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Abstract

Carbon dioxide functionalization is a potentially transformative method to enhance the
sustainability of carbon-based commercial chemicals. The reductive functionalization of CO, via C-C bond
forming reactions is one route to deriving structurally diverse products from this renewable resource.
Despite considerable advances in catalytic CO, reduction into smaller molecular fragments, such as CO,
there remains relatively few transition metal mediated processes to elaborate CO> via reductive C-C bond
functionalization. An investigation of iron(0) complexes capable of reductive coupling with CO; to generate
acrylate and oxalate are described here. A set of [(depe).Fe] (depe = 1,2-bis(diethylphosphino)ethane)
complexes were found to reductively functionalize CO, with ethylene or a second molecule of CO, to afford
C; and C; products, respectively. Several factors influencing the stoichiometric yield of these
transformations were examined including a deleterious CO, disproportionation process which produces
(depe).Fe(CO) and (depe).Fe(COs). Additionally, an intermediate iron-lactone complex in route to acrylate
formation has been structurally characterized.
Introduction

The abundant supply of carbon dioxide (CO:) in earth’s atmosphere represents a source of
underutilized C; synthon that would offer great economic benefit if large-scale up-conversion processes
were realized. Preliminary progress has been made towards this goal by numerous researchers, but greater
advances in catalyst development are necessary before the full potential of carbon dioxide as a cheap source

of carbon is achieved.! A plurality of recent research into CO, functionalization catalysts have pursued
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thermochemical® and electrochemical® processes to make simple C; products, such as carbon monoxide
(CO),** formic acid (HCOOH) or formate (HCOO"),*® methanol (CH;OH),”!! and methane (CH,).!* !4
While valuable, these targets offer limited chemical complexity. Expansion of the structural diversity of
chemicals made via carbon dioxide functionalization will require catalytic reactions which form C-C bonds
between CO» molecules or with other substrates. To date, the most oft-studied targets for catalytic reductive

)57 or oxalate (C204%),'%% as well as the

coupling of CO; include reactions to produce ethylene (C.Hs4
coupling of CO, and olefins to produce acrylate (CH;CHCO,")**3? or other carboxylates.****

Efficient oxalate (or oxalic acid, H,C>O4) synthesis from CO; is a longstanding target for CO,
functionalization, with moderately successful catalyst development appearing in the mid- 1990’s.!%1
Despite these efforts, most oxalate is commercially synthesized via the oxidation of carbohydrates or the
coupling of carbon monoxide (CO) with alcohols under aerobic conditions.! Generating oxalate via CO,
reduction has the potential to offer a more economical and atom-efficient alternative to these routes. A
major challenge to CO» reductive coupling to produce oxalate is the endergonic reaction profile (-0.59 V
vs SHE),* which requires that catalysts operate under an applied potential or in the presence of sacrificial
reducing agents. Competitive reactions such as CO; insertion into metal hydrides or CO» disproportionation
to CO and carbonate (COs*) can also pose potential selectivity issues.!®?° Additionally, control of any
highly reactive CO; radical anion (CO.*") intermediate formed during the reaction will impact feasibility.
To date, a number of heterogeneous catalysts have been employed to facilitate this reaction, a leading
example of which is a Cr-Ga oxide system capable of oxalate formation in water with a faradaic efficiency
of 59%.*® Only a handful of homogeneous catalysts exist, most of which are based on elaborate bi/tri-
metallic complexes (Figure 1).!°2* The highest turnover number (TON) reported under thermochemical
reduction conditions thus far is 24, with a reduction yield of 95% facilitated by Murray’s tricopper

catalyst.

Electrochemical systems have seen greater activity, with Jager’s nickel catalyst facilitating a
TON of up to 750 with 90% faradaic efficiency at a high overpotential (Ecat= -2.26 V SCE in MeCN).%
Bouwman’s bimetallic copper electrocatalyst selectively reduces CO, from air at an exceptionally low

overpotential (-0.27 V vs SCE), but suffers from the need for lithium salt additives to promote dissociation
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of oxalate from the copper complex, as well as a low TON of 12.2! Despite the excellent progress made by
these previous investigations, significant advances in catalyst development are required to achieve well-
understood, industrially relevant systems for CO, to oxalate conversion.

In addition to CO> homocoupling, the transition metal-catalyzed coupling of CO, and C,H4 to form
acrylic acid (or acrylate) offers an alternative route to creating more elaborate products from CO»
functionalization. Acrylic acid and its derivatives are currently prepared via fossil fuel sourced propylene
oxidation and serve as valuable commercial chemicals used in the manufacturing of paints, adhesives,
superabsorbent polymers, and other materials.!** A commonly proposed reaction mechanism for transition
metal-mediated acrylate formation from CO, and C,Hj is provided in Figure 2.%7 Although Hoberg and
coworkers published the first example of CO,/C,Ha4 coupling to metal-lactones nearly 40 years ago,*® an
industrially relevant catalyst for acrylic acid synthesis from CO, has not yet been realized. One challenge
is the unfavorable thermodynamic profile of the reaction (AG® = +42.7 kJ/mol).>* This has traditionally
been overcome via the addition of stoichiometric base to form the more stable sodium acrylate salt (AG =
-59 kJ/mol).?” Nickel-based catalysts are the most extensively studied systems to date, with the highest
TONs ranging from 400-450 (Figure 3).°**° However, many nickel systems require specialty bases and
excess stoichiometric additives, such as zinc dust and Lewis acid, where the interplay of the multiple
reaction components is not well understood.’*® Limited advance in the TONs achieved by extensive
empirical optimization of current nickel systems suggests alternate classes of catalysts should also be
explored.

