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ABSTRACT: Treatment of (iPrPDI)Fe(N2)2 (iPrPDI, 2,6-(2,6-
iPr2C6H3N=CMe)2C5H3N) with CO2 and ethylene resulted in the 
formation of a homologous series of saturated and unsaturated iron 
carboxylate products, (iPrPDI)Fe(O2CR), the distribution of which 
depends on the ratio of the reagents. The solid-state and electronic 
structures of a saturated product, (iPrPDI)Fe(O2CC2H5) was elucidat-
ed. Product distributions, deuterium labeling studies and stoichio-
metric experiments support initial formation of a five-membered metal-
lalactone intermediate, which undergoes subsequent ethylene inser-
tions to generate macrocyclic metallalactones. Competitive β-hydride 
elimination, CO2 insertion or reaction with H2 determine the fate of 
the metallalactone; the latter accounting for formation of iron com-
plexes with saturated carboxylates. Similar reactivity was observed 
upon addition of propiolactone and ethylene to (iPrPDI)Fe(N2)2, 
supporting C-O oxidative addition and C-C bond formation through 
metallacycle intermediates. 

Carbon dioxide (CO2) is an inexpensive and naturally abundant C1-
source and has received considerable attention for use in C–C bond 
forming reactions.1 Because the supply of ethylene has increased due to 
the development of vast global natural gas deposits,2 the discovery of 
new catalytic methods for the coupling of CO2 and ethylene is an 
attractive route for the synthesis of commodity carboxylic acids such as 
succinic and acrylic acid.3 While considerable effort has been devoted 
toward the synthesis of the latter, the unfavorable thermodynamics of 
the reaction (ΔGºgas = +14 kcal/mol;  ΔGºTHF = +5 kcal/mol) require 
the addition of stoichiometric additives, typically bases, to enable 
turnover under standard conditions.4,5 

Oxidative coupling of CO2 and ethylene with a reduced transition 
metal complex to form a five-membered metallalactone is the most well 
studied method for the synthesis of acrylic acid. Examples of this ap-
proach have been demonstrated with Ni,4,6 Mo,7 W,7 Ti,8 V,9 Zr10, Fe,11 
Pd,5 and Rh.12 However, the resulting metallacycles are typically re-
sistant to β-hydrogen elimination or do not release free acrylic acid due 
to strong metal–oxygen bonds.7,13 Lewis acids have been shown to 
promote β-hydride elimination often leading to ring contraction 
through reinsertion to the corresponding four-membered metallalac-
tones.14  

One attractive strategy for overcoming the thermodynamics of CO2-
ethylene coupling is to incorporate additional equivalents of alkene – 
each successive C–C bond forming event adds approximately 12 
kcal/mol of driving force to the reaction (Figure 1a).15 The corre-
sponding products, both saturated and unsaturated, long-chain carbox-
ylic acids and diacids are useful building blocks in chemical synthesis 

and for materials.16 While an attractive approach, few metal complexes 
promote the coupling of CO2 with multiple ethylene units. At 65 ºC, 
DBU-supported (DBU= 1,8-diazabicyclo[5.4.0]undec-7-ene) five-
membered nickel-metallalactones have been shown to insert an addi-
tional ethylene unit to generate the corresponding seven-membered 
ring products.17 These intermediates undergo rapid β-hydride elimina-
tion, supporting the notion that five-membered metallalactones are 
rigid and exhibit a high barrier for β-H transfer.6 Here we describe 
CO2-ethylene coupling reactions with a pyridine(diimine) iron dini-
trogen complex that promotes multiple insertions of ethylene depend-
ing on the ratio of the reagents (Figure 1c). The degree of saturated 
versus unsaturated carboxylate product varies with the chain length 
and highlights important reactivity differences between metallalactones 
depending on ring size. 

