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Control of Push-Pull Reaction Dynamics on
Fe Porphyrins
The looming threats associated with global climate change have inspired study of
proton reduction to hydrogen gas for use in fuel cells, and the reduction of carbon dioxide for
use as fuel in a closed carbon cycle. One class of molecules that has shown electrochemical
competence to catalyze both the hydrogen evolution reaction (HER) and the CO 2 reduction
reaction (CO2RR) are metallated porphyrins. These reduction processes can be described using
a push-pull description of the mechanism whereby a reduced metal center “pushes” electrons
onto a substrate, forming a chemical bond. Proton transfer and bond cleavage events then serve
to "pull" the product from the catalytic intermediate and close the catalytic cycle.
This laboratory has championed the synthesis and application of the hangman
porphyrin scaffold in which Brønsted acidic or basic moieties are strategically placed in the
secondary coordination sphere of the metal center to facilitate proton coupled electron transfer
processes for energy related redox reactions. Until the work of this thesis, the Nocera
laboratory had yet to approach CO2RR using the hangman scaffold. The application of an Fe
hangman porphyrin system to manipulate reaction kinetics for reduction of CO 2 to CO in this
work is described. Fe hangman porphyrins containing pendant phenol, guanidine, and sulfonic
acid groups were synthesized and used in cyclic voltammetry and bulk electrolysis
experiments. Supplemental quantum chemical calculations revealed that greater stabilization
of the CO2 reduction intermediate yielded enhanced catalysis.
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In their fully reduced state Fe(0) porphyrins are competent to bind CO 2 on either face
of the macrocycle. Thereby, it became necessary to synthesize an α,β–double hangman
porphyrin to modify both faces at the same time to better ascertain the hangman effect for
CO2RR. The modification of these porphyrins was arduous and instead were simply used as
pendant carboxylic acids in electrochemical CO 2 reduction. Their reactivity toward CO2 was
found to be hindered with respect to the non-hangman and single hangman congeners and a
coulombic effect for repulsion of negatively charged intermediates was diagnosed as
detrimental to the reaction by in-situ generated carboxylate moieties.
Where the hangman scaffold serves to facilitate the "pull" of the reaction dynamic, little
attention has been paid to the “push”. The only examples of such control include the
substitution of the porphyrin meso-groups to lower the overpotential of the catalytic reaction.
Cyclic voltammetry and bulk electrolysis are used to investigate the role of co-substrates in the
modulation of push side reaction dynamics for electrochemical HER and CO 2RR catalyzed by
FeTPP. Addition of nitrogen containing bases to FeTPP with acetic acid under argon shows
dramatic changes in current response and quantitative analysis demonstrates acceleration of
rates for hydride formation and hydrogen release during HER. Application of these cosubstrates to electrochemical CO2 reduction catalyzed by FeTPP using weak acids showed
different effects on reaction dynamics. Bulk electrolysis experiments reveal divergent
pathways for CO2 reduction where formate rather than CO can be produced with up to 80%
faradaic efficiency. These results introduce a new mechanism of formate production from CO 2
that does not proceed via hydride insertion and shines light on the interplay of multiple system
components in the design of improved catalytic systems.
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Chapter 1 – Introduction
1.1 Increasing CO2 concentrations in earth’s atmosphere
The industrial revolution marked the dawn of a new era in human history. Beginning
in about 1760, the hand production of many goods, chemicals, and materials were replaced by
the introduction of mechanized processes that could perform the work at much faster pace with
improved consistency. 1 Rapid industrialization first began in Great Britain with mechanized
textile production. 2 The utilization of steam engines was the driving force for much of this
machinery and their widespread adoption began around the year 1800.1 Steam engines operate
as external combustion engines, where the working fluid, steam, is separated from the
combustion products derived from heat generation. Steam pressure drives a piston back and
forth inside of a sealed chamber which converts the motion via connection to a fly wheel into
rotational force that is used for work (Figure 1.1). 3
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Figure 1.1. Diagram of the construction of a steam engine, used to produce motion and usable work
for the operation of machinery.

Coal quickly became the primary fuel source for the production of steam for these
engines as it was more readily available than other biofuels, like wood, and required less
processing before use.4 Coal is a black-brown sedimentary rock that contains high amounts of
carbon and other hydrocarbons that are the result of heated and compressed decayed vegetation
from millions of years ago; it also contains smaller amounts of other elements like sulfur,
oxygen, and nitrogen. 5 The combustion of coal and other hydrocarbon fuels is driven by their
reaction with oxygen to produce heat, water in gaseous form, and carbon dioxide (CO 2) and
can be summarized in Eq. 1.

𝑦

𝑦𝑖𝑒𝑙𝑑𝑠

𝐶𝑋 𝐻𝑦 + (𝑥 + )𝑂2 →
4

𝑥 · 𝐶𝑂2 +

𝑦
2

· 𝐻2 𝑂 + ℎ𝑒𝑎𝑡

(1)

As a result of the Industrial Revolution and the widespread adoption of mechanized
processes around the world, the amount of CO2 being collected into earth’s atmosphere has

2

been increasing in an unprecedented way. The National Oceanic and Atmospheric
Administration’s (NOAA) Mauna Loa Observatory has recorded atmospheric carbon dioxide
concentrations since 1959, with averaged data shown in Figure 1.2. Atmospheric carbon
dioxide concentrations vary with the change in seasons, reaching maximums in May and
minimums in September. The average concentration has, however, increased every year since
measurements began. In its initial years of measurement, the rate of CO2 accumulation in the
atmosphere remained steady at around 1 ppm per year but has continually increased to a 2 ppm
per year increase in the last five years.6 Ice core data suggest that today’s CO2 levels, having
recently exceeded 400 ppm, are unprecedented and indicate that over the last 800,000 years
the levels have fluctuated between 170 and 300 ppm.7 Projections indicate the increase in
carbon dioxide emissions will continue for years to come and at alarming rates.

3

Figure 1.2. Average atmospheric concentration of carbon dioxide at the Mauna Loa observatory.
Source: NOAA.

1.2 Ocean acidification and the greenhouse gas effect.
CO2 is a colorless, odorless gas that is main source of available carbon in the
biosphere and therefore is the primary source of carbon for all life forms on earth. In general,
CO2 is regarded as an inert gas because it is the most oxidized form of carbon that can be made
(oxidation state = +4) and the strength of the C=O bonds are quite high. That is not say,
however, that it is completely unreactive. As a weak electrophile it can react with hydroxides
and other nucleophiles, including water.
Earth’s oceans serve as large reservoirs for the collection of carbon dioxide through
dissolution and hydration of the small molecule. First, CO 2 is dissolved through the simple
reaction in Eq. 2. It can then react with water to form carbonic acid (Eq. 3) lose a proton to
form bicarbonate (Eq. 4), and lose its final proton to yield carbonate (Eq. 5). The equilibrium
values for the dissolution of CO2 and for the formation of carbonic acid, bicarbonate, and
carbonate have led to 30% of CO2 produced since the industrial revolution having been
absorbed into the ocean—concomitantly lowering oceanic pH by approximately 0.1 units. This
trend will continue and is expected to lower ocean pH by another 0.3 to 0.5 units by the year
2100 (Figure 1.3).8 Importantly, this phenomenon is impairing the ability of important marine
organisms to maintain their calcium carbonate based skeletons causing coral reef death and
loss of biodiversity, especially in the southern oceans. 9 Ultimately, if ocean acidification
continues in such a way, entire food chains are expected to be lost which could have
catastrophic effects on large swaths of the human population and biosphere.
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Figure 1.3. Concentration profile of various carbonate species as a function of pH. Current ocean pH
is around 8.1 making bicarbonate the most populous form of carbon present. Continued anthropogenic
contributions of CO2 will continue to push the pH lower. Source: wikipidea.org

Despite being a non-polar molecule overall, CO2 contains two polarizable bonds that
can absorb and re-emit infrared irradiation, including that from the sun. Any gas that can absorb
and emit radiation in the thermal infrared range is considered a greenhouse gas. Such
greenhouse gasses on earth include water vapor, carbon dioxide, methane, nitrous oxide, and
ozone. These gasses can do is absorb thermal radiation from the sun, either directly in the
atmosphere or via reflection from the earth’s surface, and then re-emit that thermal energy
across the atmosphere or back toward the surface; this is called the greenhouse gas effect.
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Without greenhouse gasses in earth’s atmosphere, the temperature of the surface would be
expected to exist around –18 °C (0 °F), instead of its current 15 °C (59 °F)10 and would make
the planet barren. While the concentrations of greenhouse gasses, especially carbon dioxide
and methane, have fluctuated slowly over the course millennia, their concentrations are
changing rapidly as a result of human activity (e.g. burning of fossil fuels, deforestation, etc.). 11
Knowing that CO2 is a driver of the greenhouse gas effect, its increase in concentration in the
atmosphere to unprecedented levels is by default facilitating an increase in the mean
temperatures experienced on earth. Figure 1.4 from the NASA Goddard Institute for Space
Studies shows the global temperature anomalies as a function of time with data being recorded
since the late 1800’s. The hottest years on record have occurred the last 16 out of 17 years.
Prior to the industrial revolution, global temperatures were on a downward trend until
experiencing a sharp uptick. These data and the effects on the environment have served as an
impetus for many governments to begin performing research into the use and generation of
renewable, alternative fuels.

Figure 1.4. Plot of the global mean temperature anomalies from pre-industrial temperatures (o) and
applied Lowess fitting (–). Source: climate.nasa.gov
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1.3 The case for alternative energy
World primary energy consumption for the year 2016 was around 576 Quadrillion
(Quad) BTU’s for the entire world, which averages out to an average of 19.2 TW (19.27×1012
J/s).12 Most of this was made up from carbon-based fossil fuels including petroleum and other
liquids fuels (~197 Quad Btu), Coal (~164 Quad BTU), and natural gas (~133 Quad BTU);
this leaves only 87 Quad BTU that came from nuclear and renewable sources. Accordingly,
there were 494 Quad BTU worth of CO2 that were emitted into the atmosphere in 2016 alone.
Conservative estimates project that by 2050 we will have 27 TW of energy consumption and
by 2100, up to 43 TW.13 Even with progress in switching to lower carbon emitting fuels, most
of that energy will be derived from carbon-based fuel and carbon emissions will still be
released in catastrophic amounts.
This is not to say that all hope is lost. Solar energy has the potential to meet all our
energy demands. The sun floods the earth with almost an entire year’s worth of energy
(6.1×1020 J as of 2016) in only a single hour (4.3×1020 J). Moreover, solar energy makes up
<1% of total energy production. This great disparity between solar energy potential and solar
energy utilization should serve as a compelling impetus to develop more resources to harness
the energy of the sun. Such implementation would require (i) solar capture and conversion and
(ii) storage. The first of these may be accomplished through photovoltaics, but the storage is
more complicated—and expensive. In the absence of cost-effective storage, direct solar
electricity can never be a primary energy source of energy for society, due to diurnal variation
and difference in geographical intensities. In principle, storage of electricity could be obtained
using batteries, but at present no battery is inexpensive enough to justify widespread
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implementation of immediate electrical storage. Instead, notes should be taken from nature,
where energy form the sun is stored in the formation of chemical bonds. Sunlight is used by
plants to drive the synthesis of sugar from water and CO 2 by Eq. 6.

6 𝐶𝑂2 + 6 𝐻2 𝑂 → 𝐶6 𝐻12 𝑂6 + 6 𝑂2

(6)

The primary steps of photosynthesis are relatively inefficient and involve the
conversion of sunlight into a “wireless current” to form a useful fuel. In all cases, water is used
as a sacrificial electron donor to evolve oxygen, which non-autotrophic organisms utilize for
fuel consumption. Such reduced fuels can include hydrogen, from water reduction, or methane
and methanol from alternative pathways of CO 2 fixation. Scientific researches have sought to
mimic nature and its pathway for CO2 reduction to make fuels that are useful for modern human
life.

1.4 Carbon dioxide reduction and hydrogen evolution
Electrochemical catalysis is an oft used approach to small molecule transformation for
energy storage and can be accomplished in heterogeneous or homogeneous forms. Very often,
the reactions that are studied in this context proceed through a pathway of proton coupled
electron transfer, wherein the stepwise protonation and subsequent electron transfer are
accomplished together. In this way, the reaction barrier can be lowered for the overall reaction
by avoiding high energy intermediates (Figure 1.5).
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Figure 1.5. Free energy reaction coordinate diagram showing high energy intermediate pathway of
stepwise ET–PT (---) and the lower barrier PCET pathway (—).

The CO2 reduction reaction (CO2RR) has garnered the attention of many researchers
that subscribe to both camps of catalyst study. Heterogeneous electrochemical catalysis has
demonstrated the ability to make large quantities of product in a short period time through
achieving high current densities via large surface areas and can produce of a multitude of valueadded products including carbon monoxide, methanol, formaldehyde, formate, acetate,
ethanol, and other C2+ molecules.14–20 Selectivity for the synthesis of these products remains
a challenge that must be controlled and is largely dictated by the applied potential, identity of
the surface material (e.g. Au vs Cu vs others), and the surface construction (e.g. different metal
facets and inclusion of grain boundaries or other imperfections). Homogeneous
electrochemical catalysts have the benefit of using well-defined molecular catalysts where
specific chemistries are enabled at discrete potentials to effect unique small molecule
transformations. 21–24 Generally speaking, molecular systems offer enhanced selectivity for one
CO2 reduction product over another for the reasons just described.
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The catalytic process for CO2RR by molecular catalysts often described as a push–pull
type mechanism where the nucleophilic nature of a reduced metal center pushes electron
density onto the carbon of CO2 and the co-substrates (proton donor or other Lewis acids) pull
the electron density out via protonation or chelation. 21,25–27 These transformations occur via
inner sphere electron transfers, i.e. bond formation between a nucleophile and electrophile, to
create a Sabatier intermediate. 28 This new chemical species can be simply an adduct between
the catalyst and substrate or can include the incorporation of other chemical species that may
facilitate the reaction. If such an intermediate becomes too stable and cannot proceed with the
forward or back reaction, then other reaction pathways may prevail, including catalyst
decomposition.
This is the case for Fe(0) tetraphenylporphyrin (FeTPP) catalyzing the reduction of
CO2 to CO in organic solvent. In this example, Fe(I)TPP porphyrin is reduced at an electrode
to Fe(0)TPP which can then bind the carbon center of CO 2 to engage in catalysis. 29 Addition
of Brønsted acids 30–32 or alkali/alkali-earth metal ions 33,34, acting as Lewis acids, serve to
facilitate the reduction process. In the absence of a Brønsted acid or other Lewis acid to drive
catalysis, the turnover frequency is painfully slow and results in decomposition of the
catalyst.29 The apparent rate constant for the reduction of CO2 by Fe(0)TPP, kap, has
demonstrated a dependence on the pKa of the exogenously added acid32 and importantly, the
pKa of the Brønsted acid must be of sufficient strength to protonate the OH moiety and enable
dehydration to form the Fe–CO adduct,35 or instead may be facilitated by proton coupled
electron transfer (PCET). 36 Care must be taken, however, as many of the complexes that can
effectuate CO2RR can additionally promote the hydrogen evolving reaction (HER) using the
added proton source, usually at the same potentials as CO2RR. For this molecular system, the
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product distribution between HER and CO2RR is largely controlled by the pKa of the acid cocatalyst; using sufficiently “weak” acids can control the issue of parasitic HER.
HER can also be accomplished via heterogenous and homogeneous system but is less
complicated in approach. Unlike with CO 2 reduction, there is only a singular product being
targeted and the aspects of reduction merely come down to overpotential and rate of
production, e.g. turnover frequency. Hydrogen as a source of alternative energy is attractive as
it offers high gravimetric energy density and is a zero-carbon fuel. In many heterogeneous
systems, hydrogen is made via reduction of protons released from the water splitting reaction;
water is oxidized at the anode in the oxygen evolution reaction (OER) which combines two Oatoms from two water molecules and releases four protons and four electrons.37,38While the
application of heterogeneous HER catalysts would be ideal, there is much difficulty in
ascertaining the operating mechanism. Maintaining catalyst stability in acidic solutions and
tuning reactivity of films can also be challenging as metal incorporation, mesostructure, and
film stability are all difficult to predict and control during deposition.39–41
The catalytic reduction of protons to evolve hydrogen via transition metal complexes
is a well-known reaction and has been studied in depth. 42–46 The ability to define mechanistic
aspects of the catalytic process is possible due to the molecular nature of the catalytic
systems.47,48 HER by FeTPP is a two–electron, two–step catalytic process that proceeds via the
reduction of Fe(I) to Fe(0), which reacts with a proton in the first chemical step to form H–
Fe(II)TPP. This species may then react with a subsequent proton and electron to release
hydrogen and regenerate the Fe(I)TPP pre-catalyst.48 FeTPP is also catalytically active for
HER using acetic acid (AcOH) (Figure 1a).47 Direct access to metal structure, ligand tuning,
and catalyst stability via a variety of design parameters are control knobs only afforded to
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molecular chemists. One of the major design parameters that has been investigated for the
improvement of HER catalysts has been the implementation of secondary coordination sphere
proton donors and relays. 49–52

1.5 Nocera lab contribution
The Nocera laboratory has a long history of studying PCET transformations of small
molecules. Specifically, this lab has championed the use of hangman porphyrins wherein
acid/base moieties are placed into the secondary coordination sphere of a metal center to study
their effects on the rates of PCET reaction (Figure 1.6). These molecules offer several synthetic
handles that allow for multifaceted control of catalytic reactions. (i) porphyrin macrocycles
have several synthetic handles on which the implementation of electron donating or
withdrawing groups may be installed, including the β-pyrrolic groups and the pyrrolic bridging
meso-positions;(ii) porphyrins are capable of coordinating a variety of metals which can impart
many different reaction qualities in and of itself. The hangman scaffold imparts some
electronic control over the metal reactivity but more importantly it provides handle on the
geometry of the reaction pocket and the positioning of the acid/base moiety which can have a
variety of pKa values to effect reactivity. The hangman scaffold has been well exploited by this
lab to study HER,53–58 peroxide dismutation59–66, water oxidation67,68, and oxygen reduction
reaction (ORR).69–74
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Figure 1.6. Generalized depiction of the hangman porphyrin scaffold employed in this thesis.

Given the depth of studies on the variety of energy-related small molecule
transformations performed by this lab, it is becomes surprising that the hangman effect for CO2
reduction has yet to be studied. Beginning just before the start of this thesis, secondary
coordination sphere effects for CO2 reduction had begun to be explored by Costentin and
coworkers.25,75–77 In the time that it has taken for this thesis to be accomplished, several groups
have begun to explore the effect of pendant proton relays for CO 2 reduction.78–81 The design
of molecular catalysts to enhance the rate of electrochemical reduction has largely focused on
the facilitation of the “pull” aspect of the reaction, e.g. precise placement of proton donors and
proton relays in the secondary coordination sphere of a metal center. The only attention
devoted to the push aspect has involved the simple tuning of the electronic properties of the
ligand via switching phenyl groups for other electron donating or withdrawing phenyl rings.
Typically, electron withdrawing groups are given preference as they have shown to lower the
overpotential needed to initiate the catalytic reduction of processes.75,76,82 Beyond direct
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modification of the ligand scaffold used for various electrocatalytic processes, little attention
has been paid to total system design where the addition of Lewis basic co-substrates could
potentially facilitate reaction kinetics. The one example utilizing Fe porphyrins, adds urea
based multi-point hydrogen bond donors to enable the pull of electron density from CO 2 to
form CO.83 This thesis will take the time to explore the hangman effect for CO2 reduction and
move on to explore a more wholistic approach toward of catalytic system design through the
implementation of co-substrate assisted catalysis for both HER and CO 2RR. Below follows a
description of the chapters in this thesis.

1.6 Summary of Chapters
Chapter 2: Carbon Dioxide Reduction by Fe Hangman Porphyrins. Hangman
porphyrins have been studied by this lab in order to affect the reduction and oxidation of a
variety of small molecules but have never been used to explore the reduction of carbon dioxide.
Hangman porphyrins with a phenol, guanidinium, and sulfonic acid proton donor groups
placed above the Fe porphyrin platform reduce CO2 to CO with Faradaic efficiencies greater
than 93%. Computations show that the activation of CO 2 at the Fe center is enhanced by the
hanging group. Intramolecular hydrogen-bonding from the phenol and guanidinium groups
results in a 2.1–6.6 kcal/mol stabilization of the CO2 with in the hangman pocket; the hanging
sulfonate group is deprotonated thus resulting in destabilization of the CO 2 adduct due to
unfavorable electrostatic interactions. Electrochemical studies show that Fe hangman
porphyrins exhibit canonical S-curve character, and together with computation results, the
apparent rate constant for CO2 reduction is rate limiting and governed by CO2 binding within
the hangman cleft.
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Chapter 3: Two Face Modification of Hangman Porphyrins and Their Carbon
Dioxide Reduction Activity. The activity toward CO2 reduction of Fe hangman porphyrins
with varying acidic and hydrogen bond moieties was detailed and it was found that greater
reaction intermediate stabilization yielded greater electrocatalytic activity. As constructed, the
hangman porphyrin scaffold only served to modify one face of the porphyrin, when in its fully
reduced state, both faces are competent for CO 2 reduction activity. This chapter details the
synthesis, isolation, and electrochemical activity of a trans-A2B2-α,β-hangman Fe porphyrin.
Simple condensation of 5-(3,4,5-trimethoxyphenyl)-dipyrromethane with methyl-6-formyl-4dibenzofurancarboxylate yielded the desired double hangman porphyrin, which could be
crystallized with a Zn center in 15% yield. The double hangman was deprotected to the
dicarboxylic acid which was metallated with Fe and used for electrochemical CO 2 reduction
using phenol. The activity of the double hangman porphyrin was found to be diminished with
respect to the single, and non-hangman porphyrin congeners. The pendant carboxylic acids
become negatively charged carboxylates which then repelled CO 2 reduction intermediates. The
activity of the hangman porphyrins with pendant carboxylates scales with the number of
pendant acidic moieties.
Chapter 4: Uncovering the Mechanism for the Production of Formate from
Carbon Dioxide by FeTPP. While excellent selectivity and turnover frequency for CO
production by Fe(0) porphyrins has been achieved, CO is not an ideal product of CO 2 reduction,
given its poisonous nature and difficulty in handling. Researchers face great difficulty to create
catalysts that generate higher order reduction products due to the numerous intermediate
reduction species involved in such a reaction. A more desirable product of CO2 reduction is
formic acid (HCO2H) or it's conjugate base, formate (HCO2–), because it can be used directly
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in formate fuel cells and serves as an easy storage of H2. Formate has found great use in the
leather tanning industry as well. In this chapter we explore the use of a strong acid,
triethylammonium, in the electrochemical reduction of CO 2 by FeTPP. The potential
dependent current response of FeTPP with triethylammonium showed surprising activity for
CO2 reduction as demonstrated by a large catalytic feature that immediately follows a wave
that is otherwise known to be HER. Bulk electrolysis revealed the production of HCO2– in 35%
and hydrogen in 65% faradaic efficiency. CV simulations revealed that in the proton depleted
environment that the second catalytic feature appeared there was no possibility for an Fe-H
insertion mechanism to be active for the production of formate. It was additionally found that
FeTPP had substantial catalytic activity under CO 2 when only triethylamine, the conjugate
base of triethylammonium, was present, indicating some kind of base driven catalysis. The
details of which are elucidated in Chapter 6.
Chapter 5: Modulation of Hydrogen Evolution Kinetics by Nitrogenous Base coSubstrates. The surprising results from the previous chapter demonstrating an effect for CO 2
reduction just by the addition of triethylamine led to the hypothesis that apical donation of
amines could alter the reaction kinetics of other reductive processes. In such a way a direct
modification of the “push” aspect of the “push-pull” mechanism ascribed to reductive process
by FeTPP is being transformed. In this chapter the hydrogen evolution activity of FeTPP with
AcOH is probed in the presence of tertiary amines. Exploring a range of apical donation
capabilities, the amines quinuclidine (Quin), dizazbicycloamine, N-ethylpiperidine,
triethylamine, and diisopropylethylamine (N-iPr2Et) were found to all enhance HER kinetics
for k1 and k2. The most drastic effects on the change in activity were found with Quin where k1
was transformed form a rate of 104 to 109 at 40 mM of added amine. The effects on k1 and k2
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scaled with the apical donation capabilities of the amine. It is hypothesized that despite the
fully reduced character of the FeTPP, there is some enhancement in basicity of the metal center
driven by the addition of amine prior to the beginning of HER.
Chapter 6: Altering CO2 Reduction Product Selectivity via Addition of Tertiary
Amines. CO2 reduction by FeTPP in the presence of weak acids leads to the production of CO
via a two electron, two proton process in organic solvent. With exceptionally weak proton
donors, like n-propanol, the CO2 reduction product selectivity begins to falter, with formate
being made in addition to CO. In the previous chapter, the enhancement in kinetic rates for
HER was found via the donation of amines to the metal center. This same concept was explored
for CO2 reduction by FeTPP using PrOH to see if product selectivity could be restored.
Addition of Quin, triethylamine, and N-iPr2Et to solution of FeTPP with 40 mM PrOH and
CO2 showed enhanced current response by linear voltammetry. Bulk electrolysis of these
solutions demonstrated a further shift in product selectivity for CO 2 reduction products, and in
the best-case scenario an observed faradaic efficiency for formate of 80% was seen! While no
formal analysis of the kinetic rates could be done given the mixture of processes that are
occurring at the CO2 reduction wave. A general sense of activity could be ascertained form the
plateau currents observed during linear voltammetry. To the best of our knowledge, this is the
first time that the addition of co-substrates to a catalytic system have changed the product
selectivity and enhanced the kinetic rates simultaneously and is unprecedented in literature.
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Chapter 2 – Carbon Dioxide Reduction by Iron Hangman
Porphyrins
Portions of this work have been published:
Margarit, C. G., Schnedermann, C., Asimow, N. G. & Nocera, D. G. Carbon Dioxide
Reduction by Iron Hangman Porphyrins. Organometallics 2018, 38, 1219–1223.
DOI: 10.1021/acs.organomet.8b00334

2.1 Introduction
The efficient reduction of CO2 necessitates the development of catalysts that can utilize
protons and electrons to avoid high energy intermediates and at the same time avoid hydrogen
production. One of the best studied reactions in this context is the two-electron, two-proton
reduction of CO2 to CO and water.1–20 In particular, Fe porphyrins have displayed high faradaic
efficiencies and turn-over frequencies (TOF) for this reaction.8,12,21–23 To manage the electron
and proton flow required for small molecule activations such as CO 2, we developed hangman
macrocycles where a group held proximate above the redox active macrocycle can coordinate
proton delivery to and from bound substrates, 24–28 thus enforcing the requisite proton-coupled
electron transfer (PCET) reactivity required for efficient catalysis. We have demonstrated the
benefits of a ‘hangman effect’ in promoting PCET with the hydrogen evolution reaction (HER);
the hangman moiety enhanced the rate of HER at porphyrin platforms by effectively increasing
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the proton concentration by a factor of 103.29–33 The role of pendant proton relays on Fe
porphyrins has been demonstrated using 2,6-dihydroxyphenyl groups in the meso-positions of
the porphyrins and mechanistic studies found a beneficial effect on catalysis due to the
intramolecular hydrogen-bonding and proton-donating capabilities of the hydroxyl groups.23,34
We now report the synthesis of hangman Fe porphyrins featuring the explicit placement of
proton donor groups in the secondary coordination sphere that possess varying pKa values
(Scheme 2.1) and examine their catalytic CO2 reduction chemistry.
Scheme 2.1. Dibenzofuran based hangman porphyrins used for electrocatalytic CO 2 reduction.

