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Abstract

The coordination chemistry of zerovalent iron complexes bearing triphosphine ligands of the type
‘BuP(CH>CH,PR>), (R = Et, Pr, Cy) was attenuated via ancillary ligand effects. Iron(0) dinitrogen ethylene
complexes, ['BuP(CH,CH,PR,)]Fe(C,H4)(N2) (R = Et, 'Pr, Cy), were prepared via alkali metal reduction
of the corresponding iron dichloride precursors and were characterized by single crystal X-ray diffraction.
In complexes bearing 'Pr and Cy substituted triphosphine ligands, reversible dissociation of dinitrogen from
['BuP(CH,CH,PR,)]Fe(C,H4)(N2) was observed, generating paramagnetic four coordinate iron(0)
monoethylene species, ['‘BuP(CH.CH,PR,)]Fe(CoHs) (R = Pr, Cy). Conversely, the Et substituted
['‘BuP(CH2CHPEt;)]Fe(C2Ha)(N2) was stable in solution and reacted rapidly with additional ethylene to
afford a five coordinate iron(0) bisethylene species, ['BuP(CH.CH,PEt)]Fe(C,H4). Analysis of structural
parameters obtained from X-ray diffraction and IR stretching frequencies obtained from the iron dicarbonyl
species, ['BuP(CH,CH,PR;)]Fe(CO); (R = Et, 'Pr, Cy) suggest the attenuations in coordination chemistry
are likely steric in origin. Examination of CO, functionalization from ['BuP(CH,CH>PR;)]Fe(C>H4)(N2)
(R = Et, 'Pr, Cy) revealed selective formation of methylmalonic acid upon protonolysis of the insoluble
organometallic product, consistent with the coupling of bound ethylene with two molecules of carbon

dioxide.

Introduction
The relationship between the fundamental coordination chemistry of transition metal complexes

and the associated influence on their reactivity has long been the foundation of organometallic reaction
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development. In few places is this more evident than in transition metal mediated functionalization of small
molecule substrates. The annals of metal-mediated small molecule activation are filled with examples
where minor changes in the ancillary ligands bring profound changes to the chemo-, regio-, and
stereoselectivity of such transformations.!™ A classic example is the difference in reactivity between the
zirconocene  dinitrogen  (N2)  complexes  [(1*-CsMes)Zr(n'-No)|a(u2n'n'-N2)¢  and  [(n’-
CsMesH)2Zr]a(12,n%n?-No) reported in 2004 where removal of one methyl substituent from CsMes enables
N, hydrogenation.? Of course, just as often transition metal chemists spend considerable effort to alter an
ancillary ligand only to achieve marginal attenuations of reactivity. Still, these endeavors to explore
structure-reactivity relationships remain a cornerstone of small molecule activation chemistry. One small
molecule of increasing significance is carbon dioxide (CO>)- a renewable, abundant source of carbon. While
many studies of CO; valorization focus on generating C; products via carbon monoxide (CO),”” formate
(HCOO"),'" or methanol (CH;OH)!*! intermediates, the coupling of carbon dioxide with other small

molecules such as ethylene (C2Hs),*% propylene (CH;CHCHS>),***! and acetylides®>*°

is an emerging
alternative with the potential to produce more elaborate, high-value carboxylates.*! In 1977, Hashimoto
described a pioneering example of transition metal mediated CO;-alkyne coupling using a phosphine-
ligated Ni(0) species which functionalized CO, with 1-hexyne to produce a substituted pyrone, along with
a mixture of other products.’® This was shortly followed by Hoberg and coworkers who reported the first
example of CO,-olefin coupling using a nickel complex.?! While many subsequent studies have investigated

20.232427.29 comparatively little work has been reported on iron

new nickel systems for CO,-olefin coupling,
or other more earth-abundant base metals. Iron is an attractive metal for the mediation of CO; valorization
as it, like CO», is widely available, non-toxic, and inexpensive compared to nickel and other transition
metals.

In the late 1980’s, following a study in which an Fe(0) complex was found to mediate the coupling
of CO, with butadiene,** Hoberg reported a rare example of iron-mediated CO,-C,Ha coupling.** A simple
Fe(0) source, (EtsP):Fe(C2Ha)2, was found to produce methylmalonate or methyl succinate products in the

presence of additional phosphine ligand (Figure 1).*> The selectivity of the CO» functionalization was
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strongly influenced by the nature of the added ligand, with PMes affording the methyl ester of
methylmalonic acid upon methanolysis of the organometallic product, whereas 1,2-
bis(dicyclohexylphosphino)ethane (dcpe) yielded the methyl ester of succinic acid.** Curiously, in the
absence of additional phosphine ligand, reaction of (Et;P),Fe(C;Hs), with CO, produced only reductive
disproportionation to carbonate (COs*) and CO complexes,* suggesting a delicate attenuation of the
reaction pathways by the substituents and availability of exogenous phosphine ligands.*> Unfortunately,
there were few subsequent studies to elucidate the origins of these structure-reactivity differences or
identify the precise Fe(0) species that promoted CO» activation.

