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Carbon dioxide, a byproduct of petroleum use, is a promising single-carbon feedstock for the 
petrochemical industry. Molecular catalysts that hydrogenate CO2 rely predominantly on precious metals 
to achieve high activity. The goal of this project is to develop efficient base-metal catalysts for CO2 
hydrogenation. Specifically, we focus on the use of bifunctional catalysts, where a lanthanide ion (Ln3+) is 
used as a support to tune an active transition metal center. The Lewis acidic Ln metalloligand, which is a 
sigma acceptor or Z-type ligand, imparts electrophilic reactivity to the base metal (M) by withdrawing 
electron density via a direct M→Ln bonding interaction. In catalysis, Z-type ligands are emerging, and they 
are predominately use a main group ion. Hence, using f-block metal ions as Z-type metalloligands is a new 
research direction. Also, since bonding interactions between d-f metals are still in the early stage, this 
project is well poised to make significant advancements in the understanding of d-f bonded complexes, 
including fundamental knowledge about their bonding, redox/magnetic properties, reactivities, and 
potential catalytic applications.  

The second project year began with the publication of a Chemical Science paper that detailed our 
discovery and development of Ni-Lu compounds using our self-designed ligands, [(iPr2PCH2NAr)3tacn]3− 
and [iPr2PCH2NPh]−, to tune the coordination number of the Lu ion, which directly impacts the Ni-Lu 
bonding interaction. In the paper, we illustrate that catalytic olefin hydrogenation is four-fold faster when 
we employ the more flexible ligand, [iPr2PCH2NPh]−, because it allows for a shorter (and presumably 
stronger) Ni-Lu bond.  

During the second project year, we were able to expand the family of Ni-Ln coordination complexes 
to include Ln = La, Ce, Sm, Dy, Er, and Yb.  In addition, we have included other trivalent ions for 
comparative purposes, including Ga, Sc and Y. To date, we have synthesized and structurally characterized 
a total of 10 isostructural Ni-Z complexes. This is a big advancement for us, since we are now able to study 
systematically a larger series to define the extent to which the properties and reactivities among these Ni-Z 
complexes can be varied.  The Z-type metalloligands differ widely in two intrinsic properties, the ionic 

radius (size) and the Lewis acidity. We will examine if 
these parameters will be useful descriptors for catalysis, 
including activity and selectivity.   
  A NiZ(L)3 series, where Z is Sc, Y, Ga, Lu, and 
La, has been investigated as catalysts for the semi-
hydrogenation of alkynes (Figure 1, Table 1). The choice 
of the Z-type metalloligand has an impact on the catalytic 
activity and selectivity. For the model substrate, 
diphenylacetylene, a few catalysts, Ni-Y, Ni-Lu, and Ni-
Ga, showed excellent conversion to E-stilbene in >90% 
yield. Ni-Sc was sluggish, and Ni-La decomposed during 
catalysis, and hence, significantly curtailed the conversion 
of Z-stilbene to E-stilbene. Of the top three performers, Ni-
Y, was superior in exhibiting “perfect” chemo- and 
regioselectivity with no more than trace formation of other 
byproducts. We were able to show that the choice of the Z-
type metalloligand determines the catalyst resting state. 
For the larger supporting ions (Y, Lu, La), the alkyne 
adduct was observed as the resting state (Figure 2), 
whereas for smaller ions (Sc, Ga) the catalyst resting state 
was the either a H2 adduct or the Ni-Z precatalyst.  The 
stability of this intermediate for the larger supporting ions 

Figure 1. Molecular structures of Ni-Z 
bimetallic compounds, 6 – 9, shown at 50% 
thermal ellipsoid probability. The average 
bond lengths (Å) are shown.  
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can be rationalized in that the phosphine that dissociates from the Ni site to open a coordination site for the 
alkyne to bind.  The larger ions permit the phosphine to bind, which would lower the energetic cost of 
phosphine dissociation.  The stability of the alkyne adduct rationalizes the remarkable chemoselectivity of 
the catalyst for alkyne versus alkene binding and subsequent hydrogenation. Mechanistic studies are 
currently underway to determine if catalytic rates can be correlated with any intrinsic property of the Z-
type ion. A manuscript on these results is currently in preparation.  

Table 1. Catalyst Screening for Semi-Hydrogenation of Diphenylacetylenea, b 

   

entry catalyst (M) 
DPA conversion 

(%) 
stilbene  

(%) 
E:Z stilbene 

ratio 
diphenylethane 

(%) 
Z,Z-dienec 

(%) 
1 Ni(COD)2 + 3 HL 38 32 52:48 0 6 
2 1 (Lu) >99 91 >99:1 7 2 
3 6 (Sc) 74 58 40:60 1 15 
4 7 (Y) >99 99 >99:1 <1 <1 
5 8 (La) 98 91 20:80 2 5 
6d  9 (Ga) >99 92 >99:1 1 7 
7 7–THF >99 78 40:60 21   <1 
8e 7 + Hg0 >99 99 >99:1 <1 <1 

a Catalytic conditions: 2.5 mol % catalyst, 0.45 M alkyne, ca. 500 L of toluene–d8, 4.6 atm H2 at 70 C, 24 h. b Values 
(%) are averages of triplicate runs and were determined by 1H NMR integration using trimethoxybenzene as an internal 
standard (error = ± 0.5%). c Z,Z-diene = 1,2,3,4-tetraphenyl-1,3-butadiene. d THF–d8 solvent.  e 300 equiv Hg metal. 

  

Student support: In the second year, project funds were used to 
support a research assistantship of 5th year graduate student, 
Bianca Ramirez. The support was critical to Bianca’s thesis 
progress.  The results in the 2nd year will be her second first-
author manuscript through this grant. We anticipate submitting 
the manuscript within one month. Bianca is also currently 
training a 2nd year graduate student, Nicholas Garcia, who is 
focusing on making Co-Ln bimetallic complexes. Both students 
are Latina/Latino descent.  
 
 

Figure 2. Molecular structure of 
(η2-PhC≡CPh)–7 shown at 50% 
thermal ellipsoid probability. 
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