Consideration of the prior art for reductive CO; coupling to oxalate and acrylate (vide supra)
suggests some similarities in catalyst design criteria for both reactions. A potential CO, to oxalate catalyst
must be highly electron rich in order to achieve CO, reduction/coupling at a reasonable rate,” and the
transition metal center must have a low oxophilicity and Lewis acidity to avoid strong oxalate coordination,
which has limited some previous catalyst investigations.?'*> As evidenced by the monometallic nickel
catalyst developed by Jéiger,?° elaborate bi/tri-metallic complexes are not required for achieving oxalate
formation, despite this feature being common in several examples. For a CO; to acrylate catalyst target to
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be viable, the complex must likewise be highly electron rich to provide enough reducing potential for the
initial cyclization reaction. The catalyst target must also have a low oxophilicity to allow release of free
acrylate, which has previously limited potential catalysis on molybdenum and tungsten.*'*? Finally, acrylate
catalysts must be capable of B-hydride elimination from the lactone intermediate. This step has proven
limiting for square planar nickel-lactones (Figure 2) because of the inability of the structure to reach an
agostic intermediate. This limitation likely originates from the only unoccupied metal d-orbital lying in the
plane of the ligands where it is inaccessible.”® Thus, we hypothesized that pursuing a metal-lactone
intermediate with a d-electron count of < 6 would be advantageous.

Drawing on these design criteria, we hypothesized that the previously characterized iron(0)
complexes of the type (depe).Fe(L) (depe = 1,2-bis(diethylphosphino)ethane), where L = C,H4* or CO,,*
would be promising targets for the synthesis of both acrylate and oxalate from CO,. Herein, we report the
first well-defined example of iron-mediated acrylate formation from CO,-C>H4 coupling, as well as a fully
characterized iron-lactone intermediate arising from the coupling reaction. This same system is also capable
of stoichiometric oxalate production in near quantitative yield in a thermochemical reaction using a

sacrificial one-electron reductant.
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Figure 1. Previously reported homogeneous catalysts for CO- to oxalate conversion.
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Figure 2. Postulated mechanism for transition metal mediated CO,-C>Ha4 coupling to produce acrylate.
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Figure 3. Leading catalysts for CO»-C,H4 coupling to produce acrylate.

Results and Discussion
Acrylate Formation Studies

Initial efforts focused on the synthesis of the CO»-bound iron complex (depe).Fe(CO.) (1) using a
previously published procedure.** Potassium graphite (KCs) reduction of the iron dichloride complex,
(depe):FeCl,,* under a dinitrogen atmosphere over three days resulted in formation of the iron(0) species
(depe)2Fe(Na) (2) as an orange solid in good yield.***’ Prolonged reaction times were necessary to fully
convert partially reduced iron(I) impurities. Subsequent treatment of 2 with 1 equiv of CO; afforded clean
conversion to 1.* Attempted CO,-C2Hs coupling was performed by adding 3 equiv of *CO» and 3 equiv
C>H4 to a C¢Dg solution of (depe).Fe(*CO») (1-13CO;) in an NMR tube at ambient temperature. Monitoring

the reaction by '*C NMR spectroscopy over 24 hours revealed two enhanced resonances of roughly equal



intensity at 6 224.5 and 164.8 ppm, which were assigned to the carbonyl, (depe).Fe(CO) (3), and the
carbonate, (depe).Fe(COs) (4) complexes respectively (Figure 4). The identity of 3 and 4 were confirmed
by comparison to spectra from authentic samples prepared via alternate methods.****° These species
presumably arise from CO, disproportionation, a reaction commonly reported in iron mediated CO,
reduction chemistry.**-! It is hypothesized that the strong electron donating ability of 1 imparts nucleophilic
character to the bound CO, and permits attack on a free or activated CO, molecule to start a pathway that
leads to reductive CO, disproportionation.*** However, most prior examples of CO,-C,H4 coupling
employ complexes with ethylene already bound to the metal center (Figure 5). For instance, the first
example of iron-mediated CO,-C;Hs coupling reported by Hoberg and coworkers in 1987 produced
succinic and methylmalonic acid derivatives by insertion of multiple CO, molecules into (PEt3)>Fe(C,H4)2
(Figure 5a).** More recently, Chirik and coworkers reported a pyridine(diimine) iron dinitrogen complex
that couples CO, with a varying number of C,Hs4 units to produce saturated and unsaturated carboxylates
(Figure 5b).>* Notably, it was reported that when CO, was charged before C,Hs, no desired coupling
reaction was observed, analogous to the behavior of 1. While these prior works indicate that selective iron-
mediated acrylate formation from CO, and C;Hs4 should be feasible, no well-defined examples have yet
been reported.