2.2 Results
2.2.1 Electrocatalysis
All Fe porphyrins in the presence of added PhOH are selectively active for the catalytic
reduction of CO2 to CO at the Fe(I/0) redox couple (Figure 2.1) without any appreciable
production of H2 (Table 2.1). The potential-dependent current response, i, is referenced to the
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current associated with a one electron wave recorded for the Fe(II/I) couple, ip0, to normalize
the current from active catalyst upon the addition of acid solution throughout the course of the
experiment. In this way, the magnitude of i/ip0 establishes whether the experimental current
response is catalytic; in the case of Fe hangman porphyrins, the catalytic regime for the twoelectron reduction of CO2 to CO is attained when i/ip0 > 2. The large i/ip0 ratios observed in
Figure 1 for all concentrations of PhOH (2 – 40 mM) are indicative of appreciable catalytic
activity. The i/ip0 ratios for a given PhOH concentration indicate that the trend in activity across
the series of Fe hangman porphyrins under an atmosphere of CO 2 is HPDFe–PhOH > HPDFe–
Gnd > HPDFe–3SA. For all of the porphyrins, the canonical “S”-shaped current response of
the catalytic CV wave is indicative that the catalysis is not mass transport limited in CO2
substrate.

Figure 2.1. Cyclic voltammograms of CO2 reduction catalysis by (a) HPDFe–PhOH, (b) HPDFe–Gnd
and (c) HPDFe–3SA with 2 mM (▬), 4 mM (▬), 10 mM (▬), 20 mM (▬) and 40 mM (▬) of PhOH.
Scans were taken at 0.1 V/s in 0.1 M ([TBA+][PF6–]) in DMF under argon using a glassy carbon
electrode.

The CVs for catalytic CO2 reduction by Fe porphyrins arise from a two-electron, twostep catalytic process.35 For this study, PhOH was employed as an acid (HA) source and its
concentration was varied over 0 – 40 mM, as this range of concentrations furnished CVs
27

exhibiting limiting plateau currents (ipl), as shown in Figure 1. The efficacy of the Fe hangman
porphyrin catalysts may be ascertained from fitting the canonical S-shaped catalytic CVs to:36

𝑖𝑡ℎ𝑒𝑜 =

𝑖𝑝𝑙

(1)

𝐹
(𝐸−𝐸1 )]
𝑅𝑇
2

1+exp[

where itheo is the theoretical current response, ipl is the experimentally derived plateau current,
F is Faraday’s constant, R is the gas constant, T is temperature, E is the applied potential, and
E1/2 is the experimentally derived half-wave potential. As the Fe(I/0) standard potentials of all
catalysts are within 100 mV of one another, a comparative analysis of the effects of the hanging
groups on CO2 reduction catalysis is impartial to the electron donating or withdrawing effects
of the different dibenzofuran groups, where changes in turnover frequency resulting from shifts
of the catalyst standard couple are minimized. 45,37 Figure 2.2 shows the fits to eq (1) for each
of the Fe hangman catalysts.
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Figure 2.2. Plateau analysis of CO2 reduction catalysis by (a) HPDFe–PhOH, (b) HPDFe–Gnd and (c)
HPDFe–3SA with [PhOH] = 40 mM. Fits calculated from eq 1 (▬) and overlaying cathodic trace of
experimentally observed CV (▬).

The maximum turnover frequencies, TOF max, for each catalyst at each concentration of
PhOH is provided from:

𝑇𝑂𝐹𝑚𝑎𝑥 = (𝐹𝑆𝐶 0

𝑖𝑝𝑙

𝐹𝑒 √2·𝐷𝐹𝑒

)

2

(2)

where S is the surface area of the electrode, CFe0 the concentration of catalyst, and DFe is the
diffusion constant of the catalyst. The catalytic rate constant, which is the determinant of the
plateau current is related to the TOF max by,
𝑇𝑂𝐹𝑚𝑎𝑥 = 𝑘𝑎𝑝 ∙ 𝐶𝐶𝑂2

(3)

The log(TOF max) values for each hangman catalyst at every concentration of added
PhOH are shown in Figure 3. At 40 mM of added PhOH, HPDFe–PhOH, HPDFe–Gnd, and
HPDFe–3SA obtain log(TOF max) values of 2.71, 2.47, and 2.18 s–1. A plot of log(TOF max)
versus log[PhOH] (Figure 2.3) reveals a reaction order of 1 with respect to acid across the
range of [PhOH] = 2 – 40 mM for the hangman catalysts. For comparison, the TOF max values
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for non-hangman A4Fe–(OMe)3 (Figure 2.4) is comparable to the Fe hangman porphyrins.
Correspondingly, HPDFe–PhOH, HPDFe–Gnd, and HPDFe–3SA are characterized by kap
values of 2230, 1280 and 658 M–1 s–1. For comparison purposes, the non-hangman congener,
A4Fe—(OMe)3, for the porphyrins studied here was synthesized and evaluated
electrochemically. The electrochemical response for A4Fe—(OMe)3 (Figure 2.4) exhibited
near plateau character, indicative of deleterious side-phenomena occurring at more negative
potentials. Corresponding log(TOFmax) and kap were calculated to be 2.81 s–1 and 2807 M–1 s–
1.

Table 2.1. Calculated faradaic efficiencies for H2 and CO over the course of the electrolysis.

Catalyst

% FE H2

% FE CO

HPDFe–PhOH

0

94%

HPDFe–Gnd

0

93%

HPDFe–3SA

0

96%

A4Fe–(OMe)3

0

99%

2.2.2 Computational Results
CO2 binds to Fe porphyrin upon the reduction of Fe(I) to Fe(0) porphyrin.2,8–10,21,23,34,37
We examined the binding event computationally for the different Fe hangman porphyrins.
Figure 2.5a (top) depicts the optimized structures of the reduced hangman catalysts in their
Fe(0) state. Space-filling models highlight the steric bulk of the appended aryl acidic groups.
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Figure 2.3. Plots of log(TOFmax) versus log[PhOH] derived from plateau analysis (•) and eq (2) with
linear fit (▬): (a) HPDFe–PhOH, (b) HPDFe–Gnd and (c) HPDFe–3SA.

The corresponding structures and associated relative Gibbs free energies of CO 2 bound
inside and outside of the hangman cleft are shown for HPDFe–Gnd and HPDFe–PhOH in
Figure 2.5b. Binding CO2 within the hangman cleft is thermodynamically favored for both
HPDFe–Gnd and HPDFe–PhOH. For HPDFe–Gnd, we calculate a stabilization Gibbs free
energy of –2.13 kcal/mol for CO2 interacting with the hanging Gnd group due intramolecular
hydrogen bonding (Figure 2.5b, bottom) relative to the unmodified face (Figure 2.5b, top).
Similarly, for HPDFe–PhOH, we find that CO2 binding is thermodynamically favored within
the hangman cleft (–5.09 kcal/mol), while binding external to the cleft (opposite face of the
hanging group is weakly disfavored (+1.53 kcal/mol), resulting in an increased CO 2
stabilization Gibbs free energy of –6.62 kcal/mol.
Under the pH conditions used in this study, the sulfonic acid group is deprotonated and
cannot be protonated by the weaker PhOH donor (pKa of 3 for SA vs pKa of 18 for PhOH 38).
We were unable to optimize a structure in which the sulfonate group pointed toward the ring
and assist in CO2 binding, most likely due to Coulombic repulsion of the negatively charged
porphyrin ring and the deprotonated sulfonate group. Due to the steric congestion of the
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phenylsulfonate and lack of hydrogen bonding, we find that the CO2 can only bind to the
opposite face of the hanging group. Thus, HPDFe-3SA provides a convenient benchmark for
a hangman system is which CO2 is reduced outside of the hangman cleft.

Figure 2.4. (a) Cyclic voltammograms of A4Fe–(OMe)3 with 2 mM (▬), 4 mM (▬), 10 mM (▬), 20
mM, (▬) and 40 mM (▬) of added PhOH. (b) Plateau analysis for A4Fe–(OMe)3 with [PhOH] = 40
mM. Fits calculated from eq 1 (▬) and overlaying cathodic trace of experimentally observed CV (▬).
(c) Plot of log(TOFmax) versus log[PhOH] for A4Fe–(OMe)3, derived from plateau analysis (●) and eq
(2) with linear fit. Scans were taken at 0.1 V/s in 0.1 M ([TBA+][PF6–]) in DMF under argon using a
glassy carbon electrode.
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2.3 Discussion
The catalytic reduction of CO2 to CO is known to be a two-electron two-proton process
involving at least two chemical steps. The established mechanism for CO 2 reduction on A4Fe
porphyrins is the ECE´C process35 shown in Scheme 2.2. The initial electron transfer involves
the reduction of the pre-catalytic Fe(I) porphyrin to the active Fe(0) catalyst at the electrode.
The second, and rate-limiting, step involves proton-coupled electron transfer activation of CO2
by elementary steps comprising CO 2 binding, assisted by hydrogen bonding to exogenously
added acid, and then C–O bond breaking to deliver the CO bound to the iron center as Fe(II)–
CO. The two elementary steps composing this overall chemical step of binding and bondbreaking are depicted in Scheme 2.2 in the parenthesis. The Fe(II)–CO is facilely reduced in a
homogeneous electron transfer (E´) by an electrochemically generated Fe(0) to give a Fe(I)–
CO adduct, from which CO dissociates. The catalytic plateau current in Figure 1 is dictated by
the rate limiting step arising from the binding and bond cleavage elementary steps.
Scheme 2.2. Proposed mechanism for the reduction of CO 2 to CO by Fe hangman porphyrins.
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The catalytic behavior of the Fe hangman systems is consistent with the mechanism of
Scheme 2.2. The HPDFe–PhOH system shows the highest plateau current, and as described by
eq (3), the largest catalytic rate constant. The computational results of Figure 2.5 show this
complex to possess the highest CO2 binding constant followed by HPDFe–Gnd, which exhibits
rate constants intermediate to HPDFe–PhOH and HPDFe–3SA, the latter of which cannot bind
CO2 in the cleft. To this end, the rate constants (TOF max) for CO2 reduction reflect hangman
effect in that the relative kinetics of the three systems is reflecting the stabilization offered by
a hydrogen-bonding hanging group.
The creation of a hanging group architecture that optimally binds CO 2 is multifaceted.
As Figure 2.6 shows, prior to CO2 binding, the hydrogen bonds may form between the hanging
group and the pyrrole rings of the porphyrin platform. The system must pay an energy penalty
for breaking these hydrogen bonds to accommodate CO 2. The hanging guanidine moiety on
HPDFe–Gnd has the potential to preposition substrates and stabilize intermediates of CO 2
reduction, like arginine does in many CO2 binding proteins.39 However, we believe that the
more directional hydrogen bonding of the hanging Gnd group to the porphyrin is one reason
why CO2 binding in the HPDFe–Gnd pocket is energetically less favored than in HPDFe–
PhOH.
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Figure 2.5. Computational analysis of Hangman porphyrins. (a) Space filling models (left) and threedimensional representation of the calculated structures for HPDFe–Gnd (top), HPDFe–PhOH (middle)
and HPDFe–3SA– (bottom) emphasizing the steric bulk of imposed by the hanging moieties. (b) CO 2
bound HPDFe–Gnd and (c) HPDFe–PhOH with CO2 on either face of the porphyrin ring. Gibbs free
energies (ΔG0298K,rel) are reported relative to the unbound parent compound in units of kcal/mol. Binding
on the hangman face allows for hydrogen bond formation and reaction intermediate stabilization by
ΔG0H = –2.13 kcal/mol and ΔG0H = –6.62 kcal/mol for HPDFe–Gnd and HPDFe–PhOH, respectively.
Hydrogen bonding between the hanging group and CO 2 are indicated by dashed lines.

Additionally, our computational investigation of HPDFe–Gnd reveals that the
dibenzofuran backbone must undergo a partial rotation to accommodate CO 2 in the active side
of the catalyst concomitant with an inversion of the terminal NH 2 group of Gnd.
The dibenzofuran scaffold studied in this work does not present an optimal architecture
for CO2 association, as evidenced by A4Fe—(OMe)3 displaying the highest TOF max and kap.
Similar modifications of Fe porphyrins via the directional placement of the hydrogen bonding
groups has been examined recently40 and has manifested an enhanced rate of CO 2 reduction.
With the proper design of an HPD platform, the cleft may be made more accommodating to
substrate binding and offer improved stabilizing interactions and hence an optimized geometry
for CO2 may be realized with the hangman strategy.
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Figure 2.6. Partial hydrogen bonding of the hanging group to the porphyrin prior CO 2 binding. (a)
HPDFe–PhOH displaying hydrogen bonds between the phenolic proton and the Fe center and the
nitrogen atom of a distal pyrrole. (b) HPDFe–Gnd displaying hydrogen bonds between a guanidyl
proton and the α and β carbons of a proximal pyrrole ring.

2.4 Conclusion
The faradaic efficiencies for the production of CO from CO 2 for the three Fe hangman
porphyrins HPDFe–PhOH, HPDFe–Gnd and HPDFe–3SA exceed 93% with no parasitic
hydrogen evolution reaction observed. A hangman effect across the series HPDFe–PhOH,
HPDFe–Gnd and HPDFe–3SA is reflected in the rate of catalysis for this reduction. Analysis
of the canonical S-curve catalytic response, together with computational results, indicate that
the turnover limiting step is controlled by CO2 binding within the hangman cleft; the cleft with
the strongest CO2 association exhibits the highest apparent rate constant for catalysis. These
studies highlight the benefits of controlling substrate binding with the secondary coordination
sphere in the catalytic reduction of CO2.
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2.5 Experimental Section
2.5.1 General considerations
1H

NMR spectra were recorded at ambient temperature on a Varian Inova 400 MHz

spectrometer. All spectra were referenced to trace protonated chloroform (7.26 ppm ( 1H)) or
benzene (7.17 ppm (1H) as an internal standard (measured values for δ are given in parts per
million (ppm) and for J in Hertz (Hz)). Electrospray ionization mass spectra (ESI-MS) were
obtained using a Bruker micrOTOF-QII. Absorption spectral measurements were made for
each porphyrin using a Cary 5000 UV-vis-nIR spectrometer from Varian employing the
software Cary WinUV. Quartz cells with a 10 mm path length were used. The microwave–
assisted reactions were performed inside the cavity of a CEM Discover microwave synthesis
system equipped with infrared, pressure, and temperature sensors for monitoring the synthesis.
The reaction vessels were 35 mL crimp–sealed thick–wall glass tubes. The contents of each
vessel were stirred with a magnetic stirrer. Automated chromatography was performed on all
dibenzofuran compounds before porphyrin formation and on all metallated porphyrins using a
Biotage Isolera One equipped with a UV-vis spectrometer and auto fractionation arm.
N,N-dimethylformamide (DMF) was purchased from Sigma Aldrich and purified by
passage through alumina41 and stored over activated 3 Å sieves under a nitrogen atmosphere
for at least 24 h before use. Tetrabutylammonium hexafluorophosphate ([TBA +][PF6‒]) was
purchased from Sigma Aldrich and was doubly recrystallized from ethanol before being dried
in vacuo at 70 °C and stored under nitrogen atmosphere inside a glovebox.
THF, methanol, pentane, acetonitrile, and dichloromethane were purified by passage
through alumina. The following chemicals were used as received: ethyl acetate, phenol (PhOH)
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chloroform, 4-N,N-dimethylaminopyridine (DMAP), p-toluenesulfonyl chloride (TsCl),
sodium borohydride (NaBH4), tetramethylethylenediamine (TMEDA), sodium chloride
(NaCl), sodium bicarbonate (NaHCO3), 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ),
petroleum ether,

n-butyl

lithium (n-BuLi),

pyrrole, trimethylorthoformate,

3,4,5-

trimethoxybenzaldehyde, 2,6-diaminopyridine, aniline, 3-aminophenol, dibenzofuran, sulfuric
acid, iron(II) chloride (FeCl2), iron(II) bromide (FeBr2), tetraethylammonium acetate
tetrahydrate ([TEA+][OAc‒]) from Sigma Aldrich; chloroform-d3 (CDCl3), benzene-d6
(C6D6), dimethylsulfoxide-d6 (DMSO-d6) from Cambridge Isotope Laboratories; 3aminobenzenesulfonic acid from TCI.
2.5.2 Electrochemistry
All cyclic voltammetry (CV) experiments were conducted using a CHInstruments
760C potentiostat. CV measurements were carried out in an oven-dried custom glass cell using
a 3 mm glassy-carbon-dot working electrode, platinum mesh counter electrode (BASi), and
saturated calomel reference electrode (CHInstruments). Working solutions comprised 3 mL of
electrolyte solution containing DMF with 0.1 M tetrabutylammonium hexafluoro phosphate
([TBA+][PF6]), 1 mM Fe porphyrin, and varying concentration of phenol (PhOH). The
reference electrode was separated from the working solution by a double liquid junction saltbridge (Hach) containing 10 mL of electrolyte solution. Working solutions were degassed with
argon or carbon dioxide and kept under a positive pressure of the respective gas at all times.
PhOH was added as a 3 M solution to the working solution for titrations. All experiments were
referenced to the ferrocenium/ ferrocene couple (Fc+/Fc) by dissolution of ~0.1 mg of ferrocene
into the working solution and performing a CV to obtain the reference potential. The working
electrode was polished (Allied High Tech) after every CV with 3 μm and 1 μm diamond paste
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in ethanol (Struers), then rinsed, sonicated in ethanol to remove particulates, and rinsed with
acetone before being dried under a nitrogen stream.
Bulk electrolyses were performed in a glassy carbon crucible adapted to the continuous
flow detection of gases. The working compartment contained 6.0 mL of electrolyte solution
with 250 μM Fe porphyrin and 40 equiv of PhOH. Dissolution of compounds was facilitated
by stirring solutions. The electrolyte of the counter electrode cell compartment was charged
with 0.3 M tetrabutylammonium acetate ([TBA+][OAc–]) as a sacrificial reductant to facilitate
current flow in the overall cell. CO 2 was sparged through the working solution via a PEEK
tubing at a rate of 5.0 mL·min–1 throughout the experiment and vented directly into the
sampling loop of the gas chromatograph. The electrolyses were run for 1-2 h or until sufficient
charge (~ 4-5 C) had passed to ensure several catalytic turnovers. Gaseous species were
identified and quantified on an SRI-8610 gas chromatograph equipped with a thermal
conductivity detector and flame ionization detector (multiple gas analyzer #3, SRI
Instruments). Calibrations were made using an analytical standard containing 0.5% H2, 0.5%
O2, 0.5% CO, 0.5% CO2 in nitrogen supplied by Sigma Aldrich (Supelco). The resultant peaks
were integrated in the PeakSimple software and used as standards for further measurements.
Head space samples were taken every 15 min to allow moderate build-up and equilibrium of
gaseous products for detection. The column was maintained at 80 °C for the first 4 min and
heated to 250 °C during the following 6 min to separate and analyze gases, followed by a 5
min cooldown period. Peaks were identified by comparison to the standards, integrated in the
PeakSimple software and quantified accordingly. The only products detected in these
experiments were CO. To account for headspace equilibration time of gaseous products in the
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working solution, faradaic efficiencies were faradaic efficiencies were calculated from data
obtained after the second timepoint.
2.5.3 Computations
Calculations were performed using Gaussian16. 42 Geometry optimizations were carried
out at the BP86/6-31G(d,p) level of theory21,43 utilizing the conductor-like polarizable
continuum model (CPCM) to simulate the solvent environment of DMF. Tight convergence
criteria were met for all optimizations and frequency calculations confirmed a minimum in all
cases. All calculations were based on an Fe triplet ground state, previously shown to result in
the lowest energy.23 To simplify computations, we replaced the meso- trimethoxyphenyl
groups with H-atoms based on their similarity in Hammett parameters.44 Thermodynamic
quantities were calculated for T = 298 K.
2.5.4 Synthesis of Dibenzofuran-Based Aryl-Acid-Modified Porphyrins
The rudimentary porphyrin synthon was 5-(4-(dibenzofuran-6-carboxylic acid))10,15,20-tris(3,4,5-trimethoxy-phenyl) porphyrin (HPD–COOH).45 The trimethoxyphenyl
substituent was chosen for the 10,15,20 positions of the porphyrin macrocycle for ease of
synthesis. Subsequently, HPD–COOH was activated via tosylation followed by treatment with
an appropriate aryl-amine nucleophile to produce free-base porphyrins bearing the hanginggroups aryl-sulfonic acid (HPD–3SA), phenolic (HPD–PhOH), and di-boc-guanidyl (HPD–
Gnd(Boc)2), which was deprotected using neat trifluoroacetic acid to yield the hanging
guanidyl group (HPD–Gnd). Fe metallation of hangman porphyrins was accomplished in
moderate yields using microwave assisted synthesis in acetonitrile with FeCl2 and added
triethylamine (NEt3).29,45 The isolation of all known compounds was confirmed by NMR
spectroscopy and mass spectrometry and compared to published values. In the cases of newly

