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Summary: Pincer ligands are widely used to support transition metal catalysts, but first-row 

systems often deactivate too quickly for widespread use. Here, pincer ligands bearing an additional 

hemilabile donor were designed to stabilize Mn catalysts for CO2 hydrogenation to formate. 

Ligands of the type (RCH2CH2)N(CH2CH2P
iPr2)2 (

iPrPNRP; R = OMe, CH2OMe, NMe2, P
iPr2) 

were synthesized and coordinated to Mn to form complexes of the type (iPrPNRP)Mn(CO)2H. Their 

performance was compared to {MeN(CH2CH2P
iPr2)2}Mn(CO)2H, which lacks a pendant donor. 

The pendant donor identity and arm length strongly influenced catalytic activity, but all pendant 

arm containing systems extended catalyst lifetime. Notably, (iPrPNCH2OMeP)Mn(CO)2H achieved 

turnover frequencies of 158,000 h-1 and turnover numbers of 838,000, exceeding most state-of-

the-art catalysts. Mechanistic studies revealed that hemilabile coordination enhances stability by 

avoiding deactivation, although excessive binding can lead to inactive states. This work 

demonstrates hemilabile donors dramatically improve pincer-based Mn catalysts and provides 

design principles for broader applications. 

 

Keywords: Manganese, pincer ligands, hemilabile ligands, catalysis, CO2 hydrogenation, formate 

mechanistic studies.  
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Introduction 

Carbon dioxide (CO2) is an attractive chemical feedstock because it is an inexpensive, non-

toxic, and environmentally damaging waste product generated on a large scale.1 The hydrogenation 

of CO2 to produce formic acid (or formate salts) is of particular interest since approximately one 

million tons of formic acid are produced annually from non-renewable fossil-fuel derived 

feedstocks (Figure 1a).2 Further, formic acid could be used as a liquid organic hydrogen carrier, 

but sustainable synthetic methods are needed for this approach to be environmentally beneficial.3 

In principle, the catalytic generation of formic acid (or formate salts) using H2 produced via 

electrolysis with renewably sourced electricity and CO2 could solve this challenge.4  

Homogeneous catalysts based on precious metals such as Ir,5 Rh,6 Pd,7 and Ru8 are known to 

hydrogenate CO2 to formate (see Supporting Information, Section S1 for a comprehensive list of 

catalysts). However, even though systems based on Ir and Ru typically give the highest activity 

and productivity, their high cost, limited abundance, and relative toxicity provides motivation for 

the discovery of catalysts based on more abundant first-row transition metals.9 Complexes based 

 
Figure 1: a) Generic equation for CO2 hydrogenation to formate. b) Selected pincer ligated first-row catalysts for 

CO2 hydrogenation and associated maximum turnover number (TON) regardless of conditions. c) This work: 

Pincer ligands with an additional hemilabile donor result in highly active and productive Mn catalysts for CO2 

hydrogenation to formate. 
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on Cr,10 Mn,11 Fe,12 Co,13 Ni,14 and Cu15 are all active catalysts for CO2 hydrogenation to formate. 

PNP pincer ligands are commonly used to support the most active and productive Mn, Fe, and Co 

catalysts (Figure 1b). Therefore, significant research effort has focused on tuning the electronic 

and steric properties of PNP ligands, mostly by altering the substituents on the P and N donors, 

which has led to improvements in catalytic performance.9a Nevertheless, the majority of first-row 

metal catalysts undergo more facile catalyst deactivation compared to their Ru and Ir 

congeners.2b,12d,16 These observations suggest that modifications to PNP pincer ligands that lead to 

improved catalyst lifetimes would be impactful in advancing base metal catalysis. For many PNP 

pincer metal catalysts,2b,16 catalyst deactivation occurs via a bimetallic pathway with 

coordinatively unsaturated species serving as key intermediates. Therefore, one potential strategy 

to prevent catalyst decomposition is the use of hemilabile ligands. 

The term “hemilabile ligand” was introduced by Jeffrey and Rauchfuss in 1979 and describes 

a chelating ligand which contains a weak donor group that readily undergoes ligand substitution.17 

These hemilabile donors can stabilize key intermediates by binding to the metal center, but if 

designed correctly, can be readily displaced by a substrate to enable the desired reactivity. Metal 

catalysts with hemilabile ligands can facilitate a variety of catalytic reactions including 

(de)hydrogenation, (de)carbonylation, hydroformylation, alkene metathesis, polymerization, and 

cross-coupling and are used in chemical sensing.18 Some proteins also make use of hemilabile 

donors to switch between resting and active states using allostery.19 The majority of catalysts with 

hemilabile ligands fluctuate between monodentate (κ1) and bidentate (κ2) or bidentate and 

tridentate (κ3) coordination modes and there are few studies exploring the addition of hemilabile 

donors to pincer ligands.20 Further, most of the studies with pincer ligands focus on the impact of 

the hemilabile ligand on coordination chemistry, as opposed to effects on catalysis. We 

hypothesized that the development of PNP pincer ligands with an additional hemilabile donor 

could stabilize first-row transition metal catalysts for CO2 hydrogenation by preventing 

decomposition of coordinatively unsaturated intermediates and lead to more productive systems.  

We recently prepared the MeOCH2CH2N(CH2CH2P
iPr2)2 (iPrPN2OMeP) ligand containing a 

hemilabile ether donor linked by a two-carbon bridge and coordinated it to Fe (I, Figure 1b).21 

Complex I was an active catalyst for CO2 hydrogenation to formate and gave increased lifetimes 

compared to analogous Fe catalysts bearing the widely studied tridentate MeN(CH2CH2P
iPr2)2 

(iPrPNMeP) ligand (II, Figure 1b).12d I and II displayed similar overall turnover numbers (TONs) 
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of ca 40,000 under directly comparable conditions,22 but I gave significantly lower turnover 

frequencies (TOFs). This TON is lower than the value for I of 58,990 shown in Figure 1, which 

was collected under slightly different conditions. We proposed that the TOF for I was inhibited by 

coordination of the hemilabile ether donor and the improved catalyst longevity was insufficient to 

provide an increase in TON over extended reaction times. This suggested that by varying the 

pendant donor and/or the length of the linker between the PNP ligand and the hemilabile donor, it 

would be possible to improve catalytic performance by attenuating the binding strength of the 

pendant arm. Here, the synthesis of iPrPNRP pincer ligands with hemilabile ether, amine, and 

phosphine donors is described (Figure 1c). The ligands were coordinated to Mn because prior 

reports indicate that Mn complexes generate some of the most productive pincer ligated first-row 

transition metal complexes.11d The identity of the hemilabile donor directly impacts catalytic 

performance for CO2 hydrogenation to formate and the additional donor can stabilize the catalyst 

by weakly binding to the Mn center. By carefully selecting the hemilabile substituent and linker 

length, we describe a Mn catalyst that can give a TOF of up to 158,000 h-1 and a TON of up to 

838,000 for CO2 hydrogenation to formate. These are among the highest numbers reported for 

molecular catalysts based on either first-row or precious metals and validate our hypothesis that 

the identity of the hemilabile substituent can be used to improve catalytic performance. We expect 

this general strategy, as well as the ligands described in this work, will be valuable for developing 

improved pincer-ligated catalysts for a variety of transformations. 

