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Abstract: In this work, we study the trans influence of boryl ligands and other commonly used
non-boryl ligands in order to search for a more active catalyst than the ruthenium dihydride complex
Ru(PNP)(CO)H2 for the hydrogenation of CO2. The theoretical calculation results show that only the
B ligands exhibit a stronger trans influence than the hydride ligand and are along increasing order
of trans influence as follows: –H < –BBr2 < –BCl2 ≈ –B(OCH)2 < –Bcat < –B(OCH2)2 ≈ –B(OH)2 <
–Bpin < –B(NHCH2)2 < –B(OCH3)2 < –B(CH3)2 < –BH2. The computed activation free energy for the
direct hydride addition to CO2 and the NBO analysis of the property of the Ru–H bond indicate that
the activity of the hydride can be enhanced by the strong trans influence of the B ligands through
the change in the Ru–H bond property. The function of the strong trans influence of B ligands is to
decrease the d orbital component of Ru in the Ru–H bond. The design of a more active catalyst than
the Ru(PNP)(CO)H2 complex is possible.

Keywords: CO2 hydrogenation; trans influence; boryl ligand; theoretical calculation

1. Introduction

The development of high-efficiency catalysts for CO2 hydrogenation to formic acid
or other carbohydrates is still attracting significant attention, as it can address the in-
creasingly severe environmental problems and energy crisis [1–7]. One of the feasible
methods is the homogeneous hydrogenation of CO2 using noble metal catalysts based
on Ir, Ru, and Rh [8–14]. In 2009, Nozaki and co-workers reported an impressive irid-
ium catalyst (Ir(PNP)H3, PNP = 2,6-(diisopropylphosphinomethyl)-pyridine) for CO2
hydrogenation to formate [8]. The turnover frequency (TOF) and turnover number (TON)
reached 1.5 × 105 h−1 and 3.5 × 106, respectively, at 200 ◦C and 5.0 MPa. In 2014, Pidko and
co-workers achieved this reaction with a Ru(PNP)(CO)H2 catalyst and greatly increased the
TOF to 1.89 × 106 h−1 at a lower temperature and pressure (132 ◦C and 4.0 MPa) [13]. The
catalytic mechanisms for the CO2 hydrogenation on these catalysts have been intensively
studied [15–20]. It is believed that these catalysts are so active and stable because the
hydride on these catalysts can be directly added to CO2, leading to CO2 reduction, shown
as route I in Scheme 1. Another route for CO2 hydrogenation is via the precoordination
of CO2 to the metal center followed by hydride transfer to CO2 (route II). In this route,
CO2 should be precoordinated to the metal center before its reaction with the hydride, but
CO2 cannot compete with other molecules in the system to occupy the active site, owing to
the weak coordination ability of CO2. In a word, a highly active hydride is the key to the
design of high-efficiency catalysts for the hydrogenation of CO2.

However, not all hydrides on transition metal complexes are active enough for the
direct addition to CO2. When we studied Nozaki’s Ir(PNP)H3 catalyst, we found that
there exist two types of Ir–H bond, and only the hydride on the Ir–H bond formed from
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the mixing of the sd2 orbital of Ir with the 1s orbital of H is active enough [17]. Then, we
checked several Ru complexes and concluded that, if the Ru–H bond is formed from the
mixing of the sd3 orbital of Ru with the 1s orbital of H, the hydride is not active for the
direct addition to CO2 [21]. It only can take place for the hydride contained by a Ru–H
bond formed from the mixing of the sd2 orbital of Ru with the 1s orbital of H, the same
as the situation on the Ir complex. Moreover, we noticed that, if less d orbital component
is involved in the formation of Ru–H bond, the hydride will be more active. Inspired by
these findings, we thought the property of the Ru–H bond could be influenced by its trans
ligand because this ligand shares the same orbital of Ru combined with the hydride. We
tested two boryl ligands (Bcat and Bpin, cat = catecholate, pin = pinacolate) as the trans
ligand to the hydride, and found that the activation barriers for the direct hydride addition
to CO2 on the Ru(PNP)(CO)HBcat and Ru(PNP)(CO)HBpin complexes are both lower
than that on the Ru(PNP)(CO)H2 complex [22]. Further, we explored the whole pathway
for the hydrogenation of CO2 to formate. The advantage of the Ru(PNP)(CO)HBcat or
Ru(PNP)(CO)HBpin complex is more remarkable; the overall activation free energy for
CO2 hydrogenation to formate on the complexes Ru(PNP)(CO)H2, Ru(PNP)(CO)HBcat,
and Ru(PNP)(CO)HBpin were calculated to be 18.2, 16.4, and 13.0 kcal·mol−1, respectively.
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In this paper, we would like to examine the trans influence of more boryl ligands,
together with that of various commonly used non-boryl ligands, in the direct addition of
hydride to CO2. It is shown only the B ligands exhibit a stronger trans influence than the
hydride. We then calculated the activation free energy for the addition of hydride to CO2
on the Ru complexes with several selected trans B ligands, in comparison with that on the
Ru(PNP)(CO)H2 complex. The properties of Ru–H bonds on these complexes were studied
with natural bond orbital (NBO) analysis. It is indicated that the activity of the hydride
can be systematically enhanced by the strong trans influence of the B ligands through the
modification of the Ru–H bond property. In addition, we studied the case on another Ru
dihydride complex trans-[Ru(dmpe)2H2] (dmpe = Me2PCH2CH2PMe2) [23]. The trans
influence of B ligands on this complex is not as significant as that on the Ru(PNP)(CO)H2
complex. We will discuss this in the main text.