40

synthesized HPD–PhOH and HPD–Gnd (Scheme 1) platforms, original 1H- and

13C-NMR

were recorded for freebase porphyrins, and mass spectrometry and UV-vis spectra and were
recorded for freebase and metallated analogs. Detailed synthetic conditions and
characterizations of the Fe hangman porphyrins are provided below for newly synthesized
porphyrins.
Methyl-6-formyl-4-dibenzofurancarboxylate (DBF), 5-(4-(dibenzofuran-6-carboxylic
acid))-10,15,20-tri(3,4,5-trimethoxyphenyl)-porphyrin (HPD–CO2H), 5-(6-(dibenzofuran-4(3-N-carboxamido)benzenesulfonic

acid))-10,15,20-tri(3,4,5–trimethoxyphenyl)porphyrin

(HPDFe–3SA) and tetrakis(3,4,5–trimethoxyphenyl) porphyrinato iron(III) chloride (A4Fe–
(OMe)3), were synthesized according to previous procedures in good yield.29,45
5-(6-(dibenzofuran-4-N-(3-aminophenol)carboxamide))-10,15,20-tri(3,4,5trimeth-oxyphenyl)porphyrin (HPD–PhOH). HPD–CO2H (112.5 mg, 110.5 μmol) was
added to a stirring, 100 mL DCM solution of TsCl (105 mg, 550 μmol, 5 equiv) and DMAP
(135 mg, 0.65 mmol, 10 equiv) and was allowed to stir under N 2 for 2 h. Dry 3-aminophenol
(45 mg, 412 μmol, 4 equiv) was added and the solution stirred overnight under N 2. The volatiles
were removed and the solids were dissolved in EtOAc and transferred to the separatory funnel.
The organic layer was washed with HCl/H 2O (2 × 100 mL), H2O (1 × 100 mL), and brine (1 ×
100 mL) before being dried over Na2SO4, filtered, and evaporated to dryness. The solids were
dissolved in DCM (2% NEt3) and loaded onto a silica column packed with DCM (2% NEt 3),
and eluted with DCM (2% NEt3). The major red fluorescent band was collected and the fraction
was evaporated to dryness. The solids were dissolved in benzene and filtered through filter
paper to remove Et3NH·Cl. The filtrate was concentrated and the product was precipitated with
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the addition of pentane. The solids were sonicated and washed in pentane (3 × 5 mL) and dried
in vacuo. 1H-NMR (400 MHz, C6D6): δ 9.24 (d, J = 10.8 Hz, 4H), 9.01 (d, J = 8.9 Hz, 4H),
8.16 (dd, J = 24.7, 7.6 Hz, 2H), 7.98 (d, J = 7.8 Hz, 1H), 7.84 (d, J = 7.8 Hz, 1H), 7.67 (d, J =
1.4 Hz, 1H), 7.51-7.48 (m, 4H), 7.37 (s, 2H), 7.04 (s, 1H), 5.52-5.49 (m, 1H), 5.29 (t, J = 8.0
Hz, 1H), 4.87-4.85 (m, 1H), 4.69 (t, J = 1.9 Hz, 1H), 4.16 (d, J = 2.8 Hz, 3H), 4.14 (s, 6H),
3.49 (s, 9H), 3.47 (s, 4H), 3.44 (s, 6H), –1.83 (s, 2H). 13C NMR (400 MHz; [C6D6]): δ 152.22,
152.10, 151.7, 146.4, 137.5, 134.9, 131.9, 128.1, 127.9, 127.6, 127.4, 125.5, 121.3, 121.1,
117.3, 116.6, 115.7, 114.6, 113.55, 113.52, 113.2, 108.9, 105.6, 60.6, 55.7. Yield = 81 mg
(75%). UV-vis, λmax/nm: 405, 423, 520, 550, 590, 650. ESI-MS [M+H]+ (m/z) Calcd (Found):
1110.392 (1110.3895).
5-(6-(dibenzofuran-4-(1-N-(2,3-ditertbutoxycarbonyl)guanidyl)carboxamide))10,15,20-tri(3,4,5-trimethoxyphenyl)porphyrin (HPD‒Gnd(Boc)2). HPD–Gnd(Boc)2 was
synthesized according to the above procedure replacing 3-aminophenol with 2,3-ditertbutoxycarbonyl guanidine. The volatiles were removed and the solids were dissolved in
EtOAc and transferred to the separatory funnel. The organic layer was washed with HCl/H 2O
(2 × 100 mL), H2O (1 × 100 mL), and brine (1 × 100 mL) before being dried over Na2SO4,
filtered, and evaporated to dryness. The solids were used in the next step without purification.
5-(6-(dibenzofuran-4-(1-N-guanidyl)carboxamide))-10,15,20-tri(3,4,5trimethoxy-phenyl)porphyrin (HPD–Gnd). HPD–Gnd(Boc)2 was added as a solid to a 250
mL round bottom flask and covered with neat trifluoroacetic acid and stirred for 2 h. The
reaction mixture was diluted with 50mL ethyl acetate and quenched by slowly adding 100 mL
of saturated sodium bicarbonate solution. The organic layer was washed with HCl/H 2O (1 ×
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100 mL), H2O (2 × 100 mL), and brine (1 × 100 mL) before being dried over Na2SO4, filtered,
and evaporated to dryness. The solids were dissolved in DCM (2% NEt 3) and loaded onto a
silica column packed with DCM (2% NEt3), and eluted with 2% MeOH in DCM (2% NEt3).
The major red fluorescent band was collected and the fraction was evaporated to dryness. The
solids were dissolved in benzene and filtered through filter paper to remove Et 3NH·Cl. The
filtrate was concentrated, and the product was precipitated with the addition of pentane. The
solids were sonicated and washed in pentane (3 × 5 mL) and dried in vacuo. Yield = 81 mg
(75%). 1H-NMR (400 MHz, CDCl3): δ 9.11 (d, J = 4.7 Hz, 2H), 9.07 (d, J = 4.7 Hz, 2H), 8.85
(d, J = 4.6 Hz, 2H), 8.69 (d, J = 4.6 Hz, 2H), 7.91 (d, J = 7.2 Hz, 1H), 7.78 (d, J = 7.1 Hz, 1H),
7.52 (s, 1H), 7.41 (d, J = 1.2 Hz, 1H), 7.36 (s, 2H), 7.29 (s, 2H), 7.25 (s, 1H), 6.70 (s, 1H), 4.22
(s, 3H), 4.07 (s, 3H), 3.99 (s, 6H), 3.42 (s, 3H), 3.38 (s, 3H), 3.35 (s, 6H), 3.25 (s, 6H), –2.10
(s, 2H). 13C NMR (400 MHz; [CDCl3]): δ 157.1, 155.1, 152.20, 152.11, 151.98, 139.1, 138.9,
137.6, 137.3, 133.6, 128.0, 127.7, 127.5, 126.6, 125.3, 123.3, 122.3, 122.0, 121.2, 120.9, 120.5,
113.61, 113.59, 113.46, 113.30, 60.60, 60.50, 55.78, 55.67, 55.63, 55.59, 53.0, 34.1, 22.4, 14.0.
UV-vis, λmax / nm: 403, 423, 520, 551, 590, 645. ESI-MS [M+H]+ (m/z) Calcd (Found):
1060.3876 (1060.3857).
5-(6-(dibenzofuran-4-N-(3-aminophenol)carboxamide))-10,15,20-tri(3,4,5-trimethoxyphenyl)porphyrinato iron(III) chloride (HPDFe–PhOH). According to published
procedure,3

Freebase

hangman

porphyrin

5-(6-(dibenzofuran-4-N-(3-

aminophenol)carboxamide))-10,15,20-tri(3,4,5-trimethoxyphenyl)porphyrin (39 mg, 35.1
μmol) and freshly ground FeCl2 (88.5 mg, 0.702 mmol, 20.0 equiv) were dissolved in CH3CN
and transferred to a 35 mL microwave reactor tube. A small amount of NEt3 (0.05 mL) was
added to the solution, the tube was capped, and microwave irradiation proceeded for 1hr at 70
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°C. The solution was analyzed by TLC and no red fluorescence (indicative of freebase
porphyrin) was detected. The solution was transferred to a separatory funnel containing 100
mL EtOAc. The organic layer was washed with 1 M HCl(aq) (2 × 100 mL), H 2O (1 × 100 mL),
and brine (1 × 100 mL) before being dried over sodium sulfate, filtered into a round bottom
flask, and dried in vacuo. The solids were dissolved in DCM and purified on a Biotage SNAP
Ultra 10g column eluting with 100% DCM → 10% MeOH in DCM over twelve column
volumes, collecting the brown fractions absorbing at λ = 420 nm. The volatiles were removed,
solids dissolved in DCM, which was covered in 1 M HCl(aq) and the solution stirred
thoroughly for 4 h. The organic layer was filtered through filter paper, the volatiles removed
and the solids were sonicated in pentane (3 × 5 mL) then dried at 80°C in vacuo. Yield: 29 mg
(69%). UV-vis, λmax / nm: 311, 413, 513, 570, 611, 692. ESI-MS [M − Cl−]+, Calcd (Found):
1199.2804 (1199.4250).
5-(6-(dibenzofuran-4-(1-N-(2,3-diboc)guanidyl)

carboxamide))-10,15,20-tri-

(3,4,5-trimethoxyphenyl)porphyrinato iron(III) chloride (HPDFe–Gnd). According to
published

procedure,3

freebase

hangman

porphyrin

5-(6-(dibenzofuran-4-(1-N-(2,3-

diboc)guanidyl)-10,15,20-tri(3,4,5-trimethoxyphenyl)porphyrin (36mg, 33.9 μmol) and
freshly ground FeCl2 (85.5 mg, 0.679 mmol, 20.0 equiv.) were dissolved in CH3CN and
transferred to a 35 mL microwave reactor tube. A small amount of NEt3 (0.05 mL) was added
to the solution, the tube was capped, and microwave irradiation proceeded for 1 h at 70 °C.
The solution was analyzed by TLC and no red fluorescence (indicative of freebase porphyrin)
was detected. The solution was transferred to a separatory funnel containing 100 mL EtOAc.
The organic layer was washed with 1 M HCl(aq) (2 × 100 mL), H 2O (1 × 100 mL), and brine
(1 × 100 mL) before being dried over sodium sulfate, filtered into a round bottom flask, and
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dried in vacuo. The solids were dissolved in DCM and purified on a Biotage SNAP Ultra 10 g
column eluting with 100% DCM → 10% MeOH in DCM over twelve column volumes,
collecting the brown fractions absorbing at λ = 420 nm. The volatiles were removed, solids
dissolved in DCM, which was covered in 1 M HCl (aq) and the solution stirred thoroughly for
4 h. The organic layer was filtered through filter paper, the volatiles removed and the solids
were sonicated in pentane (3 × 5 mL) then dried at 80°C in vacuo. Yield: 29.5 mg (75%). UVvis, λmax / nm: 386, 425, 512, 583, 652, 696. Mass Spectrometry [M − Cl‒]+, Calcd (Found):
1149.2759 (1149.2734).
2.5.5 Faradaic Efficiency Calculations.
A calibration gas containing 0.5% each H2, CO, CO2, and O2 in N2 was used to calibrate
the SRI Instruments 8610C Gas Chromatograph. Peak Simple was used to integrate the
calibration peaks and these standards were used to quantify experimental products. For each
run, the CO and H2 peaks, if present, were integrated and then faradaic efficiency for each
product gas was calculated according to,
𝐹𝐸(𝐴) = 100 [
𝐶𝐹𝐴 =

𝐼𝑛𝑡𝑒𝑥𝑝 𝐶𝐹𝐴
𝑃𝑎𝑡𝑚 +𝑃𝑒𝑥𝑝
60𝑠 1 1 22.4𝐿
(𝐼)(
)( )( )(
)
𝑚𝑖𝑛 𝐹 2 𝑚𝑜𝑙
𝐹𝑅

]

(𝑃𝑎𝑡𝑚 +𝑃𝑐𝑎𝑙𝑖𝑏 )(0.005)
𝐼𝑛𝑡𝑐𝑎𝑙𝑖𝑏

(1)

(2)

Where FE is faradaic efficiency, A is the gaseous product being quantified (CO or H 2).
𝐼𝑛𝑡𝑒𝑥𝑝 is the integration of the experimental peak measured for that gas, CFA is the calibration

factor for gas A, calculated in Eq. 2. 𝑃𝑎𝑡𝑚 is the atmospheric pressure in psi (14.7 psi), 𝑃𝑒𝑥𝑝 is
the experimental pressure of the gas flow into the GC in psi at the time of sample collection
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(typically 0.02 PSI), I is the instantaneous current in amperes, F is the Faraday, FR is the flow
rate of CO2 through the cell at in L·min–1. CFA is calculated by Eq. 2, where Pcalib is the pressure
of the flow for the calibration gas. This pressure is multiplied by the percentage concentration
of CO or H2 in the calibration gas (0.005) and divided by 𝐼𝑛𝑡𝑐𝑎𝑙𝑖𝑏 , the integration of the
calibration gas peak.
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Chapter 3 –Two Face Modification of Hangman Porphyrins
and Their Carbon Dioxide Reduction Activity
3.1 Introduction
The effects of placing pendant acid and base moieties in the secondary coordination
sphere of metallated porphyrins for catalytic transformation of hydrogen evolution reaction
(HER)1–6, peroxide dismutation7–14, water oxidation15,16, oxygen reduction reaction (ORR)17–
22,

and CO2 reduction reaction (CO2RR)23–32 have been thoroughly examined. Precise

placement of proton containing and positive charge residues above a metal center has been
demonstrated to lower overpotential and increase turnover numbers and turnover frequencies
(TOF) for these reactions, and is especially well studied for electrochemical CO 2RR.33 Work
from this group has previously detailed utilization of the HPD platform containing appended
protic moieties with varying pKa for their impact on the CO2RR.26 As detailed in Chapter 2,
HPD(PhOH)FeCl porphyrin was found to offer a stabilization of –6.6kcal/mol for the bound
CO2 reduction intermediate and showed the greatest enhancement of all hangman catalysts
studied.
In its highly reduced state, the Fe hangman porphyrin has the capacity to
nucleophilically attack CO2 on either face of the porphyrin, where at least 50% of the time, it
is proposed that CO2 can be reacting on the non-modified face. A more pristine study of the
hangman effect for the CO2RR on Fe porphyrins would thus encompass a porphyrin modified
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with hanging groups on both faces of the macrocycle. Herein, the synthesis of HPD(COOH)
FeCl and HP(DCOOH)2 FeCl and their reactivity toward CO2 in the presence of PhOH is
described.

3.2 Results
Scheme 3.1. Synthesis of 5-(3,4,5-trimethoxyphenyl) dipyrromethane.

3.2.1 Synthesis
The synthesis of porphyrins has a rich history and several approaches exist to
synthesize the target compound, HP(D-CH2OH)2FeCl, an trans- α,β-A2B2 porphyrin. A
statistical approach to synthesize the target molecule was avoided due to the large number of
potential products (13 in total), and the burden of subsequent purification and isolation of
isomers. Several rational synthetic routes have been developed to create meso-substituted
porphyrins bearing aryl and alkyl moieties, many of which involve the condensation of
dipyrromethanes with an aldehyde of choice. 34–46 5-(3,4,5–trimethoxyphenyl) dipyrromethane
was selected as the condensation partner of choice as the yields for preparing this compound
from pyrrole and 3,4,5–trimethoxybenzaldehyde are moderate (~75%) and the starting
materials are commercially available (Scheme 3.1). 1 equiv. of 3,4,5-trimethoxybenzene was
combined with 50 equiv. of pyrrole as a solvent, treated with 0.1 equiv. of TFA catalyst, and
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stirred for 1 h The reaction was quenched with excess NEt3 and stirred for 15 min. Dilution
with toluene (100mL) and rotary evaporation to azeotrope high-boiling-point pyrrole out of
the reaction mixture was repeated until a puffy solid remained in the flask. At this point the
crude mixture was taken up in a minimal amount of hot 80% (aq) EtOH and set aside to
crystallize. Crystallization was repeated once to yield mustard yellow crystals.
Scheme 3.2. 2 + 2 MacDonald condensation of 5-(3,4,5-trimethoxyphenyl)dipyrromethane and methyl6-formyl-4-dibenzofurancarboxylate to form the target α,β-trans-A2B2 double hangman porphyrin,
HP(D–COOH)2 in 15% yield.

With 5-(3,4,5–trimethoxybenzene)-dipyrromethane in hand, the 2+2 MacDonald
condensation34 was performed with the previously described Methyl-6-formyl-4dibenzofurancarboxylate3 to give 5,15-(4-(dibenzofuran-6-methylester))-10,20-bis(3,4,5trimethoxy-phenyl) porphyrin (HP(DCOOMe)2) in addition to several scrambling products
(Scheme 3.2). Column chromatography of the crude reaction mixture yielded A4-tetrakis(3,4,5-trimethoxyphenyl) porphyrin (A4(OMe)3FeCl), two chromatographically-inseparable
isomers of the target trans-A2B2 porphyrin, and A3B single hangman porphyrin. The mixture
of trans-A2B2 isomers was setup for crystallization by layering a concentrated dichloromethane
solution of porphyrin isomers with 4 x volume of methanol; the desired α,β-porphyrin
selectively crystallized in 15% yield and its identity confirmed by 1H NMR. The porphyrin
was metallated with zinc in a 60 °C chloroform:methanol solution (5:1) using zinc acetate
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dihydrate. At the conclusion of this reaction, two pink spots, indicative of zincated porphyrin,
were observed by TLC. This suggested that the α,β–double hangman product isomerized to a
mixture of α,β– and α,α–products. The isomers were again inseparable by column
chromatography, though crystallization selectively provided the α,β–isomer in 50% yield,
where the remaining 50% of material was identified as the α,α–isomer. The orientation of α,β–
product was confirmed by X-ray crystallography. Despite multiple attempts and selection of
multiple different crystals, the product would not diffract to a resolution below 1.0 Å.
However, confidence in the sole isomerization of the α,β–orientation by crystallization is
confirmed (Figure 3.1).

Figure 3.1. Approximate X-ray structure demonstrating unambiguous assignment of the orientation of
the crystallized, zincated double hangman porphyrin, HP(D–COOMe)2Zn with ligated methanol from
which is was crystallized.

The freebase porphyrin was deprotected using NaOH (aq) to yield HP(D-COOH)2,
which again had to be recrystallized to achieve a single orientation, as confirmed by 1H NMR.
Following isolation, modification of the COOH was attempted, similar to efforst described in
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Chapter 2. Despite utilizing several different methodologies of amide coupling reactions
isolation of any modified porphyrins was unsuccessful. Taking the lessons learned from the
study of HPD(PhOH)FeCl and its activity for CO2RR, the hanging was left unmodified to
minimize steric bulk around the porphyrin face. HP(D-COOH)2 was metallated in MeCN with
FeBr2 and washed with copious HCl (aq) to give HP(D-COOH)2FeCl (Scheme 3.3). In this
way the hangman porphyrin will not preclude access to the Fe nucleophile and the bound CO 2
adduct intermediate will still be within hydrogen-bonding distance via the hanging carboxylic
acid group. The pKa of this group, which is estimated to be around 13.3, akin to that of benzoic
acid in DMF, and is acidic enough to contribute protons to the CO 2RR. As a basis for
comparison, HPD(COOH)FeCl and A4(OMe)3FeCl were synthesized via the methods detailed
by Graham et al.3,6 and metallated in the same fashion as the HP(COOH)2FeCl.
Scheme 3.3. Metalation of HP(D–COOH)2 with FeBr2 and NEt3 in MeCN. Subsequent washing with
copious HCl (aq) in DCM gives HP(D–COOH)2FeCl.

3.2.2 Electrocatalysis
Stabilization of CO2RR intermediates is the key determinant of the degree of observed
rate enhancement for the catalytic process for this lab’s Fe hangman porphyrins. It was noted
that the unmodified A4–(OMe)3FeCl had the highest kap and TOF max. The steric imposition of
the hanging groups likely precluded access of CO2 to the modified face of the porphyrin and
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lowered the overall apparent rate constant for the reaction. In the following electrochemical
experiments, modification on the dibenzofuran backbones was avoided in favor of maintaining
an open and reactive metal center. The dibenzofuran carboxylic acid moiety is positioned
farther from the metal center, thus lowering the total steric bulk around the porphyrin face but
is still within distance to hydrogen bond to CO 2RR.

Figure 3.2. Cyclic voltammograms of a.) HPD(COOH)FeCl and b.) HP(DCOOH) 2FeCl with 0 mM
(▬) 2 mM (▬), 4 mM (▬), 10 mM (▬), 20 mM (▬) and 40 mM (▬) of added PhOH. Scans were
taken at 0.1 V/s in 0.1 M ([TBA+][PF6–]) in DMF under argon using a glassy carbon electrode.

All Fe porphyrins synthesized above are active for the catalytic reduction of CO 2 to CO
at the Fe(I/0) redox couple in the presence of added PhOH (Figure 3.2) without any appreciable
production of H2, as demonstrated by bulk electrolysis (Table 3.2). The potential-dependent
current response, i, is referenced to the current associated with a one electron wave recorded
for the Fe(II/I) couple, iFe0, to normalize the current from active catalyst upon the addition of
acid solution throughout the course of the experiment. In this way, the magnitude of i/iFe0
establishes whether the experimental current response is catalytic; in the case of Fe hangman
porphyrins, the catalytic regime for the two-electron reduction of CO2 to CO is attained when

56

i/iFe0 > 2. The large i/iFe0 ratios observed in Figure 3.1 for all concentrations of PhOH (2 – 40
mM) is indicative of appreciable catalytic activity. The i/iFe0 ratios for the hangman catalysts
show that at all concentrations of PhOH the single hangman porphyrin was more catalytically
active for the reduction of CO2 to CO than the double hangman congeners. Additionally, the
double hangman catalysts did not achieve substantial catalytic turnover until an addition of 10
mM PhOH in solution. With addition of 40 mM PhOH, HPD(COOH)FeCl reached a catalytic
enhancement of about 24 electrons injected into the system, where HP(DCOOH) 2FeCl
achieved around a 16 electron injection. For comparison, A4(OMe)3FeCl achieved an injection
of about 42 electrons at 40 mM of added PhOH.
Table 3.1. Catalytic constants including log(TOF max) and kap for each catalyst with 40 mM of Added
PhOH, as determined by FOWA.

Catalyst

log(TOFmax) / s–1

kap / M–1s–1

HPD(COOH)FeCl

2.56

1579

HP(DCOOH)2FeCl

1.41

111

Unlike the hangman porphyrins described in Chapter 2, the catalysts synthesized and
studied here do not exhibit the canonical "S" character expected from uninhibited catalysis.
Instead the current response is more peak shaped, indicating that the porphyrin is plagued by
substrate consumption, catalyst deactivation, or product inhibition of the electrode surface. In
such cases it is possible to access the kinetic constants of the catalytic reaction via Foot of the
Wave Analysis (FOWA), developed by Costentin et al. 47,48 In this method of analysis the
normalized current is plotted against the amount of activated catalyst present at the electrode,
according to the Nernst equation. (Figure 3 and Eq. 1).
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Figure 3.3. Foot of the wave plots for a.) HPD(COOH) FeCl and b.) HP(DCOOH) 2 FeCl with 0 mM
(▬) 2 mM (▬), 4 mM (▬), 10 mM (▬), 20 mM (▬) and 40 mM (▬) of added PhOH. Scans were
taken at 0.1 V/s in 0.1 M ([TBA+][PF6–]) in DMF under argon using a glassy carbon electrode.
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Here, f is equal to Faraday’s constant divided by the ideal gas constant multiplied by
the absolute temperature (F/RT), kap is the apparent rate constant, 𝐶𝐶𝑂2 , is the concentration of
0
bulk CO2, E is the applied potential, and 𝐸𝐹𝑒
is the standard catalyst couple. Under ideal

situations, the resultant plot will be perfectly linear with a slope that corresponds to the

apparent rate constant of the reaction. In imperfect catalytic situations, like what is observed
in Figure 3.2, this current versus active catalyst plot curve will deviate from linear. It is still
possible to gather kinetic information from the very beginnings of the plot, however, as
occurrence of side phenomena are minimized due to lower catalyst activation numbers and
lower potentials. The linear portion of the plot highlighted in bold colors (Figure 3.3) was
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considered to be where R2 of the regression plot was equal to 0.999 after systematically
clipping 10 data points from the end of the curve until the desired R 2 value was achieved. From
the slope of the linear region kap and TOF max values are obtained for both catalysts at 40 mM
of PhOH and they are reported in Table 3.1. Compared to the activity of the non-hangman
A4(OMe)3FeCl (Figure 3.4), which achieved a log(TOF max) of 2.81 kap of and 2807 M–1 s–1,
both hangman catalysts displayed diminished catalytic behavior. Bulk electrolyses were
performed on each catalyst and in every case, 100% selectivity and 100% faradaic efficiency
were observed for the production of CO (Table 3.2).
Table 3.2. Faradaic efficiencies for various products made by Fe hangman porphyrin catalysts by bulk
electrolysis with 80 mM of PhOH.

