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Guanidine-based biomimetic hydrides for carbon
dioxide reduction†

Junbo Chen, ab Haibo Yu, ab Davin Tan *cd and Richmond Lee *ab

The feasibility of various bespoke guanidine-based compounds as

biomimetic hydrides were assessed by Density Functional Theory

(DFT). The results predicted that tricyclic pentanidine hydrides are

viable candidates to reduce CO2 to HCOO� and be regenerated

electrochemically, demonstrating a recyclable and sustainable

method to achieve metal-free electrochemical reduction of CO2.

One of the main carbon capture storage and utilization (CCSU)
strategies to reduce atmospheric CO2 and mitigate climate
change is the direct sequestration and use of CO2 as a chemical
feedstock to create high-value products.1 The most direct reac-
tion is the molecular reduction of gaseous CO2 into liquid
formic acid or formates (HCOO�) which can be achieved using
molecular H2,2,3 and hydrides (H�) such as metal-hydrides,4 or
organo-hydrides.5 The use of transition metal-based hydrides is
also not ideal due to their inherent toxicity and general
inavailability.6 While metallic heterogeneous catalysts are reac-
tive and highly capable of transforming CO2, a variety of
products can be formed and selectivity could be an issue.7,8

Metal-free organohydrides such as organo-boranes and organo-
silanes are also promising, but the main issue is that they are
generally employed as single-use sacrificial reagents and lack
ease in regenerating the reduced hydride in a circular manner.
To this end, biomimetic hydrides might be a better option.

By mimicking the reduced nicotinamide adenine dinucleo-
tide (NADH), nicotinamide adenine dinucleotide phosphate
(NADPH) and flavin adenine dinucleotide (FADH) systems in

the citric acid cycle during photosynthesis,9 biomimetic
hydrides such as Hantzsch esters10,11 can act as transfer
hydrogenation reagents to efficiently reduce CQC, CQN and
CQO bonds in a circular manner (Scheme 1 top) by regenerat-
ing the oxidized pyridine back to the Hantzsch ester using H2

12

or by proton-coupled electron transfer (PCET) process.13

Recently, the groups of Glusac,14,15 Musgraves16,17 and
Ostojić,18 explored the use of benzimidazoles and diazapho-
spholenes as biomimetic hydrides to reduce CO2 through
computational and experimental studies (Scheme 1 middle).
These systems are NADH analogues, whose reactivity are largely
based on the amidine or amidine-like moiety. Inspired by these
works, we wanted to explore if guanidine or guanidinium19–22

Scheme 1 Biomimetic hydrides such as the commonly used Hantzsch
esters, benzimidazole and pentanidine systems. R = alkyl group. Below:
n–s* hyperconjugative effects for amindine- and guanidine-based
organohyrdrides.
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can perform as efficiently as Hantzsch esters or biomimetic
hydrides (Scheme 1 bottom). Guanidines are well known
superbases used in many organic transformations and impor-
tantly in this context were investigated to activate CO2 by
forming guanidine–CO2 adduct,23,24 but less known is the fact
that the central carbon of the Y-shaped CN3 moiety of guani-
dinium cations is highly electrophilic and is a suitable hydride
acceptor used as n-type dopant in thermoelectrics.25 Herein, we
report a density functional theory (DFT) study to interrogate the
feasibility of guanidine-based compounds (guanidines and
pentanidines) as organic biomimetic hydrides for CO2

reduction and this has not been reported to the best of our
knowledge. The DFT model predicts a kinetically accessible and
thermodynamically favourable metal-free pathway to obtain
value-added HCO2

� from CO2, whereby the guanidine-based
hydrides can be regenerated electrochemically from the guani-
dinium cations via a stepwise e� + H+ + e� pathway, demon-
strating a sustainable and carbon-neutral strategy for energy
and chemical applications.

