ppm for 16a and at 4.32 and 3.46 ppm for
16b in toluene-d8 at −30 ◦C.
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Complexes 16 showed to be active catalysts for CO2 hydroboration in C6D6 under very
mild conditions, such as 1 bar of CO2 and room temperature, using 0.0075 mmol of catalyst
and 0.15 mmol of borane (Scheme 30). Different selectivities to products were observed,
depending essentially on the type of borane used. With HBpin and 16a, (OCHO)Bpin was
obtained in 68% yield and complete selectivity under the conditions described above in
a 48 h run, whereas 16b gave the same product in 37% yield. Using 16a, it was possible
to increase the yield to 85% (12 h run) by raising the CO2 pressure to 20 bar. Further
tests using 16a as catalysts included the use of HBcat, giving CH3OBcat in 85% yield
after 12 h with complete selectivity, and of 9-BBN, that after 4 h gave a mixture of 75%
of (9-BBN)OCH2O(9-BBN) and 6% of CH3O(9-BBN). BH3·S(Me)2 gave no conversion
to C1 products. The authors propose that the mechanism of CO2 hydroboration with
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16a,b follows three sequential catalytic cycles, similarly to other transition-metal hydrides.
The CO2 reduction to methanol level promoted by HBcat was attributed to its lower steric
hindrance and electron richness than HBpin [44].
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In summary, different first-row transition metal (Mn, Fe, Co, Ni, Cu, Zn) complexes
showed to be competent catalysts for CO2 hydroboration at different reductions levels.
A wide variety of stabilizing ligands, ranging from simple bidentate bis(phosphines)
such as dmpe, to tripodal triphos-type phosphine and phosphinite ligands forcing facial
coordination to metal, to PNP, PCP, POCOP pincer-type, meridional ligands were applied,
together with ancillary ligand-free catalytic protocols, as in the case of Co(acac)3. Moderate
to very good conversions, yields, TONs and TOFs were obtained in the different cases,
with remarkable selectivities to multi-electron reductions up to the methoxy level and to
the challenging acetal level. Although not all studies have reported mechanistic details, the
presence of metal–hydrido bonds in the active catalysts were often invoked to explain three-
step reduction pathways, starting with insertion of CO2 into the M-H bond. The major
effects in driving the selectivity of the process to a specific product were demonstrated to
be more due to the steric and electronic properties of the hydroborane and to the choice of
temperature and solvent rather than on the nature of the catalyst.

4. Second-Row Transition Metal Catalysts for CO2 Hydroboration

Ru diazafluorenyl complexes were prepared by Song, Lei and coworkers [43] and
tested for catalytic CO2 reduction with catecholborane and pinacolborane. Complex
[RuH(L)(CO)(PPh3)2] (17a) was obtained in 59% yield from the reaction of [NaL] (L− =
diazafluorenyl) and [RuHCl(CO)(PPh3)3] (Scheme 31) and it was characterized by spec-
troscopic methods (1H, 13C, 31P NMR). Next, 17a was reacted with HBpin, observing
the formation of the diazafluorenyl-borate derivative 17b, with a similar reactivity of
zinc complex 15a described above. As for 15b, the reaction of 17b with CO2 gave the
diazafluorenyl-borate ester derivative 17c [43].
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Catalytic CO2 hydroboration tests were run at 90–100 ◦C in C6D5Br for 45 h. In the
presence of 17a and HBcat, CH3OBcat was obtained with TON = 29, whereas a slightly
higher TON = 39 was obtained for CH3OBpin from HBpin, together with small amounts
of (OCHO)Bpin (TON = 2). In the presence of 17b, higher productivity to CH3OBpin was
observed (TON = 54), accompanied by a higher amount of (OCHO)Bpin (TON = 5) and
(Bpin)OCH2O(Bpin) (TON = 2) (Scheme 32) [43].
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Later on, Song and Lei [45] studied the mechanism for CO2 reduction by HBpin
(Scheme 33) catalyzed by [RuH(L)(CO)(PPh3)2] (17b) through computational methods
using the model complex [RuH(L)(CO)(PMe3)2]. The proposed hydride-shuttle mechanism
consists of four steps: (i) The insertion of CO2 into the C−B bond of 17b to form 17c, (i) the
reduction of 17c to (OCHO)Bpin to regenerate 17b, (iii) the reduction of (OCHO)Bpin to
formaldehyde, and (iv) the reduction of formaldehyde to CH3OBpin. The hydride shuttle
mechanism has more accessible energy barriers than the direct bond cleavage. The σ-bond
metathesis reaction of H−B and C−C bonds in stage (ii) was found to proceed through
two consecutive catalytic processes involving the formation of Lewis adducts [45].
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A series of cationic Ru–CNC pincer-type complexes based on 2,6-bis(NHC)pyridine
were developed by Wu, Hor, Luo and coworkers [46] for selective CO2 hydroboration, in
the presence of added alkali metal salts. The catalytic tests were carried out at 25 ◦C in
CD2Cl2 for 30 min using HBpin as reductant. The best results were obtained in the presence
of 1 mol% of [RuH(CNCBn)(CO)2](PF6) (18) and KOCO2