2. Results and Discussion
2.1. Trans Influence of Non-Boryl and Boryl Ligands

The bond distance of the Ru–H bond is an index for the trans influence of the trans
ligand, as well as an index for the activity of the hydride on the Ru–H bond. In general,
the longer the distance of the Ru–H bond, the stronger the trans influence of the ligand
trans to this Ru–H bond, the weaker the Ru–H bond, and the more active the hydride on
it [24]. We first examined various commonly used non-boryl ligands, and compared the
computed distance of the Ru–H bond on each complex with that on the Ru(PNP)(CO)H2
complex, in which two hydrides are trans to each other. The results are collected in Table 1.
The optimized geometries of all the species are given in the Supplementary Materials. It
is shown that the order of increasing trans influence of non-boryl ligands is as follows:
–NO3 ≈ –Br < –Cl < –SCN < –ONO ≈ –F < –OMe < –OH ≈ –NO2 < –NH2 < –CN < –SiH3
< –Ph < –Me < –Et < –H. Greif et al. studied the trans influence of several ligands on a
square-planar Pt complex and provided a sequence of increasing trans influence as follows:
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–NO3 < –ONO < –Cl < –Br < –SCN < –NO2 < –CN < –Ph < –Me [25]. Sajith and Suresh
quantified the trans influence of various ligands on a hypervalent iodine complex and
found a sequence of increasing trans influence as follows: –NO3 < –F < –Cl < –OH < –Br <
–OMe < –NO2 < –NH2 < –Me < –Ph < –Et [26]. Our result is in reasonable agreement with
the above two results. However, there is an inverse trans influence of –Br < –Cl < –F in
this case. The inverse trans influence of the –Br, –Cl, and –F ligand was observed by the
experimental and theoretical studies [27,28]. All the Ru–H bonds on the complexes with
these trans non-boryl ligands are shorter than that on the Ru(PNP)(CO)H2 complex, thus
we deduce that the hydride on these complexes will be less active for CO2 hydrogenation
than that on the Ru(PNP)(CO)H2 complex.

Table 1. Bond distance of the Ru–H bond on the Ru PNP-type complex with different trans ligands.

Trans Ligand Distance of Ru–H Bond (Å) Trans Ligand Distance of Ru–H Bond (Å)