 
Results and Discussion 

Synthesis of PNP Ligands with an Additional Hemilabile Donor and Associated Mn Complexes 

Based on our success increasing the lifetime of Fe catalysts for CO2 hydrogenation using the 

iPrPN2OMeP ligand,21 we aimed to synthesize pincer ligands containing different pendant hemilabile 

donors and linker lengths to support complexes with improved catalytic performance. In addition 

to iPrPN2OMeP, we targeted three ligands: (i) MeOCH2CH2CH2N(CH2CH2P
iPr2)2 (iPrPN3OMeP) 

which contains a three-carbon linker between the nitrogen atom of the pincer ligand and the 

hemilabile donor. This was expected to change the binding strength of the hemilabile donor 

compared to iPrPN2OMeP by forming a six instead of a five-membered ring upon coordination of 

the pendant arm. (ii) Me2NCH2CH2N(CH2CH2P
iPr2)2 (

iPrPNNMe2P) which contains an additional 

amine donor. The change in donor was expected to alter the binding strength of the pendant arm 

compared to iPrPN2OMeP. (iii) iPr2PCH2CH2N(CH2CH2P
iPr2)2 (

iPrPNPiPr2P), a previously reported20e 
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symmetric ligand containing three equivalent P donors, which in principle could all bind tightly to 

the metal center. 

Our general synthetic strategy followed a three-step protocol (Figure 2) modified from that 

used previously for iPrPN2OMeP involving:21 (i) an SN2 reaction between diethanolamine and a 

pendant arm precursor containing a chloride leaving group,20d,23 (ii) chlorination of the hydroxyl 

groups with thionyl chloride,20d,23 and (iii) substitution of the chloride groups with PiPr2
− to afford 

the final ligand of the form iPrPNRP.24 A weakness in our previous synthesis of iPrPN2OMeP was the 

low yield in the initial SN2 reaction between 1-chloro-2-methoxyethane and diethanolamine, which 

we improved in this work by altering the reaction conditions.21 This methodology was used to 

successfully prepare iPrPN2OMeP and iPrPN3OMeP in overall yields of 22% and 38%, respectively 

(Figure 2a). 

A slight modification was required in the final step of the synthesis of iPrPNNMe2P (Figure 2b). 

The reaction of the dicationic intermediate A with nBuLi did not lead to the formation of the desired 

free-based amine. Instead, the free amine likely underwent an intramolecular reaction to generate 

an activated piperazine, which reacted further with nBuLi (see SIIIc).25 To prevent this problem, 

LiPiPr2 was used to free-base intermediate A and this led to the formation of iPrPNNMe2P in 31% 

overall yield. iPrPNPiPr2P was synthesized in one step from commercially available 

tris(chloroethyl)amine hydrochloride, nBuLi, and LiPiPr2 (Figure 2c). All the ligands are air 

sensitive and were characterized using multinuclear NMR spectroscopy and high-resolution mass 

 
Figure 2: Syntheses of pendant arm containing pincer ligands. a) iPrPN2OMeP and iPrPN3OMeP, b) iPrPNNMe2P, and c) 
iPrPNPiPr2P. 
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spectrometry (see SIIIa). 

Mn hydrides of the type (iPrPNRP)Mn(CO)2H (1-R) were initially targeted to evaluate the 

catalytic performance of our series of iPrPNRP ligands. Our synthetic route was a modified version 

of the procedure previously used to access the CO2 hydrogenation catalyst (iPrPNMeP)Mn(CO)2H 

(1-Me).26 Initially, our pincer ligands were heated at 100 °C in toluene solutions with Mn(CO)5Br 

to generate (iPrPNRP)Mn(CO)2Br species in good yields (Figure 3a).27 As was observed for related 

PNP-ligated Mn halide complexes without a pendant arm,11e NMR spectral signals for the 

 
Figure 3: a) Synthesis of Mn hydride complexes with PNP pincer ligands with a hemilabile donor.  b) Molecular 

structures of (iPrPN2OMeP)Mn(CO)2Br (left) and (iPrPN3OMeP)Mn(CO)2H (right), 1-3OMe. Ellipsoids at 50%. 

Hydrogen atoms except hydrides are omitted for clarity. Selected bond lengths (Å) and angles (°) for 

(iPrPN2OMeP)Mn(CO)2Br: Mn(1)-P(1) 2.2996(15), Mn(1)-P(2) 2.3000(14), Mn(1)-N(1) 2.226(4), Mn(1)-Br1 

2.5603(10), Mn(1)-C(20) 1.819(9), Mn(1)-C(21) 1.761(6); P(1)-Mn(1)-P(2) 166.66(6), P(1)-Mn(1)-N(1) 

83.52(11), P(1)-Mn(1)-Br(1) 89.82(4), P(1)-Mn(1)-C(20) 89.63(17), P(1)-Mn(1)-C(21) 96.36(17), P(2)-Mn(1)-

N(1) 83.52(11), P(2)-Mn(1)-Br(1) 86.65(4), P(2)-Mn(1)-C(20) 94.71(17), P(2)-Mn(1)-C(21) 96.53(17), N(1)-

Mn(1)-Br(1) 88.21(11), N(1)-Mn(1)-C(20) 95.5(2), N(1)-Mn(1)-C(21) 178.8(2). Selected bond lengths (Å) and 

angles (°) for 1-3OMe: Mn(1)-P(1) 2.2355(10), Mn(1)-P(2) 2.2449(11), Mn(1)-N(1) 2.217(3), Mn(1)-C(1) 

1.770(4), Mn(1)-C(2) 1.753(4); P(1)-Mn(1)-P(2) 163.85(4), P(1)-Mn(1)-N(1) 83.87(8), P(2)-Mn(1)-N(1) 

82.77(8), P(1)-Mn(1)-C(1) 93.32(12), P(1)-Mn(1)-C(2) 95.62(12), P(2)-Mn(1)-C(1) 98.08(12), P(2)-Mn(1)-C(2) 

96.34(13), N(1)-Mn91)-C(1) 100.96(14), N(1)-Mn(1)-C(2) 171.97(15), C(1)-Mn(1)-C(2) 87.07(17). 
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complexes were broad (see SIIIe for an extended discussion). 31P NMR spectroscopy indicated 

that the complexes exist as two isomers with an approximate ratio of 9:1. The isomers of 

(iPrPNRP)Mn(CO)2Br were assigned as differing in the configuration of the Mn-Br bond with 

respect to the substituent on the N donor, either on the same or opposite face of the PNP plane. 

The same isomeric variation was previously described in related pincer Mn complexes.11e,26 Two 

strong CO stretches were observed in the IR spectra of each species and the solid-state structures 

of (iPrPN2OMeP)Mn(CO)2Br, (iPrPNNMe2P)Mn(CO)2Br, and (iPrPNPiPr2P)Mn(CO)2Br were 

determined using X-ray diffraction (see Figure 3b and SI). The complexes display distorted 

octahedral geometries around the Mn center with the iPrPNRP ligand binding in the expected 

meridional fashion. The Br ligand is on the opposite side to the N substituent of the iPrPNRP ligand. 

The geometrical parameters around Mn are comparable among all three complexes and similar to 

related (PNP)Mn(CO)2Br complexes in the literature.11e,26,28 This indicates the identity of the non-

coordinated pendant arm has little inductive or steric impact on the Mn center. 