After a decades long hiatus, recent studies on Fe(0)-mediated olefin and alkyne coupling have been
reported. Recently, Field and coworkers described the coupling of CO» with various acetylides mediated
by low valent iron dmpe (dmpe = 1,2-bis(dimethylphosphino)ethane) and depe (depe = 1,2-
bis(diethylphosphino)ethane) complexes, in which unsaturated iron lactones were isolated and
characterized (Figure 2).3°* While much of the reactivity of the depe and dmpe variants was analogous,
important differences in the regioselectivity of the CO, coupling were observed with ancillary ligand
changes. The dmpe iron complex coupled CO» and phenylacetylene to selectively produce an a-substituted
unsaturated lactone,*® while the more sterically hindered depe iron complex produced exclusively B-
substituted lactones (Figure 2).*° Using the depe chelate, our own laboratory has reported that
(depe):Fe(C,H4) produces an isolable 5-membered saturated metallalactone species via coupling of CO,
and C,Hs (A; Figure 3).2® Upon addition of a proton source, complex A liberates propionic acid.?®
Regrettably, the more economically desirable acrylate product resulting from B-H elimination of A could
only be obtained in low yield with the addition of a strong base.?® The inability of the iron-lactone A to
form acrylate in good yield was partially attributed to its 18-electron configuration, which would necessitate
a ligand dissociation event to enable B-H elimination.?®#34¢ Motivated by this limitation of A, as well as the
literature precedent for attenuated reactivity in these systems via small changes to the ancillary ligands, we
sought to investigate the coordination chemistry and CO, functionalization potential of low-valent iron
triphosphine complexes. Herein we describe the synthesis of a series of (Triphos)Fe(0) ethylene complexes
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(Triphos = '‘BuP(CH,CH,PR;), (R = Et, 'Pr, Cy)).**34° These species were characterized by a combination
of NMR and IR spectroscopy as well as X-ray diffraction analysis. Several differences in their coordination
chemistry were observed, including the reversible binding of unsaturated ligands such as C;Hs and N,. Each
of the (Triphos)Fe(0) ethylene complexes mediate CO- functionalization to produce methylmalonic acid in
good yield with high selectivity.

Figures for Introduction:
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Figure 1: CO,-C,H, coupling mediated by (Et;P)>Fe(C,Ha), reported by Hoberg and coworkers.*
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Results and Discussion
Synthesis and Characterization of (Triphos)Fe(0) Ethylene Complexes

Preparation of the (Triphos)Fe complexes began by metalation of three variants of
‘BuP(CH,CH:PR;), with FeCl, affording the five-coordinate species ['BuP(CH.CH2PR;),]FeCl> (R = Et
(1a), 'Pr (1b), Cy (1¢)*) in good yields (Figure 4). The dichloride complexes are all paramagnetic, with
solution magnetic moments ranging from 5.0 — 5.5 pup measured by solution Evan’s method as expected for
a high spin Fe(I) center.*® Despite their paramagnetism, complexes 1a-c¢ featured broad, observable 'H
NMR signals with chemical shifts from -4 ppm to 114 ppm that provided convenient signatures for their
presence in solution.

Metal mediated CO,-C>H4 coupling reactions have most commonly been reported with zerovalent
metal centers,?02123:25:27:2843.51-56 thoyoh Chirik and coworkers have described an interesting Fe(II) example
containing a redox-active pyridine diimine ligand.”” Given the prevalence of low valent metal promotors,
we sought to study the synthesis and coordination chemistry of (Triphos)Fe(0) ethylene complexes, which
were targeted via potassium graphite (KCs)*® reduction of the corresponding dihalide (Figure 5). Initial
efforts examined reduction of the PEt, variant 1a, as it offers the closest steric comparison to the previously
studied complexes (depe).Fe(CoHy) and (EtsP):Fe(C,Ha)z. KCs reduction of 1a in THF under ca 1.5 atm of
C>H4 and subsequent exposure to a N, atmosphere afforded ['BuP(CH,CH2PEt:),]Fe(CH4)(N>) (2a) as a
red-orange solid. The 3'P NMR spectrum of 2a in C¢Ds exhibited triplet and doublet resonances at § 124.07
and 85.83 ppm respectively, suggesting formation of a product in which the two PEt; sites are equivalent.
The resonance for the bound C;Hs was found at § 24.1 ppm in the *C NMR spectrum, which correlated to
a broad 'H resonance at § 1.53 ppm in the "H-"*C HSQC NMR spectrum. The presence of the N ligand in
pentane solution was confirmed by an intense IR absorbance at 2050 cm™, which is near the frequency

reported for the related (Triphos)Fe (bis)dinitrogen complexes.*’



Cooling a concentrated pentane solution of 2a to -35 °C under a N, atmosphere produced crystals
suitable for X-ray diffraction analysis (Figure 6). The molecular structure exhibits a distorted trigonal
bipyramidal (t = 0.79)*>*° coordination environment about the iron including a fac oriented Triphos chelate,
an equatorial C;Hs ligand and an axial N ligand. The elongated 1.410(4) A C(1)-C(1a)bond distance for
the coordinated C,H4 ligand of 2a suggests considerable reduction of the olefin, though this value is
intermediate of the analogous distances in (PEt;),Fe(CyHa), (1.382(4) A)* and (depe)Fe(CoHa) (1.432(2)
A).2® The relative reduction of the bound C>H, in these similar species is likely a consequence of the varied
number of coordinated phosphine ligands in each complex. The 1.115(3) A N(1)-N(2) distance is little
changed from that of free N2, suggesting minimal reduction of the axial ligand.** Addition of one equivalent
of C2Hs to a CeDs solution of 2a resulted in ca 35% conversion to a new species over a period of 3 days.
The *'P NMR spectrum of the mixture exhibited new triplet and doublet resonances at & 156.74 and 74.84
ppm, respectively. The presence of free C2Hs in the 'H NMR spectrum along with the absence of additional
conversion suggests a ligand substitution equilibrium between 2a and a (Triphos)Fe (bis)ethylene species,
['‘BuP(CH,CH,PEt,),]Fe(C,H4); (4a) (Figure 5). Unfortunately, complete substitution of N> proved difficult
reaching only ca 85% conversion to 4a under 2 atm of C;Hj after 3 days. Immediate reversion to 2a upon
removal of the excess CoHs and exposure to N, obviated isolation of 4a. The identity of 4a was confirmed
by the addition of '*C;Hs to a sample of 2a, which resulted in the appearance of two broad signals at & 29.4
(m) and 24.7 (s) ppm in the '*C NMR spectrum, as well as enhancement of the signal for the bound C,Hy4
in residual 2a (Figure S27). The complex splitting for the downfield resonance of 4a is likely due to
incompletely resolved 3'P-13C and '3C-3C coupling. These factors along with possible exchange with free
13C,Hs likely contribute to the broadness of both resonances.