Catalyst

CO / %

H2 / %

Other / %

HPD(COOH)FeCl

98 ± 3

0

0

HP(DCOOH)2FeCl

96 ± 5

0

0

3.3 Discussion
There has been much discourse on the beneficial nature of secondary coordination
sphere effects for CO2 reduction in recent literature, but little has been said on the optimization
of design parameters.33,49 The reduction of CO2 by Fe porphyrins is well documented and has
been demonstrated to be a two-electron two-proton process involving at least two chemical
steps of which are composed of several elementary steps. A dependence on the acidity of the
exogenous proton donor has been demonstrated for the production of CO 50 and this argument
has also been extended to the acidity of pendant Brønsted acid groups as well.31,32 Though it
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would others have seen that the position of the pendant proton is more important than its pKa,27
the data for HPD(COOH)FeCl and HP(DCOOH)FeCl demonstrate that need for careful
consideration of the beneficial nature of maintaining a Brønsted acidic moiety proximal to the
Fe center. The pKa of the hanging carboxylic acid on the porphyrin catalysts is akin to that of
benzoic acid (pKa of ~13.3 in DMF) making it competent to contribute to the catalytic
reduction of CO2 to CO. However, once the catalyst has undergone initial turnovers, the
internal acid becomes a negatively charged carboxylate and is unable to be reprotonated by
exogenously added PhOH, with a pKa of 18.8 in DMF. Experiments were attempted using
exogenously added benzoic acid, but a mixture of CO and H 2 were produced from the catalytic
cycle, and the porphyrins were found to demetalate during the course of the electrolysis.
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Figure 3.4. Electrochemical activity of A4(OMe)3FeCl as represented by its a.) Normalized CV plot
and b.) FOWA plot with 0 mM (▬) 2 mM (▬), 4 mM (▬), 10 mM (▬), 20 mM (▬) and 40 mM (▬)
of added PhOH. Scans were taken at 0.1 V/s in 0.1 M ([TBA+][PF6–]) in DMF under argon using a
glassy carbon electrode.

The mechanism established by this lab (see Scheme 2.2) for CO2 reduction by Fe
hangman porphyrins has been established as an ECE´C process.26 The rate-limiting step
involves reversible binding of CO2 by a nucleophilic Fe(0) assisted by hydrogen bonding to
pendant acid protons, followed by C–O bond breaking to produce the CO bound to the iron
center as Fe(II)–CO. The Fe(II)–CO is facilely reduced via a homogeneous electron transfer
(E´) by an electrochemically generated Fe(0) to give a Fe(I)–CO adduct, from which CO
dissociates.
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This lab has previously demonstrated the ability of metallated porphyrins to perform
the hydrogen evolution reaction (HER) using benzoic acid as a proton source. 1,4,51 Moreover,
there are no examples of CO2RR using benzoic acid as a proton source. This is because HER
would be viewed as a parasitic side reaction of the system. Attempts to electrolyze these
porphyrins under an atmosphere of CO2 with benzoic acid resulted in porphyrin demetallation
for both hangman catalysts and the A4 congener. Instead, PhOH was the only proton source
examined.
Scheme 3.4. Proposed transformation of the catalytic mechanism through which CO 2 is reduced by
HPD(COO)FeCl and HP(DCOOH)2FeCl. Initial reduction mechanism includes hydrogen-bonding
between hanging COOH and the negatively charged (Fe(I)–CO2)– adduct. Subsequent reductions would
invoke unfavorable coulombic interactions between the hanging carboxylate and CO 2 O-atoms.

Although no production of hydrogen was detected from the bulk electrolyses of
hangman porphyrins using PhOH under CO 2, it cannot be determined if the hanging protons
were used for HER or CO2RR during the initial turnovers of catalysis. Any hydrogen produced
would not have been built up in enough concentration to be detected. Once those hanging
protons have been consumed, in-situ generated pendant carboxylate(s) and negatively charged
CO2RR intermediates would coulombically repel one another and deleteriously affect the
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apparent rate of reduction (Scheme 3.4). The observation of diminished catalytic current in the
order of A4(OMe)3FeCl > HPD(COOH)FeCl > HP(DCOOH)2FeCl tracks with the
accumulated negative charge on the porphyrin catalysts during the catalytic reaction and
supports the repulsion hypothesis. This is additionally supported by a literature example in
which sulfonate groups attached to phenyl rings in the meso–positions of the porphyrin exhibit
relatively lower catalytic capacity compared to its non-modified congeners.52 The sulfonate
groups were attached in the para-position of the phenyl rings of the meso-groups, preventing
intramolecular interactions, though intermolecular interactions may still occur. In the
molecules synthesized here, the pendant negative charge is located in an optimal position to
adversely affect catalysis in an intramolecular fashion.

Figure 3.5. Plots of the log(TOFmax) vs. log[PhOH] for a.) HPD(COOH)FeCl, b.) HP(DCOOH)2FeCl,
c.) A4(OMe)3FeCl with 2 – 40 mM of added phenol.

Examining a plot of the log(TOF max) versus the log[PhOH] for each catalyst shows
interesting trends in reactivity (Figure 3.5). As a baseline for comparison, A4(OMe)3FeCl
demonstrates a reaction order of 1 in the concentration range examined. Despite being a twoproton two-electron process, a reaction order of one may arise as a result of the fact that even
at very low temperatures, protonation of the Fe-bound, negatively charged CO2RR
intermediate is very fast and occurs so rapidly that is not part of the rate determining step. 53
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Adding a single internal proton donor transforms the reaction order to 1.30 with respect to
PhOH. As only one face of the hangman porphyrin is modified, it displays some reactivity of
the A4 non-hangman catalyst. A reaction order greater than one, but substantially less than two,
suggests that two distinct mechanisms of reduction are occurring at the same time, one on the
unmodified face and another involving the hanging group.
The mechanism of CO2RR involving any hangman moiety can be better ascertained
from the data for HP(DCOOH)2FeCl. At very low concentrations of PhOH, a slope of 0.33 is
obtained. It appears that in this range only the contribution of reduction activity resulting from
the hangman groups is evident, with little contribution form exogenous PhOH. It is likely that
the observed reaction order is a mix between CO2RR activity that requires 1 or more PhOH,
and HER occurring from initial turnovers of the catalyst that requires zero PhOH (pKa of 18.8
is not sufficient to substantially drive HER). It is also be possible that upon reduction of the
porphyrin, isomerization between the α,α– and α,β– congeners can occur and the observed
reactivity may be in part due to an unmodified porphyrin face. Synthetic data shows that any
chemical or thermal treatment of the porphyrin results in isomerization, though the α,β–double
hangman can be selectivity crystallized at room temperature. This supports the hypothesis of
in-situ isomerization of HP(DCOOH)2. The partial current responsible for CO2RR processes
will increase as the amount of PhOH is added; as the number of turnovers increases there are
no internal benzoic protons that could promote HER. When the internal carboxylic acid groups
become irreversibly deprotonated throughout the course of catalysis, the pendant negative
charges repel CO2RR intermediates and shift the equilibrium of the rate determining step in
the reverse direction. The rate determining step is slowed considerably and requires a stronger
driving force in the form of greater concentration of PhOH to complete the reduction to CO.
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Accordingly, the observed reaction order of 1.47 is observed and represents a shift toward a
reaction order of two PhOH to complete the conversion to CO. Though, it is again possible
that this reaction order may be a result of two active mechanisms for CO 2RR.

3.4 Conclusions

This work has demonstrated a relatively high yielding application of the 2+2
MacDonald condensation to form a trans-α,β-A2B2 porphyrin bearing dibenzofuran
backbones. Successful crystallization of the desired atropisomer of double hangman porphyrin
bearing a zinc center is the first such crystal structure of its kind. Faradaic efficiencies for the
production of CO attained 100% for each catalyst studied and no hydrogen was evolved. The
pendant carboxylic acid hangman porphyrin catalysts demonstrated restricted catalytic
behavior likely due to the inability of exogenously added PhOH to regenerate the acidic
protons after initial rounds of reduction. This mismatch in pKa’s gave rise to de facto hanging
carboxylates, which with their resident anionic charge, antagonistically interacted with
similarly charged CO2RR intermediates. Destabilization of these intermediates slowed the rate
determining step, and a correlation was observed between the number of pendant carboxylates
and the inhibition of catalysis. Moreover, the internal negative charges increased the reaction
dependence on PhOH to achieve the conversion of CO 2 to CO.
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3.5 Experimental Section
3.5.1 General considerations
1H

NMR spectra were recorded at ambient temperature on a JEOL ECZ400S 400 MHz

spectrometer. All spectra were referenced to trace protonated DMSO (2.5 ppm – 1H) with water
(3.33 ppm – 1H) as an internal standard (measured values for δ are given in parts per million
(ppm)). Electrospray ionization mass spectra (ESI-MS) were obtained using a Bruker
micrOTOF-QII. Absorption spectral measurements were made for each porphyrin using a Cary
5000 UV-vis-nIR spectrometer from Varian employing the software Cary WinUV. Quartz cells
with a 10 mm path length were used. The microwave–assisted reactions were performed inside
the cavity of a CEM Discover microwave synthesis system equipped with infrared, pressure,
and temperature sensors for monitoring the synthesis. The reaction vessels were 35 mL crimp–
sealed thick–wall glass tubes. The contents of each vessel were stirred with a magnetic stirrer.
Automated chromatography was performed on all dibenzofuran compounds before porphyrin
formation and on all metallated porphyrins using a Biotage Isolera One equipped with a UVvis spectrometer and auto fractionation arm.
N,N-dimethylformamide (DMF) was purchased from Sigma Aldrich and purified by
passage through alumina and stored over activated 3 Å sieves under a nitrogen atmosphere for
at least 24 h before use. Tetrabutylammonium hexafluorophosphate ([TBA+][PF6‒]) was
purchased from Sigma Aldrich and was doubly recrystallized from ethanol before being dried
in vacuo at 70 °C and stored under nitrogen atmosphere inside a glovebox.
THF was purified by passage through alumina for use in air free reactions. 1 The
following chemicals were used as received: ethyl acetate (EtOAc), dichloromethane (DCM),
66

phenol (PhOH), sodium chloride (NaCl), sodium bicarbonate (NaHCO 3), 2,3-dichloro-5,6dicyano-1,4-benzoquinone (DDQ), pyrrole, 3,4,5-trimethoxybenzaldehyde, iron(II) bromide
(FeBr2), Tetraethylammonium acetate tetrahydrate ([TEA+][OAc‒]), and triethylamine (NEt3)
from Sigma Aldrich; dimethylsulfoxide-d6 (DMSO-d6) from Cambridge Isotope Laboratories;
trifluoroacetic acid from Oakwood Chemicals (shout out to Dr. Daniel J. Graham for the
hookup).
3.5.2 Electrochemistry
All cyclic voltammetry (CV) experiments were conducted using a CHInstruments
760C potentiostat. CV measurements were carried out in an oven-dried custom glass cell
(James glass) using a 3 mm glassy-carbon-dot working electrode (CHInstruments), platinum
mesh counter electrode (BASi), and saturated calomel reference electrode (CHInstruments).
Working solutions comprised 3 mL of electrolyte solution containing DMF with 0.1 M
tetrabutylammonium hexafluoro phosphate ([TBA+][PF6]), 1 mM Fe porphyrin, and varying
concentration of phenol (PhOH). The reference electrode was separated from the working
solution by a double liquid junction salt-bridge (Hach) containing 10 mL of electrolyte
solution. Working solutions were degassed with argon or carbon dioxide and kept under a
positive pressure of the respective gas at all times. PhOH was added as a 3 M solution to the
working solution for titrations. All experiments were referenced to the ferrocenium / ferrocene
couple (Fc+/Fc) by dissolution of ~1.0 mg of ferrocene into the working solution and
performing a CV to obtain the reference potential. The working electrode was polished (Allied
High Tech) after every CV with 3 μm and 1 μm diamond paste in ethanol (Struers), then rinsed,
sonicated in ethanol to remove particulates, and rinsed with acetone before being dried under
a nitrogen stream.
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Bulk electrolyses were performed in a cylindrical glass cell adapted to the continuous
flow detection of gases. The working compartment contained 6.0 mL of electrolyte solution
with 500 μM Fe porphyrin and 40 eq of PhOH. Dissolution of compounds was facilitated by
stirring solutions. The electrolyte of the counter electrode cell compartment was charged with
0.3 M tetrabutylammonium acetate ([TBA+][OAc–]) as a sacrificial reductant to facilitate
current flow in the overall cell. CO2 was sparged through the working solution via a PEEK
tubing at a rate of 7.3 mL·min–1 throughout the experiment and vented directly into the
sampling loop of the gas chromatograph. The electrolyses were run for 1-2 h or until sufficient
charge (~ 4–5 C) had passed to ensure several catalytic turnovers. Gaseous species were
identified and quantified on an SRI-8610 gas chromatograph equipped with a thermal
conductivity detector and flame ionization detector (multiple gas analyzer #3, SRI
Instruments). Calibrations were made using an analytical standard containing 0.5% H2, 0.5%
O2, 0.5% CO, 0.5% CO2 in nitrogen supplied by Sigma Aldrich (Supelco). The resultant peaks
were integrated in the PeakSimple software and used as standards for further measurements.
Head space samples were taken every 15 min to allow moderate build-up and equilibrium of
gaseous products for detection. The column was maintained at 80 °C for the first 4 min and
heated to 250 °C during the following 6 min to separate and analyze gases, followed by a 5
min cooldown period. Peaks were identified by comparison to the standards, integrated in the
PeakSimple software and quantified accordingly. The only products detected in these
experiments were CO. To account for headspace equilibration time of gaseous products in the
working solution, faradaic efficiencies were faradaic efficiencies were calculated from data
obtained after the second timepoint.
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3.5.3 Faradaic Efficiency Calculations
A calibration gas containing 0.5% each H2, CO, CO2, and O2 in N2 was used to calibrate
the SRI Instruments 8610C Gas Chromatograph. Peak Simple was used to integrate the
calibration peaks and these standards were used to quantify experimental products. For each
run, the CO and H2 peaks, if present, were integrated and then faradaic efficiency for each
product gas was calculated according to

𝐹𝐸(𝐴) = 100 [
𝐶𝐹𝐴 =

𝐼𝑛𝑡𝑒𝑥𝑝 𝐶𝐹𝐴
𝑃𝑎𝑡𝑚 +𝑃𝑒𝑥𝑝
60𝑠 1 1 22.4𝐿
(𝐼)(
)( )( )(
)
𝑚𝑖𝑛 𝐹 2 𝑚𝑜𝑙
𝐹𝑅

]

(𝑃𝑎𝑡𝑚 +𝑃𝑐𝑎𝑙𝑖𝑏 )(0.005)
𝐼𝑛𝑡𝑐𝑎𝑙𝑖𝑏

(1)

(2)

Where FE is faradaic efficiency, A is the gaseous product being quantified (CO or H 2).
𝐼𝑛𝑡𝑒𝑥𝑝 is the integration of the experimental peak measured for that gas, CFA is the calibration

factor for gas A, calculated in Eq. 2. 𝑃𝑎𝑡𝑚 is the atmospheric pressure in psi (14.7 psi), 𝑃𝑒𝑥𝑝 is
the experimental pressure of the gas flow into the GC in psi at the time of sample collection

(typically 0.02 PSI), I is the instantaneous current in amperes, F is the Faraday, FR is the flow
rate of CO2 through the cell at in L·min–1. CFA is calculated by Eq. 3, where Pcalib is the pressure
of the flow for the calibration gas. This pressure is multiplied by the percentage concentration
of CO or H2 in the calibration gas (0.005) and divided by 𝐼𝑛𝑡𝑐𝑎𝑙𝑖𝑏 , the integration of the
calibration gas peak.

3.5.4 Synthesis of Dibenzofuran-Based Modified Porphyrins
The trimethoxyphenyl substituent was chosen for the non-dibenzofuran modified
meso–positions of the porphyrin macrocycle for ease of synthesis. Fe metallation of hangman
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porphyrins was accomplished in moderate yields using microwave assisted synthesis in
acetonitrile with FeCl2 and added triethylamine (NEt3). The isolation of all known compounds
was confirmed by NMR spectroscopy and mass spectrometry and compared to published
values. In the cases of newly synthesized HP(DCOOMe)2, HP(DCOOMe)2Zn, HP(DCOOH)2,
original 1H- and 13C-NMR were recorded for freebase porphyrins, and mass spectrometry and
UV-vis spectra and were recorded for freebase and metallated HPD(COOH)FeCl and
HP(DCOOH)2FeCl. Detailed synthetic conditions and characterizations of the Fe hangman
porphyrins are provided below.
The compounds 5-(3,4,5-trimethoxyphenyl)dipyrromethane (3,4,5-DPM),54
methyl-6-formyl-4-dibenzofurancarboxylate (DBF), 5-(4-(dibenzofuran-6-carboxylic acid))10,15,20-tri(3,4,5-trimethoxyphenyl)-porphyrin

(HPD–COOH),

and

tetrakis(3,4,5–

trimethoxyphenyl) porphyrinato iron(III) chloride (A4–(OMe)3FeCl), were synthesized
according to literature procedures in good yield.
5-(4-(dibenzofuran-6-carboxlyic

acid))-10,15,20-tris(3,4,5-trimethoxy-phenyl)

porphyrin iron(III) chloride (HPDCOOH)FeCl). HPD(COOH) (31 mg, 29.1μmol) was
dissolved in 5 mL of acetonitrile and added to a 10 mL CEM microwave tube. To this solution
was added 20 equiv. of Fe(OAc)2. The tube and its contents were microwaved at 75 °C for 1.5
hrs with stirring and constant cooling applied. When the reaction finished, the contents of the
tube were added to a separatory funnel containing 100 mL of EtOAc and was washed twice
with 20% HCl (aq), once with DI H2O, and once with brine. The organic layers was separated
before being filtered through a filter paper funnel containing 20 g of Na2SO4 and rotary
evaporated dry. The crude product was then taken up in minimal DCM and purified by column
chromatography on the Biotage Isolera One using a 10 g SNAP Ultra column containing 25
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μm monodispersed silica (100% DCM for 1 column volume followed by a 10-column volume
gradient to 15% MeOH in DCM). The lone peak detected by absorbance at 420 nm visible
light absorbance was then treated with 10 mL of 20% HCl (aq) and stirred for 1 h before adding
to a separatory funnel where the organic layer was separated off filtered through a filter paper
funnel containing 20 g of Na2SO4 and rotary evaporated dry to yield the final product. (25 mg,
23 μmol, 80% yield). Mass Spectrometry [M–Cl]+ (m/z) Calcd. (observed) 1072.2613
(1072.2593). UV-vis (λmax / nm) 422, 505, 576.
5-(3,4,5-trimethoxyphenyl)dipyrromethane (3,4,5-DPM). Pyrrole (50 equiv., 100 mL,
1.441 mol) was added to a 250 mL round bottom flask containing a stir bar. The reagent was
degassed using argon through a fritted glass rod for 15 min before adding 3,4,5trimethoxybenzaldehyde (1 equiv., 5.655g, 28.822 mmol) and capping the flask with a rubber
septum. The aldehyde reagent was allowed to dissolve fully before adding in trifluoroacetic
acid (0.1 equiv., 221 μL, 2.882 mmol) dropwise. The reaction was stirred for 2 h and then
quenched with triethylamine (0.1 equiv., 410 μL, 2.882 mmol) and stirred for an additional
hour. At this point, the reaction mixture was diluted with 100 mL of toluene, transferred to a
500 mL round bottom flask and rotary evaporated to remove as much pyrrole as possible. This
trituration was repeated two more times with 100 mL of toluene each time to finally yield a
puffy solid on the walls of the flask. The solid was then dissolved in a minimal amount of hot
80% EtOH (aq) and set aside to crystallize. Dark yellow crystals were collected by filtration
and washing with hexanes before being recrystallized using the same procedure. Finally,
mustard yellow crystals were collected by filtration, washed with hexanes, and dried under
vacuum to yield 5-(3,4,5triemthoxyphenyl)dipyrromethane in 75% yield (6.715 g, 21.62
mmol).
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5,15-(4-(dibenzofuran-6-methylester))-10,20-bis(3,4,5-trimethoxy-phenyl) porphyrin
(HP(DCOOMe)2). A 500 mL round bottom flask was flame dried under evacuation to remove
trace water before adding 500 mL of DCM. The solvent was degassed with Ar using a fritted
glass rod for 15 min to drive out any dissolved O2. The reaction flask was charged with 3,4,5DPM (2 eq, 775 mg, 2.5 mmol, 5 mM) and DBF (2 eq, 635 mg, 2.5 mmol, 5 mM), capped
under a nitrogen atmosphere using a rubber septum, and stirred for 10 min or until all solids
had dissolved. TFA (8 eq, 765 μL, 10 mmol) was added dropwise to the reaction through the
septum using a syringe and needle and the reaction was stirred for 15 min under nitrogen
atmosphere. The crude mixture was quenched with solid DDQ (4 equiv., 555 mg, 2.5 mmol)
added all at once to the flask and stirred for 15 min before adding NEt 3 (8 eq, 1.42 mL, 10
mmol) to neutralize the TFA catalyst. The entire reaction mixture was split into two 250 mL
portions and rotary evaporated to dryness. Then the crude mixture was taken up in 100 mL of
DCM and had 20 g of 25 μM monodispersed silica added before being rotary evaporated to
dryness. The dry loaded reaction mixture was added to a 70 g auxiliary dry loading tube
supplied by Biotage and purified by column chromatography through a 100 g SNAP Ultra
column containing 25 μm monodispersed silica (1 column volume of 100% DCM, 10 column
volume gradient from 100% DCM to 35% EtOAc in DCM). The product eluted as the second
major band as detected by absorbance at 420 nm Visible light absorbance on the column as an
inseparable mixture of the α,α– and α,β–isomers. Isolation of the desired α,β–isomer was
achieved via overnight crystallization using minimal DCM layered with 3x volume of MeOH
to offer a yield of 15% percent for the desired isomer (205 mg, 187.5 μmol) NMR spectroscopy
confirmed that the preferred isomer was obtained. 1H–NMR (400 MHz, DMSO-d6) δ 8.96
(brd, 4H), 8.80 (brs, 4 H), 8.72 (d, 4 H), 8.35 (t, 2H), 7.95 (d, 4H), 7.58 (m, 6 H), 3.95 (s, 6 H),
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3.87 (t, 12 H), 3.06 (d, 6 H), -2.72 (s, 2 H). 13C–NMR (101 MHz, DMSO-d6) δ 156.89, 154.93,
151.71, 137.96, 137.07, 129.66, 127.37, 126.27, 126.17, 123.88, 123.46, 122.58, 113.35,
107.51, 97.70, 67.14, 66.22, 62.98, 60.89, 56.67, 51.95, 40.68, 40.47, 40.27, 40.06, 39.85,
39.64, 39.43, 33.69, 29.42, 24.09, 23.82. Mass Spectrometry [M+H]+ (m/z) Calcd. (observed)
1091.3498 (1091.3481). UV-vis (λmax / nm) 420, 514, 548, 591, 650.
5,15-(4-(dibenzofuran-6-carboxylic

acid))-10,20-bis(3,4,5-trimethoxy-phenyl)

porphyrin (HP(DCOOMe)2Zn). HP(DCOOMe)2 (100 mg, 91.7 μmol) was taken up in 100
mL of CHCl3 in a 150 mL round bottom flask. To this was added 20 mL of MeOH containing
20 eq of Zn(OAc)2·(H2O)2 (336 mg, 1.84 mmol) and the reaction was fitted with a reflux
condenser and heated to 70 °C for 1 h The reaction was removed from the heat to cool down
to room temperature and contents of the reaction were poured into a separatory funnel. The
organic layer was subsequently washed with deionized water (2 x 100 mL), and brine (1 x 100
mL) before being filtered through a filter paper funnel containing 20 g of Na2SO4 and rotary
evaporated dry. The crude product was then taken up in minimal DCM and purified by column
chromatography on the Biotage Isolera One using a 25 g SNAP Ultra column containing 25
μm monodispersed silica (100% DCM for 1 column volume followed by a 10 column volume
gradient to 35% EtOAc in DCM). The lone peak detected by absorbance at 420 nm Visible
light absorbance was rotary evaporated to dryness, taken up in minimal DCM, layered with 4x
volume of MeOH and set aside to crystallize overnight in 50% overall yield (53.0 mg, 45.9
μmol). Hot pink crystals were collected the next day and characterized by x-ray crystallography
which unambiguously identified the crystals as the α,β–isomer. 1H–NMR (400 MHz, DMSOd6) δ 8.90 (d, 4H), 8.70 (m, 8H), 8.27 (t, 2H), 7.92 (m, 4H), 7.60 (td, J = 7.9, 7.8, 2.2 Hz, 2H),
7.50 (m, 4H), 3.96 (s, 6H), 3.88 (d, J = 4.1 Hz, 12H), 3.13 (d, J = 4.8 Hz, 6H). 13C–NMR (101
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MHz, DMSO-d6) δ 163.95, 157.05, 155.00, 151.41, 150.09, 149.97, 138.72, 138.71, 137.63,
137.61, 134.79, 132.68, 131.93, 129.48, 127.83, 127.82, 127.32, 126.44, 123.75, 123.11,
122.79, 121.92, 121.04, 115.32, 114.09, 113.28, 60.91, 56.63, 51.98, 40.69, 40.48, 40.27,
40.18, 40.06, 39.97, 39.85, 39.75, 39.64, 39.43, 39.30. Mass Spectrometry [M+H]+ (m/z)
Calcd. (observed 1153.2637 (1153.2665). UV-vis (λmax / nm) 406, 427, 556, 597.
5,15-(4-(dibenzofuran-6-carboxylic