–H 1.697 –H 1.697

–Et 1.683 –BBr2 1.711

–Me 1.682 –BCl2 1.713

–Ph 1.678 –B(OCH)2 1.713

–SiH3 1.676 –Bcat 1.714

–CN 1.662 –B(OCH2)2 1.715

–NH2 1.656 –B(OH)2 1.715

–NO2 1.637 –Bpin 1.716

–OH 1.637 –B(NHCH2)2 1.717

–OMe 1.636 –B(OCH3)2 1.720

–F 1.621 –B(CH3)2 1.726

–ONO 1.621 –BH2 1.739

–SCN 1.616

–Cl 1.611

–Br 1.609

–NO3 1.609

Some studies in the literature have reported that the boryl ligands have a very strong
trans influence [29–33]. Thus, we examined the trans influence of some usual boryl ligands.
The computed distances of Ru–H bonds on these complexes with trans B ligands are
collected in Table 1. The diagrams of some boryl ligands are given in Chart 1. Their
optimized geometries are presented in the Supporting Information. It can be seen that
the B ligands actually have a stronger trans influence than the hydride, judged by the
longer distance of the Ru–H bond. Bcat and Bpin ligand are among the most popular
B ligands found in transition metal complexes, thus we tested them in our previous
work [22]. However, the trans influences of Bcat and Bpin ligands are not the strongest;
the BH2, B(CH3)2, and B(OCH3)2 ligands show a stronger trans influence than the Bcat
and Bpin ligands. The total order of increasing trans influence of boryl ligands considered
here is as follows: –H < –BBr2 < –BCl2 ≈ –B(OCH)2 < –Bcat < –B(OCH2)2 ≈ –B(OH)2
< –Bpin < –B(NHCH2)2 < –B(OCH3)2 < –B(CH3)2 < –BH2. Zhu and Lin investigated the
trans influence of boryl ligands on a square-planar Pt complex and reported a sequence
of increasing trans influence as follows: –H < –BBr2 ≈ –BCl2 ≈ –Bcat ≈ –B(OCH)2 <
–B(OCH2)2 < –Bpin < –B(NHCH2)2 < –BH2 < –B(CH3)2 [29]. In that case, B(CH3)2 shows
the strongest trans influence.
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2.2. Activity of the Hydride under Trans Influence

As the B ligands exhibit a stronger trans influence than the hydride, we expected to
confirm the activity of the hydride under the trans influence of B ligands. For this purpose,
we calculated the activation free energy for the addition of hydride to CO2 on the Ru
PNP-type complexes with four selected trans B ligands. The activation barrier for the
direct hydride addition to CO2 on the Ru(PNP)(CO)H2 complex was also computed for
comparison. The results are collected in Table 2. To show this information more clearly,
we drew a picture of the free energy profile for the direct hydride addition to CO2 on
the Ru(PNP)(CO)H2 complex and four Ru complexes with trans B ligands, presented as
Figure 1. The optimized geometries of all the species involved in Figure 1 are provided
in Figure 2 and in the Supporting Information. When CO2 approaches the hydride on the
Ru(PNP)(CO)H2 complex, an association complex (IS) will be formed, in which CO2 is fixed
by the interaction between CO2 with the hydride and the hydrogen bonding of CO2 with
the methyl group H atoms on P atoms. The angle of CO2 is 176.5◦, indicating that CO2 is
just weakly activated. After the addition of hydride to CO2, an H-bound formate complex
(FS) is formed. In this state, the angle of OCO is decreased to 138.0◦, indicating that CO2
is already reduced. This step is endergonic by 6.7 kcal mol−1 and is involved with an
activation free energy of 7.0 kcal mol−1. It should be mentioned that the whole process of
CO2 insertion into the Ru–H bond to form a formate complex (Scheme 1) is exergonic, but
the step of hydride addition to CO2 is always an endergonic step; the less endergonic the
step of hydride addition to CO2, the more favorable the formation of the formate complex,
by lowering the energetics of the whole catalytic cycle [15–19,34]. When CO2 approaches
the hydride on the Ru complex with Bcat, Bpin, B(NHCH2)2, or B(OCH3)2 as trans ligand,
a similar mechanism will occur. The angle of CO2 in the association complexes with these
trans B ligands is 176.8◦, 176.6◦, 176.3◦, and 176.4◦, respectively, very close to that on the
Ru(PNP)(CO)H2 complex, but the angle of OCO in the final state is 137.3◦, 136.3◦, 136.1◦,
and 135.9◦, respectively, less than that on the Ru(PNP)(CO)H2 complex. The activation bar-
rier for the hydride addition to CO2 is 5.9, 5.6, 5.2, and 4.9 kcal·mol−1, respectively. These
values are lower than that on the Ru(PNP)(CO)H2 complex and along a decreasing order in
accordance with the increasing order of trans influence of these B ligands. Moreover, these
steps are endergonic by 5.3, 4.5, 3.6, and 3.1 kcal mol−1, respectively, indicating that the
formed formate complexes are more thermodynamically stable. The addition of hydride to
CO2 is the first and the key step for the hydrogenation of CO2. If the whole pathway for
the CO2 hydrogenation to formate is explored, the advantage will be more remarkable, as
we reported on the Ru(PNP)(CO)HBcat and Ru(PNP)(CO)HBpin complexes [22].
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Figure 1. Free energy profile for the addition of hydride to CO2 on the Ru PNP-type complex with different trans ligands.
The substituent on phosphorus is omitted for clarity.

Table 2. Bond distance of the Ru–H bond, bonding parameter of the Ru–H bond, and activation free energy for hydride
addition to CO2 on the Ru PNP-type complex with different trans ligands.