Reports of iron-meditated CO2-ethylene coupling are rare due to 
competitive decarbonylation and formation of iron carbonate com-
plexes.18 Hoberg and coworkers reported that addition of CO2 to 
phosphine-supported iron bis(ethylene) complexes followed by acid-
mediated methanolysis yielded mixtures of succinic and methylmalonic 
methyl esters depending on the identity of the added phosphine lig-
and.11 No carboxylates arising from single CO2 incorporation or any 
organometallic intermediates were observed.11 In complementary 
work, our laboratory has reported that reduced, aryl-substituted pyri-
dine(diimine) iron compounds exhibit a rich catalytic [2+2] cycloaddi-
tion19 and hydrovinylation20 chemistry upon treatment with alkenes or 
alkenes and dienes. Mechanistic studies and product distributions are 
consistent with oxidative coupling of the olefins to form iron metal-
lacycles,19b,21 and in the case of cyclobutane formation, C(sp3)- C(sp3) 
reductive elimination from an intermediate-spin Fe(III) complex 
where the redox-active pyridine diimine adopts its radical, mon-
oreduced form (Figure 1b).21 Metal complexes bearing redox-active 
ligands are attractive for CO2-ethylene coupling as they can pacify the 
oxophilicity of transition metals, ultimately assisting product release 
from metallalactones or metal carboxylates. Prime examples include 
iron complexes with reduced azophilicity that promote azide hydro-
genation22 as well as zirconium compounds that reversibly coordinate 
dioxygen.23 
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Figure 1. (a) Thermodynamics of CO2/ethylene coupling. (b) Metal-
lacycles as intermediates in iron-catalyzed [2+2] cycloaddition of 
olefins and (c) iron-mediated coupling of CO2 and ethylene. 

Our studies commenced with the addition of excess ethylene (50 
equiv) and CO2 (5 equiv) to a toluene solution of (iPrPDI)Fe(N2)2 (1-
N2, Figure 2a). Excess ethylene was used in initial experiments to 
minimize possible formation of iron carbonates. This procedure yield-
ed a mixture of paramagnetic pyridine(diimine) iron compounds, the 
major being identified as the propionate derivative, (1-O2CC2H5) as 
judged by 1H NMR spectroscopy and comparison to an independently 
prepared sample (see SI for details).24 The zero-field 57Fe Mößbauer 
spectrum of the product mixture following addition of ethylene and 
CO2 exhibits a single doublet with an isomer shift of δ = 0.98 mm/s and 
quadrupole splitting of |ΔEQ|	= 1.53 mm/s, signaling formation of iron 
products with an electronic structure and coordination environment 
identical to 1-O2CC2H5. Treatment of the iron products with ethanol 
and HCl and analysis by GC-MS established formation of a range of 
ethyl esters with carbon numbers ranging from C3-C21, with the latter 
being the heaviest detectable homologue by GC (Figure 2b). With the 
C3- and C5-derived esters, only saturated products were observed; for 
products C7 or higher, unsaturated derivatives were detected the ratio 
of which increased with increasing chain length. Additionally, linear 
bis-carboxylates were detected as minor products, with the C16-
derivative as the heaviest GC-detectable homologue. 

The solid-state structure of 1-O2CC2H5 was determined by X-ray 
diffraction and established an distorted trigonal bipyramidal coordina-
tion environment around the iron center with a κ2O,O’-carboxylate 
(Fe–O1 = 2.095(13) Å; Fe–O2 = 2.109(13) Å). Bond distances of the 
bis(imino)pyridine chelate (Cimine−Nimine = 1.305(2), 1.307(2) Å; 
Cipso−Cimine = 1.454(2) and 1.447(2) Å) are consistent with the one-
electron-reduced form of the chelate (Figure 2c).25 A solid-state mag-
netic moment of 3.6 µB (23 ºC) supports an overall S = 3/2 ground 
state arising from a high spin iron(II) center (S = 2) engaged in antifer-
romagnetic coupling with the ligand radical anion. The zero-field 57Fe 
Mößbauer spectrum of 1-O2CC2H5 at 80 K exhibited nearly identical 
features to that of the mixture obtained after CO2-ethylene coupling (δ 
= 1.01 mm/s; |ΔEQ|	= 1.56 mm/s), also consistent with a high spin 
iron(II) center.26 

 

Figure 2. (a) Iron-mediated coupling of CO2 and ethylene. (b) Yields 
and distribution of ethyl carboxylates after acid-mediated ethanolysis as 
determined by GC. (c) Solid-state structure of 1-O2CC2H5 at 30% 
probability ellipsoids. Hydrogen atoms were omitted for clarity. [Fe] = 
(iPrPDI)Fe. 