Reactions of (iPrPN2OMeP)Mn(CO)2Br or (iPrPN3OMeP)Mn(CO)2Br with NaBH4 in a 1:1 mixture 

of THF/EtOH afforded (iPrPN2OMeP)Mn(CO)2H (1-2OMe) or (iPrPN3OMeP)Mn(CO)2H (1-3OMe), 

respectively, in good yields (Figure 3a). However, reactions of (iPrPNRP)Mn(CO)2Br (R = NMe2, 

PiPr2) with NaBH4 led to trapping of the BH3 by-product by the pendant donor and formation of 

(iPrPNR•BH3P)Mn(CO)2H. The borane could be liberated from (iPrPNNMe2•BH3P)Mn(CO)2H via 

reaction with NEt3 to generate the desired product (iPrPNNMe2P)Mn(CO)2H (1-NMe2), but the two 

step-process proved cumbersome. Treatment of (iPrPNPiPr2•BH3P)Mn(CO)2H with NEt3 did not 

result in liberation of BH3. This is consistent with phosphines being a better Lewis base for BH3 

than amines, which was supported by DFT calculations (see SVI). Complexes 1-NMe2 and 

(iPrPNPiPr2P)Mn(CO)2H (1-PiPr2) were successfully prepared using LiBHEt3 as the hydride source 

instead of NaBH4 (Figure 3a). Analysis using 11B NMR spectroscopy confirmed that the BEt3 by-

product does not coordinate to the pendant donor. 

The 1H and 31P NMR spectra of the (iPrPNRP)Mn(CO)2H complexes obtained prior to 

purification exhibit signals for two isomers in various ratios depending on the pendant arm identity. 

Similar to the Mn bromide complexes, these isomers likely differ in the relative orientation of the 

Mn-H bond with respect to the pendant arm. In some cases, such as for 1-2OMe and 1-3OMe, 

crystallization from hexane at −35 °C afforded a single isomer. In the 1H NMR spectra of the 

crystallized complexes, resonances assigned to the Mn hydride were observed at approximately 
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−5 ppm. Interestingly, the NMR spectra of 1-R are sharp in contrast to those of the Mn bromide 

analogues (see SIIIe for further discussion). DFT calculations determined that the isomer with the 

Mn-H bond on the opposite side of the iPrPNP ligand plane as the pendant arm is preferred by 2.1 

kcal mol-1 for 1-2OMe but the isomers are similar in energy for 1-3OMe (see SVI). The IR spectra 

of 1-R display two characteristic CO bands around 1880 and 1805 cm−1. These peaks are shifted 

to lower energy compared to (iPrPNRP)Mn(CO)2Br complexes, consistent with increased electron 

donation from the hydride ligand. The solid-state structures of 1-2OMe and 1-3OMe reveal a 

distorted octahedral geometry about the Mn (Figure 3b and SVII). The complexes have slightly 

shorter Mn-P distances than the bromide analogs, but similar Mn-N and Mn-CO distances. The P-

Mn-P angles in both structures are slightly more acute and the P-Mn-N slightly larger than the 

bromide analogs. The bond distances and angles are similar to those observed in 1-Me,26 again 

suggesting that when the pendant arm is not coordinated, it has minimal effect on the Mn center. 

Our pincer ligands were designed so that the pendant donor could potentially stabilize 

coordinatively unsaturated species during catalysis by coordinating to the metal center. To probe 

the ability of the pendant ether donor to coordinate, 1-2OMe and 1-3OMe were treated with 

lutidinium hexafluorophosphate (Figure 4a). This resulted in the liberation of H2 and the formation 

of the complexes [(4-iPrPN2OMeP)Mn(CO)2][PF6] (2-2OMe) or [(4-iPrPN3OMeP)Mn(CO)2][PF6] 

(2-3OMe). A slight excess of the Mn complex was utilized to aid in purification, as separation of 

residual lutidinium hexafluorophosphate was challenging. Two resonances were observed in the 

31P NMR spectra of 2-2OMe and 2-3OMe. The peaks at 80.38 ppm for 2-2OMe and 76.60 ppm for 

  
 
Figure 4: a) Synthesis of Mn complexes with the pendant arm on the pincer ligand bound. b) Solid-state structure 

of 2-3OMe. Ellipsoids at 35%. Hydrogen atoms, disorder, and the PF6 counterion are omitted for clarity. Selected 

bond lengths (Å) and angles (°) for 2-3OMe: Mn(1)-P(1) 2.310(2), Mn(1)-P(2) 2.303(2), Mn(1)-N(1) 2.181(5), 

Mn(1)-O(3) 2.180(5), Mn(1)-C(1) 1.768(7), Mn(1)-C(2) 1.763(9); P(1)-Mn(1)-P(2) 168.55(8), P(1)-Mn(1)-N(1) 

84.09(17), P(2)-Mn(1)-N(1) 84.64(17), P(1)-Mn(1)-O(3) 92.93(12), P(2)-Mn(1)-O(3) 89.13(13), P(1)-Mn(1)-C(1) 

95.7(2), P(1)-Mn(1)-C(2) 88.4(2), P(2)-Mn(1)-C(1) 95.5(2), P(2)-Mn(1)-C(2) 90.0(2), N(1)-Mn(1)-O(3) 90.4(2), 

N(1)-Mn(1)-C(1) 178.5(3), N(1)-Mn(1)-C(2) 91.7(3), O(3)-Mn(1)-C(1) 91.1(3), O(3)-Mn(1)-C(2) 177.6(3), C(1)-

Mn(1)-C(2) 86.8(3). 
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2-3OMe were assigned to the iPrPNRP ligand, while a peak at −144 ppm was assigned to the PF6 

anion. The IR spectrum showed two strong absorption bands in the CO region, which were blue 

shifted compared to (iPrPNRP)Mn(CO)2Br and 1-R, as expected for a cationic complex. The 1H 

NMR data revealed only slight changes to the chemical shift of the protons associated with the 

pendant methoxy group compared to the starting materials, making it challenging to definitively 

state that coordination of the pendant arm had occurred using NMR spectroscopy. However, the 

solid-state structures of 2-2OMe and 2-3OMe established coordination of the pendant ether arm 

(Figure 4b and SVI). The iPrPN2OMeP or iPrPN3OMeP ligand is bound in a tetradentate (κ4) fashion, 

with the N donor and pendant ether arm each trans to a CO ligand. The change from κ3 to κ4 

coordination mode results in slightly longer Mn-N distances and larger P-Mn-P angles compared 

to (iPrPNRP)Mn(CO)2Br or (iPrPNRP)Mn(CO)2H, although the cationic charge of 2-2OMe or 2-

3OMe complicates the comparison. The bond distances between the Mn and pendant ether donor, 

2.13(3) Å for 2-2OMe and 2.180(5) Å for 2-3OMe, are in the range typically observed for dative 

Mn–O bonds.29 While 2-2OMe was stable in solution and the solid-state for days, 2-3OMe slowly 

converted to the tricarbonyl species [(iPrPN3OMeP)Mn(CO)3][PF6] (3-3OMe, vide infra) and free 

iPrPN3OMeP ligand. This process occurred over days in the solid-state at −35 °C and over hours at 

ambient temperature in C6D6 solution (see SVg). Separation of 2-2OMe and 3-3OMe was difficult 

and consequently, we were unable to isolate 2-3OMe on preparative scale in pure form. These 

observations suggest that the binding of the pendant arm in 2-3OMe is weaker than for 2-2OMe 

and are consistent with the longer Mn–O bond distance in 2-3OMe.  