Given the precedents for CO.-C,Hs coupling at iron-ethylene complexes, we next examined the
reactivity of (depe).Fe(CaHa) (5).** Complex 5 was first generated in situ by placing 2 under 6 equiv CoHy
at ambient temperature in CsDs overnight. *'P NMR spectroscopy indicated partial conversion to 5 had
occurred, with about 50% of 2 remaining. Subsequent addition of 3 equiv '*CO; to this sample without
removing the gaseous C,Hs4 produced three new enhanced resonances in the *C NMR spectrum at § 224.5,
189.2, and 164.8 ppm over 2 days at ambient temperature. The peaks at 6 224.5 and 164.8 ppm were again
assigned to the CO; disproportionation products 3 and 4, which in this case arise after ligand substitution
of 5 (or residual 2) with CO, affords complex 1 (Figure 4). Alternatively, the *C NMR resonance at & 189.2
ppm appears to result from coupling of *CO, with the bound ethylene to afford (depe).Fe(xC,kO-
CH,CH,"3COO) (6-1*CO») (Figure 4). Treatment of 6-1*CO, with HCI produced '*C-labelled propionic acid
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which was identified by '"H-"*C HMBC NMR analysis and comparison to authentic samples. Additionally,
the 3*C NMR resonance at § 189.2 ppm was correlated to two '"H NMR signals at 1.94 and 2.84 ppm via
2D 'H-13C HMBC NMR spectra, consistent with C-C bond formation between the CO and ethylene
fragments.

The observation of 6-1*CO, from in situ NMR spectroscopy experiments was encouraging, but to
slow the rate of deleterious CO, disproportionation and more selectively generate the lactone complex,
isolated samples of 5 were prepared by KCs reduction of (depe).FeCl, under ethylene atmosphere. Although
alternative preparation methods of 5 have been reported previously,> x-ray diffraction data was obtained
that solidified its characterization (Figure 6). The iron-ethylene adduct crystallized in a relatively symmetric
orthorhombic space group with a 2-fold axis bisecting the ethylene C-C bond. The complete molecule of §
illustrated in Figure 6 is thus generated by symmetry with the C(11)-C(11A) distance of 1.432(2) A
suggesting a high degree of back-bonding from the electron rich metal center.’®> Conveniently, exposure of
samples of 5 to an atmosphere of dinitrogen in either the solid state or solution did not result in any
conversion to 2, enabling handling in a glovebox. Compound 5 was treated with 6 equiv C:Hs and 3 equiv
3CO, at ambient temperature in order to minimize the amount of 1 formed. This procedure led to selective
formation of 6-'3CO; overnight with no evidence of CO, disproportionation products in the *C or *'P NMR
spectra. Recrystallization of unlabeled (depe).Fe(xC,xO-CH,CH,COO) (6) in diethyl ether led to red
crystals suitable for analysis by x-ray diffraction. The solid-state structure of 6 is provided in Figure 6. The
data reveal an approximate octahedral coordination environment featuring a five-membered metal-lactone
ring. The metallocycle is relatively planar with an O(1)-Fe(1)-C(21)-C(22) torsion angle of 13.56(9)°.
Additionally, the C(23)-O(1) and C(23)-O(2) bond lengths of 1.291(2) and 1.241(2) indicated partial
delocalization of the carboxylate n-bond. Iron metallocycles related to 6 have been previously studied by

x-ray diffraction,>*>

though 6 is the first parent lactone derived from COs-ethylene coupling to be
structurally characterized.
Complex 6 proved highly resistant to f-hydride elimination to yield an acrylate species even upon

heating to ca 90 °C, above which decomposition occurred to a mixture of 3, free ligand and free ethylene.
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The stability of 6 is likely due to its 18-electron configuration and the absence of a labile ligand which
blocks the intramolecular B-hydride elimination process.? In an attempt to determine the stability of any
transiently formed iron acrylate hydride species, 1 equivalent of acrylic acid was added to a sample of
(depe)2Fe(N,), which produced frans-(depe).Fe(H)(kO-O,CCH=CH,) (7) (Figure 7). The 'H NMR
spectrum of 7 contains a metal-hydride quintet at -33.16 ppm, and the proton decoupled *'P NMR spectrum
contains one resonance at 6 89.95 ppm, consistent with four equivalent phosphorous nuclei. The solid-state
structure of 7 obtained from X-ray diffraction experiments is provided in Figure 6. Unfortunately, the
preparation of 7 offers little insight into the kinetic or thermodynamic accessibility of an iron acrylate
hydride species produced by B-H elimination from 6 because of its ¢trans configuration (Figure 7). Only the
cis isomer should be produced kinetically from B-hydride elimination of 6, and it is unknown if the frans
isomer 7 is kinetically and/or thermodynamically selected from the protonation reaction. Coincidentally,
heating of complex 7 up to ca 90 °C produced no evidence for conversion to 6 and no isomerization to an
alternative cis isomer was observed before significant sample degradation occurred.