With an iron-mediated CO2-ethylene coupling method in hand, the 
effect of different CO2-ethylene ratios on the product distribution was 
studied. Inversion of the reagent ratio (50 equiv of CO2 and 5 equiv of 
ethylene) followed by ethanolysis yielded a mixture of diethyl adipate 
(0.6%), ethyl propionate (5.6%) and diethyl succinate (4.6%) as 
judged by GC-MS. The low yield is likely a result of iron carbonate 
formation from reaction of reduced (PDI)Fe complexes with CO2 
alone.18 Accordingly, if CO2 is added to 1-N2 prior to the addition of 
olefins, no iron carboxylates were detected by 1H NMR spectroscopy. 
Analysis of the iron product, 3 prior to ethanolysis by Mößbauer spec-
troscopy revealed a single signal (δ = 0.96 mm/s; ΔEQ = 1.53 mm/s) 
similar to the data obtained for 1-O2CC2H5, supporting an identical 
electronic structure. The benzene-d6 1H NMR spectrum of 3 exhibits 
paramagnetically shifted resonances distinct from 1-O2CC2H5 sug-
gesting a different structure. DOSY NMR experiments established a 
significantly lower diffusion coefficient (4.12x10-6 m2/s in C6D6 at 25 
°C) for 3 (n = 1) than 1-O2CC2H5 (6.01x10-6 m2/s in C6D6 at 25 °C), 
suggesting a dimeric structure with bridging carboxylate ligands. Deg-
radation experiments also support biscarboxylate formation. 

The observed products likely arise from a pathway involving oxida-
tive coupling between CO2 and several equivalents of ethylene to form 
multiple metallalactones. To probe metallacycle formation, a pentane 
solution of 1-N2 was treated with 1 equiv of β-propiolactone and the 
saturated iron carboxylate, 1-O2CC2H5 was obtained, consistent with 
the known ability of the iron complex to promote the oxidative cleav-
age of C–O bonds (Figure 3).27,28 Repeating the reaction in the pres-
ence of 10 equiv of ethylene resulted in higher homologues of the iron 
carboxylates. Likewise, when CO2 was added in excess, 3 was formed as 
the major product. Taken together, these results are consistent with the 
intermediacy of the five-membered metallalactone, 4 as a common 
intermediate in iron-promoted CO2-ethylene coupling and chain 
elongation. 
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Deuterium labeling experiments were conducted to determine the 
origin of the saturated iron carboxylates (Figure 4). Because pyri-
dine(diimine) iron alkyl,29 metallacycles,30 and products from addition 
of olefins to 1-N2 are known to undergo cyclometallation of the 2,6-
isopropyl aryl substituents,29 CO2-ethylene coupling was explored with 
these positions deuterated.31 Analysis of the resulting iron propionate 
by 2H NMR spectroscopy and degradation experiments revealed no 
deuterium incorporation into the propionate ligand nor PDI-
dehydrogenation products.29,30,32 A similar lack of isotopic incorpora-
tion was observed when the imine methyl groups were labeled or the 
reaction was conducted in benzene-d6 or toluene-d8, arguing against a 
radical process. In contrast, using ethylene-d4 resulted in principally 
perdeuerated esters following acid-mediated ethanolysis as determined 
by GC-MS. All saturated ethyl carboxylates with a carbon count greater 
than three were mainly perdeuterated (70%), whereas ethyl propionate 
was mainly formed as the d4-isotopolog (97%). The observed saturated 
carboxylates are likely a result of D2 gas formation following the β-
deuteride elimination when ethylene-d4 is used. To further test this 
hypothesis, the CO2-ethylene coupling was conducted in the presence 
of ~1 atm of D2, which resulted in formation of 1-O2CCH2CH2D, 
where the deuterium is exclusively located on the methyl group of the 
propionate ligand. 