In 2-2OMe and 2-3OMe, the pendant arm binds in the coordination site formerly occupied by 

the CO ligand trans to the hydride in 1-2OMe and 1-3OMe. This indicates a geometric 

rearrangement accompanies the protonation reaction. Two potential pathways for the 

rearrangement are: (i) protonation could lead to a coordinatively unsaturated cationic five-

coordinate intermediate. Intramolecular rearrangements, such as Berry pseudorotations, are 

typically facile for five-coordinate complexes and this could facilitate the change in the relative 

positions of the ligands. (ii) The protonation reaction could occur selectively from a less 

thermodynamically favored isomer with the pendant arm on the same side of the PNP plane as the 

Mn-H bond. This pathway is less likely because although we observe interconversion between the 

syn and anti-isomers of 1-3OMe (see SVe), this occurs on a slower timescale than the protonation 

reaction. Nevertheless, it is possible that lutidinium increases the rate of isomerization. The exact 
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mechanism for the geometric rearrangement is not clear at this stage, but our observations suggest 

that the pendant donor can coordinate to vacant sites potentially generated on the other side of the 

PNP ligand plane to the unbound pendant arm. 

As described above, the tricarbonyl species 3-3OMe was always observed in samples of 2-

3OMe. Authentic samples of [(iPrPNRP)Mn(CO)3][PF6] (R = 2OMe, 3OMe, Me) were prepared by 

treatment of (iPrPNRP)Mn(CO)2Br with AgPF6 under 1 atm of CO in THF (Figure 5a and SIIIb). 

Notably, related cationic carbonyl species have been proposed as catalyst deactivation products in 

CO2 hydrogenation using iPrPNRP ligated Fe catalysts.16d,21 3-2OMe, 3-3OMe, and 3-Me were 

characterized using NMR and IR spectroscopy (see SIIIb). 3-2OMe was not isolated as a bulk 

material as exposure to vacuum led to CO loss and the formation of 2-2OMe, demonstrating that 

binding of the pendant arm can stabilize the Mn complex following ligand loss. The solid-state 

structures of 3-2OMe (Figure 5b) and 3-Me (see SVII) were determined by X-ray diffraction and 

display similar metrical parameters around Mn to those of 2-2OMe. This is somewhat surprising 

given that iPrPN2OMeP binds in a 4-fashion in 2-2OMe and a 3-fashion in 3-2OMe but is likely 

because both species are six-coordinate cationic complexes.  

 Overall, based on our synthetic results, it is clear that the iPrPNRP pincer ligands with pendant 

donors support Mn hydride complexes analogous to the more widely studied PNP versions without 

additional hemilabile donors. In addition, the hemilabile donors can bind reversibly to Mn, but 

otherwise have minimal steric or electronic impact on the metal center. With this series of 

hemilabile donor pincer Mn complexes in hand, comparative studies of catalytic CO2 

  
Figure 5: a) Synthesis of [(iPrPNRP)Mn(CO)3][PF6] (3-R). b) Solid-state structure of 3-2OMe. Ellipsoids at 50%. 

Hydrogen atoms, disordered atom positions, and the PF6 counterion are omitted for clarity. Selected bond lengths 

(Å) and angles (°) for 3-2OMe: Mn(1)-P(1) 2.3113(9), Mn(1)-P(2) 2.3081(9), Mn(1)-N(1) 2.184(2), Mn(1)-C(1) 

1.848(3), Mn(1)-C(2) 1.785(3), Mn(1)-C(3) 1.831(3); P(1)-Mn(1)-P(2) 166.44(3), P(1)-Mn(1)-N(1) 83.28(7), 

P(2)-Mn(1)-N(1) 83.22(7), P(1)-Mn(1)-C(1) 91.66(10), P(1)-Mn(1)-C(2) 97.03(10), P(1)-Mn(1)-C(3) 88.16(9), 

P(2)-Mn(1)-C(1)90.64(10), P(2)-Mn(1)-C(2) 96.46(10), P(2)-Mn(1)-C(3) 91.06(9), N(1)-Mn(1)-C(1) 94.38(10), 

N(1)-Mn(1)-C(2) 179.69(12), N(1)-Mn(1)-C(3) 92.12(10), C(1)-Mn(1)-C(2) 85.62(12), C(1)-Mn(1)-C(3) 

173.43(12), C(2)-Mn(1)-C(3) 87.88(12). 
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hydrogenation were used to evaluate the role of these ligand alterations toward achieving improved 

first-row metal catalysis. 

 
Catalytic CO2 Hydrogenation to Formate 

The performance of the Mn hydride complexes (1-R) for catalytic CO2 hydrogenation to 

formate was initially investigated under conditions previously studied for the analog without the 

hemilabile substituent, 1-Me (Table 1). In a typical experiment, 0.3 μmol of 1-R was treated with 

1000 psi of 1:1 H2 and CO2 at 80 °C in THF in the presence of 1,8-diazabicyclo[5.4.0]undec-7-

ene (DBU) and lithium triflate (LiOTf). The DBU base improves the thermodynamics of the 

otherwise unfavorable hydrogenation of CO2 to formic acid, and LiOTf acts as a Lewis acid co-

catalyst to aid in formate release from Mn.2a,8k,11e,12d As observed for other first-row metal catalysts, 

the presence of LiOTf is essential to achieve high catalytic productivity (see SIV).11e,12d Catalyst 

1-Me was previously reported as the state-of-the-art Mn system with an aliphatic PNP ligand and 

in our hands achieves turnover numbers of 3,500 after 1h, 17,300 after 24h, and 19,200 after 72h 

with a maximum formate yield of 77% based on DBU (Entry 1). The TON after 1h is the primary 

Table 1: Performance of different Mn catalysts in CO2 hydrogenation to formate.a 

 
Entry Compound TONb (1h) TONb (24h) TONb (72h) Yieldc (%) 

1 1-Me 3500 ± 200 17,300 ± 800 19,200 ± 1300 77 

2 1-2OMe 2000 ± 700 4800 ± 400 6900 ± 900 28 

3 1-PiPr2 800 ± 200 4000 ± 500 8600 ± 700 34 

4 1-NMe2 620 ± 20 9800 ± 200 15,100 ± 500 60 

5 1-3OMe 6100 ± 500 16,200 ± 500 25,100 ± 900 101 
      

6 2-2OMe 1000 ± 100 13,600 ± 700 21,700 ± 800 87 

7 2-3OMe 1400 ± 100 13,500 ± 500 18,800 ± 1100 75 
      

8 3-3OMe 670 ± 90 14,000 ± 1300 NDd NDd 
aReaction conditions: 1000 psi of CO2/H2 (1:1), 0.3 μmol of catalyst in 10 mL of THF, 1.14 g DBU (7.6 mmol), 

750 mg LiOTf (4.8 mmol) at 80 °C. bFormate product was quantified by 1H NMR spectroscopy. Reported values 

are the average of at least two trials. cReported yields are based on a 1:1 ratio of DBU:formate after 72h. Yields 

above 100% are possible as DBU can stabilize more than one formate ion via homoconjugation. dNot determined. 
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indicator of the rate of catalysis, as there is likely minimal catalyst decomposition at this early 

stage, thus this value provides an approximate TOF. The ~10% increase in TON after 24h shows 

that 1-Me maintains some activity after 1 day, which is in stark contrast to the related Fe complex 

(iPrPNMeP)FeH(κ1-BH4)(CO) (II) which ceases activity after 3h under similar conditions.21 

Nevertheless, catalyst decomposition remains a major limitation for 1-Me. 