tBu (2.5 mol%). The reaction gave
(OCHO)Bpin in 76% yield, together with O(Bpin)2 (10%). The proposed mechanism, based
on experimental observations (Scheme 34), consists of two joint cycles (Scheme 20). Complex
18 facilitates CO2 activation, by insertion into the Ru–H bond to give the Ru-formato inter-
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mediates [Ru(CNCBn)(CO)2(OCHO)]+ (18a). In the second cycle, KOCO2
tBu reacts with

HBpin to form K[Bpin(H)(O2COtBu)] (18b). The authors propose the formation of a cat-
alytically active, binary ion pair complex [Ru(CNC(CO)2(OCHO)]+ [(tBuO2CO)(H)Bpin]−

from which (OCHO)Bpin is released, based on the considerations that (i) the Ru-CNC
complex 18 is coordinatively saturated and, hence, has no vacant site to accommodate the
coordination of HBpin; and (ii) the catalytic data showed that in the presence of 18 but
without the alkali metal salt, no activity was observed [46].
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Scheme 34. Proposed mechanism for CO2 hydroboration with 18 [46].

Palladium bis(phosphinite) POCOP pincer-type thiolate complexes 19a–d (Scheme 35),
analogues of the Ni complexes 10, were obtained by Guan and coworkers [47] and applied
as catalysts for the reduction of CO2 with catecholborane. The complexes were synthesized
from metathesis reactions of the corresponding chloride parent compounds with sodium
thiolate and were characterized by multinuclear NMR and high resolution mass spectrom-
etry (HRMS). The 31P{1H} NMR spectra showed characteristic singlets at 189.7, 192.4, 147.8
and 191.4 ppm for 19a–d, respectively.

Catalysts 2021, 11, x FOR PEER REVIEW 18 of 25 
 

 

Scheme 33. Simplified mechanism for CO2 hydroboration with 17b [45]. 

A series of cationic Ru–CNC pincer-type complexes based on 2,6-bis(NHC)pyridine 

were developed by Wu, Hor, Luo and coworkers [46] for selective CO2 hydroboration, in 

the presence of added alkali metal salts. The catalytic tests were carried out at 25 °C in 

CD2Cl2 for 30 min using HBpin as reductant. The best results were obtained in the pres-

ence of 1 mol% of [RuH(CNCBn)(CO)2](PF6) (18) and KOCO2tBu (2.5 mol%). The reaction 

gave (OCHO)Bpin in 76% yield, together with O(Bpin)2 (10%). The proposed mechanism, 

based on experimental observations (Scheme 34), consists of two joint cycles (Scheme 20). 

Complex 18 facilitates CO2 activation, by insertion into the Ru–H bond to give the Ru-

formato intermediates [Ru(CNCBn)(CO)2(OCHO)]+ (18a). In the second cycle, KOCO2tBu 

reacts with HBpin to form K[Bpin(H)(O2COtBu)] (18b). The authors propose the formation 

of a catalytically active, binary ion pair complex [Ru(CNC(CO)2(OCHO)]+ 

[(tBuO2CO)(H)Bpin]− from which (OCHO)Bpin is released, based on the considerations 

that (i) the Ru-CNC complex 18 is coordinatively saturated and, hence, has no vacant site 

to accommodate the coordination of HBpin; and (ii) the catalytic data showed that in the 
presence of 18 but without the alkali metal salt, no activity was observed [46]. 