Alkali metal reductions were also performed using the P'Pr, and PCy, substituted variants 1b and
1c yielding crystalline samples of Fe(0) species analogous to 2a, ['BuP(CH>CH>PR»),]Fe(C>H4)(N2) (R =
iPr (2b) and Cy (2¢)) (Figure 5). The solid-state structures of 2b and 2¢ (Figure 6) exhibited slightly
distorted trigonal bipyramidal geometries, with t values of 0.96 and 0.93 respectively. The C-C bond
lengths of the coordinated C;H4 ligands range from 1.402(4) (2¢) to 1.418(6) (2b) indicating a similar

6



degree of reduction among the series of (Triphos)Fe ethylene complexes. There is no statistically significant
difference in the N-N bond lengths of the coordinated N, ligands in the series of complexes. As with 2a, IR
spectra of 2b and 2¢ collected in pentane confirmed at least partial retention of the N, ligand in solution
(vide infra). However, addition of 1 atm of C,H4 to 2b and 2¢ did not result in formation of (Triphos)Fe
(bis)ethylene species as judged by 'H and 3'P NMR spectroscopy, even after prolonged heating at 50 °C.
In further contrast to 2a, solution NMR spectra of dissolved crystalline samples of 2b and 2¢ exhibited a
set of broad resonances at unusually high and low field chemical shifts, in addition to the set of sharp
resonances consistent with the molecular structures obtained by X-ray diffraction. Analysis of multiple
crystalline samples of 2b and 2¢ found no evidence of a second structure or impurity for either in the solid
state. These observations suggest that both 2b and 2¢ are in equilibrium with a paramagnetic species in
solution. Additionally, analysis of '"H NMR spectra collected after removal of the N, atmosphere revealed
an increase in the amount of paramagnetic material relative to the signals for 2b or 2¢. Renewed exposure
to a N, atmosphere restored the original integration ratios between the resonances for 2b or 2¢ and the
paramagnetic species. Similar reversible shifts in the equilibrium mixture were observed upon heating 2b
and 2c¢. Based on these observations, and the precedent for paramagnetic, tetrahedral, 16-electron Fe(0)
complexes,®’"® the paramagnetic material in each equilibrium are tentatively assigned as the four-
coordinate Fe(0) ethylene complexes ['BuP(CH,CH,PR>),]JFe(C-H4) (R = 'Pr (3b), Cy (3¢)) produced by
dissociation of the N, ligand from 2b and 2¢ (Figure 5).

The equilibrium between complexes 2 and 3 in solution obviated isolation of pure 3b or 3¢, and
their paramagnetism limited the use of NMR spectroscopy in structural assignment. Therefore, we
attempted to derivatize 3b and 3¢ by reaction with CO and dihydrogen (H>) to further support the proposed
structures (Figure 7). Treatment of a benzene solution of the 2b/3b equilibrium mixture with an atmosphere
of H, produced an immediate color change from orange to dark red. '"H NMR spectroscopy revealed the
presence of free ethane, identified by a singlet resonance at § 0.80, presumably formed from hydrogenation
of the bound C,H4 on 2b and 3b, as well as a large singlet at 4.85 ppm that integrates for 6 protons. A set
of three equal integration resonances at § 110.8 (d), 109.6 (dd), and 9.9 (d) ppm was observed in the 3P
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NMR spectrum. The significant upfield chemical shift of one 3'P resonance suggests k>-coordination of the
Triphos ligand.* No additional signals for a paramagnetic species were detected. These data are consistent
with formation of an electronically saturated, partially chelated, n’benzene adduct, [K’-
‘BuP(CH>CH,P'Pr,),]Fe(n°®-CsHs) (5b) (Figure 7), which has closely related congeners with similar NMR
spectral features.®® The formation of only one compound with no evidence of any anionic ligands on 5b is
in agreement with the assignment of the paramagnetic compound as 3b, and supports our hypothesis that
2b and 3b are in equilibrium as they both converge to one structure upon reaction of H,. This is further
supported by treatment of equilibrium solutions of 2b/3b and 2¢/3¢ with 1 atm of CO (Figure 7). At ambient
temperature, full conversion to the (Triphos)Fe dicarbonyl complexes 6b and 6¢ was observed within 30
minutes, identified by comparison of the *'P NMR spectra with authentic samples produced by KCs
reduction of 1b and 1c¢ under a CO atmosphere.®® The P'Pr, variant 6b was also characterized by X-ray
diffraction (Figure 8). Notably, treatment of 2a with 1 atm of CO only led to ca 5% conversion to the
dicarbonyl 6a after 30 minutes, and only 35% conversion after 2 weeks at ambient temperature, consistent
with the reduced lability of the dinitrogen ligand in 2a relative to 2b and 2c.

The observed reactivity with CO and H» is consistent with the proposed structures for the
equilibrium mixture of complexes 2 and 3. Examination of various metrical parameters for complexes 2a-
¢ suggests all three species are electronically similar. This is supported by the solid-state N=N stretching
frequencies of 2a-¢ which only differ by a total of 15 cm™' and is further confirmed by infrared analysis of
the corresponding iron dicarbonyl species 6a-c, which reveals the average C=O0 stretching frequencies span
arange of only 7 cm™ (Table S1). Together, these data indicate that the ability of 2a to bind an additional
C,H,4 to form 4a is largely a steric phenomenon. By comparison, 2b and 2¢ appear incapable of adding even
the small C,Hs molecule as a fifth ligand, and in solution alleviate steric hindrance by extrusion of N to
form an equilibrium with the four coordinate species 3b and 3c. To illustrate the differences in sterics
among 2a-c, percent buried volume (%Vpu)®’ calculations were performed and the results depicted in Table
1. As expected, calculations show that 2a has a lower %Vsu than either 2b or 2¢. More specific to the
observed ligand substitution chemistry, 2a also has the lowest % V. in the N>-containing quadrant (the SW
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quadrant as depicted in the Table 1 orientation) at 31.1%, while 2b and 2¢ exhibit higher steric hinderance
in this area with %Veu= 36.7% and 35.2% respectively. Overall, this collection of data and observations
strongly suggest any differences in coordination chemistry between the PEt, and P'Pr,/PCy; (Triphos)Fe(0)
variations is controlled by steric attenuation of the ancillary ligand.