acid))-10,20-bis(3,4,5-trimethoxy-phenyl)

porphyrin (HP(DCOOH)2). HP(DCOOMe)2 (50 mg, 45.9 μmol) was taken up in 10 mL of
THF and transferred to a 35 mL microwave tube containing 5 mL of 6 M NaOH (aq). The tube
was capped and irradiated to 75 °C for 1.5 hrs with vigorous stirring to ensure a singular
reaction phase was achieved throughout the duration of the reaction. The contents of the tube
were poured into a separatory funnel containing 100 mL of EtOAc and the aqueous layer was
removed. The organic layer was subsequently washed with 20% HCl (aq) (2 x 100 mL),
deionized water (1 x 100 mL), and brine (1 x 100 mL) before being filtered through a filter
paper funnel containing 20 g of Na2SO4 and rotary evaporated dry. The crude product was then
taken up in minimal DCM and purified by column chromatography on the Biotage Isolera One
using a 10 g SNAP Ultra column containing 25 μm monodispersed silica (100% DCM for 1
column volume followed by a 10 column volume gradient to 35% MeOH in DCM). The lone
peak detected by absorbance at 420 nm Visible light absorbance was rotary evaporated to
dryness, taken up in minimal DCM and precipitated with pentane (3 x volume of DCM) and
spun down to collect solids. The supernatant was discarded, fresh pentane added, and the solids
centrifuged and collected before being pumped to dryness under evacuation. The solid was
then taken up in minimal THF and layered with heptane (3 x volume of DCM) and set aside
over night to crystallize in 40% yield (19.5 mg, 18.5 μmol). The crystals were collected and
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rinsed with pentane to remove residual polar and high boiling point solvents. Though the
crystals did not diffract well enough to collect a structure, NMR spectroscopy confirmed the
porphyrin in the desired α,β–isomerization state. 1H–NMR (400 MHz, DMSO-D6) δ 12.37 (s,
2H), 8.95 (d, 4H), 8.73 (m, 8H), 8.29 (d, J = 6.5 Hz, 2H), 7.92 (t, 4H), 7.59 (m, 6H), 3.95 (s,
6H), 3.87 (s, 12H), -2.76(s, 2H)). 13C–NMR (101 MHz, DMSO-D6) δ 208.38, 165.29, 156.91,
155.03, 153.13, 151.72, 138.01, 136.99, 134.44, 131.87, 130.14, 126.71, 126.16, 126.07,
123.77, 123.21, 113.94, 113.44, 68.79, 60.89, 56.74, 40.06, 27.94, 22.27. Mass Spectrometry
[M+H]+ (m/z) Calcd. (observed) 1063.3185 (1063.3198). UV-vis (λmax / nm) 422, 515, 550,
592, 648.
5,15-(4-(dibenzofuran-6-methylalcohol))-10,20-bis(3,4,5-trimethoxy-phenyl)
porphyrin iron(III) chloride (HP(DCOOH)2FeCl). HP(DCOOH)2 (19.5 mg, 18.5 μmol)
was dissolved in 5 mL of acetonitrile and added to a 10 mL CEM microwave tube. To this
solution was added 20 equiv. of Fe(OAc)2 (64.5 mg, 367.9 μmol). The tube and its contents
were microwaved at 75 °C for 6 hrs with stirring and constant cooling applied. When the
reaction finished, the contents of the tube were added to a separatory funnel containing 100
mL of EtOAc and was washed twice with 20% HCl (aq), once with DI H2O, and once with
brine. The organic layer was separated before being filtered through a filter paper funnel
containing 20 g of Na2SO4 and rotary evaporated dry. The crude product was then taken up in
minimal DCM and purified by column chromatography on the Biotage Isolera One using a 10
g SNAP Ultra column containing 25 μm monodispersed silica (100% DCM for 1 column
volume followed by a 10-column volume gradient to 15% MeOH in DCM). The lone peak
detected by absorbance at 420 nm Visible light absorbance was then treated with 10 mL of
20% HCl (aq) and stirred for 1 hr before adding to a separatory funnel where the organic layer
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was separated off filtered through a filter paper funnel containing 20 g of Na2SO4 and rotary
evaporated dry to yield the final product, which was crystallized in from THF layered with
heptane in 60% yield. (12.3 mg, 11.0 μmol) Mass Spectrometry [M+H]+ (m/z) Calcd.
(observed) 1116.2302 / 1116.2284. UV-vis (λmax / nm) 422, 505, 576.
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Chapter 4 – Uncovering the Mechanism for the Production of
Formate from Carbon Dioxide by FeTPP
4.1 Introduction
While excellent selectivity and turnover frequency for CO production by Fe(0)
porphyrins has been achieved, CO is not an ideal product of CO 2 reduction. The capture of CO
and its use in syngas formation can be both difficult and dangerous. Researchers face great
difficulty to create catalysts that generate higher order reduction products due to the numerous
intermediate reduction species involved in such a reaction.1 Moreover, distributed CO2
reduction to CO coupled to large, centralized syngas fuel formation is a disconnect in logic as
well as a technology mismatch. A more desirable product of CO2 reduction is formic acid
(HCO2H) or it's conjugate base, formate (HCO2–). Like CO, reduction to formic acid requires
only two protons and two electrons, making it kinetically more favorable than reduction to
formaldehyde (four protons, four electrons), methanol (six protons, six electrons), or methane
(eight protons, eight electrons). Formate has many industrial uses including production of
novel biofuels 2, in formic acid fuel cells 3, as a reducing agent for organic compounds 4, or for
hydrogen storage5. Currently formate is produced on the industrial scale by carbonylation of
methanol to produce methyl formate followed by hydrolysis of methyl formate to yield formic
acid and methanol6–this process is quite costly. A formate selective CO2 reduction catalyst

81

could help to decrease the costs associated with formate production, thus incentivizing the use
of formate as a distributed renewable fuel.
There has been a great deal of interest in finding a formate specific CO 2 reduction
catalyst in recent years 7. When CO2 is reduced directly at the electrode to CO2●− in water, the
radical anion reacts with water to produce formate as the only product. However, the direct
reduction of CO2 in water is highly unfavorable occurring at –1.90 V vs. SHE in water. In
contrast, when the two-electron reduction of CO2 is coupled with the addition of two protons,
formic acid can be generated at just -0.61 V vs. SHE8. Nature utilizes this proton coupled
electron transfer (PCET) reactivity to its advantage and synthetic catalysts seek to do the same.
Many of the catalysts that afford CO and H 2 as major products also produce some formate as
a minor product under certain conditions. Recent research on pincer iridium complexes 9,10 and
iron carbonyl clusters11 have represented the best successes to date in selective formate
production. The important takeaway from these preliminary advances has been that the affinity
of the metal catalyst for H+ (as opposed to CO2) to form the metal hydride is highly important
for selective formate production over CO6.
Fe(0) porphyrins are promising as a formate selective catalyst because they are
hypothesized to produce hydrogen through an intermediate Fe hydride12–14. Using the acid
HNEt3·Cl, Fe hydride formation from Fe(0)TPP occurs with a rate constant k = 2 × 108 M–1s–
1

and the subsequent reaction with an additional HNEt3·Cl to produce hydrogen heterolytically

occurs with a rate constant k = 1 × 105 M–1s–1(Scheme 4.1).

12,15

The enormously fast rate

constant of hydride formation and results in a situation of total catalysis at the electrode surface,
producing much hydrogen but also leaving some Fe(II)H to be reduced and re-oxidized by
cyclic voltammetry at ~ –2.4 V (vs. Fc+/Fc) (Figure 4.1, red trace). Already, many metal
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hydride complexes have been identified that can undergo CO 2 insertion at the hydride bond to
produce a metal-formate complex, albeit comparatively slowly, with kinetic rate constants
ranging from 2 × 10–4 to 50 M–1s–1.10,11,16–20 In this mechanism, there is initial competition
between CO2 and H+ for binding to the reduced Fe(0) catalyst. Primary binding of CO 2 by
Fe(0) porphyrins and the subsequent reduction process is well-studied and produces CO.
Primary binding of H+ yields an Fe hydride intermediate that can react with another proton
(forming H2) or in the presence of CO2 can possibly undergo CO2 insertion to produce
formate7. In such a threefold competition among CO, H2, and formate production, preferential
binding of H+ over CO2 by the active catalyst is implied to be critical for achieving formate
selectivity. Scheme 4.1 shows a simplified version of the catalytic pathway leading to each of
the possible reduction products.
Scheme 4.1. Fe(0)TPP reduces CO2 to CO with two equivalents of weak acid. Reaction of Fe(0)TPP
with a proton (strong acid) can yield an Fe(II) hydride, which can then react with a second proton to
form hydrogen. It is hypothesized that CO2 can insert into the Fe(II)-H bond to form the Fe-formato
complex, which turns over to produce formate.
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4.2 Results
4.2.1 Electrochemistry
Information on the details of cyclic voltammetry and bulk electrolysis experiments can
be found in the experimental section at the end of the chapter. Fe(0) porphyrins are well known
to reduce CO2 to CO in the presence of a weak acid, like phenol, and H+ to H2 in the presence
of a strong acid, like HNEt3·Cl.12,21 To the best of our knowledge, there has yet to be
investigation into the reduction of CO2 by Fe porphyrins in the presence of a strong acid, likely
a result of H2 evolution being viewed as a parasitic side reaction that consumes valuable
protons that could be used for CO2 reduction. Cyclic voltammetry experiments of FeTPP in
the presence of HNEt3·Cl (pKa=9.2 in DMF) revealed interesting differences in reactivity when
the scans were conducted under an atmosphere of argon versus a CO 2. Specifically, the
presence and growth of a new wave upon the addition of a strong acid to a solution of FeTPP
under an atmosphere of CO2 suggests a new CO2 reduction process capable of competing with
hydrogen evolution (Figure 4.1).
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Figure 4.1. Cyclic voltammograms of FeTPP under argon (▬), under argon with 5 mM of added
HNEt3+ (▬), under an atmosphere of CO2 with 5mM of added HNEt3+ (▬). Scans were taken at 0.1
V/s in 0.1 M ([TBA+][PF6–]) in DMF under argon using a glassy carbon electrode.

A CV of FeTPP solution sparged with argon in the absence of acid displays two
reversible waves corresponding to the two reductions of Fe(II) down to Fe(0) (Figure 4.1).
When HNEt3+ is added to this system, the growth of a catalytic wave consistent with HER total
catalysis by FeTPP appears at ca. –2.0 V (vs. Fc+/Fc); this is followed then by trace amount of
Fe(0)TPP reduction and oxidation (ca. –2.2 V vs. Fc+/Fc) and finally the 1 e– reduction and
oxidation of Fe(II)–H to Fe(I)–H. When a solution of FeTPP with HNEt3+ is then sparged with
CO2 a catalytic wave at ca. –2.2 V (vs. Fc+/Fc) is apparent that overlaps the position of the
Fe(I/0) TPP redox wave in the absence of substrate.21
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Figure 4.2. Cyclic voltammograms of FeTPP under an atmosphere of argon with 5 mM (▬), 10 mM,
20 mM, 40 mM, 80 mM (▬) of added HNEt3+. Scans were taken at 0.1 V/s in 0.1 M ([TBA+][PF6–])
in DMF under argon using a glassy carbon electrode.

The addition of HNEt3·Cl to the argon-sparged system gives a picture of catalytic
competency of FeTPP towards proton reduction (Figure 4.2). Two waves appear in the
presence of acid and both grow as additional acid is added. The first grows in at –2.0 V (vs.
Fc+/Fc), which is shifted anodically compared to the Fe(I/0) wave and represents the reaction
of Fe(0)TPP]2– with protons and electrons to produce hydrogen (follow Scheme 4.1 stepwise
to H2). The redox wave associated with the reduction of [HFe(II)TPP] – to [HFe(I)TPP]2– at –
2.4 V also becomes catalytic with the addition of more HNEt3+, and is accounted for by a
secondary HER pathway:
[𝐻𝐹𝑒(𝐼𝐼)𝑇𝑃𝑃]− + 𝑒 − ⇄ [𝐻𝐹𝑒(𝐼)𝑇𝑃𝑃]2−

[𝐻𝐹𝑒(𝐼)𝑇𝑃𝑃]− + 𝐻+ ⇄ [𝐹𝑒(𝐼)𝑇𝑃𝑃]− + 𝐻2
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(1)
(2)

In both HER scenarios, an intermediary Fe hydride can be found near the electrode which is
hypothesized to undergo CO2 insertion to form the Fe–formate complex. Subsequent reduction
of this new molecule by one electron should then release formate anion and [Fe(I)TPP] –.
A titration of HNEt3·Cl into a solution of FeTPP under an atmosphere of CO2 gives an
apparent similar result to that of the same system under argon with two waves that become
catalytic with increasing added acid (Figure 4.3). Two reduction features, one at –2.0 V,
matching HER by FeTPP and a new peak at –2.2 V, which at higher concentrations of acid
shifts cathodically to match HER by [HFe(I)TPP]2–. The current observed at this second wave
is greater than what could be expected for a stoichiometric reaction with CO 2 and implies
catalytic behavior of the reduced iron species.

Figure 4.3. Cyclic voltammograms of FeTPP under an atmosphere of CO 2 with 5 mM (▬), 10 mM,
20 mM, 40 mM, 80 mM (▬) of added HNEt3+. Scans were taken at 0.1 V/s in 0.1 M ([TBA+][PF6–])
in DMF under argon using a glassy carbon electrode.

Bulk electrolyses were performed to identify and quantify the products of CO2
reduction. FeTPP was present in 250 μM concentration with 50 mM HNEt3+ and 100 mM
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tetrabutylammonium hexafluorophosphate as a supporting electrolyte in 6 mL of total solution
in DMF-d7. DMF-d7 was chosen because the high boiling point and low vapor pressure are
well suited for in-situ gas chromatography analysis allowing for the analysis of solution
products without additional workup steps where products could be lost. The counter cell
contained the same concentration of supporting electrolyte plus 200 mM tetraethylammonium
acetate as a sacrificial reductant to drive catalysis in 5 mL of DMF (not deuterated). A potential
of –2.4 V (vs. Fc+/Fc) was selected for the electrolyses as it encompassed a negative enough
potential to accomplish all observed reduction processes. Unfortunately, the potentiostat was
limited owing to its ability to drive electron transfer at the anode of the cell, at a 10 V potential.
This resulted in a maximum applied potential of -2.0 V (vs. Fc+/Fc) at the beginning of the
experiment. As protons are consumed and the catalytic enhancement dwindles, the applied
potential becomes more negative until the selected potential is achieved. In essence, the applied
potential shifted from –2.0 V toward –2.4 V through the course of these experiment.

Figure 4.4. Left: bulk electrolysis plot of the current versus the charge passed through the course of the
electrolysis (▬). Right: plot of calculated faradaic efficiencies for H2 (▬) and CO (▬) throughout the
course of the electrolysis to 30 C of charge passed. Bulk electrolysis was performed in 6 mL of 0.1 M
([TBA+][PF6–]) in DMF under CO2 using a glassy carbon crucible.
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Bulk electrolysis was performed at an applied potential of –2.4 V until 30 C of charge
had passed, which at 100% faradaic efficiency for a two electron, two proton process, was the
maximum amount of charge that could passed based on the amount of added acid. The current
started at ~ 2 mA and initially increased to ~2.8 mA over the course of the experiment (Figure
4.4, left). In-situ gas chromatography showed an initial faradaic efficiency for HER of 100%
which remained constant for over multiple coulombs of charge passed that declined until the
experiment was halted (Figure 4.4, right). The total integrated faradaic efficiency for HER
came out to 65%. Proton NMR analysis of the bulk electrolysis solution revealed 35% faradaic
efficiency for the production of formate. Interestingly, repeating this experiment out to 31 C
of charge passed yielded 52% faradaic efficiency for HER and 48% faradaic efficiency for
formate production (Figure 4.5, right). At the very end of this electrolysis when no protons
should theoretically remain, CO was produced at a calculated efficiency of 5%, which
amounted to 0.36% efficiency over all charge passed. The current was similar to that of the
previous experiment until plummeting to very low values once 30 C of charge had been passed
(Figure 4.5, left). 13C labelled CO2 was used to verify that the carbon source for formate was
indeed from CO2.
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Figure 4.5. Left, bulk electrolysis plot of the current versus the charge passed out to 31 C of charge
(▬). Right, Faradaic efficiencies plot of H2 (▬) and CO (▬) versus the charge passed out to 31 C.
Bulk electrolysis was performed in 6 mL of 0.1 M ([TBA+][PF6–]) in DMF under CO2 using a glassy
carbon crucible.

To gain a better understand of the process associated with the second wave under
atmospheres of CO2, electrochemical simulations using DigiElch were performed to calculate
the concentrations of various species that may exist near the surface of the electrode and how
they change as a function of applied potential and distance from the electrode (Figure 4.6).
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Figure 4.6. Simulated concentrations of Fe(II)TPP (▬), Fe(I)TPP (▬), Fe(0)TPP (▬), H–Fe(II)TPP
(▬), H–Fe(I)TPP (▬), and HNEt3+ (▬) present in the reaction diffusion layer near to the electrode
surface at an applied potential of –2.2 V (vs. Fc+/Fc). Simulated system was charged with Fe(II)TPP
and HNEt3 under an atmosphere of Ar.

At very close distances to the electrode using an applied potential of –2.2 V (vs. Fc+/Fc)
there exists a relatively high concentration of Fe(II)–H and Fe(0)TPP, with some Fe(I)–H and
Fe(I)TPP and virtually no free acid. Also present at the electrode surface are large
concentrations of supporting electrolyte (~100 mM) and CO2 (230 mM). CV simulation
considering the mechanism for HER by FeTPP but adding a fast step for CO2 insertion, (k =
1010 M–1s–1) Fe(I)H + CO2 = Fe(I) + HCOO–, the expected current response for hydride
insertion as a mechanism of action for the second catalytic wave (Figure 4.7). The maximal
second wave obtained from simulations is much smaller than the wave obtained
experimentally.
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Figure 4.7. Simulated CV of 1 mM of FeTPP in presence of 20 mM +HNEt3 in DMF+ 0.1 M nBu4NPF6, v = 0.1 V/s under argon (▬) and under CO2 (▬).

Finally, the possibility for FeTPP reaction with CO2 as a way of explaining the second
catalytic feature was explored. CV’s were performed on solutions of FeTPP in 0.1 M
([TBA+][PF6–]) in DMF with NEt3 titrated in varying amounts (Figure 4.8). This combination
of reactants was chosen as NEt3 is present at large concentrations near the electrode as a result
of HER by FeTPP and HNEt3+. The results of this experiment show surprisingly large amounts
of catalytic current resulting from the addition of amine into solution (Figure 4.8). Bulk
electrolysis of FeTPP performed under an atmosphere of CO2 in the presence of 40 mM NEt3
has been used to identify reduction products. Given the volatility of NEt3, in-situ gas
chromatography was inappropriate for bulk electrolysis and instead a closed head-space system
was adopted. Application of a –2.2 V potential (vs Fc+/Fc) until 4.5 C of charge had passed
resulted in 21% FE for CO and 60% FE for HCOO–.
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4.3 Discussion
The electrochemical response of FeTPP with HNEt3+ under argon and CO2 overlay
nearly perfectly with one another at the first observed catalytic wave with only a small increase
in current under CO2 (Figure 4.1). This extra current may be the result of CO2 insertion to the
Fe–H species or simply an overlap with the onset of the second reduction feature. Synthetic
efforts to isolate an Fe–H species for exposure to CO2 to investigate the possibility for an
insertion mechanism were unsuccessful and resulted only in the production of hydrogen gas.
As such, the first electrochemical reduction feature observed under CO 2 was presumed to be
the same process as under Ar, that is, HER.
There are several possibilities of the process occurring at the second catalytic wave
under CO2. The primary thesis of this work contends that a strong acid can generate a metal
hydride species, which can undergo CO2 insertion to generate an Fe formate species, which
can be reduced to release formate and regenerate Fe(I)TPP pre-catalyst. However, such
dramatic catalytic current is not expected given the limited proton availability near the
electrode surface and would only produce a limited current enhancement (Figure 4.7). Bulk
electrolysis conditions that incorporate a large electrode surface area and solution stirring
could, however, change the reaction dynamics to facilitate some CO2 reduction process. Even
though the pKa of HNET3+ is sufficient to form the Fe(II)–H species, the mismatch between
CV response and production of formate during bulk electrolysis does not support the idea of a
“backdoor” Fe–H insertion mechanism for formate production. CV simulation of the above
mechanism but with a fast step for CO2 insertion, (k = 1010 M–1s–1) Fe(I)H + CO2 = Fe(I) +

93

HCOO–, serves to eliminate any possibility for hydride insertion as a mechanism of action for
the second catalytic wave (Figure 4.7).
Now that all hydride driven mechanisms can be eliminated, there is still the possibility
for reactivity driven by Fe(0)TPP. At the electrode surface, Fe(0)TPP can bind CO2 via
nucleophilic attack on the carbon center, followed by proton coupled electron transfer.
Literature precedent dictates that CO2 reduction catalysis by FeTPP in the absence of a proton
source is minimal.21–23 Instead, if HNEt3+ were to react with an Fe–CO2 adduct, it would be of
sufficient strength to drive reductive C–O bond cleavage to release CO and water. 24 The lack
of CO production through the experiment is proof that this does not occur. What is not shown
in the concentration profile derived in Figure 4.6, beside CO2 and electrolyte, is the conjugate
base resulting from the HER process at the first catalytic wave. As HNEt 3+ is not present within
2 μm of the electrode surface, NEt3 is present in about the same concentrations as the bulk
concentration of acid in solution. CV’s were performed on titrated solutions of NEt 3 into
FeTPP in 0.1 M ([TBA+][PF6–]) in DMF to explore the possibility for catalytic behavior
(Figure 4.8). The results of this experiment show surprisingly large amounts of catalytic current
resulting from the addition of amine into solution (Figure 4.8).
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Figure 4.8. CV of 1 mM of FeTPP in presence of 2 mM (▬), 4 mM, 10 mM, 20 mM, 40 mM, 80 mM
(▬) NEt3 under CO2. Scans were taken at 0.1 V/s in 0.1 M ([TBA+][PF6–]) in DMF under argon using
a glassy carbon electrode.

From the CVs, we can also infer that NEt3 is not consumed, otherwise catalytic current
would be controlled by NEt3 diffusion rather than the observed plateau shaped trace. The
intriguing observation is that it seems that CO 2 is reduced without a proton source. Could
residual water (from the solvent and from the supporting electrolyte) be enough? That the
second catalytic wave observed in Figure 4.3 actually corresponds to the reduction of CO2 by
Fe(0) in the presence of NEt3 (as we postulate from the concentration profiles in the diffusionreaction layer) is further confirmed by comparison of the CVs obtained under CO2 with NEt3
and the current obtained by subtraction of CVs under CO 2 and under argon in the presence of
HNEt3+ (Figure 4.9).
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Figure 4.9. Current response obtained from subtraction of CVs of 1 mM of FeTPP in presence of 10
mM +HNEt3 under argon and under CO2 (0.23 M) (▬). CV of 1 mM of FeTPP under CO2 (0.23 M) in
the presence of 10 mM NEt3 (▬).

Bulk electrolysis experiments of FeTPP with CO 2 and NEt3 demonstrate the production
of both HCOO– and CO. The detection of CO from this experiment, as opposed to flow
experiments, can be explained by the fact that the gas flow rate of our in-situ setup removed
CO from the headspace before it could build up in any substantial quantity to be detected. The
production of formate from this experiment is still curious given the lack of an explicit proton
source and nonetheless 20% of the charge passed into the system is unaccounted for. Previous
studies in the literature show that when no proton source is added to systems for CO 2 reduction
by FeTPP, catalyst degradation does indeed occur and could likely account for the lost charge
here.21,23,25,26 The possible role for triethylamine in CO 2 reduction by FeTPP could include
many possibilities. Though, chemical intuition and the knowledge that Fe(II)TPP has a thirst
for apical ligands would suggest that NEt3 is binding to the metal center during the course of
the reduction process. Fe(0)TPP2– may react with CO2 to form the Fe(II)-CO22– adduct, which
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at the same time may also bind NEt3 (Scheme 4.2). Protonation with concomitant
rearrangement, which would be facilitated via the bound NEt 3 (à la the trans-effect), would
give the Fe(II) formato complex. Finally, this would then be reduced in solution to release
formate and give back the pre-catalyst Fe(I)TPP–.