One strategy to overcome the difficulty of B-hydride elimination from nickel-lactone species has
been the use of Lewis acid additives in combination with mild Brensted bases.?>*%%%" Interaction between
the Lewis acid and the electronegative oxygen atoms is thought to allow transient ring opening of the
lactone, creating a vacant coordination site on the metal as well as alleviating the rigid ring structure and
facilitating access to the B-hydrogens.?**¢ Alternatively, stronger Brensted bases may be used to directly
deprotonate a C-H adjacent to the lactone carbonyl, permitting elimination to an acrylate ligand.*
Unfortunately, the use of strong base is often incompatible with the presence of excess CO2 owing to the
formation of alkylcarbonates.*>%’

In an attempt to promote acrylate formation, a CsDs solution of 6 was treated with 5 equiv of the
Lewis acidic lithium triflate (LiOTf) salt and 5 equiv of sodium 3-flourophenoxide. Upon heating overnight
at 60 °C, a significant amount of insoluble salt formed in the NMR tube. '"H NMR spectra of this material
in DO confirmed the formation of sodium acrylate. The importance of Lewis acid was demonstrated by
performing the same experiment with no LiOTf present which yielded no observable acrylate by 'H NMR
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spectroscopy. Likewise, acrylate production was also obtained by the addition of a strong base, sodium
‘butoxide (NaO'Bu), to 6 in the absence of Lewis acid additives while heating overnight at 50 °C. However,
reaction of 6 under these conditions with sodium 3-flourophenoxide or sodium 2,6-diisopropylphenoxide
produced no detectable acrylate.

Given the ability of § to react with CO, to produce (sub)stoichiometric levels of acrylate in NMR-
scale experiments under moderate basic conditions, we next tested the ability of this complex to generate
acrylate catalytically. A wide variety of conditions were attempted, based on previously optimized nickel
catalyst studies (see supporting information).’*3? The only set of conditions that produced even sub-
stoichiometric acrylate was when the strong base NaO'Bu was employed. The inability of this complex to
operate catalytically is likely due to its 18-electron configuration, and the associated difficulty with
undergoing B-hydride elimination from an electronically saturated species. Given that all ligands in this
system are chelating, transient formation of a long-lived open coordination site would be challenging. In
the near future, we hope to target novel, electron-rich iron complexes which will provide this coordination
environment.

Oxalate Formation Studies

Having found the {(depe).Fe’} fragment capable of reductive C-C bond coupling with CO, and
C:Ha, its competency in oxalate formation was investigated. Complex 1 was initially targeted because in
addition to the design criteria given above, this complex is among only a limited number of isolable
transition metal CO. complexes, and this stable pre-coordination may improve the selectivity of

305964 Fyrthermore, the bending of the CO, bond angle upon coordination could lower the

reduction.
potential required for 1-electron reduction (E®=-1.90 V vs NHE) by alleviating the degree of reorganization
required in the transition structure.®® To date, iron-mediated oxalate formation reactions have been
exclusively seen at iron(I) complexes. For example, a dibenzotetramethyltetraaza[14]annulene iron(I)
complex was shown to react with CO; in toluene to produce limited sodium oxalate, but in THF reductive
disproportionation dominated the product mixture.’! In 2013, Peters and co-workers showed that a

trisphosphino-borate iron(I) complex was capable of converting CO- into a bridging oxalate ligand in up to
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70% vyield. This yield was maximized following an elegant mechanistic study which showed that
coordinating solvents or capping phosphine ligands were key to achieving CO; reductive coupling instead
of reductive disproportionation (vide infra).®

Cyclic voltammetry (CV) experiments were initially performed on 1 to identify its potential as a
CO; reduction electrocatalyst. In a 0.1 M THF solution of tetrabutylammonium hexaflourophosphate
(TBAPF¢) under 1 atm argon, the first reduction wave of 1 does not begin until a potential of about -2.8 V
(vs dFc%dFc") (see supporting information). Unfortunately, this runs counter to our hypothesis that the
reduced CO; bond angle in this complex would ease the reduction potential. In fact, under these conditions
the glassy carbon working electrode readily reduces CO» on its own. The highly cathodic reduction potential
may originate from the highly reduced state of the iron center. Furthermore, when the electrochemical cell
is purged and saturated with CO,, the color of the solution quickly changes from a dark red to a bright
yellow color, which is accompanied with complete degradation of 1 to 3 and 4, as evidenced by CV and *'P
NMR analysis of the yellow solution.