Reactivity with Carbon Dioxide

Preparation of the series of (Triphos)Fe ethylene dinitrogen complexes 2a-¢ provided an
opportunity to investigate attenuating effects the Triphos ligand, and its steric variations, brings to Fe(0)
mediated CO»-C2H4 coupling reactions. Initial CO» functionalization experiments were conducted in the
presence of excess C2Hs to limit deleterious reductive disproportionation reactions which may arise from
CO; for CzHs ligand substitution.?8446% Addition of 6 eq of C2Hs and 2 eq of *CO; to a C¢Ds solution of 2a
resulted in the formation of a dark red precipitate within 15 minutes at ambient temperature. After 18 hours,
nearly all organometallic material had converted to the insoluble species as evidenced by a loss of all
relevant signals in the 3'P NMR spectrum.

The isotopically labelled dark red precipitate proved essentially insoluble in most solvents
examined by our laboratory, including hexamethyldisiloxane, pentane, diethyl ether, benzene, toluene,
THF, dichloromethane, chloroform, chlorobenzene, acetone, ethanol, dimethylacetamide, and DMSO.
While the isolated precipitate did slightly color acetonitrile solutions to a light pink, no NMR signals were
observed for these solutions even after prolonged acquisitions, indicating a very low concentration of the
species and precluding definitive structural assignment via NMR spectroscopy.

In an effort to further characterize the product of CO, functionalization, an acetonitrile suspension
of the dark red precipitate was treated with 10 eq of anhydrous hydrogen chloride, resulting in rapid
bleaching and dissolution of the mixture to afford a light-yellow solution. The '*C NMR spectrum of the
protonolysis samples derived from '*CO, exhibit a single enhanced resonance at 171.6 ppm (Figure S28).
Comparison to authentic samples and 'H-'3C HMBC NMR analysis identified this organic product as
methylmalonic acid (MMA), resulting from the coupling of C,Ha in 2a with two *CO, molecules (Figure
9). Allowing solutions of 2a to equilibrate with 4a under an ethylene atmosphere for 24 hours prior to *CO,
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addition produced identical results, suggesting insertion of multiple ethylene molecules is not competitive
with the two CO; coupling reactions. The MMA yield per iron was found to be 76.3%, based on quantitative
13C NMR spectroscopy (Table S2). This yield suggests that the resulting MMA complex is likely composed
of a 1:1 MMA to Fe ratio.

The functionalization of CO, by 2a was further confirmed by solid state IR spectroscopy of
samples generated using 3CO, and unlabeled CO,. The IR spectrum of the unlabeled functionalization
product exhibited asymmetric stretches at 1630 and 1585 ¢cm™ and symmetric stretches at 1379 and 1278
cm! for an Fe bound MMA fragment (Figure S29). The significant difference in frequency between the
asymmetric and symmetric stretches is consistent with «!-coordination of the MMA fragment.®® Use of
13CO; shifted those bands to 1597 (a), 1546 (a), 1368 (s), and 1270 (s) cm™ respectively (Figure S30). These
shifts are significantly smaller than that predicted by the Hooke’s law model, but agree well with previous
reports of k'-carboxylates coordinated to iron.”” The relatively small change in frequencies suggests that
the carboxylate vibrational stretching modes are strongly coupled to additional modes not directly involving
the carboxylate atoms.”” While a more definitive structural assignment product cannot be made with the
data in hand, we tentatively propose the monometallic structure B as the likely product of CO,
functionalization by 2a (Figure 10). Iwasawa and coworkers recently have characterized a nickel-MMA
complex analogous to B by X-ray diffraction with closely related IR spectral features.?

Based on our experimental observations and prior studies of CO»-olefin/alkyne coupling, one
plausible mechanism for the reaction of 2a with CO; is illustrated in Figure 10. Initial reaction of 2a and
CO: likely produces an iron y-lactone complex, analogous to species A observed from (depe).Fe(CHs)
(Figure 3).28 The selective formation of MMA from protonolysis experiments (Figure 9) indicates that the
S-membered ring undergoes contraction to the iron B-lactone isomer. Analogous y- to f-metallalactone
isomerization has been directly observed in nickel promoted CO,-C,Hs4 coupling and likely occurs via a
sequence of B-hydride elimination followed by 2,1-insertion of a transient acrylate ligand.?*”' Subsequent
insertion of a second COs in the Fe-C bond would afford the proposed (Triphos)Fe dicarboxylate B, similar
to recently reported methyl malonate structures on nickell Related CO; insertions into iron-alkyl groups to
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have been been reported using iron-bis(diphosphine)complexes.” Alternatively, CO, functionalization
could occur via transient formation of an iron vinyl species and two carbenoid-like insertions of CO> at the
B-carbon, in analogy to recent proposals for iron-acetylene based CO, functionalizationﬂ.

The selective formation of an iron-MMA complex mirrors the reactivity reported by Hoberg when
using small ancillary ligands such as PMes (Figure 1).** However, the origin of the selectivity toward MMA
compared to other possible protonation products such as acrylic acid, propionic acid, or succinic acid is not
self-evident. Clearly the insertion of the second CO, molecule is competitive with or faster than the first
CO:; coupling as iron lactone species are not observed by in situ NMR spectroscopy and no propionic acid
is detected in the protonolysis experiments. Additionally, treatment of 2a with only 1 eq of CO, affords
partial conversion to B leaving approximately 50% of residual 2a in solution. Recently, an investigation
into photoredox catalyzed formation of methylmalonate from CO»/C;Ha coupling at nickel(0) revealed that
CO:; insertion into a nickel lactone occurred after a relatively slow isomerization from the 5-membered to
4-membered metallacycle, suggesting that the y-lactone species may be reticent to insert a second CO>
molecule.” In the case of 2a, the selectivity for MMA could also originate from a faster rate for y- to -
metallalactone isomerization compared to the rate of the second CO, insertion. Unfortunately, the
concurrent precipitation of the (Triphos)Fe dicarboxylate has obviated a more detailed study of these
pathways.