 

Scheme 34. Proposed mechanism for CO2 hydroboration with 18 [46]. 

Palladium bis(phosphinite) POCOP pincer-type thiolate complexes 19a–d (Scheme 

35), analogues of the Ni complexes 10, were obtained by Guan and coworkers [47] and 

applied as catalysts for the reduction of CO2 with catecholborane. The complexes were 

synthesized from metathesis reactions of the corresponding chloride parent compounds 

with sodium thiolate and were characterized by multinuclear NMR and high resolution 

mass spectrometry (HRMS). The 31P{1H} NMR spectra showed characteristic singlets at 

189.7, 192.4, 147.8 and 191.4 ppm for 19a–d, respectively. 

 

Scheme 35. Synthesis of Pd–POCOP complexes 19 [47]. 

Very high TOFs were obtained at room temperature, in benzene and under an atmos-

pheric pressure of CO2 with complexes 19a,b,d (Scheme 36), whereas 19c gave no conver-

sion. The best results were achieved with [{2,6-(iPr2PO)2C6H3}Pd(SPh)] (19a, 0.011 mmol), 

Scheme 35. Synthesis of Pd–POCOP complexes 19 [47].

Very high TOFs were obtained at room temperature, in benzene and under an atmo-
spheric pressure of CO2 with complexes 19a,b,d (Scheme 36), whereas 19c gave no conver-
sion. The best results were achieved with [{2,6-(iPr2PO)2C6H3}Pd(SPh)] (19a, 0.011 mmol),
giving selectively CH3OBcat with TON = 445, TOF = 1780 h−1 in a 15 min run in the
presence of HBcat (5.5 mmol) [47]. Preliminary mechanistic experiments showed that by
mixing 19b with 50 equiv. of HBcat and 0.6 mL of benzene-d6, the 31P{1H} NMR spectrum
showed only the singlet at 192.36 ppm due to 19b. After bubbling CO2 in the NMR tube,
several new species with phosphorus resonances around 201 ppm and at 213.88 ppm were
observed. The latter was attributed to the Pd hydrido complex [{2,6-(tBu2PO)2C6H3}PdH],
that was not: however, considered as the main active species, as it gave poor results in CO2
hydroboration than 19b when used as a well-defined catalyst.
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Scheme 36. CO2 hydroboration in the presence of complex 19 [47].

Hazari and coworkers [48] published a detailed study showing how to drive the
selectivity of Ni- and Pd-catalyzed CO2 hydroboration to formoxyborane, bis(boryl)acetal,
or methoxyborane through subtle variations of the type and concentration of the reduc-
tant, the nature and loading of the catalyst, and by addition of a Lewis acid co-catalyst.
The authors synthesized a library of PCP and PSiP pincer-type Ni(II) and Pd(II) cata-
lysts such as [(L)NiH], with L = CyPCP (20a), tBuPCP (20b), iPrPCP (20c), where PCP =
2,6-C6H3(CH2PR2)2; L = CyPSiP (20d), iPrPSiP (20e), where PSiP = SiMe(2-PR2-C6H4)2
and [(L)PdH] with L = CyPCP (20f), tBuPCP (20g), iPrPCP (20h), CyPSiP (20i), iPrPSiP (20j)
(Figure 3). In this series, the metal center, the steric properties of the ancillary ligand and
the nature of the central donor trans to hydride have been systematically varied, to estab-
lish the effects of such variations on the activity and selectivity of the CO2 hydroboration
process [48].
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Figure 3. Drawings of complexes 20a–j [48].