A series of acylic, mono-cyclic, bi-cylic and tri-cyclic
guanidine-based hydrides were first modelled using DFT with
a benchmarked functional and the computational data were
focussed on two aspects: the extrapolated Gibbs energy of
thermodynamic hydricity, DGH�, for YH " Y+ + H� (see ESI†
Scheme S1 for derivation) and the Gibbs energy barrier for the

CO2 reduction to formate by the organohydride (DGzCO2
). These

values for the screened organohydrides are summarized in

Table 1. Initial calculations involved modelling the previously
studied benzimidazole system (1a) using the oB97XD/6-31+
G(d,p)/CPCM(MeCN) level of theory. The calculated DGH� for 1a

is 41.3 kcal mol�1 and its DGzCO2
is 26.5 kcal mol�1. Since 1a was

reported to work experimentally, the energy parameters obtained
from computational screening of guanidine hydrides will be
compared, and energy values calculated to be lower than that of
1a would be a good guide to establish any potentially viable
biomimetic hydrides. We also modelled two additional imidazolic
hydrides that can be achieved synthetically, namely 1b and 1c, to
investigate whether any variation in the 2-position of the imida-

zole moiety would affect its DGH� or DGzCO2
. Truncating the

methyl group to H (1b) or substituting it to a larger phenyl group

(1c) gave higher DGH� and DGzCO2
. The calculations now focussed

on a series of guanidine-based hydrides which theoretically would

have better DGH� and DGzCO2
due to negative hyperconjugation of

the three N lone pairs into the anti-bonding orbital of the C�H
bond (Scheme 1).26,27

The first series of guanidine-based hydrides were based on a
five-membered mono-cyclic guanidines, whereby both N atoms
of the cyclic guanidines are methylated, and the substituent of
the remaining acyclic N is varied, namely unsubstituted phenyl
(2), p-methoxy-phenyl (3), p-fluoro-phenyl (4), methyl ester (5)
and methylated (6). For this series, compounds 2–6 had calcu-
lated DGH� in the range of 38.4–50.5 kcal mol�1, which if
compared to 1 is higher. Having electron withdrawing groups

Table 1 Calculated hydricity (DGH�, kcal mol�1), CO2 barrier (DGzCO2
, kcal mol�1), reaction Gibbs energy (DGrxn, kcal mol�1), relative strain (DEzstrain, kcal mol�1),

interaction (DEzint, kcal mol�1), activation (DEzact, kcal mol�1), 1st electron transfer reduction potential (E�
Rþ=R� , V vs. Fc+/Fc) and reduction Gibbs energy

(DG�
Rþ=R� , kcal mol�1) of 1–30

DGH� DGzCO2
DGrxn DEzstrain DEzint DEzact E�Rþ=R� DG�Rþ=R� DGH� DGzCO2

DGrxn DEzstrain DEzint DEzact E�Rþ=R� DG�Rþ=R�

1a 41.3 26.5 �2.4 37.2 �16.9 20.3 �2.65 61.1 15 22.5 22.5 �19.2 30.6 �15.3 15.3 �3.26 75.2
1b 44.4 27.1 0.3 38.3 �17.0 21.3 �2.49 57.4 16 27.3 23.8 �14.6 31.6 �15.2 16.4 �2.97 68.6
1c 45.6 28.5 1.3 40.1 �18.2 21.9 �2.29 52.7 17 26.8 23.0 �15.0 31.0 �15.3 15.7 �2.96 68.4
2 42.9 29.1 �1.0 41.8 �20.1 21.7 �2.71 62.6 18 26.6 22.7 �15.2 30.5 �14.3 16.2 �3.17 73.1
3 41.6 28.9 �2.2 40.4 �20.0 20.4 �3.53 81.5 19 18.8 21.2 �22.0 27.2 �13.6 13.6 �3.06 70.7
4 44.1 29.0 0.0 42.5 �20.4 22.0 �3.31 76.5 20 36.5 29.4 �6.6 40.3 �17.0 23.3 �2.57 59.4
5 50.5 30.3 5.6 43.3 �20.2 23.0 �2.36 54.4 21 32.8 26.6 �9.8 37.1 �16.6 20.5 �2.72 62.9
6 38.4 27.5 �5.0 41.3 �20.1 21.2 �4.23 97.5 22 38.7 27.0 �4.7 38.8 �18.7 20.1 �2.50 57.7
7 34.0 31.6 �8.8 39.8 �14.3 25.5 �3.18 73.4 23 36.0 26.3 �7.1 39.8 �17.1 22.7 �2.60 60.0
8 28.1 27.1 �13.9 34.5 �15.2 19.3 �4.24 97.8 24 35.6 26.0 �7.4 35.4 �16.4 19.0 �2.68 62.0
9 38.0 32.1 �5.3 40.4 �15.3 25.2 �2.95 68.1 25 28.1 22.9 �13.9 32.2 �15.6 16.6 �2.90 67.0
10 33.9 25.8 �8.8 32.5 �14.1 18.4 �3.08 71.0 26 29.8 23.6 �12.4 32.8 �15.7 17.1 �2.80 64.6
11 22.2 25.7 �19.0 34.8 �15.9 18.9 �4.47 103.2 27 32.7 24.3 �9.9 33.5 �16.0 17.5 �2.73 62.9
12 22.5 24.9 �18.8 33.1 �16.6 16.5 �3.57 82.5 28 52.1 34.4 7.0 51.5 �24.0 27.5 �2.06 47.5
13 25.4 26.6 �16.2 35.3 �16.6 18.6 �3.34 77.0 29 40.8 26.3 �3.3 40.5 �20.8 19.7 �2.34 54.1
14 29.0 24.1 �13.1 29.6 �13.2 16.4 �3.22 74.4 30 36.8 25.4 �6.4 35.1 �17.5 17.6 �2.58 59.5
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in 4 and 5 are undesirable (DGzCO2
= 29.0 and 30.3 kcal mol�1),