Hoberg’s prior observation of a strong ancillary ligand dependence in the reactivity of
(EtsP),Fe(C,H4), motivated experiments to assess the effect of exogenous ligands on 2a-promoted CO,
functionalization.*® However, addition of 1.2 equivalents of pyridine, PCys, PPhs;, and PMePh,, PMe,Ph
and PMes to 2a prior to CO» activation had no influence on the selectivity of the coupling reaction, giving
MMA as the sole product. In fact, 3'P NMR analysis of the samples prior to CO, addition suggests that 2a
is too sterically encumbered to even coordinate all but the smallest exogenous ligands, PMe,Ph and PMe;
(Figure S31-S32). Likewise, we attempted to alter the selectivity of CO, functionalization via attenuation
of the Triphos ligand substituents employing 2b and 2¢. However, the increased steric hindrance of 2b and
2c¢ did not improve the solubility of the iron CO, functionalization product or significantly influence the

11

[Commented [BWH2]: Insert ref to field paper




product distribution. Only trace propionic acid was detected from protonolysis experiments along with
yields of MMA comparable to those obtained with 2a (Figure 9). Additionally, performing CO»-C;H4
coupling reactions in the presence of potassium tert-butoxide to trap the intermediate iron lactones did not
afford detectable acrylate formation from 2a. Thus, the selectivity of CO»-C;H4 coupling by (Triphos)Fe
complexes strongly favors MMA formation and cannot be easily altered by steric attenuation of the
ancillary ligand. While the insolubility of the (Triphos)Fe MMA complexes obviated efforts to explore
catalytic applications of this reaction, the rapid rate of the second CO- insertion and the high selectivity for
MMA suggests that related iron species could be promising targets for new CO, valorization studies.
Concluding Remarks

The series of Triphos iron(0) ethylene dinitrogen complexes, ['BuP(CH2CH,PR:)2]Fe(C2Ha)(N2)
(R = Et, 'Pr, Cy), have been isolated and crystallographically characterized. Significant differences in the
coordination chemistry of these complexes was observed, including the reversible binding of the dinitrogen
ligand which leads to the formation of paramagnetic four-coordinate Triphos iron(0) ethylene complexes
for the larger P'Pr, and PCy; substituted variants. In the case of the smaller PEt, substituted species, addition
of ethylene promotes dinitrogen substitution to afford a Triphos iron(0) bis(ethylene) complex. All three
Triphos iron(0) ethylene dinitrogen complexes mediate CO,-C;H4 coupling to produce MMA complexes
with high selectivity; however, the insolubility of the iron-MMA species limited efforts to investigate the
mechanism of CO, functionalization. Comparison of these results with prior studies of CO,-C,H4 coupling
using (depe).Fe(C,Hs) and (Et;P),Fe(C,Ha4), suggests that coordinately unsaturated iron lactone complexes,
or similar complexes bearing monodentate ligands that can easily create open coordination sites, are highly
selective for the functionalization of two molecules of CO; per CoH4 unit and may be excellent targets for
the production of methylmalonate or succinate products.?®*3 In contrast, 18-electron iron lactone complexes
appear to resist coupling of a second CO, molecule and may be promising targets for the production of
acrylate or propionate products, provided issues of product release from the metal can be suitably addressed.
Interestingly, the relative reactivity of CO,-C,H4 coupling at iron(0) appears distinct to those observed for
nickel analogues where 16-electron nickel lactone species seldom couple two molecules of CO; per C;Hs4
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unit,?02324277! instead offering isolable metallocycles or undergoing B-hydride elimination reactions. These

observations suggest a critical role for the d-electron configuration in controlling the CO»-C,H4 coupling
pathways for these otherwise similar systems. While attenuation of the ancillary ligand sterics can alter the
coordination chemistry of the iron(0) species, it appears that changes to the electronic environment may be
more productive in manipulating the CO»-C>Hs4 coupling selectivity. Efforts to better elucidate these
influences on the transition metal promoted CO; reductive coupling reaction are continuing in our

laboratory.
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Figure 5: Synthesis and coordination chemistry of (Triphos)Fe complexes.
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Figure 6: Molecular structures of 2a (left), 2b (center) and 2¢ (right) at 30% ellipsoids. All hydrogen
atoms have been removed for clarity. Structures 2b and 2¢ contain two independent molecules in the
asymmetric unit cell. Only one molecule is shown for each.
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Figure 8: Molecular structure of 6b at 30% ellipsoids. All hydrogen atoms have been removed for clarity.
Two molecules were observed in the asymmetric unit. Selected metrical parameters for the depicted
molecule: C(21)-0(1): 1.164(2) A, C(22)-0(2): 1.165(2), Fe(1)-C(21): 1.7493(16), Fe(1)-C(22): 1.7577(16).

N2 1) 6eq CoH, 0 0
2eq CO,

HO OH
k\7F"Bu 2) HCl

R = Et (2a); 'Pr (2b); 2a; Yield 76%
Cy (2¢) 2b; Yield 81%
2c; Yield 88%

Figure 9: The reaction of 2a-c¢ with CO; followed by protonolysis to yield methylmalonic acid (MMA).
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Figure 10: Proposed mechanism for the generation of the iron-MMA complex B from the reaction of 2a-
¢ with CO,.

Table 1: Percent buried volume (% Vgur) descriptions for complexes 2a-c.
.
NW |_ T

P
2 ////u,F

"

o
7 VR

—|NE

tBu

X

SW |_N2 < _| SE
0, a
Quadrant 2 | A)Zl':“r 2
SW 31.1 36.7 35.2
NwW 69.7 74.8 76.2
NE 86.2 88.0 88.2
SE 72.1 76.3 76.5
Total 64.8 68.9 68.4

“ Calculated using SambVca 2.1.%7

Experimental Section
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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, Fischer, Strem,
or VWR; isotopically enriched reagents were purchased from Cambridge Isotope Laboratories.
‘BuP(CH>CH,PR>), (R = Et, Cy),** ['BuP(CH,CH>PCy>),]FeCL* and KCs>® were synthesized according
to the literature procedure by Mézailles et al;*® ‘BuP(CH.CH,P'Pr,), was synthesized according to the
procedure for the analogous Et and Cy derivatives using diisopropyl phosphine. Phenoxide bases were
prepared by reaction of sodium hydride with the corresponding phenol derivative.?’ Solvents were dried
and degassed according to literature procedures.” 99.8% carbon dioxide, and dry ethylene were used as
received from Airgas. 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 an 85% phosphoric acid external standard. Sample purity for air-sensitive compounds where
elemental analysis was unsuccessful was confirmed via NMR spectroscopy. 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.