The proposed mechanism (Scheme 37) mirrors the computational studies made by
Guan and coworkers for closely related systems [47]. The authors propose that CO2
hydroboration to methoxyborane involves three sequential catalytic cycles. In the first step
(cycle I), CO2 is reduced to the formoxyborane, that is reduced to the formaldehyde in
the second step (cycle II). Formaldehyde is then reduced to methoxyborane in the third
step (cycle III). Each cycle requires an equivalent of borane reductant, thus the reduction to
the methanol level needs 3 equiv. of borane. The relative rates of the different elementary
reactions, including CO2 vs. borane insertion, transmetallation and β-alkoxy elimination,
were evaluated. The authors reasoned that preferential formation of formoxyborane may
be related to a kinetic preference for CO2 insertion over formate insertion into the M–H
bond. This, in turn, implies that an equilibrium between metal formate, formed through
CO2 insertion, and metal acetal, formed through formate insertion, does not take place.
The following reduction to the formaldehyde and methanol level may occur only when
formate insertion becomes competitive with CO2 insertion.
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The catalytic reaction between CO2 (1 atm) and HBpin (0.07 M) was initially tested in
the presence of metal complexes 20a–j (1 mol%) at room temperature in C6D6. All catalysts
favored the formation of (OCHO)Bpin with yields in the range 55–89%, and the highest
performance and selectivity was shown by [(CyPSiP)PdH] (20i). Next, the effect of CO2
concentration was tested in the presence of [(tBuPCP)PdH] (20g, 1 mol%). It was observed
that the process selectivity changed from (OCHO)Bpin, obtained in 88% yield after one
day with complete selectivity under 1 bar CO2 (5 equivalents to borane), to a mixture of
(OCHO)Bpin, (Bpin)OCH2O(Bpin) and CH3OBpin (11, 44 and 36%, respectively), when the
CO2 pressure was reduced to 0.15 bar (0.5 equiv. to borane), albeit at longer reaction times
(eight days). Then, the hydroboration of CO2 using HBpin in the presence of [(tBuPCP)PdH]
(20g) or [(iPrPSiP)NiH] (20e), as catalysts at varied borane concentrations, was tested.
It was observed that when 20e was used as the catalyst, significant reactivity beyond the
formoxyborane product was shown at lower concentrations of HBpin than with 20g, as
RPSiP ligands tend to promote reactivity beyond cycle I (Scheme 37) more readily than
RPCP ligands. Interestingly, also the ratio between products of CO2 reduction depended
on the catalyst concentration. Indeed, when the loading of 20e was decreased from 1 to
0.1 mol %, the ratio of bis(boryl)acetal to methoxyborane increased from 1.3:1 to 2.3:1.
The effect of addition of a Lewis acid co-catalyst such as B(OPh)3 on the selectivity of CO2
hydroboration was then studied. The addition of B(OPh)3 (10 mol%) in all cases changed
the selectivity from the formoxyborane to mixtures of bis(boryl)acetal and methoxyborane
products, albeit longer reaction times were needed (1–3 days) with HBpin as reductant.
High yields (up to 99%) and complete selectivities to methoxyborane were observed using
HBcat (0.07 M) and 20g (0.0007 M) under 1 bar CO2, room temperature, 16 h and in the
absence of Lewis acid additives. On the other hand, the highest yields in methoxyborane
(87%) using 9-BBN were obtained in the presence of [(tBuPCP)NiH] (20b) under the same
conditions [48].

Rendón, Suarez and coworkers [49] obtained iridium(CNP) pincer-type complexes
21 as a mixture of the deprotonated “tautomeric” species, by reaction of a chloride parent
complex with KOtBu in THF (Scheme 38). The ratio between these species depends on the
solvent, e.g., in the 1H NMR spectrum registered in THF-d8, 21a and 21b appear in a 9:1
ratio, whereas a 21a/21b ratio of 4:1 was observed in C6D6.
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Catalyst Metal 
Amount of 
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Solvent 

Temp. 