4.4 Conclusions
In this work the exploration of CO2 reduction to HCOO– using FeTPP and a strong acid
was examined using HNEt3+ as a proton source. The current response for FeTPP with this acid
is well-defined in the literature and exhibits a classic example HER via total catalysis. The
growth of a peculiar secondary catalytic feature observed by CV under an atmosphere of CO 2
led to an investigation of reaction dynamics via simulated cyclic voltammetry. Possible CO2
insertion into an Fe–H species produced during the reaction was eliminated as a possibility. It
was discovered that this type of reaction, even with a simulated rate of 10 10 M–1s–1, could not
produce a catalytic feature of the same intensity as was observed experimentally. Instead the
possibility for NEt3 driven catalysis was explored as it was present in large concentration near
to the electrode surface as a product of HER using FeTPP and HNEt 3+. Cyclic voltammetry
experiments of FeTPP in the presence of NEt3 and under an atmosphere of CO2 showed a
surprising amount of catalytic current (Figure 4.8). Bulk electrolysis of this solution produced
20% CO and 60% HCOO–, leaving 20% of electrons unaccounted for. It is proposed that
residual water, present from the handling of solvent and electrolyte outside of a glovebox
atmosphere is responsible for the proton dependent step. The exploration of this newly
discovered process is discussed in detail in subsequent chapters of this thesis.
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Scheme 4.2. Newly hypothesized mechanism for the electrochemical reduction of CO 2 to HCOO– by
FeTPP.
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4.5 Experimental
4.5.1 General considerations
N,N-dimethylformamide (DMF) was purchased from Sigma Aldrich and purified by
passage through alumina and stored over activated 3 Å sieves under a nitrogen atmosphere for
at least 24 h before use. Tetrabutylammonium hexafluorophosphate ([TBA+][PF6‒]) was
purchased from Sigma Aldrich and was doubly recrystallized from ethanol before being dried
in vacuo at 70 °C and stored under nitrogen atmosphere inside a glovebox. 5,10,15,20tetraphenyl-21H,23H-porphine Iron(III) chloride, HNEt3Cl, and NEt3 were purchased from
Sigma Aldrich and used as received. DMF-d7 was purchased from Cambridge Isotopes and
used as received. Ar and CO2 gasses were purchased from Airgas and controlled by mass flow
controllers in all experiments.
4.5.2 Electrochemistry
All cyclic voltammetry (CV) experiments were taken at 0.1 V/s and conducted using a
CHInstruments 760C potentiostat. CV measurements were carried out in an oven-dried custom
glass cell (James glass) using a 3 mm glassy-carbon-dot working electrode (CHInstruments),
platinum mesh counter electrode (BASi), and saturated calomel reference electrode
(CHInstruments). Working solutions comprised 3 mL of electrolyte solution containing DMF
with 0.1 M tetrabutylammonium hexafluoro phosphate ([TBA+][PF6–]), 1 mM Fe porphyrin,
and varying concentrations of additive which were added to the CV solution as a 3 M solution
(NEt3) or as a solid (HNEt3Cl). The reference electrode was separated from the working
solution by a double liquid junction salt-bridge (Hach) containing 8 mL of electrolyte solution.
Working solutions were degassed with argon or carbon dioxide and kept under a positive
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pressure of the respective gas at all times. All experiments were referenced to the ferrocenium
/ ferrocene couple (Fc+/Fc) by dissolution of ~1.0 mg of ferrocene into the working solution
and performing a CV to obtain the reference potential. The working electrode was polished
(Allied High Tech) after every CV with 3 μm and 1 μm diamond paste in ethanol (Struers),
then rinsed, sonicated in ethanol to remove particulates, and rinsed with acetone before being
dried under a nitrogen stream.
Bulk electrolyses were performed in a cylindrical glass cell adapted to the continuous
flow detection of gases. The working compartment contained 6.0 mL of DMF-d7 of electrolyte
solution with 250 μM Fe porphyrin and 50 mM of HNEt3 or NEt3. Dissolution of compounds
was facilitated by stirring solutions. The electrolyte of the counter electrode cell compartment
was charged with 0.3 M tetraethylammonium acetate ([TEA+][OAc–]) as a sacrificial reductant
to facilitate current flow in the overall cell. Ar or CO2 was sparged through the working
solution via a PEEK tubing at a rate of 15 mL·min–1 throughout the experiment and vented
directly into the 1 mL in volume sampling loop of the gas chromatograph. The electrolyses
were run for 3 h to ensure many catalytic turnovers. For the non-flow experiments, the PEEK
tubing was not pierced through the septum and a static headspace of gas was maintained.
Gaseous species were identified and quantified on an SRI-8610 gas chromatograph equipped
with a thermal conductivity detector and flame ionization detector (multiple gas analyzer #3,
SRI Instruments). Calibrations were made using an analytical standard containing 0.5% H 2,
0.5% O2, 0.5% CO, 0.5% CO2 in nitrogen supplied by Sigma Aldrich (Supelco). The resultant
peaks were integrated in the PeakSimple software and used as standards for further
measurements. Head space samples were taken every 15 min to allow moderate build-up and
equilibrium of gaseous products for detection. The column was maintained at 80 °C for the
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first 4 min and heated to 250 °C during the following 6 min to separate and analyze gases,
followed by a 5 min cooldown period. Peaks were identified by comparison to the standards,
integrated in the PeakSimple software and quantified accordingly. For the non-flow
experiments, 100 μL samples of headspace were extracted through the septum using a
Hamilton 100 μL syringe and injected into the injection port of the same gas chromatograph.
Calibrations for products were made with 100 μL injections of the same calibration gas into
the gas chromatograph. As it turns out, the calibrations scaled exactly by a factor of 1:10. To
account for headspace equilibration time of gaseous products in the working solution, faradaic
efficiencies were calculated from data obtained after the second timepoint.
4.5.3 Faradaic Efficiency Calculations
A calibration gas containing 0.5% each H2, CO, CO2, and O2 in N2 was used to calibrate
the SRI Instruments 8610C Gas Chromatograph. Peak Simple was used to integrate the
calibration peaks and these standards were used to quantify experimental products. For each
run, the CO and H2 peaks, if present, were integrated and then faradaic efficiency for each
product gas was calculated according to,
𝐹𝐸(𝐴) = 100 [

𝐶𝐹𝐴 =

𝐼𝑛𝑡𝑒𝑥𝑝 𝐶𝐹𝐴
𝑃𝑎𝑡𝑚 +𝑃𝑒𝑥𝑝
60𝑠 1 1 22.4𝐿
(𝐼)(
)( )( )(
)
𝑚𝑖𝑛 𝐹 2 𝑚𝑜𝑙
𝐹𝑅

(𝑃𝑎𝑡𝑚 +𝑃𝑐𝑎𝑙𝑖𝑏 )(0.005)
𝐼𝑛𝑡𝑐𝑎𝑙𝑖𝑏

] (1)

(2)

Where FE is faradaic efficiency, A is the gaseous product being quantified (H2). 𝐼𝑛𝑡𝑒𝑥𝑝

is the integration of the experimental peak measured for that gas, CFA is the calibration factor
for gas A, calculated in Eq. 2. 𝑃𝑎𝑡𝑚 is the atmospheric pressure in psi (14.7 psi), 𝑃𝑒𝑥𝑝 is the
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experimental pressure of the gas flow into the GC in psi at the time of sample collection
(typically 0.1 PSI), I is the instantaneous current in amperes, F is the Faraday, FR is the flow
rate of Ar through the cell at in L·min–1. CFA is calculated by Eq. 2, where Pcalib is the pressure
of the flow for the calibration gas. This pressure is multiplied by the percentage concentration
of H2 in the calibration gas (0.005) and divided by 𝐼𝑛𝑡𝑐𝑎𝑙𝑖𝑏 , the integration of the calibration
gas peak. For the non-flow experiments, simple ratiometric calculation were applied for the
injected headspace samples and were compared to the calibration sample for injection.
4.5.4 Computations
All simulated CVs were generated using the DigiElch software package. 27 Diffusion
coefficients of compounds were determined straightforwardly from the peak currents of
reversible waves, and these values were used in the applicable simulations. Symmetry factors
(α values) were set as 0.5 for all ET steps.
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Chapter 5 – Modulation of Hydrogen Evolution Kinetics by
Nitrogenous Base co-Substrates
5.1 Introduction
The potential for the implementation of hydrogen as a form of renewable energy, either
by combustion or utilization in a fuel cell, has driven the study of its evolution from acidic
solutions. The catalytic reduction of protons to evolve hydrogen via transition metal complexes
is a well-known reaction and has been studied in depth. 1–5 The effects of placing acid and base
moieties in the secondary coordination sphere of metal complexes for hydrogen evolution has
been well studied by this lab via the hangman scaffold

6–11

and by others using a variety of

other metal complexes.12–15 Metallated porphyrins are some of the best studied complexes for
the transformation of small molecules in an alternative energy context and are under intense
investigation for peroxide dismutation 16–23, water oxidation24,25, oxygen reduction reaction
(ORR)26–31, hydrogen evolution reaction (HER), 32,33 and CO2 reduction reaction (CO2RR)34–
47.

FeTPP reactivity is often used as a benchmark for comparison in the synthesis and analysis

of new molecular electrocatalysts 48–52 but has had a lapse in study due to the heavy focus on
modification of the porphyrin ring to enhance catalytic behaviors.
Many of the transformations accomplished by metalloporphyrins are 2 to 4 electron
transfer processes involving multiple proton transfer steps. In the case of reductive processes,
the analogy of a push-pull mechanism is often used where the metal center may “push”
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electrons onto the substrate to reduce it, and subsequent protonation events serve to pull the
remaining electron density from the chemical species being transformed and aid in the cleavage
of heavy-atom bonds. The design of molecular catalysts to enhance the rate of electrochemical
reduction has largely focused on the facilitation of the “pull” aspect of the reaction, e.g. precise
placement of proton donors and proton relays in the secondary coordination sphere of a metal
center. The only efforts considering the push aspect has been the simple tuning of electronics
of the ligand via switching phenyl groups for other electron donating or withdrawing phenyl
rings. Typically, electron withdrawing groups are given preference as they have shown to
lower the overpotential for catalytic reduction processes.40,41,43 Beyond direct modification of
the ligand scaffold used for various electrocatalytic processes, little focus has been given to
total system design wherein the addition of co-substrates beside the catalyst and substrate is
used to facilitate reaction kinetics. One exception is the use of urea with Fe porphyrins to form
multi-point hydrogen bond donation to enable the pull of electron density from CO 2 to form
CO.53 Herein, we demonstrate the modulation of HER by FeTPP via the titration of amines.
Selective acceleration of Fe(II)–H formation, designated k1, and of hydrogen release from an
Fe(II)–H, designated k2, is explored in depth for this energy storing process.

5.2 Results
5.2.1

Electrochemistry
HER by FeTPP is a two–electron, two–step catalytic process that proceeds via the

reduction of Fe(I) to Fe(0), which reacts with a proton in the first chemical step to form H–
Fe(II)TPP. This species may then react with a subsequent proton to release hydrogen and
finally be reduced by one electron to regenerate the Fe(I)TPP pre-catalyst.32 FeTPP is also
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catalytically active for HER using AcOH (Figure 5.1a).54 The potential dependent current
response, i, is normalized to the current of the one electron wave associated with the reduction
of Fe(II)TPP to Fe(I)TPP, iP0, to give a clear picture of the catalytic enhancement observed in
the presence of substrate. There are several reduction features once Fe(0)TPP is formed at the
electrode in the presence of AcOH, the first of which will be the primary focus of this chapter.
The canonical plateau character of this process allows for easy access to the rate constants
associated with the catalytic reaction. Bulk electrolysis at the half-wave potential, E1/2, where
one half the plateau current is achieved, of the first wave, yields 100% faradaic efficiency for
the production of hydrogen. The second wave is proposed to arise from a secondary hydrogen
evolution reaction. In this case, Fe(II)–H accumulated in the reaction-diffusion layer near to
the electrode surface can be reduced to Fe(I)–H at ~ –2.3 V (vs. Fc+/Fc) and subsequently react
with a second proton from AcOH to evolve hydrogen and generate Fe(I)TPP. The third and
final wave at –2.5 V (vs. Fc+/Fc) was not examined in any detail and its features did not change
substantially with the various experimental conditions used in this study. The feature is not due
to the direct reduction of AcOH at the electrode and the process associated with it remains
unidentified.
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Figure 5.1. Cyclic voltammetric response of FeTPP with no added acid (—) and in the presence of 40
mM (—) a.) acetic acid and b.) HNEt3 in solution. Scans were taken at 0.1 V/s in 0.1 M ([TBA+][PF6–
]) in DMF under argon using a glassy carbon electrode.

Stark differences arise in comparing the electrochemical activity of FeTPP with AcOH
to that of protonated triethylamine, HNEt3+, (Figure 5.1b). Fe(0)TPP reacts with AcOH at the
Fe(I/0) reduction wave –2.15 V (vs. Fc+/Fc) and exhibits canonical plateau character. A
subsequent HER feature is observed at –2.43 V upon reduction of HFe(II)TPP to HFe(I)TPP,
also with canonical plateau shape. The HER process in the presence of HNEt3+ (Scheme 5.1)
is shifted anodically of the Fe(I/0) reduction wave by approximately 100 mV and is
documented to be a situation of total catalysis, where all protons near the electrode are
consumed.32 This leaves H–Fe(I)TPP near the surface to undergo a 1–electron reduction at ~ –
2.4 V (vs. Fc+/Fc). When enough exogenous acid is added to solution, total catalysis at the first
HER wave is lost and a new total catalysis wave for HER grows in at ~ –2.3 V (vs. Fc+/Fc),
which becomes larger with increasing [HNEt3+]. Rate constants for hydride formation and
subsequent protonation to evolve hydrogen have been published previously and are shown in
Scheme 5.1, but were also determined through electrochemical simulations (Figure 5.2). All
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diffusion coefficients for Fe species are 5·106 cm2/s, diffusion coefficients for AH and A are
8·106 cm2/s, S = 0.07 cm2, T = 293 K.

Figure 5.2. (left) CV of 1 mM of FeTPP and (right) simulations of 1 mM FeTPP in the presence of 5
(black), 10 (crimson), 20 (red) mM of +HNEt3 under argon. Scans were taken at 0.1 V/s in 0.1 M
([TBA+][PF6–]) in DMF under argon using a glassy carbon electrode
Scheme 5.1. Reaction scheme for the reduction of Fe(II)TPP and its reactivity with HNEt 3+ to form H2.

𝐹𝑒(𝐼𝐼) + 𝑒 − ⇄ 𝐹𝑒(𝐼)

𝐸10 = – 1.51 𝑉 (𝑣𝑠 𝐹𝑐 +/𝐹𝑐)

𝐹𝑒(𝐼) + 𝑒 − ⇄ 𝐹𝑒(0)

𝐸20 = – 2.154 𝑉 (𝑣𝑠 𝐹𝑐 + /𝐹𝑐)
𝑘𝑑 = 1010 𝑀−1𝑠 −1

𝐹𝑒(𝐼𝐼) + 𝐹𝑒(0) ⇄ 2 𝐹𝑒(𝐼)

𝐹𝑒(0) + 𝐴𝐻 ⇄ 𝐹𝑒(𝐼𝐼)𝐻 + 𝐴−

𝑘1 = 2 · 108 𝑀−1 𝑠 −1

𝐹𝑒(𝐼𝐼)𝐻 + 𝐴𝐻 ⇄ 𝐹𝑒(𝐼𝐼) + 𝐴− + 𝐻2

𝑘2 = 105 𝑀−1𝑠 −1

𝐹𝑒(𝐼𝐼)𝐻 + 𝑒 − ⇄ 𝐹𝑒(𝐼)𝐻

𝐸30 = −2.43 𝑉 (𝑣𝑠 𝐹𝑐 + /𝐹𝑐)

𝐹𝑒(𝐼)𝐻 + 𝐴𝐻 ⇄ 𝐹𝑒(𝐼) + 𝐴− + 𝐻2

𝑘3 = 108 𝑀−1𝑠 −1

Addition of a series of amines to a solution of FeTPP with 40mM of AcOH was
performed to examine changes in kinetic activity during HER. Such enhancements may be
determined by measuring differences in current response and potential shifts of redox features
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as compared to a reference CV of FeTPP with 40 mM AcOH. The titration of amines was
accomplished through addition as a 1.0 M solution in 0.1 M ([TBA+][PF6–]) in DMF and were
proceeded in the order of 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 5.0, 10.0, 20.0, 40.0 mM.
Quinuclidine (Quin) was the first ligand examined as it is a very strong sigma donor. Upon
addition of at 0.25 mM Quin, a 100 mV anodic shift of the onset of catalysis to –2.0 V (vs.
Fc+/Fc) is observed with a concomitant increase in plateau current from ~5 electrons to ~10
electrons (Figure 5.3a). Increasing the concentration of Quin up to 40 mM resulted in a peakshaped CV that appears to approach a situation of total catalysis, similar to the titration of
HNEt3+, where all protons near the electrode appear to be consumed. An initial increase in the
current response observed at the second HER feature is prominent at low concentrations of
Quin, but becomes attenuated as the amount of amine is increased. Presumably this is a result
of increased consumption of substrate (AcOH) at the first wave leaving less substrate available
for the second catalytic wave. It is also observed that, as expected, as the rate of catalysis
increases (more current), the shape of the first catalytic wave shifts from a plateau to a peak
due to interplay of substrate diffusion. Diazabicyclooctane (DABCO), which closely mimics
Quin in structure but has lower Brønsted basicity offered similar changes in catalytic behavior
as Quin (Figure 5.3b).
N-Ethylpiperidine (N-EtPip) was explored as an additive because it contains a cyclic
structural motif like Quin and DABCO, but its lone pair is much less accessible with its ethyl
arm and increased degree of freedom and planarity (Figure 5.3c). In this experiment, the
observed change in catalysis is much less dramatic than what was seen for the more constrained
amines and the CVs barely escapes plateau character when the amine is added at its highest
concentrations. The first HER feature exhibits a more gradual anodic shift and maintains
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plateau character, until larger concentrations of amine is added. The second HER feature
exhibits a substantial increase in current that continues to rise throughout the titration.
Triethylamine (NEt3) was added to solution in the same manner as described above and the
CVs demonstrated nearly identical HER characteristics as was observed for the addition of NEtPip (Figure 5.3d).
If apical coordination of the amine to the metal center is indeed driving the observed
catalytic enhancement, examination of FeTPP activity with AcOH and N-iPr2Et, better known
as Hünig’s, should serve as a control to test this hypothesis. The amine’s large steric bulk
should prevent meaningful coordination. Addition at 0.25 mM leads to only a slight anodic
shift and virtually no increase in plateau current from what is observed with AcOH only.
Throughout the titration, there is no deviation from plateau character and the increase in current
is very moderate. The second HER feature grows substantially and even surpasses the observed
enhancement achieved by addition of equimolar amounts of NEt3.
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Figure 5.3. Linear scan voltammograms of FeTPP plus 40 mM of FeTPP (—) in the presence of AcOH
(—) with a.) Quin, b.) DABCO, c.) N-EtPip d.) NEt3, and e.) N-iPr2Et added in the range of 0.25 mM
(—) up to 40 mM (—). Scans were taken at 0.1 V/s in 0.1 M ([TBA+][PF6–]) in DMF under argon using
a glassy carbon electrode.

To test whether the amine could hydrogen bond with residual water to facilitate
catalysis, a CV solution of FeTPP, AcOH, and 10 mM of amine was titrated with water (Figure
5.4). No increase in current or shift of onset potential occurred upon addition of water into the
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system, implying no meaningful contribution from water toward proton reduction catalysis. In
fact, the second HER feature decreased in current through 40 mM of added water, lowering
the catalytic rate.

Figure 5.4. Linear voltammetry of FeTPP with 40 mM AcOH (—) and 10 mM of N-iPr2Et with water
titrated in from 0.25 mM (—) up to 40 mM (—). Scans were taken at 0.1 V/s in 0.1 M ([TBA+][PF6–])
in DMF under argon using a glassy carbon electrode.

Bulk electrolyses of all systems were performed with 0.5 M AcOH and 0.5 M of added
base. In all cases, 100% faradaic efficiency was achieved for the production of hydrogen (Table
5.1). It is also worth noting that for bases with more constrained structures—and hence more
available lone pair on the N atom, e.g. Quin and DABCO—there is a cathodic shift of the
Fe(II)TPP/Fe(I)TPP apparent standard potential indicating ligation of the base presumably to
the iron center and with a stronger binding constant with Fe(II)TPP than with Fe(I)TPP. Indeed
the apparent standard potential is:
1+𝐾 [𝑏𝑎𝑠𝑒]

0
𝐸1,𝑎𝑝
= 𝐸10 + 𝑅𝑇𝑙𝑛 (1+𝐾 𝐼 [𝑏𝑎𝑠𝑒] )
𝐼𝐼
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(1)

where K II and K I are the binding constants of the base with Fe(II)TPP and Fe(I)TPP
respectively.
Table 5.1. Table of Faradaic efficiencies for the reduction of AcOH to H2 with various amines.

Additive

Faradaic efficiency for H2 (%)

Quin

100

DABCO

100

N-EtPip

100

NEt3

100

N-iPr2Et

100

5.2.2 Rate analysis
To gain quantitative insights, the first forward catalytic wave is analyzed in the
framework of a ECCE(E') mechanism.50 In two–electron, two–step mechanisms, electron
transfers from the electrode are designated by E, and homogeneous electron transfers—those
that occur between two solution species—are designated by E'. The chemical steps, represented
by C, are indicative of an irreversible process that may be comprised of several reversible or
irreversible elementary steps and equilibria. We do not consider here binding of the base to
either Fe(II), Fe(I), Fe(0) or Fe(II)H. As possible binding by the amines is assumed to be fast
and at equilibrium, the corresponding terms for Fe(0) and Fe(II)H can be included in k1ap and
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0
k2ap . The corresponding term for Fe(II) has no effect since E1,ap
>> E20 . The only assumption

remaining here is thus that the binding constant with Fe(I) is small for all bases (i.e. K I base
<<1).
Scheme 5.2. Generalized reaction scheme for the reduction of protons to H2 by FeTPP showing k1 as a
hydride formation step and k2 as a hydrogen evolution step.