Synthesis of ['BuP(CH,CH;PEt,);]FeCl, (1a). A 20 mL scintillation vial was charged with 56 mg (0.44
mmol) FeCl, and 156 mg (0.48 mmol) ‘BuP(CH>CH>PEt,); and approximately 7 mL of THF. The reaction
was stirred overnight at ambient temperature before filtering the solution through Celite and concentration
under vacuum. Layering of the concentrated THF solution with pentane at -35 °C yielded 158 mg (79.6
yield) of 1a as dark blue crystals. Anal. found (calcd) for Ci¢H3/P3FeCly: C, 43.30 (42.79); H, 7.77 (8.30).
"H NMR (300 MHz, CsDg): & 98.24 (v12= 6573.9 Hz) 91.38 (v12= 1651.0 Hz), 69.33 (vi2= 2551.5 Hz),
60.60 (vi2 = 2191.3 Hz), 9.10 (vi2 = 450.3 Hz), the following signals were not suitably resolved to
determine the peak width at half max: 4.31 (br s), 3.90 (br s), 3.06 (br s), 2.86 (br s), 2.62 (br s), 1.68 (br
s), 1.50 (br s). pesr (Evans, THF-ds, 298K) = 5.5 us.
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Synthesis of ['BuP(CH,CH,P'Pr;);]FeCl, (1b). This complex prepared in a procedure analogous to that
described for 1a, using 85 mg (0.67 mmol) FeCl, and 278 mg (0.73 mmol) ‘BuP(CH,CH,P'Pr,), to obtain
1b as a THF soluble maroon oil. Precipitation via addition of pentane and drying in vacuo produced 221
mg of an off-white foam (65.6% yield). The complex was used in subsequent reactions without additional
purification. "H NMR (600 MHz, C¢Dg): § 9.31 (v12= 542.0 Hz), 6.45 (v12= 86.2 Hz). pesr (Evans, THF-

ds, 298K) = 5.0 .

Synthesis of ['BuP(CH.CH,PEt;);|Fe(C:H4)(Nz) (2a). A 100 mL heavy walled glass reaction vessel was
charged with 500 mg (1.1 mmol) of 1a and 451 mg (3.3 mmol) KCs inside a nitrogen filled glovebox. On
a vacuum line approximately 20mL of THF and 5.6 mmol C>Hy() were condensed into the vessel at -196
°C. The reaction vessel was allowed to warm to ambient temperature and stirred overnight. The volatiles
were then removed in vacuo, and the residue extracted with pentane inside a nitrogen glovebox. The filtrate
was slightly concentrated before recrystallizing at -35 °C overnight. Reddish-orange crystals of 2a were
isolated in 78% yield (376 mg). Multiple NMR peaks could not be definitively assigned due to significant
overlap of ligand signals. "H NMR (600 MHz, C¢Ds): 6 2.22 — 1.79 (m, 8H), 1.66 —1.39 (m, 2H), 1.53 (m,
4H, Fe-CyHs), 1.35 - 1.20 (m, 7H), 1.20 — 1.00 (m, 8H), 1.00 — 0.81 (m, 3H), 0.71 (d, 9H, J=10.9 Hz, P-
‘BuCH3).3C {'H} NMR (600 MHz, C¢De): 5 27.7 (d, J = 2.5 Hz), 25.3 — 24.8 (m), 24.1 (d, J = 4.0 Hz,
H,C=CH>»), 23.5 (t,J=5.8 Hz), 9.3 (d, J=37.5 Hz), 8.9 (s), 8.8 (s), two resonances assumed to correspond
to coincident carbons. *'P {'H} NMR (300 MHz, C¢De): & 124.07 (t, 1P, J = 36.7 Hz), 85.83 (d, 2P, J =

36.5 Hz). IR (KBr): vn=n = 2043 cm™’. IR (CsH 2): un=n= 2050 cm™.

Synthesis of ['‘BuP(CH,CH:PPr;);]Fe(C.Hs)(N2) (2b). This complex was prepared in a procedure
analogous to that described for 2a, using 355 mg (0.70 mmol) of 1b, 368 mg (2.1 mmol) KCs, and 4.2
mmol C>Ha) to obtain 218 mg (63.2% yield) of 2b as a reddish-orange crystalline solid. Multiple NMR
peaks could not be definitively assigned due to significant overlap of ligand signals. 'H NMR (600 MHz,
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CeDe): 8 2.64 — 2.53 (m, 2H), 2.35 (br s, 2H), 2.29 — 2.19 (m, 2H), 1.65 — 1.53 (m, 2H), 1.53 — 1.45 (m,
2H), 1.42 — 1.33 (m, 12H), 1.30 — 1.13 (m, 15H), 1.07 — 0.96 (m, 3H), 0.73 (d, 9H, J = 10.4 Hz, P~BuCHj).
13C {'H} NMR (600 MHz, CeDq): 8 35.2 (d, J = 6.9 Hz), 33.7 — 33.5 (m), 33.1 (t, J = 10.0 Hz), 28.1 (s),
26.0 (dt, J=13.2,20.1 Hz), 25.2 (dt, J = 5.8, 13.5 Hz), 24.9 (d, J = 4.5 Hz), 20.5 (d, J = 42.7 Hz), 20.2 (d,
J=5.4Hz).>'P {'H} NMR (300 MHz, CsDe): 8 120.92 (t, 1P, J = 26.4 Hz), 96.49 (d, 2P, J = 26.3 Hz). IR