while having electron donating groups such as in 3 and 6 are

preferred (DGzCO2
= 28.9 and 27.5 kcal mol�1), with 6 having the

lowest calculated hydricity and activation barrier for CO2

reduction. Electron donating substituent groups increases the
electron density on the N, allowing hyperconjugation and
weakening of the adjacent C�H bond easing H� attack on CO2.

Next, the second series of bicyclic and tricyclic guanidine
hydrides containing only N-alkyl substituents were examined,
starting with a symmetrical six-membered bicyclic guanidine (7),
its mono-methylated (8) and dimethylated derivative (9), as well as
unsymmetrical six- and five-membered bicyclic guanidine (11), its
mono or bis-N-methylated analogues (12 & 13) and tricyclic
guanidines (10 & 14). Compounds 7–14 have significantly much

lower DGH� (22.2–34.0 kcal mol�1), DGzCO2
(24.1–31.6 kcal mol�1)

than their monocyclic counterparts (see Table 1). Amongst the
bicyclic guanidine hydrides (7–9 & 11–13), mono-substituted 12

most readily reduces CO2 (DGzCO2
= 24.9 kcal mol�1), whereas bis-

N-methylated 9 the least (DGzCO2
= 32.1 kcal mol�1). Activation

strain model was performed to further analyse the barriers

for CO2 reduction through DEzstrain, DEzinteraction and DEzactivation
(Table 1).28 The DEzstrain provides a quantitative measure for the
amount of structural strain from reactants to the transition state,

and DGzCO2
trend for the guanidine hydrides from 7 to 9 correlates

to DEzstrain, where the highly strained 9 (DEzstrain = 40.4 kcal mol�1)

has the highest DGzCO2
. The rigid symmetrical tricyclic 10 (TAM)

however has the lowest DGzCO2
attributed to lower DEzstrain as the

TS geometry is less perturbed (Table 1). The ring-fused tricyclic
TAM 10 has a very symmetrical and planar guanidine moiety with
low strain that allowed for the hydride to dissociate more easily
(DGH� = 33.9). Therefore, having a planar fused-ring cyclic struc-
ture is a good molecular design strategy to lower the activation
barrier for the hydride to reduce CO2. Unsymmetrical six- five-
bicyclic guanidines 11, 12 and 13 were also calculated to have

lower DGH� and DGzCO2
than the symmetrical ones, due to the

unsymmetric guanidine hydrides being less energetically stable as
their +NCN angles are not the ideal 1201. This inherent strain
allows for their dissociation of H� and subsequent reduction of
CO2 to be easier. Finally, the tricyclic guanidine 14 was calculated
to be the best biomimetic hydride of the bi- and tri-cyclic

guanidine series (DGzCO2
= 24.1 kcal mol�1), affirming the impor-

tance of structure–reactivity relationship in this system. In the
third series of compounds, we investigated the pentanidine series
(15–30), which is an extended p system containing five N atoms
arranged in a C2N5 manner. Compound 15 is structurally remi-
niscent of a series of previously reported chiral pentanidine
catalysts.20–22 The modelled pentanidines can be split into two
subgroups, namely probing how the different pentanidine cyclic
ring sizes (15–19) and terminal N group substituents (20–30) will

affect DGH� and DGzCO2
. DFT calculations revealed that the

pentanidines 15–19 are by far the best reducing agents among

the series, with 19 having the lowest DGH� (18.8 kcal mol�1), and

DGzCO2
(21.2 kcal mol�1). This is highly encouraging as the results

suggest that the pentanidine hydrides can act as excellent hydride
donor for CO2 reduction. In general, changing the tricyclic ring
sizes can drastically affect planarity and ring strain of the penta-

nidine hydrides, which in turn affects their DGH� and DGzCO2
.