𝐸10 = −1.51 𝑉 (𝑣𝑠. 𝐹𝑐 + /𝐹𝑐)

𝐹𝑒(𝐼𝐼) + 𝑒 ⇄ 𝐹𝑒(𝐼)

𝐸20 = −2.154 𝑉 (𝑣𝑠. 𝐹𝑐 + /𝐹𝑐)

𝐹𝑒(𝐼) + 𝑒 ⇄ 𝐹𝑒(0)

𝑘𝑑 = 1010 𝑀−1 𝑠 −1

𝐹𝑒(𝐼𝐼) + 𝐹𝑒(0) ⇄ 2 𝐹𝑒(𝐼)

𝐹𝑒(0) + 𝐴𝐻 ⇄ 𝐹𝑒(𝐼𝐼)𝐻 + 𝐴−

𝑘′1,𝑎𝑝 (𝑀−1 𝑠 −1 )

𝐹𝑒(𝐼𝐼)𝐻 + 𝐴𝐻 ⇄ 𝐹𝑒(𝐼𝐼) + 𝐴− + 𝐻2

𝑘′2,𝑎𝑝 (𝑀−1𝑠 −1 )

The observation that the half-wave potential ( E1/2 , measured when a plateau current is
obtained) is more positive than E20 is an indication that k1ap > k2ap .55Hence, both kinetic
apparent rate constants k1ap and k2ap can be obtained from simulations by adjustment of both
the position and the intensity of the wave (provided that total catalysis is not met) taking for
the diffusion coefficient for AH and A = 10–5 cm2/s. A general mechanism can be found in
Scheme 5.2, and simulated CVs are shown on Figure 5.5. There is a good agreement between
experiments and simulations, which gives confidence to the subsequently derived rate
constants below. The shape (peak) is not perfect due to possible issues with overcompensation
and side phenomena such as minor catalyst degradation. Moreover, the second HER feature
was not simulated, which could impact the experimentally observed current as compared to
the theoretically predictions.
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Figure 5.5. Experimentally derived linear scan voltammograms (a,b,c,d,e) and simulated linear
voltammograms (a’,b’,c’,d’,e’) of FeTPP plus 40 mM of AcOH (—) with a,a’.) Quin; b,b’.) DABCO;
c,c’.) N-EtPip; d,d’.) NEt3; e,e’.) N-iPr2Et in the range of 0.25 mM (—) up to 40 mM (—) of added
amine. Some concentration levels are omitted for clarity of simulation and experimental data. Scans
were taken at 0.1 V/s in 0.1 M ([TBA+][PF6–]) in DMF under argon using a glassy carbon electrode.
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CVs were analyzed in the framework of ECCE and ECCE' mechanisms and rate
constants determined from simulations by fitting both position and current intensity. However,
to get an initial estimate of values to begin the fitting process we used analytical expressions
derived for both ECCE and ECCE’ mechanisms in the case of pure kinetics conditions and no
substrate consumption as well as assuming irreversible chemical steps. In the ECCE case:

i pl =

0
FS DCcat
2 k1ap AcOH

0

(2)

1

1+
1+

k2ap

k2ap

k1ap

k1ap

Or

i pl
i 0p

=

1
Fv 1 +
0.446
RT

2 k1ap AcOH

0

(3)

1
1+

k2ap

k2ap

k1ap

k1ap

And

E1/2 = E 0 +

RT
ln 1 +
F

1
1+

k2 ap

k2ap

k1ap

k1ap

In the ECCE’ case : considering and k1ap AcOH
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0

(4)

k2,ap AcOH

0

:

i pl =

0
FS DCcat
2 k2ap AcOH

1+

0

k2ap

(5)

k1ap

Or

i pl
i 0p

=

1

2 k2ap AcOH

Fv
0.446
RT

0

k2ap

1+

(6)

k1ap

And

2+
E1/2 = E 0 −

RT
ln
F

k2 ap

k2 ap

k1ap

k1ap

1+

k2 ap

2

(7)

k1ap

Rate constants obtained from these Eq.s are shown together with the rate constants
obtained from simulations in Figure 5.6. It is seen that for k1ap the ECCE’ value match the
simulated value at low base concentration (i.e. small catalysis) whereas it matches the ECCE
value at larger base concentration (i.e. large catalysis). This shift in mechanism from solution to
surface electron transfer can be understood through consideration of reaction timescales. In the
examples of lower concentrations of added base, less catalysis is occurring; this allows time for
reaction intermediates and reduced species (Fe(I/0)TPP) to diffuse away from the electrode and
engage in electron transfer reactions with other porphyrinic species in solution—hence ECCE'.
At higher concentrations of base, the amount of catalysis is greater, implying that more
Fe(0)TPP is reacting with protons at the electrode surface; this leaves no time for Fe(I/0)TPP to
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diffuse away from the electrode—hence ECCE. The k2ap values from ECCE and ECCE’ may
underestimate the simulated value, because (i) it does not consider the effect of the consumption
of AcOH (which is not fully negligible at 40 mM, although the CV looks plateau-shaped) and
(ii) at small added based concentrations where catalysis is not very high, the effect of the catalyst
wave (which is neglected in the derivation of the Eq.) is not negligible.
The apparent rate constants obtained from this analysis for all catalyst plus amine
systems are shown together as function of added base concentration in Figure 5.7 (Note that the
rate constants in the absence of added base are arbitrarily plot at log[base/mM] = –4). We
observe that addition of base leads to an increase of both k1ap and k2ap . It has to be noted that
the value in absence of added base is changing substantially (in particular for k1ap ) from one
experiment to another. This should not be the case because the CVs should correspond to exactly
the same experiments. Explanation for this phenomenon can be found in the discussion. We also
note that the values of k1ap and k2ap at zero added base are smaller than previously published
values.54 Though we cannot exclude a contribution from the homolytic pathway of HER by

(

)

FeTPP and any acidic species involved, if we calculate the two parameters log k2ap / k1ap and

(

0
log 2kd Ccat
/ k1ap AcOH

) , where k

d

is the rate of reaction between two hydride species in

solution to produce hydrogen, in addition to the zone diagrams shown in Costentin et al,54 we
can see that when kd

104 M–1s–1, the homolytic pathway is minor.

119

Figure 5.6. Apparent rate constants k1,ap (left) and k2,ap (right) obtained from analytical expressions:
ECCE (∎), ECCE’ (∎) and from simulations (o).
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5.3 Discussion
The emphasis of recent HER literature has largely been placed on creating new ligand
scaffolds that can facilitate the PCET processes via installation of proton donors or relays in
the secondary coordination sphere or employment of different metals. Ligand structure and
design have received a large amount of attention, but relatively little has been given to the
addition of co-ligands to facilitate the process. The observed differences in HER activity by
FeTPP in the presence of AcOH versus HNEt3+ is what inspired this exploration of co-substrate
facilitated catalysis. In this work the addition of amines to a relatively slow catalytic system
served to greatly enhance the rate of HER.

Figure 5.7. Apparent rate constants as function of added based (Quin: (•), DABCO: (•), N-EtPip: (•),
NEt3: (•), N-iPr2Et: (•)); Left: k1ap , Right: k2ap .

It is possible that the increase of k1ap and k2ap is due to the higher reactivity of the
protonated base (BH+) with Fe(0)TPP and Fe(II)HTPP than with AcOH (referred to as the “acidbase equilibrium hypothesis”). Hence, we consider the fast equilibrium between acetic acid and
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the amine base (B), AcOH + B = AcO– + BH+, which has the equilibrium constant K = 10 pKa −13.2
(13.2 is the pKa of AcOH in DMF) for the production of hydrogen (Scheme 5.3).56 The pKa of
BH+/B couples are given in Table 5.2. Thus we ran simulations considering this equilibrium
and reaction of BH+ with Fe(0) and Fe(II)H with rate constants k

1,BH +

and k

2,BH +

given in

Table 5.2. Simulated CVs are reported in Figure 5.8.
Scheme 5.3. Reaction scheme for the reduction of protons to H 2 by FeTPP using protonated amine as
a proton source, where hydride formation and hydrogen eveolution steps are designated by 𝒌𝟏,𝑩𝑯+ and
𝒌𝟐,𝑩𝑯+ , respectively.

𝐹𝑒(𝐼𝐼) + 𝑒 − ⇄ 𝐹𝑒(𝐼)

𝐸10 = – 1.51 𝑉 (𝑣𝑠 𝐹𝑐 +/𝐹𝑐)

𝐹𝑒(𝐼) + 𝑒 − ⇄ 𝐹𝑒(0)

𝐸20 = – 2.154 𝑉 (𝑣𝑠 𝐹𝑐 +/𝐹𝑐)
𝑘𝑑 = 1010 𝑀−1 𝑠 −1

𝐹𝑒(𝐼𝐼) + 𝐹𝑒(0) ⇄ 2 𝐹𝑒(𝐼)

𝐴𝑐𝑂𝐻 + 𝐵 ⇄ 𝐴𝑐𝑂 − + 𝐵𝐻+

𝐾 = 10𝑝𝐾𝑎 −13.2

𝐹𝑒(0) + 𝐵𝐻+ ⇄ 𝐹𝑒(𝐼𝐼)𝐻 + 𝐵

𝑘1,𝐵𝐻 + (𝑀−1 𝑠 −1 )

𝐹𝑒(𝐼𝐼)𝐻 + 𝐵𝐻 + ⇄ 𝐹𝑒(𝐼𝐼) + 𝐵 + 𝐻2

𝑘2,𝐵𝐻 + (𝑀−1 𝑠 −1 )
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Table 5.2. Tabulated values for the conjugate acid pKa, and expected rate constants associated with each
step of the catalytic reaction with various amines added to solution when the conjugate acid of the added
amine is driving catalysis. (a) from correlation with values in DMSO. (b) From experiments with +HNEt3,
see text. (c) estimated assuming a correlation with pKa values with log k
+ / pKa −0.5 . (d)
1, BH

assumed to be identical to piperidine.

Base (B)

pKa a

𝒌𝟏,𝑩𝑯+ (M–1s–1)

𝒌𝟐,𝑩𝑯+ (M–1s–1)

Quin

10.16

6.6·107

c

3·104

DABCO

9.25

1.9·108

c

105

N-EtPip

11.3 d

1.8·107

c

9·103

NEt3

9.2

2·108

N-iPr2Et

8.8

3.2·108
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b

105
c

c

c

c

b

1.6·105

c

Figure 5.8. Linear scan voltammograms of FeTPP (—) with 40 mM of AcOH (—) plus 0.25 mM (—)
up to 40 mM (—) of added amine from experiments (a,b,c,d,e). Simulated linear scan voltammograms
derived from acid-base hypothesis of FeTPP (—) with 40 mM of AcOH (—) plus 0.25 mM (—) up to 40
mM (—) of added amine (a’,b’,c’,d’,e’). a,a’.) Quin, b,b’.) DABCO, c,c’.) N-EtPip, d,d’.) NEt3, e,e’.)
N-iPr2Et; see text for details. Some concentration levels are omitted for clarity of simulation and
experimental data. Scans were taken at 0.1 V/s in 0.1 M ([TBA+][PF6–]) in DMF under argon using a
glassy carbon electrode.
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It can be seen in Figure 5.8 that even with N-EtPip, which has a pKa most similar to
AcOH—implying a greater amount of proton exchange between the two and a greater
concentration of BH+—the acid base equilibrium hypothesis cannot explain the catalytic
enhancement observed upon addition of base. Therefore, it can be concluded that some other
phenomena must be occurring to facilitate such changes in catalytic activity. A mechanism can
be proposed in which an unfavorable equilibrated association of the base with Fe(0) and Fe(II)H
precedes reaction with AH. Hence, apparent rate constants were tentatively fitted with the
following expressions assuming (i) negligible effect of acid-base equilibrium and (ii) association
of the amine to the Fe center existing in a pre-equilibrium with constants 𝐾1,𝑎𝑠𝑠 and 𝐾2,𝑎𝑠𝑠 and
rate constants for reaction of amine-associated Fe(0) and Fe(II)H with AcOH being 𝑘1,𝐵 and
𝑘2,𝐵 (Figure 5.9, solid lines).

[𝐵]

(8)

[𝐵]

(9)

𝑘′1𝑎𝑝 = 𝑘′1,𝐴𝑐𝑂𝐻 + 𝐾1,𝑎𝑠𝑠 𝐶 0 × 𝑘1,𝐵

𝑘′2𝑎𝑝 = 𝑘′2,𝐴𝑐𝑂𝐻 + 𝐾2,𝑎𝑠𝑠 𝐶 0 × 𝑘2,𝐵
where 𝐶 0 = 1 𝑀. Corresponding rate constants are given in Table 5.2.
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Figure 5.9. Apparent rate constants as function of added based (from top to bottom: Quin, DABCO,
N-EtPip, NEt3, N-iPr2Et). left: k1ap from data (•) using mechanism shown in Scheme 5.2 and from
simulation with Eq. (8) (—) (see text); full simulation using mechanism shown in Scheme 5.4 (•) (see
text). right: k2ap from data (•) using mechanism shown in Scheme 5.2 and from simulation with Eq.
(9) (—) (see text); full simulation using mechanism shown in Scheme 5.2 (•) (see text).
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There is no correlation of 𝐾1,𝑎𝑠𝑠 × 𝑘1,𝐵 or 𝐾2,𝑎𝑠𝑠 × 𝑘2,𝐵 with pKa. 𝐾2,𝑎𝑠𝑠 × 𝑘2,𝐵 is larger

with bases containing a more available lone pair, like Quin and DABCO. Finally, a full
simulation is performed according to the mechanism described below with rate constants k

1,BH +

and k

2,BH +

from table 1, acid-base equilibrium constants from pKa’s in table 1, association

constants, K1,ass and K1,ass equal to 1 as well as the association constant with Fe(II) ( K 3,ass )
and rate constants k1,B and k2,B adjusted to fit the experimental CVs (Scheme 5.4). The
obtained values for k1,B and k2,B are shown in Figure 5.9 (red dots on the left and blue dots on
the right). It can be seen that the simulated rate constants are close to the rate constants obtained
from Eq. (8) and (9) in Table 5.3.
Scheme 5.4. Reaction scheme for the reduction of protons to H 2 by FeTPP with an amine bound to the
Fe center of the complex with designated hydride formation, 𝒌𝟏,𝑩, and hydrogen evolution, 𝒌𝟐,𝑩 , steps
in addition to the reaction of FeTPP with AcOH alone to perform the hydride formation, 𝒌′𝟏,𝑨𝒄𝑶𝑯 , and
hydrogen evolution, 𝒌′𝟐,𝑨𝒄𝑶𝑯 , steps of the reaction.
𝐸10 = −1.51 𝑉 (𝑣𝑠. 𝐹𝑐 + /𝐹𝑐)

𝐹𝑒(𝐼𝐼) + 𝑒 ⇄ 𝐹𝑒(𝐼)

𝐸10 = −2.154 𝑉 (𝑣𝑠. 𝐹𝑐 + /𝐹𝑐)

𝐹𝑒(𝐼) + 𝑒 ⇄ 𝐹𝑒(0)

𝑘𝑑 = 1010 𝑀−1 𝑠 −1

𝐹𝑒(𝐼𝐼) + 𝐹𝑒(0) ⇄ 2 𝐹𝑒(𝐼)

𝐹𝑒(0) + 𝐴𝑐𝑂𝐻 ⇄ 𝐹𝑒(𝐼𝐼)𝐻 + 𝐴𝑐𝑂−

𝑘′1,𝐴𝑐𝑂𝐻 (𝑀 −1 𝑠 −1 )

𝐹𝑒(𝐼𝐼)𝐻 + 𝐴𝑐𝑂𝐻 ⇄ 𝐹𝑒(𝐼𝐼) + 𝐴𝑐𝑂− + 𝐻2

𝑘′2,𝐴𝑐𝑂𝐻 (𝑀 −1 𝑠 −1 )

𝐹𝑒(0) + 𝐵 ⇄ 𝐵𝐹𝑒(0)

𝐾1,𝑎𝑠𝑠 = 1 (𝑓𝑎𝑠𝑡 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑠)

𝐵𝐹𝑒(0) + 𝐴𝑐𝑂𝐻 ⇄ 𝐵𝐹𝑒(𝐼𝐼)𝐻 + 𝐴𝑐𝑂−

𝑘1,𝐵 (𝑀−1 𝑠 −1 )

𝐹𝑒(𝐼𝐼)𝐻 + 𝐵 ⇄ 𝐵𝐹𝑒(𝐼𝐼)𝐻

𝐾2,𝑎𝑠𝑠 = 1 (𝑓𝑎𝑠𝑡 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑠)

𝐵𝐹𝑒(𝐼𝐼)𝐻 + 𝐴𝑐𝑂𝐻 ⇄ 𝐵𝐹𝑒(𝐼𝐼) + 𝐴𝑐𝑂− + 𝐻2

𝑘2,𝐵 (𝑀−1 𝑠 −1 )
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𝐹𝑒(𝐼𝐼) + 𝐵 ⇄ 𝐵𝐹𝑒(𝐼𝐼)

𝐾3,𝑎𝑠𝑠 = 1 (𝑓𝑎𝑠𝑡 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑠)

Figure 5.10 shows a plot for the apparent rate constants from the above mechanism. We
observe that K1,ass k1, B is very high, approaching the diffusion limit, indicating a very high
reactivity of BFe(0) toward AcOH. In other terms, association with a base dramatically enhances
Fe(0) basicity. Reactivity of BFe(II)H is also enhanced and this enhancement is not correlated
with pKa of the base but probably with its donating capability enhancing hydride donating
propertied of Fe(II)H. The bulkier base (N-iPr2Et) leads to the smallest k2,B value.

Figure 5.10. Simulated rate constants for reaction of AcOH with associated species as function of
added based (NEt3: (∎), N-EtPip: (∎), N-iPr2Et: (∎), Quin: (∎), DABCO: (∎)); left: 𝑲𝟏,𝒂𝒔𝒔 × 𝒌𝟏,𝑩 ,
right:(b) 𝑲𝟐,𝒂𝒔𝒔 × 𝒌𝟐,𝑩 .

There is no correlation of k1,B or k 2,B with pKa. k 2,B is much larger with bases having

an available lone pair, Quin, DABCO. The true interactions between the amine, FeTPP, and
AcOH may be more complicated still than what has been opined on thus far. Recent literature
details the electronic structure of a reduced Fe(0) porphyrin in the context of CO 2 reduction, and
applies similarly in this work as well.

57–66

The fully reduced species was calculated to be have
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a fully populated dz2 orbital, which is the relevant location for HER activity. Nitrogenous base
donation into that orbital then would result in anti-bonding interactions and should yield
dissociation of the apical ligand. The redox non-innocent nature of the porphyrin muddies the
water in this regard though. Electronic structure and orbital energy can change with slight
perturbations in physical environment (especially given the documented solvatochromism of
metallated porphyrins 67–69) and axial ligation70–79 which may allow for apical binding in the
Fe(0) state.
Table 5.3 Tabulated values for the conjugate acid pKa, and rate constants associated with each step of
the catalytic reaction with various amines added to solution considering the equilibrium of FeTPP
bound amine complex reactivity.

𝑲𝟏,𝒂𝒔𝒔 × 𝒌𝟏,𝑩 (M–1s–1)

𝑲𝟐,𝒂𝒔𝒔 × 𝒌𝟐,𝑩 (M–1s–1)

Base (B)

pKa a

Quin

10.16 d

1010

4·106

DABCO

9.25

2·109

4·106

N-EtPip

11.3

3·109

2·105

NEt3

9.2

4·109

105

N-iPr2Et

8.8

108

2.2·104

The data also showed amongst different nitrogenous base titration experiments the k1ap
and k2ap values for FeTPP reacting with 40 mM AcOH in the absence of base were different in
some experiments. This should not be the case and the kinetic values should be constant in each
experiment. One primary factor may lead to this observation and one that is consistent with the
observations for changes in HER via upon the addition of the nitrogenous bases: the
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decomposition of the electrochemistry solvent, DMF, is possible in the presence of water.
Nucleophilic attack of water at the carbonyl carbon would yield formic acid and dimethylamine,
though this equilibrium is very small and would yield low concentrations of these products. It is
apparent from our studies, however, that a very small concentration of tertiary amine is all that
is necessary to facilitate a large increase in catalytic behavior. Some of the titration experiments
shown here were performed with solvent taken from an amber bottle containing 4Å molecular
sieves that had just come from an N2 atmosphere glovebox. Other experiments utilized this same
solvent but after it had been exposed to atmosphere for at least 24 h This amount of time is
apparently enough to account for the change in baseline activity of FeTPP with AcOH. Despite
this inconsistency between experiments, the analyses detailed here retain their validity as in
every case the amount of baseline activity was accounted for—the amount of catalytic
enhancement observed in each experiment is internally consistent. When comparing the
increases in catalysis enabled by different amines, one should be cognizant to consider a Δk1ap
and Δk2ap from the start to finish of each experiment, rather than directly comparing the absolute
kinetic constants derived from the analyses.

5.4 Conclusion

In this work, the addition of amines to a relatively slow HER system comprised of
FeTPP and 40 mM AcOH was explored. Even at sub-stoichiometric concentrations of cosubstrate relative to the catalyst, a dramatic enhancement in the rate constants for the formation
of H–Fe(II)TPP and its subsequent reaction with a proton to release H 2 was observed for every
amine studied. Much greater catalytic activity was observed than could otherwise be accounted
for through proton exchange between AcOH and the amine. Inconsistencies in the solvent
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quality led to changes in initial rate constants observed for HER using AcOH, but the data for
the addition of amines could ultimately be understood through considering the Δk1ap and Δk2ap
within each system and not the absolute values derived therein. This leads to a hypothesis that
there must be some physical interaction between the base and FeTPP prior to and/or during the
catalytic process that increases the Lewis basicity of the metal center toward proton reduction.
The exact nature of this interaction is difficult to ascertain with 100% certainty via
electrochemical methods. Fundamental inorganic chemistry and recent literature would
suggest that a beneficial interaction between Fe and a nitrogenous base prior to Fe–H formation
should be highly unfavorable; though other literature suggests that the electronic structure of
the metal center appears to be fluxional upon binding of apical ligands. Further studies to probe
the effects on HER of apical ligation to FeTPP are underway using a series of trialkyl- and
triarylphosphines, where a correlation of Tolman cone angle to reaction rate will enable a
quantitative analysis of how lone pair availability accelerates catalysis.

5.5 Experimental
5.5.1 General considerations
N,N-Dimethylformamide (DMF) was purchased from Sigma Aldrich and purified by
passage through alumina and stored over activated 3 Å sieves under a nitrogen atmosphere for
at least 24 h before use, unless otherwise stated. Tetrabutylammonium hexafluorophosphate
([TBA+][PF6‒]) was purchased from Sigma Aldrich and was doubly recrystallized from ethanol
before being dried in vacuo at 70 °C and stored under nitrogen atmosphere inside a glovebox.
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Quin was purchased from Alfa Aesar and used as received. All other additives used in this
study were purchased from Sigma Aldrich and used as received. 5,10,15,20-Tetraphenyl21H,23H-porphine Iron(III) chloride was purchased from Sigma Aldrich and used as received.
5.5.2 Electrochemistry
All cyclic voltammetry (CV) experiments were conducted using a CHInstruments
760C potentiostat. CV measurements were carried out in an oven-dried custom glass cell
(James glass) using a 3 mm glassy-carbon-dot working electrode (CHInstruments), platinum
mesh counter electrode (BASi), and saturated calomel reference electrode (CHInstruments).
Working solutions comprised 3 mL of electrolyte solution containing DMF with 0.1 M
tetrabutylammonium hexafluoro phosphate ([TBA+][PF6]), 1 mM Fe porphyrin, and varying
concentration of additive which was added to the CV solution as a 1 M solution. The reference
electrode was separated from the working solution by a double liquid junction salt-bridge
(Hach) containing 10 mL of electrolyte solution. Working solutions were degassed with argon
or carbon dioxide and kept under a positive pressure of the respective gas at all times. All
experiments were referenced to the ferrocenium / ferrocene couple (Fc+/Fc) by dissolution of
~1.0 mg of ferrocene into the working solution and performing a CV to obtain the reference
potential. The working electrode was polished (Allied High Tech) after every CV with 3 μm
and 1 μm diamond paste in ethanol (Struers), then rinsed, sonicated in ethanol to remove
particulates, and rinsed with acetone before being dried under a nitrogen stream.
Bulk electrolyses were performed in a cylindrical glass cell adapted to the continuous
flow detection of gases. The working compartment contained 6.0 mL of electrolyte solution
with 500 μM Fe porphyrin and 0.5 M of AcOH and 0.5 M of additive. Dissolution of
compounds was facilitated by stirring solutions. The electrolyte of the counter electrode cell
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compartment was charged with 0.3 M tetraethylammonium acetate ([TEA+][OAc–]) as a
sacrificial reductant to facilitate current flow in the overall cell. Ar was sparged through the
working solution via a PEEK tubing at a rate of 15 mL·min–1 throughout the experiment and
vented directly into the sampling loop of the gas chromatograph. The electrolyses were run for
3 h to ensure many catalytic turnovers. Gaseous species were identified and quantified on an
SRI-8610 gas chromatograph equipped with a thermal conductivity detector and flame
ionization detector (multiple gas analyzer #3, SRI Instruments). Calibrations were made using
an analytical standard containing 0.5% H2, 0.5% O2, 0.5% CO, 0.5% CO2 in nitrogen supplied
by Sigma Aldrich (Supelco). The resultant peaks were integrated in the PeakSimple software
and used as standards for further measurements. Head space samples were taken every 15 min
to allow moderate build-up and equilibrium of gaseous products for detection. The column was
maintained at 80 °C for the first 4 min and heated to 250 °C during the following 6 min to
separate and analyze gases, followed by a 5 min cooldown period. Peaks were identified by
comparison to the standards, integrated in the PeakSimple software and quantified accordingly.
The only products detected in these experiments were H2. To account for headspace
equilibration time of gaseous products in the working solution, faradaic efficiencies were
faradaic efficiencies were calculated from data obtained after the second timepoint.
5.5.3 Faradaic Efficiency Calculations
A calibration gas containing 0.5% each H2, CO, CO2, and O2 in N2 was used to calibrate
the SRI Instruments 8610C Gas Chromatograph. Peak Simple was used to integrate the
calibration peaks and these standards were used to quantify experimental products. For each
run, the H2 peaks, if present, were integrated and then faradaic efficiency for each product gas
was calculated according to,
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𝐹𝐸(𝐴) = 100 [
𝐶𝐹𝐴 =

𝐼𝑛𝑡𝑒𝑥𝑝 𝐶𝐹𝐴
𝑃𝑎𝑡𝑚 +𝑃𝑒𝑥𝑝
60𝑠 1 1 22.4𝐿
(𝐼)(
)( )( )(
)
𝑚𝑖𝑛 𝐹 2 𝑚𝑜𝑙
𝐹𝑅

]