(°C) 
Time Additives 

Type of product(s)a 

(type of HBR2) 

Best TON/ 

TOF (h−1) 
Ref 

1a Li 1 THF 25 10 h - A (HBpin) -/10 [26] 

1b 

1c 

2 

3 

4 

4 

4 

5 

6a 

6a 

7 

8a 

8c 

8f 

K 

Na 

Mg 

Mg 

Si 

Si 

Si 

Mn 

Mn 

Mn 

Fe 

Fe 

Co 

Cu 

1 

1 

5 

10 

10 

10 

10 

0.072 

1 

1 

1 

1.5 

1.5 

1.5 

THF 

THF 

- 

THF-d8 

C6D6 

C6D6 

C6D6 

- 

THF-d8 

THF-d8 

CH3CN 

CH3CN 

CH3CN 

THF 

25 

25 

100 

25 

90 

90 

90 

100 

60 

60 

25 

60 

60 

60 

16 h 

16 h 

15 h 

3 h 

10 min 

30 min 

24 h 

14 h 

24 h 

24 h 

45 min 

24–40 h 

24 h 

4–24 h 

- 

- 

- 

- 

- 

- 

- 

NaOtBu c 

B(OPh)3 d 

B(OPh)3 d 

- 

- 

- 

- 

A (HBpin) 

A (HBpin) 

C, D (HBpin) 

C, D (HBpin) 

A, D (HBpin) 

C, E b (BH3·S(Me)2) 

C, D (HBcat) 

C, D (HBpin) 

C, D (HBpin) 

C, D (9-BBN) 

B (9-BBN) 

B, C (9-BBN) 

B, C (9-BBN) 

B, C (9-BBN) 

-/6.25 

-/6.25 

-/- 

-/- 

-/60 

-/19.8 

-/0.34 

883/- 

-/- 

-/- 

-/- 

66/2.1 

66/2.8 

59/14.8 

[26] 

[26] 

[27] 

[28] 

[29] 

[29] 

[29] 

[31] 

[33] 

[33] 

[34] 

[35] 

[35] 

[35] 

Scheme 38. Synthesis of Ir(PNN) pincer complexes 21 [49].

Complexes 21a and 21b were used as unresolved mixture for CO2 hydroboration
under mild reaction conditions (1–2 bar CO2, 30 ◦C). The reaction (Scheme 39) proceeds
selectively to methoxyborane using HBcat (TOFs up to 56 h−1) and to the formate level
with HBpin (TOF up to 1245 h−1). The addition of water had a promoting effect on the
reaction rates, suggesting a role in the formation of the catalytically active species [49].
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Scheme 39. CO2 hydroboration in the presence of HBpin and complex 21a–21b [49].

In summary, the recent contributions describing second-row transition metal catalyzed
CO2 hydroboration are focused mainly on the application of pincer-type complexes. Mech-
anistic details were achieved in various cases, showing, for example, that it is possible to
drive the process selectivity by tuning the reaction conditions, such as solvent, temperature
and use of additives, to bring about selectivity switch from two-electron to six-electron
reduction of CO2.

Finally, in Table 1 below are summarized the principal data of the catalytic reactions
described above, such as solvent, temperature, time of reaction, use of additives, type of
product(s) obtained and best reported TONs or TOFs for each cited original article. In Table 2
are summarized the main diagnostic NMR signals of selected complexes.
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Table 1. Summary of reaction conditions, product and hydroborate types, TON or TOF (h−1) for CO2 hydroboration.

Catalyst Metal Amount of Cat.
(mol%) Solvent Temp.

(◦C) Time Additives Type of Product(s) a

(type of HBR2)
Best TON/TOF

(h−1) Ref

1a Li 1 THF 25 10 h - A (HBpin) -/10 [26]
1b K 1 THF 25 16 h - A (HBpin) -/6.25 [26]
1c Na 1 THF 25 16 h - A (HBpin) -/6.25 [26]
2 Mg 5 - 100 15 h - C, D (HBpin) -/- [27]
3 Mg 10 THF-d8 25 3 h - C, D (HBpin) -/- [28]
4 Si 10 C6D6 90 10 min - A, D (HBpin) -/60 [29]
4 Si 10 C6D6 90 30 min - C, E b (BH3·S(Me)2) -/19.8 [29]
4 Si 10 C6D6 90 24 h - C, D (HBcat) -/0.34 [29]
5 Mn 0.072 - 100 14 h NaOtBu c C, D (HBpin) 883/- [31]
6a Mn 1 THF-d8 60 24 h B(OPh)3