Figure 3. Generation of 4 through oxidative addition of propiolactone 
and its reactivity with CO2 and ethylene. [Fe]= (iPrPDI)Fe. 

Performing iron-mediated CO2-ethylene coupling in the presence of 
1 equiv of D2O also yielded 1-O2CCH2CH2D as the sole organometal-
lic product detected by 1H and 2H NMR spectroscopies. The protonat-
ed ethyl propionate-d4 observed following CO2-ethylene-d4 coupling as 
well as 1-O2CC2H5 from the reaction of 1-N2 and propiolactone likely 
derives from trace protic impurities. Despite significant efforts devoted 
to exclude all potential proton sources, the reaction outcome was not 
altered. Although other pathways cannot be fully excluded, this high-
lights the extremely high reactivity of the metallalactone intermediates, 
that likely originates in the high thermodynamic driving force to form 
iron κ2O,O’-carboxylates. Thus far, all efforts to observe such com-
pounds have been unsuccessful, a distinguishing feature from the pure 
hydrocarbon analogs.19b,21 

 

Figure 4. Deuterium labeling with D2, D2O and ethylene-d4. 

The observed product distribution and deuterium labeling studies 
are rationalized by the mechanism proposed in Figure 5. The genera-
tion of both unsaturated- and bis-carboxylates provides evidence for 
the formation of metallalactones during the reaction that undergo 
either β-hydride elimination or insertion of a second CO2 molecule. 
The formation of 1-O2CCH2CH2D as the sole organometallic product 
after CO2-ethylene coupling in the presence of D2 or D2O suggests that 
the five-membered metallalactone, 4 is the first common intermediate, 
which reacts with these molecules preferentially over ethylene and 
CO2. The macrocyclic metallalactones, 5 are likely generated through 
consecutive insertion of ethylene following initial formation of 4.33 Iron 
complexes bearing saturated carboxylates are likely derived from reac-
tion of H2 or iron hydride species generated from β-hydride elimina-
tion with the various metallalactones 5. Consistent with this hypothe-
sis, perdeuterated saturated carboxylates were detected by GC-MS 
when the procedure was conducted with ethylene-d4. The acrylate was 
not observed in the reaction mixture, likely because of the inherent 
rigidity of the five-membered metallalactone 4,6 which has a high 
barrier for β-H elimination and is therefore susceptible to interception 
by H2 gas. The prominence of this effect diminishes with increasing 
ring size of the metallalactones 5, allowing gradually more facile β-
hydride elimination and hence more unsaturated iron carboxylates 
(Figure 2b). The iron bis-carboxylates 3 are generated through inser-
tion of a second molecule of CO2 into metallalactones 5 followed by 
comproportionation with a reduced (PDI)Fe complex. Although an 
inverted sequence of events cannot be ruled out, a dimeric structure 
generated directly from a metallalactone and a reduced (PDI)Fe com-
pound is likely more prone to β-hydride elimination and therefore 
generation of (PDI)Fe-acrylate, which has not been detected. 

 

 

Figure 5. Proposed mechanism for the formation of 1-O2CC2H5, 2 
and 3 from 1-N2, CO2 and ethylene. [Fe]= (iPrPDI)Fe. 
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To explore removal of the carboxylate from the coordination sphere 
of the iron, several conditions were evaluated with the goal of complet-
ing a synthetic cycle. While treatment of 1-O2CC2H5 with metallic zinc 
produced no reaction, addition of magnesium butadiene generated a 
mixture of 1-N2 and (iPrPDI)Fe(C4H6) along with magnesium propio-
nate, which was identified by 1H and 13C NMR spectroscopies and by 
comparison to an authentic sample. 

In summary, an iron-mediated coupling of CO2 and ethylene to 
produce a homologous series of iron carboxylates has been developed. 
The composition of the carboxylate can be tuned using an appropriate 
CO2 to ethylene ratio and eviden ce was provided for chain lengths of 
≤21. These studies provide a new outlook for the synthesis of carbox-
ylic acids from abundant carbon sources and demonstrate the ability of 
metallacyclic intermediates to control reaction outcome. 
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