 The introduction of the pendant arm in complexes of the type 1-R has a profound and varied 

impact on catalytic CO2 hydrogenation (Entries 2-5). TONs after 1h range from just 620 in the 

case of 1-NMe2 to 6,100 for 1-3OMe, which is approximately 60% greater than for 1-Me. Further, 

there is considerable variation in the TONs achieved after 72h. 1-2OMe gave a TON of only 6,900, 

corresponding to a 28% yield, while 1-3OMe, which contains only a single extra methylene group 

in the linker to the pendant donor, gave a TON of 25,100, corresponding to a yield of 101%. Yields 

over 100% based on DBU have been observed in previous systems and has been attributed to DBU 

stabilization of more than one formate ion via homoconjugation/homoassociation, an interaction 

between [HDBU]+ and formate through hydrogen bonds. This is again superior performance to 1-

Me. It is notable that the 1-R catalysts with a pendant arm show a significant increase in TON 

between 24h and 72h, a feature not observed for 1-Me. In the case of 1-PiPr2, formate production 

more than doubled over this period, while the minimum increase in TON was 30% for 1-2OMe. 

Entries 1-5 indicate that while the hemilabile substituent on the iPrPNRP ligand has variable 

influences on the TOF and TON for CO2 hydrogenation, the incorporation of the pendant arm 

consistently leads to improved catalyst lifetimes. 

One hypothesis for the improved lifetimes observed for complexes with pendant arms is that 

coordination of the hemilabile donor results in the formation of off-cycle species, similar to 2-R, 

which can reversibly reenter the catalytic cycle. This may slow bimetallic catalyst decomposition 

by maintaining lower concentrations of coordinatively unsaturated Mn species in solution. To 

probe the role of species with the pendant arm bound in catalysis, we evaluated the catalytic 

performance of 2-2OMe and 2-3OMe (Entries 6 & 7). When 2-2OMe was used as a precatalyst, a 

lower TON was observed after 1h compared to 1-2OMe, but significantly increased turnovers after 

24h and 72h. In fact, after 72h a yield of 87% was observed, which is superior to 1-Me. These 

results conclusively demonstrate that 2-2OMe can enter the catalytic cycle and are consistent with 

it being an off-cycle resting state that protects the Mn center from deactivation but lowers initial 

TOF. 2-3OMe is also catalytically active but gives a lower TON than 1-3OMe at all time points 
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with the difference being most pronounced at 1h. These results suggest that 2-3OMe is not a 

significant resting state for 1-3OMe, although transient pendant arm binding could still aid in 

catalysis with 1-3OMe by inhibiting deactivation of the catalyst. However, the instability of 2-

3OMe towards isolation complicates this analysis as at least 10% conversion of 2-3OMe to 3-

3OMe occurs before conducting catalysis. Therefore, decomposition of 2-3OMe to 3-3OMe may 

also influence the relative catalytic performance (vide infra). Still, the different catalytic 

performances observed for 2-2OMe and 2-3OMe reinforce that even small changes to the pendant 

arm can have significant effects on catalysis and suggest that further optimization of the pendant 

arm could result in additional improvement. 

In CO2 hydrogenation using (iPrPNMeP)Fe(CO)H2 (II), the Fe catalyst is proposed to undergo 

bimetallic decomposition involving the transfer of carbonyl ligands to generate catalytically-

inactive species such as (iPrPNMeP)Fe(CO)2 and [(iPrPNMeP)FeH(CO)2]
+, along with free ligand and 

metallic Fe.12d,16d The observation of 3-3OMe as a contaminant in the synthesis of 2-3OMe 

suggests that Mn complexes undergo similar bimetallic decomposition. However, in contrast to 

the dicarbonyl Fe complexes, 3-3OMe is catalytically active for CO2 hydrogenation (Entry 8). 3-

3OMe produced significantly less formate after 1h compared to 1-3OMe but achieved only a 

slightly lower TON after 24h. This suggests that at least one CO ligand in 3-3OMe is labile, which 

allows access to an on-cycle species. Even though the formation of 3-3OMe in catalysis would 

likely require decay of a second equivalent of Mn complex (due to the need for another equivalent 

of CO), the fact that 3-3OMe is catalytically active is likely a significant advantage of using PNP-

ligated Mn catalysts over related Fe systems.  
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Given that 1-3OMe achieved essentially full conversion after 72h under our standard 

conditions, we performed experiments at lower catalyst loading (Table 2). To achieve high yields 

at lower catalyst loading, increased temperature was required, as well as a change in the ratio of 

the CO2 to H2 feedstock gas from 1:1 to 1:3 (see SIV for optimization). At 0.030 and 0.015 μmol 

loading of Mn (Entries 1 and 2), the yields of formate were 97 and 89%, respectively. This 

corresponds to TONs of 242,000 and 443,000, respectively. We were able to achieve a maximum 

TON of 838,000 at 0.003 μmol Mn loading, which equates to 34% yield (Entry 3). Further 

experiments were performed at 0.015 μmol loading of Mn because this was the lowest loading at 

which high conversion was obtained. After 1h, a TOF of 158,000 was achieved, demonstrating 

that 1-3OMe has exceptional activity, as well as productivity (Entry 3). The higher TOF at lower 

catalyst loading is consistent with the catalyst decomposing via a process that is greater than first 

order in [Mn]. Two experiments were performed to provide evidence for homogeneous catalysis. 

When a reaction was performed with a drop of Hg, the TON after 72h is within error as the TON 

with no Hg present (Entry 4). Similarly, a reaction performed with a sub-stoichiometric amount of 

exogeneous PMe3 did not significantly impact the TON (Entry 5). Finally, at 0.015 μmol Mn 

loading, the control complex 1-Me containing a pincer ligand without a pendant arm gave only 

166,000 turnovers after 72h (see SIV), again demonstrating the significant beneficial impact of the 

pendant arm on catalytic performance. 