(1)

(𝑃𝑎𝑡𝑚 +𝑃𝑐𝑎𝑙𝑖𝑏 )(0.005)

(2)

𝐼𝑛𝑡𝑐𝑎𝑙𝑖𝑏

Where FE is faradaic efficiency, A is the gaseous product being quantified (H2). 𝐼𝑛𝑡𝑒𝑥𝑝

is the integration of the experimental peak measured for that gas, CFA is the calibration factor
for gas A, calculated in Eq. 2. 𝑃𝑎𝑡𝑚 is the atmospheric pressure in psi (14.7 psi), 𝑃𝑒𝑥𝑝 is the
experimental pressure of the gas flow into the GC in psi at the time of sample collection
(typically 0.1 PSI), I is the instantaneous current in amperes, F is the Faraday, FR is the flow
rate of argon through the cell at in L·min–1. CFA is calculated by Eq. 2, where Pcalib is the
pressure of the flow for the calibration gas. This pressure is multiplied by the percentage
concentration of H2 in the calibration gas (0.005) and divided by 𝐼𝑛𝑡𝑐𝑎𝑙𝑖𝑏 , the integration of
the calibration gas peak.
5.5.4 Simulations
These simulations were performed using the DigiElch software.80
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Chapter 6 – Altering CO2 reduction product selectivity via
addition of tertiary amines.
6.1 Introduction
Many studies have been devoted to the electrocatalytic reduction of CO2 by Fe
porphyrins in recent years with much attention directed to ligand modification in an attempt to
facilitate the rate determining step of the CO 2 reduction process. Secondary coordination
sphere stabilization of CO2 reduction intermediates via proton-donors pre-positioned above the
plane of the Fe porphyrin have been explored by this group and others where a beneficial
relationship has been demonstrated for enhancing the rate of reduction of CO 2 to CO.1–8 This
beneficial effect has been rationalized as a both an increased local concentration of protons
available to facilitate proton coupled electron transfer (PCET) and as a means of lowering the
kinetic barrier for reduction by stabilizing reaction intermediates. Costentin and coworkers
have enhanced the rate of catalysis for CO 2 to CO by placing trialkylammonium groups in the
ortho-position of meso-phenyl groups acting as charge stabilizers for the negatively charged
O-atoms that are formed in the reduction process.9 In essence, all these modifications have
served to enhance the rate of the pull action in the “push-pull” scheme of catalysis. The push
aspect of the reaction has only been tuned by changing the electron withdrawing or donating
nature of the meso-groups of the porphyrin to affect the Lewis basicity of the active catalyst.
2,10

Such modifications come at the cost of increased overpotential (for electron donating
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substituents) or lowered turnover frequency (TOF) (for electron withdrawing substituents),
though steps have been taken to overcome lower TOF by strategic placement of hydrogenbond/proton donors.1
All CO2 reduction processes, excepting CO2 to CO + CO32–, involve the transfer of
protons to the metal-CO2 adduct to achieve the desired transformations. In the example of Fe
porphyrins, the absence of sufficiently protic or Lewis-acidic co-substrates to facilitate
catalysis results in the reaction proceeding at an abysmally slow rate. When n-propanol (PrOH)
is used as a proton donor, the reduction process loses its selectivity, producing CO in only
~60% faradaic efficiency, with additional formation of formate in ~30% faradaic efficiency.11
In this example, the authors posit that the exceptionally poor proton activity of PrOH cannot
readily facilitate the reduction to CO and results in dissociation of a partially reduced
intermediate which, upon release into solution, becomes protonated by PrOH, or other
undefined proton source, to yield formic acid. Addition of water to this experiment increases
the yield of CO to 80% and lowers the yield of formate to 10%. Subsequent papers from the
same lab demonstrate that electrolysis of FeTPP with only H 2O as a co-substrate gives 100%
faradaic efficiency for CO, which corroborates the previous data nicely. 12
In the previous chapter, the modulation of HER kinetics was explored via addition of
tertiary amines to solutions of strong acid and FeTPP. Proton exchange, where pKa’s of
conjugate acid base pairs were within ~4 units, could not explain the early accelerated kinetics,
and strong apical donation to the iron-center during catalysis was posited to be facilitating
catalysis. As such, we sought to explore the effects of amines for CO2 reduction by FeTPP.
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Figure 6.1. Linear scan voltammetry of FeTPP under argon (—), and under an atmosphere of CO2 with
2 mM (—) up to 2 M (—) of added PrOH. LSV’s were taken at 0.1 V/s in 0.1 M ([TBA+][PF6–]) in
DMF under argon using a glassy carbon electrode.

6.2 Results
6.2.1 Electrochemistry
Figure 6.1 shows the linear scan voltammetry (LSV) traces of FeTPP in the presence
of CO2 with added PrOH in the range of 2 mM – 2 M. The current response, i, was divided by
0
the current of a one electron wave for the Fe(II/I)TPP reduction, 𝑖𝐹𝑒
, to offer a qualitative view

0
of the possible catalytic enhancement in the system; any 𝑖/𝑖𝐹𝑒
value greater than 2 is indicative

of catalysis—where reduction of CO2 to CO or HCOO– are 2-electron processes. At low
concentrations of PrOH, the current response increases at the Fe(I/0) wave and is succeeded

by a secondary reduction process that control experiments suggest to be direct reduction of
CO2 at the electrode. As the amount of PrOH source is increased, the secondary process is
overwhelmed by the current resulting from the activity of FeTPP on CO 2. Throughout the
titration of PrOH, catalysis is weak until very large concentrations of the alcohol are added.
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Even with a great excess of PrOH (~2 M), the system only reaches up to a 25-electron injection.
LV experiments performed on a solution of FeTPP under an atmosphere of CO2 and 40 mM
of PrOH show a surprising catalytic response when titrated with tertiary amines. A series of
amines consisting of Quin, triethylamine, and N-iPr2Et were titrated into a solution of FeTPP
with 40 mM of PrOH under and atmosphere of CO2 in the order of 2.0, 4.0, 10.0, 20.0, and
40.0 mM (Figure 6.2).

Figure 6.2. Linear voltammetry titration plot of FeTPP plus 40 mM of PrOH (—) under an atmosphere
of CO2 with 2 mM mM (—) up to 40 mM (—) of added a.) Quin, b.) triethylamine, c.) N-iPr2Et. Scans
were performed using a glassy carbon electrode at 0.1 V/s in 0.05 M [(TMA+)(BF4–)] in DMF.

Addition of only 2 mM Quin into a solution containing FeTPP and PrOH system yields
a 19-electron injection in the presence of CO2—up from a 4-electron injection with 40 mM of
PrOH and a 48-electron injection at 40 mM concentration (Figure 6.2a). This response greatly
exceeds the catalytic current seen with 2 M of PrOH. Similar, though attenuated, results are
obtained for the addition of NEt3 (Figure 6.2b), which increases the normalized catalytic
current to a 36-electron injection at a maximum addition of 40 mM of NEt3. Finally, N-iPr2Et
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was tested in the same manner to probe for any possible catalytic enhancements but
demonstrated little change up to 40 mM of added amine (Figure 6.2c). The current response
for CO2 reduction using all three amines demonstrates canonical S-shaped plateau character,
even at low concentrations, indicating that the amines are regenerated through the catalytic
cycle and are not consumed.

Figure 6.3. Linear scan voltammetry titration plots of FeTPP under and atmosphere of CO 2 with 2 mM
(—) up to 40 mM (—) of added a.) Quin and b.) NEt3. Scans were performed using a glassy carbon
electrode at 0.1 V/s in 0.05 M [(TMA+)(BF4–)] in DMF.

Quin and NEt3 were titrated into a solution of FeTPP under an atmosphere of CO 2 in
the absence of PrOH to look for differences in a catalytic response. Figure 6.3 shows the LV
plots of each amine added to FeTPP under CO 2. At 40 mM concentrations Quin facilitates a
24-electron enhancement, whereas NEt3 prompts an 8-electron enhancement. In an attempt to
localize the source of the current enhancement, both amines were studied in the same way but
with rigorous control over the exclusion of water from the system. This involved storage of all
materials over 4 Å sieves for 24 hours before use and voltammetry experiments being
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performed in a nitrogen atmosphere glovebox fitted with a CO2 gas line (Figure 6.4). Exclusion
of water from the system did result in a decrease of the observed catalytic current but only by
about 25%.

Figure 6.4. Linear scan voltammetry titration plots of FeTPP under an atmosphere of CO 2 performed
in a nitrogen atmosphere glovebox with rigorous control for water content plus a.) Quin, b.)
triethylamine from 2 mM (—) up to 40 mM (—) concentration. Scans were performed using a glassy
carbon electrode at 0.1 V/s in 0.05 M [(TMA+)(BF4–)] in DMF.

Bulk electrolyses were performed to identify and quantify the products of the various
catalytic systems described above. All electrolyses were performed in a cylindrical glass cell
fitted with an inverted rubber septum, a fritted glass salt bridge, and utilized a type II glassy
carbon rod working electrode, platinum mesh counter, and Warner Instruments leak-free
reference electrode. Deuterated DMF-d7 was used as the solvent because it allowed for the
direct analysis of solution products by 1H-NMR. Bulk electrolysis FeTPP, CO2, and 40 mM
PrOH only allowed for the passage of a small amount of charge before the experiment was
halted (~2 C); this was due to the exceptionally low currents being achieved. After the current
had declined appreciably, the experiment was stopped, and the head space was examined for
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gaseous products via gas chromatography. In this case, the only reduction product detected
was CO in 29 % faradaic efficiency (FE); no formate or other solution products were observed.
Addition of 40 mM Quin to a solution of FeTPP, CO 2, and 40 mM PrOH increased the
amount of charge passed into the system, easily reaching 5 C, by facilitating much higher
currents. Gas chromatography revealed H2 in 15% FE and CO in 2 % FE; formate was observed
by 1H-NMR and calculated at 68% FE. Similar results were obtained for NEt3 used in place of
Quin where 5 C of charge was again easily achieved, 2 % FE was calculated for CO and 72%
faradaic efficiency for formate; no H2 was observed in this case. Replacement of NEt3 for NiPr2Et showed 0 % FE for CO and 21 % FE for formate.

6.3 Discussion
The reduction of CO2 to CO by FeTPP has been described as an ECE’C mechanism,
with E designating an electron transfer step (prime designation is for homogeneous electron
transfers) and C designating a chemical step or overall irreversible sequence of steps (e.g. preequilibrium followed by an irreversible step). The Fe(I)TPP becomes reduced (E) to Fe(0)TPP
which binds CO2 and protons from solution protonate off a water molecule (C). The resulting
Fe(II)-CO is subsequently reduced by a solution Fe(0) (E’) and releases CO (C). In LV
experiments of FeTPP, CO2, and PrOH, the halfwave potential, where one-half the plateau
0
current is reached, is equal to the standard catalyst couple (𝐸1/2 = 𝐸𝐹𝑒
) which indicates that in

the two-electron, two-step process, the first chemical step is rate limiting. 13 Previous literature
from the Saveant lab on this system using PrOH as a proton source suggests that the Fe–CO2
adduct is formed via a fast pre-equilibrium. The reduction process stalls at the formation of the
Sabatier intermediate and hydrogen bonds to two alcohol molecules that aid in dissociation of
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a bent carbanion carboxylate moiety from the metal center to produce formic acid. 14 The
inability to produce CO using PrOH as a result of poor acidity agrees with Saveant's
explanation, but the proposed formation of formic acid is questionable. If the extremely acidic
formic acid is produce, one could expect HER to occur as well, as it is a common reductive
pathway in which the FeTPP can participate—H2 was not evolved in any of their experiments.
The addition of amines to FeTPP plus CO2 and PrOH shows a drastic change in
catalytic activity in the system. The current response increases dramatically when Quin and
NEt3 are present in solution, demonstrating a beneficial effect on catalysis. A direct assessment
of catalytic rates for the various steps of catalysis could not be assessed in this work due to the
occurrence of multiple processes at the same potential (e.g. both CO and formate are
produced). Instead a general sense for the catalytic rate can be gained from qualitative analysis
of the plateau currents. Increased plateau currents achieved with the titration of amine into
LSV solutions is indicative of the increasing production of HCOO –. This contention is based
on the fact that up to 75 % faradaic efficiency for HCOO – is achieved and that the production
of CO or other products was minimal. In two-electron, two-step processes, kinetic rate
constants have a direct relationship to plateau currents achieved during voltammetry
experiments. It is clear from Figure 6.2 that the greatest catalytic enhancement can be gained
from addition of Quin to a system of FeTPP, CO2, and PrOH. This is followed in intensity by
NEt3 and then N-iPr2Et.
Similar to how CO2 can be bound by Fe(0)TPP, through nucleophilic attack on the
carbon center. the possibility exists for CO 2 to be activated by the tertiary amines in solution
to form bicarbonate and protonated amine via Equation 1:15
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𝑅3 𝑁: +𝐶𝑂2 + 𝐻2 𝑂 ↔ 𝑅3 𝑁𝐻+ + 𝐻𝐶𝑂3–

(1)

LSV experiments adding tetrabutylammonium bicarbonate (TBAHCO3–) into a
solution containing FeTPP with and without amine under an atmosphere of argon were
performed to verify that the catalytic activity being observed in Figure 6.2 is not that of
Fe(0)TPP reacting with HCO3– (Figure 6.5).While it is indeed possible that this process is
occurring, the possibility still remains that the short-lived intermediary carbamate species
formed during Eq. 1 could be responsible for the current response we observe.

Figure 6.5. Cyclic Voltammagrams of FeTPP under an atmosphere of argon (—) with 40 mM
TBAHCO3– (—) and with 40 mM [(TBA+)(HCO3–)] and 40 mM NEt3 (—). Scans were performed
using a glassy carbon electrode at 0.1 V/s in 0.05 M [(TMA+)(BF4–)] in DMF.

A shift of the half-wave potential during voltammetry experiments on solutions of
0
FeTPP, CO2, PrOH, and amines is observed so that 𝐸1/2 ≠ 𝐸𝐹𝑒
(Figure 6.1 and Figure 6.2).
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This indicates that a mechanism where the second chemical step is rate limiting, this
observation is in contradistinction to that for the reduction of CO2 to CO by FeTPP. It is likely
that the mechanism through which CO2 is reduced to formate involves a rate-limiting second
step. The first rate constant, k1, is accelerated from that of the reduction of CO2 to CO, and
appears to be driven by the addition of amines into solution. Experiments from the previous
chapter investigated the effects of exogenous amine added to an HER system containing FeTPP
and AcOH. There, a massive acceleration of k1 was discovered and was ascribed to an
interaction between the amine and the metal center, resulting in enhanced the basicity of the
Fe center. This same phenomenon appears to enhance k1 for this catalytic system as well.
Evidence to support the hypothesis of binding of a trans ligand on the Fe(II/I/0) and
Fe(II/I/0)–CO2 adduct can be found throughout the literature. First, metalloporphyrins are well
known for their insatiable appetite for axial ligands with Fe in Fe(III) and Fe(II) oxidation
states; such examples include biology (heme, P450, etc.) as well as in inorganic chemistry with
many examples that include pyridine and imidazole ligands. 16–25 In many of these cited cases,
five-coordinate metalloporphyrins have metals that are above of the plane of the pyrrole
ligands with distorted planarity of the porphyrin macrocycle. Ligation of a second axial ligand
results in an octahedral complex, moving the metal center back into the macrocyclic plane, and
returns the metal to the pyrrolic plane. This is the case for heme during the transport of oxygen
in blood. Oxygen transport by heme is facilitated by the axial ligation of an imidazole moiety
of histidine. In addition, many spectroscopic studies have offered evidence that an Fe(II)
resonance of Fe(‘0’)TPP is in fact the dominant form in the fully reduced catalyst;26–35 and
Fe(II) is competent to bind axial ligands.
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Scheme 6.1. Proposed mechanism for the formation of formate from CO 2 by FeTPP using triethylamine
and PrOH.

Axial ligand assisted catalysis can also serve to aid in the second step, acceleration of
k2, which involves the formation of formate. Binding of a second axial ligand to the Fe–CO2
adduct can lengthen the Fe–C bond via the trans effect and enable its desorption from the metal
center or could instead promote rearrangement of the carboxylate moiety to an O-bound
formate. Such an activation phenomenon has been documented with a 0.6 Å lengthening in a
Fe-carbene complex.74 The resultant formate complex can then be reduced with the release of
formate and Fe(I). As such, for the production of formate from CO 2 that is facilitated by FeTPP,
PrOH, and amines a mechanism involving two electron transfers and multiple chemical steps,
which may still be composed of more elementary chemical steps, has been described and is
depicted in Scheme 6.1. This is also the type of mechanism posited for the accelerated
reduction of protons to hydrogen by FeTPP using AcOH and amines. Still confusing to all of
this is the fact that when Quin is added as a co-axial ligand, the production of hydrogen is
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observed. This could imply that formic acid could indeed be made or that the porphyrin has
enhanced reactivity for the weakly acidic protons of PrOH. While the donation of apical amines
does enhance reaction kinetics, the extent of the induced effects appears to have limitations to
its benefits. In essence there is a Goldilocks’s conundrum in searching for the best amine to
facilitate the reduction to formate.

6.4 Conclusions
The addition of amines to a CO2 reduction system containing FeTPP and PrOH was
explored for the possibility of enhanced catalytic behavior. A 10-fold increase in catalytic
current was observed upon addition of the strong nucleophile, Quin, to a solution with FeTPP,
PrOH, and CO2; but the bulk electrolysis data showed the production of 68% formate, 15%
H2, and 2% CO, making the assignment of a mechanism and rate constants based on LV data
difficult. Similarly, triethylamine was able to increase the catalytic current by a factor of 8, but
produced 21% CO and 70% formate, again making rate determination from LV data
impossible. N-iPr2Et only showed small amounts of enhancement, with no CO produced and
only 21% faradaic efficiency for formate. Catalysis was observed even in the cases where no
explicit proton donor was added and is can likely attributed to the decomposition of some
species in solution, probably the amine.
A shift in the half-wave potential designates a switch from a rate-limiting first chemical
step to a rate-limiting second chemical step of catalysis on addition of amines to the catalytic
system. This new mechanism is hypothesized to be the one responsible for the production of
formate. While a specific mechanism is difficult to ascertain at this point, the amines appeared
to affect both the rates of both the first and second step of catalysis. Based on the data and
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conclusions from the previous chapter the association of the amine to the metal center prior to
catalysis accelerates the formation of the Fe–CO2 adduct. Then, binding of the amine to the
metal center weakens the Fe–C bond to facilitate carbanion desorption or carboxylate moiety
rearrangement to release formate upon one electron reduction. The postulated catalytic
reduction mechanism for the production of formate is an ECCE’ which differs from the ECE’C
mechanism for reduction of CO2 to CO by the same catalyst. Future work is necessary to
deconvolute the various processes occurring by LV and bulk electrolysis so that appropriate
rate constants may be assigned to the process.

6.5 Experimental
6.5.1 General considerations
N,N-Dimethylformamide (DMF) was purchased from Sigma Aldrich and purified by
passage through alumina and stored over activated 3 Å sieves under a nitrogen atmosphere for
at least 24 h before use. Tetramethylammonium tetrafluoroborate ([TBA+][BF4‒]) was
purchased from Sigma Aldrich and was recrystallized from ethanol before being dried in vacuo
at 70 °C and stored under nitrogen atmosphere inside a glovebox. 5,10,15,20-Tetraphenyl21H,23H-porphine Iron(III) chloride, HNEt3, and NEt3 were purchased from Sigma Aldrich
and used as received. DMF-d7 was purchased from Cambridge Isotopes and used as received.
Ar and CO2 gasses were purchased from Airgas and controlled by mass flow controllers in all
experiments.
6.5.2 Electrochemistry
All cyclic voltammetry (CV) experiments were taken at 0.1 V/s and conducted using a
CHInstruments 760C potentiostat. CV measurements were carried out in an oven-dried custom
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glass cell (James glass) using a 3 mm glassy-carbon-dot working electrode (CHInstruments),
platinum mesh counter electrode (BASi), and saturated calomel reference electrode
(CHInstruments). Working solutions comprised 3 mL of electrolyte solution containing DMF
with 0.05 M tetrabutylammonium hexafluoro phosphate ([TMA][BF4]), 1 mM Fe porphyrin,
and varying concentrations of additive which were added to the CV solution as a 1 M solution.
The reference electrode was separated from the working solution by a double liquid junction
salt-bridge (Hach) containing 8 mL of electrolyte solution. Working solutions were degassed
with argon or carbon dioxide and kept under a positive pressure of the respective gas at all
times. All experiments were referenced to the ferrocenium / ferrocene couple (Fc +/Fc) by
dissolution of ~1.0 mg of ferrocene into the working solution and performing a CV to obtain
the reference potential. The working electrode was polished (Allied High Tech) after every CV
with 3 μm and 1 μm diamond paste in ethanol (Struers), then rinsed, sonicated in ethanol to
remove particulates, and rinsed with acetone before being dried under a nitrogen stream.
Bulk electrolyses were performed in a cylindrical glass cell adapted to the continuous
flow detection of gases. The working compartment contained 6.0 mL of DMF-d7 of electrolyte
solution with 250 μM Fe porphyrin and 100 mM of amine and 100 mM PrOH. Dissolution of
compounds was facilitated by stirring solutions. The electrolyte of the counter electrode cell
compartment was charged with 0.05 M tetramethylammonium acetate ([TEA+][OAc–]) as a
sacrificial reductant to facilitate current flow in the overall cell. CO2 was sparged through the
working solution via a PEEK tubing and a static headspace of gas was maintained. Gaseous
species were identified and quantified on an SRI-8610 gas chromatograph equipped with a
thermal conductivity detector and flame ionization detector (multiple gas analyzer #3, SRI
Instruments). Calibrations were made using an analytical standard containing 0.5% H 2, 0.5%
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O2, 0.5% CO, 0.5% CO2 in nitrogen supplied by Sigma Aldrich (Supelco). The resultant peaks
were integrated in the PeakSimple software and used as standards for further measurements.
Two separate head space samples were taken at the end of electorlysis and injected into the GC
for analysis. The column was maintained at 80 °C for the first 4 min and heated to 250 °C
during the following 6 min to separate and analyze gases, followed by a 5 min cooldown
period. Peaks were identified by comparison to the standards, integrated in the PeakSimple
software and quantified accordingly. 100 μL samples of headspace were extracted through the
septum using a Hamilton 100 μL syringe and injected into the injection port of the same gas
chromatograph. Calibrations for products were made with 100 μL injections of the same
calibration gas into the gas chromatograph. As it turns out, the calibrations scaled exactly by a
factor of 1:10.
6.5.3 Faradaic Efficiency Calculations
A calibration gas containing 0.5% each H2, CO, CO2, and O2 in N2 was used to calibrate
the SRI Instruments 8610C Gas Chromatograph. Peak Simple was used to integrate the
calibration peaks and these standards were used to quantify experimental products. For each
run, the CO and H2 peaks, if present, were integrated and then faradaic efficiency for each
product gas was calculated according to,

𝐹𝐸(𝐴) = 100 [
𝐶𝐹𝐴 =

𝐼𝑛𝑡𝑒𝑥𝑝 𝐶𝐹𝐴
𝑃𝑎𝑡𝑚 +𝑃𝑒𝑥𝑝
60𝑠 1 1 22.4𝐿
(𝐼)(
)( )( )(
)
𝑚𝑖𝑛 𝐹 2 𝑚𝑜𝑙
𝐹𝑅

]

(1)

(𝑃𝑎𝑡𝑚 +𝑃𝑐𝑎𝑙𝑖𝑏 )(0.005)

(2)

𝐼𝑛𝑡𝑐𝑎𝑙𝑖𝑏

where FE is faradaic efficiency, A is the gaseous product being quantified (H 2). 𝐼𝑛𝑡𝑒𝑥𝑝 is the
integration of the experimental peak measured for that gas, CFA is the calibration factor for gas
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A, calculated in Eq. 2. 𝑃𝑎𝑡𝑚 is the atmospheric pressure in psi (14.7 psi), 𝑃𝑒𝑥𝑝 is the
experimental pressure of the gas flow into the GC in psi at the time of sample collection

(typically 0.1 PSI), I is the instantaneous current in amperes, F is the Faraday, FR is the flow
rate of Ar through the cell at in L·min–1. CFA is calculated by Eq. 2, where Pcalib is the pressure
of the flow for the calibration gas. This pressure is multiplied by the percentage concentration
of H2 in the calibration gas (0.005) and divided by 𝐼𝑛𝑡𝑐𝑎𝑙𝑖𝑏 , the integration of the calibration
gas peak. For the non-flow experiments, simple ratiometric calculation were applied for the
injected headspace samples and were compared to the calibration sample for injection.
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