(KBr): vn=x =2028 cm™. IR (CsHiz): on=n= 2058 cm

Synthesis of [‘BuP(CH,CH:PCy,):]Fe(C:H4)(N2) (2¢). This complex was prepared in a procedure
analogous to that described for 2a, using 320 mg (0.48 mmol) of 1¢, 169 mg (1.3 mmol) KCsg, and 2.9
mmol C>Hy(g to obtain 178 mg (56.9% yield) of 2¢ as a dark orange crystalline solid. Multiple NMR peaks
could not be definitively assigned due to significant overlap of ligand signals. "H NMR (600 MHz, C¢Ds):
§2.41 —2.33 (m, 4H), 2.33 — 2.25 (m, 4H), 2.14 — 2.02 (m, 6H), 1.93 — 1.77 (m, 15H), 1.77 — 1.69 (m, 4H),
1.61 — 1.49 (m, 6H), 1.48 — 1.23 (m, 14H), 1.23 — 1.12 (m, 3H), (d, 9H, J = 10.5 Hz, P-BuCHs). 13C {'H}
NMR (600 MHz, CsDe¢): 6 45.3 (t,J=9.0 Hz), 44.9 (s), 36.3 (s), 35.1 (br s), 30.6 (s), 30.2 (s), 29.8 (s), 28.6
—28.3 (m), 28.2 (br's), 27.2 (d, J = 29.2 Hz), 25.9 (dt, J = 13.2, 19.4 Hz), 25.6 (d, J = 4.6 Hz). *'P {'H}
NMR (300 MHz, CsDs): 119.19 (t, 1P, J = 26.8 Hz), 86.99 (d, 2P, J = 27.2 Hz). § IR (KBr): vn=n = 2037

cm ™ IR (CsHi2): un=n=2057 cm™.

Spectral Data for ['BuP(CH,CH,P'Pr2);]Fe(C:Hs) (3b). 'H NMR (300 MHz, C¢Ds): 5 61.88 (v12=286.6
Hz), 20.86 (01 = 235.5 Hz), 12.96 (1 = 150.9 Hz), 8.51 (01> = 108.9 Hz), -0.41 (v1» = 114.5 Hz), -3.99

(12 = 165.4 Hz), -6.19 (12 = 186.3 Hz), -38.70 (01 = 174.0 Hz), -69.57 (012 = 207.1 Hz).
Spectral Data for ['BuP(CH;CH,PCy2):]Fe(C2Hy) (3¢). 'H NMR (600 MHz, C¢De):  47.80 (v12 = 709.7
Hz), 19.64 (12 = 367.0 Hz), 15.77 (01 = 199.6 Hz), 12.59 (v12 = 33.1 Hz), 7.48 (012 = 67.0 Hz), 5.65 (V112

=38.6 Hz), 4.03 (015 = 36.5 Hz), 3.06 (012 = 54.8 Hz), 0.14 (v1» = 44.8 Hz), -0.05 (01 = 55.6 Hz), -2.16
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(1 = 876.6 Hz), -3.78 (012 = 198.2 Hz), -5.59 (v1n = 417.4 Hz), -9.48 (v1» = 386.1 Hz), -11.09 (v1 =

678.3 Hz), -33.60 (v12 = 391.3 Hz), -72.06 (012 = 396.4 Hz).

Spectral Data for ['BuP(CH,CH,PEt;);]Fe(C:H,); (4a). Selected *C {'H} NMR (600 MHz, CsDs): &
29.4 (m, H,C=CH,) and 24.7 (s, H,C=CH>).3'P {'"H} NMR (300 MHz, C¢Ds): 5 156.74 (t, 1P, J = 16.6 Hz),

74.84 (d, 2P, J=16.7 Hz).

Synthesis of [k2-'BuP(CH>CH;P'Pr;):]Fe(m°®-CsHs) (5b). A 50 mL heavy walled glass reaction vessel was
charged with 54 mg (0.11 mmol) 2b and approximately 10 mL of C¢Hs. On a vacuum line, 1 atm Hj) was
admitted to the vessel at -196 °C. Immediately upon thawing, the solution turned from a light orange color
to dark red. The reaction was stirred for 1 hour before removal of volatiles which yielded 53 mg (94% yield)
of 5b as a highly pentane soluble red oil. 'H NMR (600 MHz, C¢Dg): & 4.85 (s, 6H, C¢Hy), following signals
assigned as P-CH, P-CH; and CH; of triphos ligand: 2.46 (m, 1H), 1.93 (m, 1H), 1.77 — 1.59 (m, 4H), 1.49
(m, 1H), 1.29 — 1.07 (m, 17H), 1.05 — 0.89 (m, 21H). *C {'H} NMR (600 MHz, C¢Ds): & 76.0 (s, CsHs),
following signals assigned as P-CH, P-CH, and CHj3 of triphos ligand: 35.4 (d, /= 13.3 Hz), 29.3 (d, J =
13.5 Hz), 28.7 (d, J = 14.2 Hz), 28.2 (d, J = 4.0 Hz), 27.0 (dd, J = 6.8, 18.4 Hz), 24.6 (s), 24.5-24.3 (m),
24.0 (d, J=14.6 Hz), 22.4 (dd, /= 18.8, 23.5 Hz), 20.6 (dd, J= 7.5, 16.4 Hz), 20.0 (d, /= 4.5 Hz), 19.5 (d,
J=2.0 Hz), 19.4 (s), 19.3 (s), 19.0 (s), 18.7 (br s), 18.5 (s), three resonances assumed to correspond to
coincident carbons. *'P {'H} NMR (300 MHz, CsD¢): 5 110.80 (d, 1P, J = 66.5 Hz), 109.61 (dd, 1P, J =

29.8, 66.2 Hz), 9.92 (d, 1P, J = 29.9 Hz).