The TON observed for 1-3OMe makes it the most productive well-defined first-row transition 

metal catalyst for CO2 hydrogenation to formate, notwithstanding the challenges associated with 

Table 2: Optimization of 1-3OMe in CO2 hydrogenation to formate.a 

 
Entry [Mn] (μmol) TONb (1h) TONb (72h) Yieldc (%) 

1 0.030  242,000 ± 22,000 97 

2 0.015 158,000 ± 32,000 443,000 ± 48,000 89 

3 0.003  838,000 ± 69,000 34 

4d 0.015  482,000 97 

5e 0.015  496,000 99 
aReaction conditions: 1000 psi of CO2/H2 (1:3), X μmol of 1-3OMe in 10 mL of THF, 1.14 g DBU (7.6 mmol), 

750 mg LiOTf (4.8 mmol) at 110 ºC. bFormate product was quantified by 1H NMR spectroscopy. Values with esd 

are the average of at least two trials. cReported yields are based on a 1:1 ratio of DBU:formate after 72h. dWith Hg 

drop added. eWith 0.0075 μmol PMe3 added. 
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comparing catalysts under different conditions. For comparison, a maximum TON of 31,600 was 

reported for a Mn complex supported by a pyridine-based PNNNP ligand (III, Figure 1b) in 

THF/H2O at 100 °C using DBU and LiOTf as an additive at 0.2 μmol catalyst loading12 and a 

related Mn complex supported by a more complicated triazene-based PNNNP ligand (IV, Figure 

1b) achieves a TON of 230,000 in THF/H2O at 115 °C using lysine as a base/additive at 0.02 μmol 

loading.13 The only reported first-row transition metal system that gives a higher TON than 1-

3OMe is formed by in situ mixing of a Ni salt with a tridentate phosphine ligand and the nature of 

the active catalyst is unclear.14d In fact, 1-3OMe is more productive than all but one precious metal 

system for CO2 hydrogenation to formate (see SI for a comprehensive list) and is unusual because 

it gives both high yields and TONs. The TOF of 1-3OMe is also exceptional compared to other 

homogeneous systems and surpasses even the best precious metal systems. Further, we suggest 

that the strategy of incorporating an additional pendant donor into a pincer ligand could increase 

the TON of many of the catalysts featuring pincer ligands where bimolecular catalyst 

decomposition is proposed.16d Hence, 1-3OMe represents not only a highly productive catalyst but 

also provides proof-of-principle for a potentially general approach for designing improved pincer-

ligated catalysts. 

 
Mechanistic Studies of CO2 Hydrogenation to Formate 

The exceptional performance of 1-3OMe motivated additional examination of the mechanism 

for CO2 hydrogenation and the features that most impact catalyst productivity. More detailed 

mechanistic knowledge could also provide understanding of the trends in CO2 hydrogenation 

observed for catalysts supported with pincer ligands containing different pendant arms (Table 1). 

Based on previous studies using 1-Me,11e we propose that the first step in catalysis with 1-3OMe 

is CO2 insertion into the Mn hydride to form a formate complex. Consistent with this hypothesis, 

exposure of 1-3OMe to 1 atm of CO2 in THF-d8 leads to the quantitative formation of the formate 

complex (iPrPN3OMeP)Mn(CO)2{OC(O)H} within 15 minutes at ambient temperature (Figure 6). 

Similar reactivity was observed with 1-2OMe. Under ambient conditions 1-3OMe does not react 

with base or H2 individually (see SV), providing further support to a first step involving CO2 

insertion. (iPrPN3OMeP)Mn(CO)2{OC(O)H} could not be isolated as decarboxylation occurs upon 

exposure to vacuum to regenerate 1-3OMe. This near thermoneutrality of CO2 insertion is likely a 

benefit in catalysis as it avoids the formation of an overly thermodynamically stable formate 

complex, which is less likely to undergo further reactions. It is notable that 
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(iPrPNMeP)Mn(CO)2{OC(O)H}, which lacks a hemilabile donor, is isolable,11e suggesting that CO2 

insertion into 1-Me is more thermodynamically favorable. This decreased thermodynamic 

favorability of CO2 insertion into 1-3OMe likely contributes to the increase in TOF observed for 

1-3OMe compared to 1-Me. 

In THF solution at ambient temperature under a CO2 atmosphere, (iPrPN3OMeP)Mn(CO)2-

{OC(O)H} is stable for days. The addition of LiPF6 produces 2-3OMe and a precipitate which is 

likely lithium formate (Figure 6). In contrast, there is no reaction when (iPrPNMeP)Mn(CO)2-

{OC(O)H} is exposed to LiPF6 (see SVc), demonstrating that the pendant arm can facilitate unique 

reactivity and possibly enhance the influence of Lewis acidic additives. While 2-3OMe does not 

react with DBU or 1 atm of H2 individually, addition of 1 atm of H2 and DBU to 2-3OMe generates 

the syn-isomer of 1-3OMe immediately at room temperature (Figure 7). In the syn-isomer, which 

is not observed after crystallization of 1-3OMe and is therefore thermodynamically disfavored, the 

hydride is on the same face of the Mn as the pendant arm. This suggests that when exposed to H2, 

2-3OMe is in equilibrium with the syn-isomer of a Mn dihydrogen complex.16d The equilibrium 

favors 2-3OMe, but addition of base results in deprotonation of the bound H2 and the formation of 

syn-1-3OMe, which isomerizes over time to anti-1-3OMe (see SVd). In comparison, the addition 

of 1 atm of H2 and DBU to 2-2OMe formed syn-1-2OMe, but the reaction took significantly longer 

with only ~10% conversion after 6 hours. This suggests that the equilibrium between 2-2OMe, H2, 

and a molecular H2 complex favors 2-2OMe more so than 2-3OMe, demonstrating that linker 

length and resulting chelating ring size can impact elementary steps relevant to catalysis. These 

 
Figure 6: Stoichiometric CO2 insertion and formate loss from 1-3OMe.  
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observations suggest a pathway for 2-2OMe and 2-3OMe to enter the catalytic cycle and agree 

with the higher TOF in catalysis using 2-3OMe as a precatalyst compared to 2-2OMe. 

To gain insight into the speciation of Mn during catalysis, NMR studies were performed under 

modified catalytic conditions. Upon addition of 1 atmosphere 1:1 CO2/H2, 30 equiv DBU, and 3 

equiv LiOTf to a solution of 1-3OMe in THF-d8 at 60 °C, immediate conversion to the formate 

species (iPrPN3OMeP)Mn(CO)2{OC(O)H} was observed. After 1h, (iPrPN3OMeP)Mn(CO)2-

{OC(O)H} was observed as the major species in the 31P NMR spectrum, along with 3-3OMe and 

free ligand. The gradual growth of [HDBU+][HCOO−] was observed in the 1H NMR spectrum 

along with a white precipitate presumed to contain formate salts of [HDBU+] and [Li+], consistent 

with catalysis occurring (see SVf). Similar results were observed when we monitored catalyst 

speciation using 2-3OMe as the precatalyst, except the quantity of 3-3OMe was significantly 

higher, perhaps due to the instability of 2-3OMe. Finally, in a reaction using 3-3OMe as the 

precatalyst, (iPrPN3OMeP)Mn(CO)2{OC(O)H} and 3-3OMe were observed, providing further 

support that one CO ligand in 3-3OMe is labile. Taken together these results demonstrate that 

(iPrPN3OMeP)Mn(CO)2{OC(O)H} is the major catalyst resting state using 1-3OMe or 2-3OMe 

under our modified conditions. This suggests that even though the pendant arm may be able to 

slow catalyst decomposition by inhibiting the formation of the coordinatively unsaturated species 

via transient binding, the pendant arm does not bind sufficiently tightly to inhibit catalysis by 

shifting the Mn to an off-cycle resting state. Presumably, this is a major reason for the exceptional 

performance of 1-3OMe. Further, the fact that similar catalyst speciation is observed starting with 

1-3OMe or 2-3OMe is consistent with their comparable catalytic performance at 24h, especially 

when the instability of 2-3OMe is considered. 