It was apparent that electrocatalytic reduction of 1 was not a feasible route to oxalate formation, so
focus was shifted to thermochemical reduction methods. Due to the high reduction potential of 1 observed
during CV experiments, KCs was chosen for its strong reduction potential and its prior use in
thermochemical oxalate catalyst studies.” Initial examinations employed the *C-labelled complex 1-*CO,
which was synthesized in an analogous fashion to the unlabeled complex using *CO,. 1-3CO, was treated
with 7 equivalents KCs and 10 equivalents '*CO, in THF over a period of 24 hours, after which the reaction
was quenched with dilute HCI to liberate all oxalate as free acid and to eliminate any carbonate that may
have formed. After separation of the organic material with diethyl ether, *C NMR analysis was performed
on the aqueous layer. One single enhanced resonance was observed in the '*C NMR spectrum at 164.5 ppm,
consistent with a spectrum of an authentic oxalic acid sample. A control experiment conducted under the
same conditions but omitting the iron complex did not produce any observable '*C NMR resonances in this

region, suggesting that the presence of 1 was important for oxalate formation. Likewise, no observable
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oxalate production occurred when the same reaction was carried out in the absence of reducing agent,
eliminating any solely iron(0) based reaction in the formation of oxalate.

Based on this preliminary success, efforts turned toward quantifying the oxalate production in this
system. Using a technique previously reported for the analysis of oxalate yield, the post-reaction
components were separated and the remaining aqueous oxalic acid solution titrated with 0.1 M potassium
permanganate (KMnQs).?¢” Under the initial set of conditions, where 0.02 mmol 1, 20 equivalents KCs,
and 1.5 atm CO; were charged in 15 mL THF at ambient temperature, an average conversion of 1.48 equiv
of oxalate per iron was observed over a 20 hour period. Screening a variety of reaction conditions (see
Supporting Information), including altering solvent, CO, pressure, reducing agent equivalents, catalyst
loading, and temperature did not result in any significant improvements in activity. The highest conversion
for oxalate under any set of conditions was 2.15 equiv. of oxalate per iron, during which 40 equivalents of
KCs were employed. This represents a disappointing 10.9% reduction yield and within the uncertainly
values of the analysis may not even be considered catalytic. Furthermore, a control experiment
demonstrated that under these forcing conditions over half of the oxalate produced was a result of direct
KCs reduction.

The lack of success seen during catalysis attempts turned efforts towards optimizing the system as
a stoichiometric reaction. By lowering the KCs loading to only 2 equiv per iron and conducting the reaction
under 1.5 atm CO, in THF at ambient temperature, a 79.5% oxalate yield was observed. Heating the reaction
to 45 °C afforded an excellent yield of 98.1% (Table 1; entry 1). Under these conditions, the reduction
yield of the KCs-only control was only 15.8% (entry 8). The analogous iron(0) dinitrogen and carbon
monoxide complexes 2 and 3 were shown to be nearly as active as 1 under these conditions (entries 2,3),
suggesting the {(depe).Fe’} fragment is largely responsible for the reductive CO, coupling. This is
supported by the observation that neither an alternative iron(0) source, (Fe(CO)s; entry 5) nor a
(depe)iron(Il) source (entries 4 & 6) were capable of achieving high-efficiency oxalate production under

these conditions. Similarly, FeCl, alone was shown to be ineffective for CO, coupling (entry 7). So, while
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not a strong catalytic system, these experiments indicate 1 or similar iron(0) species have the potential to
be efficient at CO, reductive coupling.

To better understand why the {(depe).Fe’} system is incapable of catalysis despite the high
stoichiometric efficiency, a post-reduction mixture from an optimized stoichiometric trial was analyzed by
3P NMR spectroscopy. In addition to small amounts of free ligand, a singlet at § 87.1 ppm and two triplet
resonances at 6 80.7 and & 71.0 ppm were observed, consistent with formation of 3 and 4, respectively.
These observations indicate that CO, reductive coupling to oxalate is hindered by the competitive CO,
disproportionation reaction (Figure 8). It appears that as disproportionation occurs and the iron(Il) complex
4 is formed, the needed iron(0) is diminished over time. Additionally, any reduction of 4 back to iron(0)
may contribute to a competitive cycle that consumes the reductant but produces carbonate. Both
circumstances would lead to less efficient oxalate production as the reaction progresses. Based on these
findings, it is possible that the efficient stoichiometric oxalate formation in this system is not the result of
a highly selective iron-mediated reaction; rather, some iron(0) molecules produce several equivalents of
oxalate, while others follow a deleterious CO, disproportionation pathway. Unfortunately, the addition of
greater amounts of CO; or reducing agent to aid catalysis does not appear to favor the oxalate pathway,
thus limiting the reaction to a modest conversion. Designing alternative iron complexes that limit preference
for CO» disproportionation by reducing nucleophilicity of the bound CO, or impeding bimolecular reactions
may be a productive line of investigation.