Trans Ligand Distance of Ru–H Bond (Å)
Coefficients/Hybrids of

Ru–H Bond Orbital
Activation Free Energy for Hydride

Addition to CO2 (kcal mol−1)

–H 1.697 0.706 Ru(sd2.11) + 0.709 H(s) 7.0

–Bcat 1.714 0.702 Ru(sd1.83) + 0.712 H(s) 5.9

–Bpin 1.716 0.699 Ru(sd1.80) + 0.715 H(s) 5.6

–B(NHCH2)2 1.717 0.699 Ru(sd1.76) + 0.715 H(s) 5.2

–B(OCH3)2 1.720 0.686 Ru(sd1.63) + 0.728 H(s) 4.9

To confirm the origin of the trans influence of B ligand, we investigated the properties
of the Ru–H bonds in the above complexes with NBO analysis. The bonding parameters
are collected in Table 2. As reported in our previous work [21], if less d orbital component
of Ru is involved in the formation of the Ru–H bond, the hydride will be more active for
direct addition to CO2. The ligand trans to the hydride is an important factor influencing
the Ru–H bond property, because this ligand shares the same orbital of Ru with the hydride.
The Ru–H bond in the Ru(PNP)(CO)H2 complex is a σ bond formed via the mixing of
the sd2.11 hybrid orbital of Ru with the 1 s orbital of H. The Ru–H bond in the complex
with Bcat, Bpin, B(NHCH2)2, or B(OCH3)2 trans ligand is also a σ bond, but the d orbital
component of Ru–H bond in these complexes is 1.83, 1.80, 1.76, and 1.63, respectively, in a
decreasing order that is also in accordance with the increasing order of trans influence of
these B ligands. Consequently, the B ligands can modify the property of the Ru–H bond to
improve the activity of the hydride. The essence of the strong trans influence of B ligands
is to decrease the d orbital component of Ru in the Ru–H bond.
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Catalysts 2021, 11, 1356 7 of 10

2.3. Trans Influence of B Ligands on Trans-[Ru(dmpe)2HX] Complexes

The trans-[Ru(dmpe)2H2] dihydride complex is another highly active complex in
that the direct addition of hydride to CO2 can occur as well, as reported by Baiker and
co-workers [23]. Trans-[Ru(dmpe)2H2] is one of two isomers of Ru(dmpe)2H2, but cis-
[Ru(dmpe)2H2] is not that active. We wondered about the trans influence of B ligands on
this complex. Thus, we selected four B ligands as trans ligands to substitute one hydride
of trans-[Ru(dmpe)2H2]. We optimized their geometries and calculated the activation
free energy for hydride addition to CO2 on these complexes. The free energy profile
for this step on the trans-[Ru(dmpe)2HX] complexes (X may be hydride or B ligand) is
presented in Figure 3. The optimized geometries of all the species involved above are
provided in the Supporting Information. On trans-[Ru(dmpe)2H2], the addition of hydride
to CO2 is endergonic by 2.5 kcal mol−1, with an activation free energy of 3.6 kcal mol−1.
This activation barrier is even lower than that on Ru(PNP)(CO)H2. This is because the
assistance of hydrogen bonding for the fixation and the activation of CO2 in this system
is more significant than that on Ru(PNP)(CO)H2. On trans-[Ru(dmpe)2H2], CO2 can be
fixed and assisted by at least four hydrogen bonds, but on Ru(PNP)(CO)H2, there are
only two hydrogen bonds. However, one may notice that the activation barrier for this
step on the complexes with Bcat, Bpin, B(CH3)2, or BH2 as trans ligand is not lower than
that on trans-[Ru(dmpe)2H2]. The value on trans-[Ru(dmpe)2HBpin] is even as high as
5.8 kcal mol−1. It is usually believed that the help of hydrogen bonding is positive for the
hydrogenation of CO2 and some big groups on the complexes can provide more hydrogen
atoms for the formation of hydrogen bonding. However, the big groups might bring
greater steric hindrance on the other hand. Considering that the interaction of CO2 with
the hydride is very weak, the steric hindrance of big groups might offset the assistance of
hydrogen bonding. In this sense, the effects of big groups for the hydrogenation of CO2
are not always positive. Anyway, the formation of the H-bound formate complexes is
thermodynamically favorable compared with that on trans-[Ru(dmpe)2H2].
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3. Computational Methods