Several stoichiometric experiments suggest that the binding of the two-carbon linked pendant 

arm in 2-2OMe is more favored than binding of the three-carbon linked pendant arm in 2-3OMe 

(vide supra). When catalyst speciation was monitored using 1-2OMe or 2-2OMe as (pre)catalysts 

in trials under the modified catalytic conditions, both the formate complex and 2-2OMe were 

 
Figure 7: Formation of 1-3OMe from 2-3OMe under catalytically relevant conditions. 
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observed at 1h (see SVf). This indicates that some of the Mn is in an off-cycle form with the 

pendant arm coordinated, which could explain the lower catalytic performance of 1-2OMe 

compared to 1-3OMe. Further, the improved catalytic performance of 2-2OMe compared to 1-

2OMe at extended reaction times is consistent with a bimetallic catalyst decomposition pathway, 

as the concentration of coordinatively saturated species in solution is lower since a portion of Mn 

is sequestered as 2-2OMe.  

Our proposed mechanism for 1-2OMe and 1-3OMe catalyzed CO2 hydrogenation to formate 

is shown in Figure 8. Initially, CO2 inserts into the Mn–H bond in 1-R to generate a Mn formate 

complex. Subsequently, formate displacement assisted by Li+ from (iPrPNRP)Mn(CO)2{OC(O)H} 

forms a Mn molecular hydrogen complex. The molecular hydrogen complex is in equilibrium with 

an off-cycle species 2-R, where the pendant arm displaces the bound H2 molecule. This 

equilibrium is highly dependent on the identity of the pendant arm, with the two-carbon linker in 

1-2OMe exhibiting a greater preference for pendant arm coordination than the three-carbon linker 

in 1-3OMe. Finally, deprotonation of the molecular hydrogen complex with DBU regenerates 1-R 

to close the cycle. The formate displacement step is likely the turnover limiting step on the cycle, 

although during the reaction some Mn can accumulate in the form of the off-cycle species 2-R in 

cases where pendant arm binding is thermodynamically favorable. Both 

(iPrPNRP)Mn{OC(O)H}(CO)2 and 2-R were observed as the resting states during catalytic trials 

monitored by NMR spectroscopy. This analysis is also supported by DFT calculations (vide infra). 

Formate displacement is also proposed to be the turnover limiting step in many other PNP-

supported catalysts. It is notable that the cycle does not require any steps involving metal-ligand 

cooperativity, which has previously been proposed as crucial for CO2 hydrogenation.5b,30  

Commented [JW4]: Include refs here 
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 The major difference between the mechanism proposed for ligands with a pendant arm 

compared to that previously proposed for 1-Me is the potential formation of the off-cycle species, 

2-R, with the pendant arm bound.11e Given that decomposition of the catalyst likely occurs at least 

partially through the formation of coordinatively unsaturated species of the type [(κ3-

iPrPNRP)Mn(CO)2)]
+, the proposed mechanism explains the increased catalyst longevity observed 

for systems containing an additional donor on the pincer ligand. The ability of the pendant arm to 

bind reduces the concentration of [(κ3-iPrPNRP)Mn(CO)2)]
+, resulting in slower deactivation. DFT 

calculations show that the energy required to access [(κ3-iPrPNRP)Mn(CO)2)]
+ from 

[(iPrPNMeP)Mn(CO)2(H2)]
+ by loss of H2

 is only 1.8 kcal mol-1 uphill. In contrast, decoordination 

of the pendant arm in 2-3OMe is 7.0 kcal mol-1 uphill confirming that it will be harder to access a 

coordinatively unsaturated complex with the iPrPN3OMeP ligand (see SVI).  

The mechanism shown in Figure 8 assists in rationalizing the trends in catalytic CO2 

hydrogenation performance based on the identity of the hemilabile substituent of the pincer ligand 

(Table 1, Entries 1-5). At extended reaction times (24h) the performance of the Mn hydride 

catalysts 1-R should be influenced by two factors: (i) the relative equilibrium between a complex 

with a pendant arm bound in 2-R and a Mn molecular hydrogen complex, and (ii) the amount of 

catalyst that has decomposed. This assumes minimal involvement of the pendant arm in on-cycle 

 
Figure 8: Proposed mechanism for CO2 hydrogenation using 1-2OMe and 1-3OMe. Only the thermodynamically 

preferred isomer is shown for all species. 
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steps in catalysis. Factor (i) partially controls the amount of Mn available to produce formate and 

the amount of Mn sequestered off-cycle. DFT calculations were used to compare the 

thermodynamic energy required to convert 2-R and H2 to the on-cycle Mn molecular hydrogen 

complex [(iPrPNRP)Mn(CO)2(H2)]
+, as either the syn or anti-isomers (Table 3, SVI). It is most 

challenging to displace the pendant donor for 2-2OMe and 2-NMe2. This is consistent with the 

poor relative performance of these catalysts after 24h as the pendant arm coordinated species 

cannot readily reenter the catalytic cycle. However, the excellent catalytic performance of 2-2OMe 

after 24h indicates that a slower rate of formate production due to a lower concentration of on-

cycle Mn species may be balanced over time by a reduction in catalyst deactivation. While 

complexes of the type 1-R are relatively stable in solution, heating a C6D6 solution of 

(iPrPNRP)Mn(CO)2{OC(O)H} (R = OMe, CH2OMe) in an NMR tube at 55 °C showed the growth 

of an unknown species at 50 ppm (see SVg). This observation along with the comparative catalytic 

trials between 1-2OMe and 2-2OMe suggest that there is a decomposition pathway that does not 

involve the formation of 2-2OMe. Over extended reaction times, the limitations in the catalytic 

performance of 1-2OMe appear more dependent on its rate of decomposition while on-cycle (factor 

(ii)) rather than on the relatively strong binding of the arm compared to H2 coordination (factor 

(i)).  

For 2-3OMe, displacement of the pendant arm by H2 is calculated to be slightly easier than for 

2-2OMe and 2-NMe2, which provides some rationale for its excellent catalytic performance. 

Presumably pendant arm displacement is easier in 2-3OMe because the six-membered ring formed 

from pendant arm binding is less favored than the five-membered rings formed from pendant arm 

Table 3: Calculated energy for conversion of arm-bound species to molecular H2 complex. 

 
Entry Compound Calculated G (kcal/mol) for 

arm displacement by H2
a 

Calculated G (kcal/mol) 

for syn to anti isomerization 

1 2-2OMe 5.0 0.1 

2 2-PiPr2 −0.3 0.3 

3 2-NMe2 3.6 −0.4 

4 2-3OMe  1.3 −2.2 
aCalculations were performed with the Gaussian16 software package using the M06l functional, LanL2DZ basis 

set for Mn, 6-31+G** for other atoms, and the CPCM solvent model (THF). See SVI for details. The energy of 

free H2 was included to balance stoichiometry.  



21 

 

binding in 2-2OMe and 2-NMe2. Notably, formation of the anti-isomer of 

[(iPrPN3OMeP)Mn(CO)2(H2)]
+ from 2-R and H2 is calculated to be thermodynamically downhill. 