Concluding Remarks

The {(depe).Fe’} fragment has been demonstrated to be a versatile organometallic mediator of CO>
reductive coupling to form C-C bonds. In the case of (depe).Fe(C,Ha), reaction with CO; to produce a
metallalactone is facile, occurring at room temperature. However, the difficulty of B-hydride elimination
from the electronically saturated species appears to limit capacity for catalytic acrylate formation. It is
apparent that an effective iron-based catalyst for CO»-C;H4 coupling must be able to reach a transient 16-
electron state and work is continuing in our laboratory to design such a complex. The {(depe).Fe’} fragment
also mediates the one-electron reduction of CO; to form oxalate with high efficiency but fails to perform
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catalytically due to a competitive CO, disproportionation pathway. Based on the proposed mechanism for

CO» disproportionation in these systems,* this pathway may be disfavored if the bound CO, is less

nucleophilic. This could be accomplished by a metal center that is less electron rich yet still sufficiently

reducing to promote a one-electron transfer to an activated CO, fragment. Therefore, an iron-based CO- to

oxalate catalyst will require a delicate electronic balance, and work is ongoing in our laboratory to perform

ligand alterations that meet these criteria.

Figures for Results Section

Figure 4. Competitive reaction pathways of lactone formation (left) vs reductive disproportionation

(right).
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Figure 5. Previous examples of iron-mediated CO,-C,H4 coupling. DCPE = 1,2-
bis(dicyclohexylphosphino)ethane.

Figure 6. Molecular structure of 5 (left), 6 (center) and 7 (right) at 30% ellipsoids. All hydrogen atoms expect those
attached to iron or acrylate have been removed for clarity.
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Table 1. Oxalate Production from Iron Complexes”

Entry Complex Yield (%)®
1 (depe)2Fe(COy) (1) 98.1+2.1
2 (depe):Fe(Ny) (2) 90.5+9.1
3 (depe)2Fe(CO) (3) 87.5+9.6
4 (depe):Fe(COs) (4) 43.7+6.9
5 Fe(CO)s 16.6 + 4.7
6 (depe).FeCl, 24.1+6.7
7 FeCl, 17.7+4.6
8 KCs Only 15.8 + 5.4¢

¢ Conditions: In all trials, 0.02 mmol {(depe).Fe}, 0.04 mmol KCg, and 1.5 atm CO; in 15 mL THF solution for 24
hours at 45 °C. ? Percent yields are reported with respect to [Fe]. Each is an average of three replicates followed by
standard deviation. ¢ Percent yield for this entry reported with respect to 2 equiv. of KCs per oxalate.

Experimental

General Experimental Procedures: All work was performed using standard air-free vacuum, Schlenk,
cannula, and glovebox techniques. All chemicals were purchased from Aldrich, Alfa Aesar, VWR, Strem,
or Fischer; isotopically enriched chemicals were purchased from Cambridge Isotope Laboratories.
(depe)2FeCl,,* (depe)Fe(CO2) (1),* (depe)Fe(N2) (2),* (depe).Fe(CO) (3),* (depe).Fe(COs) (4),* and
KC;® were synthesized according to the literature procedures. Depe (98%) was used as received. Phenoxide
bases were prepared by reaction of sodium hydride with the corresponding phenol derivative.*? Solvents
were dried and degassed according to the literature procedures.® 99.8% carbon dioxide, and dry ethylene
were used as received from Airgas. All NMR spectra were recorded on Bruker 300 MHz DRX, 500 MHz
DRX, or 600 MHz spectrometers. 'H and *C NMR spectra were referenced to solvent signals, while *'P
NMR spectra were referenced to 85% phosphoric acid external standard. Acrylate catalytic trials were

performed in a Parr 5500 series compact reactor with a glass insert. X-ray crystallographic data were
collected on a Bruker SMART CCD system. Samples were collected in inert oil and quickly
transferred to a cold gas stream. The structures were solved from direct methods and Fourier
syntheses and refined by full-matrix least-squares procedures with anisotropic thermal parameters
for all non-hydrogen atoms. Electrochemistry: Cyclic voltammetry experiments were conducted using a

Gamry Interface 1010B potentiostat. A glass cell from Adams and Chittenden was employed with a three
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electrode system which consisted of a 0.071 cm? glassy carbon working electrode, a non-aqueous
Ag/AgNO; reference electrode, and a coiled platinum counter electrode which was kept in a separate
compartment behind a porous frit. Positive scan polarity was employed with a scan rate of 100 mV/s. 2 mM
analyte was used in a 0.1 M tetrabutylammonium hexaflourophosphate THF solution. Decamethyl
ferrocene (dFc) was used as an internal standard, and potentials were referenced by placing the dFc*/dFc°

wave at 0.0 V.70

Synthesis of (depe).Fe(C2H,) (5). This complex was synthesized according to a procedure modified from
a previous report.** To a 50 mL heavy walled glass reaction vessel, 205 mg (0.380 mmol) (depe).FeCl, and
154 mg (1.14 mmol) KCs were added. The flask was cooled with liquid nitrogen and evacuated. THF (15
mL) was vacuum transferred to the flask. Without allowing the flask to warm up, 2.28 mmol ethylene was
added via a calibrated gas bulb. The reaction was stirred at ambient temperature overnight. The volatiles
were removed in vacuo before dissolving the residue in pentane and filtering through Celite. The filtrate
was slightly concentrated before recrystallizing at -35 °C overnight. Yellow crystals of (depe).Fe(C,H4)
were isolated in 73% yield (137 mg). The identity of the product was initially verified by comparison with
the literature values.* Additional characterization: *C {'H} NMR (600 MHz, CsDg): & 26.5 (p, J = 13.2
Hz, Fe-a-CHy>), following signals assigned as P-CH; and P-CHj3 of depe ligand: 32.3 (br s), 29.6 (t, J=9.7
Hz), 23.5 - 23.1 (m), 15.1 (m), 10.0 (s), 9.9 (br s), 9.4 (br s), 8.5 (br s), multiple resonances assumed to

correspond to coincident carbons.