Synthesis of ['BuP(CH,CH:PEt;):]Fe(CO); (6a). A 50 mL heavy walled glass reaction vessel was charged
with 48 mg (0.11 mmol) of 1a, 38 mg (0.28 mmol) KCs, and approximately 10 mL THF inside a nitrogen
filled glovebox. On a vacuum line, N, was removed from the reaction vessel via 2 freeze-pump-thaw cycles
before addition of 1 atm CO at -196 °C. The reaction vessel was allowed to warm to ambient temperature
and stirred overnight. The volatiles were then removed in vacuo, and the residue extracted with pentane.
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The filtrate was slightly concentrated before recrystallizing at -35 °C overnight to afford 34 mg (74% yield)
of 6a as bright yellow crystals. Multiple NMR peaks could not be definitively assigned due to significant
overlap of ligand signals. '"H NMR (600 MHz, C¢D¢): 6 1.71 — 1.52 (m, 6H), 1.46 — 1.31 (m, 3H), 1.31 —
1.16 (m, 9H), 1.02 (d, 9H, J = 13.1 Hz), 0.94 — 0.82 (m, 10H). '3C {'H} NMR (600 MHz, CsDs): & 232.8
(m, C=0), 224.7 (m, C=0), following signals assigned as P-CH, and CH3 of triphos ligand: 33.1 (d, J =
20.4 Hz), 28.6 (ddd, J=9.3, 12.4, 21.4 Hz), 27.1 (t, J= 12.7 Hz), 26.9 (d, J = 3.2 Hz), 25.9 (dt, J = 15.0,
19.8 Hz), 25.3 (t, J = 10.1 Hz), 8.7 (d, J = 29.6 Hz), one resonance assumed to correspond to coincident
carbons. 3'P {'H} NMR (300 MHz, C¢Dg): 8 163.23 (t, 1P, J = 54.5 Hz), 98.33 (d, 2P, J = 54.5 Hz). IR

(KBr): ve=o = 1827, 1880 cm™.

Synthesis of ['BuP(CH,CH,P'Pr;);]Fe(CO); (6b). This complex was prepared in a procedure analogous
to that described for 6a, using 62 mg (0.12 mmol) of 1b and 43 mg (0.32 mmol) KCs to obtain 38 mg
(63.3% yield) of 6b as a yellow crystalline solid. Multiple NMR peaks could not be definitively assigned
due to significant overlap of ligand signals. '"H NMR (600 MHz, C¢Dg): 6 2.10 — 1.99 (m, 4H), 1.86 — 1.74
(m, 2H), 1.36 — 1.24 (m, 8H), 1.24 — 1.15 (m, 6H), 1.09 — 0.97 (m, 21H), 0.86 — 0.77 (m, 2H). '3C {'H}
NMR (600 MHz, C¢Ds): 6 233.7 (dt, J=25.2,31.3 Hz, C=0), 225.2 (dt, J=11.3, 19.6 Hz, C=0), following
signals assigned as P-CH, P-CH, and CH3 of triphos ligand: 34.4 (d, /= 19.6 Hz), 30.7 (t,J=7.7 Hz), 30.3
(t, J=11.8 Hz), 27.7 (dt, J = 14.3, 20.5 Hz), 27.5 (d, J = 3.5 Hz), 26.0 (ddd, J = 7.3, 10.6, 19.4 Hz), 19.5
(d, J=27.6 Hz), 19.1 (d, J = 31.3 Hz). *'P {'H} NMR (300 MHz, CsDs): § 160.77 (t, 1P, J = 48.2 Hz),

69.10 (d, 2P, J = 49.0 Hz). IR (KBr): ve=o = 1834, 1890 cm™.

Synthesis of ['BuP(CH,CH:PCy>):]Fe(CO): (6¢). This complex was prepared in a procedure analogous
to that described for 6a, using 215 mg (0.32 mmol) of 1¢ and 114 mg (0.84 mmol) KCs to obtain 116 mg
(55.2% yield) of 6c¢ as a yellow crystalline solid. Multiple NMR peaks could not be definitively assigned
due to significant overlap of ligand signals. '"H NMR (600 MHz, C¢D¢): & 2.21 (d, 2H, J = 12.6 Hz), 2.01 —
1.94 (m, 4H), 1.94 — 1.72 (m, 17H), 1.71 — 1.66 (m, 2H), 1.66 — 1.61 (m, 2H), 1.60 — 1.49 (m, 2H), 1.47 —
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1.35 (m, 2H), 1.35 - 1.17 (m, 15H), 1.17 — 1.04 (m, 10H), 0.95 — 0.85 (m, 5H). '*C {'H} NMR (600 MHz,
CeDg): 8 234.1 (dt, J=25.9,31.5 Hz, C=0), 225.3 (dt, J=11.3, 18.9 Hz, C=0), following signals assigned
as P-CH, P-CH; and CHj3 of triphos ligand: 41.5 —41.1 (m), 34.3 (d, /= 19.4 Hz), 29.7 (s), 29.5 (d, /= 18.7
Hz), 28.6 (s), 28.2 (t, J= 5.1 Hz), 28.1 — 27.9 (m), 27.8 (t, /= 5.1 Hz), 27.6 (d, /= 3.3 Hz), 27.0 (d, J =
21.4 Hz), 25.4 (ddd, J=17.3, 9.8, 19.0 Hz). *'P {'H} NMR (300 MHz, C¢Ds): 5 161.06 (t, 1P, J = 48.7 Hz),

110.84 (d, 2P, J = 48.1 Hz). IR (KBr): vc=o = 1837, 1884 cm’.

General procedure for the quantification of CO; functionalization products. A J-Young style NMR
tube was charged with 0.02 mmol of ['BuP(CH>CH,PR>),]Fe(C2H4)(N2) dissolved in Cs¢Ds. On a vacuum
line, 0.12 mmol of C;H4 and 0.04 mmol of CO, were sequentially condensed into the tube at -196 °C. Upon
thawing the sample, the reaction was allowed to proceed for 18 hours. During this time, all material crashed
out of solution in the form of a lightly colored precipitate, and no NMR signals corresponding to a soluble
organometallic species could be observed. Volatiles were then removed in vacuo, and the precipitate
suspended in CD3CN. The sample was next treated with 0.2 mmol of anhydrous HCI for approximately 15
minutes which caused all material to dissolve, forming a light-yellow solution. Following addition of a
naphthalene internal integration standard, the yields of methylmalonic acid and propionic acid were

calculated by quantitative '>C NMR spectroscopy with a delay time of 60 seconds between transients.
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