All calculations were implemented with the Gaussian 09 programs [35]. The B3LYP
hybrid functional [36] was used. For Ru, the Stuttgart–Dresden basis set-relativistic effective
core potential (RECP) combination [37], supplemented with two sets of f functions and
a set of g functions [38], was applied. For the P, O, N, C, B, or H element, the Dunning
cc-pVDZ basis set [39] was applied. Each stationary point was confirmed as a minimum
or transition state by calculating the vibrational frequency, and all transition states were
verified by intrinsic reaction coordinate (IRC) calculations. The Ru–H bond properties
were characterized using NBO analysis with NBO 5.9 version [40]. For the Ru PNP-type
complexes, the groups on P atoms are methyl groups. Gibbs free energies of all species
were computed at 298.15 K and 1 atm.
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4. Conclusions

For the purpose of the design of high-activity catalysts for the hydrogenation of CO2,
we have studied the trans influence of boryl ligands and various commonly used non-boryl
ligands. Our calculation results show that, on the Ru PNP-type dihydride complex, the
order of increasing trans influence of non-boryl ligands is as follows: –NO3 ≈ –Br < –Cl
< –SCN < –ONO ≈ –F < –OMe < –OH ≈ –NO2 < –NH2 < –CN < –SiH3 < –Ph < –Me <
–Et < –H and the sequence of increasing trans influence of boryl ligands is as follows: –H
< –BBr2 < –BCl2 ≈ –B(OCH)2 < –Bcat < –B(OCH2)2 ≈ –B(OH)2 < –Bpin < –B(NHCH2)2
< –B(OCH3)2 < –B(CH3)2 < –BH2. Only the B ligands exhibit a stronger trans influence
than the hydride ligand. The computed activation free energy for the hydride addition to
CO2 and the NBO analysis of the property of the Ru–H bond indicate that the activity of
the hydride can be systematically enhanced by the strong trans influence of the B ligands
through the modification of the Ru–H bond property. The purpose of the strong trans
influence of B ligands is to decrease the d orbital component of Ru in the Ru–H bond. In
addition, we investigated the case on another Ru dihydride complex trans-[Ru(dmpe)2H2].
In this case, B ligands fail to lower the activation barrier for the hydride addition to CO2.
We think it is because the large groups on this kind of complex bring hydrogen bonding
that is positive for the activation of CO2, and at the same time form steric hindrance that is
negative for the approaching of CO2 to the hydride. Nevertheless, the design of a more
active catalyst than the dihydride complex is possible.

Our next work is to probe the property of the Ru–B bond and the factors that can
influence the Ru–B bond property, and then summarize some rules for the design of
boryl-ligand-containing complexes with high activity for the hydrogenation of CO2.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11111356/s1, Figure S1: Optimized geometries of the species involved in the addition
of hydride to CO2 on trans-[Ru(dmpe)2HX] complexes; Table S1: Cartesian coordinates for the
optimized geometries of all the species.

Author Contributions: Conceptualization, J.L.; methodology, J.L.; investigation, T.L., Z.L. and L.T.;
writing—original draft preparation, T.L. and Z.L.; writing—review and editing, J.L.; supervision,
J.L.; funding acquisition, J.L. and Z.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No.
21776123) and the Project for Priority Academic Program Development of Jiangsu Higher Education
Institutions (PAPD).

Acknowledgments: We thank the High Performance Computing Center of Nanjing Tech University
for supporting the computational resources.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jessop, P.G.; Ikariya, T.; Noyori, R. Homogeneous Hydrogenation of Carbon Dioxide. Chem. Rev. 1995, 95, 259–272. [CrossRef]
2. Wang, W.; Wang, S.; Ma, X.; Gong, J. Recent advances in catalytic hydrogenation of carbon dioxide. Chem. Soc. Rev. 2011, 40,

3703–3727. [CrossRef] [PubMed]
3. Lim, X. How to Make the Most of Carbon Dioxide. Nature 2015, 526, 628–630. [CrossRef]
4. Bernskoetter, W.H.; Hazari, N. Reversible Hydrogenation of Carbon Dioxide to Formic Acid and Methanol: Lewis Acid

Enhancement of Base Metal Catalysts. Acc. Chem. Res. 2017, 50, 1049–1058. [CrossRef] [PubMed]
5. Sordakis, K.; Tang, C.H.; Vogt, L.K.; Junge, H.; Dyson, P.J.; Beller, M.; Laurenczy, G. Homogeneous Catalysis for Sustainable

Hydrogen Storage in Formic Acid and Alcohols. Chem. Rev. 2018, 118, 372–433. [CrossRef]
6. Chu, W.Y.; Culakova, Z.; Wang, B.T.; Goldberg, K.I. Acid-Assisted Hydrogenation of CO2 to Methanol in a Homogeneous

Catalytic Cascade System. ACS Catal. 2019, 9, 9317–9326. [CrossRef]
7. Sen, R.; Goeppert, A.; Kar, S.; Prakash, G.K.S. Hydroxide Based Integrated CO2 Capture from Air and Conversion to Methanol. J.