Synthesis of (depe):Fe(kC,xO-CH,CH,COOQ) (6). To a 50 mL heavy walled glass reaction vessel, 92 mg
(0.185 mmol) (depe)-Fe(C,H4) and 15 mL tetrahydrofuran were added. 1.48 mmol of ethylene and 0.741
mmol carbon dioxide were added via a calibrated gas bulb and the reaction allowed to stir at ambient
temperature overnight. Volatiles were removed in vacuo before dissolving the residue in diethyl ether and
filtering through micro-glass filters. The filtrate was slightly condensed before recrystallizing at -35 °C
overnight. Red crystals were isolated in 78% yield (78 mg). Anal. found (calcd) for C23Hs,0,P4Fe: C, 50.15
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(51.12); H, 9.60 (9.70). Data for C analysis low even after multiple trials, possibly due to difficulties of
handling air sensitive materials. Evidence of bulk purity given by NMR spectral figures in the Supporting
Information. "H NMR (600 MHz, C¢Ds): 8 2.94 (ddd, 1H, J=17.0, 11.1, 4.3 Hz, Fe-B-CH>), 2.84 (ddd, 1H,
J=16.9, 11.0, 5.4 Hz, Fe-p-CH>), 1.94 (m, 1H, Fe-a-CH>), The signals for P-CH, and P-CH; of depe
ligand were not suitably resolved to permit definitive assignment, 2.34 (m, 1H, PCH>), 2.05 (m, 1H, PCH,),
1.86 — 1.74 (m, 4H, PCH, & PCH3), 1.74 — 1.56 (m, 3H, , PCH, & PCH3), 1.56 — 1.47 (m, 3H, PCH, &
PCH;), 1.47 — 1.34 (m, 3H, , PCH, & PCH3), 1.34 — 0.89 (m, 25H, PCH, & PCHs3, 1H corresponds to Fe-
a-CH>), 0.82 — 0.66 (m, 5H, PCH, & PCH3), 0.56 (m, 4H, PCH, & PCH3). C {'"H} NMR (600 MHz,
CsDg): 6 189.1 (d, J = 14.1 Hz, C=0), 37.8 (d, J = 4.1 Hz, Fe-B-CH>), -2.1 (apparent quintet, J = 18.6 Hz,
Fe-a-CH»), following signals assigned as P-CH» and P-CHj3 of depe ligand: 25.0 (d, /= 12.7 Hz), 24.5 (ddd,
J=2138,15.9, 6.4 Hz), 243 (d, /= 10.8 Hz), 23.4 (t, /= 19.7 Hz), 22.7 (d, /= 6.0 Hz), 22.6 (m), 21.5 (d,
J=12.1Hz),20.2 (dd, J=21.6, 14.1 Hz), 19.0 (d, /= 10.6 Hz), 18.6 (m), 13.1 (dd, J=15.2, 10.0 Hz), 10.0
(d,J=6.2Hz),9.4 (m), 9.2 (d, J=7.6 Hz),9.0 (d,J=4.9 Hz), 8.3 (d, /=4.8 Hz), 8.1 (d, /J=4.1 Hz), 8.0
(d, J = 6.5 Hz), two resonances assumed to correspond to coincident carbons. *'P {'H} NMR (C¢Ds): &
80.12 (ddd, 1P, J=8.5,32.8,37.7 Hz), 73.37 (ddd, 1P, J=18.1, 37.5, 166.3 Hz), 71.50 (ddd. 1P, J=25.7,

33.1, 166.6 Hz), 68.17 (ddd, 1P, J = 8.5, 19.4, 26.7 Hz). IR (KBr): ve-o = 1593 cm™.