However, presumably there is no direct pathway for the formation of anti-

[(iPrPN3OMeP)Mn(CO)2(H2)]
+ from 2-3OMe and H2, as we see no reaction between 2-3OMe and H2 

experimentally. Nevertheless, these results agree with 2-3OMe not being the resting state in 

catalysis with 1-3OMe. For 2-PiPr2, displacement of the arm by H2 is calculated to be slightly 

thermodynamically downhill which implies that the relatively poor catalytic performance of 1-

PiPr2 is not related to strong binding of the pendant arm. Steric factors likely make the binding of 

the extra PiPr2 group in iPrPNPiPr2P unfavorable despite the expected stronger σ-donation from the 

phosphine. Indeed, when calculations were performed using the hypothetical ligand iPrPNPMe2P, 

which features a pendant phosphine donor bearing methyl substituents, coordination of the pendant 

arm was highly favorable (see SVI). The presence of three phosphine donors in iPrPNPiPr2P may 

also result in alternative speciation of the catalyst. For example, it is possible that the ligand can 

bind through three P donors without the central N donating, which has been reported in Fe 

complexes.20e,31 Due to the poor overall performance of 1-PiPr2, this was not explored further. 

One aspect of the catalytic performance of our different systems that is challenging to fully 

rationalize is the initial activity after 1h (Table 1). At this early reaction time, catalyst 

decomposition of 1-R is likely less significant and the initial activity is a combination of two 

factors: (i) the ability of formate in (iPrPNRP)Mn(CO)2{OC(O)H} to be displaced from the Mn 

center by H2, and (ii) the tendency of the catalyst to form the off-cycle species 2-R. Comparing 

the calculated thermodynamic energy for the conversion of (iPrPNRP)Mn(CO)2{OC(O)H} to 

[(iPrPNRP)Mn(CO)2(H2)]
+ provides an estimate of the difficulty for formate release (Table 4). This 

process is likely irreversible as formate salts precipitate out of solution. The data shows that the 

energy required for formate displacement is similar for all complexes except for 

(iPrPN3OMeP)Mn(CO)2{OC(O)H}. In this case, formate displacement is significantly easier (~2 

kcal mol-1), which may explain the high initial activity of 1-3OMe. It is unclear exactly why 

formate displacement is easier for (iPrPN3OMeP)Mn(CO)2{OC(O)H}. In contrast, given that the 

energy required for formate displacement from all other complexes is calculated to be similar, 
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thermodynamic factors do not explain the large differences in initial activity for these systems.  

Further work is required to understand this phenomenon. In general, the complexity of the catalytic 

systems makes fully rationalizing the observed trends with different ligands difficult but our 

relatively simple analysis explains many of the key observations. To completely model the 

observed catalytic performance detailed knowledge of all the catalytic intermediates and 

decomposition pathways, as well as relative rates is required. This information is challenging to 

obtain experimentally but will be explored using kinetic simulations based on DFT calculations in 

future work. 

 
Conclusions 

In this work, we prepared iPrPNRP pincer ligands with an additional hemilabile pendant ether, 

amine, or phosphine donor. These ligands were used to support Mn hydride catalysts for the 

hydrogenation of CO2 to formate. Comparative catalytic studies, combined with mechanistic 

studies, reveal that the hemilabile donor identity strongly impacts catalyst performance. All 

complexes containing a pincer ligand with an additional hemilabile donor display improved 

catalytic lifetimes in comparison to a control complex containing a more widely used pincer ligand 

without a pendant donor. The improved catalytic performance is likely due to the hemilabile 

coordination which inhibits catalyst decomposition routes that occur via coordinatively 

unsaturated species. However, the strength of binding of the hemilabile ligand is crucial in 

Table 4: Calculated energy for conversion of formate complex to molecular hydrogen complex. 

 
Entry Ligand Calculated G (kcal/mol) for 

H2 displacement of formatea 

1 iPrPNMeP 23.3 

2 iPrPN2OMeP 23.4 

3 iPrPNPiPr2P 23.6 

4 iPrPNNMe2P 23.7 

5 iPrPN3OMeP 21.4 
aCalculations were performed with the Gaussian16 software package using the M06l functional, LanL2DZ basis 

set for Mn, 6-31+G** for other atoms, and the CPCM solvent model (THF). See SVI for details. The energy of 

free H2 and formate were included to balance stoichiometry. Modelling formate in solution is challenging and 

hence the absolute energies presented here are not significant, but the trends are likely important.  
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determining catalyst activity and productivity. If the hemilabile ligand binds too tightly, as is the 

case for iPrPN2OMeP and iPrPNNMe2P, the catalyst resting state is partially an off-cycle species with 

the arm bound, and this leads to a decrease in catalytic activity. In the case of the iPrPN3OMeP ligand, 

arm binding is less favored and the catalyst resting state remains an on-cycle species, though 

transient arm binding likely still inhibits catalyst decomposition. Consequently, 

(iPrPN3OMeP)Mn(CO)2H is one of the most active and productive catalysts reported for 

CO2 hydrogenation to formate. It gives a TOF of up to 158,000 h-1 and a TON of up to 838,000, 

which are comparable with even the best precious metal catalysts.  

Overall, our work demonstrates that the incorporation of an additional hemilabile arm on 

pincer ligands can significantly improve catalytic performance. We expect that this general 

strategy could apply to a plethora of other pincer ligands, for instance PNP ligands with a central 

pyridine donor, and to reactions beyond CO2 hydrogenation. For example, improved catalytic 

performance will likely be observed in related reactions such as ester and amide formation and 

dehydrogenation reactions, which proceed via similar mechanisms. The key is to control the 

strength of the binding of the additional donor to facilitate catalyst stabilization, without creating 

an off-cycle resting state. Further work in our laboratories will focus on applying the use of 

catalysts containing pincer ligands with additional hemilabile donors to other reactions. 

 
Methods 

Synthesis of 1-3OMe. In a 4 dram vial, (iPrPN3OMeP)Mn(CO)2Br (98 mg, 0.17 mmol) was 

dissolved in THF (5 mL) to form a yellow solution. NaBH4 (20 mg, 0.53 mmol) was added along 

with EtOH (5 mL). Gas evolution was observed. The reaction was stirred overnight then filtered 

and dried under vacuum. The product was extracted into hexane (20 mL), the solution was filtered, 

then dried under vacuum to afford yellow solids of 1-3OMe as predominantly the anti-isomer (72 

mg, 86%). Yellow crystals of the anti-isomer suitable for X-ray diffraction were grown from a 

concentrated Et2O solution at -35 °C. 

Representative Procedure for CO2 Hydrogenation to Formate. In a glovebox under a 

nitrogen atmosphere, a glass liner suitable for a 50 mL Parr reactor base was charged with LiOTf 

(750 mg, 4.8 mmol), DBU (1.14 g, 7.5 mmol), 10 mL of ketyl-dried THF, and Mn catalyst as a 

stock solution in ketyl-dried THF (ca. 0.01 μM, 0.3 μmol). The glass liner was placed into the Parr 

reactor base, the ring collar was assembled, and the vessel was sealed. The reactor was removed 

from the glovebox and pressurized sequentially with 500 psi of CO2 followed by 500 psi of H2 at 
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ambient temperature. Over the course of 10 minutes, the reactor was heated to 80 C and 

mechanically stirred for the desired length of time. The reaction was stopped by removing the 

reactor from the heating mantle and cooling for 30 minutes in an ice bath. The reactor was then 

vented and the reaction solution and solid residue was transferred to a 100 mL round-bottomed 

flask, using H2O or D2O to dissolve the solid products. Using 100 μL of DMF as an internal 

standard, the formate product was quantified by 1H NMR spectroscopy. 

Further details regarding the methods can be found in the supplemental information. 
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