Am. Chem. Soc. 2020, 142, 4544–4549. [CrossRef]
8. Tanaka, R.; Yamashita, M.; Nozaki, K. Catalytic Hydrogenation of Carbon Dioxide Using Ir(III)−Pincer Complexes. J. Am. Chem.

Soc. 2009, 131, 14168–14169. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/catal11111356/s1
https://www.mdpi.com/article/10.3390/catal11111356/s1
http://doi.org/10.1021/cr00034a001
http://doi.org/10.1039/c1cs15008a
http://www.ncbi.nlm.nih.gov/pubmed/21505692
http://doi.org/10.1038/526628a
http://doi.org/10.1021/acs.accounts.7b00039
http://www.ncbi.nlm.nih.gov/pubmed/28306247
http://doi.org/10.1021/acs.chemrev.7b00182
http://doi.org/10.1021/acscatal.9b02280
http://doi.org/10.1021/jacs.9b12711
http://doi.org/10.1021/ja903574e
http://www.ncbi.nlm.nih.gov/pubmed/19775157


Catalysts 2021, 11, 1356 9 of 10

9. Aoki, W.; Wattanavinin, N.; Kusumoto, S.; Nozaki, K. Development of Highly Active Ir–PNP Catalysts for Hydrogenation of
Carbon Dioxide with Organic Bases. Bull. Chem. Soc. Jpn. 2016, 89, 113–124. [CrossRef]

10. Takaoka, S.; Eizawa, A.; Kusumoto, S.; Nakajima, K.; Nishibayashi, Y.; Nozaki, K. Hydrogenation of Carbon Dioxide with Organic
Base by PCIIP-Ir Catalysts. Organometallics 2018, 37, 3001–3009. [CrossRef]

11. Moret, S.; Dyson, P.J.; Laurenczy, G. Direct synthesis of formic acid from carbon dioxide by hydrogenation in acidic media. Nat.
Commun. 2014, 5, 1–7. [CrossRef] [PubMed]

12. Filonenko, G.A.; van Putten, R.; Schulpen, E.N.; Hensen, E.J.M.; Pidko, E.A. Highly Efficient Reversible Hydrogenation of Carbon
Dioxide to Formates Using a Ruthenium PNP-Pincer Catalyst. ChemCatChem 2014, 6, 1526–1530. [CrossRef]

13. Filonenko, G.A.; Hensen, E.J.M.; Pidko, E.A. Mechanism of CO2 hydrogenation to formates by homogeneous Ru-PNP pincer
catalyst: From a theoretical description to performance optimization. Catal. Sci. Technol. 2014, 4, 3474–3485. [CrossRef]

14. Fidalgo, J.; Ruiz-Castaneda, M.; Garcia-Herbosa, G.; Carbayo, A.; Jalon, F.A.; Rodriguez, A.M.; Manzano, B.R.; Espino, G. Versatile
Rh- and Ir-Based Catalysts for CO2 Hydrogenation, Formic Acid Dehydrogenation, and Transfer Hydrogenation of Quinolines.
Inorg. Chem. 2018, 57, 14186–14198. [CrossRef]

15. Ahlquist, M.S.G. Iridium catalyzed hydrogenation of CO2 under basic conditions—Mechanistic insight from theory. J. Mol. Catal.
A Chem. 2010, 324, 3–8. [CrossRef]

16. Tanaka, R.; Yamashita, M.; Chung, L.W.; Morokuma, K.; Nozaki, K. Mechanistic Studies on the Reversible Hydrogenation of
Carbon Dioxide Catalyzed by an Ir-PNP Complex. Organometallics 2011, 30, 6742–6750. [CrossRef]

17. Li, J.; Yoshizawa, K. Catalytic Hydrogenation of Carbon Dioxide with a Highly Active Hydride on Ir(III)–Pincer Complex:
Mechanism for CO2 Insertion and Nature of Metal–Hydride Bond. Bull. Chem. Soc. Jpn. 2011, 84, 1039–1048. [CrossRef]