Synthesis of trans-(depe).Fe(H)( k0-O:CCH=CH>) (7). To a 20 mL Scintillation vial 137 mg (0.28
mmol) (depe).Fe(N,) and 8 mL THF were added. 18.9 puL acrylic acid (0.28 mmol) was added dropwise
via a micro-syringe. The reaction solution immediately changed from orange to yellow. Volatiles were
removed in vacuo and the residue dissolved in pentane and filtered through a Pasture pipette. The filtrate
was slightly condensed and recrystallized at -35 °C overnight. Yellow-orange solid was obtained in 56%
yield (84 mg). Crystals suitable for x-ray diffraction were grown in pentane via slow evaporation at ambient
temperature. Anal. found (calcd) for C23Hs20,PsFe: C, 50.22 (51.12); H, 9.65 (9.70). Data for C analysis
low even after multiple trials, possibly due to difficulties of handling air sensitive materials. Evidence of
bulk purity given by NMR spectral figures in the Supporting Information. 'H NMR (600 MHz, C¢Ds): &
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6.26 (dd, 1H, J = 17.2, 10.0 Hz, CO.CH=CH>), 6.01 (dd, 1H, J=17.2, 2.9 Hz. CO,CH=CH>), 5.20 (dd,
1H, J=10.0, 3.1 Hz, CO,CH=CH>), -33.16 (p, J = 47.5 Hz, Fe-H), The signals for P-CH, and P-CH3 of
depe ligand were not suitably resolved to permit definitive assignment, 2.22 (m, 4H, J = 7.3 Hz), 2.13 (br
s,4H), 1.81 — 1.72 (m, 4H), 1.59 (h, 4H, J = 7.3 Hz), 1.51 (br s, 4H), 1.14 - 1.06 (m, 16H), 0.89 — 0.81 (m,
12H). BC {'H} NMR (600 MHz, CsDg): & 173.5 (s, C=0), 138.0 (s, CO,CH=CH>), 120.1 (s, CO,CH=CH,),
following signals assigned as P-CH, and P-CH3 of depe ligand: 23.6 (br s), 23.1 (p, J = 12.6 Hz), 20.8 (br
s), 9.2 (s), 8.8 (s), multiple resonances assumed to correspond to coincident carbons. 3'P {'H} NMR (300

MHz, CsDs): 8 89.95 (d, 4P, J = 44.3 Hz). IR (KBr): ve=c = 1632 cm™, ve—0= 1591 cm’".

Data for (depe):Fe(CO) (3): Additional characterization not previously reported: *C {'H} NMR (600
MHz, CsDs): 6 224.5 (p, J=10.5 Hz, C=0), following signals assigned as P-CH, and P-CH3; of depe ligand:
27.3 (br s), 26.9 (ddd, J = 25.9, 21.4, 3.7 Hz), 9.2 (s), multiple resonances assumed to correspond to

coincident carbons.

Data for (depe):Fe(CO;3) (4). This complex was synthesized according to the previously reported
procedure for the analogous dmpe complex (dmpe = 1,2-bis(dimethylphosphino)ethane) (dmpe),Fe(CO;).*
"HNMR (600 MHz, C¢D¢): & 2.40 (m, 2H), 2.02 (m, 2H), 1.78 (m, 2H), 1.65 (m, 4H), 1.60 — 1.21 (m, 14H),
1.13 - 0.93 (m, 14H), 0.82 — 0.63 (m, 10H). '*C {'H} NMR (600 MHz, C¢Ds): 5 165.2 (s, CO3), following
signals assigned as P-CH; and P-CH3 of depe ligand: 24.8 (d, /= 13.5 Hz), 23.6 (m), 20.7 (m), 19.7 (t,J =
6.3 Hz), 19.4 (m), 11.5 (t,J= 6.5 Hz), 9.4 (s), 9.0 (s), 8.6 (5), 7.7 (s), all resonances for depe ligand assumed
to correspond to two coincident carbons. *'P {{H} NMR (300 MHz, C¢Ds): & 80.54 (t, 2P, J = 35.0 Hz),

70.62 (t, 2P, J = 35.1 Hz).

Attempted Catalytic Acrylate Formation. In a typical trial, 0.1 mmol (depe), Fe(C2H4), 20 mmol 2,6-
diisopropyl sodium phenoxide, 5 mmol lithium triflate, 10 mmol zinc dust, and 25 mL tetrahydrofuran were
added to a 100 mL Parr reactor glass insert. The reactor was charged with 28 bar ethylene and 2 bar carbon
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dioxide before heating to 110 °C and stirring for 20 hours. The reaction was then cooled to room temperature
before 50 mg of sorbic acid and 100 mg of sodium hydroxide were dissolved in deuterium oxide and added
to the solution. Three extractions with diethyl ether were performed, and acrylate production was quantified

by 'H NMR integration against the sorbic acid standard in the deuterium oxide layer.

Oxalate Formation Experimental Method. In a typical trial, a 100 mL heavy walled glass reaction vessel
was charged with 0.04 mmol (depe).Fe(CO;) and 0.8 mmol KCs. Then 15 mL of THF was added via
vacuum transfer on a high vacuum line. While keeping the flask cooled at -196 °C, 4.7 mmol (about 1.5
atm) carbon dioxide was added. The reaction was stirred for 8 hours at ambient temperature. The reaction
was next filtered through Celite, followed by rinsing with 50 mL THF to remove any remaining
organometallic material. The THF filtrate was discarded. The filter cake was then washed with 20 mL of 1
M HCI, followed by 60 mL water. The aqueous filtrate was pumped down on the rotary evaporator for 20
minutes to remove any residual THF, and the remaining aqueous solution titrated with 0.1 M potassium
permanganate (standardized by titration of potassium oxalate monohydrate) to determine the total oxalate

yield.?’
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