d C, D (HBpin) -/- [33]
6a Mn 1 THF-d8 60 24 h B(OPh)3

d C, D (9-BBN) -/- [33]
7 Fe 1 CH3CN 25 45 min - B (9-BBN) -/- [34]
8a Fe 1.5 CH3CN 60 24–40 h - B, C (9-BBN) 66/2.1 [35]
8c Co 1.5 CH3CN 60 24 h - B, C (9-BBN) 66/2.8 [35]
8f Cu 1.5 THF 60 4–24 h - B, C (9-BBN) 59/14.8 [35]
9 Co 1 THF 50 16 h NaHBEt3

e A, C, D (HBpin) -/- [36]
9 Co 1 THF 50 20 h NaHBEt3

e E b (BH3·S(Me)2) 300/15 [36]
9 Co 1 C6D6 50 72 h NaHBEt3

e C, D (HBcat) -/- [36]
10a Ni 0.2 C6D6 25 15 min - C, D (HBcat) 490/2400 [38]
10b Ni 0.2 C6D6 25 15 min - C, D (HBcat) 477/ 1908 [37]
11b Ni 0.2 C6D6 25 4 h - B (HBpin) 487/- [39]
12a Ni 0.5 C6D6 25 10 min - C, D (HBcat) 75/7.5 [40]
12b Ni 0.25 THF-d8 25 7 min - C, D (HBcat) 75/10.7 [40]
13g Cu 2 THF-d8 50 18 h - A, B (9-BBN) 31/- [41]
14 Zn 10 THF/THF-d8 60 16 h - C, D (HBpin) -/- [42]

15a Zn 10 C6D5Br 90 20 h - A, B, C (HBpin) 45/- [43]
15b Zn 10 C6D5Br 60 20 h - C (HBcat) 16/- [43]
16a Zn 5 C6D6 25 12 h - A (HBpin) -/- [44]
16a Zn 5 C6D6 25 4 h - B, C (9-BBN) -/- [44]
16a Zn 5 C6D6 25 12 h - C (HBcat) -/- [44]
17a Ru 10 C6D5Br 90 45 h - C (HBcat) 29/- [43]
17a Ru 10 C6D5Br 90 45 h - A, C (HBpin) 39/- [43]
17b Ru 10 C6D5Br 100 45 h - A, B, C (HBpin) 60/- [43]
18 Ru 1 CD2Cl2 25 30 min KOCO2

tBu f A, D (HBpin) -/- [46]
19 Pd 0.2 C6D6 25 15 min - C, D (HBcat) 445/1780 [47]

20a–j Pd, Ni 1 C6D6 25 10 min–10 days B(OPh)3
d A, B, C (HBpin, HBcat, 9-BBN) -/- [48]

21a,b Ir 0.2 THF-d8 30 20 min H2O g A (HBpin) 740/1245 [49]
21a,b Ir 0.2 THF-d8 30 20 min H2O g C (HBcat) 78/56 [49]

a Products: formoxyborane (A), bis(boryl)acetal (B), methoxyborane (C), bis(boryl)ether (D); type of hydroborane used in brackets. b E = [BO(OMe)]3. Amount of additives [mol%]: c 0.3; d 10; e 1; f 2.5; g 1–7.
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Table 2. Summary of diagnostic NMR signals for selected complexes.

Catalyst Solvent
1H NMR
δ (ppm)

31P NMR
δ (ppm)

11B NMR
δ (ppm)

29Si NMR
δ (ppm)

Ref.

1a THF-d8 - - −8.2 (d, JBH= 79 Hz) - [26]
1b THF-d8 - - −8.0 (d, JBH = 76 Hz) - [26]
1c THF-d8 - - −8.2 (d, JBH = 76Hz) - [26]
3 DMSO-d6 - - −8.3 (d, JBH = 80 Hz) - [28]
4 Pyridine-d5 9.73 (s, SiH) - - −77.9 (d, 1JSiH = 283 Hz) [30]
5 THF-d8 - 48.5 - - [31]

6a C6D6 −5.72 (t, JHP = 51.4 Hz, MnH) 164.8 - - [32]
7 C6D6 −14.33 83.7, 74.1 - - [50]