18. Filonenko, G.A.; Conley, M.P.; Copéret, C.; Lutz, M.; Hensen, E.J.M.; Pidko, E.A. The impact of Metal–Ligand Cooperation in
Hydrogenation of Carbon Dioxide Catalyzed by Ruthenium PNP Pincer. ACS Catal. 2013, 3, 2522–2526. [CrossRef]

19. Praveen, C.S.; Comas-Vives, A.; Copéret, C.; Vande Vondele, J. Role of Water, CO2, and Noninnocent Ligands in the CO2
Hydrogenation to Formate by an Ir(III) PNP Pincer Catalyst Evaluated by Static-DFT and ab Initio Molecular Dynamics under
Reaction Conditions. Organometallics 2017, 36, 4908–4919. [CrossRef]

20. Sawatlon, B.; Wodrich, M.D.; Corminboeuf, C. Unraveling Metal/Pincer Ligand Effects in the Catalytic Hydrogenation of Carbon
Dioxide to Formate. Organometallics 2018, 37, 4568–4575. [CrossRef]

21. Li, J.; Liu, S.; Lu, X. Theoretical Study of the Mechanism for Direct Addition of Hydride to CO2 on Ruthenium Complexes: Nature
of Ru–H Bond and Effect of Hydrogen Bonding. Bull. Chem. Soc. Jpn. 2016, 89, 905–910. [CrossRef]

22. Liu, T.; Li, J.; Liu, W.; Zhu, Y.; Lu, X. Simple Ligand Modifications to Modulate the Activity of Ruthenium Catalysts for CO2
Hydrogenation: Trans Influence of Boryl Ligands and Nature of Ru–H Bond. Acta Phys.-Chim. Sin. 2018, 34, 1097–1105. [CrossRef]

23. Urakawa, A.; Jutz, F.; Laurenczy, G.; Baiker, A. Carbon dioxide hydrogenation catalyzed by a ruthenium dihydride: A DFT and
high-pressure spectroscopic investigation. Chem.-Eur. J. 2007, 13, 3886–3899. [CrossRef]

24. Pidcock, A.; Richards, R.E.; Venanzi, L.M. 195Pt–31P nuclear spin coupling constants and the nature of the trans-effect in platinum
complexes. J. Chem. Soc. A 1966, 1707–1710. [CrossRef]

25. Greif, A.H.; Hrobárik, P.; Hrobáriková, V.; Arbuznikov, A.V.; Autschbach, J.; Kaupp, M. A Relativistic Quantum-Chemical
Analysis of the trans Influence on 1H NMR Hydride Shifts in Square-Planar Platinum(II) Complexes. Inorg. Chem. 2015, 54,
7199–7208. [CrossRef]

26. Sajith, P.K.; Suresh, C.H. Quantification of the Trans Influence in Hypervalent Iodine Complexes. Inorg. Chem. 2012, 51, 967–977.
[CrossRef]

27. Kovács, A.; Konings, R.J.M. A Theoretical Study of the Structure and Bonding of UOX4 (X=F, Cl, Br, I) Molecules: The Importance
of Inverse Trans Influence. ChemPhysChem 2006, 7, 455–462. [CrossRef]

28. Lewis, A.J.; Mullane, K.C.; Nakamaru-Ogiso, E.; Carroll, P.J.; Schelter, E.J. The Inverse Trans Influence in a Family of Pentavalent
Uranium Complexes. Inorg. Chem. 2014, 53, 6944–6953. [CrossRef] [PubMed]

29. Zhu, J.; Lin, Z.; Marde, T.B. Trans Influence of Boryl Ligands and Comparison with C, Si, and Sn Ligands. Inorg. Chem. 2005, 44,
9384–9390. [CrossRef] [PubMed]

30. Dang, L.; Lin, Z.; Marder, T.B. Boryl ligands and their roles in metal-catalysed borylation reactions. Chem. Commun. 2009, 27,
3987–3995. [CrossRef] [PubMed]

31. Braunschweig, H.; Damme, A.; Kupfer, T. Evidence for a Strong trans Influence of the Diboran(4)yl Ligand. Chem.-Eur. J. 2012, 18,
15927–15931. [CrossRef] [PubMed]

32. Lin, T.P.; Peters, J.C. Boryl−Metal Bonds Facilitate Cobalt/Nickel-Catalyzed Olefin Hydrogenation. J. Am. Chem. Soc. 2014, 136,
13672–13683. [CrossRef] [PubMed]