Next, the reduction potential of all the guanidinium and penta-
nidium were calculated to predict the ease that they can be
regenerated electrochemically to reform the hydrides.

Based on the reported procedure by Musgrave, Glusac and
co-workers,14,17 the oxidised molecule can have three possible
pathways for the electrochemical regeneration from the combi-
nation of proton transfer (PT) and electron transfer (ET).
A detailed explanation of these pathways and calculations of
pKa and reduction potentials can be found in the ESI.† The
electrochemical hydride recovery process follows the ET -

PT - ET (e� + H+ + e� or eHe for short) reduction pathway
(see ESI† Scheme S2 and Table S1), so the barrier associated
with the reduction process is primarily determined by the first
ET step, which is E�Rþ=R� or its equivalent DG�Rþ=R� as summar-

ized in Table 1. The calculated pKa (PT) and second ET
complete data for all molecules are available in the ESI†
Table S2. It is also noted that based on the result of the tricyclic
pentanidine (15–19), further screening by substituting the
N-methyl groups on 16 (20–30) were carried out as it has a

low DGzCO2
and less negative E�Rþ=R� . The pentanidium of 22, 29

and 30 have more positive reduction potentials (�2.50, �2.34,
�2.58 V, respectively) and would be more easily reduced. These
pentanidines are expected to more easily regenerated electro-
chemically to participate in the next catalytic cycle.

To better understand the guanidine/pentanidine overall
redox reactivity, Fig. 1a was plotted to understand the relation-

ship between CO2 reduction (DGzCO2
) and their ease to regener-

ate electrochemically (DG�Rþ=R� ). Fig. 1b depicts the exothermic

hydride transfer (�6.4 kcal mol�1) from 30 to a molecule of
CO2 via transition state TS30 with an activation barrier of
25.4 kcal mol�1, to form the pentanidinium cation 30_ox and
a formate anion. The quadrants in Fig. 1a are marked according

to the maximum DG�Rþ=R� and DGzCO2
values of the benzimida-

zoles (1a, 1b and 1c). Ideally, the best organohydrides would fall
into quadrant I, i.e., low DG�Rþ=R� (easier to regenerate the

hydride) and low DGzCO2
(easier CO2 reduction) values. The

mono-cyclic guanidine hydrides 2–6 have similar CO2 reduction
performance (quadrants II and III), while bi- and tri-cyclic
guanidine hydrides 7–14 are better reducing agents for CO2,
i.e., further left of quadrant II. For 2–14, they are not ideal being
reduced from guanidinium back to guanidine hydride. The
pentanidine group 15–19 all fall within quadrant II, suggesting
that they are by far excellent for CO2 reduction but not ideal
when are reduced from pentanidium to pentanidine hydride.
However, installing electron-withdrawing Cl, F, CHF2 or CH2F
on 16 amine group, made pentanidium 22, 23, 29, and 30 better
oxidants and their corresponding pentanidine hydrides more
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capable as reducing agents for CO2 albeit having slightly higher

DGzCO2
(quadrant I). Indeed, having electron-withdrawing

groups stabilize the organohydride, allowing it to be more
easily recovered from its oxidised state, but at the same time
penalizes its hydride donating abilities. Fine-tuning of the
electronics of the hydrides is needed to achieve an optimal
redox balance.

In conclusion, our computational calculations suggest that
the guanidine-based organohydrides can be excellent hydride
donors and further DFT analysis for the mono-, bi- and tri-cyclic
guanidines, and tricyclic pentanidines series revealed that
balancing the CO2 reducing ability of the guanidine/pentani-
dine and oxidizing ability of the guanidinium/pentanidium
needs to be achieved. This work serves to guide the robust
molecular design of efficient biomimetic guanidine/pentani-
dine organohydrides and the results will be critical to guide
experiment to synthesize promising electrochemically regen-
erative organohydrides for CO2 reduction.
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