8a CD3CN - 30.2 - - [35]
8b CD3CN - 147.9 - - [35]
8e CD2Cl2 - −33 (m, JPCu∼840 Hz); - - [35]
8f CD2Cl2 - 80 (m, JPCu∼860 Hz) - - [35]

10b CDCl3 - 185.2 - - [51]
11a C6D6 - 36.0 - 43.8 [39]
11b C6D6 −4.79 (brs, NiH) 65.6 - 59.8 [39]
12a C6D6 −8.25 (t, JHP = 55.6 Hz, Ni-H) 205.7 - - [40]
12b C7D8 −7.90 (t, JHP = 55.2 Hz, Ni-H) 206.6 - - [40]
13a CD2Cl2 - 31.4 - - [41]
13b CD2Cl2 - 31.8 - - [41]
13c CD2Cl2 - 29.7 - - [41]
13d CD2Cl2 - 25.9 - - [41]
13e CD2Cl2 - 64.1 - - [41]
13f CD2Cl2 - 62.8 - - [41]
13g CD2Cl2 - 61.9 - - [41]
14 THF-d8 - - −7.9 (d, 1JBH = 79 Hz) −15.1 [42]

15b C6D6 - - 31.40 - [43]
16a C7D8 4.15 (s), 3.50 (s) −20.0 - - [44]
16b C7D8 4.32 (s), 3.46 (s) −19.5 - - [44]
17a C6D6 - 48.6 - - [43]
17b C6D6 - 48.5 31.30 - [43]
18 DMSO-d6 −4.99 (s, Ru-H); - - - [46]
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Table 2. Cont.

Catalyst Solvent
1H NMR
δ (ppm)

31P NMR
δ (ppm)

11B NMR
δ (ppm)

29Si NMR
δ (ppm)

Ref.

19a C6D6 - 189.7 - - [47]
19b C6D6 - 192.4 - - [47]
19c C6D6 - 147.8 - - [47]
19d C6D6 - 191.4 - - [47]
20a C6D6 −9.9 (t, 2JHP = 55.5 Hz, Ni-H); 66.9 - - [52]
20b C6D6 −10.0 (t, 2JHP = 52.8 Hz, NiH) 99.8 - - [52]
20c C6D6 −9.9 (t, 2JHP = 55.6 Hz, Ni-H) 78.2 - - [52]
20d C6D6 −3.50 (t, 2JHP = 46 Hz, Ni−H) 78.5 - - [53]
20g C6D6 −3.86 (t, 2JHP = 13.5 Hz, Pd-H) - - - [54]
20h CDCl3 −3.77 (t, 2JHP = 17.0 Hz, Pd-H) 71.7 - - [55]
20i C6D6 1.28 81.0 - 62.5 (t, 3JSiH = 47 Hz) [53]
20j C6D6 1.01 (t, 2JHP = 22.6 Hz, Pd-H) 88.3 - 60.8 (t, 3JSiH = 6.7 Hz) [56]
21a THF-d8 - 28.3 - - [49]
21b THF-d8 - 33.3 - - [49]
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5. Conclusions

In conclusion, in the present review article are summarized the recent contributions of
research groups worldwide in the scientific literature, focusing on the synthetic aspects of
metal catalyst synthesis and application to CO2 hydroboration. Except for some articles,
few mechanistic details are available, making it difficult to draw a rationale on the effects of
the catalyst structure on the activity and selectivity of the process. Remarkable results have
been described both with first-row and second-row transition metals, in particular Mn, Fe,
Ni and Pd, setting a new state-of-the-art for the conversion of CO2 to added value products
such as HCOOH, HCHO and MeOH by hydroboration processes. The advantage of such
an approach was confirmed as the possibility to use very mild conditions of temperature
(in general favoring two-electron reduction), small amounts of catalysts and different
hydroboranes. Under this point of view, the recent studies confirmed that the less sterically
hindered HBcat favors in general six-electrons reduction to methoxyboranes. Noteworthy,
recent results showed that also the challenging four-electrons reduction to bis(boryl)acetals
can be achieved with high selectivity. In our view, this can be considered as one of the
most likely targets for future research in the field of CO2 hydroboration, due to the possible
synthetic applications of such molecules as efficient methylene transfer reagents in organic
synthesis.
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