33. Mondal, B.; Bag, R.; Ghorai, S.; Bakthavachalam, K.; Jemmis, E.D.; Ghosh, S. Synthesis, Structure, Bonding, and Reactivity of
Metal Complexes Comprising Diborane(4) and Diborene(2): [{Cp*Mo(CO)2}2{µ-η2:η2-B2H4}] and [{Cp*M(CO)2}2B2H2M(CO)4],
M=Mo, W. Angew. Chem. Int. Ed. 2018, 57, 8079–8083. [CrossRef] [PubMed]

34. Ohnishi, Y.; Nakao, Y.; Sato, H.; Sakaki, S. Ruthenium(II)-Catalyzed Hydrogenation of Carbon Dioxide to Formic Acid. Theoretical
Study of Significant Acceleration by Water Molecules. Organometallics 2006, 25, 3352–3363. [CrossRef]

35. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Mennucci, B.;
Petersson, G.A.; et al. Gaussian 09 (Revision A.02); Gaussian, Inc.: Wallingford, CT, USA, 2009.

http://doi.org/10.1246/bcsj.20150311
http://doi.org/10.1021/acs.organomet.8b00377
http://doi.org/10.1038/ncomms5017
http://www.ncbi.nlm.nih.gov/pubmed/24886955
http://doi.org/10.1002/cctc.201402119
http://doi.org/10.1039/C4CY00568F
http://doi.org/10.1021/acs.inorgchem.8b02164
http://doi.org/10.1016/j.molcata.2010.02.018
http://doi.org/10.1021/om2010172
http://doi.org/10.1246/bcsj.20110128
http://doi.org/10.1021/cs4006869
http://doi.org/10.1021/acs.organomet.7b00761
http://doi.org/10.1021/acs.organomet.8b00490
http://doi.org/10.1246/bcsj.20160084
http://doi.org/10.3866/PKU.WHXB201712131
http://doi.org/10.1002/chem.200601339
http://doi.org/10.1039/J19660001707
http://doi.org/10.1021/acs.inorgchem.5b00446
http://doi.org/10.1021/ic202047g
http://doi.org/10.1002/cphc.200500324
http://doi.org/10.1021/ic500833s
http://www.ncbi.nlm.nih.gov/pubmed/24914452
http://doi.org/10.1021/ic0513641
http://www.ncbi.nlm.nih.gov/pubmed/16323924
http://doi.org/10.1039/b903098k
http://www.ncbi.nlm.nih.gov/pubmed/19568616
http://doi.org/10.1002/chem.201203220
http://www.ncbi.nlm.nih.gov/pubmed/23138869
http://doi.org/10.1021/ja504667f
http://www.ncbi.nlm.nih.gov/pubmed/25181350
http://doi.org/10.1002/anie.201803154
http://www.ncbi.nlm.nih.gov/pubmed/29697175
http://doi.org/10.1021/om060307s


Catalysts 2021, 11, 1356 10 of 10

36. Becke, A.D. Density-functional exchange-energy approximation with correct asymptotic-behavior. Phys. Rev. A 1988, 38,
3098–3100. [CrossRef]

37. Dolg, M. Effective Core Potentials. In Modern Methods and Algorithms of Quantum Chemistry; Grotendorst, J., Ed.; Johnvon
Neumann Institute for Computing: Jülich, Germany, 2000; Volume 1, pp. 479–508.

38. Martin, J.M.L.; Sundermann, A. Correlation consistent valence basis sets for use with the Stuttgart-Dresden-Bonn relativistic
effective core potentials: The atoms Ga-Kr and In-Xe. J. Chem. Phys. 2001, 114, 3408–3420. [CrossRef]

39. Woon, D.E.; Dunning, T.H. Gaussian Basis Sets for Use in Correlated Molecular Calculations. III. The Atoms Aluminum through
Argon. J. Chem. Phys. 1993, 98, 1358–1371. [CrossRef]

40. Glendening, E.D.; Badenhoop, J.K.; Reed, A.E.; Carpenter, J.E.; Bohmann, J.A.; Morales, C.M.; Weinhold, F. NBO 5.9; Theoretical
Chemistry Institute, University of Wisconsin: Madison, WI, USA, 2009.

http://doi.org/10.1103/PhysRevA.38.3098
http://doi.org/10.1063/1.1337864
http://doi.org/10.1063/1.464303

	Introduction 
	Results and Discussion 
	Trans Influence of Non-Boryl and Boryl Ligands 
	Activity of the Hydride under Trans Influence 
	Trans Influence of B Ligands on Trans-[Ru(dmpe)2HX] Complexes 

	Computational Methods 
	Conclusions 
	References

